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and small errors are largely dictated by the Fe lines, because
there is no way to change the Fe line to continuum ratio
through a metallicity parameter for this model.

As can be seen from Figure 6 and Table 3, all of the models
are able to fit the 0.5–9 keV nucleus spectra equally well, with
only very mild deviations in the residuals between them. In all
cases, the residuals are almost exclusively due to low-level line
emission (i.e., the strong ratio outliers in the lower panels of
Figure 6), most of which is below 2 keV, which remains
unaccounted for despite modeling ≈90 emission lines. We
found that these residuals bias the relative normalization of the
bremss component downward by ≈20%, but do not appear to
significantly affect the bremss temperature or normalizations
of the higher-energy components (this holds for all cold
reflection models). Notably, there are wide variations in the
power law slopes between models, which should be con-
strained better upon incorporating the >10 keV data. If we limit
the fit to the 2–9 keV spectra and fix the bremss and tbabs
components, the 2cn values drop to ≈1 and the photon indices
become significantly harder (Γ ≈ 1.4–1.5) in all cases, leading
to decreased fractional contributions from the cold reflection in
the 2–10 keV band. In the case of model M2, the 2–9 keV fit
led to a reversal in the dominant cold reflection component
from 0° to 90°. These large swings primarily demonstrate that
the spectral properties of the cold and warm reflection are
poorly constrained by the <10 keV data alone, even when high
signal-to-noise and well-resolved emission lines can be fit.

4.2.2. Diffuse Emission and Point Source
Contamination from Host Galaxy

Both extended and off-nuclear point source emission are
evident in the Chandra images, particularly along the direction
of the AGN radio jet and counter jet (see Figure 1). We
modeled this emission in the Chandra ACIS-S data with
several components to reproduce the main features in the
galaxy, noting in particular that there are several key spectral
signatures present in the nuclear spectra, which are also
prevalent in the host spectrum.

First, we include in the host galaxy model an absorbed
power law with slope Γpnt to account for the combined
emission from extranuclear point sources, which we constrain
separately below. A composite Chandra ACIS-S spectrum of
all of the point sources together is shown in Figure 7 (green
data and model). There are some notable bumps in the soft
portion of the spectrum, which could either be intrinsic, or
more likely are produced by poor background subtraction due
to an inhomogenous extended emission component. As such,
we fitted this spectrum only above 1.5 keV with a single cutoff
power law model. Unfortunately, the limited 0.5–9 keV energy
range is not sufficient to unambiguously determine the average
spectrum slope, high-energy cutoff, and normalization of the
host galaxy XRB population. Following Swartz et al. (2004)
and Walton et al. (2011), we assume that NGC 1068 hosts an
ultraluminous X-ray source (ULX) population and that
emission characteristic of this population likely dominates the
point-source emission. Recent evidence from NuSTAR (e.g.,
Bachetti et al. 2013; Walton et al. 2013, 2014; Rana et al. 2015)
suggests that ULXs exhibit relatively hard spectra with spectral
turnovers between 6 and 8 keV, and thus we adopt fixed values
of Γ = 1.2 and Ec = 7 keV to represent the composite ULX-
like spectrum. With these values, the normalization of the
power law is 8.9 × 10−5 photons keV−1 cm−2 s−1 at 1 keV.

This component makes only a relatively small contribution to
the overall host contamination in the 1.5–9.0 keV (≈25%)
range, and quickly becomes negligible above 15 keV. We fixed
the normalization of this fit and added the fixed ULX-like
component to the overall host model.
At soft energies, we still see signs of extended RRC and line

emission, which we again model as a kT 0.31bremss 0.01
0.01= -

+ keV
bremsstrahlung component (bremss, A 0.0168bremss 0.0003

0.0004= -
+

cm−2) plus a subset of the 20 strongest emission lines found in
the nuclear spectra; at the spectral resolution of ACIS-S, these
20 lines were sufficient to model nearly all of the spectral
deviations from a smooth continuum. There may also be a
contribution from hot gas associated with star formation, but
since our main focus is to derive an empirical model to describe
the soft emission, we simply absorb this into the normalization
for the bremsstrahlung plus line emission model. The character
of the ionized lines differs from those found in the nucleus
spectrum, in the sense that lower ionization line species such as

Figure 7. Total ACIS-S “host” unfolded spectrum (black) of all extranuclear
emission extracted from a 2″–75″ annulus centered on the nucleus of
NGC 1068. The host spectrum is fitted with four models composed of partially
absorbed cold and warm reflectors (blue solid and dashed lines, respectively),
as well as RRC and the most prominent line components as identified by K14
(magenta solid lines) and the composite contribution from extranuclear point
sources (green solid line). The top panel shows the fit to model P, while the rest
of the panels show the data-to-model ratios for models P, M1, and M2,
respectively. The top panel also shows the composite ACIS-S extranuclear
point-source spectrum (green), which is modeled above 1.5 keV as a ΓULX= 1.2
power law with a Ec = 7 keV exponential cutoff rollover.
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S, Si, Mg are stronger in the host spectra relative to the ionized
Fe lines, as might be expected for a UV/X-ray radiation field
that is radiating from the central SMBH.

At hard energies, we additionally see traces of warm and
cold AGN reflection as extended emission, which we model as
a scattered power law and Compton-scattered continuum plus
neutral lines, respectively. We continue to model the latter with
either the pexmon or MYTS+MYTL; we do not fit the torus
model because one cannot explicitly separate out the
transmitted component.37 As before, we assume that the warm
and cold reflection components result from the scattering of the
same direct transmitted power law (cutoffpl) with slope
Γnuc and exponential cutoff rollover energy Ec,nuc, which is
absorbed along the line of sight by a Compton-thick absorber
(e.g., an edge-on torus). As before, we fixed the quantities Ec,

nuc = 500 keV, θinc = 90°, and NH = 1025 cm−2, because these
are poorly constrained by the <10 keV data alone.

