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ABSTRACT

Context. The presence of water masers orbiting around the active galactic nucleus (AGN) in NGC 4258, one of the most studied
extragalactic objects, has been crucial in developing a detailed picture of its nuclear environment. Nonetheless, its accretion rate and
bolometric luminosity are still matter of debate, as there are indications that NGC 4258 may host a genuine radiatively inefficient
accretion flow (RIAF).

Aims. In this context, we present a detailed broadband X-ray spectrum of NGC 4258, with the goal of precisely measuring the coronal
luminosity and accretion flow properties of the AGN, in addition to tracking any possible variation across two decades of observations.
Methods. We collected archival XMM-Newton, Chandra, Swift/BAT, and NuSTAR spectroscopic observations spanning 15 years and
fit them with a suite of state-of-the-art models, including a warped disk model that is suspected to provide the well known obscuration
observed in the X-rays. We complemented this information with archival results from the literature.

Results. A clear spectral variability is observed among the different epochs. The obscuring column density shows possibly peri-
odic fluctuations on a timescale of 10 years, while the intrinsic luminosity displays a long-term decrease by a factor of three across
a time span of 15 years (from Ly_jo v ~ 10*' erg s™! in the early 2000s to Ly_jgxev ~ 3 x 10 erg s~ in 2016). The average
absorption-corrected X-ray luminosity L, ¢ xev, combined with archival determinations of the bolometric luminosity, implies a bolo-
metric correction kyo ~ 20; this result is intriguingly typical for Seyferts powered by accretion through geometrically thin, radiatively
efficient disks. Moreover, the X-ray photon index I" is consistent with the typical value of the broader AGN population. However, the
accretion rate in Eddington units is very low, well within the expected RIAF regime.

Conclusions. Our results suggest that NGC 4258 is a genuinely low-luminosity Seyfert II, with no strong indications in its X-ray
emission for a hot, RIAF-like accretion flow.
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1. Introduction

The nearby spiral galaxy NGC 4258 hosts one of the clos-
est active galactic nuclei (AGN), at a distance of 7.58 =+
0.11 Mpc (Reid et al. 2019). However, its historical importance
goes beyond its mere distance. Since the discovery of nuclear
megamaser emission at 22 GHz from water vapour molecules
(Claussen et al. 1984), NGC 4258 soon became the cleanest evi-
dence for the existence of extragalactic supermassive black holes
(SMBHs). The mapping and temporal monitoring of the masers
through very long baseline interferometry (VLBI) revealed a
sub-pc molecular, dusty disk in Keplerian rotation around a cen-
tral mass of M = 4 X 107M@ (Nakai et al. 1993; Miyoshi et al.
1995). Moreover, NGC 4258 has since served as an anchor
galaxy in calibrating the distance ladder and measuring the
expansion rate of the Universe H, (Pesce et al. 2020). Nowa-
days, water masers tracing edge-on molecular disks around AGN
— called disk megamasers — have been (more or less definitively)
detected in a couple of dozen of galaxies, allowing for the mea-
surement of the most precise extragalactic SMBH masses to

date (e.g., Kuo et al. 2011) as well as geometric distances (e.g.,
Kuo et al. 2015; Reid et al. 2019). NGC 4258 has historically
been considered as the archetype for the class of disk mega-
masers, although today it has been acknowledged as a somewhat
anomalous source with respect to the similar objects (e.g., for its
low obscuration along the line of sight; see Masini et al. 2016).
After the discovery of water maser spots in the nucleus
of NGC 4258, slight (albeit significant) deviations from a pure
Keplerian rotation were noted (Herrnstein et al. 2005), indicat-
ing that a simple, flat, geometrically thin molecular disk was
too simplistic a model to accurately explain their dynamics.
By introducing both a position angle and inclination warps,
Herrnstein et al. (2005) were instead able to reconcile the maser
spots kinematics with a pure Keplerian rotation. Furthermore,
in this model, the projected clustering of the systemic masers
was naturally explained by their confinement at the bottom of
the “bowl” caused by the inclination warp. A natural impli-
cation of a warped maser disk was that it would rise in front
of the observer, hiding the central engine and possibly provid-
ing the observed moderate absorption in the X-ray spectrum
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(Fruscione et al. 2005), which was first noted more than 25 years
ago (Makishima et al. 1994). Herrnstein et al. (2005) were able
to put a constraint on the radial distance at which the warp
crosses the line of sight, by comparing their warp model with
the radius at which the X-ray irradiation would cause a transition
from molecular to atomic gas in the disk (Neufeld & Maloney
1995). The transition radius was found to be at ~0.28 pc from
the nucleus, and it was also used to constrain the accretion rate
through the maser disk while assuming a steady-state, geometri-
cally thin and optically thick accretion disk (Shakura & Sunyaev
1973).

Also, NGC4258 is a very interesting AGN because its
particularly low bolometric luminosity in Eddington units'
(Lgot/Lgaa ~ 107%) could be either explained by a very low
accretion rate or by invoking a radiatively inefficient accre-
tion flow (RIAF; see, e.g., Narayan & Yi 1995, and references
therein). The acronym RIAF generally refers to physically
different accretion flows, such as advection-dominated flows
(ADAF, Narayan & Yi 1995) or adiabatic inflow-outflow solu-
tions (ADIOS, Blandford & Begelman 1999). In these models,
the inner regions of the accretion disk do not follow the usually
assumed Shakura & Sunyaev (1973) one. Therefore, a detailed
study of this source offers a unique opportunity to explore the
inner fraction of a parsec of an underluminous AGN.

Several previous studies have investigated the nature of
the accretion flow in NGC 4258, both through its broadband
spectral energy distribution (SED) and detailed X-ray spec-
troscopy. After the discovery of the sub-pc maser disk, for
instance, Neufeld & Maloney (1995) derived an accretion rate
M = 7 x 1073« (where « is the standard viscosity parame-
ter of Shakura & Sunyaev 1973), by assuming a viscous accre-
tion disk whose midplane is traced by the masers and obliquely
illuminated by a central X-ray source. By combining the low
X-ray luminosity with such an accretion rate and assum-
ing a bolometric correction typical of Seyfert galaxies
(Mushotzky et al. 1993), Neufeld & Maloney (1995) derived
a “standard” radiative efficiency of order n ~ 0.1; thus,
one that does not require radiatively inefficient accretion
to explain the low luminosity of the AGN. On the other
hand, Lasota et al. (1996) and Gammie et al. (1999) fitted the
SED of the source with an ADAF with a much higher
accretion rate (M ~ 1072). Still, Yuanetal. (2002) later
demonstrated that a “classical” ADAF-like accretion flow
was not able to account for the nuclear IR data, in partic-
ular the steep power law shape, indicative of non-thermal
emission (Chary et al. 2000). Moreover Fiore et al. (2001), in
analyzing BeppoSAX data, found that pure bremsstrahlung
emission (as expected from an ADAF, Narayan & Yi 1995) is
ruled out by the X-ray data. Rather, the X-ray spectrum of
NGC4258 resembles an average Seyfert-like spectrum, having
been successfully described by the combination of a power law
modified at low energy by photoelectric absorption and soft X-
ray emission due to the extended (kpc-scale) structures con-
nected to the so-called twisted anomalous arms (Wilson et al.
2001, and references therein). Yuan et al. (2002) suggested that
a composite model, in which an outer thin disk transitions to
an inner RIAF, which then transfers energy to a relativistic jet,

! The bolometric luminosity of NGC4258 has been historically
estimated in the literature through SED fitting (Lasota et al. 1996;
Yuan et al. 2002; Wu et al. 2013), and has been found to be around
~107* times the Eddington luminosity. The optical/UV data employed
by those works are either upper limits from continuum observations,
or those by Wilkes et al. (1995), who directly detected the nucleus of
NGC 4258 in polarized light at 5500 A.
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was able to account for the radio to X-ray SED of NGC 4258. In
this model, the X-ray emission would arise from Comptoniza-
tion by hot electrons at the base of the jet. This picture was
broadly supported by Herrnstein et al. (2005), who inferred a
consistently low (~10~*a M, yr~!) accretion rate. The absence
of a broad Fe Ka line, paired with the detection of a weak,
narrow, and rapidly variable component (Reynolds et al. 2009),
further supported the view that the inner regions of NGC 4258
might deviate significantly from the canonical radiatively effi-
cient disk. Later on, Wu et al. (2013) again fit the broadband
nuclear SED of NGC 4258 with a composite model (inner RIAF
+ outer truncated thin disk + a jet), suggesting that the SED can
be reproduced by a combination of the three components, along
with setting a constraint over the spin parameter of the SMBH
(a=0.7+0.2).

