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ABSTRACT

We present the analysis of Chandra and NuSTAR spectra of NGC 4968, a local (D~44 Mpc) 12um-
selected Seyfert 2 galaxy, enshrouded within Compton-thick layers of obscuring gas. We find no
evidence of variability between the Chandra and NuSTAR observations (separated by 2 years), and
between the two NuSTAR observations (separated by 10 months). Using self-consistent X-ray models,
we rule out the scenario where the obscuring medium is nearly spherical and uniform, contradicting the
results implied by the <10 keV Chandra spectrum. The line-of-sight column density, from intervening
matter between the source and observer that intercepts the intrinsic AGN X-ray emission, is well
within the Compton-thick regime, with a minimum column density of 2 x 10?4 cm~2. The average
global column density is high (> 3 x 10%* cm~2), with both Compton-thick and Compton-thin solutions
permitted depending on the X-ray spectral model. The spectral models provide a range of intrinsic
AGN continuum parameters and implied 2-10 keV luminosities (La—_10keV intrinsic), Where the higher
end of La_10keV intrinsic 1S consistent with expectations from the 12pm luminosity (La—1okeV intrinisc ~
7 x 10*2 erg s71). Compared with Compton-thick AGN previously observed by NuSTAR, NGC 4968
is among the most intrinsically X-ray luminous. However, despite its close proximity and relatively
high intrinsic X-ray luminosity, it is undetected by the 105 month Swift-BAT survey, underscoring the
importance of multi-wavelength selection for obtaining the most complete census of the most hidden

black holes.
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1. INTRODUCTION

Supermassive black holes in the centers of galaxies
grow by accreting nearby matter in a phase where they
are observed as active galactic nuclei (AGN). A signifi-
cant fraction of AGN are obscured (e.g., Treister et al.
2004) by a parsec-scale dusty torus and sometimes by
the host galaxy itself (e.g., Buchner & Bauer 2017; Cir-
costa et al. 2019). Black hole growth hidden behind the
most extreme, Compton-thick levels of obscuration (i.e.,
N > 1.25 x 10?* ¢cm™?) is an important component in
the overall census of AGN demographics. The quoted
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fraction of Compton-thick AGN varies in the literature
(e.g., from ~ 9 — 35%; Gilli et al. 2007; Treister et al.
2009; Akylas et al. 2012; Brightman, & Ueda 2012; Ricci
et al. 2015; Buchner et al. 2015; Ueda et al. 2014), with
recent population synthesis models indicating that the
number can be as high as 50% at z < 0.1 (Ananna et al.
2019).

Signatures of Compton-thick obscuration are present
in the X-ray spectra of these AGN. The combined effects
of photoelectric absorption and Compton down scatter-
ing of the intrinsic AGN power law continuum produce a
broad Compton hump at ~30 keV (e.g., Comastri 2004).
However, even in the most Compton-thick AGN, the X-
ray spectrum below 10 keV is not completely absorbed,
as would be assumed by a simplistic absorbed power law
model, since contributions from scattered AGN flux and
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the host galaxy are usually observed (e.g., Turner et al.
1997, Winter et al. 2009; LaMassa et al. 2012). One
of the most prominent features in the X-ray spectra of
Compton-thick AGN is the neutral Fe Ka narrow emis-
sion line at 6.4 keV, which forms in distant, cold matter
(Ghisellini et al. 1994), usually ascribed to the putative
torus in AGN unification models (Antonucci 1993; Urry,
& Padovani 1995). While the line itself forms via fluo-
rescence in distant matter, the direct component of the
continuum against which it is measured is depressed,
causing the equivalent width (EW) of the line to reach
1 keV in Compton-thick AGN (Matt et al. 1996), and to
sometimes exceed several keV in the most extreme cases
(Levenson et al. 2002). However, a large Fe Ko EW is
not a defining characteristic of the most obscured AGN
as Compton-thick AGN have been shown to exhibit a
range of EW value that extend below 1 keV (Boorman
et al. 2018).

Proper modeling of the physical processes in AGN
that self-consistently accounts for the transmitted emis-
sion, Compton-scattered reflected component, and fluo-
rescent line flux is required to accurately determine the
column density of the X-ray reprocessor and recover the
intrinsic X-ray flux. Such modeling may also constrain
the geometry of the obscurer and the level of homogene-
ity or patchiness. Within the past several years, a hand-
ful of X-ray spectral models created via Monte Carlo
simulations with a range of assumed geometries (spher-
ical to toroidal to clumpy) were released to the commu-
nity (e.g., Murphy & Yaqoob 2009; Brightman & Nan-
dra 2011; Liu, & Li 2014; Balokovié¢ et al. 2018) and can
be used with conventional X-ray spectral fitting pack-
ages. Some of these models can accommodate a patchy
obscuring medium, rather than a homogeneous distribu-
tion of matter assumed in previous X-ray spectral mod-
els, by allowing the global average column density of the
absorber (Nu global) to be fit independently from the gas
column that intercepts the transmitted emission along
the line-of-sight (N jos)-

However, despite the utility of high-quality, broad
band X-ray spectra for deriving these intrinsic AGN
parameters, X-ray selection as a means to identify
Compton-thick AGN candidates is hindered by severe
attenuation of their observed X-ray flux. Fortunately,
multi-wavelength diagnostics can recover Compton-
thick AGN missed by X-ray selection as they rely on
intrinsic AGN proxies that are to first order unaffected
by the column density of the obscuring medium, arising
from scales more spatially extended than that of the X-
ray obscuring gas (e.g., LaMassa et al. 2010). One such
diagnostic is the mid-infrared flux arising from AGN
heated dust (Gandhi et al. 2009; Levenson et al. 2009;

Asmus et al. 2015), which was used to create the IRAS
12pm-selected sample of Seyfert 2 galaxies (Spinoglio,
& Malkan 1989).

A Compton-thick AGN candidate from this 12pum
sample is NGC 4968, an extremely local (z = 0.00986; D
~ 44 Mpc) Seyfert 2 galaxy, which is remarkable for its
extreme Fe Ka EW value (EW=2.5"30 keV; LaMassa
et al. 2011, 2017). A 50 ks Chandra observation of the
source revealed the coexistence of extended soft emis-
sion which was well accommodated by a thermal model
(suggesting it arises from circumnuclear star formation)
and Compton-thick levels of obscuration based on fit-
ting the X-ray spectrum with physically motivated mod-
els that assume a spherical absorption geometry (BN-
Sphere; Brightman & Nandra 2011) and a toroidal ge-
ometry with a fixed opening angle (MY Torus; Murphy
& Yaqoob 2009; Yaqoob 2012). LaMassa et al. (2017)
posited that the X-ray obscuring gas had a high cover-
ing factor, favoring the spherical absorption model over
a toroidal geometry since this model best fit the Fe Ka
emission line. Such a geometry facilitates the production
of an extreme Fe Ka EW since the differential extinc-
tion between the fluorescent line emission and contin-
uum is enhanced in a closed geometry compared with
a toroidal geometry. Furthermore, the implied intrinsic
2-10 keV luminosity based on the mid-infrared 12pm lu-
minosity from ALLWISE (Mainzer et al. 2011) and the
L12um/La—10kev relation (Gandhi et al. 2009; Asmus et
al. 2015) was consistent with the intrinsic luminosity
calculated from the spherical absorption model, while
a toroidal absorption model provided a lower intrinsic
X-ray luminosity.

As the Chandra spectrum is limited to energies below
10 keV, the data precluded LaMassa et al. (2017) from
favoring the spherical geometry over the toroidal model,
where extrapolations of the best fit models showed clear
differences above 10 keV (see Figure 5 in Appendix A).
Despite its close proximity, NGC 4968 had not been de-
tected at energies above 10 keV, and is missing from the
105-month Swift-Burst Alert Telescope (BAT) survey
(14-195 keV flux limit = 8.4 x 10712 erg s~ cm~=2; Oh
et al. 2018). Studying the high energy properties of this
source required dedicated follow-up observations. We
were awarded two 20 ks NuSTAR observations of NGC
4968 in Cycle 3 (PL: LaMassa) to cover the high energy
X-ray spectrum of NGC 4968 to constrain the geometry
of the reprocessor and accurately measure the column
density and intrinsic AGN continuum. The observa-
tions were separated by 10 months to allow us to search
for any variability in the high-energy spectrum between
epochs, as was observed in the prototypical Compton-
thick Seyfert 2 galaxy NGC 1068 (Marinucci et al. 2016).
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2. OBSERVATIONS

NuSTAR consists of two co-aligned mirrors that focus
incoming hard X-rays (3-79 keV) onto two focal plane
modules, FPMA and FPMB. NuSTAR has an angular
spatial resolution of 18" (full-width half maximum) over
a 12’ x 12’ field of view (Harrison et al. 2013).

