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Abstract

We present the multi-epoch monitoring with NuSTAR and XMM-Newton of NGC 1358, a nearby Seyfert 2 galaxy
whose properties made it a promising candidate X-ray changing-look active galactic nucleus (AGN), i.e., a source
whose column density could transition from its 2017 Comgton thlck (having LOS hydrogen column density
Nyyos > 10** cm™ ) state to a Compton-thin (Nyos < 10** ecm™ ) one. The multi-epoch X-ray monitoring
confirmed the presence of significant Ny g variability over timescales of weeks to years, and allowed us to
confirm the changing-look nature of NGC 1358, which has most recently been observed in a Compton-thin status.
Multi-epoch monitoring with NuSTAR and XMM-Newton is demonstrated to be highly effective in
simultaneously constraining three otherwise highly degenerate parameters: the torus average column density
and covering factor, and the inclination angle between the torus axis and the observer. We find a tentative
anticorrelation between column density and luminosity, which can be understood under the framework of chaotic
cold accretion clouds driving recursive AGN feedback. The monitoring campaign of NGC 1358 has proven the
efficiency of our newly developed method to select candidate Ny 1 os-variable, heavily obscured AGN, which we
plan to soon extend to a larger sample to better characterize the properties of the obscuring material surrounding
accreting supermassive black holes, as well as to constrain AGN feeding models.

Unified Astronomy Thesaurus concepts: Astrophysical black holes (98); Active galactic nuclei (16); X-ray active

galactic nuclei (2035); Accretion (14)

1. Introduction

Obscuration in active galactic nuclei (AGNs) has been
largely studied over the electromagnetic spectrum, from the
optical (e.g., Lawrence 1991; Simpson 2005), to the infrared
(e.g., Jaffe et al. 2004; Nenkova et al. 2008a; Feltre et al. 2012),
and to X-rays (Gilli et al. 2007; Ricci et al. 2015; Hickox &
Alexander 2018). It is commonly accepted that the obscuration
is mostly caused by a dusty torus, i.e., a distribution of
molecular gas and dust located at ~1-10 pc from the accreting
supermassive black hole (SMBH). While the existence of this
obscuring material is universally accepted, its geometrical
distribution and chemical composition are still a matter of
debate. Several works have reported observational evidence
favoring a clumpy torus scenario, where the obscuring material
is distributed in clumps formed by optically thick clouds (e.g.,
Jaffe et al. 2004; Elitzur & Shlosman 2006; Honig &
Beckert 2007; Risaliti et al. 2007; Nenkova et al. 2008a;
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Burtscher et al. 2013). Theoretical /numerical models of
accretion onto SMBHs also predict a highly clumpy and
chaotic multiphase medium (Gaspari et al. 2013, 2017, 2020
for a review), in particular within r < 100 pc of the AGN,
where chaotic cold accretion (CCA) is expected to boost the
feeding rates. Such CCA rain has been now observationally
probed in many systems and bands spanning from X-ray to
optical /IR and radio (e.g., Gaspari et al. 2019; Rose et al. 2019;
Maccagni et al. 2021; McKinley et al. 2022; Olivares et al.
2022; Temi et al. 2022).

If the obscuring environment is indeed inhomogeneous, one
would expect to observe significant variability in the obscuring
material line-of-sight (LOS) column density (Ngpos), and
even, in some cases, a transition from a Compton-thick
scenario (where Ny os > 1024 cm_z) to a Compton-thin one
(where Ny os < 1024 cm_z). This transition should occur in a
period of time as short as a day and as long as several months,
assuming a typical range of obscuring clouds filling factors,
velocities, and distances from the accreting BH (e.g., Nenkova
et al. 2008a). However, the number of bona fide Compton-thick
(CT)-AGN with high-quality X-ray data is limited (~35
sources, see, e.g., Arévalo et al. 2014; Balokovi¢ et al. 2014;
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Koss et al. 2015; Masini et al. 2016; Oda et al. 2017; Marchesi
et al. 2018, 2019; Torres-Alba et al. 2021; Traina et al. 2021;
Zhao et al. 2021), and only a small fraction of these objects
have multi-epoch observations on timescales that vary from
weeks to years, which are key to properly assess any variation
in Ny os and/or flux. Consequently, only a few sources have
been observed to transition from Compton thick to Compton
thin: NGC 1365 (Risaliti et al. 2005); NGC 7582 (Bianchi et al.
2009; Rivers et al. 2015); Mrk 3 (Guainazzi et al. 2012); NGC
454 (Marchese et al. 2012); ESO 323-G77 (Miniutti et al.
2014); and IC 751 (Ricci et al. 2016).

This class of X-ray changing-look sources is the ideal
Ny 1 os-variable sample to study the properties of the obscuring
material in a complete, self-consistent way. In fact, Compton-
thick to Compton-thick Ngjos transitions are difficult to
reliably measure with small enough uncertainties to enable the
estimate of the SMBH-cloud distance from ANy os, Since at
column densities above ~2-3 x 10** cm ™2 almost all photons
at energies <10-20 keV are absorbed by the obscuring material
(see, e.g., Koss et al. 2016). In less obscured AGN
(NapLos S 10%* cm~?), instead, the NupLos variability can be
measured with excellent precision. However, in this class of
objects the overall X-ray emission is dominated by the
transmitted main component: consequently, it is difficult to
accurately measure the obscuring material properties linked to
the reprocessed emission, such as the covering factor and the
average column density. Consequently, the limited sample size
of currently available X-ray changing-look AGNs prevents us
from getting a complete picture of the properties of the
obscuring material surrounding accreting SMBHs.

In this paper, we present the result of multi-epoch
monitoring of the nearby CT-AGN NGC 1358, a Seyfert 2
galaxy whose properties make it a promising changing-look
candidate and an ideal pilot source to start the X-ray
characterization of the obscuring material in nearby accreting
SMBHs. The work is organized as follows: in Section 2, we
present the source, with a particular focus on previous X-ray
works. In Section 3, we present the data analysis and results of
the joint spectral fitting for the new and old NuSTAR and
XMM-Newton observations. We then discuss in Section 4 how
the results of the X-ray monitoring can be explained in the
framework of a clumpy obscuration model. Finally, we
summarize the results of our work in Section 5.

Throughout the rest of the work, we assume a flat A cold
dark matter cosmology with H, = 69.6kms 'Mpc ',
Q,,=0.29, and Q24 =0.71 (Bennett et al. 2014). Errors are
quoted at the 90% confidence level, unless otherwise stated.

2. NGC 1358

NGC 1358 is a nearby (z = 0.01344 Theureau et al. 1998),
X-ray  bright (having 15-150keV  observed flux
fis-150 kev = 5 X lOflzerg s tem™?) Seyfert 2 galaxy. The
source was originally classified as a narrow-line Seyfert 2
source in Filippenko & Sargent (1985) using the Double
Spectrograph mounted on the Palomar 200 inch Hale
Telescope. A new optical spectrum of NGC 1358 was then
taken in 2004 within the 6dF Galaxy Survey, using the multi-
object spectrograph mounted on the 1.2m UK Schmidt
Telescope (Jones et al. 2009), and no evidence for optical
variability with respect to the Filippenko & Sargent (1985)
spectrum is observed, thus confirming the narrow-line nature of
the source. We report both optical spectra in Figure 1. More

Marchesi et al.

recently, Mason et al. (2015) reported that the near-IR (NIR)
spectrum of NGC 1358, obtained using the GNIRS
spectrograph mounted on the Gemini North 8 m telescope
“only contain[ed] a handful of weak emission lines” (see
Figure 1, bottom panel). No evidence for a significant optical
changing-look behavior has therefore ever been observed in
NGC 1358.

In the X-rays, NGC 1358 is detected in the Swift (Gehrels
et al. 2004) Burst Alert Telescope (BAT; Barthelmy et al.
2005) 150 month catalog (K. Iman et al. 2022, in preparation'?)
and has been targeted several times by X-ray telescopes.'* The
first 10 ks XMM-Newton observation was taken in 2005 and
analyzed in Marinucci et al. (2012). They determined that NGC
1358 is heavily obscured, and potentially a CT-AGN, but the
low data quality made their LOS column density poorly
constrained (Ngos= 1.3:%;2 x 10%* cm_z). A second observa-
tion was performed by Chandra in 2015 November: the joint fit
of the Chandra spectrum with the Swift-BAT 100 month one is
reported in Marchesi et al. (2017). The source was once again
found to be heavily obscured, having Ngpos= 1.075¢
x 10**cm™2. However, while a physically self-consistent
spectral model such as MYTorus (Murphy & Yaqoob 2009)
was used to perform the fit, the limited count statistic (<100 net
counts in the 0.5-7 keV band) of the Chandra spectrum did not
allow for a reliable characterization of the obscuring material’s
physical and geometrical properties.

