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ABSTRACT

We present subarcsecond resolution mid-infrared (MIR) images obtained with 8—10 m-class
ground-based telescopes of a complete volume-limited (D, < 40 Mpc) sample of 24 Seyfert
galaxies selected from the Swift/Burst Alert Telescope nine month catalogue. We use those
MIR images to study the nuclear and circumnuclear emission of the galaxies. Using different
methods to classify the MIR morphologies on scales of ~400 pc, we find that the majority of
the galaxies (75-83 per cent) are extended or possibly extended and 17-25 per cent are point-
like. This extended emission is compact and it has low surface brightness compared with the
nuclear emission, and it represents, on average, ~30 per cent of the total MIR emission of
the galaxies in the sample. We find that the galaxies whose circumnuclear MIR emission is
dominated by star formation (SF) show more extended emission (650 £ 700 pc) than active
galactic nuclei (AGN)-dominated systems (300 &£ 100 pc). In general, the galaxies with point-
like MIR morphologies are face-on or moderately inclined (b/a ~ 0.4—1.0), and we do not
find significant differences between the morphologies of Syl and Sy2. We used the nuclear
and circumnuclear fluxes to investigate their correlation with different AGN and SF activity
indicators. We find that the nuclear MIR emission (the inner ~70 pc) is strongly correlated
with the X-ray emission (the harder the X-rays the better the correlation) and with the [O1v]
225.89 um emission line, indicating that it is AGN-dominated. We find the same results,
although with more scatter, for the circumnuclear emission, which indicates that the AGN
dominates the MIR emission in the inner ~400 pc of the galaxies, with some contribution
from SF.

Key words: techniques: high angular resolution—galaxies: active—galaxies: nuclei—
galaxies: photometry — galaxies: Seyfert —infrared: galaxies.
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1 INTRODUCTION

Active galactic nuclei (AGN) are powered by accretion of material
onto supermassive black holes (SMBHs), which release enormous
quantities of energy in the form of radiation and/or mechanical out-
flows to the host galaxy interstellar medium. This feedback is funda-
mental to the formation and evolution of the host galaxies (Hopkins
& Quataert 2010). Seyfert galaxies are intermediate-luminosity
AGN, characterized by a bright unresolved nucleus generally hosted
by a spiral galaxy (Adams 1977). Seyfert galaxies are classified by
the presence of broad lines (type 1) or otherwise (type 2) in the
optical spectrum (Khachikian & Weedman 1971, 1974), and these
types depend on orientation, according to the unified model (An-
tonucci 1993). This scheme proposes that there is dust surrounding
the active nucleus distributed in a toroidal geometry, which obscures
the central engines of type 2, and allows a direct view in the case
of type 1 sources. The dusty torus absorbs the AGN radiation and,
then, reprocesses it to emerge in the infrared (IR), peaking in the
mid-IR (MIR; ~5-30 pm), according to torus models (e.g. Pier
& Krolik 1992; Efstathiou & Rowan-Robinson 1995; Schartmann
et al. 2005; Honig et al. 2006; Nenkova et al. 2008a,b; Stalevski
et al. 2012; Siebenmorgen, Heymann & Efstathiou 2015).

MIR observations of the nuclear regions of active galaxies allow
to study the emission of dust heated by the AGN, but also by star
formation (SF) when present (e.g. Radomski et al. 2003; Packham
et al. 2005; Sales et al. 2013; Alonso-Herrero et al. 2014; Esquej
et al. 2014; Ramos Almeida et al. 2014; Ruschel-Dutra et al. 2014;
Garcia-Bernete et al. 2015). Prominent features in the MIR spec-
trum of AGN are the 9.7 um silicate feature, and the polycyclic aro-
matic hydrocarbon (PAH) emission bands, although the latter can
be diluted by the bright AGN continuum (see e.g. Alonso-Herrero
et al. 2014; Esquej et al. 2014; Ramos Almeida et al. 2014; Garcia-
Bernete et al. 2015). The PAH features are often used as indicators
of the star formation rate (SFR) of galaxies (see e.g. Peeters, Spoon
& Tielens 2004; Wu et al. 2005; Diamond-Stanic & Rieke 2012;
Esquej et al. 2014), together with low ionization potential (IP) MIR
emission lines such as [Nen ] 212.81 um (Spinoglio & Malkan
1992; Ho & Keto 2007; Pereira-Santaella et al. 2010; Spinoglio
et al. 2012).