NGC 4968 was first observed by NuSTAR on 2017
June 26 for 21 ks and was observed again on 2018 April
26 for 20 ks (see Table 1). The data were reduced with
the NuSTAR Data Analysis Software (NuSTARDAS)
v.1.8.0 nupipeline script, which creates filtered events
files. The spectra were extracted from a 30" radius aper-
ture centered on the source, while the background was
extracted from a circular region with a 90" radius from
a source free region on the detector. Source and back-
ground spectra were extracted separately for FPMA and
FPMB. NuSTAR detected net (i.e., background sub-
tracted) counts of 232.7 and 276.3 between the two mod-
ules for the observations from 2017 and 2018, respec-
tively. The data were grouped by a minimum of 10
counts per bin for spectral fitting.

In this analysis, we include the Chandra ACIS-S spec-
trum from 2015, which had a total of 707.9 net counts.
As discussed in LaMassa et al. (2017), the data were
reduced with the CIAO (Fruscione et al. 2006) script
Chandra_repro to produce a filtered events file, using
CIAO v. 8, with CALDB v. 4.7.1. A spectrum was ex-
tracted from a 6” radius circular aperture to encompass
the extended soft emission, with a background spectrum
extracted from an annulus centered on the AGN and
having an inner and outer radius of 10" and 30", re-
spectively. The spectrum was grouped by a minimum
of 5 counts per bin to provide better resolution around
the Fe Ka line than we would achieve with grouping by
a higher number of counts.

3. DATA ANALYSIS

We simultaneously fit the Chandra and NuSTAR spec-
tra of NGC 4968 in XSpec v 12.9.1p (Arnaud 1996) us-
ing the Cash statistic (C-Stat) which is more appropri-
ate in the low count regime (Cash 1979), although the
statistic as implemented in XSpec is not designed to
work on background-subtracted spectra; however with
net counts above 100 in each spectrum, we expect this
choice of fitting statistic will not heavily bias our results
(i.e., see statistical_methods_in XSPEC).

First, we use phenomenological modeling within
the common energy range of Chandra and NuSTAR
to search for evidence of variability between spectral
epochs. We then fit the X-ray spectra of NGC 4968 with
self-consistent, physically motivated models, including
BNSphere and MYTorus (as was done in LaMassa et

al. 2017) and a model that assumes a toroidal geometry
with a variable opening angle (borus02_v170323a, here-
after “borus02”; Balokovié et al. 2018). Both toroidal
absorption models can accommodate a clumpy obscur-
ing medium by allowing the line-of-sight column density
(from matter in the torus intercepting the intrinsic
continuum) to be fit independently from the global av-
erage column density, which is responsible for Compton
scattering and fluorescent line emission out of the line-
of-sight. From this analysis, we measure the obscuring
column density, assess the geometry of the X-ray repro-
cessor, and calculate the observed and intrinsic X-ray
luminosities. All errors represent the 90% confidence
interval (AC-stat = 2.7 for one interesting parameter).

3.1. Testing for Variability Among Observations

We simultaneously fit the Chandra and NuSTAR
FPMA and FPMB spectra within a restricted energy
band that is common between the two observatories
(3-8 keV) using a phenomenological model of a pow-
erlaw plus a Gaussian component to accommodate the
Fe Ka emission line. A multiplicative constant factor
was allowed to be free in the fitting to act as a cross
calibration normalization for the NuSTAR spectra: any
significant deviations above the ~10% cross-calibration
factor (Madsen et al. 2017) between Chandra and NuS-
TAR observations could signal variability. Similarly, a
significant discrepancy between the cross-normalization
factors of the NuSTAR observations between 2017 and
2018 would indicate variability at higher energies. The
other fit parameters, i.e., power law slope (I") and nor-
malization, Gaussian line energy, o, and normalization,
are linked among the spectral datasets during the fitting
process.

The cross calibration normalization factors we find
are 0.9870-37 and 1.1670 33 for the FPMA and FPMB
spectra, respectively, for the observation from 2017, and
0.837032 and 1.3970-37 for the FPMA and FPMB spec-
tra for the observation from 2018. Thus, there is no
evidence of variability in the overall flux levels between
the Chandra and NuSTAR observations, nor between
the NuSTAR spectral epochs. Furthermore, we do not
see systematic discrepencies in spectral shape between
the observing epochs: linking the powerlaw and Gaus-
sian model parameters across the datasets provided an
adequate description of the spectra.

3.2. Modeling the X-ray Spectra

Since we ruled out the possibility that variability be-
tween observations can significantly impact our results,
we fit all five spectra simultaneously in the modeling
analysis below to best constrain the fit. In Appendix B,


https://asd.gsfc.nasa.gov/XSPECwiki/statistical_methods_in_XSPEC/

4 LAMASSA ET AL.

Table 1. Summary of X-ray Observations of NGC 4968
Observatory Date Exposure Time Net Counts’ ObsID?
ks
Chandra® 2015-March-9 50 707.9 17126
NuSTAR 2017-June-26 21 232.7 60302006002
NuSTAR 2018-April-26 20 276.3 60302006004

I Net counts are background subtracted. The NuSTAR counts represent the sum
between the FPMA and FPMB detectors.

2Observation identification number.

3Data first published in LaMassa et al. (2017).

we describe the details of the spectral fitting and high-
light the main results here.

We fit between 3 - 50 keV in the NuSTAR spectra,
adopting a cut-off at 50 keV since the spectra are back-
ground dominated above these energies. For the Chan-
dra spectrum, we use the spectral range 0.6 - 8 keV when
fitting the BNSphere and MY Torus models, and 1 - 8
keV when fitting the borus02 model since this model is
not tabulated below 1 keV. In all models, we include a
thermal component (APEC) and a scattered power law
to properly fit the soft emission (0.6-2 keV; LaMassa et
al. 2017). This latter component describes AGN contin-
uum emission that leaks through the obscuring medium
and then scatters off an extended, optically-thin zone
into our line-of-sight. Thus its power law index (I") and
normalization parameters are linked to those of the in-
trinsic AGN power law model, with a constant factor
left free to represent the scattered light fraction (fscatt)-

We report the observed 2-10 keV and 10-40 keV lu-
minosities (Lz—10keV,observed and L10—40keV,observed, I€-
spectively), where the errors on the luminosity are de-
rived from the uncertainty on the power law normaliza-
tion. From the best fit power law model parameters (T
and power law normalization), we calculate the intrin-
sic 2-10 X-ray luminosity (L2_10keVintrinsic), and esti-
mate the errors on La_1okev,intrinsic Dy calculating the
minimum and maximum luminosity from the upper and
lower bounds on the power law parameters found by the
XSpec “steppar” command. We emphasize that these
errors only account for the statistical error on the fit
and do not include systematic errors. Throughout, we
adopt a cosmology where Hy = 67.8 km s~! Mpc™!,
Qp = 0.31, and Q4 = 0.69 (Planck Collaboration et al.
2016).

3.3. Assessing Geometry of the Obscurer

We fitted the X-ray spectra of NGC 4968 with several
state-of-the art models that assume different geometries
for the obscuring and reprocessing gas, including models
where the medium is homogeneous and has a spherical
distribution (BNSphere; Brightman & Nandra 2011) or
a toroidal geometry (coupled MY Torus model; Murphy
& Yaqoob 2009). We test whether the obscuring gas
is patchy, and not necessarily a smooth “torus,” by us-
ing two X-ray spectral models where the line-of-sight
and global average column density can be fit indepen-
dently (decoupled MYTorus and borus02, Balokovi¢ et
al. 2018) and are thus allowed to have significantly dif-
ferent values as would be expected from a clumpy dis-
tribution of matter.