Finally, we note that the absorption toward the counter jet
region is significantly stronger than that toward the jet region,
so we initially fit all the components to the jet and counter jet
regions, allowing only for the NH of the cold absorber to vary
between them. This fit produced NH = 3.1 × 1020 cm−2 toward
the jet, which is consistent with the Galactic column, and
NH = 2.4 × 1021 cm−2 toward the counter jet. As such, the 2″–
75″ host region was modeled through a layer of cold Galactic
absorption (tbabs) and a cold partial coverer (pcfabs) with
NH = 2.4 × 1021 cm−2 and covering fraction of 50%. For all
the models, we list the best-fit parameter values in Table 3
(“Host Only”) and show the resulting data-to-model residuals
in Figure 7.

Fitting the pexmon (P) version of our host model yielded
1.422c =n for ν= 163 in the 0.5–9 keV range. Given the quality

and spectral resolution of the ACIS-S spectrum, we fixed the
redshift at 0.00379. The best-fit power law index, Fe abundance,
and normalizations were 2.49 ,0.25

—G = - Z 43 ,Fe 19
—= - Acold =

2.5 100.5
0.4 2( ) ´-

+ - and Awarm= 6.7 100.2
0.2 4( ) ´-

+ - (both in units of
photons keV−1 cm−2 s−1 at 1 keV), respectively. It is worth
noting here that the abundance value, albeit poorly constrained,
is exceptionally high and probably highlights a critical break-
down of the model in this regime rather than an extreme intrinsic
value. We also fit the host spectrum with the MYTorus (M1 and
M2) versions of our host model. Fitting model M1 produced

1.442c =n for ν = 163 in the 0.5–9 keV range. The best-fit
power law index, scattering-to-line component ratio, and
normalizations were 2.55 ,0.06

—G = - S/L ratio of 2.46 ,1.01
3.49

-
+

A 1.2MYTS, cold 0.7
0.8= -

+ and Awarm = 6.8 100.2
0.2 4( ) ´-

+ - (both in
units of photons keV−1 cm−2 s−1 at 1 keV), respectively. Mean-
while, model M2 yielded 1.462c =n for ν = 162 in the
0.5–9 keV range, best-fit power law index, scattering-to-line
component ratio, and normalizations were 2.56 ,0.05

—G = - S/L
ratio of 2.25 ,0.90

2.65
-
+ and AMYTS, 00 = 1.7 10 ,1.1 2( )— ´+ - AMYTS, 90 =

0.00 ,1.58
—
+ A 6.7 10warm 0.2

0.2 4( )= ´-
+ - (all in units of

photons keV−1 cm−2 s−1 at 1 keV), respectively. We note that
the reflection component from the host emission should be
composed almost exclusively of inclination 0° (“far-side, face-
on”) reflection spectra whose line of sight does not intercept any
torus material (see further discussion in Yaqoob 2012); thus we
can effectively neglect the 90° component all together.

Similar to the nucleus fits, the power law slopes for models
P, M1, and M2 were not well-constrained due to parameter
limitations of the various models and data bandpass limitations.
The bulk of the residuals arise from unaccounted for line
emission below 2 keV. As seen in Table 3, when we fit the
models to the <2 keV spectrum and fix the bremsstrahlung
component, the 2cn values drop considerably for all models.

4.2.3. Empirical Constraints on Extended Fe Line Emission

An alternative, more empirical approach can be made to
understand the contribution from extended cold and warm
reflection. For this, we simply measure the line fluxes from the
two strongest tracers, the fluorescent Fe Kα line and the ionized
Fe He-like line, respectively. For simplicity, we use the M04a
model (although we replace pexmon by pexrav in order to
remove emission lines from the model) to estimate the
continuum in both the Chandra HETG nuclear and ACIS-S
host spectra, and then model the remaining lines with
Gaussians as in Section 4.1. The line fluxes from the nuclear
and host spectra are shown in Table 4 alongside the total line
fluxes measured from the pn spectra. Reassuringly, the sum of
the nuclear plus host are consistent with the total line fluxes, at
least when we factor in statistical errors and cross-calibration
differences.
After we account for contributions from the extended wings

of the PSF using simulations from the MARX
38 ray-trace

simulator (v4.5; Wise et al. 1997), we find that the extended
Fe Kα emission beyond 2″ (>140 pc) comprises 28 8

8
-
+ % of the

total. If the torus size is of order ≈4–10 pc, then we should
probably consider the extended fraction to be a lower limit to
the cold reflection contribution from extended (i.e., non-torus)
clouds, because there are likely to be contributions from similar
material at 10–140 pc. Making a similar calculation for the
ionized Fe He-like line, we find an extended fraction of 24

%20
18

-
+ .