The goal of this work is to comprehensively review the X-
ray properties of NGC 4258 and possibly shed new light on
its accretion flow and long-term (~20 yr) evolution. To this
end, we have taken advantage of the wealth of available data:
we re-analyzed, using state-of-the-art models, archival (from
~2000-2016) spectroscopic observations from the Chandra X-
ray telescope (Weisskopf et al. 2000), XMM-Newton observatory
(Jansen et al. 2001), Swift/BAT telescope (Gehrels et al. 2004;
Barthelmy et al. 2005), and NuSTAR (Harrison et al. 2013). The
obtained results were then complemented with others from the
literature (from ~1993—-2000) to obtain a complete and thorough
X-ray view of a nearby underluminous AGN, spanning 23 years
of observations.

The paper is structured as follows. In Sect. 2, both the obser-
vations used in this work and their associated data reduction
are presented. Section 3 offers a discussion of the contribu-
tion to the XMM-Newton and NuSTAR fluxes of the non-AGN
components, namely, the large-scale plasma emission and the
off-nuclear point source. The broadband spectral analysis is con-
ducted in Sect. 4, with the setup presented in 4.1 and results
discussed in Sects. 4.2 and 4.3. Both the short- and long-term
variability are discussed in Sect. 5. A presentation of the general
results obtained is given in Sect. 6, while our conclusions are
drawn in Sect. 7. Tables displaying the spectral analysis results
are reported in Appendix A. Throughout the paper, uncertainties
are given at the 90% confidence level, unless otherwise stated,
and no cosmology is assumed, given the adopted geometric dis-
tance (Reid et al. 2019).

2. Observations and data reduction

NGC4258 was observed multiple times by all major X-ray
astronomical facilities in recent decades. Here, we focus on
the most recent Chandra ACIS-S, XMM-Newton EPIC PN and
MOS, NuSTAR FPMA and FPMB, and Swift/BAT observations.
A summary of the observations considered, with their dates and
cleaned exposure times, is given in Table 1. Together with this
data, we consider previously published results from the litera-
ture, regarding ASCA (Makishima et al. 1994; Reynolds et al.
2000; Terashima et al. 2002), BeppoSAX (Fiore et al. 2001), and
Suzaku (Reynolds et al. 2009) observations. For all of the analy-
ses, we use the fitting package XSPEC (Arnaud 1996) v.12.11.1.

2.1. Chandra

NGC 4258 has been observed four times by Chandra with the
ACIS-S instrument, for a total exposure time of 46ks. The
nucleus is so bright that its emission is piled-up even in a
modest Chandra exposure (Young & Wilson 2004). Indeed, the
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Table 1. Log of the observations analyzed in this work.

Telescope ObsID Date Exp (ks)
Chandra 349 08-Mar-2000 2.8
350 17-Apr-2000 14.2
1618 28-May-2001 21.3
2340 29-May-2001 7.6
XMM-Newton 0110920101 08-Dec-2000 13.3/20.1
0059140101  06-May-2001 7.8/12.0
0059140201 17-Jun-2001 2.7/8.4
0059140401 17-Dec-2001 0.3/3.3
0059140901  22-May-2002 9.8/13.6
0400560301 17-Nov-2006  45.3/57.2
NuSTAR 60101046002  16-Nov-2015 54.8
60101046004  10-Jan-2016 103.6
Swift/BAT - 105 months 1.85x 10°

Notes. Exposure times relative to the XMM-Newton observations are
the final, cleaned exposure times of each spectrum, for the PN and MOS
cameras, respectively.

majority of the ACIS-S exposure time was intended for the study
of the anomalous arms, while very few ks of observations with
short time frames (0.4 s and 0.1 s) could, in principle, be used to
extract less piled-up spectra of the nuclear source. Pile-up mani-
fests itself as a spectral distortion that hardens the spectrum and
makes it unnaturally flat. Although there are ad hoc models avail-
able in spectral fitting software to mitigate the effects of pile-up,
they rely on a few poorly known parameters (see, e.g., the pile
up model from Davis 2001). Therefore, we chose not to increase
the number of parameters in our modeling and, instead, we took
advantage of the excellent angular resolution of Chandra to
extract the spectra of the non-nuclear components that are very
likely to contaminate the XMM-Newton and NuSTAR data, due
to their lower angular resolution and larger point spread func-
tion (PSF). Chandra observations were downloaded from the
Chandra Data Archive and reprocessed with the chandra_
repro task in CIAO (Fruscione etal. 2006) v.4.12. The
specextract task was used to extract the spectrum of the
circum-nuclear soft, diffuse emission and of an off-nuclear
X-ray source that is 2’5 south-east from the nucleus and already
known in the literature (Wilson et al. 2001; Pietsch & Read
2002; Young & Wilson 2004).

2.2. XMM-Newton

NGC4258 was observed by XMM-Newton multiple times,
in particular, for five epochs during the early 2000s
(Fruscione et al. 2005) and once in 2006 (Reynolds et al. 2009).
The XMM-Newton observations were downloaded from the
HEASARC archive and reduced with the SAS v.19.1.0. In par-
ticular, cleaned event files were created for both the PN and
MOS cameras on board XMM with the epproc and emproc
tasks, respectively. No pile-up was detected, as reported in
Fruscione et al. (2005). High background time intervals were
selected using light curves in the 10—12keV energy range. The
event files were thus filtered with these defined good time inter-
vals and by adopting the standard FLAG=0 and pixel groups
with pattern <4 and <12 for the PN and MOS cameras, respec-
tively. Finally, the source and background spectra, as well as
ancillary files and responses, were extracted using the SAS task
xmmselect. Source spectra were extracted from 15”-radius cir-

cular apertures, while background spectra were extracted from
larger circles (with size ranging from 60to 90”") on the same
detector chips. Then, epicspeccombine was used to co-add
MOS1 and MOS?2 spectra for each of the six epochs, resulting
in a total of 12 XMM-Newton spectra. All the spectra have been
rebinned to have at least 20 counts per bin with the HEASOFT
tool grppha.

2.3. NuSTAR

NuSTAR observed NGC 4258 twice, for a total exposure time
of ~158 ks. We downloaded the ObsIDs from the HEASARC
archive and reduced the observations with the NuSTARDAS
package, using the standard nupipeline task to clean the raw
data. The cleaned event files were used to extract the spectral
products, through the task nuproducts. The source and back-
ground spectra were extracted from circles of 50 and 120"radius,
respectively. The background regions were chosen on the same
detector chip where the source spectra were extracted. All the
spectra have been rebinned to have at least 20 counts per bin
with the HEASOFT tool grppha.

2.4. Swift/BAT

We downloaded the Swift/BAT spectrum of NGC 4258 from the
Swift/BAT 105-Month Hard X-ray Catalog (Ricci et al. 2017;
Oh et al. 2018)? for a final broad band range 0.3—195keV.

3. Off-nuclear contaminants

The deepest Chandra ACIS-S observation (ObsID 1618, see
Table 1) was used to extract the spectrum of the diffuse, extended
soft X-ray emitting plasma in the nucleus of NGC 4258 and of
the off-nuclear point source. While the former basically disap-
pears at energies E > 2keV, contributing negligibly to the hard
X-ray flux, the latter component is expected to contribute (to
some extent) to the flux in the XMM-Newton and NuSTAR energy
bands.

