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A B S T R A C T 

Recent observations have shown that a large portion of the mid-infrared (MIR) spectrum of active galactic nuclei (AGNs) stems 
from the polar regions. In this paper, we investigate the effects of this polar gas on the X-ray spectrum of AGNs using ray-tracing 

simulations. Two geometries for the polar gas are considered, (1) a hollow cone corresponding to the best-fitting MIR model 
and (2) a filled cone, both with varying column densities (ranging from 10 

21 to 10 

22.5 cm 

−2 ) along with a torus surrounding the 
central X-ray source. We find that the polar gas leads to an increase in the equi v alent width of se veral fluorescence lines below 

∼5 keV (e.g. O, Ne, Mg, Si). A filled geometry is unlikely for the polar component, as the X-ray spectra of many type 1 AGNs 
would show signatures of obscuration. We also consider extra emission from the narrow-line region such as a scattered power 
law with many photoionized lines from obscured AGNs, and different opening angles and matter compositions for the hollow 

cone. These simulations will provide a fundamental benchmark for current and future high spectral resolution X-ray instruments, 
such as those onboard XRISM and Athena . 

Key words: atomic processes – galaxies: active – galaxies: Seyfert – X-rays: galaxies – X-rays: general. 
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 I N T RO D U C T I O N  

upermassive black holes (SMBHs) are thought to inhabit the centre 
f every massive galaxy (e.g. Magorrian et al. 1998 ). Throughout 
ts lifetime, an SMBH can accrete significant amounts of matter, 
reating a very luminous and compact source of photons through the 
ormation of an accretion disc (Shakura & Sunyaev 1973 ). When an
MBH is undergoing this accreting phase, it is classified as an active
alactic nucleus (AGN). AGNs can then be subdivided based on their 
ptical, radio, and X-ray properties. In order to explain the differences 
n the observational properties of accreting SMBHs, particularly in 
he optical and X-ray band, the unified model of AGNs proposes a
arge-scale dusty torus that surrounds the broad-line region and the 
ccreting SMBH (Antonucci 1993 ; Urry & P ado vani 1995 ; Netzer
015 ; Ramos Almeida & Ricci 2017 ). The differences in AGNs
re then explained by the observer’s viewing angle with respect 
o the torus. When viewing an AGN through the torus, the central
MBH and accretion disc are obscured, and narrow emission lines 
re present. Observing an AGN perpendicular to the plane of the 
orus leads to an unobscured line of sight of the inner regions of the
ccreting system, which allows for the detection of both broad and 
arrow emission lines. 
In AGNs, X-rays are produced in a small region close to the

MBH (e.g. Chartas et al. 2009 ; Uttley et al. 2014 ). The accretion
isc cannot be responsible for the observed X-ray radiation because 
he temperature of the disc is not sufficient to create X-ray photons
Shakura & Sunyaev 1973 ). Instead, it is now widely accepted 
hat optical/ultraviolet (UV) photons from the disc are upscattered 
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hrough the process of inverse Compton scattering when interacting 
ith heated electrons in the X-ray corona (Haardt & Maraschi 
991 , 1993 ). The process in which these electrons become heated
s still debated and could be caused by magnetic flares (e.g. Haardt,

araschi & Ghisellini 1994 ; Merloni, Di Matteo & Fabian 2000 ),
lumpy discs (e.g. Guilbert & Rees 1988 ), or aborted jets (Henri
 Petrucci 1997 ). The primary component of the X-ray continuum

bserved in AGNs can be approximated by a power law with an
xponential cut-off at ∼200 keV (e.g. Ricci et al. 2018 ). The slope of
his power law is determined by the photon index �, which typically
as a value between 1.8 and 1.9 (Nandra et al. 2000 ; Brightman
 Nandra 2011 ; Ricci et al. 2017a ). Absorption in the X-rays is

riven by photoelectric absorption and Compton scattering, the latter 
ecoming important at column densities of 1/ σ T ≈ 10 24 cm 

−2 , where
T is the Thomson cross-section. AGNs that are observed through 
olumn densities higher than this threshold are dubbed Compton 
hick (CT; e.g. Matt et al. 2000 ; Yaqoob & Murphy 2011 ; Brightman
 Ueda 2012 ; Ricci et al. 2015 ; Odaka et al. 2016 ; Hikitani et al.

018 ). Reprocessed radiation is responsible for many characteristic 
eatures in the X-ray spectra of AGNs, such as the reflection hump
t ∼30 keV and the iron K α line at 6.4 keV. 

Until recently, most of the mid-infrared (MIR) emission associ- 
ted with AGNs has been thought to have its origin in the torus
Nenkov a et al. 2008 ; Stale vski et al. 2012 ). Jaf fe et al. ( 2004 )
eported MIR observations of NGC-1068 showing a warm dusty 
tructure on scales of parsecs that surrounded a smaller hot structure.
his was a significant confirmation of the presence of a torus-like
tructure in an AGN. Now, recent observations from the mid-infrared 
nterferometric instrument (MIDI) on the Very Large Telescope show 

 large portion of the MIR spectrum of AGNs stemming from the
olar regions on scales of tens to hundreds of parsecs (e.g. H ̈onig et al.
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012 ) and not only from the torus as previously thought (Stalevski,
smus & Tristram 2017 ; Stalevski, Tristram & Asmus 2019 , and

eferences therein). These observations have been made by both
IR interferometric (e.g. H ̈onig et al. 2012 ; Burtscher et al. 2013 ;
 ́opez Gonzaga et al. 2016 ; Leftley et al. 2019 ) and single-dish
bservations (e.g. Asmus, H ̈onig & Gandhi 2016 ). In addition to this,
he Atacama Large Millimeter/submillimeter Array (ALMA) is also
e vealing polar outflo ws on the same spatial scales (e.g. Gallimore
t al. 2016 ), which suggests that the torus may be an obscuring
utflow. This is in contrast with the traditional unified model, which
oes not predict this elongated polar MIR emission. This polar gas
or component) has a significant effect on the MIR Spectral Energy
istribution (SED), but it is likely optically thin, otherwise the X-

