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ABSTRACT

Context. The nuclear obscurer of Active Galactic Nuclei (AGN) is poorly understood in terms of its origin,
geometry and dynamics.
Aims. We investigate whether physically motivated geometries emerging from hydro-radiative simulations can
be differentiated with X-ray reflection spectroscopy.
Methods. For two new geometries, the radiative fountain model of Wada (2012) and a warped disk, we release
spectral models produced with the ray tracing code XARS. We contrast these models with spectra of three
nearby AGN taken by NuSTAR and Swift/BAT.
Results. Along heavily obscured sight-lines, the models present different 4–20 keV continuum spectra. These
can be differentiated by current observations. Spectral fits of the Circinus Galaxy favor the warped disk
model over the radiative fountain, and clumpy or smooth torus models.
Conclusions. The necessary reflector (NH ≥ 1025cm2) suggests a hidden population of heavily Compton-thick
AGN amongst local galaxies. X-ray reflection spectroscopy is a promising pathway to understand the nuclear
obscurer in AGN.
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1. Introduction

Most Active Galactic Nuclei (AGN) are obscured by
dense gas and dust with column densities of NH =
1022–25cm−2 (e.g., Ueda et al. 2003; Buchner et al.
2015). Of this, galaxy-scale gas provides at most a
minority of this obscuration at moderate column den-
sities NH = 1022–23.5cm−2 (e.g., Buchner & Bauer
2017). The predominant obscurer is thought to be
a parsec-scale circum-nuclear structure (see e.g. An-
tonucci 1993; Netzer 2015; Ramos Almeida & Ricci
2017, for reviews). However, the geometry, sub-
structure and physical origin of this component is still
unclear and heavily debated.

Already early modelling efforts (see, e.g., Matt
et al. 2000, and references therein) revealed that the
unresolved X-ray continuum of AGN is composed of a
power law source (with a high-energy cut-off seen in
some sources) that is photo-electrically absorbed. The
absorbing screen primarily suppresses soft photons,
bending the power law downwards towards soft ener-
gies. This suppression reveals additional, secondary
components interpreted as ionised and cold gas repro-
cessing and reflecting the primary power law emission.

? johannes.buchner.acad@gmx.com

The ionised reprocessing, also called the ‘warm mirror’,
can be interpreted as Thomson scattering off ionised,
stratified volume-filling gas, potentially in the narrow-
line-region (e.g., Turner et al. 1997; Bianchi et al. 2006,
and references therein). This spectral feature is to first
order a copy of the intrinsic power law, but with the
normalisation approximately 0.1–10% of the intrinsic
emission, and is commonly seen in obscured AGN (e.g.,
Rivers et al. 2013; Buchner et al. 2014; Brightman et al.
2014; Ricci et al. 2017).

The interaction in cold reprocessing is more com-
plex. About a third of all AGN have line-of-sight
(LOS) column densities NH in excess of the Compton-
thick limit (NH = σ−1

T ≈ 1.5 × 1024 cm−2; e.g., Buch-
ner et al. 2015; Ricci et al. 2015). This implies that
Compton scattering is an important process. X-rays
from the corona recoil off distant, cold, dense gas, lose
energy and change direction. The Compton scattered
spectrum depends on the geometry and density of the
reflecting cold matter. The reflection was first mod-
elled as simple, semi-infinite slabs (e.g. Magdziarz &
Zdziarski 1995; Matt et al. 1999). Slabs are designed
to mimic the accretion disk and produces a very hard
spectrum (negative effective photon index), decorated
with fluorescent lines such as Fe Kα and absorption
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edges. An important feature is excess emission around
10–50keV, the Compton hump. As knowledge and ca-
pabilities in spectral and spatial resolution progressed,
more realistic modelling was needed, allowing refined
parameter constraints and interpretations (e.g., mod-
els by Murphy & Yaqoob 2009; Brightman & Nan-
dra 2011; Ikeda et al. 2009). Today, the obscurer
geometry is still uncertain. This is partly because
the observed X-ray emission can be contaminated by
nearby X-ray binaries, supernova remnants and ultra-
luminous X-ray sources (e.g., Arévalo et al. 2014), and
because extended emission can contribute significantly
to the Fe Kα flux (e.g., Bauer et al. 2015). Even
with these taken into account, detailed study of the
nearby Compton-thick AGN NGC 1068 reveals multi-
ple cold reflectors of different column densities (Bauer
et al. 2015). Also, there appears to be significant di-
versity between sources (e.g., Baloković et al. 2018).
Other studies find that the reflection in heavily ob-
scured sources is best-fitted by a face-on orientation
of a torus-shaped geometry (e.g. Baloković et al. 2014;
Gandhi et al. 2014). Finally, observations of variability
in measured column density (e.g., Risaliti et al. 2002;
Markowitz et al. 2014) indicates that the obscurer is
clumpy and subsequently, the first clumpy models have
been developed (e.g., Nenkova et al. 2008; Furui et al.
2016; Liu & Li 2014; Buchner et al. 2019; Tanimoto
et al. 2019). The applied X-ray obscurer models are
perhaps the simplest geometries for a unified obscurer.
However, it remains unclear which specific physical
mechanisms maintain the high covering factors of these
geometries and where the obscuring gas originates.