4.2.4. Combined Fit

We now combine the models of the nucleus and host galaxy
from the Chandra spectra to fit the total spectra from NuSTAR,
XMM-Newton, and Swift BAT. As highlighted previously, the
emission below ≈2 keV is dominated by the numerous line and
bremsstrahlung components, and thus does not provide much
constraint on the properties of the reflectors. At the same time,
it contributes substantially to χ2, so for the remainder of the
modeling we only consider the data above 2 keV. All the
spectral components that are well-constrained by the previous
nuclear and host spectral fitting, such as the extranuclear point
source, RRC, and line emission, are fixed, because we are
primarily concerned with constraining the relative contributions
from the warm and cold reflection, as well as any potential
direct AGN continuum. For modeling simplicity, we also chose
to ignore the regions between 2.3–2.5 keV and 6.5–6.8 keV,
which correspond to regions of ionized Si and Fe line emission,
respectively; these regions always have considerable residuals
that are not modeled by the continuum reflection components,
but bias the component normalizations during the fitting
process. We assume in the following that all components
share a single intrinsic power law slope and any transmitted
component, if present, must arise only from the nuclear portion37 The torus transmitted component could be made negligible by increasing

the column density to 1026 cm−2, but this would mean we would have to model
all clouds as extremely Compton-thick, which is a major limitation. 38 http://space.mit.edu/cxc/marx/
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of the spectrum. For selected relevant models below, we list the
best-fit parameter values in Table 3 (“Total”) and/or plot their
residuals in Figures 8–11.

Model P. We begin by fitting model P to the combined
2–195 keV spectra of NGC 1068. We fit Γ and ZFe, as well as
the normalizations Acold,nuc, Acold,host, Awarm,nuc, and Awarm,host

as free parameters, while we fix θinc = 85°, Ec = 500 keV, and
NH = 1025 cm−2. This model, hereafter “Pa,” yielded a poor fit,
with 1.342c =n for ν = 1666. The Pa model residuals, which
are shown in Figure 8, highlight a general problem with fitting
the spectral shape above 8 keV that we encountered with many
of the adopted models, namely that the models either fit the
spatially resolved <10 keV data well but present clear >10 keV
residuals, or vice versa. Allowing the cutoff energy to vary
failed to yield any improvement in ,2cn with a best-fit value of
E 500c 176

—= - keV, hereafter model “Pb.” Alternatively, also
allowing the inclination angle to vary to 24inc 5

7q = -
+ deg,

hereafter model “Pc,” significantly improved the fit, with a new
1.28.2c =n We note that this inclination angle suggests a face-

on configuration, perhaps indicative of scattering off the back
wall of a fiducial torus, while the best-fit photon index
(Γ = 1.65 ± 0.02) is somewhat lower than one would expect
for such a high accretion rate source like NGC 1068 (e.g.,
Γ = 2.5; Fanali et al. 2013). Critically, although the high-
energy residuals have improved, significant deviations of the
form shown in Figure 8 from the observed continuum shape
still remain. Again, varying the cutoff energy to E 387c 176

—= -
keV fails to yield any substantial improvement in .2cn

Model M1.We now turn to the cold reflection as modeled by
MYTorus. As before, we initially adopt a “standard” fully
coupled, uniform torus geometry, hereafter “M1a.” While there
is no physical reason for the nuclear and extended components

to be the same, we begin with such a scenario because it
represents how previous studies would model the entire XMM-
Newton or NuSTAR spectrum. For the M1a model, we fit

1.400.09
—G = and the component normalizations, and fix the

other parameters to NH = 1025 cm−2, θinc = 90°,
Ecut = 500 keV, and the S/L ratio to 1. Aside from allowing
the reflection component normalizations to vary, the properties
of the nucleus and host reflectors were tied together. The
resulting fit was poor, with 3.782c =n for ν = 1666, and large
residuals around both the neutral Fe Kα line and to a lesser
extent the Compton hump. Moreover, the power law slope is
quite flat. From the residuals, it is clear that an S/L ratio of 1 is
insufficient, and allowing the S/L ratio to vary to 26.7 ,1.0

14.2
-
+

hereafter “M1b,” substantially improved the fit with 1.78.2c =n
Such an S/L ratio is unreasonbly high, however, and implies
that the adopted values for some of the fixed parameters are
likely wrong. Varying Ecut to 55 5

4
-
+ keV (“M1c”) lowered the

S/L ratio to 15.0 0.9
1.2

-
+ and resulted in 1.61.2c =n Finally, further

varying the inclination angle and column density improves the
fit to 1.31,2c =n with 1.40 ,0.12

—G = + N 9.4 10H 3.3
24( )—= ´-

cm−2, 78 ,inc 4
3q = -

+ E 41cut 4
5= -

+ keV, and an S/Lnuc+host ratio of
3.8 0.8

0.5
-
+ (hereafter “M1d”). This last model fits the >10 keV

continuum significantly better, but at the expense of producing
residuals in the <10 keV continuum (see Figure 9), while
retaining a flat power law slope. Ultimately, we conclude that
none of the coupled MYTorus models provides a reasonable fit
to the continuum shape. It is important to point out that if we
had only modeled either the <10 keV spectra or the total
aperture spectra, we would have arrived at a satisfactory .2cn
As an alternative to the fully coupled models, we tried fitting

separate MYTS+MYTL parameters for the nucleus and the host
spectra, as might be expected for the combination of a thick

Figure 8. Top panel shows the final selection of X-ray spectra for NGC 1068 that we fitted from NuSTAR FPMA/FPMB (cyan), XMM-Newton pn (green), Chandra
HEG/MEG (black/red), Chandra ACIS-S (blue), and Swift BAT (orange), all modeled with the best-fit parameters from model Pa; the bottom panel shows the data-
to-model ratios for each spectrum. As in Figure 2, the overall consistency between the various data sets is good, once known normalization offsets are accounted for.
In particular, the sum of the Chandra HEG/MEG (“Nucleus only”) and ACIS-S (“Host only”) models provides an excellent fit to the other (“Total”) data sets, where
they overlap in energy. The only discrepancy between data sets appears to be a broad deficiency between 5.5 and 6.1 keV for the NuSTAR data. Model Pa is similar in
shape to the M04a model, which still provides a poor fit to the data near the rise and peak of the Compton reflection hump. The HETG spectra are rebinned for
presentation purposes.
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torus and more tenuously distributed larger-scale molecular
clouds, which have been found from mid-IR constraints on
NGC 1068. We began by fitting a single photon index