For this reason, NGC 1358 was subsequently targeted by a
joint NuSTAR and XMM-Newton observation performed in
2017 August, whose results are reported in Zhao et al. (2019).
The high count statistic in the 0.5-70 keV band obtained in this
deep observation (>4500 net counts, ~50% of which detected
by NuSTAR in the 3-50keV band) made it possible to use
models that self-consistently characterize AGN obscuration in
X-ray spectra, such as MYTorus (Murphy & Yaqoob 2009;
Yaqoob 2012; Yaqoob et al. 2015) and borus02 (Balokovié
et al. 2018). In particular, borus02 measures important
physical and geometric parameters such as the obscuring
material LOS column density, its average column density (see
Section 3.2.1 for more details on this quantity), and its covering
factor, among others. NGC 1358 was found to have (i) LOS
column density, Ny pos= 24707 x 10%* cm ™2, well above the
Compton-thick threshold, at a >3 o confidence level; (ii)
Comgton—thin average column density, Ny o= 6.5703 x 10?3
cm” %, i.e., ~4 times smaller than the LOS column density; (iii)
low-covering  factor  (f.<0.15). The large ANy
(log(Nu.Los)-10g2(NVi tor) ~ 0.6) measured in NGC 1358, com-
bined with its low f, suggests that this source is a promising
candidate clumpy torus CT-AGN, where the obscuring material
is distributed in clumps at the micro to mesoscale (i.e., within a
few parsecs from the SMBH, Gaspari et al. 2020), rather than
uniformly. Notably, the large ANy measured using borus02
was independently confirmed using MYTorus in its decoupled
configuration (Yaqoob 2012; Yaqoob et al. 2015), which
allows one to independently measure Ny 1os and Ny gor.

Based on the abovementioned observational evidence, NGC
1358 is likely to have been observed through an overdense
region embedded in a significantly less dense environment. In

'3 An online version of the catalog is available at https://science.clemson.
edu/ctagn/bat-150-month-catalog /.

14 While NGC 1358 has been observed multiple times by Swift-XRT, none of
the observations had enough counts to perform a spectral fit. We therefore do
not include the Swift-XRT observations in this work.
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Figure 1. Top panels: optical spectra of NGC 1358 obtained using the Double Spectrograph mounted on the Palomar 200 inch Hale Telescope (Filippenko &
Sargent 1985, left; spectrum taken in 1985) and using the multi-object spectrograph mounted on the 1.2 m UK Schmidt Telescope (Jones et al. 2009, right; spectrum
taken in 2004). Bottom panel: NIR spectrum of NGC 1358 obtained using the Gemini Near-IR Spectrograph on the Gemini North telescope (Mason et al. 2015,

spectrum taken in 2011).

such a scenario, the small covering factor measured with
borus02 would imply that the overall cloud volume filling
factor is small, and the obscuring clouds occupy only a
fractional part of the parsec-scale region that surrounds the
accreting SMBH where the obscuration is expected to take
place. Sources with this type of low-covering factor obscurer
are ideal candidate X-ray changing-look AGN. In objects with
large f,, instead, the number of clouds between the observer
and the SMBH is expected to always be >>1, thus significantly
reducing the chance of observing a significant change in
Ny1os. Notably, at least two CT-AGN fulfill the proposed
selection criteria and are known to be variable. NGC 4945 has
been shown to vary significantly even above 10keV, likely
because of a combination of intrinsic luminosity and LOS
column density variability (Puccetti et al. 2014), while the LOS
column density of the material surrounding MRK 3 has been
measured at both Compton-thick and Compton-thin levels in
the past years (see, e.g., Guainazzi et al. 2012; Yaqoob et al.
2015). We highlight both these sources in Figure 2.

To confirm the clumpy nature of its circumnuclear material,
NGC 1358 has been selected for a long-term monitoring
campaign with NuSTAR and XMM-Newton, aimed at
detecting significant flux and Nyjos variability. A joint
NuSTAR-XMM-Newton monitoring campaign is the best (if
not the only) possible approach to constrain the properties of
the obscuring material surrounding accreting SMBHs. XMM-
Newton alone would not be able to detect potential variability
above 10keV, which can be linked to a variation in the
covering factor (see, e.g., Puccetti et al. 2014; Zaino et al. 2020,
on the variability above 10keV observed in the nearby
Compton-thick sources NGC 4945 and NGC 1068, respec-
tively). Furthermore, high-quality data at E > 10 keV are key to
breaking the Nypos-photon index degeneracy in heavily
obscured sources (see, e.g., Marchesi et al. 2019). NuSTAR,
however, has a ~4 times lower energy resolution than XMM-
Newton at 6.4 keV, around the Fe K line region, and does not
cover the energy range <3 keV, which is required to tightly
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Figure 2. Obscuring material covering factor (f,) as a function of the difference
(ALogNy) between the logarithms of the LOS and torus average column
density, for a sample of nearby CT-AGNs observed with NuSTAR and a
0.5-10 keV facility (XMM-Newton, Chandra, or Swift-XRT; from Marchesi
et al. 2019; Torres-Alba et al. 2021). Sources with f,. < 0.4 and ALogNy > 0.5
are plotted as red squares. NGC 1358 is shown as a blue diamond: its large
ANy and low f, make it an excellent candidate clumpy environment CT-AGN.
MRK 3 and NGC 4945, both known variable CT-AGN also having large ANy
and low f,, are plotted as orange stars.

constrain  Ngjos, and consequently, the AGN intrinsic
luminosity.

Among the promising changing-look candidates with low f.
and large ANy reported in (Marchesi et al. 2019, see also the
red points in Figure 2), the tentative evidence for LOS column
density variability between the 2015 and 2017 observations
further strengthens a clumpy obscuration scenario for NGC
1358. This makes it an ideal pilot source to start the X-ray
characterization of a whole class of clumpy obscuration
CT-AGNs.

Marchesi et al.

3. Data Analysis and Spectral Fitting Results

In this work, we analyze four XMM-Newton and three
NuSTAR observations that were taken between 2021 February
and 2022 February. The first XMM-Newton observation
(nominal length: 36 ks) was taken as part of the XMM-Newton
proposal 086298 (PI: S. Marchesi), while the remaining three
XMM-Newton observations (nominal length: 30ks) and the
NuSTAR ones (30ks) are part of a NuSTAR observing
program (proposal ID: 07192; PI: S. Marchesi). We report a
summary of these observations in Table 1. In the rest of the
paper, all the quoted errors are computed at the 90% confidence
level for a single parameter of interest.

3.1. Data Reduction

The NuSTAR data are obtained from both focal plane
modules, FPMA and FPMB. We calibrated, cleaned, and
screened the raw files using the NuSTAR nupipeline script
version 2.1.1. The NuSTAR calibration database (CALDB)
used in this work is version 20210210. We then generated the
ARF, RMF, and light-curve files with the nuproducts script.
Both source and background spectra were extracted from a 60”
radius circle: this choice of radius was found to maximize the
signal-to-noise ratio in the source spectra. The background
spectra are extracted from a region nearby the source that is not
affected by emission from NGC 1358 or other bright objects.
Finally, the spectra are binned with a minimum of 15 counts
per bin using the grppha task.

The XMM-Newton observations taken in 2021 August and
2022 January were performed quasi-simultaneously to the
NuSTAR ones, the start and end times of each pair of
observations being always less than 12 hr apart (see Table 1).
The 2022 February one has instead been taken ~1 day after the
NuSTAR one, thus allowing us to perform a further variability
study (as discussed in Section A4). We reduced the XMM-
Newton data using the Science Analysis System (Jansen et al.
2001) version 19.1. The 2021 August and 2022 February
observations were affected by strong flares, so the net exposure
time is 10%—-20% (30%—50%) shorter than the nominal one for
the MOS (pn) cameras. The MOS (pn) source spectra were
extracted from a 10” (15”) radius circle, while the background
spectra are extracted from a 45” radius circle located nearby
NGC 1358 and in a region with no significant contamination
from other sources.