The above considerations indicate that our un-
derstanding of the obscurer geometry is still incom-
plete, in part due to a dearth of self-consistent ab-
sorber/reflector models with physical motivations. In
the last decade, several theoretical models based on
radiative hydro-dynamic simulations have been devel-
oped, which attempt to explain the origin and stability
of the obscurer. The high covering is achieved either by
bringing in host galaxy scale gas from random orien-
tations (e.g., Hopkins et al. 2012; Gaspari et al. 2015),
by black hole and star formation feedback processes
in the inner hundred parsec (e.g., Wada 2012; Schart-
mann et al. 2018), or by the black hole accretion system
in isolation (e.g., Chan & Krolik 2016; Dorodnitsyn &
Kallman 2017; Williamson et al. 2018; Mościbrodzka
& Proga 2013). However, such models have not yet
been tested against X-ray reflection spectroscopy. We
investigate the spectral signatures of different physi-
cally motivated geometries, and whether they can be
differentiated by current X-ray instruments. In sec-
tion 2.1, we develop an open-source Monte Carlo code
that can be used to simulate the irradiation of arbi-
trary grid geometries and produce X-ray spectra. We
investigate two new X-ray spectral predictions based
on physical models, presented in section 3. The ge-
ometries were dynamically created in the environment
of super-massive black holes by effects like gravity and
radiation pressure. Section 4.1 presents the emerging
X-ray spectra, and section 4.3 validates them against
X-ray observations. Section 5 discusses the physical
implications of the results and suggests future obser-
vational tests.

2. Methodology

2.1. Simulations

Monte Carlo simulations are used to compute the
emerging X-ray spectrum for several geometries
of interest. For this, we developed a modular,
Python-based simulation code XARS (X-ray Absorp-
tion Re-emission Scattering, Buchner et al. 2019),
which is publicly available at https://github.com/
JohannesBuchner/xars. The simulation method is
described in detail in Brightman & Nandra (2011).
Briefly, a point-source emits photons isotropically from
the centre of the obscurer geometry. Photo-electric
absorption, Compton scattering and line fluorescence
are simulated self-consistently as photons pass through
matter, altering the direction and energy of the pho-
tons or absorbing them. For simplicity and to compare
with other works, solar abundances from Anders &
Grevesse (1989) are assumed with cross-sections from
Verner et al. (1996). XARS computes the Green’s func-
tions at each defined energy grid point and viewing an-
gle, onto which an input photon spectrum, e.g. a pow-
erlaw, can be applied, and transformed into an Xspec
grid model.

Users of XARS specify the geometry of the ob-
scurer by implementing how far, starting from a
given location and direction, photons can propa-
gate through the medium. For this work we ad-
ditionally implemented photon propagation through
3-dimensional density grids, such as those produced
from hydrodynamic simulations. Our parallelised
and optimised C implementation is based on the 3D
Digital Differential Analyser (Fujimoto et al. 1986)
and publicly available within the LightRayRider li-
brary (Buchner et al. 2017) at https://github.com/
JohannesBuchner/LightRayRider and can easily be
used with XARS (examples are included in the XARS
documentation). Digital Differential Analysers are a
simple but efficient technique to traverse grids, and
compute the length before a new grid line is encoun-
tered. Assuming constant-density grid cells, this allows
us to integrate the column density along the photon
path efficiently. The exact technique is described in
Appendix A. This enables the computation of X-ray
spectra emerging from arbitrary density distributions.

2.2. Observations

After presenting the new spectral models in the fol-
lowing sections, preliminary comparisons to observa-
tions are made. A rigorous comparison of careful spec-
tral fits to an unbiased sample is left for future work.
Here, we test the plausibility of the models on three
sources: Circinus Galaxy, NGC 424 and ESO 103-
G03. These are bright and well-studied examples of
nearby AGN that demonstrate a variety of spectral
features of interest in our study. The NuSTAR spec-
tra of the three sources was previously analysed in
Buchner et al. (2019). All three show prominent reflec-
tion on top of a obscured continuum, but their accre-
tion rate and line-of-sight obscuration is diverse. They
were targeted by NuSTAR in single-epoch observations
(ObsIds: 60061007002, 60002039002, 60061288002) for
10–60 ks. Spectra were extracted using the NuSTAR
data processing tools in the same manner as in Bright-
man et al. (2015). The NuSTAR spectra are binned to

Article number, page 2 of 12

https://github.com/JohannesBuchner/xars
https://github.com/JohannesBuchner/xars
https://github.com/JohannesBuchner/LightRayRider
https://github.com/JohannesBuchner/LightRayRider


Buchner et al.: New constraints on the obscurer geometry in AGN

Fig. 1. Geometry of the radiation-driven fountain model
of Wada et al. (2016). A cross-section of the density grid
is shown with the X-ray emitting corona indicated by the
red cross. The side length of the simulation region is 32pc.

20 counts per bin and χ2 statistics adopted, which is
justified in these high count spectra.

Of our three sources, the closest and best under-
stood is the Circinus Galaxy. One of the model ge-
ometries we consider was specifically developed for this
galaxy. For this reason, we include a detailed spec-
tral analysis of this source. Within the point spread
function of current hard X-ray instruments, extended
emission is present (e.g., Bauer et al. 2015; Fabbiano
et al. 2018), and below 10 keV components from star
formation and X-ray binaries are important (Marinucci
et al. 2013; Arévalo et al. 2014). For this reason, we
include these components in a joint fit. To focus on
the high-energy shape, we consider the NuSTAR spec-
trum from 8–75keV and add Swift/BAT spectra from
the 105 month data release (Oh et al. 2018). For the
other two sources, we only make visual comparisons
with some models above 8 keV as a first-order valida-
tion, while more detailed analyses are left for a future
publication.