3.3.1. Spherical Absorption Geometry

The earlier results from fitting the Chandra spec-
trum alone indicated that a spherical absorption geom-
etry (Brightman & Nandra 2011), with a small percent-
age of light that leaks through the obscuration, was a
more likely description of the observed spectrum than a
toroidal geometry (LaMassa et al. 2017). In light of the
NuSTAR data above 10 keV, is this interpretation still
valid?

We initially fit the spectrum with the Fe abundance
frozen at solar (Figure 1, top left). The best fit para-
maters are summarized in Table 2. The fit is poor (C-
Stat = 314 for 162 degrees of freedom), especially at
the higher energies probed by NuSTAR. Large residuals
around the Fe Ko line are also apparent (see Figure 2,
top).

This model fails because in order to produce the ob-
served Fe Ka EW, the column density would need to
be Compton-thick, which would impose a prominent
Compton hump above 10 keV in a spherical geometry
that is not observed in the data (see Appendix A). The
model therefore struggles to produce a strong enough



NuSTAR OBSERVATIONS OF NGC 4968 5

Fe Ka feature when constrained by the observed high
energy spectrum, resulting in a poor fit to the data. We
note that in this model, the measured column density
corresponds to the radial column density, Ny radial, OF
the amount of obscuring gas seen through the radius of
a uniform sphere.

Large Fe Koo EW values can also result from super-
solar abundances, so we thawed the iron abundance to
test whether we can achieve a better fit to the spectrum.
The lower residual panel of Figure 1 (top left) shows a
better fit to the spectra, with AC of 100 indicating a
statistically superior fit due to a deeper Fe K edge, and
there is a greater line flux (Figure 2, middle). However,
the fitted Fe abundance soars to the maximum allowed
table value in the spherical absorption model (i.e., 10
times solar), indicating that this model realization is
unphysical.

We thus conclude that a spherical, uniform obscuring
medium with a small percentage of intrinsic AGN leak-
age, our preferred model based on the Chandra spectrum
LaMassa et al. (2017), is disfavored based on the con-
straints from the higher energy coverage of NuSTAR.
The extreme Fe Ka EW value requires Compton-thick
levels of obscuration, which would result in a strong
Compton hump in a spherical geometry that is not ob-
served in the data, or a super-solar Fe abundance, where
the model requires an unphysical solution to fit the spec-
tra.

3.3.2. Uniform Toroidal Obscuration: “Coupled” MY Torus
Model

We fit the Chandra and NuSTAR spectra of NGC 4968
with the uniform (“coupled”) MYTorus model (Mur-
phy & Yaqoob 2009), which in its default configuration,
assumes an azimuthally symmetric torus with a circu-
lar cross-section (i.e., “doughnut”-shaped) and a fixed
opening angle of 60°, corresponding to a covering factor
(Cior) of 0.5. The fitted column density represents the
equatorial column density of the torus (INVu equatorial)-
Compared to the radial column density measured by
the spherical absorption model, Ny cquatorial = 4/7 X
N radial (see Murphy & Yaqoob 2009). Lines of sight
with inclination angles (6i,.) greater than 60° intersect
the torus while lower angles correspond to a face-on ge-
ometry.

This spectral fit is shown in Figure 1 (top right) and
the fit parameters are summarized in Table 2. We
find Compton-thick levels of obscuration, Nu cquatorial >
6.7 x 10%* cm~2, where the upper limit on the column
density reaches the maximum allowed value in MY Torus
(10%° em—2).

The coupled MY Torus fit is a significant improvement
over the spherical absorption model with solar Fe abun-

dance (C-Stat = 213.27 for 161 degrees of freedom),
since a toroidal geometry can accommodate the weaker
Compton hump above 10 keV when the column den-
sity is Compton-thick compared with the spherical ab-
soprtion model (see Figure 5). We also point out that
the continuum around the Fe Ka line and the line it-
self is better modeled with the toroidal absorption ge-
ometry when compared with the spherical absorption
model (Figure 2). Thus, it is apparent that the obscur-
ing medium does not have a closed geometry as had been
implied by just the < 10 keV Chandra spectrum.

3.3.3. Modeling a Non-Uniform Obscuring Medium with
the “Decoupled” MY Torus Model

In the “decoupled” realization of the MY Torus model,
the geometry is no longer constrained to be toroidal,
and instead mimics a patchy, non-uniform obscuring
medium. We note that in the coupled implementation
of the MY Torus model where we measure the equatorial
column density, the line-of-sight column density mea-
sured in the MYTorus model (Ny 10s MYTorus) depends
on NH equatorial a1d the inclination angle of the torus (see
Figure 1 and Equation 1 of Murphy & Yaqoob 2009); the
two quantities are equivalent when the inclination angle
of the torus is 90°, or completely edge-on.

During the spectral fitting, when we allowed the rela-
tive normalization between the transmitted continuum
and the Compton scattered and fluorescent line emis-
sion components (Ag) to be a free parameter, the fit
was unconstrained. We therefore set Ag to a range of
reasonable values (0.1, 1, 10) to explore the effects on
measured column densities. We list the best fits to these
model realizations in Table 3 and plot the fits in Figure
1 (bottom left).

In all cases, the line-of-sight column density is Comp-
ton thick, while the best-fit global average column den-
sity is Compton-thick for Ag = 1 and Ag=10, and
Compton-thin for Ag = 0.1. The solutions where the
line-of-sight and global column densities are consistent
indicate that the X-ray reprocessor around the AGN
in NGC 4968 may be homeogeneous. We also see over
an order-of-magnitude spread in the scattering fraction
(fscatt) and power law normalization, the latter of which
causes a corresponding spread in the implied intrinsic 2
- 10 keV luminosity.

3.3.4. Toroidal Obscuration Geometry with Variable
Opening Angle in a Non-Uniform Medium: borus02
Model

The borus02 X-ray spectral fitting model is similar in
geometry to the BNTorus model of Brightman & Nandra
(2011): the torus consists of a homogeneous sphere with
two polar cutouts that are conical in shape, unlike the
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Figure 1. Physically-motivated model fits and residuals to the Chandra and NuSTAR FPMA and FPMB spectra of NGC
4968. All models include a thermal component and scattered AGN emission to adequately model the X-ray emission between
0.5 - 2 keV. Top left: Spherical absorption model of Brightman & Nandra (2011), for both solar iron abundance and allowing
the iron abundance to be a free parameter (bottom residuals panel, (D - M)/o, where D is data, M is model, and o is error).
With a solar Fe abundance, large residuals are present around Fe Ko, and though the fit improves when the Fe abundance is
a free parameter, the abundance pegs at the maximum allowed value for the model (10 times solar), which is unphysical (see
Section 3.3.1 and Figure 2). Top right: MYTorus spectral fit where the model is applied in the default “coupled” mode (i.e.,
the line-of-sight and global column densities are the same, as would be expected from a homogeneous torus). The fitted column
density is Compton-thick (Ng > 6.7 x 10! cm™2, see Section 3.3.2). Bottom left: Decoupled MYTorus spectral fits, where
the line-of-sight and global column densities are fit independently for different values of Ag, the relative normalization between
the transmitted and Compton scattered/fluorescent line emission, which is shown in the bottom(D - M)/o panels (see Section
3.3.3). Bottom right: borus02 model fit where the global column density is fitted independently from the line-of-sight column
density (see Section 3.3.4). In all the model realizations where the line-of-sight Ny is decoupled from the global Nu, we find
Compton-thick column densities along the line-of-sight and average global column densities that range from heavy extinction
(N, global = 4.9739 x 10?3 ecm™? ) to being well within the Compton-thick regime (i.e., the lower limit on N global is 3.2 x10%*
cm™?) as summarized in Table 3.
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Table 2. Best-Fit Spherical Absorption and Coupled MYTorus! Model Pa-
rameters

Parameter Sphere Sphere MY Torus
Frozen Fe Free Fe (coupled)

kT (keV) 0.73£0.12  0.73731% 0.7770 13
Apec normalization(1076)? 6.3573:92 7.09%157 6.1673 54
r 1.53+£0.20  1.38+0.18  2.227039
Nu radial (10%* cm™2) 0.5370 5% 0.244-0.05
NH,equatorial (1024 Cm_z) te s > 6.7
Oinc® e = 69.67 41!
Power law normalization(10™*)*  2.407]°79 1.3715-58 1027528
Fe abund 1(f) > 8.2 1(f)
focare (107%)° 74558 IL7THT 016405
C-Stat (dof) 314.13 (162) 214.39 (161) 213.27 (161)
Log(L2—10kev,observed €Tg 1) 40.940.2 40.840.2 40.870%
Log(L10,40keV,observed €Tg 8~ " 41.640.2 41.740.2 41.6170%
Log(L2—10keV intrinsic €rg s~ ") 41.540.4 41.3%0% 42,6759

1 The column density measured in the spherical model represents the radial col-
umn density while that measured by the MYTorus model is the equatorial
column density. Integrating the incident radiation over a spherical distribu-
tion of matter gives a Nu radial ~ 7/4 X NH,equatorial cOrrespondence between
the two parameters (see Murphy & Yaqoob 2009). For fitted parameters from
the “decoupled” MY Torus modeling, where the line-of-sight and global column
densities are fit independently, see Table 3.