ay emission would be obscured for type 1 AGNs (Liu et al. 2019 ).
he origin of this polar component is still unknown. A plausible
xplanation is that this polar gas is the result of radiation pressure
n dust grains from strong UV emission in the polar region from
he accretion disc causing a dusty wind (Ricci et al. 2017b ; H ̈onig
019 ; Leftley et al. 2019 ; Venanzi, H ̈onig & Williamson 2020 ), a
cenario also consistent with hydrodynamical simulations (e.g. Wada
012 ). 
The two nearest sources in which this polar component has been

onfirmed by interferometric studies are NGC-1068 (L ́opez Gonzaga
t al. 2014 ) and the Circinus galaxy (Tristram et al. 2014 ), although
uch elongated emission has also been observed in several other
ources (e.g. Burtscher et al. 2016 ; L ́opez Gonzaga et al. 2016 ). There
as been e xtensiv e literature studying the effect of this polar gas on
he MIR spectrum, as well as the effect of different distributions of
he polar gas itself (e.g. Stalevski et al. 2017 , 2019 ; Asmus 2019 ).
hese studies concluded that the best model for the distribution of

his polar gas to fit the MIR spectrum is a hollow cone or a hyperbolic
one on large scales, accompanied by a disc component on smaller
cales. The hollow nature of these geometries is naturally consistent
ith the absence of obscuring material along the line of sight to type
 AGNs (e.g. Koss et al. 2017 ; Ricci et al. 2017b ). Liu et al. ( 2019 )
tudied the effect of polar gas on the X-ray spectrum of AGNs by
onsidering an X-ray source surrounded by an equatorial disc and
 hollow cone perpendicular to the plane of the disc. Liu et al.
 2019 ) found that the polar gas has a significant effect on the X-ray
pectrum of AGNs, and argued that the scattered fluorescence line
eatures can act as a potential probe for the kinematics of the polar
as. 

So far, most studies of reprocessed X-ray radiation in AGNs have
een carried out assuming a torus/disc and no polar component.
hus, adding this polar component in the study of scattered X-ray
mission can provide an important look into the kinematics of the
olar gas and thus its origin. Since the polar gas is likely optically
hin, it would only affect the soft (0.3–5 keV) part of the X-ray
pectrum and not the hard portion ( > 5 keV). In this paper, we use the
ay-tracing simulation software REFLEX 

1 (Paltani & Ricci 2017 ) to
imulate the spectra from an AGN with a torus accompanied by large-
cale polar filled and hollow cones corresponding to the best-fitting
odel of the MIR data. We study the effect of the polar gas on the
-ray spectrum considering multiple inclination angles and column
ensities. 
This paper is laid out as follows. In Section 2 , we give an overview

f the parameters and models of our simulations. Then, we discuss the
esults of our simulations in Section 3 . Next, in Section 4 , we lay out
he equi v alent widths of the spectral lines to be compared to current
NRAS 512, 2961–2971 (2022) 
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I  

o  

t  
nd future observations from X-ray missions as well as consider
bserv ational dif ferences in the resulting spectra of our simulations.
e also add many components seen from the narrow-line region

NLR) such as a scattered power law and many photoionized lines
een in obscured AGNs. Section 5 investigates the difference in the
pectra when the opening angle and abundances of the hollow cone
re changed. Finally, in Section 6 , we summarize our findings and
resent our conclusions. 

 SI MULATI ON  SET-UP  

.1 REFLEX : a ray-tracing simulation platform 

n this paper, we use the ray-tracing simulation platform REFLEX

Paltani & Ricci 2017 ) in order to study the emission from this new
olar region. REFLEX is not the first ray-tracing code to be used
n studying reprocessed radiation from AGNs. Indeed some of the
rst ray-tracing simulation platforms date to the early 1990s with
onte Carlo methods (e.g. George & Fabian 1991 ). Monte Carlo

imulations became instrumental in simulating the X-ray spectra of
eavily obscured AGNs. They were used, for example, to calculate
he equi v alent width of the iron K α complex produced in neutral
atter considering various column densities and Iron abundances

Matt 2002 ). Newer models, such as MYTORUS (Murphy & Yaqoob
009 ), consider a toroidal geometry with arbitrary column densities,
hile codes such as Brightman & Nandra ( 2011 ) and Balokovi ́c et al.

 2018 ) also include varying co v ering f actors. Clump y torus models
ave also been developed recently (e.g. Liu & Li 2014 ; Buchner
t al. 2019 ). Ho we ver, most of these models limit the users input
n the allo wed geometries. Alternati vely, REFLEX allo ws the user
o specify an X-ray source with different geometries and various
pectral shapes in the 0.1 keV to 1 MeV energy range. After the
eometry and spectral shapes are determined, REFLEX allows the user
o build quasi-arbitrary gas distributions around the X-ray source,
ith user specified densities. When the simulation is run, REFLEX

racks the life of every X-ray photon as it is propagated though
he distribution of gas. The photons can undergo several physical
rocesses when propagating through the gas, such as fluorescence,
ompton scattering, and Rayleigh scattering. Once a photon escapes

he gas and reaches the detector, it is collected in energy bins in terms
f flux (keV cm 

−2 s −1 keV 

−1 ), counts (integer number of photons),
r photons (cm 

−2 s −1 keV 

−1 ), depending on the specifications of the
ser. 