1.80 ,0.07
0.05G = -

+ the various component normalizations, and
independent column densities N 9.8 10H,nuc 0.2

24( )—= ´- cm−2

and N 2.4 10H,host 0.2
0.1 23( )= ´-

+ cm−2, and S/L ratios 12.2 1.9
1.8

-
+

and 0.5 0.2
0.3

-
+ for the nucleus and host components, respectively,

while fixing θinc = 90° and Ecut = 500 keV (hereafter “M1e”).
This fit produced 1.542c =n for ν = 1663. Allowing

E 33cut 3
5= -

+ keV improved the fit to 1.30,2c =n with modest
changes to the other free parameters such that Γ remained
pinned at its minimum, while N 5.3 10H,nuc 0.5

0.4 24( )= ´-
+ cm−2,

NH,host = (0.09 ± 0.03) × 1024 cm−2, S/L 10.8nuc 0.8
1.3= -

+ , and
1.0host 0.2

0.4= -
+ (hereafter “M1f”). Finally, allowing the inclina-

tion angles to vary (hereafter “M1g”) only marginally improves
the fit to 1.28,2c =n with free parameters 1.40 ,0.34

—G = +

E 34cut 4
58= -

+ keV, N 8.0 10H,nuc 1.6
24( )—= ´- cm−2, NH,host =

1.3 100.9
1.5 24( ) ´-

+ cm−2, S/L 3.5nuc 0.5
0.8= -

+ and S/Lhost = 1.5
± 0.3.
We note that freeing the column density and normalization

toward the transmitted component (hereafter “M1h”) to
N 6.0 10H,trans 0.8

1.3 24( )= ´-
+ cm−2 resulted in 1.13,2c =n with

best-fit values of 2.20 ,0.12
0.07G = -

+ E 72cut 21
75= -

+ keV,
N 2.6 10H,nuc 0.5

0.5 23( )= ´-
+ cm−2 and NH,host = 1025 cm−2

(unconstrained), S/L 1.0nuc 0.3
0.2= -

+ and S/L 2.0 ,host 0.6
0.6= -

+ and
inclination angles of 0.7 4.5

—
+ deg and 1.9 10.5

—
+ deg for the

nucleus and host components, respectively. This model is the
best version of the “standard” MYTorusconfiguration and
crudely models the key continuum and line features, but
ultimately predicts that NGC 1068 should be dominated by the
tranmitted component above 20 keV. The normalizations of the
various continuum components are A 2.6 ,trans 1.3

1.3= -
+ Awarm,nuc =

3.0 10 ,1.3
1.3 4( ) ´-

+ - A 4.0 10 ,cold,nuc 0.5
0.7 2( )= ´-

+ - Awarm,nuc =
3.9 10 ,1.4

1.5 4( ) ´-
+ - and A3 9.4 10 ,cold,nuc 3.7

4.2 3( )= ´-
+ - respec-

tively (all in units of photons keV−1 cm−2 s−1 at 1 keV),
implying a covering fraction of ∼0.008 and ∼0.002 for the
nucleus and host cold reflection components. Such low-
covering fractions run contrary to the variability constraints
presented in Sections 2.1 and 2.6. As such, the good fit appears
to be a consequence of allowing freedom for several spectral
components to fit small portions of the overall spectrum, and is
presumably degenerate in this sense.
We conclude that the “standard” configuration of MYTorus

has considerable difficulty reproducing the main spectral and
temporal X-ray characteristics of NGC 1068.
Model M2. We now turn to the second MYTorus

configuration, which employs two MYTorus Compton scat-
terers fixed at 0° and 90°, representing a potential clumpy
torus-like distribution. Following the discussion in Sec-
tion 4.2.2, we only invoke the 0° component to fit the host
spectrum. We began by fitting a basic form of this model,
hereafter “M2a,” with varying 2.29 0.02

0.04G = -
+ and component

normalizations, with the remaining parameters fixed to
NH = 1025 cm−2, S/L 1.0,nuc host =+ and Ecut = 500 keV for
all scattering components. The best fit returns 1.842c =n for
ν = 1666, which is a significant improvement over model M1a.
However, the continuum is still not well fit, and the best fit
Anuc,MYTS,90 normalization is consistent with zero (<1% of
cold reflector flux). Fitting the S/Lnuc host+ ratio to 4.3 0.3

0.4
-
+

(hereafter “M2b”) reduces 1.51,2c =n and yields Γ = 1.49 ±
0.04 plus moderate variations in the component normalizations.
M2b offers a significant improvement over model M1b.
Additionally, varying E 146cut 50

76= -
+ keV (hereafter “M2c”),

provides only very marginal improvement ( 1.482c =n ) and
leaves the parameters largely unmodified. Finally, varying
the three column densities (hereafter “M2d”) improves the
fit to 1.14,2c =n with 2.10 ,0.07

0.06G = -
+ an S/Lnuc host+

ratio of 1.0 ± 0.1, E 128cut 44
115= -

+ keV NH,nuc,90 =
10.0 104.4

24( )— ´- cm−2, NH,nuc,0 = (1.5 ± 0.1) × 1023 cm−2,
N 5.0 10H,host,0 1.9

4.5 24( )= ´- cm−2, and normalizations of
A 2.5 10 ,warm,nuc 0.4

0.3 4( )= ´-
+ - A 3.0 10 ,cold,nuc,90 0.5

0.5 1( )= ´-
+ -

A 3.6 10 ,cold,nuc, 0 0.2
0.3 2( )= ´-

+ - A 3.4 10 ,warm,host 0.4
0.3 4( )= ´+ -

A 1.0 10cold,host,0 0.2
0.2 2( )= ´-

+ - (all in units of
photons keV−1 cm−2 s−1 at 1 keV). Freezing the high-energy
cutoff at Ecut = 500 keV (hereafter “M2e”) leaves the above
parameters virtually unchanged and 1.16.2c =n