The unprecedented angular resolution achieved by 8—10 m-class
ground-based telescopes in the MIR is crucial to correctly sepa-
rate the nuclear emission from the foreground galaxy emission. As
the MIR-emitting torus is compact (r < 10 pc; see e.g. Tristram
et al. 2009; Burtscher et al. 2013), this angular resolution is funda-
mental to isolate its emission from other emitting sources at larger
scales, as well as to disentangle the heating source of the diffuse cir-
cumnuclear MIR emission. However, our understanding about the
dominant heating source of the dust on these physical scales (in-
ner kpc) remains unclear, because of the paucity of ground-based
MIR instruments and the limited size of the samples studied to
date (Horst et al. 2008; Gandhi et al. 2009; Levenson et al. 2009;
Mason et al. 2012; Gonzédlez-Martin et al. 2013). A major step for-
ward was attained with the publication of the subarcsecond MIR
imaging atlas of local AGN (Asmus et al. 2014). These authors pre-
sented a compilation of subarcsecond MIR imaging for 253 AGN
(204 with nuclear component detected), and found that a large frac-
tion of the galaxies present extended MIR morphologies. They also
found that the lower angular resolution data are significantly af-
fected by non-AGN emission, and that the subarcsecond resolution
MIR fluxes are generally less than half compared to Spitzer/InfraRed
Spectrograph (IRS) data in a significant fraction of the sample
(31 per cent).

The aim of this work is to study for the first time the nuclear and
circumnuclear MIR emission of a complete and volume-limited
sample of X-ray-selected Seyfert galaxies (see Section 2) to obtain
statistically significant results. Therefore, here we used the nine
month Swift/Burst Alert Telescope (BAT; Tueller et al. 2008) AGN
catalogue, which is a very hard X-ray survey (14-195 keV) to select
our AGN sample.

The paper is organized as follows. Sections 2 and 3 describe
the sample selection and the observations, respectively. The main
results on the MIR emission are presented in Section 4. Section 5 de-
scribes the MIR morphological analysis, and in Section 6, we study
different MIR correlations with AGN and SF indicators. Finally, in
Section 7, we summarize the main conclusions of this work.

Throughout this paper, we assumed a cosmology with Hy =
73kms™! Mpc“, Q= 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

Previous ultraviolet (UV), optical and IR surveys are often incom-
plete, since UV and optical surveys are missing obscured sources,
and IR surveys introduce a bias against dust-free AGN. A complete
sample would be designed to select AGN by an isotropic prop-
erty, such as the hard X-ray emission, which is commonly used as
an isotropic indicator of AGN luminosity (see e.g. Mulchaey et al.
1994; Meléndez et al. 2008a; Diamond-Stanic, Rieke & Rigby 2009;
Rigby, Diamond-Stanic & Aniano 2009).

The very hard 14-195 keV band of the Swift/BAT catalogue is
far less sensitive to the effects of obscuration than optical or softer
X-ray wavelengths. Indeed, this AGN catalogue is one of the most
complete to date (see e.g. Winter et al. 2009, 2010; Weaver et al.
2010; Ichikawa et al. 2012; Ueda et al. 2015).

The sample studied here consists of 24 Seyfert galaxies selected
from the nine month catalogue observed with Swift/BAT (Tueller
etal. 2008), which is flux-limited in the very hard 14-195 keV X-ray
band (153 sources). The Swift/BAT sources were selected based on a
detection at 4.80 or higher. Note that this catalogue is sensitive over
80 per cent of the sky to a flux threshold of 3.5 x 10~!! ergcm =2 57!
in the 14-195 keV band and covers one-third of the sky near the
ecliptic poles at 2.5 x 10~ erg cm™2 57!,

We chose the nine month catalogue (Tueller et al. 2008) for se-
lecting our sample, since the sources are bright and nearby, and
most of them had archival MIR data when we started this work.
Since we are interested in the study of the nuclear and circum-
nuclear emission of Seyfert galaxies, we selected all the Seyfert
galaxies in the nine month catalogue with luminosity distances Dy,
<40 Mpc. Considering the average angular resolution of 8—10 m-
class ground-based telescopes (~0.3 arcsec in the N band), this left
us with a sample of 24 Seyfert galaxies for which we have a resolu-
tion <50 pc in the MIR (hereafter, BAT Complete Seyfert sample
at D;. <40 Mpc; BCS,, sample). Here we present high angular
resolution MIR imaging observations obtained with 8-10 m-class
ground-based telescopes of these galaxies (public and proprietary).
See Section 3.1 for further details on the subarcsecond resolution
observations.

The BCS4y sample sorted by luminosity distance is shown in
Table 1. We present the luminosity distance distribution of the sam-
ple in the left panel of Fig. 1. Our sample contains 8 Syl and
16 Sy2, with the majority of the galaxies in the 20-40 Mpc range
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Table 1. BCS4 sample sorted by luminosity distance. Right ascension (RA), declination (Dec.), Seyfert type and galaxy inclination
(bla) were taken from the NASA/IPAC Extragalactic Database (NED). The redshift, Dy, and spatial scale were calculated using a
cosmology with Hy = 73kms~! Mpc~!, @ = 0.27, Q5 = 0.73 and 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. This galaxy is part of the Virgo
Cluster (Binggeli, Sandage & Tammann 1985).

