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ABSTRACT

We characterize for the first time the torus properties of an ultra-hard X-ray (14-195 keV)
volume-limited (D, < 40Mpc) sample of 24 Seyfert (Sy) galaxies (BCS4 sample). The
sample was selected from the Swift/BAT nine-month catalogue. We use high angular resolution
nuclear infrared (IR) photometry and N-band spectroscopy, the CLUMPY torus models and
a Bayesian tool to characterize the properties of the nuclear dust. In the case of the Syls,
we estimate the accretion disc contribution to the subarcsecond resolution nuclear IR SEDs
(~0.4 arcsec) which is, on average, 46 £ 28, 23 £ 13, and 11 &£ 5 percent in the J, H, and K
bands, respectively. This indicates that the accretion disc templates that assume a steep fall for
longer wavelengths than 1 pum might underestimate its contribution to the near-IR emission.
Using both optical (broad versus narrow lines) and X-ray (unabsorbed versus absorbed)
classifications, we compare the global posterior distribution of the torus model parameters.
‘We confirm that Sy2s have larger values of the torus covering factor (Cr ~ 0.95) than Syls (Cr
~ 0.65) in our volume-limited Seyfert sample. These findings are independent of whether we
use an optical or X-ray classification. We find that the torus covering factor remains essentially
constant within the errors in our luminosity range and there is no clear dependence with the
Eddington ratio. Finally, we find tentative evidence that even an ultra-hard X-ray selection is
missing a significant fraction of highly absorbed type 2 sources with very high covering factor
tori.

Key words: galaxies: active—galaxies: nuclei—galaxies: Seyfert—galaxies: photometry —
techniques: spectroscopic —techniques: high angular resolution.

1 INTRODUCTION

Active galactic nuclei (AGNs) are powered by accretion of material
onto supermassive black holes (SMBHs), which release energy in
the form of radiation and/or mechanical outflows to the host galaxy
interstellar medium. Although they comprise just a small fraction
of the galaxies in the local Universe (~10 percent), AGNs are
now considered to be a short but recurrent phase in the overall
lifetime of galaxies. Accordingly, galaxies are observed as AGN
during an active phase when their SMBHs are accreting material at
arelatively highrate (e.g. Bennert et al. 2011). Several studies found
a correlation between the SMBH and host galaxy bulge mass (e.g.
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Kormendy & Ho 2013 and references therein) which is interpreted
as a sign of coevolution of AGNs and their host galaxies. However,
the study of the AGN-host galaxy connection is difficult due to the
very different spatial and temporal scales involved. Therefore, it is
of great importance to investigate the innermost regions of AGN
to better understand this connection (see Ramos Almeida & Ricci
2017 and references therein).

The key piece of the AGN unified model (Antonucci 1993) is a
dusty molecular torus that obscures the central engines of type 2,
and allows a direct view in the case of type 1 sources. This dusty
torus absorbs part of the AGN radiation and reprocesses it to emerge
in the infrared (IR).

To correctly separate the nuclear emission from the foreground
galaxy emission and be able to characterize the properties of the
nuclear obscurer the highest possible spatial resolution is required.
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Since Seyfert (Sy) galaxies are intermediate-luminosity AGNSs,
and, in general, are relatively nearby, they are one of the best
astrophysical laboratories to study the inner regions of active
galaxies.

The torus radius has been constrained to be compact (~0.1-
10 pc) in the mid-IR (MIR; ~5-30 pum). For example, using MIR
direct imaging, Packham et al. (2005b) and Radomski et al. (2008)
found for Circinus and Centaurus A that the MIR size of the torus is
less than ~4 pc (diameter). The modelling of MIR interferometric
data shows a relatively compact torus of » < 10 pc (e.g. Jaffe
et al. 2004; Tristram et al. 2007, 2009; Burtscher et al. 2009,
2013; Raban et al. 2009; Lopez-Gonzaga et al. 2016). Atacama
Large Millimeter/submillimeter Array (ALMA) observations of
the archetypal Seyfert 2 galaxy NGC 1068 have spatially resolved
for the first time the submillimetre (sub-mm) counterpart of the
putative torus (Gallimore et al. 2016; Garcia-Burillo et al. 2016;
Imanishi et al. 2018). This is a disc of ~7-10 pc diameter. More
recently, Alonso-Herrero et al. (2018) and Combes et al. (2019) have
found even larger nuclear molecular discs for other Seyfert galaxies
and low-luminosity AGNs. Thus, as theoretically predicted (e.g.
Schartmann et al. 2008; Stalevski et al. 2012), the radii measured in
the sub-mm for the dusty and molecular torus are found to be larger
than those inferred from IR observations. Therefore, to constrain the
properties of the warm dust, we still need to compare torus models
to the observed SEDs.

Torus models can be broadly grouped in two categories: physical
(e.g. Wada & Norman 2002; Schartmann et al. 2008; Wada 2012)
and geometrical (ad hoc; e.g. Pier & Krolik 1992; Efstathiou &
Rowan-Robinson 1995; Nenkova et al. 2008a,b; Honig et al. 2010;
Stalevski et al. 2012; Siebenmorgen, Heymann & Efstathiou 2015;
Honig & Kishimoto 2017). Some of the geometrical models also
include a polar component in the MIR range (e.g. Honig &
Kishimoto 2017). Howeyver, this polar emission has been detected so
far in 6 Seyfert galaxies of the 23 observed using IR interferometry
(Lopez-Gonzaga et al. 2016; Leftley et al. 2018) and therefore
more observations are needed in order to study whether this is a
common feature in AGNs. The physical models are more realistic
since they include important processes, such as supernovae and
AGN feedback. However, they require large computational times
and therefore it is more difficult to compare with observations. On
the other hand, geometrical torus models are more degenerate, but
they can be easily compared with the observations, assuming various
geometries and compositions of the dust (see Ramos Almeida &
Ricci 2017 for a review).

Recent studies reported good fits to the nuclear IR SED of nearby
AGNSs assuming a clumpy distribution of dust surrounding the
central engine (e.g. Mason et al. 2006, 2009; Nikutta, Elitzur & Lacy
2009; Ramos Almeida et al. 2009; hereafter RA09; Ramos Almeida
etal. 2011; hereafter RA11; Honig et al. 2010; Alonso-Herrero et al.
2011; hereafter AH11; Sales et al. 2011; Lira et al. 2013; Garcfa-
Bernete et al. 2015; Ichikawa et al. 2015; Siebenmorgen et al.
2015; Fuller et al. 2016; Audibert et al. 2017; Garcia-Gonzalez
et al. 2017). Although the torus properties of nearby Seyfert
galaxies have been extensively studied in the literature, to date there
have been no studies based on an ultra-hard X-ray (14-195 keV)
selected sample of these galaxies using high angular resolution IR
data.

In this work, we use the Nenkova et al. (2008a,b) clumpy torus
models, known as CLUMPY, and the Bayesian tool BAYESCLUMPY
(Asensio Ramos & Ramos Almeida 2009, 2013) to fit the nuclear
IR emission of an ultra-hard X-ray selected sample of Seyfert
galaxies. Our aim is to study the torus properties that are driving
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the Seyfert-type classification, the difference in the dusty torus of
the various Seyfert types and how they vary with the central engine
properties.

The paper is organized as follows. Sections 2 and 3 describe the
sample selection, the observations and data compilation, respec-
tively. The nuclear IR SED construction and modelling are presented
in Section 4. In Section 5, we compare the torus properties for the
different Seyfert subgroups. Finally, in Section 6 we summarize the
main conclusions of this work. Throughout this paper, we assumed a
cosmology with Hy =73 km s! Mpc_l, Qn=0.27,and 2, =0.73,
and a velocity-field corrected using the Mould et al. (2000) model,
which includes the influence of the Virgo cluster, the Great Attractor,
and the Shapley supercluster.

2 SAMPLE SELECTION

The sample studied here consists of 24 Seyfert galaxies previously
presented in Garcia-Bernete et al. (2016; hereafter GB16). It was
drawn from the Swift/BAT nine-month catalogue (Tueller et al.
2008). The ultra-hard 14—195 keV band of the parent sample is far
less sensitive to the effects of obscuration than optical or softer X-
ray wavelengths, making this AGN selection one of the least biased
for Ny < 10** cm™2 to date (see e.g. Winter et al. 2009, 2010;
Weaver et al. 2010; Ichikawa et al. 2012; Ricci et al. 2015; Ueda
et al. 2015).