3. Geometries

Realistic obscurer models need to explain the high
obscured fraction in the AGN population. This re-
quires sustaining large covering factor around the X-
ray source (see, e.g., Lawrence & Elvis 2010; Wada
2015; Schartmann et al. 2018). Below we present two
physically motivated X-ray obscurer models: A warped
disk and the radiative fountain model. In the following
section, we discuss the resulting spectra.

3.1. Wada’s radiative fountain model

Wada (2012) developed a model in which the obscurer
is a radiation pressure-driven polar outflow from a
black hole accreting within a thick, parsec-scale disk.
The outflow falls back akin to a fountain (see Fig-
ure 1) and forms a torus-like shape producing suit-
ably high covering factors (Wada 2015). In Wada
et al. (2016), supernova feedback is also included. The
evolution of this system was computed with three-
dimensional radiation hydrodynamic simulations on a
2563 cell grid spanning a domain of (32pc)3. As a
representation of this model, we use the Wada et al.

1 0 1
1

0

1

Warped disk

Fig. 2. Warped disk geometry, viewed edge-on. Near
the centre the disk is only mildly warped (shaded inner-
most two annuli, rwarp ∼ 0.25), and viewing angles are
defined relative to there. The outer disk annuli (up to ra-
dius rwarp = 1) are warped more strongly and form a wall,
suitable for Compton reflection. For our simulation, we set
up a grid with 2563 cells and assign cells intersecting with
this shape a Compton-thick column density.

(2016) geometry from their final simulation time step.
Figure 1 shows the geometry for a black hole mass
of MBH = 2 × 106M� and 20% Eddington rate, suit-
able for comparison to Circinus (see Wada et al. 2016,
2018a; Izumi et al. 2018; Wada et al. 2018b, for com-
parison with infrared SEDs, atomic/molecular gas, and
ionized gas observations, respectively). The model has
a Compton-thick LOS column density only under edge-
on viewing angles (consistent with the infrared analysis
of Circinus by Wada et al. 2016).

The X-ray spectrum under this geometry is com-
puted by placing the X-ray corona at the centre of
the simulations density grid (see Figure 1). We use
XARS to irradiate the geometry with 5 × 109 photons,
and capture the energy and direction of X-ray photons
escaping to infinity. The direction is used to divide
photons by viewing angle in two steps. First, the LOS
column density (NH) from the corona to infinity in that
direction is computed, which defines the first binning
axis. Secondly, we further sub-divide by azimuthal an-
gle (face-on to edge-on). This scheme (also in Buchner
et al. 2019) has the benefit of separating out the most
important observable (LOS NH), and allowing varying
the LOS NH and viewing angle independently.

3.2. Warped disk

Warped, tilted and twisted disks have been proposed
as the source of (Compton-thick) obscuration (e.g.,
Lawrence & Elvis 2010). Non-planar accretion can
cause precessing concentric rings of accretion disks
(Petterson 1977a). Additionally, the disk emits normal
to the local surface, but the received radiation pressure
from the centre is misaligned and causes torque, and
thus twisted disks (Petterson 1977b). The shape dis-
tortion is limited by viscosity, as gas moves radially
inward.

Water maser disks are one type of such warped
disks known to exist in several AGN. Strongly emit-
ting disk clumps trace out edge-on warped disk struc-
tures, e.g. in Circinus (Greenhill et al. 2003). Recently,
Jud et al. (2017) developed an infrared model for the
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warped disk. They demonstrate good fits to infrared
photometry and can naturally explain the offset be-
tween point source and disk component seen in the
highest resolution infrared VLTI observations (Tris-
tram et al. 2014). Water maser disk systems are always
found to be heavily obscured (Greenhill et al. 2008;
Masini et al. 2016), indicating that the Compton-thick
obscurer either is the warped maser disk itself or at
least shares the same plane of orientation.

We now simulate such a warped disk obscurer.
Pringle (1996) describes the geometry of a warped disk
as

x = r · (sinφ cos γ cosβ + cosφ sin γ)

y = r · (sinφ sin γ cosβ − cosφ cos γ)

z = r · (− sinφ sinβ)

with γ(r) =
√
r and β(r) = sin(γ(r))/γ(r), follow-

ing Maloney et al. (1996). The parametrisation essen-
tially describes a disk ring at radius r across angles
φ ∈ [0, 2π]. We set up a computation grid of 2563 cells
and assign a column density of NH = 1025cm−2 to all
grid cells intersecting the warped disk, as well as the
cells just below to produce a thickness of at least two
grid cells everywhere.

We set up various warp strengths. We let the radii
r range from zero (the centre) up to rwarp = 1, 1/2,
1/4 or 1/16. The case of a strong warp (rwarp = 1) is
illustrated in Figure 2 and features a prominent wall.
For 1/4 and 1/16, only the flat thin (unwarped) inner
disk remains, illustrated as the inner annuli of Figure 2.

4. Results

4.1. Continuum shapes

Examples of obscured spectra are presented in Fig-
ure 3. The input photon spectrum is a cut-off pow-
erlaw E−Γ × exp(−E/Ecut) with photon index Γ = 2
and exponential cut-off Ecut = 400keV. The panels
of Figure 3 plot the emerging E2×photon spectrum,
split by inclination and LOS column density. For ori-
entation, we include two models based on simple ge-
ometries in Figure 3. The sphere model of Brightman
& Nandra (2011) embeds the X-ray point source in a
constant-density sphere. This model completely sup-
presses photons below 10 keV in Compton-thick sight-
lines, except for Fe K fluorescence. The smooth torus
model of Murphy & Yaqoob (2009) surrounds the X-
ray point source with a constant-density torus, with
an opening angle of 60°. Its soft emission is dominated
by Compton reflection off the torus. In moderately
obscured sight-lines (bottom panels of Figure 3), all
models make similar predictions. The sphere model
differs slightly from the others, as it does not include
an exponential cut-off.