2The APEC normalization is given as o— E J nengdV, where Dy is the

1
47 [D g (1+42)
angular diameter distance to the source in cm and n. and ng are the electron

and hydrogen densities, respectively, in cm™2.

391m1 represents the inclination of the X-ray obscuring torus with respect to the
line-of-sight. 90° is edge-on, 0° is face-on, and values greater than >60° in the
MY Torus model intersect the X-ray obscuring medium.

4The power law normalization has units of photons keV™' cm™2 s7! at 1 keV.

5 fscats refers to the fraction of the intrinsic AGN continuum that leaks through
holes in a patchy obscuring medium and scatters off an extended optically-thin
zone into our line-of-sight.
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Table 3. Best-Fit Decoupled MY Torus & borus02 Model Parameters for Independent Global

and Line-of-Sight Column Densities

Parameter MY Torus MY Torus MY Torus borus02
(Decoupled)
As = 0.1 As =1 As =10
KT (keV) 0.757012 0.7870 1% 0.7801% 0.78 (f)
Apec normalization(10~9) 6.8972-26 5.607217 5.5972-12 5.6 (f)
r 1.7319:38 2.3910-03 2.3810:03 L7108
NH Jos,mytorus (1024 cm™2)? 4791576 > 3.8 > 2.09
Nt 1os,borus (102 cm™2)? >34
N global (10%* em=2)* 0.4979:39 > 7.2 > 8.62 > 3.2
Chor? 0.5(f) 0.5(F) 0.5(f) 0.2319:05
Power law normalization(10~*)  1307143° 98+3¢ 9.681529 11.2798
fscate (1072) 0.13+5:02 0.1840.08  1.79+0.57  1.4373%
C-Stat (dof) 201.88 (161) 210.58 (161) 210.64 (161) 179.76 (143)
Log(L2—10keV observed €rg s 1) 40.840.3 40.840.2 40.840.2 40.8%92
Log(L10—40keV,observed €rg s+ 41.6£0.3 41.640.2 41.6+0.2 41.6793
Log(L2—10keV intrinsic €rg s~ 1) 43.1£0.5 42.5703 41.5%93 42.0793

1NH,1os,mytorus (V1 108, borus ) refers to the line-of-sight obscuration from the MY Torus (borus02)
model that intercepts the direct continuum. Ng giobar refers to the average global column

density of the X-ray reprocessing gas.

QCmr is the covering factor of the torus, and is equal to cos(ftor), where Oor is the opening
angle of the torus. Cio, is fixed at 0.5 in the MY Torus model.

MYTorus geometry which is “doughnut”-shaped. Un-
like the MY Torus model, the covering factor of the torus
is a free parameter in borus02. This model also cor-
rects calculation errors in the original BNTorus model
on which borus02 is based that were pointed out by Liu
& Li (2015). We note that this error affects the toroidal
model geometry of Brightman & Nandra (2011), where
X-ray photons that reflected off the far side of the torus
were not subsequently reabsorbed by the torus for inter-
secting sight lines. This bug does not affect the spherical
absorption model BNSphere. Since the borus02 model
is only valid for energies above 1 keV, we restrict the
Chandra spectrum to >1 keV in the fitting below.

Similar to the decoupled MYTorus model, borus02
permits the line-of-sight column density (Nu los,borus)
to be disentangled from the global average column den-
sity, mimicking a patchy medium. Like the decoupled
MY Torus model fits, the line-of-sight column density is
Compton-thick, and we find that the global average col-
umn density is consistent with the line-of-sight absorp-
tion, implying that the torus has a uniform column den-
sity. La_10keV,intrinsic from the borus02 model is within
the range estimated by the MY Torus models.

We plot the best fit borus02 model to the Chandra
and NuSTAR spectra in Figure 1 (bottom right).The fit

parameters are summarized in the final column of Table
3.

4. DISCUSSION
4.1. Comparison of X-ray Model Fits

The main result of our simultaneous physically moti-
vated modeling of the Chandra and NuSTAR spectra
of NGC 4968 is that the X-ray reprocessor does not
have a closed geometry or a high covering factor: the
Compton-thick levels of obscuration needed to produce
the extreme Fe Ka EW are incompatible with the ob-
served weak Compton hump within a nearly uniform,
spherical absorption framework.

The MYTorus and borus02 model fits to the spec-
tra (Tables 2 and 3) exhibit a range of scattering frac-
tions (0.08% < fscatt < 2.36%), power law indices
(143 < T' < 2.52) and normalizations (7 x 1074 <
normalization < 7.2 x 1072), and implied intrinsic X-
ray luminosities (41.3 < Log(La_10keV intrinsic €rg s~ 1)
< 43.6). The MYTorus model solution where Ag = 10

has the lowest powerlaw normalization (1.0753 x 1073)
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counts (C) around the Fe Ka line when fitted with the spher-
ical absorption model with solar Fe abundance (Brightman
& Nandra 2011), spherical absorption model with variable
Fe abundance (which pegged at the maximum allowed value
of 10 times solar), and toroidal absorption model (MY Torus;
Murphy & Yaqoob 2009) with a uniform column density.
The constraints from a spherical geometry prevent the con-
tinuum around the Fe Ka line and the flux of the line from
being well modeled. The toroidal model provides a better fit,
both in fitting the continuum and the line, since Compton-
thick column densities are permitted by this model without
violating the constraints of the spectrum above 10 keV (e.g.,
see Figure 5).

and steepest spectral slope (2.38f8:?37’), resulting in the

lowest Lo_10keV ,intrinsic value among the non-spherical
models. We note that the data show effective excess
residual emission above ~25 keV compared with the
model fits, which could be due to fluorescent emission
lines between 22 - 32 keV from the internal background
(Wik et al. 2014) that are imperfectly removed during
background subtraction.

While the quality of the data and limitations from
the modeling preclude us from drawing strong conclu-
sions about the intrinsic AGN continuum, with over two
orders of magnitude spread in the intrinsic X-ray lu-
minosity, all these models which assume either a non-
spherical or patchy distribution of matter agree on one
point: NGC 4986 is enshrouded behind a line-of-sight
column density exceeding 2 x 10%* cm™2, well within
the Compton-thick regime.

4.2. Reflection or Transmission Dominated Emission?
Clues from Variability, or Lack Thereof

Most of the non-spherical absorption models ascribe
the X-ray emission above 2 keV to reprocessed torus
emission, with a negligible contribution from the direct
AGN continuum (see Appendix B.2 - B.4 ). However,
the decoupled MY Torus modeling with Ag = 0.1 indi-
cates that the X-ray spectrum above 20 keV is trans-
mission dominated. If this scenario is true, we might
expect to observe variable X-ray emission at these ener-
gies if the X-ray continuum varies, while such signatures
would be diluted if the X-ray spectrum is reflection dom-
inated.