3.1. Soft, diffuse emission

As detailed in Wilson et al. (2001), the clear diffuse X-ray emis-
sion coincident with the anomalous arms of NGC 4258, which
have been historically detected with radio and He imaging as
well, is due to galactic disk gas that has been shocked by mass
motions driven by the out-of-plane radio jets. More recently, evi-
dence for shocks has also been found in cold molecular gas
(Ogle et al. 2014). Thus, much of the gas that was originally
found in the disk has been ejected into the galaxy halo in an
X-ray hot outflow. As a consequence, the star formation in the
central few kpc is rather low (0.08 M yr~!, Ogle et al. 2014). In
addition, the anomalous arms themselves have been suggested to
be free of star formation activity (Courtes et al. 1993).

We extracted the Chandra spectrum of the diffuse, soft emis-
sion along the anomalous arms of NGC 4258, from a rectangular
region south-east of the nucleus (left panel of Fig. 1). The spec-
trum was grouped to have at least 20 counts per bin and fitted
with a double mekal (Mewe et al. 1985) component in XSPEC.
The spectrum is equally well fit either by two different temper-
atures with solar abundance or by assuming only one compo-
nent, in which case the abundance is sub-solar. To be consistent
throughout the paper, we assume solar abundance throughout

2 https://swift.gsfc.nasa.gov/results/bs105mon/609
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Fig. 1. Chandra ACIS-S 0.5-7.0keV imaging of NGC 4258. Left: green box labels the extraction region of the soft, diffuse emission, while the
red dashed box marks the size of the zoomed inset in the right panel. Right: zoom-in on the nuclear region with the off-nuclear source clearly
visible. Its spectrum has been extracted from the green circular region. The red dashed box marks the corresponding size of the zoomed inset in

the left panel. In both panels, north is up and east to the left.

and adopt two mekal components to describe this component
(e.g., Reynolds et al. 2009).

3.2. Off-nuclear point source

The presence of an off-nuclear point source, located 2’5 to
the south-east of the nucleus of NGC 4258, has been known
for more than two decades (Wilson et al. 2001; Pietsch & Read
2002; Young & Wilson 2004). Nonetheless, its precise nature
is still unknown. Its Chandra spectrum is extracted from a
small circular region, carefully avoiding the emission from the
active nucleus of NGC 4258 itself (right panel of Fig. 1). The
spectrum is equally well fit by an absorbed power law (in
which case we find that the results are consistent with those of
Young & Wilson 2004), and by a multicolor blackbody model
(diskbb in XSPEC). In the first case, the source could be a back-

. . . . _ 0.45
ground AGN with a fairly typical photon index (I' = 1.74%,7)

obscured by a column density Ny = 2.9*33 x 10*! cm™ (which
could be due to gas in NGC 4258 itself); while in the second
case it could be an X-ray binary in the nuclear region of the

galaxy, with a temperature kT = 1.4*0SkeV and whose flux

is again absorbed by a column density in excess of 10?! cm™2.
The unknown nature of this source results in an uncertain
extrapolation of its contribution to the X-ray flux at higher
energies, depending on the spectral model assumed. To remain
conservative, we consider the absorbed power law model (which
provides the largest contribution at hard X-ray energy), fix-
ing the best fit column density, photon index and power law
normalization to their best fit values. We also verified that
across the three Chandra observations in which the source is
detected (spanning approximately one year), its 0.5—-7 keV flux
is rather stable, showing possible variations at the 20% level
— which are nonetheless consistent with being constant within
the uncertainties. Its spectral shape is also constant within the
uncertainties. However, the quality of the data in the other
observations allowed only a rough assessment of the X-ray
spectral shape of the off-nuclear point source to be done. Its
observed 2—10keV flux is Fo_;9 ~ 1073 erg cm™ s~!, namely,
it is ®2% of the average observed flux in the same band from
NGC 4258.
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Fig. 2. Broadband 0.3—-195keV spectrum of NGC 4258, composed of
the 17 spectra analyzed in this work (12 XMM-Newton, 4 NuSTAR and 1
Swift/BAT) spanning more than 15 years of observations. While the soft
emission <2keV is due to extended plasma and is constant throughout
the years, the harder component shows significant variability across dif-
ferent observations. In particular, NGC 4258 was caught in its faintest
state during the NuSTAR observations. The spectral turnover below
4-5keV is due to the moderate absorption, possibly due to the line of
sight intercepting the warped maser disk.

4. X-ray spectral analysis

The broadband XMM-Newton + NuSTAR + Swift/BAT spec-
tra, covering almost three orders of magnitude in energy
(0.3-195keV) and more than 15 years over time, are shown in
Fig. 2. They show two peaks, around ~4-5keV and ~1keV.
While the latter peak is due to the diffuse plasma at large scales, the
higher energy one is due to the absorbing column density affecting
preferentially soft X-ray photons, hence producing the observed
spectral curvature. Consistently with this interpretation, the soft
(52keV) emission is stable over the years, while the hard X-ray
flux is variable by a factor of ~10 at E > 3 keV. We considered
whether this variability could be accounted for by means of the
flux variability only or whether the explanation is more complex
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(i.e., spectral variability). To answer these questions, we tested
two different setups for any given spectral model.

4.1. Models setup

In the first setup, dubbed setup A, we assume that the observed
variability is due only to flux variability; thus, we fit all the
17 spectra using the same set of parameters, allowing for a free
normalization constant for the nuclear component alone, relative
to the first epoch: December 2000 (see the left panel of Fig. 3)°.
In the second setup, dubbed setup B, we instead allow for spec-
tral variability, leaving the column density, photon index, and
normalization of the coronal power law free for each epoch*
(right panel of Fig. 3). In both setups, the soft emission is mod-
eled in the same way. In all the analyses, the Galactic absorption
is fixed to Ny ga = 4.19% 10%° cm~2 (HI4PI Collaboration 2016).

The data requires multiple components to reproduce the
broadband spectrum of NGC 4258. First, we need a soft X-ray
component to fit the emission below 2 keV. This has been exten-
sively studied and it is usually fit with two plasma emission
models, as discussed in Sect. 3.1. Then, the nuclear hard X-ray
emission is generally well described, to the first order, by the
“typical” spectrum of a local AGN, namely, a power law mod-
ified at low energies by some intervening absorption along the
line of sight and declining at high energies as an approximately
exponential cutoff. We fixed the high energy cutoff at the median
observed value for local Seyfert IIs, that is, 290 keV, which is
found to be consistent with that of Seyfert Is (Balokovic et al.
2020). When some degree of absorption is present, both a scat-
tered power law at soft energies, mirroring the primary one,
as well as a narrow fluorescent Fe Ka line at £ =~ 6.4keV
are also expected. In this particular case, the controversial
significance of the line detection which has been somewhat
debated in the literature (see, e.g., Reynolds et al. 2009), further
motivated us to include in our baseline model a Gaussian line
component. Finally, an absorbed power law describing the con-
tamination from the off nuclear point source is taken into account
and it is fixed by the best fit values derived from the Chandra
spectrum (Sect. 3.2). In XSPEC notation, this baseline model
(dubbed “ABSPL”) is written out as:

Galactic Ny Intrinsic absorbed emission and Fe Ko

—
TBabs Xx{zphabs X cabs x cutoffpl + zgauss
+ mekal + mekal + zpowerlw + phabs X powerlw}. (1)

Soft plasma and scattered power law Point source contaminant

The ABSPL model provides a very good phenomenologi-
cal description of the data. However, more recent self-consistent
models have been developed, based on Monte Carlo simulations
of the radiative transfer of X-ray photons emitted by a central
source and propagating through some neutral medium with a
given assumed geometry (Ikeda et al. 2009; Murphy & Yaqoob
2009; Brightman & Nandra 2011; Balokovi¢ et al. 2018). There-
fore, we also fit the broadband spectrum with one such
more physically motivated descriptions, namely, the Borus02
(BORUS) model from Balokovié et al. (2018). The assumed

3 When simultaneously fitting datasets from different instruments, a
multiplicative cross-calibration constant is usually considered. How-
ever, in this case, we do not include a cross-calibration constant
in setup A, since the cross-calibration uncertainty is much smaller
(~10-15%; Madsen et al. 2015, 2017) than the observed flux spread,
and the fit would be insensitive to its value.