We selected all the Seyfert galaxies in the nine-month catalogue
with luminosity distances D; < 40 Mpc. We used this distance limit
to ensure a resolution element of <50 pc in the MIR, considering
the average angular resolution of 8-10 m-class ground-based
telescopes (~0.3 arcsec at 10 pm). This constraint provides us
with a sample of 24 local Seyfert galaxies (hereafter BCS4 sample;
GB16) containing 8 Syl (Syl, Syl.2 and Syl.5), 6 Sy1.8/1.9, and
10 Sy2 galaxies. This sample covers an AGN luminosity range
log(L%10%V) ~ 40.5-43.4 erg s~'. See GB16 for further details on
the sample selection. The properties of the BCS4y sample are shown
in Table 1.

3 OBSERVATIONS

Our aim is to construct high angular resolution IR SEDs for the
whole sample. In the following, we describe the new and archival
MIR and near-IR (NIR; ~1-5 um) observations used in this work.

3.1 New observations

3.1.1 Gran Telescopio CANARIAS/CanariCam

We obtained subarcsecond resolution N-band spectra (7.5-13 pum)
of two Seyfert galaxies (NGC 4138 and UGC 6728) using the low
spectral resolution (R ~ 175) grating available in the instrument
CanariCam (CC; Telesco et al. 2003; Packham et al. 2005a), on the
10.4-m Gran Telescopio CANARIAS (GTC). CC is an MIR (7.5-
25 um) imager with spectroscopic, coronagraphic and polarimetric
capabilities. It uses an Si:As detector, which covers a field of view
(FOV) of 26 x 19 arcsec? on the sky and it has a pixel scale of 0.08
arcsec. NGC 4138 and UGC 6728 were observed in 2016 March
and the slit, of width 0.52 arcsec, was oriented at PA = 145 and 150
deg, respectively. The total on-source integration times were 1061
and 1415 s, respectively. In both cases, the standard MIR chopping-
nodding technique was used with chop and nod throws of 15 arcsec
(see Table 2). The data were taken on 2016 March 14 and 15 as part
of a Director’s Discretionary Time program (GTC04-15B DDT; PI:
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Table 1. BCS4 sample. Right ascension (RA), declination (Dec.), Seyfert type and galaxy inclination (b/a) were taken from the NASA/IPAC Extragalactic
Database (NED). A{,or corresponds to the foreground extinction due to the host galaxy. References: (a) Veilleux, Goodrich & Hill (1997); (b) Reynolds et al.
(1997); (c) Alloin et al. (1981); (d) Storchi-Bergmann et al. (1999); (e) Ward et al. (1987b); (f) Ward & Morris (1984); (g) Contini & Viegas (1999); (h)
Rodriguez-Ardila et al. (2017); (i) Lira et al. (1999); (j) Packham et al. (1996); (k) Marconi et al. (2000); (1) Goodrich, Veilleux & Hill (1994); (m) Halpern &
Filippenko (1984); (n) Winge et al. (2000).

Name RA Dec. Dy, Spatial Seyfert b/a Foreground
(J2000) (J2000) (Mpc) scale type extinction (A Vur)
(pc arcsec™ ) (mag)
1 (2) 3) 4) (5) (6) (7N (3)
ESO 005-G004 06h05m41.6s —86d37m55s 24.1 116 2.0 0.21 -
MCG-05-23-016 09h47m40.1s —30h56m55s 35.8 171 2.0 0.45 >6 (a)
MCG-06-30-015 13h35m53.7s —34d17m44s 26.8 128 1.2 0.60 ~1.8-3.0 (b)
NGC 1365 03h33m36.4s —36d08m25s 21.5 103 1.8 0.55 <5(c)
NGC2110 05h52m11.4s —07d27m22s 324 155 2.0 0.76 5.0 (d)
NGC 2992 09h45m42.0s —14d19m35s 344 164 1.9 0.31 3.8 (e)
NGC 3081 09h59m?29.5s —22d49m35s 34.5 164 2.0 0.76 -
NGC 3227 10h23m30.6s + 19d51m54s 20.4 98 1.5 0.67 2.3 (e)
NGC 3783 11h39m01.7s —37d44m19s 36.4 173 1.2 0.89 0.8 (f)
NGC4051 12h03m09.6s + 44d31m53s 12.9 62 1.2 0.75 1.0 (g)
NGC4138 12h09m?29.8s + 43d41m07s 17.7 85 1.9 0.65 -
NGC4151 12h10m32.6s + 39d24m21s 20.0 96 1.5 0.71 1.0 (e)
NGC 4388“ 12h25m46.7s + 12d39m44s 17.0 82 2.0 0.19 5.9 (h)
NGC 4395 12h25m438.8s + 33d32m49s 3.84 19 1.8 0.83 0.4 (1)
NGC 4945 13h05m27.5s —49d28m06s 4.36 21 2.0 0.19 -
NGC 5128 (CenA) 13h25m27.6s —43d01m09s 4.28 21 2.0 0.78 ~7-8 (j, k)
NGC 5506 14h13m14.9s —03d12m27s 30.1 144 1.9 0.24 >11 (1)
NGC 6300 17h16m59.5s —62d49m14s 14.0 68 2.0 0.67 -
NGC 6814 19h42n40.6s —10d19m25s 25.8 123 1.5 0.93 -
NGC7172 22h02m01.9s —31d52ml1s 37.9 180 2.0 0.56 -
NGC7213 22h09m16.3s —47d10m00s 25.1 120 1.5 0.90 0.6 (m)
NGC7314 22h35m46.2s —26d03m02s 20.9 100 1.9 0.46 -
NGC 7582 23h18m23.5s —42d22ml4s 22.1 106 2.0 0.42 ~8-13 (n)
UGC 6728 11h45m16.0s + 79d40m53s 32.1 153 1.2 0.63 -

“This galaxy is part of the Virgo Cluster (Binggeli, Sandage & Tammann 1985).

I. Garcia-Bernete). Using the acquisition images of the standard
stars used for NGC 4138 (HD 95121) and UGC 6728 (HD 105943),
we measured for the standard stars full width at half-maximum
(FWHM) values of 0.28 arcsec (at A = 10.3 pm) and 0.34 arcsec
(at A = 8.7 um), respectively.

The data reduction was carried out with the REpCan pipeline
(Gonzélez-Martin et al. 2013), which performs sky subtraction,
stacking of individual observation, rejection of the bad frames (due
to excess array of sky noise), wavelength and flux calibration, trace
determination and spectral extraction. We extracted the nuclear
spectra as a point source for both galaxies. Note that for point source
extraction, REDCaN uses an aperture that increases with wavelength
to take into account the decreasing angular resolution, and it also
performs a correction account for slit loses (see Gonzalez-Martin
et al. 2013 for further details on CC data reduction).

3.1.2 Gran Telescopio CANARIAS/CIRCE

We obtained NIR imaging data (J, H, and K bands) with the Canarias
InfraRed Camera Experiment (CIRCE; Garner et al. 2014) on the
10.4-m GTC. The instrument was equipped with an engineering
grade Hawaii2RG detector with a total FOV of 3.4 x 3.4 arcmin?
and a plate scale of 0.1 arcsec pixel~!. Note that all the observations
were taken using a 5 dither pattern. See Table 3 348.0pt for
observation details.

We performed the data reduction by using the IDL (Interactive
Data Language) routines employed in D’ Ammando et al. (2017).

The first step in the data processing includes the subtraction of
dark current frames. From twilight sky exposures, we obtained
an illumination correction to compensate a decrease of about
40 per cent from the centre to the border of the FOV. At this point, we
introduced a correction to remove a pattern of inclined stripes related
to reading amplifiers. Once this pattern was removed, the images
corresponding to each dither cycle were median combined to form
a sky frame, which was subtracted for each frame of the cycle. We
then combined all sky-subtracted images with the commonly used
shift-and-add technique. During the combination of these frames,
we applied a bad-pixel mask, which includes the two vertical
bands corresponding to non-functional amplifiers. Finally, we
obtained the photometric calibrations relative to photometric stan-
dard PSF stars using their Two-Micron All-Sky Survey (2MASS)
photometry.

To estimate the NIR nuclear fluxes in the J, H, and K bands, we
used the PSF subtraction method (see GB16 and references therein),
which consists of subtracting the PSF star from the galaxy profiles.
This method has been widely used in ground-based IR images (e.g.
Soifer et al. 2000; Radomski et al. 2002, 2003; Garcia-Bernete et al.
2015).