For instance, NuSTAR observations of Seyfert 2
galaxy NGC 4945 revealed X-ray flux and spectral vari-
ability above 10 keV, with a factor of 2 variability on 20
ks timescales and factor 4 variability among three NuS-
TAR observations, separated by 4 months and 1 month.
The spectra and light curves were well described by a
model where the transmitted continuum pierces through
intervening Compton-thick material and represents the
primary observed emission above 10 keV (Puccetti et al.
2014); the spectrum softens (i.e., I' becomes steeper) as
the flux increases. Monitoring campaigns of Seyfert 1
galaxy NGC 4593 revealed a factor of two flux variabil-
ity between 10 - 50 keV within a two-day window that
is also associated with “softer when brighter” spectral
variability (Ursini et al. 2016). NuSTAR observations
of a sample of Seyfert 1 galaxies indicate that they can
vary on the timescale of hours in the 3 - 79 keV band
(Rani et al. 2017), though the relatively low number
of counts above 10 keV preclude us from searching for
intra-observation variability in NGC 4968.
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In the 10 month window between NuSTAR observa-
tions of NGC 4968, we observed no X-ray flux or spec-
tral variability at any energies, which favors an inter-
pretation where the spectrum is reflection dominated
above 10 keV, which is consistent with all the non-
spherical model realizations except for the decoupled
MY Torus model where Ag = 0.1. We note, however,
that spectral and flux variability above 10 keV may not
always be ascribed to changes of the direct continuum
observed in transmission dominated spectra: as Marin-
ucci et al. (2016) demonstrated, the temporary bright-
ening of NGC 1068 above 20 keV could be explained
by the transit of an eclipsing cloud with column density
Nu > 2.5 x 10** cm™2 out of the line-of-sight, briefly
unveiling the primary AGN emission.

4.3. X-ray Constraints on Line-of-sight and Global
Column Densities

In Figure 3, we plot the confidence contours of the line-
of-sight versus global column density for our assumed
model geometries. Regardless of the model, the line-of-
sight column density is constrained to be Compton-thick
at the 99% confidence level.

However, the best-fit values of the global column den-
sity vary based on assumptions about the normalization
between the transmitted and Compton scattered emis-
sion in the MYTorus model. Though we cannot dis-
tinguish between a Compton-thin and Compton-thick
solution for the global column density in the MY Torus
models, all models agree that the average global column
density exceeds 10?3, and extreme levels of Compton-
thick obscuration (> 1025 cm~2) cannot be ruled out.

Furthermore, we are unable to determine with cer-
tainty that the obscuring medium is nonhomogeneous
as we obtain global column density values that are con-
sistent with that along the line-of-sight in both the MY-
Torus and borus02 models. Results like this pose an in-
teresting question for the definition of “Compton-thick”
AGN, especially when simple models are used which do
not have the capability to distinguish gas columns along
the line-of-sight from the global average. While the
transmitted AGN continuum is attenuated by Compton-
thick levels of obscuring gas in NGC 4968, the global av-
erage gas density can be much lower, and indeed, lower
Np values are measured by more simplistic X-ray mod-
els for NGC 4968 (LaMassa et al. 2011). Models of the
cosmic X-ray background that do not account for this
spectral complexity likely under-predict the percentage
of the most obscured black hole growth.

4.4. Comparison to Infrared Properties

Lira et al. (2013) model the nuclear infrared spec-
tral energy distribution of NGC 4968 (Videla et al.

2013) with the clumpy torus models of Nenkova et
al. (2008a,b). They determine the infrared obscuring
medium to have an inclination angle between 75° and
90° at the 67% confidence level, with a torus half-
opening angle between 52° and 68°, at the same statis-
tical confidence. The IR-derived torus half-opening an-
gle is different than what we measure with the borus02
model (Cior <0.32 or >71°), though as we note in Ap-
pendix B.4, other factors can influence the parameter
defined as the covering factor in the borus02 model.

As discussed in LaMassa et al. (2017), the MIR-
derived column density is ~ 2 x 10%* cm™2, which is
over an order of magnitude lower than what we mea-
sure along the line-of-sight from the X-ray spectra. The
global column density measured from the X-ray spectra
does permit solutions that are consistent with that from
the MIR (i.e., several x10%* cm~2; Figure 3). Such an
agreement may be expected as the MIR spectral mod-
eling accounts for the ensemble of dust clouds repro-
cessing accretion disk photons, and not just the absorp-
tion along the line-of-sight. We point out, however, that
dust-free obscuring gas within the sublimation zone of
the AGN can obscure X-rays, while only more distant
dusty material affects the IR emission. Thus, it is pos-
sible that the IR and X-ray reprocessor geometries are
different, with a larger X-ray column density.

From the MIR 12um to intrinsic 2-10 keV X-ray lu-
minosity relation for local Seyfert galaxies established in
Asmus et al. (2015):

Log (rohizznr ) = (0.33 4 0.04) +
(097 4 003) LOg <L2—10kcv,intrinsic) ’

1043erg s—1

we can estimate the intrinsic 2-10 keV X-ray luminos-
ity. Though this relationship is derived for nuclear MIR
emission (using subarcsecond apertures on 8-meter class
telescopes), and WISE has an angular resolution of 6.5”
at 12um (Wright et al. 2010), Spitzer spectroscopic ob-
servations indicate that the MIR emission is dominated
by the central AGN and not the extended host galaxy.
LaMassa et al. (2010) found that the EWs of the poly-
cyclic aromatic hydrocarbons (PAHs) at 11.3um and
17um were relatively weak, ~0.17 and ~0.1 um, respec-
tively, compared to sources where the MIR is dominated
by star formation (EW > 1um). While the PAHs are
energized by star formation processes, the boost in the
MIR continuum from AGN-heated dust dilutes the PAH
EW, causing weaker PAH EW values in sources where
the MIR emission is dominated by the AGN.

Based on the ALLWISE (Wright et al. 2010; Mainzer
et al. 2011) W3 (12um) magnitude of NGC 4968 (5.105+
0.014, Vega, measured via profile-fitting photometry),
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Confidence contours of line-of-sight column density from the MYTorus (Nu,ios,mytorus) OF borus02 (NN, los,borus)
models versus global column density (Ngiobal) for model realizations where the global and line of sight column densities are fitted
independently. The contours correspond to AC-Stat levels of 2.3 (68% confidence level, red solid line), 4.61 (90% confidence
level, green dashed line), and 9.21 (99% confidence level, blue dot-dashed line). The grey solid line denotes where the line-of-sight
and global average column densities are equal. Top: MY Torus model where the relative normalization between the transmitted
and Compton-scattered component (Ag) is frozen to 1 (left) and 10 (right). Middle: MYTorus model where Ag is fixed to
0.1, showing the full range of values that cannot be ruled out at the 99% confidence level (left), and a zoom-in on the best-fit
values (right). Bottom: borus02 model that is set up to have the same geometry as the MY Torus model in decoupled mode.
All models find that the line-of-sight column density is Compton-thick at the 99% confidence level. Both Compton-thick and
heavily obscured Compton-thin Ny values are permitted, depending on the input model assumptions. Permissible solutions
include a scenario where the global and line-of-sight column densities are consistent, indicating that the the obscuring medium

may be the prototypial torus with a uniform, homogeneous gas distribution or a clumpy distribution with uniform clump sizes
and column densities.
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Ligym = 1.62 & 0.05 x 1043 erg s~ which implies
L2710keV,intrinsiC = 752i8§8 x 1042 erg s~1. This im-
plied intrinsic 2-10 keV luminosity value is consistent
with what we obtain with the MY Torus coupled model
fit (Table 2) and decoupled MY Torus model where Ag
= 0.1 and 1 (Table 3).

We can also use the [OIV] 25.89um line as a proxy
of the intrinsic AGN luminosity (Meléndez et al. 2008;
Rigby et al. 2009; Diamond-Stanic et al. 2009), which
forms in the extended narrow line region, is primarily
ionized by the AGN, and is less affected by extinction
than optical emission lines. For a sample of Seyfert 1
galaxies, the mean ratio of the 2-10 keV X-ray flux to
[OIV] flux is (Log229v) — 1,92 + 0.6 dex (Diamond-

Florv)

Stanic et al. 2009). The measured [OIV] flux for NGC
4968 from Spitzeris 2.63 x10713 erg cm =2 s~ (LaMassa
et al. 2010), giving an expected unabsorbed 2-10 X-ray
luminosity of 5.0673%9% x 10%2 erg s~!, similar to what
we obtain from the 12pm luminosity estimate albeit with

a larger spread.