Name RA Dec. Redshift Luminosity Spatial Seyfert bla
(J2000) (J2000) distance scale type
(Mpc) (pc arcsec™!)
NGC 4395 12h25m48.8s +33d32m49s 0.0009 3.84 19 1.8 0.83
NGC 5128 (CenA) 13h25m27.6s —43d01m09s 0.0010 4.28 21 2.0 0.78
NGC 4945 13h05m27.5s —49d28m06s 0.0011 4.36 21 2.0 0.19
NGC 4051 12h03m09.6s +44d31m53s 0.0031 12.9 62 1.2 0.75
NGC 6300 17h16m59.5s —62d49m14s 0.0034 14.0 68 2.0 0.67
NGC 4388 12h25m46.7s +12d39m44s 0.0101 17.0%* 82 2.0 0.19
NGC 4138 12h09m?29.8s +43d41m07s 0.0043 17.7 85 1.9 0.65
NGC 4151 12h10m32.6s +39d24m21s 0.0049 20.0 96 1.5 0.71
NGC 3227 10h23m30.6s +19d51m54s 0.0050 20.4 98 1.5 0.67
NGC 7314 22h35m46.2s —26d03m02s 0.0051 20.9 100 1.9 0.46
NGC 1365 03h33m36.4s —36d08m25s 0.0052 21.5 103 1.8 0.55
NGC 7582 23h18m23.5s —42d22m14s 0.0054 22.1 106 2.0 0.42
ESO 005-G004 06h05m41.6s —86d37m55s 0.0058 24.1 116 2.0 0.21
NGC 7213 22h09m16.3s —47d10m00s 0.0061 25.1 120 1.5 0.90
NGC 6814 19h42n40.6s —10d19m25s 0.0062 25.8 123 1.5 0.93
MCG-06-30-015 13h35m53.7s —34d17m44s 0.0065 26.8 128 1.2 0.60
NGC 5506 14h13m14.9s —03d12m27s 0.0073 30.1 144 1.9 0.24
UGC 6728 11h45m16.0s +79d40m53s 0.0078 32.1 153 1.2 0.63
NGC 2110 05h52ml1.4s —07d27m22s 0.0078 324 155 2.0 0.76
NGC 2992 09h45m42.0s —14d19m35s 0.0083 34.4 164 1.9 0.31
NGC 3081 09h59m?29.5s —22d49m35s 0.0083 34.5 164 2.0 0.76
MCG-05-23-016 09h47m40.1s —30h56m55s 0.0087 358 171 2.0 0.45
NGC 3783 11h39m01.7s —37d44m19s 0.0088 36.4 173 1.2 0.89
NGC 7172 22h02m01.9s —31d52ml1s 0.0092 37.9 180 2.0 0.56
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Figure 1. Left panel: luminosity distance distribution of the BCS49 sample. The blue hatched and red filled histograms are the distribution of Syl and Sy2
galaxies, respectively. The grey filled histograms correspond to the total BCS4o sample. Right panel: 14—195 keV X-ray luminosity distribution of the total nine
month Swift/BAT AGN catalogue (excluding beamed sources — BL Lac objects and blazars) and the BCS4o sample (grey filled and brown hatched histograms,
respectively).

(71 percent of the sample). The median distance of the BCSy
sample is 24.1 Mpc. Hereafter, the Seyfert types are referred as
Syl (Seyferts 1, 1.2 and 1.5) and Sy2 (Seyferts 1.8, 1.9 and 2).
The closest galaxies in the sample are Sy2, although the me-

dian values for Syl and Sy2 are relatively similar, 25.8 Mpc Swift/BAT sample.
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and 22.1 Mpc, respectively. In the right panel of Fig. 1, we
present the comparison between the nine month Swift/BAT cata-
logue and BCSyy sample 14-195 keV X-ray luminosity. The lat-
ter corresponds to the lowest luminosity region of the nine month
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3 OBSERVATIONS

In this section, we describe all the MIR observations analysed in this
work, which we divide in subarcsecond and arcsecond resolution
data.

3.1 Subarcsecond resolution data

Here we describe the subarcsecond resolution MIR imaging data,
which are from 8—10 m-class ground-based telescopes. For all sub-
arcsecond resolution MIR observations, the standard MIR chopping
and nodding technique was used to remove the time-variable sky
background and the thermal emission from the telescope. In addi-
tion to the target observations, an image of a point spread function
(PSF) standard star was obtained immediately after or before the
science target for accurately sampling the image quality, and to
allow flux calibration.

In Fig. A1 of Appendix A, we present the N-band images of the
BCS, sample, and Table 2 summarizes the details of the observa-
tions, as well as the derived galaxy measurements. In the following,
we consider that the nucleus is resolved when the full width at half-
maximum (FWHM) of the galaxy is larger than the FWHM of the
PSF standard star. In Table 2, we also present the classification of
the MIR images of the galaxies by comparing the FWHM of the
PSF standard star and the galaxy in each band.