The models differ in the strength of the Compton
hump near 10–50 keV. The warped disk model shows
the strongest emission, while the radiative fountain
model has a weak Compton hump. This is likely re-
lated to the high covering factor of high-density mate-
rial in the warped disk that is seen without further ob-
scuration by the observer. The two models bracket the
sphere model in terms of the Compton hump strength.
Additionally, the hump shapes are different in their
turn-over.

The models differ most strongly in the 2–20 keV
energy range under Compton-thick LOS (e.g., top left
panel). Here the transmitted powerlaw continuum is
suppressed, revealing the Compton reflected compo-
nents and fluorescent lines. In both of our two models,
soft photons escape under all viewing angles through
Compton scattering.

The spectral slopes in the 2–20 keV energy range
are diverse. The spherical obscurer shows the steep-
est slope among the models. The smooth torus and
radiative fountain models show a smooth exponential
turn-over, at lower energies than the sphere geome-
try. In contrast, the warped disk model presents a
powerlaw-like continuum in the 2–20 keV energy range
with photon index Γ ≈ 0.5. The warped disk produces
the strongest emission near 20 keV among the models.
Its Compton hump is widest in the radiative fountain
model.

We explore these differences further in Figure 4 and
5. Figure 4 shows the spectra from the models of Wada
(2012) and Wada et al. (2016), which differ primarily in
that the latter uses a ten times smaller black hole mass
and the presence of supernova feedback, both chosen to
match the Circinus Galaxy. The X-ray spectral predic-
tions are however of similar shape, characterised by a
smoothly bending reflection spectrum in the 2–20 keV
energy range. The resulting spectra are very similar
across viewing angles, if the LOS column density are
kept constant. However, Compton-thick sight-lines, as
shown in Figure 4, only exist in equatorial views.

4.2. Model variations

Reflection close to the X-ray corona can alter the spec-
tral shape. The accretion disk is a known reflector, and
can be modelled by a semi-infinite slab. We replace
the input powerlaw source with a powerlaw source and
its disk-reflected, angle-averaged spectrum. The disk
model spectrum was computed with XARS and pre-
sented in the appendix of Buchner et al. (2019), and is
consistent with the pexmon disk model (Nandra et al.
2007). The effect of the accretion disk model can be
seen by comparing the orange curve in Figure 4 with
the blue curve. The model with accretion disk (orange)
shows a higher Compton hump than the model with-
out (blue). However, the difference is less than a factor
of 2. This may be because the disk adds reflection, but
does not hinder the powerlaw emission from the X-ray
source over half of the sky.

Higher covering factor obscuring structure at small
scales have more drastic changes. We experiment
how the fountain model would need to be minimally
changed to behave like the warped disk model. At
the same time, the ultra-violet radiation pressure of
the model should remain unaffected. A completely
ionised structure between accretion disk and < 0.1pc
scales may be a viable solution. This could be sim-
ilar to the dense, inner shielding gas of wind simu-
lations by Gallagher et al. (2015), and could also be
interpreted as a sub-parsec scale warped disk, or the
broad line region. For simplicity, we achieve a toroid
with a opening angle of approximately 60°, by setting
the eight spaxels closest to the X-ray emitter in the
equatorial plane to Compton-thick column densities.
The emerging spectrum is shown in green in Figure 4.
The spectral shape is dramatically different, showing

Article number, page 4 of 12



Buchner et al.: New constraints on the obscurer geometry in AGN

100 101 102

Energy (keV)

10 4

10 3

10 2

10 1

100

101
E2  f

lu
x 

[k
eV

2  ×
 P

ho
to

ns
/c

m
2 /s

/k
eV

]
edge-on NH = 1025cm 2

logNH = 25, = 87  (edge-on)
Smooth torus
Sphere
Radiative Fountain
Warped disk

100 101 102

Energy (keV)

10 4

10 3

10 2

10 1

100

101

E2  f
lu

x 
[k

eV
2  ×

 P
ho

to
ns

/c
m

2 /s
/k

eV
]

face-on NH = 1025cm 2

logNH = 25, = 30  (face-on)
Smooth torus
Sphere
Radiative Fountain
Warped disk

100 101 102

Energy (keV)

10 4

10 3

10 2

10 1

100

101

E2  f
lu

x 
[k

eV
2  ×

 P
ho

to
ns

/c
m

2 /s
/k

eV
]

edge-on NH = 1024cm 2

logNH = 24, = 87  (edge-on)
Smooth torus
Sphere
Radiative Fountain
Warped disk

100 101 102

Energy (keV)

10 4

10 3

10 2

10 1

100

101

E2  f
lu

x 
[k

eV
2  ×

 P
ho

to
ns

/c
m

2 /s
/k

eV
]

Fe
KFe
K

C
K Ne

K Mg
K

Si
K Ar

K
Ca
K

Cr
K

Ni
K

face-on NH = 1024cm 2

logNH = 24, = 30  (face-on)
Smooth torus
Sphere
Radiative Fountain
Warped disk

100 101 102

Energy (keV)

10 4

10 3

10 2

10 1

100

101

E2  f
lu

x 
[k

eV
2  ×

 P
ho

to
ns

/c
m

2 /s
/k

eV
]

edge-on NH = 1023cm 2

logNH = 23, = 87  (edge-on)
Smooth torus
Sphere
Radiative Fountain
Warped disk

100 101 102

Energy (keV)