4.5. NGC 4968 Compared to Compton-thick AGN
Studied by NuSTAR

We place NGC 4968 in context with other “bona-
fide” Compton-thick AGN observed with NuSTAR (see
Boorman et al. 2016, for a summary) by comparing
the 2-10 keV X-ray luminosity (observed and intrin-
sic) with the 12um luminosity (see also Gandhi et al.
2015). We define “bona-fide” Compton-thick AGN to be
those sources that lack strong X-ray variability and have
Compton-thick levels of obscuration, either globally or
along the line-of-sight, determined by X-ray spectral fit-
ting with physically motivated models that includes >10
keV NuSTAR coverage. In Table 4, we list X-ray and
MIR luminosities of these AGN.

In Figure 4, we plot the range between the observed
and intrinsic 2-10 keV luminosities for the archival
COHlptOIl—thiCk AGN and the L12pm/L2—10keV,intrinSic
relation from Asmus et al. (2015, equation 1). The
spread in Ls_1okeV intrinsic values for NGC 4968 based
on the coupled MY Torus model, which has the widest
spread in the intrinsic luminosity among the values cal-
culated from the non-spherical models, is shown by the
red line, with the observed 2-10 keV luminosity noted
by the red caret. As mentioned above, the upper range
of La_10keV,intrinsic 18 consistent with expectations from
the observed 12um luminosity.

In general, there is an excellent agreement between
the inferred intrinsic X-ray luminosity and the 12pm lu-
minosity with the Asmus et al. (2015) relation for most
of the Compton-thick AGN observed by NuSTAR, indi-
cating that for this population, there is a common origin
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Figure 4. 2-10 X-ray luminosity versus 12um luminosity
for bona-fide Compton-thick AGN observed previously with
NuSTAR, where the right facing caret indicates the observed
luminosity, the horizontal line denotes the intrinsic luminos-
ity and both values are connected by a grey dashed line.
NGC 4968 is plotted in red, where the solid red line shows
the spread in the intrinsic luminosity values from the cou-
pled MY Torus model, with the dashed line extending to the
observed 2-10 keV luminosity. The L12#m/L2,10kev,imrinsic
relation from Asmus et al. (2015) is shown by the dashed
black line for reference. The upper range on the intrinsic
X-ray luminosity for NGC 4968 is consistent with expecta-
tions from the 12pm luminosity for the source. NGC 4968 is
among the most intrinsically X-ray luminous Compton-thick
AGN in the 2-10 keV range yet observed by NuSTAR.

that powers both the MIR and intrinsic X-ray emission
(i.e., reprocessing of accretion disk photons) to give rise
to this correlation. We also highlight that NGC 4968 is
among the most intrinsically X-ray luminous Compton-
thick AGN yet observed with NuSTAR.

4.6. Whither NGC 4968 in Swift-BAT?

Despite the relatively high intrinsic X-ray luminosity
and close proximity of NGC 4968, it is undetected by
the all sky 105-month Swift-BAT survey, which has a
14-195 keV flux limit of 8.4 x 10712 erg s=! em~2 (Oh
et al. 2018). At the distance of NGC 4968 (D ~ 44 Mpc),
the fraction of Compton-thick AGN identified by Swift-
BAT is consistent with the predicted “bias-corrected”
intrinsic Compton-thick AGN fraction within the un-
certainties (Ricci et al. 2015), making the non-detection
of NGC 4968 surprising. However, this result can be
understood by the extreme levels of obscuration mak-
ing the observed flux at even the highest X-ray ener-
gies heavily attenuated (fi4_195x0v = 3 x 10712 erg s7!
cm™~2), pushing it below the flux limit of the BAT sur-
vey. Results like these indicate that our census of the
most obscured black hole growth is underpredicted even
in the nearby Universe. The topic of missing Compton-
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Table 4. X-ray and 12m Luminosities of Compton-Thick AGN Observed with NuSTAR*
Source L2_10keV,observed Reference L2_10keV,intrinsic Reference Lioym Reference
Arp 299B 414 Ptak et al. (2015) 432 Ptak et al. (2015) 4422  WISE
Circinus 40.44 Asmus et al. (2015) 42.57 Arévalo et al. (2014) 42.65  Asmus et al. (2015)
ESO 116-G018  41.4 Zhao et al. (2019) 43.23 Zhao et al. (2019) 4358  WISE
IC 2560 40.9 Balokovi¢ et al. (2014)  42.9 Balokovi¢ et al. (2014) 43.01  WISE
IC 3639 40.79 Boorman et al. (2016)  43.4 Boorman et al. (2016)  43.52  Asmus et al. (2015)
Mrk 34 42.08 Gandhi et al. (2014) 43.95 Gandhi et al. (2014) 44.2 WISE
NGC 1320 40.95 Balokovié¢ et al. (2014)  42.95 Balokovi¢ et al. (2014) 43.15  WISE
NGC 14482 38.95 Annuar et al. (2017) 40.74 Annuar et al. (2017) 42.05  Asmus et al. (2015)
NGC 2273 40.93 Masini et al. (2016) 43.11 Masini et al. (2016) 42.95  Asmus et al. (2015)
NGC 49453 39.85 Asmus et al. (2015) 42.74 Puccetti et al. (2014) 39.95  Asmus et al. (2015)
NGC 5347 40.53 Kammoun et al. (2019) 42.16 Kammoun et al. (2019) 43.08  Asmus et al. (2015)
NGC 56432 40.59 Asmus et al. (2015) 42.1 Annuar et al. (2015) 42.53  Asmus et al. (2015)
NGC 62408 42.33 Asmus et al. (2015) 43.72 Puccetti et al. (2016) 43.56  Asmus et al. (2015)
NGC 76742 42.18 Gandhi et al. (2017) 43.85 Gandhi et al. (2017) 44.26  Asmus et al. (2015)

1 Luminosities are reported in log space and are in units of erg s~*. Observed and intrinsic X-ray luminosities are from the same work,

unless the observed X-ray luminosities were not reported in the studies that estimated the intrinsic X-ray luminosity. In these cases, the
observed X-ray luminosities are from Asmus et al. (2015) as listed in the table. We note that the observed X-ray luminosity is largely
model independent, unlike the intrinsic X-ray luminosity.

2A range of La_10keV,intrinsic 18 reported in Annuar et al. (2015, 2017); Gandhi et al. (2017), depending on the spectral model used to fit
the data. The luminosity we list here corresponds to the mean luminosity from the models.

3NGC 4945 was observed in four different spectral states by NuSTAR as described in Puccetti et al. (2014). La_10keV,intrinsic listed here
corresponds to the “super-high” state.

thick AGN via hard X-ray selection, correcting for this
bias with mid-IR AGN selection, and the implications
for the local Compton-thick AGN population will be fur-
ther explored by the NuSTAR Local AGN Ny Distribu-
tion Survey (NuLANDS; Boorman et al. in prep.).

5. CONCLUSIONS

We presented a joint analysis of NuSTAR and Chandra
observations of nearby Seyfert 2 galaxy NGC 4968. We
find no evidence of X-ray variability in the 2 year window
between the Chandra observation (2015 March) and first
NuSTAR observation (2017 June), nor between the two
NuSTAR observations, separated by 10 months (2017
June to 2018 April).

We used self-consistent, physically motivated X-ray
models (BNSphere, MYTorus, borus02; Brightman &
Nandra 2011; Murphy & Yaqoob 2009; Balokovi¢ et al.
2018) to jointly fit the NuSTAR and Chandra spectra to
assess the geometry of the X-ray reprocessor, gas column
density, and intrinsic X-ray luminosity (Figure 1). In
contrast to the results implied by fitting just the Chan-
dra spectrum (LaMassa et al. 2017), the NuSTAR data
demonstrates that a nearly spherical obscuring medium
is ruled out. In order to have a high enough column den-

sity to produce the observed Fe Ka line, a strong Comp-
ton hump above 10 keV would be prominent in a nearly
uniform spherical distribution of matter compared with
a toroidal geometry due to the increased probability of
multiple Compton scatterings in the former. This effect
is not observed in the data. Thus the spherical absorp-
tion model of Brightman & Nandra (2011) provides a
poor fit to the broad band X-ray spectra, highlighting
the importance of spectral coverage above 10 keV for an
accurate characterization of the obscuration geometry
in Compton-thick AGN.