Table 1

Summary of the NuSTAR and/or XMM-Newton Observations of NGC 1358 Used in This Work

Instrument Sequence Start Time End Time Exposure Net Count Rate

ObsID (UTC) (UTC) (ks) (1072 counts s~ ")
XMM-Newton 0795680101 2017-8-1T17:05:27 2017-8-2T06:03:10 48; 48; 48 0.98 + 0.05; 0.91 £ 0.05; 3.68 + 0.15
NuSTAR 60301026002 2017-8-1T03:41:09 2017-8-2T06:36:09 50 2.32 +£0.07; 2.28 £ 0.07
XMM-Newton 0862980101 2021-2-25T00:25:39 2021-2-25T10:30:39 33;33; 24 1.26 £ 0.06; 1.49 £+ 0.07; 7.34 £ 0.18
XMM-Newton 0890700101 2021-8-2T17:10:55 2021-8-3T01:19:15 24; 24; 17 1.80 £ 0.09; 1.51 £ 0.08; 9.97 £+ 0.25
NuSTAR 60702044002 2021-8-2T16:21:09 2021-8-3T09:31:09 31 12.76 +£0.22; 11.78 £ 0.22
XMM-Newton 0890700201 2022-1-21T05:11:06 2022-1-21T14:06:32 32; 32; 26 2.39 £+ 0.09; 2.52 £ 0.09; 11.64 £+ 0.22
NuSTAR 60702044004 2022-1-21T06:46:09 2022-1-22T00:16:09 32 16.56 £+ 0.24; 15.76 £ 0.23
XMM-Newton 0890700301 2022-2-4T10:20:38 2022-2-4T18:07:18 25; 25; 18 1.91 £ 0.09; 2.08 £ 0.09; 9.43 £ 0.23
NuSTAR 60702044006 2022-2-3T07:21:09 2022-2-3T21:31:09 28 16.72 + 0.26; 16.24 £ 0.26

Note. All observations taken in 2021 and 2022 are analyzed here for the first time, while the 2017 observations were first studied by Zhao et al. (2019). The XMM-
Newton count rates are computed in the 0.6-10 keV band, while the NuSTAR ones are computed in the 3—70 keV band. Exposures are computed after removing high-
background periods.
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Table 2
Summary of the Properties of the X-Ray Spectral Models Used in This Work

Model Reference(s) Material Distribution Morphology Free Parameters
MYTorus Murphy & Yaqoob (2009) Uniform Toroidal I, NuLos Nu.or As
Yaqoob (2012)
Yaqoob et al. (2015)
borus02 Balokovi¢ et al. (2018) Uniform Sphere with I, Nuros 0 Nuon fo
biconical cutout
UXCLUMPY Buchner et al. (2019) Clumpy As proposed in I, Nuros 0;, TORo, CTK

Nenkova et al. (2008a)

Note. MYTorus is used in its decoupled configuration (see the text for more details). I" is the power-law photon index; Ny os is the hydrogen column density
between the observer and the accreting SMBH; Ny, is the (volume)-averaged column density of the obscuring material; Ag is the intensity of the reprocessed
component with respect to the main one; 6; is the angle between the torus axis and the observer; f; is the obscuring material covering factor; TORo is the angular width
parameter, and models the vertical extent of the cloud population; finally, CTK is the covering factor of the inner obscuring ring. The free parameters reported in the
table are those that were actually left free to vary in our analysis: further details are available in Saha et al. (2022).

3.2. Spectral Modeling

To avoid possible model-dependent effects, we analyze the
NuSTAR and XMM-Newton spectra using three different
physically motivated models that have been developed
specifically to treat the X-ray spectra of heavily obscured
AGN: we report a summary of their properties in Table 2. Two
of these models assume that the obscuring material is uniformly
distributed in a toroidal shape, while the third one works under
the assumption that the obscuring material is distributed in
clumps.

3.2.1. Uniform Torus Models

The first model we use in our analysis is MYTorus (Murphy
& Yaqoob 2009; Yaqoob 2012; Yaqoob et al. 2015), which we
use in its so-called decoupled configuration, where the LOS
column density, Ny os, can in principle be different from the
(volume) average column density, Ny, MYTorus works
under the assumption that the obscuration in AGN is caused by
a torus with a circular cross section, having a half-opening
angle 6 = 60°, where 1 is computed starting from the torus
axis. This means that in MYTorus the torus covering factor is
not a free parameter and is fixed to f. = cos(ft) = 0.5.

MYTorus is made of three separate components. In XSpec
(Arnaud 1996) the model is written as follows:

Cnus * pha * (zpol * MYTZ + As * MYTS
+ As * MYTL + f§ * zpo2 + mekal), (1

where pha is the absorption due to our own galaxy,
NiGa = 3.83 x 10 cm™* (Kalberla et al. 2005). The first
MYTorus component, MYTZ, is an absorber applied to the
direct continuum (modeled with a power law, zpol) and is used
to model the LOS absorption Ny s, the one caused by the
material between the observer and the accreting SMBH. The
second component, MYTS, models the so-called reprocessed
(or scattered) emission, those photons that end up in the
observer LOS after being up-scattered by the gas surrounding
the AGN. Consequently, the column density of this component
can be treated as a good approximation of the average torus
column density, Ny, Finally, the third component, MYTL,
models two typical fluorescence lines observed in AGN
spectra, the iron Ka and KG lines at 6.4and 7.06keV,
respectively. The relative intensity of the reprocessed

component and the fluorescence lines with respect to the main
power law is described by a constant, As. This constant takes
into account the time delay between the main component
intrinsic emission and the reprocessed one, which can therefore
vary in intensity due to the well-known AGN variability.
Furthermore, Ag can give some loose indication of the actual
torus covering factor, since higher covering factors correspond
to a larger intensity of the reprocessed component at energies
>6keV (see, e.g., Figure Al in Zhao et al. 2020).

In MYTorus decoupled the inclination angle of the
reprocessed component and the fluorescence lines can be fixed
to one of two values: 90° or 0°. The 90° scenario is one where
most of the reprocessed emission comes from material that is
located between the accreting SMBH and the observer, while
the 0° scenario is a back-reflection one, where most of the
reprocessed emission is coming from the material located on
the back side of the torus with respect to the observer
perspective. In this paper, we test both configurations
separately.

The second model we adopt for our analysis is borus02
(Balokovic et al. 2018). borus02 works under the assumption
that the shape of the obscuring material responsible for the
reprocessed emission (including the iron K line) is a uniform-
density sphere with two conical polar cutouts. The opening
angle of these cutouts is a free parameter of the model.

In XSpec the model is written as follows:

Cnus * pha * (borus02 + zphabs * cabs * zpol
+ f5 * zpo2 + mekal). 2)

The torus covering factor varies in the range f. = [0.1-1] (i.e.,
in a range of opening angles Ot = [0-84]°). borus02 also
includes as a free parameter the torus inclination angle 6,
which is the angle between the observer and the torus axis. The
LOS column density is modeled using the zphabs and cabs
components.

Finally, as shown in Equations (1) and (2), our modeling
includes three further components for both the MYTorus and
the borus02 analysis. The first one is a cross-normalization
constant between the XMM-Newton and the NuSTAR
observations, Cyyus, to model possible calibration offsets
between the two instruments. Indeed, in all observations and
with all models we find a cross normalization Cny,g ~ 1.1-1.15,
in agreement with previous results reported in the literature
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(e.g., Madsen et al. 2017; Osorio-Clavijo et al. 2020; Balokovi¢
et al. 2021). In principle, there can be variability even between
different cameras on the same instrument (MOS versus pn in
XMM-Newton; FPMA versus FPMB in NuSTAR). However,
we find that no additional cross-instrument components are
required in our analysis, since when included in our fit they are
always consistent with 1.

The second component is a secondary power law, zpo2, that
treats the fraction of emission which is not affected by
obscuration: this fractional value is parameterized with the
constant f;. Finally, NGC 1358 presents diffuse X-ray emission
below 1keV, which we model with a phenomenological
thermal component mekal, where both the gas temperature
and metallicity are left free to vary.

3.2.2. Clumpy Torus Model

Buchner et al. (2019) presented UXCLUMPY,"” an X-ray
spectral model which assumes that the AGN obscuration is
caused by a clumpy distribution of material. More in detail, in
UXCLUMPY the obscuring material is axisymmetric, and the
number N of clouds between the observer and the accreting

SMBH is
o (B Y
N=N, exp{ (TORU) } 3)

where Nj is the number of clouds on the equatorial plane, (3 is
the inclination angle toward the torus pole, and TORo is the
obscuring material angular width, which models the torus scale
height and is a free parameter in the model. The clouds’ angular
size distribution is exponential and centered at 61o,q = 1°, and
the size of a single cloud is D = dpy_iSin(fcioua), Where dgy_c
is the distance between the cloud and the SMBH (Nenkova
et al. 2008a, 2008b). Notably, UXCLUMPY (and more in general
models where the obscuring material is assumed to be clumpy)
allows one to set up a varying Ny os scenario while keeping
the obscurer geometry self-consistent.