3.2 Archival data

‘We downloaded the fully reduced NIR imaging data of NGC 4138
(unpublished, to our knowledge) from the ESA Hubble Legacy
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Table 3. Summary of the GTC/CIRCE NIR imaging observations.

Name Filter Obs. Total PSF FWHM
name Date on-source star PSF
time (s) name
(1) ) (3) 4) (5) (6)
NGC2110 J 11/10/2016 75 AS050 0.89 arcsec
H 11/10/2016 75 0.75 arcsec
K 11/10/2016 75 0.76 arcsec
NGC 2992 J 05/02/2017 125 S708 D 0.98 arcsec
H 05/02/2017 125 0.78 arcsec
K; 05/02/2017 125 0.76 arcsec
NGC7172 J 16/10/2016 125 AS311 0.71 arcsec
H 16/10/2016 125 0.70 arcsec
K 16/10/2016 125 0.63 arcsec
NGC7314 J 05/02/2017 150 AS050 0.50 arcsec
H 05/02/2017 150 0.54 arcsec
Ky 05/02/2017 150 0.53 arcsec

Archive.! This Seyfert 1.9 galaxy was observed in 2008 February
with the Near Infrared Camera and Multi-Object Spectrometer
(NICMOS) and the narrow FI190N filter (A, = 1.9 pum). This
observation was taken using the NIC3 camera, which has an FOV
51.2 x 51.2 arcsec? on the sky and a pixel scale of 0.2 .arcsec
This image was taken as part of the Hubble programs GO11080
(cycle:15, PI: D. Calzetti) and the exposure time was 13 474 s.

In order to accurately subtract the unresolved AGN component,
first, we generated a theoretical Tiny Tim? PSF (Krist 1995; Krist,
Hook & Stoehr 2011) for the NIC3 camera F190N filter and, then,
we used the PSF subtraction method.

3.3 Literature high angular resolution IR observations

We compiled the highest angular resolution IR (~1-30 pm)
nuclear fluxes available from the literature for our sample. The
compiled nuclear NIR fluxes are from both ground- and space-
based (i.e. Hubble Space Telescope; HST) data (see Table 2). In
the case of the MIR nuclear fluxes, we used the measurements of
the unresolved MIR emission (angular resolutions ranging from
0.2 to 0.6 arcsec) calculated in GB16, where we employed the
PSF subtraction method on high angular resolution MIR images
from 8-10 m-class ground-based telescopes (GTC/CanariCam,
VLT/VISIR, Gemini/T-ReCS and MICHELLE; see table 2 of
GB16).

We retrieved 31.5 pm high angular resolution (FWHM ~ 3.1
arcsec) nuclear fluxes of six Seyfert galaxies (see Table 4), which
were observed with the long-wavelength camera (LWC; A >
25 um) within the Faint Object Infrared Camera for the SOFIA
Telescope (FORCAST; Herter et al. 2012) on the 2.5-m SOFIA
telescope. These observations were obtained using the 31.5 pm
filter (AL = 5.7 um). See Fuller et al. (2016) for further details
on the observations, data reduction, and obtention of unresolved
nuclear fluxes.

Finally, we compiled N-band spectra (7.5-13 um) for the ma-
jority of the sample (17/24 sources), which were obtained with
different instruments (GTC/CC, VLT/VISIR, Gemini/T-ReCS, and
MICHELLE). Details on these observations are given in Table 2,
and we used the fully reduced and flux-calibrated spectra noted.

Uhttp://archives.esac.esa.int/hst/
Zhttp://tinytim.stsci.edu/cgi-bin/tinytimweb.cgi

4 NUCLEAR IR SEDS

4.1 SED construction

To construct the entire nuclear IR SEDs sampling similar physical
scales, we use NIR nuclear fluxes from our own GTC/CIRCE
observations, HST archival data, or the highest angular resolution
nuclear IR fluxes available in the literature. For those cases in which
the angular resolution available is greater than 1 arcsec or there is
evidence of a possible extra contribution from the host galaxy we
used them as upper limits (see Table 2).

When available, we used the subarcsecond nuclear spectra
extracted as a point source, resampling them to 50 points, following
the same methodology as in previous works using N-band nuclear
spectra and clumpy torus models (e.g. AH11; Ramos Almeida
et al. 2014; Garcia-Bernete et al. 2015). In general, there is a good
agreement between the flux calibration of the nuclear spectra and the
N-band nuclear fluxes. However, for consistency, we systematically
scaled the spectra to the N-band nuclear fluxes, unless there is any
evidence to discard them due to the possible contribution of either
emission lines or PAH features in the specific spectral window
of the filters (e.g. NGC 7582). We estimated a ~15 percent total
uncertainty for the nuclear spectra by quadratically adding the errors
in the flux calibration and point source extraction.

In addition, we estimated the AGN contribution at 5.5, 25, and
30 um for all the galaxies based on spectral decomposition of
Spitzer/IRS galaxies (see Table 4).> To do so, we first scaled
the AGN component to the N-band fluxes and then calculated
homogeneous nuclear fluxes at 5.5, 25, and 30 wm using a 1 pm
window in the scaled AGN component, using the same method as
in GB16. We remark that when a specific rest-frame AGN template
extends down to ~4 pum, which occurs for roughly half of our
sample (11/24 sources), we also derived the 4.5 pm nuclear fluxes
(see Table 4). Finally, for those sources without Q-band (17-25 pm)

3Note that when the derived rest-frame AGN component does not extend as
far as 30 pum, we calculated 28 pm fluxes (e.g. NGC 1365 and NGC 4138).
If that is not possible, we used the Spitzer/IRS spectra to estimate the 30 pm
fluxes and considered the IRS fluxes as upper limits, due to the low angular
resolution of Spitzer. The latter also applies to the 25 pm fluxes. We note
that the 25 and 30 um fluxes could have some contribution from the host
galaxy.
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Table 4. Summary of the nuclear MIR emission derived from the AGN contribution based on spectral decomposition of Spitzer/IRS spectra and the
SOFIA/FORCAST 31.5 um fluxes. Column 1 corresponds to the galaxy name. Columns from 2 to 6 list the 4.5, 5.5, 18.0, 25.0, and 30.0 fluxes, respectively.
The final column 7, corresponds to the SOFIA/FORCAST 31.5 pum fluxes, reported by Fuller et al. (2016).

Name Flux density (mJy)

4.5 um 5.5 um 18.0 um 25.0 pm 30.0 um 31.5 um

SOFIA/FORCAST

()] (@) 3 “ ) (6 )
ESO 005-G004 29404 3.8+0.6 - 141 £ 28 163 £33 -
MCG-05-23-016 - 101.1 £ 15.2 - <1762.1 <1898 <1640
MCG-06-30-015 573 +8.6 69.2 + 104 308.5 £61.7 352.1+70.4 <519.8 -
NGC 1365 393 £59 498 +£17.5 - 514.5 £102.9 5542+ 110.8¢ -
NGC2110 112.8 £16.9 1253 +18.8 508.9 £+ 101.8 598.9 £ 119.8 <858.1 <860
NGC2992 16.1 £2.4 28.8 £4.3 - 773.2 + 154.6 965 + 193 <810
NGC 3081 - 188 +£2.8 - 45224904 520 + 104 <800
NGC 3227 - 477 839.7 £ 167.9 947 £ 189 1018.8 £ 203.8 <1300
NGC 3783 - 133.8 +20.1 - 1022.6 £ 204.5 1182.8 £ 236.6 -
NGC4051 765 £ 11.5 97+ 15 661.3 £ 132.3 1001.1 £ 200.2 <1354.7 -
NGC4138 58+09 6.9+ 1.0 309 +6.2 353471 37+£7¢ -
NGC4151 - 404 + 61 - 3187.4 £637.5 2965.2 £+ 593.0 -
NGC4388 235+35 302 +£45 788.6 &+ 157.7 1127.1 £225.4 1305.7 £ 261.1 <2040
NGC 4395 - 14+02 19.8 £4.0 25.6£5.1 303 +6.1 -
NGC 4945 - 49407 - 194.4 £+ 38.9 252.5 +£50.5 -
NGC5128 - 3722 £558 - 3526.2 £705.2 4095.3 £ 819.1 -
NGC 5506 - 490.6 +73.6 - <32733 <3960.9 <3660
NGC 6300 11.4+1.7 28.1+42 6143 £ 1129 1831.1 £ 366.2 <2694.1 -
NGC 6814 122+ 1.8 155+23 - 160 + 32 <249.7 -
NGC7172 - 41.8+6.3 - 146.6 £29.3 166.3 £33.3 -
NGC 7213 - 192429 - <386.6 <389.7 -
NGC7314 - <21.5 - 180.8 +36.2 203.8 +40.8 -
NGC 7582 - 273 +4.1 - 649.7 £ 129.9 923.8 + 184.8 -
UGC 6728 121+£1.8 147+£22 572+114 545 £ 109 51.7+£103 -

“Corresponds to nuclear fluxes calculated at 28 pum instead of 30 pm. See Section 4.1 for further details.

photometry (e.g. NGC 4388), we calculated the 18 pum fluxes using
the same methodology.