10 4

10 3

10 2

10 1

100

101

E2  f
lu

x 
[k

eV
2  ×

 P
ho

to
ns

/c
m

2 /s
/k

eV
]

face-on NH = 1023cm 2

logNH = 23, = 30  (face-on)
Smooth torus
Sphere
Radiative Fountain
Warped disk

Fig. 3. Model spectra of the radiative fountain model (green) and warped disk model (orange). The rows show
different line-of-sight column densities. The left/right column shows a nearly edge-on/face-on view of the obscurer. For
comparison, a spherical obscurer (Brightman & Nandra 2011) and smooth torus (Murphy & Yaqoob 2009) are included
as purple dashed and black dotted curves, respectively. In low column densities (bottom row) the predictions are similar.
In the right column, the radiative fountain predictions are absent because near-Compton-thick column densities only
occur in the equatorial plane. Similarly, the torus is unobscured from this viewing angle and shows the input powerlaw.
The models differ most in the 2–20keV range under high obscuring column densities (top left panel). The warped disk
produces the strongest emission near 20keV among the models. Models are normalised at 200 keV. The center right
panel annotates the included fluorescent lines.

a much stronger Compton hump. It is very similar to
the warped disk model (see top left panel of Figure 3).

Variations of the warped disk models are shown in
Figure 5. The most important parameter is the ex-
tent of the warp (increasing with line thickness). For
stronger warps (see visualisation in Figure 2), the in-
creased area available for Compton reflection strength-
ens the Compton hump emission near 20 keV. The
viewing angle (defined relative to the innermost an-

nuli) has a minor effect, because of the twisting shape
of this geometry.

We publish the spectra as Xspec table models at
https://github.com/JohannesBuchner/xars.

4.3. Plausability of models

The model diversity shown in the previous section in-
dicates that in the Compton-thick regime, hard X-ray
spectra can differentiate model geometries. As out-
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lined in §2.2, we explore the plausibility of our models
by projecting them through the NuSTAR response and
comparing against a few, high-quality observations.
Typical AGN source parameters (a powerlaw contin-
uum with photon index Γ = 2) are assumed, and the
line-of-sight obscuration is varied. As contaminating
components all decline steeply with energy, therefore
we normalise each model with the data at the high en-
ergy end and accept models that do not overpredict
the data.

Figure 6 shows three NuSTAR spectra of nearby
AGN. The high-quality data reveals the reflector in
great detail. The top panel of Figure 6 compares spec-
tra from the radiative fountain model (green) to the
data. An input power law with photon index of Γ = 2
is seen through varying layers of column density (green
curves). The data of ESO 103-G035 mostly match
some of the top model curves, but the 8–10keV data
is underpredicted. This could be accommodated by
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Fig. 6. Comparison of radiative fountain model
(top panel) and warped disk model (bottom) to three ob-
served spectra of AGN (error bars). Each panel shows
one fixed model geometry. Model instances with pho-
ton index Γ = 2 and LOS column densities of logNH =
20, 23.5, 23.75, 24, 24.25, 24.5, 26 (top to bottom curves)
are folded through the three instrument responses (near-
overlapping groups of curves). Data and models are nor-
malised at 35 keV. Top panel : The radiative fountain mod-
els show an excess near 10 keV compared to the data. Bot-
tom panel : The warped disk model follows the ESO 103-
G035 data closely, and also reproduces the Circinus data.
The models underproduce the data at 4–8 keV.

additional soft energy emission components. The situ-
ation is more discrepant when considering the Circinus
Galaxy. While the data show a powerlaw-like increase
from 8 to 20 keV, the models present a wide hump
from 8 to 20 keV. The models overpredict the data at
10–25 keV even at the highest column densities (lowest
curve). A better result may be possible, if an addi-
tional reflector was included (see Figure 4). The data
of NGC 424 mimic those of the Circinus Galaxy, but
have larger uncertainties.

The bottom panel of Figure 6 compares spectra
from the warped disk model (orange) to the data.
Here, the data of ESO 103-G035 are directly repro-
duced by the model, in terms of the 3–6keV slope, the
8–20keV shape and the Compton hump strength. The
same is true for NGC 424. For the Circinus Galaxy,
the data can be matched well from 10 keV upwards.
At energies below 10 keV, an additional contribution
appears to be needed. This is expected. In Buchner
et al. 2019 and many other works, an additive pow-
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Fig. 7. Circinus hard X-ray spectrum with fitted models.
The NuSTAR 8 − 75 keV (here heavily rebinned just for
visualisation) and BAT 15−150 keVspectra were fitted with
four models. The warped disk model yields the lowest χ².

erlaw component has been employed for this purpose.
The photon index Γ has not been tuned, which could
lead to even better agreement. The projection of the
warped disk model onto the data is encouraging. To
test this more thoroughly, the multiple spectral com-
ponents and their model parameters have to be fitted
jointly.

4.4. Test case: Spectral fit to Circinus

Finally, a full spectral fit is performed to the data from
the Circinus Galaxy. This object is most suitable, be-
cause the hydrodynamic simulations of the radia-
tive fountain model have been tailored to its parame-
ters (accretion rate and black hole mass). Ap-
pendix B makes comparisons to the other two
galaxies considered in this work. The observed
spectrum from NuSTAR and Swift/BAT, pre-
sented in Figure 7, also exhibits high photon
count statistics. For clear presentation, the
NuSTAR spectra were summed and rebinned
to 1000 counts per bin, but for fitting we use a
spectrum binned to 20 counts per bin.