Finally, UXCLUMPY includes an inner ring of Compton-thick
material, whose covering factor CTK is a free parameter in the
model. This additional component mimics a reflection mirror,
which is needed to model an excess of reprocessed emission
observed in some low-z, heavily obscured AGNs (Buchner
et al. 2019) and can be linked, for example, to a warped disk
obscurer (Buchner et al. 2021). In XSpec, the model is written
as follows:

Cus * pha * (uxclumpy + fg * uxclumpy_omni) + mekal,

“)

where UXCLUMPY models both the transmitted and the
reflected component (including the fluorescent lines), while
uxclumpy omni models the so-called warm mirror emis-
sion, which is the emission scattered, rather than absorbed by
the obscuring material. The parameters of UXCLUMPY and
uxclumpy omni are linked. Cnys, pha, fs, and mekal are
the same components described in Section 3.2.1.

!5 Which can be downloaded at https: //github.com/JohannesBuchner/xars/
blob/master/doc/uxclumpy.rst.
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3.3. Evolution with Time of the Torus Properties

For consistency with previous works, and to test how joint
multi-epoch spectral fitting can tighten the constraints on the
spectral parameters, we performed a single-epoch spectral fit
for each of the new observations reported in Table 1. We report
a detailed description of these fits in the A4.

As discussed in Balokovi¢ et al. (2018, 2021), and more
recently, in Saha et al. (2022), however, the simultaneous fit of
multi-epoch X-ray spectra is the most efficient way to reduce
the uncertainties on the different spectral parameters and break
degeneracies between them. In particular, the multi-epoch
fitting approach is key to put tight constraints on the torus
covering factor, its average column density, and the inclination
angle between the torus axis and the observer, three parameters
that can be highly degenerate in single-epoch observations.

To further clarify the importance of multi-epoch observa-
tions, we report in Figure 3 four spectral parameters computed
in each of the five single-epoch observations performed
between 2017 August and 2022 February. We also note that
the inclination angle 6; between the observer and the torus axis
is loosely constrained, if not fully unconstrained, in all single-
epoch observations. Two of the parameters shown in the Figure
are computed using borus02: the torus average column
density (top left) and covering factor (top right). The other two
are computed using UXCLUMPY: the obscuring material scale
height (bottom left) and the covering factor of the inner
reflector (bottom right).

The first clear evidence is that XMM-Newton observations
alone are not effective in reliably constraining these parameters.
More importantly, while both UXCLUMPY parameters are
consistent, within the uncertainties, in each of the five epochs,
both borus02 parameters show evidence for variability. In
particular, the variability in Ny, is found to be fairly large,
varying in the range logNy ;= [23.3-24.2]. Such a disagree-
ment between the single-epoch measurements should not be
treated physically, given that the overall amount of material in
the obscurer is not expected to vary in timescales of months.
Rather, this result suggests that a uniform torus model is less
efficient than a clumpy torus one in modeling the X-ray
emission of NGC 1358, a result consistent with the idea that in
this source the obscuring material surrounding the accreting
SMBH is distributed in highly inhomogeneous clumps.

3.4. Joint Multi-epoch Fit

Given the limitations of a single-epoch fitting that we
highlighted in the previous section, we performed a simulta-
neous fit of the NuSTAR and XMM-Newton spectra derived
from the observations taken between 2017 August, and 2022
February, with the goal of reducing the parameters uncertain-
ties and breaking cross-parameter degeneracies. We included in
our models a cross-observation normalization to account for
any flux variability not related to Nypos, and left the LOS
column density free to vary in each of the six epochs: we
assumed two independent Ny 1 o5 and normalization values for
the NuSTAR and XMM-Newton observations taken on
February 3 and 4. We then fit the spectra assuming no intra-
epoch variability for all the other parameters: the power-law
photon index I, the scattered fraction f;, the average torus
column density (in MYTorus and borus02), the torus
covering factor (in borus02 and UXCLUMPY).


https://github.com/JohannesBuchner/xars/blob/master/doc/uxclumpy.rst
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Figure 3. Different properties of the obscuring material derived from five single-epoch spectra (we report the results of the spectral analysis in the appendix. Top: torus
average column density (left) and covering factor (right) as computed using borus02. Bottom: cloud vertical height, TORo, and covering factor of the inner ring,
CTK, as computed using UXCLUMPY. The color code is the same in all panels; to increase the plot clarity, the first 1200 days (hatched area) are not to scale. In the top
left panel, the dashed horizontal line marks the Ny jo,= 10%* cm ™ threshold. 90% confidence upper limits are plotted as downwards triangles.

We report in Table 3 the results of the multi-epoch fit, as
well as the fractional variation of the uncertainties on the
parameters with respect to the single-epoch results. The
increase in count statistics and the use of multi-epoch data
strongly reduce the uncertainties on all parameters. For
example, the errors on the Ngjos values measured in the
different epochs decrease by 10%-50% in MYTorus and
UXCLUMPY and up to 80% in borus02. We also measure
significant reductions in the uncertainties of the average torus
column density (~10%-50% in MYTorus; ~80% in
borus02) and in the torus covering factor (~30%-50% in
UXCLUMPY; ~70% in borus02). Finally, the uncertainties on
the power-law photon index decrease by 30%—70%. We note
that the borus02 best-fit photon index (I' = 1.4570:0}) is close

to the model’s lower boundary (I' = 1.4), another possible
indirect evidence for the limitations of a uniform torus model to
describe the NGC 1358 obscurer.

In Figure 4 we report the comparison between single-and
multi-epoch 68%—-90%-99% confidence contours of the torus
covering factor and inclination angle as a function of the
average torus column density, as measured using borus02,
and of the torus vertical extent and inner ring covering factor,
as measured with UXCLUMPY. For computational reasons, the
multi-epoch contours have been computed using only the joint
NuSTAR and XMM-Newton observations taken between 2021
August, and 2022 February (i.e., the 2021 February, and 2017
August observations are not included in the computation of the
multi-epoch contours). For consistency, we thus compare these



THE ASTROPHYSICAL JOURNAL, 935:114 (17pp), 2022 August 20 Marchesi et al.

Table 3
Summary of the Best-fit Results for the Joint Spectral Fit of All the NuSTAR and XMM-Newton Observations Taken between 2017 August 1 and 2022 February 3—4
MYTorus MYTorus borus02 UXCLUMPY
Decoupled, 0° Decoupled, 90°
Best Fit % Erry.s Best Fit % Erryp.s Best Fit % Erryg Best Fit % Errys
X2/ dof 2520.7/2457 2513.8/2457 2518.2/2457 2547.7/2457
r 1.54+004 50% 1543004 50% 145500 75% 1585093 55%
Niipos 2017-8-1 [10%* cm ™2 1684043 45% 1.877917 60% 1.6479% 70% 1.4970% 60%
NiLos 2021-2-25 [10** em ™3] 1.21509¢ 60% 1265997 65% 1.3470% 60% 1.02799% 50%
NiLos 2021-8-2 [10** cm ™2 0.875004 20% 0.887004 50% 0.8770%3 60% 0.8570:53 30%
NiLos 2022-1-21 [10** cm ™3] 071539 30% 0.717393 40% 0.705%2 60% 0.7070% 30%
Niipos 2022-2-3 [10** cm ™2 0.7479%4 30% 0.75+0:4 40% 0.73+3%2 60% 0.7279% 25%
NiLos 2022-2-4 [10** cm ™2 0.76 004 40% 0.77:504 55% 0.8050:92 55% 0.74+0:9¢ 10%
Nior [10%* cm™) 0.567919 80% 0.36°0% 75% 0.35%0:0¢ 85%
As 0217393 50% 0.4079% 85% o o
f. 0.1715% 70%
0, [°] 87 90/
TORo [°] 153131 60%
CTK <0.10 30%
£, 1072 0.101993 55% 0.161593 60% 0.121591 75% 0.287549 20%
kT (keV) 0.6310% 75% 0.617393 70% 0.6570% 45% 0.6570% 70%
z/Z., 0.05%9%3 80% 0.08+003 95% 0.05°901 95% 0.0579%3 60%
log(Ly.10) 2017-8-1 [erg s™'] 42.9079% 42934008 4274509 42755004
log(Ly0.40) 2017-8-1 [erg s '] 4374403 43387933 43114032 42.937913
log(Ly.10) 2021-2-25 [erg s '] 43.04500 - 42897004 4302200 - 42775008
log(Ly.10) 2021-8-2 [erg s~'] 429670 - 42.9670:04 42931709 - 42915504
log(Lg.40) 2021-8-2 [erg s~ '] 43794043 - 43671012 43774319 - 43154993
log(Ls.10) 2022-1-21 [erg s '] 42.997097 42984004 42,9159 42954093
log(L1g.40) 2022-1-21 [erg s~'] 43.867043 43.63+032 43.647013 43.1840%
log(Lyg.40) 2022-2-3 [erg s '] 43557918 . 43457947 4353791 . 43217018
log(Ls.10) 2022-2-4 [erg s~ '] 42947095 - 42934093 - 4293004 - 42897093