4 In setup B, we have fitted at each epoch the cross-calibration constant
among cameras of the same instrument (see Table A.2).

geometry of the obscuring medium is a homogeneous sphere
with polar cutouts, in which the opening angle 6,, of the torus,
measured from the polar axis of the system, is an adjustable
parameter. The covering factor CF, defined as the fraction of the
sky as seen from the corona obscured by the torus, in this model
is CF = cos 6,,, and allows to explore both sphere-like and disk-
like geometries. In XSPEC, its implementation is similar to the
ABSPL model:

Galactic Ny Intrinsic absorbed emission Torus reprocesssing

— —_——
TBabs X{zphabs X cabs X cutoffpl + Borus02
+ mekal + mekal + zpowerlw + phabs X powerlw}. 2)

Soft plasma and scattered power law Point source contaminant

The warped megamaser disk of NGC 4258 has been robustly
studied and mapped in detail (e.g., Herrnstein et al. 1998, 2005;
Humphreys et al. 2013) and it has been suggested that it may
be responsible for the obscuration along the line of sight
(Fruscione et al. 2005). Buchner et al. (2021) recently proposed
a spectral model, based on a warped disk geometry, which we
refer to as WARPDSK. The total emission of WARPDSK is the
sum of two components: the primary one (warpeddisk. fits),
consisting of photons coming directly from the central source
and accounting for Compton scattering and absorption from the
warped disk, and a second one (warpeddisk-omni.fits) that
comprises the so-called omni-directional scattered component
due to photons randomly scattered into our line of sight. This
warm mirror emission is the angle-averaged (omni-directional)
spectrum, predominantly comprising the incident power law
from unobscured lines of sight and effectively replaces the scat-
tered power law of the ABSPL and BORUS models. The free
parameter diskfrac basically represents the “strength” of the
warp: a diskfrac value that is close to unity suggests a strong
warp, while a smaller value hints to a flatter geometry. As such,
it can be interpreted as a CF as well, although it is not triv-
ial to directly compare the CF from BORUS with diskfrac in
WARPDSK. All the parameters of the omni-directional compo-
nent are linked to those of the main one — except its normaliza-
tion, that effectively sets the scattered fraction.

In XSPEC notation, the WARPDSK model is implemented
as follows:

Galactic Ny Intrinsic absorbed emission

—
TBabs X{zphabs X cabs X warpeddisk

emission scattered into the LOS ~ Soft plasma emission

+ warpeddisk-omni +mekal + mekal
+ phabs x powerlw}. 3)
————

Point source contaminant

4.2. Results

The simplest model is ABSPL with the same parameters for all
17 spectra, modulo a free constant to account for flux variability
only (setup A). The reduced y? is already acceptable (y/d.o.f. =
3976/3761), with the two mekal components and with signifi-
cantly different temperatures describing the soft emission suffi-
ciently well at <2keV (see Sect. 3.1). The hard X-ray power law
is obscured by a column of almost 10?* cm™ and has a slope
consistent with a typical value I ~ 1.8.

As expected, the constants encapsulating the flux variabil-
ity are significantly different from unity (set by the flux of
the first XMM-Newton observation). Interestingly, they show
a decreasing trend with time: the flux at the last NuSTAR
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Fig. 3. Models and residuals for the two setups assumed in the spectral analysis. Top row: two different setups are shown, adopting the ABSPL
model as an example. Left panel: refers to setup A, in which the spectral parameters are the same for all the data sets (labeled with different colors),
modulo a normalization constant that encapsulates the nuclear flux variability of the hard X-ray emission alone. Setup B is shown in the right
panel, for which the diversity in spectral slope, column density and normalization can be appreciated. Bottom row: data vs. model residuals, as fit
with the setup A (left panel), and B (right panel). From top to bottom: ABSPL, BORUS, and WARPDSK models, respectively.

epoch is around ~25%, while the average Swift/BAT flux is
roughly 65%°. The other two models, BORUS and WARPDSK,
give results consistent with those of the ABSPL (y?/d.o.f. =
3969/3760 and y?/d.o.f. = 3976/3760, respectively; see the
bottom left panel of Fig. 3), both in terms of the soft X-ray
emission and the hard X-ray coronal slope and obscuration.
Across all models, the scattered power law component needed
to fit the spectrum in the 1-3keV range gets washed out at
lower energies, due to the thermal plasma emission. The only
noticeable difference, although within the uncertainties, is in
the intrinsic normalization, which results ~50% higher adopt-
ing the WARPDSK model. Despite this, the combination of
the higher normalization with the softer photon index of the
WARPDSK model (see Sect. 5.2) gives fully consistent intrinsic
2—-10keV flux (and therefore luminosity) among the models. A

5 Taking the Swift/BAT flux as a reference, this means that the first
XMM-Newton and last NuSTAR epochs caught NGC 4258 with a flux
~54% higher and ~62% lower than the average, respectively.
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detailed comparison with the results from previous work (e.g.,
Fruscione et al. 2005; Reynolds et al. 2009; Kawamuro et al.
2016; Panagiotou & Walter 2019; Osorio-Clavijo et al. 2022) is
not trivial, especially taking into consideration the different and
more recent models adopted here. In general, however, our spec-
tral parameters are consistent with those found in the literature.
The ABSPL model allows to make an assessment over the
significance of the Fe Ko emission line, whose rest frame energy
has been fixed to 6.4keV: its average equivalent width (EW)
results rather low (EW = 45 + 12eV), similar to the EW of
the Si Kea line identified at ~1.84 keV. If the energy of the Fe
line feature is left free to vary, the accuracy of y? is not signif-
icantly improved and the energy is well constrained (Epek, =
6.40 + 0.03) around the expected value for neutral Fe Ka emis-
sion. One clear advantage of both the BORUS and WARPDSK
models is their self-consistency in treating radiative transfer
within the assumed geometry. As previously mentioned, BORUS
has the CF of the torus as a free parameter: when fitting for the
CF, we find an upper limit of CF < 0.16, strongly suggesting that
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the maser disk is responsible for the obscuration and supporting
previous independent claims (e.g., Fruscione et al. 2005). Fur-
thermore, if we leave both the Ny (representing the line of sight
column density) and the parameter log Ny 1o, of BORUS (inter-
preted as a global average Ny; see Balokovié et al. 2018) free,
slightly different values are returned, suggesting that the obscur-
ing medium may be clumpy. The fit with the WARPDSK model
in setup A returns a diskfrac parameter of ~0.9, suggesting a
strong warp. The detailed results for setup A are summarized in
Table A.1.

The most interesting results are obtained when refining the
analysis by leaving the photon index, column density, and coro-
nal flux normalization free for each epoch, namely, by adopt-
ing setup B. This setup also allows us to explore whether (and
how) the spectral shape and X-ray luminosity of the source
have changed over the years. For simplicity, when fitting with
BORUS we linked the global average Ny of the torus and the
line of sight Ny. In general, the three models return accept-
able fits with much better reduced y? with respect to the cor-
responding setup A. This is not merely due to the increase of the
free parameters, as the Ay?/Ad.of. = 356/28,345/21,323/23
for the ABSPL, BORUS, and WARPDSK models, respectively
(bottom right panel of Fig. 3). This supports evidence for
spectral variability between different epochs. Indeed, a clear
column density and spectral slope variations are detected, inde-
pendently of the spectral model assumed, and will be further dis-
cussed in Sect. 5. At any given epoch, the three models give con-
sistent results as shown in Table A.2. Both the CF parameter of
BORUS and the diskfrac parameter of the WARPDSK model
were free to vary but kept linked for all epochs, and the fitted val-
ues are significantly different from those of setup A, suggesting a
slightly larger CF (CF= 0.37 +0.14), and a much less prominent
warping of the disk (diskfrac = 0.25+0.01), respectively. This
last result could be expected to a certain extent. First, the larger
number of free parameters in setup B allows to better fit the spec-
tral shape at each epoch, thus returning a new value for the warp
strength which is significantly different from before. Further-
more, as detailed in Buchner et al. (2021), WARPDSK is tailored
for heavily Compton-thick AGN, as the vast majority of disk
megamasers turn out to be. Hence, the megamaser disk, by con-
struction, has an assigned column log Nij/cm™2 = 25 to provide
the extreme obscuration that is often observed in the best stud-
ied local megamasers (e.g., Arévalo et al. 2014; Puccetti et al.
2014; Bauer et al. 2015; Masini et al. 2016). In this particular
case, however, in order to account for the relatively low col-
umn density affecting the spectrum, WARPDSK is forced by the
fixed inclination of the inner disk (72°, Humphreys et al. 2013)
to graze the warp, fitting the diskfrac parameter to the lower
reported value.