3.1.1 Gran Telescopio CANARIAS/CanariCam observations

We obtained MIR images of three Seyfert galaxies (NGC 4388,
NGC 3227 and UGC 6728) and their corresponding PSF standard
star with the filter Si2 (A, = 8.7 um) using the instrument Ca-
nariCam (CC; Telesco et al. 2003) on the 10.4 m Gran Telescopio
CANARIAS (GTC). NGC 4388 and NGC 3227 were observed
as part of an ESO/GTC large programme (182.B-2005; Alonso-
Herrero et al. 2016), and UGC 6728 as part of proposal GTC43-
15A (PL: 1. Garcia-Bernete). CC is an MIR (7.5-25 pm) imager with
spectroscopic, coronagraphic and polarimetric capabilities and uses
a Si:As impurity band conduction (IBC) detector, which covers a
field of view (FOV) of 26 arcsec x 19 arcsec on the sky and it has a
pixel scale of 0.0798 arcsec (hereafter 0.08 arcsec). The chopping
and nodding throws were 15 arcsec.

The data reduction was carried out with the REDCAN pipeline
(Gonzalez-Martin et al. 2013), which performs sky subtraction,
stacking of individual observation, rejection of the bad frames and
flux calibration. The spatial resolution of the image was determined
by measuring the FWHM of the PSF standard star. See Table 2 for
further details on the observations.

3.1.2 Gemini/T-ReCS observations

We retrieved MIR images of 10 Seyfert galaxies and their corre-
sponding PSF standard stars per filter and science object from the
Gemini archive. The images were taken with the Si2 (A, = 8.7 pm)
and Qa (A, = 18.3 um) filters using the instrument Thermal-Region
Camera Spectrograph (T-ReCS; Telesco et al. 1998) on the 8.1 m
Gemini-South Telescope. T-ReCS is an MIR (8-25 pum) imager
and long-slit spectrograph and uses a Raytheon Si:As IBC detector,
which covers an FOV of 28.5 arcsec x 21.4 arcsec, providing a
pixel scale of 0.089 arcsec. See Table 2 for further details on the
observations.

We reduced the Gemini/T-ReCS data using the REDCAN pipeline
(Gonzalez-Martin et al. 2013), as described in Section 3.1.1.

3.1.3 Gemini/MICHELLE observations

We compiled data for seven Seyfert galaxies obtained with the
instrument MICHELLE (Glasse, Atad-Ettedgui & Harris 1997) on
the 8.1 m Gemini-North Telescope. MICHELLE is an MIR (7-26
pm) imager and spectrograph, which uses an Si:As IBC detector,
covering an FOV of 32 arcsec x 24 arcsec on the sky. Its pixel scale is
0.1005 arcsec. The images were taken with different filters, namely
N’ (A, = 11.2 um), Si5 (A, = 11.6 um), Si6 (A, = 12.5 um) or Qa
(A. = 18.1 um). See Table 2 for further details on the observations.

The Gemini/MICHELLE data reduction was carried out with
the Gemini IRAF' packages, particularly with the mipir (Tody 1986)
reduction task. The Gemini IRAF packages include sky subtraction,
stacking of individual images and rejection of bad images. The flux
calibration was carried out using the PHOT IRAF task and the image
of the PSF standard star to work out the relation between count and
flux.

3.1.4 Gemini/OSCIR observations

Two images of the galaxy NGC 4151 were taken with the N
(Ac =10.75 pm) and THW18 (A, =18.17 um) filters using the
University of Florida MIR camera/spectrometer OSCIR on the
8.1 m Gemini-North telescope. OSCIR uses a Rockwell 128 x 128
Si:As IBC detector. On Gemini North, OSCIR has a plate scale
of 0.089 arcsec pixel™!, corresponding to an FOV of 11.4 arc-
sec x 11.4 arcsec. The chopping and nodding throws were 15 arc-
sec. See Table 2 for further details on the observations.

We took the fully reduced and flux-calibrated images from
Radomski et al. (2003), also presented in Ramos Almeida et al.
(2009). The data were reduced using in house-developed DL rou-
tines (see Radomski et al. 2003 for further details on the data re-
duction).

3.1.5 Very Large Telescope/VISIR observations

We finally compiled MIR images for the rest of the sample (four
Seyfert galaxies) taken with different filters (see Table 2) with the
instrument VISIR (Lagage et al. 2004) on the Unit 3 of the 8.2 m
Very Large Telescope (VLT) telescope (Melipal). VISIR is an MIR
(16.5-24.5 wm) imager and spectrograph, which uses 256 x 256
Si:As IBC detector, covering an FOV of 19.2 arcsec x 19.2 arcsec
and its pixel scale is 0.075 arcsec.