Note. I is the main power-law component photon index. Ny 1 os and Ny ., are the LOS and average column density, respectively, in units per cubic centimeter. Ag is
the relative intensity of the reprocessed component with respect to the main one in MYTorus. f. is the covering factor of the obscuring material as computed by
borus02, f. = cos(fr), where 07 is the angle (in degrees) between the axis of the torus and the edge of the torus. 6; is the angle (in degrees) between the observer and
the torus axis. In UXCLUMPY, TORo is the angular width of the cloud population and CTK is the covering factor of the inner Compton-thick ring of clouds. k7 and Z
are the temperature (in keV) and metallicity (in units of solar metallicity) of the thermal mekal component. L, ;o and L;_4 are the intrinsic luminosities in units of
ergs per second in the 2-10 and 10—40 keV bands, respectively. For all the parameters we report Erry_s, the fractional change of the uncertainties with respect to the
corresponding single-epoch observations (i.e., 30% means that the multi-epoch uncertainty on the parameter is 30% smaller than the average of the single-epoch
uncertainties). The single-epoch results are reported in the A4.
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Figure 4. 68%, 90%, and 99% confidence contours of the covering factor as a function of the average torus column density (left), the cosine of the inclination angle as
a function of the average torus column density (center), and the torus Compton-thick obscurer covering factor as a function of the cloud population opening angle,
TORGo (right). The first two plots are obtained using borus02, and the third one using UXCLUMPY. The contours obtained from the multi-epoch joint fit are plotted in
black, while those obtained fitting the various single-epoch spectra are color coded as in Figure 7.

multi-epoch contours with the single-epoch ones obtained in the low-covering factor, Compton-thin average torus column
the three sets of observations. density scenario. Furthermore, the left and central plots once

For all three pairs of parameters, the multi-epoch fit allows again highlight how single-epoch observations with borus02
one to break infra-parameter degeneracies and reliably confirm can produce inconsistent Ny (o, measurements, as we discussed
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Figure 5. Sketch of the obscuring material surrounding NGC 1358, based on
the best-fit results obtained in this work. 0 is the torus opening angle, while 6;
is the angle between the observer and the torus axis.

in the previous section. In the multi-epoch fit, instead, we
measure with borus02 a Compton-thin average column
density, logNgi ;= 23.5£0.1, and a covering factor f,.
= 0.17£0.02; the inclination angle is consistent with an
edge-on view scenario, being 6; > 83°. We measure the same
average torus column density using MYTorus decoupled in its
90° configuration: when using the 0° configuration, we
measure a slightly larger average column density, but the
uncertainties are also significantly larger (logNy o,= 24.0f8§).
Finally, with UXCLUMPY we measure a cloud vertical extent
TORo =15.3731° and an upper limit on the covering factor of
the inner Compton-thick ring CTK < 0.10, once again
confirming the low-f. scenario. We report in Figure 5 a sketch
of the NGC 1358 obscuring torus, based on these best-fit
results.

4. Characterizing the Obscuring Material in NGC 1358

We report in Figure 6 the joint NuSTAR and XMM-Newton
spectra of NGC 1358 taken in 2017 August, 2021 August, and
2022 January. The 2017 August spectrum is significantly
fainter than the other two over the 2—-60 keV range. A minor,
but still notable difference is also observed between the 2021
August and the 2022 January observation, the second being
brighter. To better quantify this variability between observa-
tions, and break the Ny os—luminosity degeneracy, we report
in Figure 7 the evolution with time of two main parameters: the
LOS column density (left) and the AGN 2-10keV intrinsic,
absorption-corrected luminosity (right). The best-fit values and
uncertainties are those obtained jointly fitting the observations.

As it can be seen, the LOS column density of the material
surrounding the accreting SMBH in NGC 1358 is highly
variable over different timescales. The first and most significant
change in Nypos is the one observed between the 2017
observation and the 2021 February one. In a time span of ~4 yr
we observe a drop in Nygros by ~30% (from
~1.5-1.9 x 10**to ~1.0-1.3 x 10* cm ™ 2). We then observe
a further ~15%-30% reduction in a time span of about five
months (from ~1.0-1.3 x 10% cm ™2 on 2021 February 25, to
8-9 x 10 cm 2 on 2021 August 2), with a consequent
transition from a Compton-thick to a Comgton-thin state; a
further ~20% decrease, down to 7 x 10 3em2 is then
observed between 2021 August and 2022 January. Finally, as
shown in the inset of Figure 7, we measure a tentative,
intriguing new increase in the two-week time span between our
two most recent observations, although this last result is not
confirmed by all models (in particular, this trend is stronger
when fitting with borus02). Furthermore, we find some
tentative evidence for ~1 day variability thanks to the non-
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Figure 6. Unfolded spectra of the 2017 August (black), August 2021 (blue),
and 2022 January (cyan) observations of NGC 1358, fitted using the
UXCLUMPY model.

simultaneity of the NuSTAR and XMM-Newton 2022
February observations. We note that this evidence, while
marginal, strengthens the new Ny os uprise scenario (i.e., the
Ny Los measured with XMM-Newton on 2022 February 4 is
larger than the one measured with NuSTAR on 2022
February 3).

To better quantify the reliability of this Nyjos variability,
one needs to check for potential degeneracies between
parameters. In particular, it is essential to understand if the
AGN intrinsic luminosity experienced any significant change in
the time span covered by our X-ray observations. For this
reason, we report in Figure 7, the evolution with time of the
2-10keV luminosity as computed from our best-fit models. No
significant trend with luminosity is detected, regardless of the
model used to fit the data. We note that the 2-10keV
luminosity value for the 2017 observation decreased by a
factor 2.5 with respect to the one reported in Zhao et al. (2019),
and it is now consistent with the values measured in
2021-2022. Such a result suggests that single-epoch measure-
ments are reliable when measuring parameters such as the LOS
column density and (provided there is enough statistic above
10 keV) the torus average column density and covering factor.
Single-epoch observations, however, are much less efficient in
disentangling the contribution of the primary and reprocessed
component to the overall emission, which consequently can
lead to incorrect luminosity estimates.

To further underline that the high-quality NuSTAR and
XMM-Newton data make it possible to break any
Nu1os—luminosity degeneracy, we show in Figure 8 the
confidence contours of the LOS column density as a function of
the cross-observation flux normalization.'® This parameter
takes into account any flux variability that is not related to
Nupos variability, and is therefore a good proxy of the
2-10 keV luminosity. As it can be seen, the Ny os trend is still
present and is therefore not significantly affected by AGN
luminosity-related degeneracies.

16 1 all contours, the cross-observation normalizations are the XMM-Newton
ones: the only exception being the February 3 contours, which are computed
using the NuSTAR normalization for consistency with the fact that Ny os is
also measured from the NuSTAR data alone.
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Figure 7. LOS column density (left) and 2-10 keV intrinsic luminosity (right) of NGC 1358 as obtained using UXCLUMPY (circles), MYTorus decoupled in its 90°
configuration (diamonds) and borus02 (squares) in each of the epochs where an X-ray observation was performed, starting from the joint NuSTAR-XMM-Newton
observation taken in 2017 August. No luminosity variability was observed between the 2022 February 3 and 4 observations, so we plot only one data point. In the left
panel, we show in an inset the results of the 2022 observations, to avoid overcrowding the plot. The UXCLUMPY and borus02 data points are shifted by 20 days (0.5
days in the Ny os inset) for visualization purposes. To further increase the plot clarity, the first 1200 days (hatched area) are not in scale.
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Figure 8. 68%, 90%, and 99% confidence contours of the LOS column density
as measured using UXCLUMPY as a function of cross-observation flux
normalization. In all contours, the cross-observation normalizations are the
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are computed using the NuSTAR normalization for consistency with the fact
that Ny 1 os is also measured from the NuSTAR data alone. As discussed in the
A4, the NuSTAR cross normalizations are usually ~10% larger than the
XMM-Newton ones.

In Figure 9, left panel, we plot the 2-10 keV luminosity as a
function of Ng1os, as computed using UXCLUMPY, to better
underline the correlation between these two quantities.