Five sources lack high angular resolution nuclear spectra
(NGC 4395, NGC 6300, NGC 6814, NGC 7314, and ESO 005-
G004). Nevertheless, we have high angular resolution photometry in
the NV and Q bands, and we then used the scaled AGN components
derived from the IRS spectra to obtain N-band ‘pseudo-nuclear’
spectra (e.g. Herndn-Caballero et al. 2015). For consistency with the
other 19 nuclear IR SEDs, we restricted the scaled AGN component
to have the same wavelength range (7.5-13 pm) as the ground-
based spectra and resampled to 50 points. Note that we also use
the ‘pseudo-nuclear’ spectra for NGC 4138, NGC 4945, NGC 7172,
and UGC 6728. In the case of NGC4945 and NGC 7172, their
nuclear spectra show a strong contribution from the host galaxy,
while those of NGC4138 and UGC 6728 are very noisy and
practically identical in spectral shape to the AGN component.

4.2 SED observational properties

In Fig. 1, we present the nuclear IR SEDs (~1-30 pum) of our
sample of Seyfert galaxies. In these plots, we compare the spectral
shapes and the average nuclear IR SEDs for the different Seyfert
types considered in this study (Syl, Sy1.8/1.9, and Sy2 galaxies).
The average nuclear IR Syl, Sy1.8/1.9, and Sy2 templates were
constructed using the nuclear IR SEDs described in Section 4.1, but
excluding the lowest angular resolution data (i.e. upper limits).
For consistency, we used the same wavelength grid for all the

MNRAS 486, 4917-4935 (2019)

photometry (1.6, 2.2, 5.5, 8.8, 18.0, 25.0, 30.0 pm). To do so,
we performed a quadratic interpolation of nearby measurements for
each galaxy. In this process, we avoid using L and M bands due to
the large number of upper limits at these wavelengths. Note that we
computed the interpolated fluxes for the sole purpose of deriving
the average Seyfert templates. In addition, we used N-band spectra,
either the subarcsecond angular resolution or the ‘pseudo-nuclear’
spectra (see Section 4.1).

We measured the NIR (1.6-8 wm), MIR (8-18 pm), and total
IR (1.6-25 pum) spectral indices (f, o v*), the H/N and N/Q flux
ratios, and the strength of the silicate feature (9.7 um) for each
galaxy in the sample. We also repeated these measurements in the
derived Sy1, Sy1.8/1.9, and Sy2 templates, which are representative
of each group of SEDs (see Table 5). We find steeper IR slopes for
Sy2 than for Sy1, and the Sy1.8/1.9 and Sy1 slopes are very similar.
Steeper IR slopes for type 2 AGN have been previously reported
in the literature for Seyfert galaxies (e.g. Alonso-Herrero et al.
2003, RA11 and references therein) and more luminous AGNss (e.g.
Mateos et al. 2016). In addition, we measured practically the same
MIR slopes for the three groups (apmir ~ —2) within the errors,
in good agreement with the results reported by RA11. Following
the same methodology as in RAO9 and RA11, we also compare
the spectral shapes of the different Seyfert types using the H/N and
N/Q flux ratios. In agreement with the values reported by the latter
authors, we found similar N/Q flux ratios (~0.3-0.2). On the other
hand, we found that Sy1 (0.11 £ 0.05) and Sy1.8/1.9 (0.15 £ 0.12)
galaxies have slightly larger values of the H/N flux ratio than those
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Figure 1. Observed nuclear IR SEDs for the Syl, Sy1.8/1.9, and Sy2 galaxies in the BCS49 sample. Note that different colours and symbols correspond to the
galaxies labelled in each panel. All SEDs have been normalized at 8.8 pm, and the average Syl, Sy1.8/1.9, and Sy2 (black dashed line) have been shifted in
the Y-axis for clarity. The error bars correspond to the standard deviation of each averaged point. Bottom-right panel: average Syl, Sy1.8/1.9, and Sy2 nuclear
IR SEDs. Blue dot—dashed, green dashed, and red solid lines correspond to the Sy1, Sy1.8/1.9, and Sy2 templates, respectively. The average SEDs have been

shifted in the Y-axis.

Table 5. Spectral shape information of the nuclear IR SEDs. The strength of the 9.7 pum silicate feature is computed as Ssii = In (feont/f0.7), Where feon: and
fo.7 are the flux densities of the continuum and the feature, which we measured at 9.7 pm.

H/N N/Q aIR QNIR AMIR Ssil
1.6/8.8 um 8.8/18 um 1.6-25 um 1.6-8.0 um 8-18 pm 9.7 um
(1) (2) 3) “4) (5) (6) (7
Average Syl 0.11 +£0.05 0.31 £0.08 —-1.44+0.2 —-134+03 —-1.7+03 0.07 £ 0.14
Average Sy1.8/1.9 0.15 £ 0.12 0.25£0.11 —-15+04 —-13+05 —-1.9+0.7 —0.33 £ 045
Average Sy2 0.04 £+ 0.05 0.22 £0.13 —-2.04+0.6 —244+0.6 —-1.8+0.7 —1.01 £ 0.65

of Sy2 (0.04 £ 0.05), but the values are consistent within the
errors.

Taking advantage of the spectroscopy data, we compare the
strength of the silicate feature (9.7 wm) for the different Seyfert
types (see Table 5). The latter is computed as Ss; = In (foont/fo.7)s
where feony and fo; are the flux densities of the continuum and
the feature, which we measured at 9.7 um. As can be seen from
the top-left panel of Fig. 1, the majority of the Syl galaxies
show weak or moderate emission (Ss; > 0; the only exception
is NGC 3227, which has a value of —0.2 and it could be related
to the emission of PAHs), whereas Sy1.8/1.9 and Sy2 galaxies
have relatively deep silicate features (Ssy = —0.3 and —1.0,

respectively). This feature is normally observed in weak emission
or absent in Sy1 and in shallow absorption in type 2 Seyfert galaxies
when observed in subarcsecond resolution data (e.g. Alonso-
Herrero et al. 2016, Garcia-Gonzilez et al. 2017 and references
therein).

4.3 Accretion disc fitting

The NIR emission of AGN is mainly produced by the emission of
very hot dust and the direct emission from the AGN (i.e. accretion
disc) in the case of type 1s, although another important contribution
can be stellar emission from the host galaxy. The contribution from
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Table 6. Accretion disc measurements derived from the fitting of Syls.
Columns 2, 3, and 4 list the fractional contribution of the accretion disc
component to the J-, H-, and K-band emission, respectively. References for
the optical photometry: (a) Bentz et al. (2016a); (b) Mufioz Marin et al.
(2007); (c) Ho & Peng (2001); (d) Prieto et al. (2010); (e) Bentz et al.
(2013); (f) Lauer et al. (2005); (g) Bentz et al. (2016b). Note that for the
average values we used only sources with subarcsecond resolution data.