Four spectral models of the obscurer geometry are
considered. From this work, the warped disk model
and the radiative fountain model with the inner ring
modification are included. The smooth torus geome-
try of Murphy & Yaqoob (2009) and the clumpy torus
of Liu & Li (2014) are also considered. In addition
to a powerlaw source processed by an obscurer model,
two further components are included. A secondary, un-
obscured powerlaw is included with the same photon
index and a normalisation fscat of up to 10% of the pri-
mary powerlaw normalisation. The CGX2 supernova
remnant contamination has been included as a frozen
mekal component with values taken from Arévalo et al.
(2014). The spectrum was fitted with all parameters
controlling the spectral shape (NH, Γ, fscat) free to
vary. The normalisation in each data set (FPMA,
FPMB, BAT) were left free to vary independently, to
account for cross-calibration factors.

We report the most important spectral parame-
ters in Table 1. The fit χ2 statistic is best in the
warped disk model (χ2/dof = 1432/1462). The ra-
diative fountain model is a good fit when an inner
ring is inserted (χ2/dof = 1451/1463), but not with-
out (χ2/dof = 4392/1463). In both models the photon
index is Γ = 2, close to typical values in the population
(Γ = 1.95 ± 0.15, Nandra & Pounds 1994; Ricci et al.
2017). The clumpy torus (χ2/dof = 1523/1462) and
the smooth torus (χ2/dof = 1502/1463) do not fit the
data as well. The NuSTAR data force these models
to high, atypical photon indices (Γ > 2.4), which are
disfavored by the Swift/BAT data (Γ = 2.09± 0.02 in
Oh et al. 2018). All models indicate very high column
densities (NH ≥ 1025cm−2). For reference, we also list
the parameters found in the recent detailed analysis of
Arévalo et al. (2014), which considered a multitude of
models, including the smooth torus model.

5. Discussion & Conclusion

In this work we have extended the open source XARS
Monte Carlo spectra simulation software to irradiate
arbitrary density grids. We explore physically moti-
vated geometries, including Wada’s radiative fountain
model and warped disks. This allows for the first time
investigation of gas geometries predicted by hydro-
dynamic simulations.

5.1. Geometry information in X-ray spectra

Different geometries of AGN obscurers predict very dif-
ferent X-ray spectra. In particular, powerful indicators
of the obscurer geometry in heavily obscured AGN are
illustrated by the top left panel of Figure 3. These in-
clude the continuum slope just below the Fe K emission
feature (2−6 keV), the bend of the continuum between
the Fe K edge and the Compton hump (8–20 keV). Be-
low we discuss how different geometries produce differ-
ent shapes.

Spherical, completely covering obscurers predict
virtually no escape of continuum photons below
10 keV. Such geometries have been suggested for merg-
ing galaxies, but are difficult to test because of the
low-energy contamination by stellar processes in these
often star-bursting galaxies (e.g., Arp 220, see Teng
et al. 2015).

The reflection processes are more elaborate in other
geometries. Warped disks, sight-lines through the
disk heavily suppress the continuum, while an elevated
far side can provide an unabsorbed reflection spec-
trum. This behaviour resembles smooth torus geome-
tries (Murphy & Yaqoob 2009), where the far side also
provides substantial reflection.

The warped disk structure requires much less mass
than a smooth torus, and is dynamically stable. The
extent of the warp is related to the covering factor and
influences the strength of the Compton hump emission
(see Figure 5).

The radiative fountain model is more complex. A
mixture of constant-density spheres can help under-
stand the emerging spectral shape. The reflection
off a single, spherical blob in the 8–20 keV band is
shown in Figure 8 (middle four cases, from the Ap-
pendix of Buchner et al. 2019). High-density blobs
show a steeply rising spectrum, while low-density blobs
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Table 1. Best-fit models parameters for the Circinus Galaxy.

Model Geometry NH Γ fscat θincl χ2/dof
1024cm−2 % °

(various, in Arévalo et al. 2014) 3–20 1.6–2.5 ∼ 75 -
Smooth torus 6.4± 0.4 ≥ 2.6 ≤ 5× 10−3 81.8± 0.5 1502/1463
Clumpy torus ≥ 9.93 2.43± 0.03 30± 6× 10−2 ≥ 85 1523/1462
Warped disk 12.61± 3.30 2.00± 0.01 2.9± 1.3× 10−3 51± 21 1432/1462
Radiative fountain + inner ring 16± 1 1.97± 0.007 ≤ 3× 10−4 82± 8 1451/1463

also let low-energy photons escape. Combining low,
intermediate and high-density blobs is shown in the
bottom of Figure 8. The mixture of these reflection
spectra leads to a wide, smooth hump. Such a spec-
trum emerges from the radiative fountain model (dot-
ted green curve). In that model, photons interact with
a wide range of mostly Compton-thin densities as they
travel towards infinity. The truncation towards soft
energies in Figure 3 can be explained by photo-electric
absorption by a Compton-thin gas envelope.

5.2. The obscuring structure of nearby galaxies

High-quality high-energy spectra from nearby galax-
ies enable differentiating obscurer geometries. Indeed,
the warped disk model was selected as the best fit to
the Circinus Galaxy. However, a more generic con-
clusion can be drawn. The observed spectrum evinces
a power law of E− 1

2 in the 8–20 keV energy window
(dashed line in Figure 6). A preliminary analysis of
more AGN observed with NuSTAR indicates that such
spectral shapes occur only in rapidly accreting AGN
with Eddington accretion ratios of Ṁ/ṀEdd & 20%.
The examples in Figure 8 illustrate that such photon
flux shapes are only possible with a bimodal distri-
bution of blob densities, including heavily Compton-
thick blobs and thinner blobs NH . 1023cm−2. For
the radiative fountain model, this suggests that if the
thick disk was denser, the model may follow the data
better. Another way to achieve this result, illustrated
by the orange curve in Figure 4, is to insert an in-
ner high-covering obscuring structure. This effectively
prevents X-ray reflection from the thick disk and alters
the spectrum substantially. A very similar conclusion
was reached by Buchner et al. (2019), who inserted a
inner ring into a clumpy obscurer model.