A possible, qualitative explanation for the observed Ny1os
and X-ray luminosity variability is a self-regulated AGN
feedback scenario (see, e.g., Gaspari et al. 2020 for a review).
We work under the assumption that the 2—10 keV luminosity
can be used to estimate the AGN bolometric luminosity and
can therefore be a proxy for the SMBH Eddington ratio,
Agdd = Lvol/Leaa- We remark that there are several caveats to
take into account with respect to this approach. In particular,
there is observational evidence, particularly in Type I AGN, of
a lack of correlation between variability in the X-ray continuum
and variability in the bolometric luminosity. This suggests that
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Figure 9. LOS column density as computed with UXCLUMPY as a function of
the 2-10 keV intrinsic luminosity in NGC 1358. The color code for each
observing epoch is the same used in Figures 3, 7, and 8.

Table 4
Summary of the Cloud Properties Inferred from Each Pair of X-Ray
Observations, Assuming That the Ny os Variability Measured between Two
Consecutive Epochs Is Due to a Single Cloud

Obs. Range tioo ANy 24 dBH 3RS dgH,15RS
YYYY/MM-

YYYY/MM (100ks)  (10**cm™?) (pc) (pc)
2017/8-2021/2 11267 0614035 5.6 x10° 224
2021/2-2021/8 1365 038 +0.15 82.2 3.3
2021/8-2022/1 1486  0.17 £0.10 97.5 3.9
2022/1-2022/2 1.2 <0.14 0.56 0.02
2022/2-2022/2 0.9 <0.13 33x107° 13 x107*

Note. dgy is the distance between the cloud and the SMBH; £ is the time
difference between the two observations, in units of 100 ks; ANy o4 is the
difference in LOS hydrogen column density, in units of 10** cm™2. Finally,
dpnsrs and dpp isgs are the cloud-SMBH distances computed assuming a
coronal size equal to 3 and 15 Rg, respectively.
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Table 5
Summary of the Best-fit Results for the Spectral Fit of the Observations Taken on 2021 February 25 (XMM-Newton only) and on 2021 August 2 (NuSTAR and
XMM-Newton)

2021-2-25 (XMM-Newton Only)

2021-8-2 (NuSTAR + XMM-Newton)

Date

Model MYTorus MYTorus borus02 UXCLUMPY MYTorus MYTorus borus02 UXCLUMPY
Decoupled, 0°  Decoupled, 90° Decoupled, 0°  Decoupled, 90°

x2/dof 132.1/150 136.6/150 1303/149  123.7/148 660.5/599 662.0/599 659.9/598  658.1/598

Crus N/A N/A N/A N/A 1135597 1125357 1137507 1115907

r 1.90+0%, 1794035 1757947, 194702 1617518 1604319 1604097 163509

norm 1072 0.59+74 0.64+3499 0.40+}38 0.801978 0.5179% 0.56+0%% 0.45518 0.6819%

Nuros [10* em™?] 094833 1104530 0.92*¢:1§ 1.09%63 0.867 (08 0.94755% 0.83%008 0.91%053%

Nior [10%* cm™3 10.00*% 0.28+309 10.0573537* 1.98713 0.37°9% 174750

As 0.59793¢ 0477339 0.2479%7 0.407}38

1 0.43593%,, 0.28759

0; () 6737172 6591179 787142 87.873%*

TORG (°) 9.0%79 10.3754

CTK <0.17 <0.22

£, 1072 0.151348 0.21793¢ 0.19%04 <0.28 0.13%99¢ 0.167342 0.15%349 0.125997,

kT (keV) 0.64+047 0.635% 0.68* 51} 0.74+5% 0.59+548 0.58+59% 0.60+348 0.62+997

Z/z. 0.052503 0.08%3:06 004083 0.02250} 0187873 0447433 0.1474:13 0.082509

log(F.10) (erg s~' cm™2) —12.0670% —12.05%9% —12.05792 —12.0579%  —11.8379% —11.8379% —11.8370%3  —11.8370%

log(Fio.40) (erg s~ cm™2) N/A N/A N/A N/A —10.68+9% —10.68 3! —10.68%0%  —10.6873%

log(Ls.10) (erg s™Y) 42847093 42.9579% 42,8071 42,8552 42,9759 43,0259 42.92+997 42,9931

log(Lyo.40) (ergs™) N/A N/A N/A N/A 43177554 43227054 43.10709¢ 43.167318

Note. Cyys is the cross normalization between NuSTAR and XMM-Newton. I" and norm are the main power-law component photon index and normalization at 1 keV

in photons keV ™! cm 2

s~ !, respectively. Ny Los and Ny, are the LOS and average column density, respectively, in units per cubic centimeter. Ag is the relative

intensity of the reprocessed component with respect to the main one in MYTorus. f, is the covering factor of the obscuring material as computed by borus02, f. =
cos(f7), where 67 is the angle (in degrees) between the axis of the torus and the edge of the torus. 6; is the angle (in degrees) between the observer and the torus axis. In
UXCLUMPY, TORo is the angular width of the cloud population and CTK is the covering factor of the inner Compton-thick ring of clouds. k7 and Z are the
temperature (in keV) and metallicity (in units of solar metallicity) of the thermal mekal component. F, g and Fiq_4q are the observed fluxes in units of erg per cubic
centimeter per second at 2-10 and 10-40 keV, respectively. L, 1o and Lig_40 are the intrinsic luminosities in units of erg per second at 2-10 and 1040 keV,
respectively. Upper and lower limits flagged with * have reached the parameter boundary.

the observed X-ray luminosity variability might be linked to
changes in the X-ray corona, particularly on short timescales
like those sampled here.

We use Equation (21) from Marconi et al. (2004) to convert
the 2—10keV luminosities into bolometric luminosities. We
then adopt the correlation between SMBH mass and stellar
velocity dispersion reported in Gaspari et al. (2019) to compute
the NGC 1358 SMBH mass, using the stellar velocity
dispersion measured by Nelson & Whittle (1995),
ox=173+14kms™'. The SMBH mass is therefore
log(Mpy/Ms) = 8.22 4 0.15: this value is slightly larger than
the one reported by Woo & Urry (2002) using the Tremaine
et al. (2002) correlation (log(Mgu/Ms) = 7.88). Based on
these values, we find that the Eddington ratio might have only
marginally varied from ~4 x 107> in 2017 to ~5 x 10~ in
2021-2022. We note that the uncertainties on the Eddington
ratio measurements can be fairly large, given that the intrinsic
scatter in the Mgy—o, we used is € = 0.36 +0.02 (Gaspari
et al. 2019). Indeed, when using the Mgy—M, relation from
Suh et al. (2020), where M, is computed from
0y =173+ 14kms~ ' using the Zahid et al. (2016) relation,
we obtain log(Mpp/M.) = 7.51 £0.75. In a scenario where
log(Mpy/M) = 7.51, the Eddington ratio of NGC 1358 would
have been ~2(4) x 10~% in 2017 (2021-2022).

Keeping in mind the above caveats, it is still helpful for the
interested reader to discuss at least a qualitative physical
interpretation of the retrieved obscuration, in particular in the
currently accepted framework of self-regulated AGN feeding/
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feedback (e.g., Gaspari et al. 2020 for a review). Indeed, the
AGN loop experiences a flickering alternation of feeding and
feedback events on micro and macroscales over the several
gigayear evolution. Specifically, higher obscuration phases are
associated with stronger CCA rain (e.g., Gaspari et al.
2013, 2017), in which the feeding-dominated stage is driven
by condensing cool clouds that rain down toward the meso—
and ultimately the microscale, thus inducing higher Ny os and
lower luminosity (during 2017, as can be seen in Figure 9).
Given the AGN self-regulation, such a process is expected to
quickly trigger a feedback event (with higher AGN luminos-
ities and lower Ny os) as soon as CCA has driven a critical
mass inflow near the SMBH horizon. Given the uncertainties
associated with our measurements, a definitive answer will be
achieved by extending the X-ray monitoring campaign.

4.1. Modeling of the Obscuring Clouds Geometry through LOS
Column Density Variability

Following Risaliti et al. (2002, 2005), the distance between
the obscuring clouds and the SMBH can be computed with the
equation

dpi = 600 tgy 1o Nig34 Rs, >
where t;qo is the variability time in units of 100 ks, n;q is the
cloud density in units of 10" ecm ™ and Ny 24 is the column
density of a cloud in units of 10** cm 2. As mentioned above,
based on the correlation between SMBH mass and stellar
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Figure 10. Unfolded XMM-Newton spectrum of the 2021 February 25 observation of NGC 1358. In the top panel we show the best fits obtained using MYTorus in
its decoupled, § = 0° (left) and # = 90° configuration. In the bottom panel, we report the borus02 (left) and UXCLUMPY (right) best-fit models. In all panels, the
overall model is plotted as a solid cyan line, the absorbed main power-law component is plotted as a solid black line, the reprocessed emission as a dashed black line,
the scattered component as the dashed black line, and the thermal mekal component as a dashed—dotted black line.

velocity dispersion, we measured an SMBH mass
log(Mpy/Ms) = 8.22 £0.15, so the Schwarzschild radius is
Ry = ZGC#: 49 %10 cm. We then work under the
assumption that the variability observed between two con-
secutive observations is due to a single cloud having column
density Ny o4 = |Nu.0bs2 — NH.obs1]/ 10** passing between the
observer and the X-ray emitter corona. Finally, it has been
shown using a variety of methods that the X-ray corona size
varies in the range D = 3-15 Rs (e.g., McHardy et al. 2005;
Fabian et al. 2009, 2015; Chartas et al. 2016; Kamraj et al.