Name Fy Fy Fk Ref.
(Y] 2) 3) 4) (5)
MCG-06-30-015 0.17 0.09 0.03 a
NGC 3227 0.52 0.25 0.10 b,c
NGC 3783 0.27 0.14 0.07 d
NGC4051 0.21 0.11 0.08 c
NGC4151 0.83 0.40 0.19 c
NGC 6814 0.41 0.24 0.20 e
NGC7213 0.49 0.15 0.04 f
UGC 6728 0.22¢ 0.18¢ 0.14¢ h
Average Syl 046 +028 023+£0.13 0.11 £0.05 -

“Derived from NIR upper limits.

the accretion disc declines with increasing wavelength. According
to both theoretical models (e.g. Hubeny et al. 2001) and polarized
light observations (e.g. Kishimoto et al. 2001) the NIR emission
of the accretion disc can be explained by a power-law extension
of the optical/UV spectrum to the NIR range. This power-law
extrapolation is commonly used to fit the AGN direct emission in
Seyfert 1 galaxies (e.g. Stalevski et al. 2012). However, the clumpy
torus models of Nenkova et al. (2008a,b) assume a steep fall of the
disc spectrum for wavelengths longer than 1 wm. We note that the
CLUMPY models cannot reproduce the NIR bumps observed in
the SEDs of some Syls (e.g. Mor, Netzer & Elitzur 2009; RA11;
AH11). For example, Mateos et al. (2016) successfully reproduced
the IR SEDs of a sample of X-ray selected quasars using a non-
truncated disc component and the CLUMPY torus models.

In order to quantify the contribution from the accretion disc to the
nuclear NIR emission, we follow the same procedure as described
in Herndn-Caballero et al. (2016) using optical, NIR, and MIR
photometry (see Tables 2, 4, and 6) to fit the accretion disc emission
for all Syl galaxies* in our sample. This method used a semi-
empirical model consisting of a single template for the accretion
disc and two blackbodies for the dust emission.

In Fig. 2, we present the fitting results and in Table 6 we list
the fractional contribution of this component to the nuclear NIR
emission. Using only the fits with subarcsecond resolution data, we
find that the average contribution of the accretion disc to the J-, H-,
and K-band emission are 46 &+ 28, 23 £ 13, and 11 = 5 percent in
~0.4 arcsec apertures, which are in good agreement with the values
reported by Hernan-Caballero et al. (2016) for the rest-frame J, H,
and K band (48 & 16, 27 £ 14, and 17 % 1 per cent) using a sample
of luminous quasars. We note that the largest contribution from the
accretion disc to the NIR emission is found for NGC 4151. This is
in agreement with previous works on this galaxy (e.g. Swain et al.
2003; Kishimoto et al. 2007; Riffel, Storchi-Bergmann & McGregor
2009).

Since we find a significant contribution of the accretion disc
emission in the NIR range of Syl, we subtracted this component

4Since Sy1.8/1.9 tend to have relatively high values of foreground extinction
(see Table 1), we did not consider the direct AGN contribution like in the
case of Sy2 galaxies (see also RAQ9 and RA11).
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in all Syl galaxies prior to fitting the nuclear IR SEDs with torus
models.

4.4 SED modelling with the CLUMPY torus models

Using the CLUMPY models and BAYESCLUMPY, we fit all the
nuclear NIR-to-MIR SEDs in our sample (See Appendix A).
A detailed description of the CLUMPY model parameters (see
Table 8) can be found in Nenkova et al. (2008a,b). For approximately
half of our sample (13/24 sources; see Table 7), we used Gaussian
priors for o (width of clouds angular distribution) based on the
opening angle of the ionization cones from published [O III] and/or
H « images or NLR kinematics modelling (see Table 7 for further
details). In addition, we used the IR extinction curve of Chiar &
Tielens (2006) of the local ISM to account for any possible
foreground extinction from the host galaxy. This curve covers the
range ~1-35 pum and accounts for the two silicate features at 9.7
and 18 um. We used different priors for the foreground extinction
from the host galaxy (A" for the various Seyfert types, taking
into account the values available in the literature (see Table 1). We
used A" = [0,2] mag for Syl and [0,8] mag for Sy1.8/1.9 and
Sy2. Finally, we used uniform priors for the rest of the parameters.
When the observed data introduce sufficient information into the
fit, the resulting posteriors will clearly differ from the input uniform
distributions, either showing trends or being centred at certain values
within the considered intervals.

We note that for this study we used the updated version (2014
October) of the Nenkova et al. (2008a,b) clumpy torus models.?
Older versions of these models used the optical depth along the slab
normal for the synthetic clouds. However, in a recent comparison
with spherical clouds (3D radiative transfer), the calculations
showed that the effective optical depth through a cloud was two
times higher than in the former approach (Heymann, Nikutta, and
Elitzur, in preparation). Although the absorption caused by clouds is
not affected by this, the cloud emission does change since its source
function is wavelength-dependent. As a consequence, a moderate
change in the spectral shape has been reported on the CLUMPY
webpage (less than 20 per cent at any given wavelength).

In Appendix A, we present the results of the nuclear IR SED
fitting process with the CLUMPY models (see Section 4.4), which
are the marginal posterior distributions of the six parameters that
define these models plus the foreground extinction and vertical
shift. This shift scales with the AGN bolometric luminosity. We
can also translate the posterior distributions of the parameters into
a best-fitting model described by the combination of parameters
that maximizes the posterior (maximum-a-posteriori; MAP) and a
median model, computed with the median value of each posterior
(see Appendix A). We found different average models of each
subgroup from the median fitted nuclear IR SEDs. The Sy1 average
model including the accretion disc emission component (black
dotted line of Fig. 3) shows a flat NIR slope and the shape for
the Sy?2 average model (red solid line of Fig. 3) is very steep. The
Sy1.8/1.9 average model lies between those of the Syl and Sy2
models.

In general, the CLUMPY models provide good fits
(x*/dof(degrees of freedom) < 2.0) to the majority (19/24) of the
nuclear IR SEDs (see Appendix A). While the MIR emission is
well fitted for practically all the SEDs, we found that 5/24 galaxies
(i.e.NGC 3783,NGC 4395, NGC 5506, NGC 7172, and NGC 7314)

Shttps://www.clumpy.org/
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Figure 2. Accretion disc emission fits of Syls. Blue circles, red triangles, and black diamonds represent broadband photometry in the rest-frame optical, NIR,
and MIR, respectively. We show the dust components (red dashed lines), accretion disc component (blue dot—dashed line) and best fits (black solid lines). Note
that the dust component is modelled as a linear combination of two blackbodies at adjustable temperatures (green and orange dotted lines). The vertical dotted

lines mark the rest-frame wavelength of He and Pa «.
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Table 7. Constraints on the torus widths derived from ionization cone
opening angles. References: (a) Mundell et al. (1995); (b) Fischer et al.
(2013); (c) Miiller-Sanchez et al. (2011); (d) Christopoulou et al. (1997);
(e) Wilson & Tsvetanov (1994); (f) Garcia-Lorenzo, Arribas & Mediavilla
(2001); (g) Rosario et al. (2010); (h) Ferruit, Wilson & Mulchaey (2000);
(i) Bryant & Hunstead (1999); (j) Wilson, Baldwin & Ulvestad (1985).

Name O literature Ref. Interval used
(1) (2) 3) (€]
Syl galaxies
NGC 3227 55°-60° a [45°-65°]
NGC 3783 35°-56° b, ¢ [35°-55°]
NGC4051 67°¢ [50°-70°]
NGC4151 52°0-62° e [45°-65°]
NGC 6814 4304 c [35°-55°]
Sy1.8/1.9 galaxies
NGC 1365 29°-49° e [30°-50°]
NGC 2992 25° f [15°-35°]
Sy2 galaxies
NGC2110 45° g [35°-55°]
NGC 3081 75° h [50°-70°]
NGC 4388 65° e [50°-70°]
NGC5128 55°-65°¢ i [50°-70°]
NGC 5506 45° ] [35°-55°]
NGC 7582 42°0-52° e [35°-55°]

“Derived from NLR kinematics modelling.

Table 8. Clumpy torus model parameters. i = 0° is face-on and i = 90° is
edge-on. We note that the foreground extinction is unrelated to the torus.

Parameter Symbol Interval
Radial extent of the torus Y [5, 100]
Width of clouds angular distribution o [15°,70°]
Number of clouds along an equatorial ray No [1,15]
Index of the radial density profile q [0, 3]
Inclination angle of the torus i [0°,90°]
Optical depth per single cloud Ty [5, 150]
Foreground extinction A‘C"r Syls: [0, 2] mag
Sy1.8/1.9/2s: [0, 8] mag
1.000 ' 3
. 0.100F 3
c E ]
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Figure 3. IR torus model emission as derived from the median-fitted
nuclear IR SEDs. Blue dot—dashed, green dashed, and red solid lines
represent the average of the median SEDs of Syl, Syl.8/1.9, and Sy2
galaxies, respectively. We plot the average median SEDs of Syl including
the accretion disc emission, which corresponds as the black dotted line, for
comparison. The SEDs are normalized at 50 um. The brown vertical dotted
lines correspond to silicate features.
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show a clear excess of emission in the NIR. This likely indicates
an extra hot dust component is needed to reproduce their IR SEDs
(see also Mor et al. 2009). We note that the main goal of this
work is to obtain a global statistical analysis of the clumpy torus
model parameters of the various Seyfert galaxy types, rather than
focusing on the individual fits (see Appendix A). As a sanity check,
we repeated the analysis using only those galaxies with the best
(x?/dof < 1.0; ~63 per cent of the sample) and good (x 2/dof < 2.0;
~79 per cent of the sample) fits and we find the same results within
lo.