We downloaded the fully reduced and calibrated science data
of the galaxies from the Subarcsecond mid-infrared atlas of local
AGN? (Asmus et al. 2014). In addition, we retrieved PSF standard
stars for each observation from the ESO archive.> We reduced the
PSF standard stars with the VISIR* pipeline, which performs flat-
fielding correction, bad pixel removal, source alignment, and co-
addition of frames are executed to produce a combined image for
each filter. See Table 2 for further details on the observations.

! IRAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Founda-
tion.

2 http://dc.zah.uni-heidelberg.de/sasmirala/q/cone/form

3 http://archive.eso.org/eso/eso_archive_main.html

4 http://www.eso.org/observing/dfo/quality/VISIR/pipeline/pipe_gen.html
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Table 2. Summary of the ground-based MIR imaging observations. Columns from 1 to 6 list the galaxy name, the central wavelength and filter width (pm),
the filter name, the observation date, the telescope/instrument and the on-source exposure time. Columns 7 and 8 correspond to the FWHM and ellipticity of
the nucleus of the galaxy. Column 9 lists the standard deviation of the sky background in mJy pixel~! units. Columns 10 and 11 are the same as columns 7
and 8, but for the PSF standard star. Column 12 indicates if the galaxy nucleus is resolved or not. Finally, columns 13—15 correspond to the nuclear fluxes, the
corresponding percentages of PSF subtraction used for determining each nuclear flux and the total fluxes. BR corresponds to barely resolved nucleus. Note
that T and I correspond to nuclear fluxes calculated using aperture photometry and aperture corrections, when the nucleus is not well defined or the structure
of the PSF is not symmetric, respectively.