Figure 9 illustrates the generic recipe to produce
the observed shapes. Firstly, the observed spectrum is
reflection-dominated, therefore the sightline between
observer and the X-ray corona features the Compton-
thick obscuration. Secondly, Compton-thick reflecting
surfaces with high covering factors are required to have
unobscured sight-lines both to the observer and the X-
ray corona. The accretion disk is unsuitable for this
(see Figure 4). This is because in non-relativistic, flat
accretion disks the disk reflection and powerlaw both
pass through the absorber (dashed, crossed out arrow
in Figure 9). In contrast, warped disks are one way to
provide Compton-thick reflection surfaces that see the
corona and the observer unobscured (bottom arrows
in Figure 9). The analysed spectra (Figure 6 and 8)
also place upper limits on reflection from Compton-
thin column densities.

Nevertheless, there are substantial caveats to our
conclusions. The nuclear reflection on parsec and sub-

parsec scales needs to be separated by a combination
of NuSTAR and Chandra observations. In the fu-
ture, higher angular resolution missions such as Lynx
(The Lynx Team 2018) will provide additional sepa-
ration. However, also a wider variety of simulations
with higher spatial resolution is desired. Additionally,
ionisation cone imaging spectroscopy (in optical and
X-rays) could be used to constrain the coherence and
opening angle of the inner structure (see e.g., Zhao
et al. 2020).

5.3. Implications and outlook

The spectral model diversity in the Compton-thick
regime has important implications. Firstly, the model
choice affects the selection of Compton-thick AGN, and
the computation of their space density. Many recent
surveys (e.g., Ueda et al. 2014; Buchner et al. 2015;
Aird et al. 2016) rely on the spectral model of Bright-
man et al. (2015). A fixed spectral model is used to
compute the sensitivity to detecting Compton-thick
AGN as a function of redshift and luminosity. Ricci
et al. (2015) explicitly demonstrated that the derived
Compton-thick fraction varies with the assumed ge-
ometry. Thus, knowing the geometry is crucially im-
portant. Secondly, hardness ratios and luminosity ab-
sorption corrections in the Compton-thick regime are
strongly dependent on the model geometry, in partic-
ular when analysing band counts (e.g., 0.5–2 keV and
2–10 keV) with a fixed spectral model. Recovering the
intrinsic accretion luminosity is more reliable when us-
ing multi-component spectral fits for each object in-
stead (e.g., Buchner et al. 2014).

Investigation of spectra of nearby AGN suggests ev-
idence of extreme column densities of NH > 1025cm−2.
These are needed either along the LOS (see Table 1)
or are present outside the LOS in the models not ex-
cluded by the data (see Figure 6 and Buchner et al.
2019). Such high column densities are outside the
range of most previous models. This is in part be-
cause the many photon interactions in such dense me-
dia are computationally costly to evaluate. XARS pro-
vides an efficient implementation for such situations
to address this, and can illuminate arbitrarily com-
plex geometries. In part, such high column densities
(NH > 1025cm−2) have not been considered because
they seem to be rare and unlikely a priori. How-
ever, current X-ray surveys of AGN may miss these,
as they become strongly absorbed even in the high-
est energy surveys (e.g., Swift/BAT), and additional
multi-wavelength selection methods may need to be de-
veloped to complement them. However, strong conclu-
sions require the analysis of a representative and com-
plete sample. Systematic NuSTAR follow-up of the
Swift/BAT survey is currently the most promising av-
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geometries (right). Black curves are normalised at 20 keV,
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power law. The top example shows reflection off a semi-
infinite disk. The middle four examples show a single blob
with column densities logNH = 23, 24, 25 and 26. In low-
density blobs, the reflection extends to low energies, while
for the densest blobs the spectrum rises rapidly (powerlaw
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but the last. Mixtures have a wider Compton hump with
a smooth bend. The exceptions are the bottom three ex-
amples, which lack the logNH = 24 blob. Their powerlaw-
like spectrum approximately follows F ∝ E− 1

2 (red dashed
line). The dotted green line shows the radiative fountain
model.

enue Baloković (2017), with careful multi-component
and spatially resolved analyses of NuSTAR, XMM-
Newton and Chandra data to separate non-AGN con-
tributions and extended reflection (as in, e.g., Arévalo
et al. 2014; Bauer et al. 2015). Because of the com-
plex parameter degeneracies (between geometry pa-
rameters, the LOS NH, and source luminosity, Γ and

Fig. 9. Inferred unobscured line-of-sights in Compton-
thick AGN. Arrows indicate unobscured lines of sight be-
tween components. Importantly, the reflection is not re-
processed by the absorber, and the corona is not directly
observed (red cross). The reflector is illuminated by the
corona directly, not the absorbed emission. The warm mir-
ror is not shown, but would have similar relations as the
cold reflector. The host and Milky Way galaxy absorbing
screens are also not shown.

Ecut), reliable fits require global parameter exploration
algorithms such as nested sampling (as, e.g., in Buch-
ner et al. 2014).