Figure 9. Top panel: model M1g shown for the full data set. Solid lines denote
the overall spectrum. Blue lines represent the nuclear warm (dashed) and cold
(dotted) reflection components. The red lines represent the host warm (dashed)
and cold (dotted) reflection components. The RRC and line emission
components for both the nuclear and host models are shown as dotted green
lines. Bottom panels: data-to-model ratios for several M1 models, with the
same color-coding as Figure 8. Many of the models we fit exhibited poor fits to
the data either above or below 10 keV. The HETG spectra are rebinned for
presentation purposes.
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As can be seen in Figure 10, the data-to-model ratio residuals
are now fairly flat out to ≈80 keV. The primary difference
between model M2d (or M2e) and the others lies in how the
nuclear θinc = 0° cold reflector component, due to its
significantly lower NH, is able to fill in the spectral gap around
4–8 keV between the “normal” cold and warm reflectors. One
important aspect of this model that deserves to be highlighted is
the fact that while the higher NH component provides the bulk
of the flux to the Compton hump, it does not contribute much
to the Fe fluoresence line emission. Instead, the lower NH

component produces the bulk of the Fe fluoresence line
emission, and dominates the continuum peaking around
5–10 keV. Thus, the two key features of Compton reflection,
namely the hump and Fe line, need not arise from a single
absorber and in fact likely arise from different obscuring
clouds. Assuming a single absorber will likely lead to
misinterpretations.

Model T. Finally, we fit the cold reflection with the
torusmodel. As noted in Section 4.2, this model is not
suitable for fitting the host spectrum, so we instead modeled the
host spectrum identically to the M2 case using MYTS
+MYTL components with an inclination angle of θinc = 0°.
Varying 1.96 ,0.04

0.05G = -
+ 64open 2

3q = -
+ deg, and component

normalizations with fixed values of NH = 1025 cm−2,

θinc = 87°, Ecut = 500 keV, and a S/Lhost ratio of 1.0, yielded
1.612c =n for ν = 1666 (hereafter “Ta”). This provides a

relatively poor fit, with residuals near the Fe lines and >10 keV
continuum (Figure 11). Freeing the torus inclination angle to

87T, inc 16
—q = - (hereafter “Tb”) does not improve the fit.

Further varying the nuclear and host column densities to
N 6.9 10H,nuc 0.8

0.6 24( )= ´-
+ cm−2, N 10.0 10H,host, 0 6.6

24( )—= ´-
cm−2 (hereafter “Tc”) leads to a modest improvement of

1.57,2c =n with 2.13 ,0.06
0.04G = -

+ 69open 3
4q = -

+ deg, and
87incl 12

—q = - deg. As with other models, there are significant
residuals as the model fails to fit the continuum shape well. In
all cases, the host cold reflection normalization is consistent
with zero. It seems that the torus model does not provide
enough flexibility to model the transmission and scattered
components separately, and again we conclude that the torus
model has considerable difficulty reproducing the main spectral
X-ray characteristics of NGC 1068.

4.2.5. Model Summary

We tested a few cold reflection models earlier in this section.
As traditionally done, we modeled NGC 1068 with a single
monolithic cold reflector using pexmon (models Pa–Pc),
MYTorus (models M1a–M1d), and torus (models Ta–Tc).
Alternatively, we also modeled NGC 1068 with multiple
reflectors using two or three MYTorus components to fit the
two spatially distinct nuclear and host regions (models M1e–
M1h) and additional complexity in the nuclear spectrum
(models M2a–M2d). We found that many are able to fit either
the spatially resolved <10 keV spectra or the total aperture
spectra well, but generally not both.
The two models that do manage to fit all the spectra well are

M1h and M2d. In both cases, a cold reflection component with
NH ∼ 1023 cm−2 peaking at 5–10 keV is required to fill in a
critical gap in the model where the declining warm reflector
and the increasing cold reflector meet. Model M1h is rejected,
however, because it requires a strong transmitted component,
which runs contrary to our variability results (Section 3),
leaving only M2d as the preferred model.
When modeling M2d, we find a best-fit power law slope of

2.10 0.07
0.06G = -

+ , which is marginally higher than the average
AGN value of Γ ∼ 1.9 (e.g., Reeves & Turner 2000). Notably,
high Γ values are often associated with high Eddington ratio

Figure 10. Same as Figure 9, but for M2 models. The model M2d provides the
best overall fit to the spectra among all the models.

Figure 11. Same as Figure 9, but for T models.
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systems (e.g., Shemmer et al. 2006; Risaliti et al. 2009;
Brightman et al. 2013), and thus the slope is consistent
with our initial accretion rate assessment in Section 1.
The high-energy cutoff value for this model, E 128cut 44