Name Wavel. Filter Observation Telescope / Exposure FWHM ey, Stand. FWHM epsp Resol. Nuclear  Best  Total
Al AN name date instrument time galaxy dev. PSF Nuc.  flux PSF  flux
(pm) (s) (arcsec) (o) (arcsec) (mJy) percent (mly)
NGC 4395 12.5/1.2 Si6 2010/02/05 Gemini/MICHELLE 1011 0369 - 006 0369 0.03 BR 7 100 9
NGC 5128 8.74/0.78 Si2 2004/05/03  Gemini/T-ReCS 608 0.311 0.07 0.06 0.304 0.05 BR 511 90 611
18.33/1.5 Qa 2004/05/03  Gemini/T-ReCS 2042 0442 0.13 087 0533 0.13 x 1473 80 2139
NGC 4945 8.74/0.78 Si2 2006/03/17  Gemini/T-ReCS 261 3855 0.73 0.08 0.322 0.05 47 LT 1241
18.33/1.5 Qa 2006/03/17  Gemini/T-ReCS 261 - - 117 0524 157 - 78 ..t 1765
NGC 4051 11.6/1.1 Si5 2010/02/02 Gemini/MICHELLE 156 0.372 0.07 0.10 0.355 0.07 BR 408 100 438
NGC 6300 8.59/0.84 PAHI1 2008/03/22 VLT/VISIR 362 0.320 0.25 0.09 0.246 0.08 ./ 141 90 292
10.49/0.32  SIV  2008/03/22 VLT/VISIR 721 0.383 0.23 0.17 0.281 0.15 ./ 71 70 167
11.25/1.18 PAH2 2008/03/22 VLT/VISIR 362 0.352 0.21 0.09 0.346 0.09 BR 259 90 347
13.04/0.44 Nell_2 2008/03/22 VLT/VISIR 361 0.398 0.24 031 0.365 0.10 BR 474 90 792
NGC 4388 8.7/1.1 Si2 2015/02/01 GTC/CC 1044 0.366 0.39 0.10 0380 0.13 x 74 70 108
NGC 4138 11.6/1.1 Si5 2010/02/02 Gemini/MICHELLE 259 0409 - 008 0355 0.07 9 70 12
NGC 4151 10.75/5.2 N 2001/05/07 Gemini/OSCIR 360 0.573 0.13 0.09 0.536 0.06 BR 1452 90 1719
18.17/1.7 THW18 2001/05/07 Gemini/OSCIR 480 0.640 0.25 0.63 0.577 0.02 BR 3243 100 4242
NGC 3227 8.7/1.1 Si2 2014/03/17 GTC/CC 627 0.321 0.08 0.08 0.287 0.02 BR 147 80 260
11.22.4 Np 2006/07/04 Gemini/MICHELLE 376 0401 0.07 0.04 0424 0.15 x 318 90 436
NGC 7314 8.74/0.78 Si2 2010/08/20  Gemini/T-ReCS 319 0.402 0.11 0.08 0354 0.07 32 80 48
18.33/1.5 Qa 2010/09/25  Gemini/T-ReCS 811 0.545 0.11 025 0555 0.12 x 122 80 162
NGC 1365 8.74/0.78 Si2 2011/09/08  Gemini/T-ReCS 145 0.391 0.19 0.10 0.322 0.06 ./ 126 60 1111
18.33/1.5 Qa 2011/09/08  Gemini/T-ReCS 521 0.579 0.26 054 0.554 0.10 BR 435 60 1896
NGC 7582 8.74/0.78 Si2 2011/09/07  Gemini/T-ReCS 296 0.359 0.08 0.07 0409 0.12 x 208 60 863
18.33/1.5 Qa 2011/09/07  Gemini/T-ReCS 515 0.692 035 033 0513 0.11 289 60 2214
ESO 005-G004  8.59/0.84 PAH1 2010/11/13 VLT/VISIR 181 0.536 041 0.07 0255 0.05 ./ 7 100 16
11.25/1.18 PAH2 2010/11/22 VLT/VISIR 1994 0.392 0.22 0.04 0384 0.17 BR 21 90 27
11.88/0.74 PAH2_2 2010/11/22 VLT/VISIR 1986 0.381 0.37 0.05 0.365 0.13 BR 27 90 38
13.04/0.44 Nell_2 2007/10/09 VLT/VISIR 181 0942 - 038 0534 016 89 60 162
18.72/1.76 Q2 2010/11/16 VLT/VISIR 497 1.696 - 062 0536 029 58 30 69
NGC 7213 8.74/0.78 Si2 2010/12/16  Gemini/T-ReCS 145 0.399 0.26 0.12 0.375 0.05 BR 56 90 76
18.33/1.5 Qa 2007/06/07  Gemini/T-ReCS 319 0.607 0.06 0.74 0.534 0.05 ./ 224 80 300
NGC 6814 8.74/0.78 Si2 2009/08/28  Gemini/T-ReCS 145 0.284 0.17 0.11 0.280 0.04 BR 42 90 55
18.33/1.5 Qa 2009/08/28  Gemini/T-ReCS 203 0.627 - 098 0534 0.11 / 107 40 153
MCG-06-30-015 8.59/0.84 PAHI1 2010/03/10 VLT/VISIR 362 0.281 0.25 027 0216 0.07 121 80 291
10.49/0.32  SIV ~ 2006/04/14 VLT/VISIR 177 0.314 0.23 0.18 0.296 0.18 BR 308 90 378
11.25/1.18 PAH2 2006/04/14 VLT/VISIR 181 0.330 0.25 0.14 0.317 021 BR 306 80 474
11.88/0.74 PAH2_2 2010/03/10 VLT/VISIR 362 0.336 0.11 035 0.308 0.12 BR 222 70 418
12.27/0.36 Nell_1 2006/04/14 VLT/VISIR 180 0.350 0.12 0.29 0.336 0.16 BR 304 80 460
NGC 5506 11.2/2.4 Np 2006/04/06 Gemini/MICHELLE 141 0.378 0.04 0.06 0399 0.12 x 758 80 885
18.1/1.9 Qa 2006/04/06 Gemini/MICHELLE 109 0.562 0.10 0.63 0.534 0.07 BR 1533 90 2126
UGC 6728 8.7/1.1 Si2 2015/08/01 GTC/CC 695 0.843 - 010 0.606 021 ./ 27 S 41
NGC 2110 11.2/2.4 Np 2007/03/18 Gemini/MICHELLE 376 0422 0.06 0.07 0481 0.10 x 305 80 308
NGC 2992 11.2/2.4 Np 2006/05/12 Gemini/MICHELLE 188 0372 0.17 0.07 0325 023 / 159 90 347
18.1/1.9 Qa 2006/05/12 Gemini/MICHELLE 163 0.561 0.22 0.68 0.537 1.67 BR 513 90 647
NGC 3081 8.74/0.78 Si2 2006/01/25  Gemini/T-ReCS 130 0.310 0.23 0.13 0.296 0.15 BR 75 90 99
18.33/1.5 Qa 2006/01/25  Gemini/T-ReCS 304 0.623 1.11 083 0.561 0.16 BR 364 80 613
MCG-05-23-016 8.99/0.28  Arlll  2007/01/30 VLT/VISIR 699 0.265 0.14 0.09 0293 0.10 x 349 60 472
11.88/0.74 PAH2_2 2006/03/12 VLT/VISIR 361 0.338 0.08 0.19 0.335 0.15 BR 599 90 752
17.65/1.66 QI 2007/01/30 VLT/VISIR 684 0483 0.13 042 0461 0.10 BR 1168 80 1640
18.72/1.76 Q2 2015/12/18 VLT/VISIR 855 0.504 0.22 037 0477 027 BR 1463 100 1706
NGC 3783 8.74/0.78 Si2 2012/05/01 Gemini/T-ReCS 145 0.312 0.03 0.12 0.295 0.11 BR 248 90 347
18.33/1.5 Qa 2012/05/05  Gemini/T-ReCS 319 0.521 0.10 0.59 0.532 0.13 x 989 90 1156

NGC 7172 8.74/0.78 Si2  2011/09/20  Gemini/T-ReCS 145 0.409 0.27 0.10 0.389 0.06 BR 59 80 96
18.33/1.5 Qa  2001/09/20  Gemini/T-ReCS 348 0540 - 059 0.600 0.09 x 117 70 145
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3.2 Arcsecond resolution data

Here we describe the arcsecond resolution MIR data, which corre-
spond to observations taken with the Spitzer Space Telescope and
the Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010),
both with lower spatial resolution but higher sensitivity than the
ground-based observations described in Section 3.1.