5 COMPARISON OF THE TORUS PROPERTIES

In this section, we investigate the main differences between the
clumpy torus model parameters for the BCSyy sample. Table 9
reports the main derived properties of the torus from the model
parameters and the X-ray measurements for comparison.

5.1 Distributions of clumpy torus model parameters

5.1.1 Optical classification

In this section, we discuss the global posterior distributions and their
mean values for Syl, Sy1.8/1.9, and Sy2. To this end, we apply the
hierarchical Bayesian approach also used in Ichikawa et al. (2015).
To be more precise, we assume that the global properties of the
objects are extracted from common prior distributions and we infer
the hyperparameters of these priors. Because of its flexibility, we
decided to use beta distributions as these prior distributions. To take
advantage of the already computed sampling of the posterior for
each individual object, we leverage the importance sampling trick
developed by Brewer & Elliott (2014). Although one should ideally
sample from the full hierarchical probabilistic model, we consider
this approximate technique as sufficient for our purposes.

As can be seen from Fig. 4, the majority of the global distributions
are clearly different. To quantify these differences, we use the
Kullback—Leibler divergence (KLD; Kullback & Leibler 1951) as
in RA11. This approach takes into account the overall shape of the
posterior distribution and it always has a positive value. In the case of
two identical distributions, it is equal to zero and the larger the values
the more different the distributions. RA11 suggested that for values
larger than 1 (bold face in Table 10), two posterior distributions may
be considered to be significantly different. Following this, we find
that the differences in o, Ny, and Ty (see Fig. 4) between Syl and
Sy2 are significant according to the KLD. The same applies to o and
Ty between Sy1.8/1.9 and Sy?2 galaxies. We note that RA11 found
essentially the same differences between Syl and Sy2 galaxies.
All these results are in good agreement with previous works (e.g.
RAI11, AHI11, and Ichikawa et al. 2015). However, we find smaller
values of the cloud optical depth for Sy2 (ry ~ 56) than for Syl
and Sy1.8/1.9 galaxies (ty ~ 94-114) and smaller values of i for
Syl (i=19 %+ 16°).

5.1.2 X-ray classification

So far, we have compared the torus properties for Seyfert galaxies
with different optical classifications. In this section we obtained the
global posterior distributions of the sample divided into unabsorbed
(Ny < 10%2 cm~2) and absorbed (N > 10*2 cm~2) Seyfert galaxies
in X-rays.

In Fig. 5, we show these distributions. We find essentially the
same trends as when we divide the sample into Syl and Sy2 using an

6102 AINr €0 uo Jasn jooyog ssauisng pies Aq €89/ 7S/ L6/7/98110B1Sqe-joe/seiu/woo dnoolwepese//:sdiy woll papeojumod



4927

Torus model properties of an X-ray selected sample

Downloaded from https://academic.oup.com/mnras/article-abstract/486/4/4917/5437683 by Said Business School user on 03 July 2019

0S'1— ®zsL 8Ty 98°T €€YT 080 900F€000 Y 01 X G9FTT) 18°Th 80°ch 78SLJON
€57— (@ s¥'8 9g'cy LT 16CC £090F86°0 ol TS Wrre o1 x ESFon 16Tk 16Tk TLILDON
107— ®10L vty v 1 1€°€T 00660 £9F60 GoFLT 01 x (biFr9) SO'sy 00°cH 00£9 DON
6£T— ® 6L 60°cH 6£°Th T0'€T W60 §Fo1 coF1T 01 xESFLD 8TTh LT 8TIS DON
€6'1— (®)8LL €Sty 69T 08'%C O0FL60 1309 F 10070 Mree o1 x (F0Fen) 98°0 SO'1Y Sv6v DOON
8L°0— (@ 669 L'sy so'sr €T 000F660 LF90 POF 8T 01 X (B0F9D) L6'TH Yo't 88¢H DON
€57— @ 1+'8 09'ch wew 16'€T 29Fs6°0 €OF Y0 2EFser 01 X (E5599) o1'ch STep 180€ DON
or'E— (@D sT6 6v'cr 69T v6'TC L9Fss0 97 F ¥§ CiFsy 01 X ((55F60) LE'EY 8Ty 0112DJON
91— ®86'L erey 0T'ch 81'CT oF080 48 Yrse 01 x(QiFTO €L'sy SLEy 910-£2-S0-DOIN
YO T— () 869 YL'Th 8L'Th PEYT W9Fs60 w09¥z00°0 Wrs1r 01 x E3Fe0) T €vTy $00D-500 0SH
sarxe[esd gAS
SLT— @¥eeL Py Ty €CTh 09'12 SoFr80 HESYS £rer 01 X GAFr D or'Th 9T'Th PIELOON
yIT— ®) 67’8 Py ey 66'TH Pr'TT wF160 9% Fo¢ §0Fse 01 x (§1F9L) v6'ch 98°c 905S DON
wi— (®) 88 €9°0F 0S°0% v0'1T Crp10 20F 0 Dreo 01 xEFc0) L6'6€ 86'6€ S657 DON
16T— (@ogL 65T €Ty 68'CC 2009F81°0 “rrg soF60 01 x C9F9°0) L9y 6’1y 8€17 DON
97'0— @r's €STh 00Tk LT D0For0 SOFLO el 01 x G ey LSEP T667JON
% ® 6L 69°TH T 17TC D0For0 91709 Srre 01 x EiFs S6'Th €8Tk S9€1 DON
sarxe[es 6°1/8 148
9¢'0— @zes Ty 08T 0007 LLOF860 Y%rig s 01 x (BT 6£°€h or'Th 82£909N
97T~ G)LeL vSTy 6’17 00°0T SoFzr0 001 Wre1 01 xGIFTID 8T 96°c €1ZLOON
660~ (@919 08'Th 1€°Ty L6'0T 91570 L0 Sr1re 01 x GiFen 95T ov'Th ¥189 DON
96'1— ® L ey €Tk L7 SoFEL0 SF1L WFee 01 x (FFs) L€y 6v'Ey 1STH DON
- (@09°s YT €Ty 00°0C L9F08°0 Yrre WFeo 01 x (CFE0) wTy 6S°TH 1S0¥ DON
§S0— ® L 8Ty erey 6v°0C 0 F89°0 HES S9r9c 01 x (EiFg9) ey sy'ey €8LE£DON
9¢'1— (@799 85T 01'ch $6'0T L09F980 AFT et 01 xGSFrD 80°cy 16TY LTTEDON
- ® L 99'TH vLTh $8°0T WoFer0 =AY Ex0r 01X A0FCTO) 0°ch €C'cy S10-0€-90-DOI
sarxeesd [AS
(48] (Im 1) (©) (8) () ()] () (2] (©) (@) (D
(;_s 319) (;_s 319) (o) (%) (od) (°IN) (;_s 319) (;-s 319)
(PRl (CWHIMFOL  (poygerpiDFOT  (ayg D301 (g, HNDS0T ) ™g snioL,y snioLpy (s D301 (opow )30 owreN

*SISSBW H{ Y} JO UOTBWNS AY)

Jnoqe uoneuLIouT IayIng 10§ O x1puaddy 998 (0107) ‘Te 12 UBAIpNSEA (9) {(£T07) T8 12 SSOY (q) yI0m ST (B) : ON/HEpy 10J S00ua1Jy (qL107) T 12 1001y Ul st ASojopoyjour dwes a) SuImo[[oy oney uojsurppyg
PIALISP 3} PUE SOUIJAI JIAY) [JIM SISSBUW [ oY) ISI[ ¢ PUB [ suwinjo)) "(B,[(7) ‘[& 12 1001y Wolj uaye) sanisourun] AeI-X A9 G61—p] paioaniod-uondiosqe pue A ()[—g dIsuLnur ‘A}suap uwnjod udagorpAy
A} 01 puodsarIod ()] PUE ‘g ‘g SUWN[O) "URIPAW AY) PUNOIL san[eA 0] F Surpuodsaliod oY) [)Im PaISI] AT SON[eA UBIPAUI JBY) AJON [OPOW SNI0) Ay} WOIJ paALIap (1)) 10108] Surreaod snioy pue (°°7) Apqeqord

adeosa ¢(SMCLy) snIpex 19)no snio) (SMOLyy) ssew seS snio) (UoIsSIWD snio) [opowr Surpuodsariod ay) Suneidaur £q paure)qo ¢