4.3. NGC 4258 in the context of local, low-Agqq AGN

Disk megamasers, when compared with the local Swift/BAT-
selected AGN population, generally occupy the high-end of the
Agqq distribution (see, e.g., Fig. 8 of Masini et al. 2019). In this
regard, NGC 4258 is definitely peculiar with respect to other
disk megamasers, although other Swift/BAT-selected AGN show
accretion rates comparable with that of NGC 4258. Thus, it is
interesting to consider this source in a broader context, compar-
ing its properties with those of other local, low-Eddington ratio
AGN. The sample of 81 local AGN observed by NuSTAR with
log Aggg < —3 presented by Osorio-Clavijo et al. (2022), where
NGC4258 is included as a LINER, is the ideal sample for mak-
ing such a comparison. In terms of the black hole mass, bolo-
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Fig. 4. NuSTAR (average of FPMA and FPMB) 10—-40keV light curve
across two observations, showing the background-subtracted count rate
in bins of 5 ks. The shorter observation of November 2015 displays vari-
ability on short timescales (a few ks) that are intrinsic to the source (and
not due to obscuration).

metric luminosity, and Eddington ratio, NGC 4258 is fully con-
sistent with the average values found for their sample of local
LINERs. The same holds true also regarding its X-ray proper-
ties: both the photon index and the average column density are
consistent with their respective averages of the LINER sample.
In general, the results about NGC 4258 reported in this work and
Osorio-Clavijo et al. (2022) are consistent, despite applying dif-
ferent models, and we also do not find any significant contribu-
tion by a reflection component in the hard X-ray spectrum of
NGC4258. These findings support the hypothesis that at a low
accretion rate, the standard picture of the torus may break down.
In the specific case of NGC 4258, the missing reflection com-
ponent may be a consequence of the low covering factor of the
warped maser disk surrounding the AGN.

5. Short and long-term variability

As shown in the previous Section, setup B allows to keep track
of the spectral parameters and the luminosity of NGC 4258 as a
function of time. Moreover, the last two NuSTAR epochs allow us
to also explore the intrinsic, hard X-ray emission from the puta-
tive corona. In the following, we thus focus on both the short-
and long-term variability of NGC 4258.

5.1. Short term variability

We took advantage of the NuSTAR data to explore the intrinsic
hard X-ray variability (i.e., not caused by variable absorption) of
the AGN. The background-subtracted 10—40 keV NuSTAR light
curve for both ObsIDs is shown in Fig. 4, where the data of
the two focal plane modules have been averaged together and
binned with a 5 ks bin size. First, we note again that the average,
net count rate from NGC 4258 has decreased between the two
NuSTAR observations by roughly ~20%. While the most recent
data do not show any particular trend, a clear peak is visible in
the first dataset around 17-Nov-2015. We extracted the NuSTAR
spectrum of the “mini-flare” and compared it with the quies-
cent spectrum, finding no significant difference in either spec-
tral slope or column density. This could be due to the relatively
weak intensity of the peak, which is actually lower than a 50%
increase in the count rate.

Figure 4 shows that a rise time of ~20ks is observed for
the mini-flare on 17-Nov-2015. This timescale appears to be
halfway between the ones found by Reynolds etal. (2009),
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Fig. 5. Long-term evolution of the main spectral parameters. From top to bottom: column density in units of 10?2 cm~2, photon index I (generally
between 1.6—2.0), intrinsic (de-absorbed) 2—10keV luminosity, EW of the Fe Ka line (only for the ABSPL model and for values from the
literature; the inset shows the logarithmic flux of the Fe Ka line in the ABSPL model, for the data considered in this work). The values referring
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triangles for the ABSPL, BORUS, and WARPDSK models, respectively), and are fully consistent with each other. Red diamonds, the blue
star and the purple downward triangle refer to ASCA (Reynolds et al. 2000; Terashima et al. 2002), BeppoSAX (Fiore et al. 2001), and Suzaku
(Reynolds et al. 2009) observations, respectively. Top panel: dashed black line is a simple sinusoid with a period of 10 years, and it is not a fit
to the data. Most notably, the intrinsic de-absorbed 2-10keV luminosity shows an approximately steady decrease of more than a factor of 3 over

~20 years.

who detected both a significant brightening of NGC 4258 dur-
ing the 2007 Suzaku exposure with a timescale of ~50ks, and
lower amplitude fluctuations over much shorter timescale of
~5ks. Assuming that variability is associated with accretion
disk processes, Reynolds et al. (2009) equated these variability
timescales with the dynamical time of a Keplerian disk Q™! =

\r?/GM, to put constraints over the size of the X-ray emit-
ting region. Under the same assumption, the observed timescale
of ~20ks corresponds to an emitting region size of ~ 20r,,
where r, = GM/c? is the usual definition of the gravitational
radius.

5.2. Long-term variability and the Fe Ka line

The spectrum of NGC 4258 shows moderate flux variability
among the XMM-Newton and NuSTAR observations, as previ-
ously reported in the literature, and as also demonstrated in
our analysis. Therefore, we collected the spectral parameters
of the three models employed in Sect. 4 as a function of time,
along with previous results from the literature. This allows us to
explore the long-term behavior of NGC 4258, spanning 23 years,
between 1993 and 2016.