3.2.1 Spitzer Space Telescope observations

‘We compiled arcsecond resolution MIR data of 18 galaxies obtained
with the instrument Infrared Array Camera (IRAC; Fazio et al.
2004) using the 8 um channel (angular resolution ~1.9 arcsec).
The IRAC FOV is 5.2 arcmin x 5.5 arcmin on the sky and its
pixel scale is 1.2 arcsec. We downloaded the reduced and calibrated
mosaiked data from the Spitzer Heritage Archive (SHA). Note that
these mosaics are re-sampled to a pixel size of 0.6 arcsec. The 8
pm IRAC data are shown in Fig. A2 of Appendix A. Besides, in
Fig. Al of Appendix A, we also show the comparison between the
subarcsecond resolution N-band data and the arcsecond resolution 8
pnm Spitzer images for the nuclear region (<650 pc) of the galaxies.

In addition, low-resolution MIR spectra were retrieved for the
whole sample from the Cornell Atlas of Spitzer/IRS Source (cassis’
v4; Lebouteiller et al. 2011). The spectra were obtained using the
IRS (Houck et al. 2004). The bulk of the observations were obtained
in staring mode using the low-resolution (R~60-120) IRS modules:
the short-low (SL; 5.2-14.5 um) and the long-low (LL; 14-38 pum).
The spectra were reduced with the cassis software, using the optimal
extraction to get the best signal-to-noise ratio. We only needed to
apply a small offset to stitch together the different modules, taking
the shorter wavelength module (SL2; 5.2-7.6 um) as the basis,
which has associated a slit width of 3.6 arcsec. The spectra are shown
in Appendix B. Note that for NGC 4138, there is no low-resolution
staring mode spectrum. Therefore, we have extracted a spectrum in a
7.7 arcsec aperture diameter from the spectral mapping observations
available in the SHA.

3.2.2 WISE observations

For these galaxies in our sample that do not have IRAC images
available and for cases whose IRAC images are saturated, we down-
loaded MIR images from the WISE All-Sky Data Release,® taken in
the 12 um band (angular resolution ~6.5 arcsec). The WISE FOV
is 47 arcmin x 47 arcmin on the sky and its pixel scale is 2.75 arc-
sec. We downloaded the reduced fully calibrated data. We show the
12 um WISE images in Fig. A2 of Appendix A. Besides, in Fig. Al
of Appendix A, we also include the arcsecond resolution 12 pm
WISE images in the comparison between the subarcsecond and arc-
second resolution N-band images.

4 MIR EMISSION

In this section, we study in detail the properties of the inner regions
(few hundred parsecs) of the BCS,4, sample.

4.1 Subarcsecond resolution nuclear fluxes: subtraction

of scaled PSFs

Taking advantage of the angular resolution provided by the ground-
based instruments described in Section 3.1, we obtained nuclear

3 http://cassis.astro.cornell.edu/atlas/
6 http://irsa.ipac.caltech.edu/Missions/wise.html

10.75 micron PSF
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Figure 2. MIR (A, =10.75 um) GEMINI/OSCIR contours at >3¢ of
NGC 4151, the PSF standard star and, scaled PSF subtraction at differ-
ent levels, and 1D profiles of the residuals at 100, 90 and 80 per cent levels
(black dot—dashed, solid green and red dashed lines, respectively). The best
subtraction is 90 per cent according to the flat galaxy profile shown in the
bottom-right panel. North is up, and east to left.

fluxes for all the galaxies in our sample. We used the PSF standard
stars to obtain these nuclear fluxes. Fig. 2 shows an example of PSF
subtraction at various levels (in >3c¢ contours) for the MIR (A, =
10.75 pm) GEMINI/OSCIR image of NGC 4151. The method con-
sists in the following: we first matched the PSF-star image (see
top-right panel of Fig. 2) to the peak of the galaxy emission, that
is, at a 100 per cent level. Then, we subtracted the scaled PSF-star
from the galaxy image (see top-left panel of Fig. 2) at different per-
centage peak levels until we obtained a non-oversubtracted residual
image. This is something that we determine by looking at the 1D
profile shown in the bottom-right panel of Fig. 2, but also at the con-
tour plots shown in the middle and bottom-left panels (100, 90 and
80 per cent in the case of Fig. 2). The contour plot at 100 per cent
subtraction appears clearly oversubtracted in the galaxy nucleus,
and the 1D profile as well. The 90 per cent subtraction is the best fit
according to the previous criteria. Finally, we measured the unre-
solved component by integrating the emission in a 1 arcsec radius
aperture’ on the scaled PSF-star image. The host galaxy contri-
bution corresponds to the total galaxy emission minus the scaled
PSF (i.e. the residual of the subtraction). This method has been
widely tested in ground-based MIR images (e.g. Soifer et al. 2000;
Radomski et al. 2002, 2003; Levenson et al. 2009; Ramos Almeida
et al. 2009, 2011b, 2014; Mason et al. 2012; Garcia-Bernete et al.
2015; Martinez-Paredes et al. 2015).