Models that assume a uniform toroidal or patchy
obscuring geometry provide a better fit to the X-ray
spectra, however we are unable to significantly favor
one model realization over another. We fit multi-
ple configurations of the MYTorus model (Murphy &
Yaqoob 2009), including the default “coupled” mode
where the column density is assumed to be uniform,
and the “decoupled” mode where the line-of-sight and
average global column densities are fit independently.
We also fit the X-ray spectra with the borus02 toroidal
model, which accommodates a non-homeogenous ob-
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scuring medium by separately measuring the global and
line-of-sight column densities.

All models demonstrate that the line-of-sight obscu-
ration exceeds 2 x 1024 em™2, and is thus unequivocally
Compton-thick. A range of global column densities are
permitted by the models, with both Compton-thin and
Compton-thick solutions, including solutions where the
global average column density is consistent with that
along the line-of-sight (Figure 3). Thus we are unable
to determine whether the obscuring medium enshroud-
ing NGC 4968 is non-uniform. We point out that even
with Compton-thin solutions in the global column den-
sity, the obscuration levels are still quite high, exceeding
3 x 1022 cm™2. Our results also stress that in instances
where the line of sight column density is significantly dif-
ferent from the global average, the definition of an AGN
as “Compton-thick” may be ambiguous. In particular,
simplistic models that do not account for the complexity
of patchy obscuration are misleading, which has impli-
cations for the Compton-thick fraction assumed from
fitting the cosmic X-ray background with such models.

The models predict a range of parameters for the in-
trinsic AGN continuum (parameterized as a power law);
scattering fraction; and implied intrinsic 2-10 keV lumi-
nosity (L2—10keV,intrinsic); Which spans a range of 2 or-
ders of magnitude (41.3 < Log (La2—10keV instrinsic €18 S+
ecm~2) < 43.6, including statistical errors; see Tables 2
and 3). The high range of La_1okeV intrinsic 1S consistent
with the value implied by the L12,m /L2—10keV intrinsic T€-
lation (~ 7 x 1042 erg s=1; Asmus et al. 2015), given the

ALLWISE W3 (12um) luminosity of 1.624:0.05 x 10*3
erg s~!. Compared with other Compton-thick AGN pre-
viously observed by NuSTAR, NGC 4968 is among the
most intrinsically luminous in the 2-10 keV range.

Due to obscuration that ranges from being heavy
(> 10?3 cm~2) to Compton thick, the observed X-ray
emission from NGC 4968 at all energies is heavily atten-
uated. As a result, it is undetected by the 105-month
Swift-BAT survey (Oh et al. 2018), despite being rela-
tively nearby at D~44 Mpc. Fortunately, this source is
identified as an AGN thanks to its optical line diagnos-
tics (classifying it as a Seyfert 2 galaxy), and its bright
mid-infrared emission, causing it to be included in the
IRAS 12um Sy2 catalog. Hence, multi-wavelength di-
agnostics remain of utmost importance for achieving a
comprehensive census of the most obscured black hole
growth. Results from the NuLANDS survey will be used
to correct for this bias against the Compton-thick pop-
ulation in hard X-ray surveys by leveraging the power
of mid-IR AGN selection (Boorman et al. in prep.).

We thank the referee for a thorough reading of the
manuscript and constructive comments that helped us
streamline the presentation. S. M. L. acknowledges sup-
port from NASA grant SONSSC17K0631. P. B. acknowl-
edges financial support from the STFC and the Czech
Science Foundation project No. 19-05599Y.

Facilities: NuSTAR, CXO

Software: XSpec (v12.9.1p; Arnaud 1996), CTAO (v8;
Fruscione et al. 2006), NuSTARDAS (v1.8.0)

APPENDIX

A. STRENGTH OF COMPTON HUMP FOR SPHERICAL AND TOROIDAL ABSORPTION GEOMETRIES

To assess the effects that Compton-thick levels of obscuration have on an AGN X-ray spectrum above 10 keV, we
compare the observed spectra of a toy model with the same intrinsic power law parameters (I' = 1.8 and arbitrary
normalization of unity) within a spherical and toroidal absorber (Figure 5). For this exercise, we use the table models
from Brightman & Nandra (2011) and Murphy & Yaqoob (2009) for the spherical and toroidal model, respectively,
where we assume an inclination angle of 90° for the MYTorus model. The attenuation of the direct, zeroth-order
continuum is the same in both models (red dotted line), so differences in the spectra can be ascribed to the effects of
Compton scattering and fluoresence within the different geometries.

We see that the spectral curvature between 10-20 keV imparted by Compton reflection is stronger in the spherical
geometry compared with a toroidal one, and this discrepancy becomes more pronounced as the column density increases
from marginally Compton-thick (Ng = 1.25 x 10?4 cm~2, Figure 5, left) to heavier obscuration levels (Nyg = 5 x 10?4
ecm~2, Figure 5, right). These observed differences are due to the paths transversed by the X-ray photons in the
different geometries: in the toroidal model, much of the incident radiation enters the obscurer obliquely, reducing
the incidence of multiple Compton scatterings since the interactions are near the surface, increasing the probability
of escape. In a spherical distribution of matter, on the other hand, the X-ray photons experience the full radial
distribution of matter and are forced into more Compton scatterings before escaping the medium.
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Figure 5. Comparison of spherical (black solid line) and toroidal (dashed blue line) absorption model geometries with the same
input AGN power law parameters (I' = 1.8 and arbitrary normalization set to unity) for marginal Compton-thick obscuration
(Nu = 1.25 x 10** cm™2; left) and heavier Compton-thick levels of obscuration (Ng = 5 x 10%* ¢cm™2; right). To facilitate
comparison, no other model components beyond the table models from Brightman & Nandra (2011) and Murphy & Yaqoob
(2009), which account for the absorbed transmitted continuum, Compton scattered component, and fluorescent line emission,
are included. For reference, the spectrum of the absorbed, zeroth-order continuum is shown as the red dotted line (which is
identical in both model geometries) to illustrate the additional effects Compton scattering has on the observed spectrum. As
the column density becomes more Compton thick, the reflection spectrum above 10 keV (the energy range in which NuSTAR
is sensitive) is more pronounced in a spherical geometry than in a toroidal one. This strong curvature is not observed in the
NuSTAR spectrum of NGC 4968, though the Fe Koo EW demonstrates Compton-thick levels of obscuration are present. Thus,
a nearly spherical, uniform distribution of matter is an incorrect description of the X-ray reprocessor.

B. X-RAY SPECTRAL FITTING DESCRIPTION
B.1. Spherical Absorption Model: BNSphere
The BNSphere model as applied in this paper is represented in XSpec as:

model = consty x phabs x (apec + atable{sphere.fits} +

consty X zpow) (B1)

Here, the CONST; factor refers to the cross-calibration constant, which is frozen to one for the Chandra dataset and
left free for the NuSTAR FPMA and FMPMB spectra. PHABS represents the absorption from our Galaxy along the
line-of-sight to NGC 4968 (Np ga1 = 9 x 10%° ¢cm™2, Dickey & Lockman 1990) and APEC models the thermal emission
at soft energies (below ~ 2 keV). The sphere.fits file contains the table spherical absorption model of Brightman &
Nandra (2011), where the fitted Ny represents the radial column density (N radial). The ZPOW model component
represents the scattered AGN continuum that “leaks” through the spherical distribution of matter: to preserve the self-
consistency of the model, I' and the power law normalization are linked to those values from the spherical model, while
the CONST, factor represents the fraction of leaked light. As long as this scattered fraction is small, the self-consistency
of the spherical absorption model is preserved.

The spectral fits for a fixed solar abundance of Fe and with the Fe abundance as a free parameter are shown in the
main text in Figure 1.