REFLEX also allows the user to specify the composition of the
aterial surrounding the X-ray source. This includes setting the gas
etallicity, the fraction of hydrogen in molecular form (H 2 fraction),

s well as the composition of the material which can be set, for
xample, to follow what was reported by Anders & Grevesse ( 1989 )
r Lodders ( 2003 ). All simulations in Section 3 are run using the gas
omposition from Anders & Grevesse ( 1989 ), solar metallicity, and
 H 2 fraction of 1. In Section 5 , we will consider the composition
rom Lodders ( 2003 ), as well as an H 2 fraction of 0.2, showing that
o significant difference is expected in the features arising from the
olar gas. 

.2 Geometries 

.2.1 Torus model 

n order to study the effect polar gas has on the X-ray spectrum
f AGNs, we implement three simulation set-ups. The first is a
orus with a Compton thick equatorial column density of N H , eq =

https://www.astro.unige.ch/reflex/
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Figure 1. Cross-sections for the three geometries considered. (Left-hand panel) Geometry for torus with radius r = 1.235 pc a distance R = 1.756 pc from the 
X-ray source. (Middle panel) Geometry for the torus + filled cone. (Right-hand panel) Geometry for the torus + hollow cone. The cones have an opening angle 
of 30 ◦ with slant lengths of 40 pc. The hollow cone has a small angular width of 1 ◦ corresponding to the best-fitting MIR data for the galaxy Circinus. 
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0 24 . 5 cm 

−2 surrounding an isotropic X-ray source emitting a power- 
aw distribution of photons with an exponential cut-off at 200 keV 

nd a photon index of � = 1.9. This is equi v alent to an AGN with
o polar component and thus will provide a comparison to our later
imulations with the polar component. The distance and size of the 
orus is characterized by two parameters in REFLEX : R and r as seen
n the left-hand panel of Fig. 1 . The values of R and r are kept
onsistent in all the simulations and have values of R = 1.756 pc and
 = 1.235 pc, corresponding to the best-fitting model of the Circinus
alaxy (Andonie et al. 2022 ), leading to a co v ering fraction of CF
 0.7. The gas in the torus and all other geometries is smooth. For

he torus (as well as all other geometries), we selected the spectra
rom four inclination angle ranges: 0 ◦ ≤ i ≤ 5 ◦ ( N H = 0 cm 

−2 ),
5.6 ◦ ≤ i ≤ 50.6 ◦ ( N H = 10 22.49 cm 

−2 ), and 85 ◦ ≤ i ≤ 90 ◦ ( N H 

10 24.50 cm 

−2 ) where i is the angle measured from the normal to
he plane of the torus. The column densities are calculated from the
entre of the range. The range 45.6 ◦ ≤ i ≤ 50.6 ◦ will be referred to
s the intermediate case and the ranges 0 ◦ ≤ i ≤ 5 ◦ and 85 ◦ ≤ i ≤
0 ◦ will be referred to as the pole-on and edge-on cases, respectively.
e also ran simulations at an inclination range of 60 ◦ ≤ i ≤ 65 ◦, but
ith no significant change from the 45.6 ◦ ≤ i ≤ 50.6 ◦ case. We note

n our simulations we use a linear resolution of 5 eV for E ≤ 10 keV
nd a logarithmic resolution of 0.001 eV for E > 10 keV 

.2.2 Torus + hollow/filled cone model 

he geometry for the torus along with the hollow cone can be seen in
he right-hand panel of Fig. 1 . The slant length of the cone was chosen
o be 40 pc with an opening angle of α = 30 ◦ and small angular
idth of 1 ◦, consistent with the best MIR model for the Circinus
alaxy (Stalevski et al. 2017 , 2019 ). The same three inclination angles
re considered as in the torus-only model. Ho we ver , to in vestigate
he effect of the density of the polar gas on the X-ray spectrum,
our slant column densities 2 are considered for the hollow cone 
t each inclination angle. These are log ( N H 

/
cm 

−2 ) = 21 , 21 . 5 , 22 ,
nd 22.5. The cone starts at a height of 0.1 pc abo v e the X-ray
ource, corresponding to the sublimation radius of dust in AGNs 
e.g. Kishimoto et al. 2007 ). The set-up for the simulations including
he torus along with the filled cone can be seen in the middle panel
f Fig. 1 . The filled cone is equi v alent to the hollow cone except for
he fact that the outer wall of the hollow cone is remo v ed and the
 The column density as seen looking along the slant length of the cone. 

2  

g
i  
nner portion of the cone is filled with gas. The same three inclination
ngles and column densities are considered for both the hollow and
lled cones. It should be noted that it is unlikely that the polar gas
as such a filled geometry in AGNs. Otherwise, we would expect a
arge fraction of type 1 AGN spectra to show obscured X-ray spectral
eatures, which is not the case (Koss et al. 2017 ; Ricci et al. 2017b ).
he material in these cones is also thought to be dusty (i.e. Stalevski
t al. 2017 , 2019 ) and thus must have a low level of ionization.
herefore, we assume neutral material for the cones. 

 RESULTS  

.1 Torus 

irst, we present the results for the torus only geometry as to provide
 comparison for our later simulations with the polar component. 
he results for the torus simulations at each inclination angle are
hown in Fig. 2 . The edge-on case (85 ◦ ≤ i ≤ 90 ◦) is characterized
y a high photoelectric absorption due to the large column density
n the torus and a more prominent iron K α line at ∼6.4 keV that is
lso seen at all other inclination ranges. The Compton shoulder is
lso visible at ∼6.2–6.4 keV. The simulation run at the intermediate
nclination angle (45.6 ◦ ≤ i ≤ 50.6 ◦) has a much lower column
ensity ( N H = 10 22.49 cm 

−2 ) that allows for the detection of more
uorescence lines in the soft portion of the spectrum, due to the
ecreased importance of photoelectric absorption. The fluorescence 
ines implemented in REFLEX can be found in appendix A of Paltani
 Ricci ( 2017 ). The hard portion of the spectrum in all simulations

hows a reflection hump peaking ∼20–30 keV. The pole-on case 
hows no fluorescence lines in the soft band as the line of sight is no
onger obscured by the torus and the spectral lines are washed out
y the dominating X-ray continuum. 