The first panel from the top of Fig. 5 shows the variability of
the X-ray obscuring column density Ny. The column density is
always around ~10% ¢cm~2, with fluctuations of a factor of ~2.
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As detailed in Fruscione et al. (2005), Ny has been observed to
increase over a few months timescale in 2001, with an associated
length scale of about 10'> cm, very similar to the expected scale
height of a standard thin accretion disk. We find a fully consis-
tent trend in the first five XMM-Newton epochs analyzed here,
in which Ny increases from ~8 x 1022 cm™2 to ~14 x 10?2 cm™2
over At = 530 days. Assuming that the absorbing gas is located
at the radius where the warp is expected to cross the line of
sight, that is, R ~ 0.3 pc, and that it orbits in a Keplerian rota-
tion the central mass of M = 4 x 107 M, the orbital velocity
isv = VGM/R ~ 760kms~!. The characteristic size is then
s = vAt ~ 3.5 x 10" cm. Assuming the typical density for
masers to occur p ~ 108 cm—3, and the column density varia-
tion ANy ~ 6 x 10?2 cm™2, the associated depth variation (i.e.,
size along the line of sight) is AL ~ ANy/p ~ 6 x 10" cm,
which is roughly twice the previously derived characteristic size,
s. This increase in column density could be obtained either by
doubling the number of clouds along the line of sight or doubling
the density of the absorbing medium. Interestingly, the column
density seems to oscillate more or less regularly on a timescale
of about 10 years, as suggested by the sinusoidal function with
a period of 10 years we have plotted over the data. Although the
reduced y? of fitting a simple sinusoidal function to the data is
large enough to reject the null hypothesis (y2 ~ 2.5), a simple
linear fit with roughly constant column density returns a much
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worse result (/\/3 ~ 6.8). If this remarkable, oscillatory trend is
confirmed, its period (~10 yr) is much shorter than the orbital
period at the warp radius (~2600 yr), and it may suggest periodic
density variations in the absorbing gas, happening on a temporal
scale of 5-10 yr. This timescale corresponds to a linear scale of
1-2x10'6 cm (0.003—0.006 pc) at the warp radius. Interestingly,
spiral density waves have been proposed to explain the periodic-
ity and clustering of the masers in NGC 4258 (Humphreys et al.
2008). In the same paper, Humphreys et al. (2008) show that
massive He I stars with a mass of 50—100 Mg, comparable to
those found in the Galactic center (Genzel et al. 2003), would be
able to create gaps in the maser disk, with a size consistent with
that observed here, and potentially responsible for the column
density fluctuations. The second panel from the top shows the
long term evolution of the photon index T'. It is generally mea-
sured between 1.6—2.0, and there is no significant variability.
We note that, at any given epoch, the WARPDSK model tends
to return systematically softer (although statistically consistent)
photon indices with respect to the ABSPL and BORUS mod-
els. The third panel of Fig. 5 shows the intrinsic, absorption-
corrected 2—10keV luminosity: after the early 2000s, the
luminosity has been steadily decreasing, by a factor of ~3. The
2007 Suzaku observation seems to be the exception to this trend
but, as mentioned previously, Reynolds etal. (2009) caught
NGC 4258 in a bright flux state during this observation. Since
the luminosity is already corrected for variable absorption, the
data strongly suggest that NGC 4258 is constantly getting fainter
during the period considered. It is interesting to compare the
intrinsic 2—10keV luminosity derived here from that expected
from the well known 12 um-2—-10keV correlation. NGC 4258
has a nuclear 12 pm luminosity log Ly m/erg s™' = 41.26+0.05,
from which an expected log L;_jogev/erg sl = 41.03 +£0.04 is
derived (Asmus et al. 2015). This luminosity is consistent with
that measured until the early 2000s, while the MIR observations
described in Asmus et al. (2015) refer to the years 2010-2011,
when NGC 4258 was already a factor of about 2 fainter, accord-
ing to our results. If there are no sources of contamination con-
tributing significantly to the 12 um flux, and if NGC 4258 has
kept steadily decreasing its X-ray luminosity, this result could
suggest a lag of the MIR with respect to the X-ray emission of at
least a decade, thereby placing the MIR-emitting dust on a scale
of ~3 pc.

Finally, the behavior of the Fe Ka line (bottom panel of
Fig. 5) is not easy to interpret. While the first ASCA observa-
tions suggested the presence of a moderately prominent emission
line with an EW around ~100 eV, the subsequent XMM-Newton
observations we have considered in this work set only upper lim-
its and never firmly detect the line, apart from the 2007 epoch
(Reynolds et al. 2009), in which the line has in any case a mod-
est EW. In the two most recent NuSTAR epochs, the line has
been marginally detected only in the last (and longer) observa-
tion. This could be due to the more stable and systematically
lower count rate of the source during the last NuSTAR epoch,
as shown in Fig. 4, which would make the line stand out more
easily. If this hypothesis is correct, this would also imply that
the Fe line is produced on large scales (~ pc scale) and lags sig-
nificantly behind the continuum, differently from the inner disk
origin interpretation of Reynolds et al. (2009). Independently of
its origin interpretation, the line EW from the NuSTAR epochs
is consistent with that reported by Reynolds et al. (2009). The
inset in the last panel of Fig. 5 shows the logarithmic flux of the
Fe Ka line for the spectra that we analyze in this work, derived
through the XSPEC command cflux. The behavior of the line
flux is fully consistent with what is seen for its EW.

6. Discussion

The comparison of the X-ray spectra of NGC 4258 across two
decades has shown that its X-ray properties have changed
through the years both due to variations (by a factor of ~2) of the
absorbing column density, plausibly associated with the dusty
megamaser disk, as well as to intrinsic changes in the emission
from the central engine; most notably the coronal luminosity,
which appears to have steadily decreased by a factor of ~3 across
close to 15 years, the only exception being the Suzaku obser-
vation, which caught the source in a high state (Reynolds et al.
2009).

The short variability timescale (~20 ks) observed in the
hard X-ray NuSTAR data suggests that the variations might be
due to changes in the accretion rate, which is, in turn, related
to the rate of energy deposition in the corona. Accretion rate
variability would also explain the long term decrease in intrin-
sic luminosity observed through 15 years of observations. The
viscous timescale of a standard thin disk is generally much
longer than few years. On the other hand, the SEDs of low-
luminosity AGN such as NGC 4258 are often explained in the
context of RIAFs, namely, based on a combination of truncated
Shakura & Sunyaev (1973) disks with inner ADAFs and rela-
tivistic jets. Past efforts have successfully explained the broad-
band SED of NGC 4258 with such a model, albeit with their
own shortcomings (e.g., Yuan et al. 2002; Wu et al. 2013). Inter-
estingly, the viscous timescale is o (r/H)?, thus becoming sig-
nificantly shorter for an ADAF (Narayan & Yi 1995). Both the
Shakura & Sunyaev (1973) and the RIAF models are in turn part
of the so-called standard and normal evolution (SANE) mod-
els, in which the magnetic field is assumed to not significantly
impact the dynamics of the disk. In opposition to SANE, there
are magnetically arrested disk models (MAD; Narayan et al.
2003) that are expected to form when the accretion flow is sup-
plied with a sufficient amount of magnetic flux. Unfortunately,
it is difficult to observationally disentangle the two families of
models (Xie & Zdziarski 2019).

Furthermore, given the above results, it is not a trivial step to
discriminate between a RIAF and a standard thin disk. Indeed,
the absorption-corrected X-ray luminosity Lx, combined with
archival determinations of the bolometric luminosity, implies a
bolometric correction of ko ~ 20, which is intriguingly typical
of Seyferts powered by accretion through thin disks (Lusso et al.
2012; Duras et al. 2020). We note, however, that NGC 4258
could nonetheless be in a “sweet spot” where the bolometric cor-
rection is consistent with that of a typical Seyfert, with it still
being powered by a RIAF (Nemmen et al. 2014). Moreover, its
average photon index I' ~ 1.8 is consistent with the typical value
of the broader AGN population (e.g., Ricci et al. 2017). Thus,
our work suggests that NGC 4258 is a standard, low-luminosity
Seyfert II, despite its accretion rate in Eddington units being well
within the expected RIAF regime.

Further discussions arise when considering the X-ray photon
index I" as a function of X-ray Eddington ratio Ax = Lx/Lgqq
(Fig. 6). Previous works have found somewhat conflicting results
related to the I' — Agqq correlation: Brightman et al. (2013, 2016)
found a positive correlation between these two quantities, both
for unobscured and heavily obscured AGN. On the other hand,
Trakhtenbrot et al. (2017) found a much shallower correlation
using a large, local Swift/BAT-selected sample. In analyzing a
sample of low-luminosity AGN, Gu & Cao (2009) instead found
an anti-correlation, similar to what is observed for X-ray binaries
in the hard state (e.g., Liu et al. 2019). In our case, the spanned
range in Ax is around one order of magnitude, and there does not
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Fig. 6. Photon index I" as a function of the X-ray Eddington ratio Ax
(Ax = Lx/Lgqq). Yellow points, red diamonds, blue star, and purple
triangle refer to the data analyzed in this work with the BORUS model
and to archival ASCA, BeppoSAX, and Suzaku data, respectively. Black
dashed lines are simple linear fits below and above the separation value
of log Ax = —5 (broadly corresponding to a canonical Eddington ratio
of ~107* for a bolometric correction on the order of 10), indicating two
possible regimes.

appear to be any significant correlation between the two quan-
tities considering the whole range. A possible anti-correlation
may exist for log Ay < —5, similar to what is observed in other
low-luminosity AGN (e.g., Kawamuro et al. 2016) and this may
suggest a transition between hot and cold accretion flows below
and above a critical value, namely, log Ax = —5. Assuming a typ-
ical bolometric correction on the order of ~20, this critical value
would roughly correspond to Aggq ~ 107, which appears to be
somewhat low for the transition between cold and hot accretion
flows. However, this may suggest a MAD scenario to be in place,
given the lower accretion rate at which a cold solution may still
exist, with respect to SANE models (Xie & Zdziarski 2019). In
summary, if the change of slope in the I' — Ax plane is real,
we may be witnessing the switch between cold and hot accre-
tion flows in NGC4258. Of course, at log Ax < -3, there are
just three data points at the moment, so future observations are
highly warranted to support or discard this finding, especially if
the trend of steady decrease in X-ray luminosity is eventually
confirmed.