B.2. Uniform Toroidal Absorption Model: Coupled MY Torus
The “default” (coupled) MY Torus model is implemented in XSpec as:
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Figure 6. Best fit MY Torus model is depicted by the black solid line, with the individual model components shown separately:
APEC - dotted cyan line; zeroth-order continuum (MY TORUSZ) - blue dashed line; Compton scattered component (MY TORUSS)
- red dot-dashed line; fluorescent line emission (MY TORUSL) - orange dotted line; scattered power law - green solid line. The
spectrum is reflection dominated above 2 keV, while scattering of the intrinsic AGN continuum off a distant optically-thin
medium is the primary emission below 2 keV.

model = const; X phabsx
(apec + zpow; X etable{mytorus_Ezero_v00.fits}+
consty x atable{mytorus_scattered H200_v00.fits}+
consts X
atable{myt1_V000010nEp000H200_v00.fits }+

consty X zpows)

CONST; refers to the cross-calibration normalization among the spectra, PHABS is frozen to the Galactic absorption
value, and APEC accommodates thermal emission below 2 keV. Here ZPOW represents the intrinsic, zeroth-order AGN
continuum which is attenuated by absorption in the Mytorus_Ezero_v00.fits XSpec table model (MYTORUSZ). The
Compton scattered emission is modeled by the MYTORUS_SCATTEREDH200_v00.FITS table model (MYTORUSS),
with the fluorescent Fe Ka and Fe K3 line emission accommodated by MyTL_V000010NEPOO0OH200_v00.FITS
(MYToRuSL).

The MYToORUSL and MYTORUSS table models we use have a termination energy of 200 keV, well beyond the
energy coverage of the NuSTAR spectra. CONSTy represents the normalization of the Compton-scattered emission
(Ag) and coNSTj3 reflects the fluorescent line emission normalization (Ar): Ag = Ay, throughout, which is required to
preserve the self-consistency of the model. Ag captures several factors that cannot be disentangled within the model,
including time delays between the direct AGN continuum and scattered emission from the torus, the covering factor
of the torus, and elemental abundances different from those used in the Monte Carlo simulations that derived the
MY Torus table models.

ZPOW9 models emission from light that escapes through the opening of the torus and scatters off a distant, optically-
thin medium; I" and the power law normalization from this component are linked to that of zpoOw;. Here, the scattering
fraction (fscatt) is given by CONsT,. T' can range from 1.4 to 2.6, the limits on Ny are 10?2 to 10%® cm ™2, and the Fe
abundance is fixed to solar (i.e., it is not a free parameter).

In Figure 1 in the main text, we show this MY Torus fit to the X-ray spectra of NGC 4968. We show the contributions
of the individual model components in Figure 6, where the spectrum is dominated by the reprocessed AGN emission
(“reflection dominated”) above 2 keV.

B.3. “Decoupled” MY Torus Model

The details for setting up the decoupled mode of the MY Torus model are described in Yaqoob (2012). In brief, the
column density associated with the model component MY TORUSZ measures line-of-sight absorption (NH,los,mytoms)
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Figure 7. Individual model parameters for the decoupled MY Torus spectral fits to the Chandra and NuSTAR spectra of NGC
4968, where the line-of-sight and global column densities are fit indepenently, for (left) As = 0.1, (middle) As = 1, and (right)
As = 10. Different values of the normalization for the Compton scattered emission (Ag) affect the relative contribution of the
direct continuum (oranged dashed line) and the Compton scattered component (red dot-dashed line) to the overall emission
above 10 keV. For As = 0.1, the spectrum is transmission dominated above 20 keV while it is reflection dominated for higher
Ags values. Color and line coding is the same as Figure 6.

due to the X-ray reprocessor. The inclination angle associated with MY ToORUSS (and MYTORUSL) is fixed to 0° to
mimic backside reflection from far-side material, and the associated obscuring column density represents the global
average (Nu global). As before, the normalization and photon index of the various components are linked to preserve
the self-consistency of the model, so that all observed components originate from the same X-ray emitting source.
The normalization of the fluorescent line emission (Ay) remains linked to the normalization of the Compton scattered
component (Ag).

The model fits where Ag = 0.1, 1, and 10 are shown in Figure 1 in the main text. As Figure 7 shows, the models for
Ag =1 and Ag = 10 indicate that the spectrum is reflection-dominated above 2 keV, with a negligible contribution
from the direct component, while the transmitted component becomes the primary emission above 20 keV in the model
where Ag = 0.1 (“transmission dominated”). If the spectrum was transmission dominated at high X-ray energies, we
would expect to observe X-ray variability in this regime.

B.4. borus02 Model

We use version 170323a of the borus02 model, where the fit parameters are the covering factor (Cior; cosine of
the torus opening angle), cosine of the torus inclination angle (cos (6inc)), the logarithm of the torus global average
column density (Log(N global)), and parameters associated with an assumed AGN continuum of a power law with
an exponential cutoff (i.e., T, cutoff energy, and powerlaw normalization). For reference, the allowable ranges for the
borus02 model parameters are: 1.4 < I' < 2.6, 0.1 < Cior < 1 (very low covering factor to complete covering, or
spherical geometry), 0.05 < cos i < 0.95 (edge-on to face-on orientation), and 22 < log(Ny globa/cm™2) < 25.5.
Note that with the borus02 model, the cosine of the inclination angle and the log of the column density are fitted, in
contrast to the MY Torus model where we fit the inclination angle and column density directly.

Our borus02 model setup in XSpec is as follows:

model = const; X phabsx
(apec + atable{borus02_v170323a.fits} +
zphabs X cabs x cutoffpl; +
consty X cutoffply

Similar to our modeling above, CONST; accounts for the cross calibration normalization among instruments, PHABS
is frozen to the Galactic Ny value, and APEC models thermal emission. Since we restrict the lower energy bound on
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Figure 8. Individual model components for the borus02 fit, where the line style and color coding is as follows: sum of model
components - black line; APEC - dotted cyan line; transmitted continuum - blue dashed line; Compton scattered component
- red dot-dashed line; scattered power law - solid green line. Above 2 keV, the spectrum is dominated by the reprocessed
(Compton-scattered) emission (red dot-dashed line) from the X-ray obscurer.

the Chandra spectrum to be above 1 keV, a significant fraction of the APEC model component is not constrained by
the data. We therefore freeze the APEC energy (kT) and normalization to the best fit values found from the MYTorus
model so that we account for the contribution of thermal emission to the spectrum at soft energies.

The borus02 table model includes the power law continuum, torus column density, inclination angle, and covering
factor. Here, we freeze the cosine of the inclination angle of the torus to maximum allowed value of 0.95 to be consistent
with the MY Torus decoupled model set-up where we model Compton-scattering off the backside of the torus.

CUTOFFPL; represents the intrinsic AGN continuum attenuated by the ZPHABS and CABS absorption models, which
account for the line-of-sight absorption and Compton scattering losses, respectively; these two column densities are
linked so the line of sight attenuation from absorption and scattering is treated consistently (IVu,ios borus). CUTOFFPLg
represents the scattered AGN light, where the scattering fraction is parameterized by CONSTy. Throughout, the cutoff
powerlaw parameters are linked to those of the borus02 model to enforce self-consistency when modeling the AGN
continuum. We freeze the cutoff energy to 200 keV but note that the X-ray spectra are not of high enough quality to
measure the termination energy.

We allow the covering factor to be a free parameter in the fit, though we note that the borus02 model does not
account for other effects that imprint signatures on the X-ray spectrum, such as time delays between the direct X-ray
emission and scattered component and different elemental abundances than those assumed by the model. In the
MY Torus model, all of these unknowns as well as the torus covering factor are encapsulated by Ag, the normalization
between the direct and reprocessed emission. Within the confines of the borus02 model, the fitted covering factor
is degenerate with these other effects. Furthermore, adding extra material into the line-of-sight via the ZPHABS X
CABS component when the torus also intercepts the direct continuum results in a geometry that is different than the
one defined via the borus02 Monte Carlo simulations in which the covering factor is tabulated. This break in the
self-consistency of the model impacts the measured covering factor in ways that are not quantified.

The borus02 model fit to the Chandra and NuSTAR spectra of NGC 4968 is shown in Figure 1 in the main text.
The contributions of the individual model components to the total spectrum are shown in Figure 8, demonstrating
that according to this model, the spectrum is reflection dominated above 2 keV.
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