115= -
+

keV, is perhaps somewhat low. This could imply low
coronal temperatures, although the error bars indicate this
value is poorly constrained and should not be taken too
seriously. With this model, we derive total observed X-ray
luminosities of L2–10 keV,obs = 1.8 × 1041 erg s−1, L10–40 keV,obs =
5.6 × 1041 erg s−1, and L1–200 keV,obs = 1.3 × 1042 erg s−1, and
intrinsic39 X-ray luminosities of L2–10 keV,intr = 2.2× 1043 erg s−1,
L10–40 keV,intr = 1.5 × 1043 erg s−1, and L1–200 keV,intr =
4.6 × 1043 erg s−1, respectively. This intrinsic L2–10 keV value
is only a factor of ≈1.6 lower than that predicted by the mid-IR
to X-ray relation of Gandhi et al. (2009), despite the obvious
spectral complexity that we find. Breaking down the percentage
of spectral contributions to the total observed L1–200 keV,obs,
gives intrinsic continuum (1.5%); nuclear cold reflection 0°
(12.9%); nuclear cold reflection 90° (55.3%); nuclear warm
reflection (3.1%); nuclear RRC + RL (3.1%); host cold
reflection 0° (16.6%); host warm reflection (4.3%); host RRC
+ RL (2.1%); and host off-nuclear (1.5%). Figure 12 shows the
fractional contributions from the main components of the M2d
model. In total, these observed reprocessed components
represent ≈2.8% of the estimated intrinsic 1–200 keV
luminosity.

We stress that the scattered emission from NGC 1068 is
clearly complex and thus the models attempted were by no
means exhaustive. Alternative complex component combina-
tions likely exist that can fit the obvious Compton hump and Fe
fluorescence line, as well as strike a balance in the overall
reflection continuum levels. Nonetheless, we can conclude that
simple configurations such as a single nuclear reflector or a
patchy torus fail to match the data, and an additional lower
density scattering component is needed.

5. DISCUSSION

From the combined modeling we performed in the previous
section, there are a few points worth stressing. The quality of
the NuSTAR data plays an important role in constraining the
fits. With poorer quality data, such as that from Suzaku,
BeppoSAX, or Swift BAT shown in Figure 2, several of the
models we considered produce acceptable fits. Only with the
NuSTAR data can we observe in detail the nature of the rising
Compton hump and broad peak, which is difficult to fit with a
single cold reflection model. Likewise, fitting the Chandra
nuclear and host spectra seperately, we find that the combina-
tion of good-quality nuclear and host spectra creates consider-
able tension for several models that would otherwise fit the
total XMM-Newton and NuSTAR spectra at acceptable levels.
This study demonstrates that it is important to have both high-
quality spectra above 10 keV and spatially resolved X-ray
spectra in order to, e.g., reject simple monolithic cold reflection
models. The analysis by Arévalo et al. (2014) of the Circinus
Galaxy also benefited from the powerful combination of high-
quality NuSTAR data and spatial separation of the nuclear and
host components, demonstrating that a significant fraction of
the warm and cold reflection components arise from >2″
(>38 pc at the distance of Circinus).
These two objects are among the closest and X-ray brightest

Compton-thick AGN on the sky, and benefit from a wealth of
high-quality X-ray data. Unfortunately, there are only a handful
of nearby Compton-thick AGN where a similar analysis can be
made, but it will be interesting to see how diverse parameter
space might be with respect to this multiple cold reflector
model. For fainter and more distant obscured X-ray AGN,
however, we can only obtain modest-to-poor quality NuSTAR
data. Moreover, with the angular resolution of currently
available instruments, we will be unable to separate the
2–8 keV nuclear emission from its host. So while it may be
possible to model the total emission from such AGN in
reasonable detail and with acceptable results (e.g., Baloković
et al. 2014; Del Moro et al. 2014; Gandhi et al. 2014; Lansbury
et al. 2014; Brightman et al. 2015), it will not be possible to
investigate the detailed physical properties of such sources, as
for NGC 1068 and Circinus (Arévalo et al. 2014). The work
here and in Circinus highlight the potential issues of modeling
a total spectrum from, for example, XMM-Newton or NuSTAR
with a monolithic model of the obscurer. For the multiple cold
reflector model shown in Figure 10, different portions of the
total reflection spectrum seen by NuSTAR and XMM-Newton
appear to arise from different obscuring clouds, decoupling the
two key features of cold reflection. The fact that cold reflectors
occur on a variety of physical scales or with a variety of
column densities is unlikely to change the basic requirement for
a high column density associated with a mildly or heavily
Compton-thick AGN. However, it is possible for this variety to
change interpretations regarding the relative Fe abundance,
inclination angle, covering factor for a given column density,
and high-energy cutoff; we observed several of these to vary
significantly from model to model in Section 4.2.
Although unobscured AGN are dominated by the transmitted

power law, the Fe line and Compton hump do imprint
themselves as secondary contributions. To test how our preferred
model of NGC 1068 might affect the fitting of unobscured
AGN, we inverted the inclination angles of the MYTorus
components by 90° and added a relativistically blurred
ionized disk reflection component (relconv∗xillver;

Figure 12. Fractional contributions from individual model M2d components.
The black solid line denotes the intrinsic continuum (MYTZ component). Blue
lines represent the nuclear warm (dashed) and cold (dotted; NH = 1025 cm−2 at
90° and NH = 1.4 × 1023 cm−2 at 0°) reflection components; the thicker line
denotes the 0° model. Red lines signify the host warm (dashed) and cold
(dotted; NH = 5 × 1024 cm−2 at 90°) reflection components. Green lines denote
the RRC components for the nuclear (dotted) and host (dashed–dotted) models,
respectively, while the ULX-like contribution is shown as the dotted magenta
line. For clarity, we exclude the ≈90 Gaussian lines when calculating fractional
contributions, as their presence dramatically shifts the continuum contributions
over small portions of the spectrum. There are clear changes in the dominance
of different continuum components as a function of energy.