7. Conclusions

In this paper, we analyze the accretion properties of a well-
studied, nearby low-luminosity AGN, NGC4258. We col-
lected and re-analyzed Chandra, XMM-Newton, NuSTAR, and
Swift/BAT observations, building a broadband X-ray spectrum
(0.3-150keV) that spans from the early 2000s up to 2016; fur-
thermore, we added results from earlier archival observations
taken from the literature, for a total timespan of ~23 yr. Our
main findings are as follows:

— The soft X-ray emission (E < 2keV) is stable across the
years (Fig. 2) and it is well described by emission from hot
plasma consistent with that found in the anomalous arms on
kpc scales.

— The hard X-ray emission (E > 2keV), on the other hand,
displays significant variability (Fig. 2), both on timescales of
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hours (Fig. 4) and years (Fig. 5) and that are both intrinsic
and due to absorbing gas.

— We employed three different models to fit the dataset of
17 spectra: a simple absorbed power law, a torus, and a
warped disk. All three models gave consistent results over
the spectral parameters, either when fitting the data simulta-
neously with a single model or when a full spectral variabil-
ity is allowed for (Fig. 3).

— The average spectral properties of NGC 4258 are typical of
low-luminosity obscured Seyferts, with a photon index and
column density fluctuating in the range of I' = 1.6—2.2 and
Ny = 0.8-2.1 x 10?* cm™2, respectively (Fig. 5).

— The obscuring column density shows fluctuations of a factor
of two, as previously reported in the literature. Its variations
appear to be qualitatively periodic, with a period of about
10 yr (Fig. 5). If confirmed, this trend would suggest smooth
density variations, possibly induced by spiral density waves
or gaps (or both) in the disk carved by massive He I stars.

— The Fe Ka line, as previously reported in the literature, is
weak, with an average EW = 45 + 12eV. Its detectability
is significantly different in comparison to the dataset consid-
ered here, and in only two epochs, it is detected at a ~20
level of confidence (Fig. 5).

— The absorption-corrected, intrinsic 2—10keV luminosity is
observed to be almost steadily decreasing by a factor of 3 on
the timescale between 2000 and 2016 (Fig. 5).

— The variations in photon index and luminosity appear to
follow two different behaviors (Fig. 6): when the source
is brighter than a certain critical value in X-ray-scaled
Eddington ratio (logdx > —5), no apparent trend is seen;
at lower accretion rate, there seems to be an anti-correlation
between the two quantities, which may indicate a transition
between hot and cold accretion states; this is comparable to
what is observed in X-ray binaries.

In summary, NGC 4258 offers a unique opportunity to explore
the details of accretion onto a SMBH at low accretion rate. How-
ever, despite being one of the closest and most studied AGN,
the true nature and geometry of its inner accretion disk are still
elusive. Future observations, in conjunction with more sophis-
ticated modeling, will be key to unravel the mysteries of this
unique AGN.
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Appendix A: Additional tables

Table A.1. Results of the analysis with the three models assumed in setup A.

Parameter ABSPL BORUS WARPDSK

x?/dof 3976/3761 3969/3760 3976/3760
Soft X-ray emission

kT, [keV] O.lng:g‘l‘ 0.12f8:8? 0.15+0.04

Kinekal1 [photons keV~' cm=2 57! at 1 keV] 4.26’:5'3? x 1073 5.053:23 x 1073 2.46%33 x 1073

kT [keV] 0.57+091 0.57+991 0.57+39

Kiekaz [photons keV™!ecm™2 s ' at 1keV] 4.38+0.17x 107  457+0.17x10> 430+0.19 x 107>

Esixa [keV] 1.83 +0.05 1.86 + 0.04 1.84+004

EWsikq [eV] 41778 45119 40*73

Kspr, [photons keV~! cm™2 57! at 1 keV] 432 +0.23 %107 3.80f8'§§ x 1073 1.18:1)'?2 x 107
Hard X-ray emission

r 1.78 £ 0.03 1.807007 1.87 + 0.03

Kpr [photons keV~! cm™2 s7! at 1 keV] 4.20*023 x 107 4274035 x 1073 8.40%53 x 107

Ny [x10%2 cm™2] 9.50 +0.20 9.62 +0.20 8.95707%%

EWre ko [CV] 45+ 12 - —

10g NH,Tor - 2343i8(])g -

CF - <0.16 -

log Nu pisk - _ 25'0i8§

Disk fraction - - 0.88f8:32

Average flux of Epoch 1

bs =7 1
Ffz’_*w [ergcm™ s77]

8.44+0.21x10°"?

8.437031 x 1071

8T X 107

3, lerg cm2 57! 1.58 x 107! 1.56 x 107! 2.35x 1071
Nuclear component relative to XMM-Newton PN, epoch 1
XMM-Newton MOS, Epoch 1 1.13+0.03 1.13+0.03 1.13+0.03
XMM-Newton PN, Epoch 2 0.84 +£0.03 0.83 +0.03 0.84 + 0.03
XMM-Newton MOS, Epoch 2 0.86 + 0.03 0.86 +0.03 0.86 + 0.03
XMM-Newton PN, Epoch 3 0.74 + 0.04 0.73 £ 0.04 0.74 £ 0.03
XMM-Newton MOS, Epoch 3 0.77 £ 0.03 0.77 £ 0.03 0.77 £ 0.03
XMM-Newton PN, Epoch 4 0.64 +0.13 0.63 +£0.13 0.64 +0.13
XMM-Newton MOS, Epoch 4 0.60 + 0.04 0.60 + 0.05 0.61 +0.04
XMM-Newton PN, Epoch 5 0.47 +0.02 0.46 £ 0.02 0.47 +0.02
XMM-Newton MOS, Epoch 5 0.44 +0.02 0.43 £0.02 0.44 +0.02
XMM-Newton PN, Epoch 6 0.44 +0.01 0.43 £0.01 0.44 +0.01
XMM-Newton MOS, Epoch 6 0.48 +0.01 0.46 £ 0.01 0.48 +0.01
NuSTAR FPMA, Epoch 7 0.31 +£0.01 0.30 £ 0.01 0.32 +0.01
NuSTAR FPMB, Epoch 7 0.33 +£0.01 0.31+£0.01 0.33 £ 0.01
NuSTAR FPMA, Epoch 8 0.25 +0.01 0.23 £0.01 0.25 £ 0.01
NuSTAR FPMB, Epoch 8 0.25 +0.01 0.23 £0.01 0.25 £ 0.01
Swift/BAT, Average 0.66 + 0.08 0.67 + 0.08 0.69 + 0.09
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Table A.2. Results of the analysis with the three models assumed in setup B.