SNIo)

out

Hor) K)Isouruny SLISWo[0q SN0} “(jophit7) ANSOUILIN] SLISWO[Oq NDV Y} 18I  pue

‘9 ‘G ‘p ‘¢ ‘7 suwn[o)) ‘suonnqLIsIp Jor)sod [eurSIew oY) Jo SON[EA UBIPIW ) WOIJ PAALISp a19m sanadord [apowr snioy oy, “sentedoid Aer-x pue s1y oy woy paarop sentedoid [opour snio) pue NOV °6 dqeL

MNRAS 486, 4917-4935 (2019)



4928 I Garcia-Bernete et al.

0.10 v . . T T
v Syl
== Syl.8-1.9
— Sy2

0.08

°
o
S

Distribution
o
f

ammmy
Lot ....
0.02} ,0‘_,.m.y.‘---w.......,,~‘.' p

0.00

20 30 50 60 70

o [deg]

0.5

041

4
W

Distribution
e
o

0.1

h
.
" RLIT YT

0.0 " n .
2 4 6 8 10 12 14

0.04

Distribution
o
°
3

o
o
~

0.011

s
.

' -~ >

‘ —caann’

LI
.
e
T
e
RN Ty e

50 60 70 80 90

deeg]

10 20 30

0.07 T T T T

Distribution

100

1.0

0.8+

°
o

Distribution
o
>

0.2

0.040

0.035F

0.030

0.025

0.020

Distribution

0.015

0.010

0.005 -

20 40 60 80 100 120 140
TV

0.000

Figure 4. Comparison between the clumpy torus model parameter global posterior distributions for the optical classification. Blue dot—dashed, green dashed,
and red solid lines represent the parameter distributions of Sy1, Sy1.8/1.9, and Sy2 galaxies, respectively.

Table 10. Kullback-Leibler divergence (KLD) results for comparison of
the global posterior distribution of each parameter for the various subgroups.
In bold we indicate the statistically significant differences.

Subgroups o Y N g 7ty i Cr
(1 @ 6 @ & ©® O ©®

1.16 0.19 5.07 0.27 556 0.47 5.11
0.06 0.11 3.84 0.04 0.19 0.38 0.91
1.73 0.10 0.17 0.13 3.63 0.13 3.21
0.86 0.42 1.74 095 2.11 0.10 1.88

Syls versus Sy2s

Syls versus Sy1.8/1.9

Sy2s versus Sy1.8/1.9
Absorbed versus unabsorbed

MNRAS 486, 4917-4935 (2019)

optical classification, but with less significance (see Table 10). This
is due to the fact that the majority of optically classified Syl and Sy2
correspond to the unabsorbed and absorbed subgroups, respectively.
Half of the Sy1.8/1.9 galaxies are classified as unabsorbed and the
other half as absorbed, while only one Syl galaxy is absorbed (i.e.
NGC4151).

5.2 Torus size, angular width, and mass

In this section, we discuss the main torus model properties: torus
size, angular width, and mass, which can be compared to those
derived from high angular resolution observations from the ALMA
(e.g. Garcia-Burillo et al. 2016; Alonso-Herrero et al. 2018). We
can derive the physical radius of the clumpy torus (R,) by using the
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Figure 5. Comparison between the clumpy torus model parameter global posterior distributions for type 1 and type 2 Seyferts according to the X-ray
classification. Blue dot—dashed and red solid lines represent the parameter distributions of unabsorbed and absorbed Seyfert galaxies, respectively.

radial extent of the torus (Y = R,/R;), the bolometric luminosity and
the dust sublimation radius (R,) definition (equation 1). Note that
we use bolometric luminosities derived by using the 14-195 keV
band and a fixed bolometric correction (Lyo1/L14-195 ey = 7.42). We
obtained this factor from the commonly used bolometric correction
of 20 (e.g. Vasudevan & Fabian 2009) at 2-10 keV and assuming
a power-law slope of 1.8 (see Appendix B). Finally, we can also
estimate the torus gas mass for each AGN, using the Galactic dust-
to-gas ratio from Bohlin, Savage & Drake (1978) and o, Ny, Ty,
Ry, and Y (equation 3), where I, = 1, Y/(2 In Y) and 1/3 for g =2,
1 and 0, respectively. In agreement with previous works using the
CLUMPY torus models (e.g. RA09; RA11; AHI11; Liraet al. 2013;
Ichikawa et al. 2015; Fuller et al. 2016), we find relatively compact
torus sizes for all the Seyfert galaxies in our sample (R, < 15 pc),
with median values of 2.8 & 1.2, 1.9 £ 1.2, and 3.5 £ 3.9 pc for

torus radius of Syl, Sy1.8/1.9, and Sy2 galaxies.

1500 K\ *° LAGN N7
R, =04 —_bol 1
=04 () (rener) ®
Netaoial — (1.9 x 10*') 1.086 N 7y cm™> )
Mlorus

M - 4t my sin(@)NMA"™ R2 2 Y 1,(Y)/1.989 x 10 (3)

We find median values of 1.1 £ 3.5, 14 £ 2.8, and
3.9+ 5.1 x 105 Mg, for the torus gas masses of Sy, Sy1.8/1.9, and
Sy2 galaxies. Lira et al. (2013) found values of the torus masses
ranging from 10* to 10°® Mg, using a sample of 48 Sy2 galaxies from

MNRAS 486, 4917-4935 (2019)
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the extended 12 um Galaxy Sample (Rush, Malkan & Spinoglio
1993). For 5/8 Sy1 galaxies, we can compare the torus gas masses
with measurements corresponding to the inner 30 pc (radius)
reported by Hicks et al. (2009). They derived masses of Mgazs =3-
20 x 10% Mg for NCG 3227, NCG 3783, NCG 4051, NCG 4151,
and NCG 6814. These masses were obtained from the H, 1-0S(1)
emission line at 2.12 wm. We do not have any Sy?2 galaxy in common
with Hicks et al. (2009), but we compare with the two Sy2 galaxies in
their sample (Circinus and NGC 1068). For Circinus using a smaller
radius of 9 pc, they found an Mgazs =1.9 x 10% Mg. For NGC 1068,

the latter authors reported a mass of Mlg“lazS =23 x 10" Mg, in the
inner 30 pc. As expected, we found that the gas masses inferred
from the fit of the nuclear IR SEDs in a smaller radius (~0.5-15 pc)
are smaller than those measured in the inner ~30 pc. Using the
CO(6-5) line observed with ALMA, Garcia-Burillo et al. (2016)
reported a smaller gas mass (1.2 x 10° Mg,) for the inner ~7—10 pc
of NGC 1068. Finally, using ALMA/CO(2-1) data, Alonso-Herrero
et al. (2018) found that the nuclear disc of the Sy2 NGC 5643 is a
factor of ~10 more massive and larger (~26 pc of diameter) than
that of NGC 1068. Therefore, we obtain comparable values of the
torus mass with those derived from the highest angular resolution
data.

5.3 The covering factor

Clumpy torus models imply that the differences between type 1
and type 2 AGN depend of whether there is a direct view of the
broad-line region (BLR; e.g. Nenkova et al. 2008a,b). Therefore, the
observed classification is the result of the probability for an AGN-
produced photon to escape through the torus along a viewing angle
without being absorbed. As this probability is always non-zero, it
is always possible to have a direct view of the BLR, regardless of
the torus orientation. Therefore, the larger the covering factor (Cr)
the larger the probability of classifying an AGN as type 2. In fact,
the geometrical covering factor gives the type 2/total fraction (e.g.
Mateos et al. 2017).