Different models retrieve different photon indices in
the Compton-thick regime. Even when only > 8 keV
data are considered, the effect size, ∆Γ ≈ 0.4, is sub-
stantially larger than the uncertainties (see Table 1).
Under the assumption that the accretion proceeds the
same at the same Eddington ratio, the photon index
distribution should be the same in Compton-thin AGN
and Compton-thick AGN. This can provide an addi-
tional test of the geometry, even when multiple geome-
tries provide equally good fits per-source. For example,
Ueda et al. (2014) find different photon indices for un-
obscured and moderately obscured AGN, which are not
seen in the local Universe when high-energy data are
available (Ricci et al. 2017), and may point to an in-
complete modelling assumption. A similar test can be
done also with the energy cut-off parameter, which can
yield low values (Ecut < 50 keV) in incomplete models.
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Appendix A: 3D Discrete Digital Analyser

We briefly describe how density grids were illumi-
nated and processed into X-ray spectra. In XARS (see
Buchner et al. 2019), the user needs to specify two
functions, one describing the geometry, and the sec-
ond specifying how escaping photons are gridded (e.g.
in viewing angle). For the latter we chose gridding in
viewing angle and LOS column density to the corona
(see Buchner et al. 2019), as these are the primary as-
pects affecting the output spectrum. The custom ge-
ometry function receives a photon position, direction
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Algorithm 1 A simplified 2D version of our grid
traversal algorithm.

f unc t i on DDA(
// s t a r t i n g pos i t i on
double x0 , double y0 ,
// d i r ec t i on
double dx , double dy ,
// column dens i ty
double NH

) {

// i n i t i a l i s a t i o n at current c e l l
double dt_dx = 1 . / dx ;
double dt_dy = 1 . / dy ;

int x , y = x0 , y0 ;
int x_inc , y_inc ;
double t_next_x , t_next_y ;
int sign_x = 1 , sign_y = 1 ;

i f ( dx > 0) {
x_inc = 1 ;
t_next_x = ( f l o o r ( x0 ) + 1 − x0 ) / dx ;

} else {
x_inc = −1;
t_next_x = ( x0 − f l o o r ( x0 ) ) / dx ;
sign_x = −1;

}
i f ( dy > 0) {

y_inc = 1 ;
t_next_y = ( f l o o r ( y0 ) + 1 − y0 ) / dy ;

} else {
y_inc = −1;
t_next_y = ( y0 − f l o o r ( y0 ) ) / dy ;
sign_y = −1;

}
loop {

double l a s t_t = t ; int last_x = x , last_y = y
;

i f ( t_next_y∗ sign_y <= t_next_x∗ sign_x ) {
// go in y
y += y_inc ;
t = t_next_y ;
t_next_y += dt_dy ;

} else {
// go in x
x += x_inc ;
t = t_next_x ;
t_next_x += dt_dx ;

}
// dens i ty of t h i s gr id c e l l :
double rho = rhoarr [ last_x , last_y ] ;
i f ( ( fabs ( t ) − l a s t_t ) ∗ rho > NH) {

// terminate within t h i s c e l l .
// return dis tance t r a v e l l e d
return l a s t_t + NH / rho ;

}
// sub t rac t f u l l c e l l
NH −= ( fabs ( t ) − l a s t_t ) ∗ rho ;

} // end of loop
} // end of funct ion

and NH distance (in optical depth units) to travel until
the photons stops (for interaction with the medium).

In the case of our density grids, the density within
a grid cell is assumed to be constant. The problem
then transforms to measuring the distances traversed
in each grid cell and multiplying with the grid density
to obtain the grid cellsNH. We illustrate the segmenta-
tion of the path in Figure A.1. This is subtracted from
the target NH distance until it reaches zero. Measuring
the distances traversed in each grid cell is solved with a
3D Discrete Digital Analyser, an algorithm developed
for drawing lines through pixels in computer graphics
(Fujimoto et al. 1986). We present a two-dimensional
simplified version in Figure 1; the extension to three
dimensions is straight-forward. The algorithm com-
putes the step size between grid lines given the current
direction, and then steps through the grid cells in the
right order (either in x or y). The outlined algorithm
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Fig. B.1. Same as Figure 7, but for NGC 3393.

returns the coordinate space distance traversed until
the photon has travelled through a column density of
NH.

Appendix B: Spectral fits of NGC 3393 and
NGC 424

For completeness, we also present spectral fits for the
two other galaxies, NGC 3393 and NGC 424. The
setup is virtually identical to that described in section
§4.4. The only difference in the modelling is that no
SNR contaminant is included.

Figure B.1 presents the spectral fit of five mod-
els. All models give good fit qualities (χ2/dof <
80/77). However, the best fit photon indices of the
clumpy model and the radiative fountain model are
low (1.69±0.11 and 1.53± 0.16, respectively). For the
other models, including the radiative fountain model
with inner ring, the best fit photon index has values
more typical of the population (the 1.8 − 2.0 interval
overlaps the 1σ confidence intervals). All model fits
produce best-fit column densities in the Compton-thick
regime.

Figure B.2 presents the equivalent spectral fit for
NGC 424. All models give good fit qualities (χ2/dof .
115/128). However, the best fit photon indices of the
clumpy torus model and the smooth torus model are
high (2.46±0.27 and 2.45±0.26, respectively). For the
other models, the best fit photon index hav values typ-
ical of the population (2.0 is within the 1σ confidence
intervals). All model fits produce best-fit column den-
sities in the Compton-thick regime.

The spectral fits confirm the point of Figure 6: The
spectra can be explained by an AGN with a typical
photon index Γ = 2 under the warped disk model, but
not under the radiative fountain model, unless a inner
ring is added.
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Fig. B.2. Same as Figure 7, but for NGC 424.
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