Parameter ABSPL BORUS WARPDSK

x?/dof 3620/3732 3624/3739 3653/3737
Soft X-ray emission

kT, [keV] 0.11 £0.01 0.11 £0.01 0.11 £0.01

Kmekat [photons keV™" ecm™ s7'at 1 keV]  8.18*2% x 107 8.38%28 x 107 7.547 08 % 107

kT, [keV] 0.54 +0.01 0.54 +0.02 0.54'+0.02

Kinekai2 [photons keV-!lcm2s'at1keV] 4.63+0.16x 1073 4.68”_’8}2 x 107 4.60 +£0.12 x 107

Esixe [keV] 1.85f8:8§ 1.84’:8'8‘6‘ 1.85j8:8‘6‘

EWsikq [eV] 32+13 29+18 28+17

CF - 0.37 +£0.14 -

Disk fraction - - 0.25+0.01

Hard X-ray emission

Epoch 1 - XMM-Newton PN/MOS

r 1.67 +0.08 1.67+09 1.807003
Kpr [photons keV~! cm™2 s7! at 1 keV] 3277033 x 107 327709 x 1073 4877011 x 107
Ny [x10% cm™2] 8.33+0.38 8.32f8:f3 847 +0.14
Kspr [photons keV~! cm™2 57! at 1 keV] 2.40+0.38 x 107 2.27f8:‘3‘§ x 1073 5.17’:8:22 x 1073
EWre ke [€V] 14tﬁ - _
Frexe [erg cm™2 s7!] 1.70:'12'77 x 10714 - -
MOS/PN 1.11 £ 0.03 1.11 £ 0.03 1.11 £ 0.03
FfZ’ESlO [ergcm™2 57! 8427010 x 10712 84170 19x 1071 833*03 x 1072
FM  [ergem™2 57! ~ 146 x 1071 ~ 1.44'x 1071 ~ 148 x 1071
Epoch 2 - XMM-Newton PN/MOS
r 1.85+0.12 1.8670-13 1974000
Kpr [photons keV~! cm™2 s7! at 1 keV] 4.06%)9 x 1073 4.08* )40 x 1073 5.857099 % 107
Ny [x10% cm™2] 9.93+0.63 10.0*97 9.98+023
Kspr, [photons keV~! cm™2 57! at 1 keV] 3.17+049x 107 3.057032x 1075 6.77+058 x 107
EWreka [eV] 32433 - -
Frexo [ergcm™ s71] 3.39+36 x 10714 - -
MOS/PN 1.03 +0.04 1.03 £ 0.04 1.03 £0.04
FfZ’ESlO [erg cm™2 s7'] 6.74700 x 10712 6.747015 x 10712 6.69*0 1 x 10712
Ft o lergem™ 57! ~131x107" ~130x 107" ~133x107"
Epoch 3 - XMM-Newton PN/MOS
r 1.98 +0.18 1.96f8:%é 2.09f8z8‘2‘
Kpr [photons keV~! cm™2 s7! at 1 keV] 4.24f}';§ x 1073 4.10fi'3i x 1073 6.07fg'gg x 1073
Ny [x10% em™2] 9.11708 9.12+088 9.20703¢
Kspr [photons keV~! cm™2 s7! at 1 keV] 240+£0.70x 107 2277077 x 107 5077122 %107
EWre ko [€V] 52+3 B B
Frexo lergcm™ s71] 4.47ff'08 x 10714 - -
MOS/PN 1.00 + 0.05 1.00’:8:82 1.00*5:06
Fg‘j‘lo [erg cm™2 s7'] 5.80f8;£ x 10712 5.81f8:;‘3‘ x 10712 5.78f8:}é x 10712
Fit,lergem™s7'] ~1.11x 10~ ~1.10x 1071 ~1.13x 1071
Epoch 4 - XMM-Newton PN/MOS
r 2.074943 2.06*93) 2.25+004
Kpr, [photons keV~! em™2 57! at 1 keV] 5467790107 518802 %107 8.677374 x 1073
N [x10%2 cm™2] 13.1723 12.9+39 132+08
Kspr. [photons keV~! cm™2 57! at 1 keV] 4.773:88 x 1073 4.53f%1‘9‘3 x 1073 1.03f8:§§ x 1074
EWre ke [eV] <97 - _
Frexo lergecm™2 s71] - - -
MOS/PN 0.96+017 0.96+017 0.96+017
Fg‘jslo [erg cm™2 s71] 5.16fg:§§ x 10712 5.10f(1’:g(1) x 10712 5.03ﬁ?:§? x 10712
Fi fergem™ 57! ~1.22x10" ~118x107" ~125x 107!
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Parameter ABSPL BORUS WARPDSK
Epoch 5 - XMM-Newton PN/MOS

r 1.60 £ 0.15 1.60f8:}§’ 1.72’:8:8;

Kpr [photons keV™' em™ 57! at 1 keV] 2037073 %107 202708 x 107 2927040 x 1073

Ny [x10% cm™2] 142+12 14.131):3 14.0+04

Kspr [photons keV™' em™ s7' at 1 keV]  2.64 £0.42x 107 2.49*096 x 10-5 5.647070 % 107

EWge ko [eV] 40 + 38 - -

Frexo [ergcm™ s71] 3.02+2.87 x 107 - -

MOS/PN 1.01 +£0.04 1.01 +£0.04 1.01 £ 0.04

F3™, lergem™ s7'] 4507090 x 10712 4507099 x 10712 4.47098 x 107!2

Firt lergem™s7!] ~9.63x1072  ~950x10712  ~972x107"?
Epoch 6 - XMM-Newton PN/MOS

r 1.71 +0.07 1714008 1.841004

Kpr [photons keV~! cm™ s7! at 1 keV] 1.58*0-23 x 107 1.60*93% x 1073 2.35%013 x 107

Ny [x10%%2 cm™2]

Kspr, [photons keV~! cm™2 57! at 1 keV]

85403
2.40 +0.26 x 1073

e
2.28+029 5 1073

8.75+0'14
—0.13
517103 % 1073

~0.24 2039
EWre ko [€V] 43+ - -
Frexe [erg cm™ s71] 24015 x 1071 - -
MOS/PN 1.06 + 0.02 1.06 + 0.02 1.06 + 0.02
Fbs ferg em™ 57 3781008 5 10712 3787003 10712 3.75 +0.08 x 10712
Ft o lergem™ 57! ~ 6.49 x 10712 ~ 6.44 x 10712 ~ 6.61 x 10712

Epoch 7 - NuSTAR FPMA/B
r 1.88 % 0.13 1.8970.11 1947001
Ky, [photons keV=! cm™ sl at 1 keV] 15570915 1073 1.58%0765x 1073 2,07*03 x 1073
Ny [x102 cm2] 201498, 20.9+8¢ 11,1406
log Ny pisk - - 24+04
Kspr. [photons keV~! cm™2 57! at 1 keV] 4.0734 x 107 417558 x 1074 2.07* x 107+
EWFe Ko [CV] 223% - -
Fre ko [erg cm™2 s71] 0.91*18 x 1071 - -
FPMB/FPMA 1.03 +£0.04 1.03 +£0.04 1.03 +£0.04
F$% ferg em™2 571 28970105 10712 2.9070% x 10712 2727133 x 1012
Fint ferg em™ 571 ~4TIx 1072 ~476x1072 ~4095x10712
Epoch 8 - NuSTAR FPMA/B

r 1 .92:’8:{% 2.00f8:?2 2.05f8:8;
Kpr [photons keV™! cm™ s7! at 1 keV] 1.44t8:§; x 1073 1.74t812§ x 1073 2.23f8:il1 x 1073
Ny [x10% em™2] 14.6*53 19.5%63 128403
log Ny pisk 24403

Kspr [photons keV~! cm™2 57! at 1 keV]

1.80*22) x 107

3.097132 x 1074

2231 x 10745

EWre ko [€V] 65732 - -

Freko lerg cm™ s7'] 224 +1.56 x 10714 - -

FPMB/FPMA 0.98 + 0.03 0.98 + 0.03 0.98 + 0.03

F9%, [ergem™ 57! 2247018 510712 229709 % 10712 2.19*031 x 10712

Firt fergem™ 57! ~4.05 % 10712 ~ 436 x 10712 ~ 437 % 10712
Swift/BAT

P L6775 16702 1734003

Kpr [photons keV~! cm™

F 3’25195 [erg cm™2 s7']

F o5 lergem™ s7']

2sat1keV] 191724 %1073
2215018 01!

~227x 1071

.22
1.9072-38 % 1073
+0.23 O—ll
221750 x 1
~224x107"

2.2070% x 1073

32
2.16%930 x 10711

0
~2.24x 107!
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