.2 Torus + hollow cone 

he results for all the torus + hollow cone simulations for the
ifferent inclination angles and polar gas column densities are shown 
n Figs 3 (a) and (b). Moving from left to right, Fig. 3 (a) shows
ow the X-ray spectra are affected by the polar gas as different
nclination angles are considered while keeping column density 
onstant (in this case, the column density shown is log N H /cm 

−2 =
1). Fig. 3 (b) shows how the X-ray spectra are affected by the polar
as as different slant column densities are considered while keeping 
nclination angle constant. The inclination angle shown in Fig. 3 (b)
MNRAS 512, 2961–2971 (2022) 
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M

Figure 2. Simulated 0.3–200 keV spectrum obtained considering a torus with 
an equatorial column density N H,eq = 10 24.5 cm 

−2 at different inclination 
angles. All the fluxes are normalized as discussed in Section 3.1 . The 
edge-on case (black line) has a high photoelectric cut-off due to the strong 
absorption from the torus. The intermediate case (blue line) displays many 
fluorescence lines in the soft portion of the spectrum due to the decreased 
column density. The pole-on inclination angle just shows strong continuum 

due to the complete lack of line of sight absorbing material along with the Fe 
K α complex. 
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s 85 ◦ ≤ i ≤ 90 ◦. The black spectra shown in each panel shows the
orus only simulation at the same inclination angle. This gives the
bility to clearly distinguish which parts of the X-ray spectrum are
ost affected by adding a polar component to the simulations. The

imulations with a hollow cone clearly show the most deviations
rom the torus at the edge-on case in the 0.3–4 keV portion of the
pectrum at the edge-on inclination range. The appearance of the
olar gas allows many strong fluorescence line features to dominate
he 0.3–4 keV range due to its optically thin nature. The strongest of
hese lines being O, Ne, Mg, and Si, with the O line dominating in
qui v alent width when the polar gas is at its highest column density
nd the largest inclination angle (log N H /cm 

−2 = 22.5, 85 ◦ ≤ i ≤ 90 ◦;
ee Table A1 ). The flux of these fluorescence lines increase with the
ensity of the polar gas. Ho we ver, for the intermediate and pole-on
ases, little deviation from the torus model occurs. The deviations
hat do occur in the intermediate case only appears in the very soft
0.3–1.2 keV) portion of the spectrum. 

In addition to these simulations, we also considered how the new
olar component would be effected if the torus considered had a
uch higher equatorial column density, such as N H,eq = 10 25 cm 

−2 .
he results of this for the edge-on case can be seen in Fig. 4 with

he torus component shown in black and the torus + hollow cone
hown in purple. In this case, the X-ray emission is much weaker,
ue to the higher column density. This allows us to attribute most of
he scattered radiation below ∼ 6 keV to the polar component. 

.2.1 Imaging the system 

o better understand the morphology of the torus + hollow cone
imulations, we took advantage of a feature of REFLEX that allows
he user to create simulated images. The user inputs the location of
 detector, its aperture size, field of view, number of desired pixels,
nd creates an image. The user can also select the energy range of the
NRAS 512, 2961–2971 (2022) 
hotons that are collected. Using this feature, we created three images
f the simulations of a torus + hollow cone at the largest inclination
ngle and highest polar gas density [85 ◦ ≤ i ≤ 90 ◦, log ( N H 

/
cm 

−2 ) =
2 . 5]. We selected three energy ranges to create the images: 0.3–4,
–6, and 6.3–6.5 keV. In addition to this, we isolated only photons
hat undergo at least one interaction (scattering or fluorescence) in
rder to remo v e the direct emission from the central source. These
hree images are shown in Fig. 5 . The left-hand panel of Fig. 5
hows a large amount of interactions due to the fluorescent line
eatures in the soft X-rays occurring in the polar region as expected
ue to the low-density nature of the polar gas. The middle panel
hows the range from 5 to 6 keV that contains less interactions than
he other ranges due to the fact that this range is dominated by
he scattered continuum and no strong fluorescent line is present.
n this range, there is emission from both regions; ho we ver, more
nteractions occur in the torus due to its higher density . Finally , the
ight-hand panel shows the 6.3–6.5 keV range. This range contains
uorescent emission such as the iron K α line, and a dominating torus
omponent due to the fact that the hollow cone is not dense enough
o scatter those high-energy photons. 

.3 Torus + filled cone 

hen considering the geometry of a torus + filled cone, the spectra
how many similarities to the simulations with the torus + hollow
one. These similarities are a large increase in flux and fluorescence
ine features in the soft portion of the spectrum while the hard portion
f the spectrum remains the same as the simulations for a torus-only
eometry, with a large reflection hump, Fe K α line, and continuum
omination. In addition to this, the intermediate case shows little
eviation in flux from the torus-only case. However, the filled cone
eviates from the hollow cone in a few important ways. First, the flux
ncrease in the soft portion of the spectrum is not as large as in the
ollow cone case. This is due to the fact that in this geometry it is more
ikely for the photons to be absorbed as there is more gas to interact
ith. Also, Fig. 6 shows at the pole-on case, the filled cone does not

how only continuum, as the X-ray source is obscured by the polar
as, unlike the pole-on case for the hollow cone. This allows for some
ine features to appear in the soft spectrum for the pole-on case. It was
oted earlier that this geometry is unlikely for the polar component
s many type 1 AGN spectra would be obscured. Simulations were
lso performed considering the same total number of atoms in the
lled cone as in the hollow cone and showed that the spectra still
howed a clear photoelectric cut-off at low energies, giving further
vidence that this geometry is unlikely for the polar component. 