2018), so that the cloud density can be computed
as n — |NH0bx2_NH0b~l|

We report in Table 4 the range of SMBH-cloud distances we
obtain using the Ny 1 os variability and time separation between
observations for the five consecutive pairs of observations
taken between 2017 August and 2022 February. For consis-
tency with the clumpy torus scenario that is suggested by our
data, we use the Ny 1 os values obtained using UXCLUMPY: the
results do not however change significantly when using the
borus02 or MYTorus LOS column density measurements.
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Sampling different time separations allows us to sample
different SMBH-cloud distances and/or cloud sizes. For
example, the tentative Nyjos variability observed between
the NuSTAR 2022 February 3 observation and the XMM-
Newton 2022 February 4 one, if real, would be caused by
material located at only a few hundred gravitational radii from
the SMBH. Notably, this is the scale of the accretion disk itself
for an SMBH with Mgy~ 10° M., as measured through
reverberation mapping (e.g., Jha et al. 2022). Timescales of
~15 days like the one between our 2022 January and February
observations, instead, sample clouds that are located at
distances typically associated with the broad line region and
the obscuring torus, which is from ~0.02 pc (for a coronal size
D = 15 Rg) to ~1 pc (assuming D = 3 Rg). This is the so-called
mesoscale for self-regulated AGN feeding /feedback (Gaspari
et al. 2020), which is the crucial transitional regime linking the
tiny SMBH physics to the macro properties of the host halo.
We also note that ~102 pc is the scale of the dust sublimation
radius (i.e., the lower limit on the dusty torus inner boundary)
for an AGN with 2-10 keV luminosity ~10* erg s ™' (see, e.g.,
Netzer 2015). We note, however, that the best-fit results for
these last three epochs are consistent with a no-variability
scenario.
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Figure 11. Unfolded XMM-Newton (red) and NuSTAR (blue) spectra of the 2021 August 2 observation of NGC 1358. In the top panel we show the best fits obtained
using MYTorus in its decoupled, 6 = 0° (left) and § = 90° configuration. In the bottom panel, we report the borus02 (left) and UXCLUMPY (right) best-fit models.
In all panels, the overall model is plotted as a solid cyan line, the absorbed main power-law component is plotted as a solid black line, the reprocessed emission as a
dashed black line, the scattered component as a dashed black line, and the thermal mekal component as a dashed—dotted black line.

Finally, observations taken a few months apart (such as our
2021 February and 2021 August ones, pair 2, or the latter and
the 2022 January one, pair 3) probe distances of ~1-107pc,
once again the looser constraint being associated with the more
compact coronal size. We also note that the 4 yr time separation
between the 2017 Compton-thick observation and the 2021
August one prevents us from reliably locating the material
responsible for the high obscuration reported in Zhao et al.
(2019), or even determining if this high-obscuration status was
due to a single cloud or to a combination of clouds randomly
interjecting our LOS.

5. Conclusions

In this paper, we presented the multi-epoch, NuSTAR and
XMM-Newton 0.6—70 keV monitoring campaign of NGC 1358
which took place between 2021 February and 2022 February.
The LOS column density of the target was predicted to be
highly variable based on the properties of the obscuring
material: namely, a small covering factor and a large offset
between the Compton-thick LOS column density measured in
2017 August and the Compton-thin average torus column
density. This evidence made the source an ideal candidate
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changing-look CT-AGN. We summarize the main results of
this work.

1. The selection method we proposed to select candidate
changing-look CT-AGNs turned out to be highly
effective. We find that in 2021-2022 the LOS column
density of the material surrounding the AGN in NGC
1358 decreased by a factor ~3 with respect to the 2017
observation, and the source transitioned from Compton-
thick to Compton-thin. This result opens the way for a
more extended NuSTAR-XMM-Newton campaign to
target the rest of the candidate changing-look CT-AGNs
population and further characterize the properties of the
obscuring material surrounding accreting SMBHs.

2. We found NGC 1358 to be LOS column density-variable
over a wide range of timescales: these results suggest that
the obscuring material is distributed in clouds of different
Ny, os located at distances from the accreting SMBH as
small as a few hundreds of gravitational radii and as large
as tens to hundreds of parsec (depending on the cloud
sizes). In such a scenario, a clumpy torus model offers a
more self-consistent explanation to the Ny og variability
than a uniform torus one.
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Table 6
Summary of the Best-fit Results for the Spectral Fit of the Observations Taken on 2021 January 21 and 2022 February 3—4

2022-1-21 (NuSTAR + XMM-Newton)

2022-2-4 (NuSTAR + XMM-Newton)

Date

Model MYTorus MYTorus borus02 UXCLUMPY MYTorus MYTorus borus02 UXCLUMPY
Decoupled, 0°  Decoupled, 90° Decoupled, 0°  Decoupled, 90°

x2/dof 796.9/792 796.2/792 795.1/792  795.6/792 634.7/650 634.9/650 631.8/650  634.6/650

Crus 1127982 1117092 111709 1117092 1.14793% 1.107938 1.0779% 120104

r 1534997 1515987 1443097 1597598 1.50%0:08 1517988 1437908 1.5550%

norm10 2 0.46+34 0.40+3,42 0.345%2 0.647543 0.42+0:14 0.44+0:13 0.3675% 0.46+9%

Niros J [10* em™2
Nuros X [10** cm™2]
Niros N [10** em™2]

0697004 0.6740% 0.67+3%

Nitor [107* em™?] 1.00%03; 0607033 0.63793;
As 0.18+0:0¢ 0.4719%

£ 0.17°3%
6; ) 87
TORo (°)

CTK
f£,1072 0.101592 0.18*9% 0.1940%3
kT (keV) 0.6810%7 0.66790¢ 0.6810:0¢
Z/Z 0.07-938 0.10*52 0.08+3:0!

—11.6679%
—10.609%
42,9859
4321199

~11.66+35)
—10.6079%
42.9373%
43.19+093

—11.6679%
—~10.6079%
4292509
43,1840

log(F2.10) (erg s~ ' cm™?)
log(Fio40) (erg s~ em™?)
log(Ly.10) (ergs™")
log(Lio40) (ergs™")

070101

0.73+3:9¢
0.69-503

0.815008
0.72+4:02
0.22*52

0.83008
0.7520%7
0.21590%8

0197435
0737488
03073

028795 0.48+313
0.17:3:9%
90 87 90
<5.7 13.8743
0.25%9% <0.17
<0.14 <0.20 0.107349 0.12794 0.194312
0717998 0.6410%7 0637919 0657996 0.65*914
0.05+993 0.0340%3 0.047998 0.04331 0.047397
—11.6579%  —11.75%9% —11.755% —11.75%9%  —11.7573%
~10.60709  —10.61799) 10617000 1061109 —10.61+00!
42,9859 42.947598 42,9755 42.957519 4288705

4320709

4322408 4323100 43235000 43.187085

Note. In the second data set, the XMM-Newton observation was performed on February 3 and the NuSTAR one on February 4 (see the text for more details). Ny Los J
is computed assuming no variability between the NuSTAR and XMM-Newton observations, while Ny 1 os X and Ny 1os N are computed separately from the XMM-
Newton and NuSTAR data, respectively. The other parameters are the same as reported in Table 5. The inclination angle in borus02 and UXCLUMPY was frozen to
the best-fit value because it was otherwise unconstrained if left free to vary. Upper and lower limits flagged with * have reached the parameter boundary.

3. Multi-epoch X-ray observations with NuSTAR and
XMM-Newton are, as of today, one of the most efficient
methods to reliably measure geometrical properties of the
torus such as its covering factor and clumpiness (i.e.,
difference between average and LOS column density).
The three epoch fits we performed led to a reduction in
the fit parameters uncertainties, with respect to the single-
epoch fits, which vary from 20%-80%.

4. The high spectral data quality of the NuSTAR and XMM-
Newton observations enables simultaneous measure-
ments of Ny s and 2—-10keV intrinsic luminosity (and
therefore derive an estimate of the SMBH Eddington
ratio) in each of the epochs we analyzed.