39 This does not include contributions from scattered components or
contamination.
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Dauser et al. 2013; García et al. 2014). We linked the disk
reflection parameters to previously determined values (e.g., Γ,
Ecut, θinc, ZFe), or fixed them to their default values. We
normalized the disk reflection relative to the other components,
such that it provides the same contribution at 30 keV as the
combined cold reflection components. In this configuration, the
relative total reflection flux is high, comprising ≈30% of the
total at 30 keV, yet the narrow observed Fe Kα equivalent width
(EW) is only 40 eV; the latter value is toward the low end of EW
measurements made for Seyfert 1s (e.g., Yaqoob & Padmanab-
han 2004) and implies that the narrow Fe Kα EW may not be a
useful estimator for the relative strength of the cold reflection
component, as is sometimes assumed, and even low EW Fe lines
may signify important scattered-light contributions at higher
energies.

We then varied the exponential cutoff energy for our
unobscured version of NGC 1068 between three values (100,
300, and 500 keV). We simulated a 50 ks NuSTAR spectrum,
resulting in ∼106 3–79 keV photons, and fit this with a model
typical of those used in unobscured AGN studies (i.e., where
the transmitted, disk reflection, and cold reflection are modeled
ascutoffpl+relcov∗xillver+pexrav+zgauss,
respectively, and absorbed by a low column density
tbabsGal). We allowed Γ, Ecut, ZFe, and the component
normalizations to vary, and fixed the remaining parameters at
typical values (e.g., Xi = 3.1, ZFe = 3, a = 0.9,
cos 0.3,pexravq = θxillver = 20°). In all cases, we obtained
reasonable fits with χν ≈ 1.0–1.1 and found that the power law
slope was consistent with its input value. For input Ecut values
of 100, 300, and 500 keV, we obtained best-fit values of
312 ,32

43
-
+ 227 ,16

27
-
+ 302 30

37
-
+ keV, respectively, and ZFe = (0.7–0.8)

± 0.1. We ran another simulation, naively assuming the M2d
reflection components were globally the same, which yielded
similar results for the cutoff energies. Such toy models are
admittedly far from conclusive, due to the likely large number
of permutations of possible spectral shapes of components and
degeneracies among parameters, not to mention the manner in
which we implemented the high-energy cutoff for MYTorus.
Nonetheless, they do highlight how errors on some quantities,
such as the high-energy cutoff, could be underestimated even in
unobscured AGN and can strongly depend on what model
assumptions are adopted.

The best-fit model for the composite X-ray data set, M2d,
could be visualized as follows. In the inner 2″ (140 pc) region,
we see a θinc = 90° (fixed), NH ≈ 1025 cm−2 reflector with a
covering factor of 0.5 (fixed), which to first order is presumably
associated with a standard, compact, torus-like structure.
Additionally, we find a θinc = 0° (fixed), NH ≈ 1023 cm−2

reflector with an estimated covering factor of 0.13, based on the
relative component normalizations, which appears to act as a
screen. This less dense component could be more or less co-
spatial with the dense torus or it could be material in the
ionization cone. In both cases, we might expect a stratification
of dense material stemming from instabilities associated with
the photoionization of the dense molecular gas by AGN
radiation field structures (e.g., akin to the structures at the
boundaries between H II regions and molecular clouds; see, for
example, Pound 1998). Alternatively, it could simply be
reflection from larger-scale interstellar clouds aggregating
within the inner ≈100 pc (e.g., Molinari et al. 2011). In all
cases, we should expect a range of clouds that follow a log-
normal column density distribution (e.g., Lada et al. 1999;

Goodman et al. 2009; Lombardi et al. 2010; Tremblin
et al. 2014). This should in turn introduce considerable
complexity into the AGN reflection components. We appear
to be seeing the first hints of this anticipated complexity in
NGC 1068. We note that this less dense reflection component
produces the bulk of the Fe Kα line emission and, moreover,
we see no strong long-term variability from the <10 keV
continuum or line flux. Thus, we conclude that this second
reflection component likely arises light years from the central
AGN and/or is distributed such that it washes out any
variability.
We note that at a basic level, the above multi-component

reflector configuration found in the nuclear region appears
reasonably consistent with the picture stemming from mid-IR
interferometry for NGC 1068 (e.g., Jaffe et al. 2004; López-
Gonzaga et al. 2014), whereby a three-component model,
composed of a small obscuring torus and two dusty structures
at larger scales (at least 5–10 pc), best fits the data. The larger-
scale dust is off-center and could represent the inner wall of a
dusty cone (e.g., the ionization cone). Based on the compact-
ness and detailed modeling of spectral energy distributions in
various AGN, these structures are believed to be clumpy and
composed of a range of torus clouds with column densities of
NH ∼ 1022–1023 cm−2 (e.g., Elitzur & Shlosman 2006;
Nenkova et al. 2008; Ramos Almeida et al. 2009).
On more extended (>2″) scales, we find an additional

θinc = 0° (fixed), NH ≈ (4–10) × 1024 cm−2 reflector with a
covering factor of 0.03. The inclination angle, if left free, is not
strongly constrained, and thus it is not clear whether this
component is a screen, a mirror, or perhaps both. This material
could be associated with clumpy molecular clouds either within
the ionization cone or the general interstellar cloud population
in the host galaxy. Intriguingly, our separation of nuclear and
host spectra was purely based on instrumental reasons, and
thus, if the distribution of clouds is strongly centralized and
goes roughly as 1/r or 1/r2 (e.g., Bally et al. 1988; Nenkova
et al. 2008), we might expect at least a fraction of the Fe Kα
line flux currently assigned to the NH ≈ 1025 cm−2 torus-like
nuclear reflection component to arise from reflection by
extended material. This suggests that a non-negligible portion
of the overall reflection component in NGC 1068 arises outside
the torus. As we found in Section 4.2.3, the empirical fraction
of extended Fe Kα flux is substantially higher (≈30%) than the
estimate of the overall reflection, suggesting that perhaps there
are also multiple NH components responsible for the extended
emission. Based on the same molecular cloud distribution
argument as above, it may be possible for the majority of the
narrow Fe Kα emission to originate from radii well beyond the
classic torus.