 DETECTI NG  P O L A R  G A S  IN  OBSCURED  AG N

.1 Equi v alent width of spectral lines 

e discuss here the equi v alent widths of the strongest spectral lines
n the 0.3 −4 keV range for the torus + hollow cone simulations (see
igs 3 a and b). The simulations for the pole-on case (0 ◦ ≤ i ≤ 5 ◦)
ere ignored since the continuum is not suppressed and thus contrast
etween the lines and the continuum is not enough for detection.
herefore, these equi v alent width measurements are achie v able only

n an absorbed AGN. The equi v alent widths for these simulations
re reported in Tables A1 –A4 in Appendix A . We also note that,
hen considering a Galactic absorption of 10 21 cm 

−2 , no significant
ifference in the lines occurred. However, significant deviations in
SM abundances may cause challenges in attributing these EWs to
ny particular geometry. 
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Figure 3. (a) Simulated spectra for a torus + hollow cone geometry (shown in blue) along with the torus only simulations (shown in black). Moving from 

the left-hand panel to the right-hand panel, inclination angle decreases as the slant column density of the hollow cone remains constant (log N H /cm 

−2 = 21). 
The torus only simulations shown are linearly shifted to higher energies by 0.02 keV to better view the differences between spectral lines in the soft spectrum. 
The largest difference between the torus + hollow cone simulations and the previous torus simulations comes at the edge-on case where the previous torus 
simulations contain a photoelectric cut-off (left-hand panel). The intermediate case (middle panel) shows little deviation from the torus only case. This is also 
the case for the pole-on case (right-hand panel) due to the continuum domination. (b) Same as (a), ho we v er, mo ving from the left-hand panel to the right-hand 
panel represents simulations with constant inclination angle (85 ◦ ≤ i ≤ 90 ◦) and increasing slant column densities for the polar component. The black line again 
represents the previous torus only simulation for the edge-on case. As the density of the polar component increases, the flux when compared with the torus only 
simulations increase as there is now more gas for photons to interact with. 
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A plot of the equi v alent widths (EWs) as a function of polar gas
ensity of the chosen spectral lines for a torus + hollow cone for the
dge-on case is shown in Fig. 7 . The O, F, Ne, Mg, and Si lines all
how an increase in equivalent widths as the column density of the
olar gas increases, with the O line increasing by the largest amount
 � EW = 437 eV) followed by the Ne ( � EW = 158 eV) and Florine
 � EW = 82 eV) lines. This increase is due to the fact that, as the
ensity of the polar gas increases, there is more material for which
o scatter the soft X-rays and create larger fluorescence lines. An 
nteresting feature seen in this plot is that the equi v alent widths of the
, Ar, and Ca lines decrease with the polar gas column density. To

nvestigate this further, we noted that the flux of the continuum around
hese lines increases at a larger rate than the line fluxes themselves
s we increase the column density. This explains the behaviour of
hose two lines, since the equi v alent width is proportional to the
atio between the flux of the line and that of the continuum. 

.2 Obser v ational differences in simulations 

ooking at the simulations in the soft X-ray band for the torus with
 hollow cone gives rise to a question: would an observer be able to
istinguish between the edge-on case with a torus + hollow cone at
he highest polar gas column density ( N H = 10 22.5 cm 

−2 ) against the
ntermediate case (45.6 ◦ ≤ i ≤ 50.6 ◦) with a torus alone (blue line in
ig. 2 )? Both cases show strong fluorescence lines in the soft X-ray
and along with very similar features in the hard X-ray band. 
In order to distinguish between the spectra obtained by these 

wo geometries, we fit the slope of the continuum in the soft X-
ay band (0.3 −3 keV) with simple power laws. When fitting the
pectra, fluorescence lines were not masked when computing the 
lope, since most instruments cannot mask these lines. The torus 
lone was best fitted with a photon index of � = −1.63. Ho we ver,
he power-law fit for the edge-on case with a torus + hollow cone
ave a photon index of � = −0.80. A plot of the soft spectrum for
oth simulations considered is shown in Fig. 8 . Another approach to
istinguish between these two spectra is to compare the difference 
n equi v alent widths of the strongest spectral lines in the soft X-ray
and for intermediate case with a torus alone and the edge-on case
ith a torus + hollow cone (the soft spectra for both these cases are

hown in Fig. 8 ). The equivalent widths of the O, Ne, and Si lines
ere compared for the two geometries. The equi v alent widths of

hese lines are 569, 171, and 173 eV respectively for the torus alone
nd 944, 321, and 203 eV respectively for the torus + hollow cone.
ll these lines are stronger in the torus + hollow cone scenario with

he O line showing the strongest difference, increasing by 375 eV,
ompared to the torus-only case. 
MNRAS 512, 2961–2971 (2022) 
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Figure 4. Simulation showing the result of increasing the equatorial column 
density of the torus to N H,eq = 10 25 cm 