5. The anticorrelation between column density and lumin-
osity (Figure 9) can be understood in the framework of a
self-regulated AGN feeding and feedback cycle driven
via CCA raining clouds (e.g., Gaspari et al. 2020).
However, only by continuing to monitor with NuSTAR
and XMM-Newton with such a remarkable AGN, we will
be able to better constrain the current variability/
obscuration trends and probe the detailed self-regulation
in NGC 1358.
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Appendix
Single-epoch Spectral Fits of the NuSTAR and XMM-
Newton Observations Analyzed in This Work

In this appendix we report the results of the single-epoch
spectral fits performed on the NuSTAR and XMM-Newton
observations taken between 2021 February and 2022 February.
We also report here the images of the best-fit models obtained
using MYTorus, borus02, and UXCLUMPY for the four sets
of observations analyzed in this paper.

Al. XMM-Newton Observation, 2021 February 25

The first observation we analyze is the only one without
simultaneous NuSTAR data and was taken by XMM-Newton
on 2021 February 25. We report the results of our analysis in
Table 5 and the best-fit spectra obtained with MYTorus and
borus02 in Figure 10. There is a general good agreement
between the results obtained with MYTorus (either assuming
0s=90° or f5=0°), borus02 and UXCLUMPY. In particular,
we measure a typical AGN photon index T’ 1.8-1.9
(although with fairly large uncertainties, AI' ~0.4) and an
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Figure 12. Unfolded XMM-Newton (red) and NuSTAR (blue) spectra of the 2022 January 21 observation of NGC 1358. In the top panel we show the best fits
obtained using MYTorus in its decoupled, § = 0° (left) and § = 90° configuration. In the bottom panel, we report the borus02 (left) and UXCLUMPY (right) best-fit
models. In all panels, the overall model is plotted as a solid cyan line, the absorbed main power-law component is plotted as a solid black line, the reprocessed
emission as a dashed black line, the scattered component as a dashed black line, and the thermal mekal component as a dashed—dotted black line.

LOS column density around the Compton-thick threshold,
NH,LOS ~ 1024 Cm72.

The lack of NuSTAR data prevented us from constraining
other parameters, such as the average column density and the
covering factor, when fitting the data with MYTorus in one of
its two configurations or with borus02. This is due to the fact
that variations of Ny, or f. mostly affect the >5-10keV
spectrum (see, e.g., Figure Al in Zhao et al. 2020). The
UXCLUMPY fit, which is also the one with the best reduced x>
(x/dof = 123.7/148; as a reference, the borus02 fit has x/
dof = 130.3/149), supports instead the low-covering factor
scenario. Indeed, we measure a cloud vertical dispersion TORo
=9.077:9° and a covering factor of the inner ring CTK < 0.17.

A2. NuSTAR and XMM-Newton Observations, 2021 August 2

The second observation analyzed in this work was taken
quasi-simultaneously by NuSTAR and XMM-Newton on 2021
August 2. We report the results in Table 5, while the best-fit
spectra are shown in Figure 11. There is a general excellent
agreement between the results obtained with MYTorus (either
assuming 6s = 90° or 65 = 0°), borus02 and UXCLUMPY, and
all four models have almost identical reduced x> We measure
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a typical AGN photon index I'~ 1.6 £0.1 (slightly harder,
although consistent within the uncertainties, than the one
measured in the February 2021 observation) and an LOS
column density just below the Compton-thick threshold,
Niros ~ 89 x 102 ¢cm™2,

As for the other properties of the obscuring material, the
average column density measured using MYTorus decoupled
in its “0°” configuration is consistent with the one we measure
with borus02, logNy (or ~ 24.2-24.3. Such a value is slightly
larger than the one found by Zhao et al. (2019,
logNy tor ~ 23.8), although the 2017 measurement is in
agreement with the 2021 August one at the 90% confidence
level. We also note that the Ny, obtained using MYTorus
decoupled in its “90°” configuration is much lower (logNy (or=
23.6 +0.2) and in even closer agreement with the Zhao et al.
(2019) one. Finally, the covering factor we measure using
borus02 (f. =0.28"0%) is in agreement with the one
reported by Zhao et al. (2019, f. < 0.17), and a similarly low-
covering factor is found when using UXCLUMPY (TORo
=10.3*84° and CTK < 0.22).



THE ASTROPHYSICAL JOURNAL, 935:114 (17pp), 2022 August 20

XMM-NuSTAR - MyTorus decoupled 0 degrees — February 03-04, 2022

keV? (Photons cm-2 s-' keV-")

ratio

1
Energy (keV)

XMM-NuSTAR - borus02 - February 03-04, 2022

keV? (Photons cm—2 s-' keV-1)

ratio

Energy (keV)

Marchesi et al.

XMM-NuUSTAR - MyTorus decoupled 90 degrees — February 03-04, 2022

— T

3

Q

001

"

S10s L

(2}

g

o

g0+ L

g Eo

€105 bt
3L

e 2f

L
15"J**”‘k*‘.+

Energy (keV)
XMM-NuSTAR — UXCLUMPY - February 03-04, 2022

% | ‘ ”H.ﬁﬁﬁﬁ
Soor | N J HWE
510_4 ] 1 / 3
Al SN AU
<105 f\a ;*“T‘Lhi;'::% et ]

ratio

—_

i S
AR T

1 10
Energy (keV)

=

Figure 13. Unfolded XMM-Newton (red) and NuSTAR (blue) spectra of the 2022 February 3—4 observation of NGC 1358. On the top panel we show the best fits
obtained using MYTorus in its decoupled, § = 0° (left) and § = 90° configuration. In the bottom panel, we report the borus02 (left) and UXCLUMPY (right) best-fit
models. In all panels, the overall model is plotted as a solid cyan line, the absorbed main power-law component is plotted as a solid black line, the reprocessed
emission as a dashed black line, the scattered component as a dashed black line, and the thermal mekal component as a dashed—dotted black line.

A3. NuSTAR and XMM-Newton Observations, 2022
January 21

The third set of observations of NGC 1358 was performed
quasi-simultaneously by NuSTAR and XMM-Newton on 2022
January 21. The results of the spectral analysis are reported in
Table 6, while the spectra are shown in Figure 12. The LOS
column density further decreased by ~20% with respect to the
observations performed 5.5 months earlier, being
~7 % 10%* cm™2; such a result is model independent.

The agreement between the four models extends to all the
other spectral parameters. In particular, both borus02 (f.
=0.17709) and UXCLUMPY (TORo<5.7° and CTK
=0.26"9) once again favor a low-covering factor scenario,
in agreement with our previous findings. The average torus
column density is found to be logNy o ~23.8 using both
borus02 and MYTorus decoupled in its 90° configuration.
As mentioned before, such a value is the same reported in Zhao
et al. (2019); furthermore, in this observation Nypos 1S
basically identical to Ny o

16

A4. NuSTAR and XMM-Newton Observations, 2022
February 3—4

The fourth and final set of NuSTAR and XMM-Newton
observations was taken on 2022 February 3 and 4. We show
the spectra and best-fit models in Figure 13. As reported in
Table 1, the NuSTAR observation ended ~13 hr before the
start of the XMM-Newton observation. This small temporal
offset allowed us to search for short-timescale variability. We
first assumed that no Ny g variability occurred between the
two observations, and only allowed for flux variability which
we parameterize with the usual cross-instrument constant Cys.
For all models, we find Cyu,=1.31-1.324+0.07; as a
comparison, in both the 2021 August and 2022 January
observations we measure a cross normalization Cy,s ~ 1.1. For
this reason, we decided to leave Ny os free to vary between
the NuSTAR and XMM-Newton observations: with this new
model, we obtain a cross normalization Cpys~ 1.1, in close
agreement with the values obtained in the other epochs.
Furthermore, all models favor a scenario where Nypos
increased by 4-9 x 10**cm 2 between the February 3
NuSTAR observation and the XMM-Newton observation
taken half a day later. We also note, however, that the two
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Nu1os values are always in agreement within their 90%
confidence uncertainties.

Regardless of the model we used to perform the spectral fit,
the Ny os Vvariability scenario was always statistically favored
with respect to the normalization-luminosity variability one;
therefore, we report in Table 6 the results obtained with the
double-Ny os model. As mentioned above, there is tentative
evidence for an increase in Ny os within the two observations,
and with respect to the January observation, particularly in the
MYTorus and borus02 models (ANyios~ 10* cm™?),
while the discrepancy is milder when fitting the data with
UXCLUMPY.

As for the average torus properties, all models support a
low-f. scenario with an average column density
Niggor ~ 2-3 x 102 cm ™2,
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