6. CONCLUSIONS

We have characterized the X-ray spectra of the archetypal
Compton-thick AGN, NGC 1068, using newly acquired
NuSTAR data, combined with archival data from Chandra,
XMM-Newton, and Swift BAT. We modeled NGC 1068 with a
combination of a heavily obscured transmitted power law,
scattering by both warm and cold reflectors, radiative
recombination continuum and line emission, and off-nuclear
point-source emission, employing a handful of cold reflector
models. Our primary results can be summarized as follows:
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1. The >10 keV NuSTAR data are consistent with past
measurements to within cross-calibration uncertainties,
but provide at least an order of magnitude more
sensitivity, allowing us to constrain the high-energy
spectral shape of NGC 1068 in better detail than ever
before. We find no strong evidence for short- or long-
term variability, which is consistent with the primary
transmitted continuum being completely obscured from
our line of sight.

2. We use Chandra ACIS-S and HETG data to split the
reflection-dominated spectrum of NGC 1068 into two
spatial regimes representing the nuclear (<2″) and host
(2″–75″) contributions to the total spectrum measured by
NuSTAR, XMM-Newton, and Swift BAT. Modeling
reflection components from two distinct spatial regimes
allows us to break previously unexplored degeneracies to
aid physical interpretation.

3. Modeling NGC 1068 as a monolithic cold reflector with a
single column density NH generally fails to reproduce
some critical portion of the combined spectra accurately,
and/or yields parameters that are difficult to reconcile
with robust independent observations, regardless of the
Compton reflection model used.

4. Modeling NGC 1068 using a multi-component reflector
(here as best-fit model M2d with two nuclear and one
extended MYTorus components with best-fit values of Γ
≈ 2.1, Ecut  90 keV, NH = 1025 cm−2, NH ≈
1.5 × 1023 cm−2, and NH ≈ 5 × 1024 cm−2, respectively)
was able to reproduce all the primary spectral lines and
continuum shape around the Compton hump. In this best-
fit multi-component reflector model, the higher NH

components contribute flux primarily to the Compton
hump above 10 keV, while the lower NH nuclear reflector
is needed to reproduce the curvature of the continuum
around 10 keV and provide the missing Fe line flux to
model the whole structure with solar (as opposed to
highly supersolar) metallicity. This configuration effec-
tively decouples the two key features of Compton
reflection, which are typically assumed to be coupled.

5. There are strong differences in the ratios of the 2–10 keV
fluxes of the warm and cold reflection components,
depending on the model employed and the parameters
being fit. Because of the decoupling mentioned above, it
could be dangerous to extrapolate the full properties of
the reflector using simple reflection models, as has
typically been done in the past with either lower-quality
data or in type 1 AGNs dilluted by transmitted
continuum. We note that this decoupling could be at
least partially responsible for some of the apparently high
Fe abundances that have been quoted in the literature
(e.g., M04).

6. Considering only the Chandra data, we find that ≈30%
of the neutral Fe Kα line flux arises from >2″ (≈140 pc)
in an extended configuration. Extrapolating this fraction
inward assuming an increasing solid angle of dense
molecular clouds implies that a significant fraction (and
perhaps the majority) of the Fe Kα line arises from
Compton scattering off material that is well outside the
fiducial 1–10 pc torus material. A follow-up investigation
looking into the spatial distribution of this material
around several local AGN will be presented in F. E.
Bauer et al. (2015, in preparation).

7. The multi-component reflector configuration envisioned
here comprises a compact Compton-thick torus-like
structure covering 50% of the sky and more tenuous,
extended NH ≈ 1023 cm−2 clouds covering ≈13% of the
sky within the nuclear region (<140 pc), as well as
larger-scale, low-covering factor Compton-thick clouds,
which extend out to 100 s of pc. This scenario bears
striking similarities to the multiple dust structures found
via mid-IR interferometry for NGC 1068, and may
eventually allow some independent corrobration of the
clumpy torus model.

The benefits of combining high-quality >10 keV spectral
sensitivity from NuSTAR and spatially resolved spectroscopy
from Chandra are clear, and could offer novel constraints on
the few dozen closest, brightest AGN on the sky. Moving on to
fainter and more distant objects, however, is likely to be
challenging with current instrumentation, due to the extremely
long integrations required and the increasingly poor intrinsic
spatial resolutions obtained. Moreover, we should caution that
our best-fit multi-component reflector, which we modeled only
with three distinct column densities, could be an over-
simplification, and in fact there might be a continuous
distribution of different column density reflectors, given that
the Galactic molecular cloud probability distribution function is
well represented by a power law over a wide range of column
densities (e.g., Lada et al. 1999; Goodman et al. 2009;
Lombardi et al. 2010). Each cloud might contribute something
to the overall reflection spectrum, thereby modifying the
spectral shape away from that of a single monolithic reflector.
Hopefully by acquiring similar constraints in other nearby
Compton-thick AGN to those found for NGC 1068 and
Circinus, combined with an assessment of the parameter space
for obscuring clouds from mid-IR interferometry studies, we
can amass enough clues in the short term to model distant and/
or faint objects in a more informed manner. Ultimately, if the
Athena mission (Nandra et al. 2013) can achieve its best-case
scenario for spatial resolution of a few arcseconds, it could
open up spatially resolved Fe analysis to a significantly larger
range of AGN and help us place these local AGN in broader
context.
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