−2 for the edge-on inclination 
range and the highest polar gas column density . The torus only component 
( black) shows very poor photon transmission due to the increased column 
density allowing most of the emission to stem from the polar component in 
the total spectrum (purple). 
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Ho we ver, It should be noted that this X-ray emission from the polar
as might be combined with other features, such as those stemming
rom the NLR on scales of hundreds of parsecs (e.g. Bianchi et al.
006 ; Guainazzi & Bianchi 2007 ). These contributions include an
xtra scattered power-law component, as well as the addition of many
arrow photoionized lines. The contribution from the NLR to the
cattered flux is typically ∼0.1–1 per cent (Ueda et al. 2007 ; Ricci
t al. 2017a ; Gupta et al. 2021 ), with the lowest values typically
ssociated with the most obscured objects (Gupta et al. 2021 ). In
ig. 9 , we add, to the edge-on simulation with a torus + hollow cone
t the highest polar gas column density, a power-law component
o reproduce a 0.1 per cent scattered fraction of the intrinsic flux of
ircinus, as well as photoionized lines from the obscured AGN NGC
393 (Bianchi et al. 2006 ) and the Circinus galaxy (Sambruna et al.
001 ; Ar ́evalo et al. 2014 ; Andonie et al. 2022 ), in order to verify how
isible the lines in the soft X-ray band will be. The normalization
f these lines were set as to keep the ratio of the flux of line to the
ower law the same as in their original source. The value of the extra
cattered fraction was selected in order to be consistent with an AGN
bscured by CT column densities (Gupta et al. 2021 ). The resulting
pectrum is shown in blue, with the original simulation in dash–
otted black, the scattered power law as solid black, and the extra
hotoionized lines dashed and labelled with their transitions. These
hotoionized lines were chosen from tables 1, 4, and A1 of Sambruna
t al. ( 2001 ), Ar ́evalo et al. ( 2014 ), Andonie et al. ( 2022 ), as well
s table 4 in Bianchi et al. ( 2006 ) based on their proximity to our
imulated lines. These new photoionized lines can be distinguished
rom the O, Ne, and Mg lines. Ho we ver, the Mg XII – Si II–VI, S
I–X, and Ar II–XI transitions have the potential to interfere with the
etection of the Si, S, and Ar lines from the polar component. But if
he bulk motion of the polar component is blue-shifted enough, these
ines could still be distinguished. With this in mind, we calculated
he EWs of the O, Ne, Mg, and Si (assuming no interference from the
hotoionized lines) lines which had values of 7, 12, 33, and 87 eV,
espectively. 
NRAS 512, 2961–2971 (2022) 
Additionally, X-ray emission in obscured AGNs below ∼2 keV
aused by populations of X-ray binaries and collisionally ionized
lasma in star-forming regions (e.g. Ranalli et al. 2008 ) could also
ose a challenge in detecting the true emission from the polar
omponent. To consider this additional contribution, we added
o the model shown in Fig. 9 a thermal plasma model with a
emperature of 0.5 keV which corresponds to the median temperature
n nearby obscured AGNs (Ricci et al. 2017a ). We found the
ddition of this component should not add additional difficulty in
etecting the spectral lines from the polar component in obscured
GNs. 

.3 Obser v ations with XRISM and Athena 

ere, we consider how our previous simulations of the polar compo-
ent would be observed with instruments onboard XRISM (Resolve;
RISM Science Team 2020 ) and Athena (X-IFU; Barret et al. 2016 ).
RISM /Resolve boasts an ∼5 −7 eV FWHM spectral resolution over

he entire bandpass, while Athena /X-IFU in expected to operate
nder an ∼2.5 eV spectral resolution up to 7 keV. Based on results of
ur spectral simulations, these instruments could be extremely well
uited to identify the X-ray signature of the polar component. We use
he X-ray spectral-fitting programme software XSPEC (Arnaud 1996 )
long with the latest XRISM /Resolve and Athena /X-IFU (Barret et al.,
n preparation) response and background files to simulate the spectra
hat would be expected from these two instruments. The spectral
imulations are illustrated in Fig. 10 , where we consider the edge-
n torus + hollow cone geometry, assuming the highest polar gas
olumn density (log N H /cm 

−2 = 22.5; left-hand panel of Fig. 3 b),
long with the components discussed in Section 4.2 (power law with
.1 per cent of the scattered flux with various photoionized lines
rom the NLR). We assumed an exposure time of 200 ks with an
bserved flux in the 2 −10 keV range of F 2 −10 = 12.7 × 10 −12 erg
 

−1 cm 

−2 , as expected for the Circinus galaxy (Ricci et al. 2017a ).
he top panel displays the XRISM /Resolve response while the bottom
hows the Athena /X-IFU response. Based on this figure, Athena /X-
FU will be better suited to detect lines from the polar component,
ince XRISM /Resolve is unable to distinguish between some of the
ines from the polar component and photoionized lines from the
LR. Ho we v er, XRISM /Resolv e is still able to resolv e the Ca line

t ∼3.69 keV. Athena /X-IFU is able to clearly distinguish the O,
e, Mg, and Ca lines from the NLR lines. It should be stressed

hat, if this polar component in caused by out-flowing gas (Ricci
t al. 2017b ; Leftley et al. 2019 ; H ̈onig 2019 ; Venanzi et al. 2020 ),
t is likely that these lines will be shifted to different energies.

e e xpect, giv en the resolutions of XRISM /Resolv e and Athena /X-
FU, to be able to reco v er v elocity shifts of ∼1000 and 375 km s −1 

or the two instruments respectively for the O, F, Ne, Mg, and Si
ines. 

 TESTING  DI FFERENT  C O N E  G E O M E T R I E S  

N D  A BU N DA N C E S  

.1 Changing the opening angle 

t is possible that the opening angle of the polar component could be
ontrolled through collimation by the absorbing material surrounding
he BLR and accretion disc (i.e. the torus), as is the case for the NLR
Fischer et al. 2013 ). With this in mind, we considered a new opening
ngle of α = 10 ◦ to simulate a nucleus with higher collimation of
onizing radiation that corresponds to a torus with a larger co v ering
actor. The resulting spectra compared with the previous opening

art/stab3178_f4.eps
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Figure 5. Images of the torus + hollow cone simulations for the edge-on case at the highest polar gas column density (85 ◦ ≤ i ≤ 90 ◦ , log N H /cm 

−2 = 

22.5). The colour bars represent the number of total interactions (scattering + fluorescence) undergone in that particular pixel. (Left-hand panel) Image showing 
the most interactions in the 0.3–4 keV range takes place is in the polar component. (Middle panel) 5–6 keV range, which is mostly devoid of interactions due to 
the fact that this range is dominated by continuum. (Right-hand panel) 6.3–6.5 keV range, which is dominated by the torus due to the production of the iron K α

line at ∼6.4 keV. 