In order to compare the covering factors for the three subgroups,
we derived the combined probability distributions. To do so, we
concatenated together the individual arrays of the Ct values returned
Bayesian modelling for all objects in subgroups and we computed
the combined probability distributions since it is a non-linear
function of the torus model parameters (o and Ny; see left-hand

MNRAS 486, 4917-4935 (2019)

panel of Fig. 6). We note that we do not use the hierarchical
Bayesian approach since if we use the generalized beta distribution
as the prior we would introduce an extra prior in the Cr derived
quantities. Using our ultra-hard X-ray volume-limited sample of
Seyfert galaxies, we confirm the results first reported by RA11 that
the covering factors of Sy2 are larger than those of Syl galaxies.
Indeed, using the optical classification, we find that Sy2 have
larger median values of the covering factor combined probability
distributions (Cy = 0.95+0%) than Syl (Cr = 0.66+01%) and
Syl1.8/1.9 (Cr = 0.53+)3}) which is the same as for Syls, within
the errors. These results are in good agreement with previous
works (e.g. RA11; AHI11; Ichikawa et al. 2015; Mateos et al.
2016). We also repeat the global posterior distribution for the
covering factor using the X-ray classification (see Section 5.1.2)
and we find the same trend (see right-hand panel of Fig. 6 and
Table 10).

5.3.1 Dependence with AGN luminosity and Eddington ratio

To investigate the relation between the bolometric luminosity
derived from the X-rays (2-10 and 14-195 keV; see Appendix B)
and the covering factor (see top panels of Fig. 7), we divided our
sample into several luminosity bins. In the first bin, we included
the three sources with log(LA5") <43, while the rest of the sample
was divided in two bins of equal logarithmic width (1 dex). We find
that the o parameter remains essentially constant within the errors,
throughout our luminosity range [log(Lji¢N)~ 41-45 erg s7';
see top panels of Fig. 7]. The same applies for the covering
factor (see top panels of Fig. 8). We find slightly larger values
of Cr (20.5) in the log(Lj\GN) ~ 44-45 erg s~! luminosity range
because the majority of the sources in that bin are Sy2s. Thus,
we do not find a statistically significant trend in the covering
factor with AGN luminosity, which is in good agreement with
recent studies (e.g. Mateos et al. 2016, 2017; Netzer et al. 2016;
Stalevski et al. 2016; Lani, Netzer & Lutz 2017; Ichikawa et al.
2019).

More recently it has been suggested that the Eddington ratio is
the key parameter determining the covering factor, instead of the
bolometric luminosity (e.g. Buchner & Bauer 2017; Ricci et al.
2017b). Ricci et al. (2017b) found that the covering factor rapidly
decreases at higher Eddington ratios (see the orange solid line of
Fig. 9). We derived Eddington ratios using the 2—10 keV bolometric
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Figure 7. Top panels: luminosity dependence of the torus width for the BCS4 sample using the bolometric luminosities derived from the 14-195 keV and
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X-ray luminosities and the black hole mass estimates from Ricci
etal. (2017a) and Koss et al. (2017), respectively. For the remaining
sources, we estimate the black hole masses (see Appendix C) as in
Kossetal. (2017). The only exceptions are NGC 7213 and ESO 005-
G004, for which we take their black hole masses from Vasudevan
et al. (2010). The Eddington ratios of the sample are listed in
Table 9.

Although we find higher values of the C7 for lower Eddington
ratios (see Fig. 9), we do not find a statistically significant depen-
dence of the torus covering factor with the Eddington ratio. This
result suggests, albeit for a small luminosity range and a limited
number of galaxies, that the Eddington ratio would not be driving
the geometrical covering factor.

5.3.2 Missing obscured Seyferts?

In Fig. 10, we show the Sy2 fraction in our sample as estimated by
using two covering factor bins (0.5-0.8 and 0.8—1.0).° To estimate

%Note that we use Cr values larger than 0.5 due to the lack of data in the
lower Cr range for Sy2 galaxies (see left-hand panel of Fig. 6).

the uncertainties, we used the bootstrap error estimation generating
10% mock samples of Sy1, Sy1.8/1.9, and Sy2s by randomly select-
ing sources using replacements, with their corresponding covering
factor distributions from the original samples. Note that the number
of Sy1, Sy1.8/1.9, and Sy2s in each mock sample keep constant the
observed number of Seyferts (i.e. ngy; + nsy1.8/1.9 + nsy2). Finally,
for each source, we calculate the obscured fraction in each bin
by integrating its probability distribution (see e.g. Mateos et al.
2017).

Our data points should follow the 1:1 blue line shown in
Fig. 10 if our sample did not miss any high covering factor source
(covering factor values ~1). However, the Sy2/total fraction is
always below the 1:1 line. In general, we found that the most
highly absorbed sources are the ones with higher torus covering
factors (see also RA11, AHI1 and Mateos et al. 2016). All this
suggests that even an ultra-hard X-ray (14-195 keV) Swift/BAT
selection is missing a significant fraction of highly absorbed type
2 sources with very high covering factor tori. This is expected
since at column densities Ny > 10%° cm™2, even high-energy
photons (14-195 keV X-ray band) are absorbed. An example
of these missing sources could be NGC4418, which is a very
highly obscured AGN at ~30Mpc. It has a compact IR bright
core with the deepest known silicate absorption but it is not

MNRAS 486, 4917-4935 (2019)
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detected in the Swift/BAT hard X-ray band (e.g. Roche, Alonso-
Herrero & Gonzalez-Martin 2015 and references therein). The
result presented here agrees with those reported in Ricci et al.
(2015) and Koss et al. (2016) at energies >10 keV and Mateos

MNRAS 486, 4917-4935 (2019)

et al. (2017) at energies >4.5 keV. The latter authors inferred the
existence of a population of X-ray undetected objects with high
torus covering factor, especially at high bolometric luminosities
(>10% erg s71).
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in the Y-axis represent the +10 confidence interval.

6 CONCLUSIONS

We present for the first time a detailed modelling of the nuclear dust
emission of an ultra-hard X-ray (14-195 keV) volume-limited (D,
< 40 Mpc) sample of 24 Seyfert galaxies. We selected our targets
from the Swift/BAT nine-month catalogue. Our sample covers
an AGN luminosity range log(L;1°%V)~ 40.5-43.4 erg s~!. We
fitted the nuclear IR SEDs obtained with high angular resolution
data (~1-30 pm) with the CLUMPY models using a Bayesian
approach. From these fits, we derived torus model parameters for
the individual 24 galaxies. In the case of Seyfert 1s, we took special
care to subtract the accretion disc contribution from the observed
nuclear SEDs using the type 1 QSO accretion disc template from
Hernan-Caballero et al. (2016). The main goal of this work was
to obtain a global statistical analysis of the clumpy torus model
parameters of type 1 and 2 Seyfert galaxies. We used both optical
(broad versus narrow lines) and X-ray (unabsorbed versus absorbed)
classifications for our analysis. Using these classifications, we
compared the global posterior distribution of the torus model
parameters, rather than focusing on the individual fits.

We verified our previous results that type 2 Seyferts have tori
with larger widths and more clouds than type 1/1.8/1.9s. These
findings are independent of whether we use an optical or X-ray
classification. We found that the covering factor is likely the main
parameter driving the classification of Seyfert galaxies. We derived
compact torus sizes (radius <15 pc), and gas masses in the 10%—
10° M, range for both types.

We derived geometrical covering factors for the individual
galaxies and globally for Syls and Sy2s. In clumpy torus models,
the geometrical covering factor is a function of the angular size
and the number of clouds. Using these distributions, we confirmed
that Seyfert 2 galaxies have larger values of the covering factor
(Cr = 0.950%) than type 1s (Cr = 0.66£019) using, for the first
time, an ultra-hard X-ray selected sample of Seyferts. We found that
the torus covering factor remains constant within the errors in our
luminosity range and no clear dependence with the Eddington ratio.
Finally, we compared the derived covering factor with the observed
type 2 fraction for our sample. From this comparison, we found
tentative evidence that even an ultra-hard X-ray selection is missing
a significant fraction of highly absorbed type 2 sources with very
high covering factor tori, as also concluded by Mateos et al. (2017)
at lower X-ray energies using a more distant and luminous sample
of AGN.

4933

We note that detailed studies such as this, carried out not only
using larger samples of galaxies but covering wider luminosity and
redshift ranges are needed to improve the statistics of the results
we report here. In the future, this methodology may be applied
to AGN samples using high angular resolution and sensitive MIR
data, observed with the combined spectral coverage of NIRSpec
and MIRI aboard the James Webb Space Telescope (JWST).
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