Figure 6. This figure shows the pole-on spectra for the torus + filled cone 
for the four slant column densities considered. All the column densities show 

absorption in the soft portion of the spectrum that shows that this geometry 
for the polar component is unlikely, as type 1 AGN spectra would be obscured 
if this was the true geometry of the polar component. 
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Figure 7. Equi v alent widths of spectral lines for a torus + hollow cone as a 
function of polar gas column density for the edge-on simulations (85 ◦ ≤ i ≤
90 ◦). (Top panel) EWs for the Si, S, Ar, and Ca lines as a function of polar 
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lines. These plots show a clear energy dependence with the EWs of lines of 
lower energy (O, F, Ne, Mg, Si) increasing while lines with higher energy (S, 
Ar, Mg) decrease in EW due to the increasing continuum at higher energies. 
The equi v alent widths for all simulations are reported in Tables A1 –A4 in 
Appendix A . 
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ngle of α = 30 ◦ for an edge-on torus + hollow cone at the highest
olumn density can be seen in the left-hand panel of in Fig. 11 .
itting the soft spectra with a simple power law for the α = 10 ◦ case
ives a photon index of � = −0.71 compared to an index of � =
0.80 for the α = 30 ◦ case. Table A5 shows all the EWs of the lines

n the soft spectra for this new opening angle for different densities
f the polar gas as well. We note that, while the O line has a higher
W for the α = 30 ◦ case (an average ratio of 1.29 when averaging
ith all four column densities), the Ne and Si lines tend to have

arger EWs in the α = 10 ◦ case with average ratios of 0.79 and 0.99,
espectively. 

.2 Changing abundances 

he simulations carried out so far considered a matter composition 
rom Anders & Grevesse ( 1989 ) as well as a molecular hydrogen
raction of 1. In this section, we consider the more recent gas
omposition from Lodders ( 2003 ) as well as a hydrogen fraction of
.2 (H 2 = 0.2). We ran simulations using this new matter composition
or the edge-on case at the highest polar gas column density in order
o compare with the previous simulations. The results are seen in
he right-hand panel of Fig. 11 with the black plot representing the
omposition from Lodders ( 2003 ) (H 2 = 0.2) and the red plot being
rom the previous simulations using Anders & Grevesse ( 1989 ) (H 2 

 1). As can be seen, there is no significant difference in spectral or
ontinuum features. 
MNRAS 512, 2961–2971 (2022) 
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Figure 8. Flux in the soft X-ray band for the edge-on case of a torus + 

hollow cone (purple) with the torus-only (black) intermediate case (45.6 ◦
≤ i ≤ 50.6 ◦). This shows the comparison of the slopes of the power laws 
in the soft X-ray bands for these two geometries and inclinations with the 
intermediate torus only case having a power-law slope of � = −1.63 and the 
edge-on torus + hollow cone having a slope of � = −0.8. 

Figure 9. Plot showing the additional components that will most likely be 
observed stemming from the NLR added to the edge-on spectrum for a torus 
+ hollow cone at the highest polar gas column density considered (original 
simulation shown as the dash–dotted black line). This includes a power-law 

model with 0.1 per cent of the flux of the primary continuum (solid black line), 
as well as many photoionized lines seen in the NLR such as the ones from 

the soft X-ray spectrum of NGC 3393 (see table 4 in Bianchi, Guainazzi & 

Chiaberge 2006 ), as well as the Circinus galaxy (see table 1, A1 of Sambruna 
et al. 2001 ; Ar ́evalo et al. 2014 , Andonie et al. 2022 , respectively). These 
photoionized lines are plotted as dashed lines in the figure and are labelled 
with their transitions. 
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Figure 10. (Top panel) Spectrum with a torus + hollow cone for the edge-on 
case (85 ◦ ≤ i ≤ 90 ◦) with the highest polar gas column density (log N H /cm 

−2 

= 22.5) with XRISM (XRISM Science Team 2020 ) response and background 
files. (Bottom panel) Same as top but with Athena (Barret et al. 2016 ) response 
and background files (Barret et al., in preparation). For both simulations, we 
used an exposure time of 200 ks and considered a 2 −10 keV flux of F 2 −10 = 

12.7 × 10 −12 erg s −1 cm 

−2 , as in the Circinus galaxy. 
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 SUMMARY  A N D  C O N C L U S I O N  

n this paper, we have investigated the effect polar gas has on the X-
ay spectra of accreting supermassive black holes. Three geometries
torus alone, torus + hollow cone, and torus + filled cone) along
ith three inclination angles and four slant length column densities
NRAS 512, 2961–2971 (2022) 
or the filled and hollow cones were considered. We summarize our
ain results as follows: 

(i) The polar gas was found to have a significant impact on the
oft X-ray spectrum producing several fluorescence lines in the 0.3–
 keV band such as the O (524.9 eV), Ne (848.6 eV), Mg (1253.6 eV),
nd Si (1739.38 eV) lines. The most significant impact on the X-ray
pectra from the polar gas occurs at the edge-on inclination angle
here photons that would normally be absorbed in the torus are

llowed to scatter from the less dense polar component (see Figs 2
nd 3 a and b, as well as Fig. 7 and Tables A1 –A4 for the EWs of
elected spectral lines). 

(ii) The most significant impact the polar component has is when
t is in the form of a hollow cone, because the filled cone causes more
elf-absorption as there is more gas to interact with. Simulations were
lso run using the same number of atoms in the filled cone as in the
ollow cone. These showed that the soft spectrum of the pole-on case
as still obscured and therefore is likely not the geometry for the
olar component (see Fig. 6 ). 
(iii) When considering 0.1 per cent of extra scattered continuum

temming from the NLR in addition to the new polar gas emission,
s well as extra photoionized lines from NGC 3393 and the Circinus
alaxy, we find that the spectral lines from the polar component
ould still be detectable, particularly by future X-ray calorimeters
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Figure 11. (Left-hand panel) Resulting spectra when considering an opening angle of α = 10 ◦ for an edge-on torus + hollow cone at the highest polar gas 
column density (shown in black). The soft spectra (0.3 −4 keV) for this new opening angle is best modelled with a power law with a photon index of � = 

−0.71, while the α = 30 ◦ case (shown in red) is best modelled with a photon index of � = −0.80. The EWs for the α = 10 ◦ case are shown in Table A5 . 
(Right-hand panel) Comparison of simulations with a torus + hollow cone at the edge-on inclination with polar gas column density of N H = 10 22.5 cm 

−2 using 
matter compositions from Anders & Grevesse ( 1989 ; red) and Lodders ( 2003 ; black) with H 2 fractions of 1 and 0.2, respectively. The simulations obtained by 
considering an opening angle of α = 30 ◦, as well as a matter composition from Lodders ( 2003 ), are shifted to the right by 4 per cent of the energy in order to 
clearly see the difference in the spectral lines. There is little spectral difference either in the lines or in the continuum between the two compositions. 

s
a  

s  

h  

s
f  

e

c  

c  

t  

i  

t
T  

c  

t  

l
p

a  

A
o
(  

C
w
o

A

J
C
1
A

t  

m

D

T  

f

R

A
A  

A
A
A  

A
A
B
B  

B
B
B
B  

B
B  

 

 

C  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/2/2961/6415898 by guest on 20 M
arch 2024
uch as those onboard XRISM (Resolve; XRISM Science Team 2020 ) 
nd Athena (X-IFU; Barret et al. 2016 ) (see Fig. 9 ). We also simulate
pectra using XRISM and Athena (Barret et al., in preparation) to see
ow our simulated data would be observed (see Fig. 10 ). This figure
hows that Athena /X-IFU is better suited to observe more spectral 
eatures from the polar component than XRISM /Resolv e, giv en the
xtra features stemming from the NLR. 

(iv) When considering a smaller opening angle for the polar 
omponent, we find that, while the EWs of many spectral lines
hange, the general trends as seen in Fig. 7 remain the same with
he EWs of lower energy lines (O, F, Ne, Mg, Si) increasing with
ncreasing column density of the polar component and the EWs of
he higher energy lines (Ar, Ca) decreasing with column density. 
his is with the exception of the S line that increases in EW,
ontrary to what is seen in Fig. 7 (see Table A5 ). In addition to
his, when considering an abundance from Lodders ( 2003 ), we find
ittle difference in spectral or continuum features (see the right-hand 
anel of Fig. 11 ). 

These simulations show that low-energy fluorescent lines could be 
n important tracer of the polar gas in AGNs. Observations of nearby
GNs with future high-resolution X-ray instruments, such as those 
nboard XRISM (XRISM Science Team 2020 ) and Athena X-IFU 

Barret et al. 2016 ), will allow to search for signatures of polar gas.
omparison with simulations, such as those reported in this paper, 
ill allow to further constrain the kinematics, geometry, and origins 
f the polar gas. 
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Table A3. Selected spectral line equi v alent widths for a torus + filled cone at 80 ◦ ≤ i ≤ 85 ◦. 

Element Transition Energy (eV) EW (eV) 
N H = 10 21 cm 

2 N H = 10 21.5 cm 

2 N H = 10 22 cm 

2 N H = 10 22.5 cm 

2 

O K α1 / α2 524.9 548 697 864 1181 
F K α1 / α2 625.84 49 71 112 148 
Ne K α1 / α2 848.6 249 229 294 429 
Mg K α1 / α2 1253.6 145 107 149 210 
Si α2 KL II 1739.38 260 246 204 243 
S α2 KL II 2306.64 904 311 168 160 
Ar α2 KL II 2955.63 931 312 119 61 
Ca α2 KL III 3691.68 1700 917 284 119 

Table A4. Selected spectral line equi v alent widths for a torus + filled cone at 45.6 ◦ ≤ i ≤ 50.6 ◦. 

Element Transition Energy (eV) EW (eV) 
N H = 10 21 cm 

2 N H = 10 21.5 cm 

2 N H = 10 22 cm 

2 N H = 10 22.5 cm 

2 

O K α1 / α2 524.9 479 479 484 486 
F K α1 / α2 625.84 50 50 51 51 
Ne K α1 / α2 848.6 175 179 180 177 
Mg K α1 / α2 1253.6 109 107 109 109 
Si α2 KL II 1739.38 174 174 174 176 
S α2 KL II 2306.64 123 123 124 123 
Ar α2 KL II 2955.63 41 41 41 41 
Ca α2 KL III 3691.68 37 38 39 39 

Table A5. Selected spectral line equi v alent widths for a torus + hollow cone at 85 ◦ ≤ i ≤ 90 ◦ with an opening angle of α = 

10 ◦. 

Element Transition Energy (eV) EW (eV) 
N H = 10 21 cm 

2 N H = 10 21.5 cm 

2 N H = 10 22 cm 

2 N H = 10 22.5 cm 

2 

O K α1 / α2 524.9 432 471 568 717 
F K α1 / α2 625.84 41 95 121 162 
Ne K α1 / α2 848.6 143 169 234 331 
Mg K α1 / α2 1253.6 122 130 143 226 
Si α2 KL II 1739.38 140 196 216 275 
S α2 KL II 2306.64 68 250 192 122 
Ar α2 KL II 2955.63 337 183 63 42 
Ca α2 KL III 3691.68 1392 429 194 80 
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