The MIR nuclear fluxes calculated using this method are listed in
Table 2. The estimated uncertainty of the fluxes determined using

7 Note that we carried out the sky subtraction using a concentric ring wide
enough to contain a good estimate of the sky background.
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Table 3. Details on the MIR and X-ray data. The 8 um nuclear fluxes were calculated by using a 1 yum window centred at 8 pm in the scaled AGN component
(see Section 4.1). Column 1 lists the galaxy name. Columns 2—5 correspond to the subarcsecond resolution nuclear fluxes, the arcsecond resolution nuclear
fluxes, the best percentage of PSF subtraction used with the arcsecond resolution data and the 12 pum WISE fluxes. Columns 6 and 7 list the intrinsic 2—10 kev
X-ray luminosities and their references. Column 8 and 9 correspond to the 14—195 keV X-ray luminosities and the column densities, respectively, taken from
the Swift/BAT catalogue (Tueller et al. 2008). Finally, columns 10 and 11 list the [Ne 1] and [O1v] emission line luminosities and column 12 corresponds to
their references. References: (a) Nardini & Risaliti (2011); (b) de Rosa et al. (2012); (¢) Vaughan et al. (2011); (d) Liu et al. (2014); (e) Rivers, Markowitz &
Rothschild (2011); (f) Brightman & Nandra (2011); (g) Winter et al. (2009); (h) Shu, Yaqoob & Wang (2010); (i) Eguchi et al. (2011); (j) Weaver et al. (2010);

(k) Goulding & Alexander (2009); (1) Pereira-Santaella et al. (2010).

Name F3®  FQre Best Fwise Lr—10kev 2-10 Li4195kev log Nu LiNem Liow MIR
§um 8 um ArcRes 12 pum keV (12.81 pm) (28.89 pum) lines
(mJy) (mlJy) percentsubt. (mJy) (10*' ergs™') Ref. (10*ergs™") (ecm™2) (10¥ergs™") (10 ergs™!) Ref.
NGC 4395 2 14 90 11 0.07 a 0.46 22.30 0.08 = 0.01 0.14 £0.01 j
NGC 5128 564 861 IRS 2833 2.45 b 16.40 22.74 423 2.88 ]
NGC 4945 12 1856 IRS 2831 1.40 b 4.41 24.60 15.90 + 1.40 1.12 £ 0.30 k
NGC 4051 183 247 80 468 2.36 c 9.16 20.47 3.92+£0.18 7.36 £0.41 ]
NGC 6300 140 285 IRS 467 9.17 b 21.34 23.34 270 £0.14 6.91 £0.53 k
NGC 4388 74 223 70 454 102.40 b 87.48 23.63 25.80 £ 1.60  108.00 £ 9.00 ]
NGC 4138 3 12 90 38 1.85 d 7.87 22.90 1.21 £0.19 0.76 £ 0.07 ]
NGC 4151 746 1005 IRS 1650 1039.00 e 179.00 22.48 64.10 113.00 ]
NGC 3227 79 192 60 508 20.49 e 64.23 22.80 32.40 £+ 3.40 323+ 1.20 ]
NGC 7314 23 47 50 112 36.78 d 29.79 21.79 4.69 £+ 0.39 36.40 +4.10 j
NGC 1365 84 433 IRS 1942 32.52 f 39.82 23.60 89.40 +9.70 80.40 +4.90 ]
NGC 7582 57 171 IRS 1309 64.84 g 39.15 22.98 147.00 £2.00 133.00 £ 1.00 j
ESO 005-G004 5 29 50 167 11.07 g 29.19 23.88 11.60 £+ 0.10 3.12+£0.13 ]
NGC 7213 31 124 60 239 14.47 d 39.20 20.60 20.70 + 1.00 2.07 £0.44 j
NGC 6814 29 79 90 116 26.52 d 49.38 20.76 5.73 21.50 1
MCG-06-30-015 99 134 IRS 334 33.06 h 64.45 21.67 3.61 £0.10 20.20 +0.10 j
NGC 5506 638 936 IRS 1051 161.10 e 255.80 22.53 99.50 +3.60 274.00 & 1.00 ]
UGC 6728 21 21 IRS 44 7.23 d 45.62 20.65 1.73 £ 0.44 5.68 £ 1.00 j
NGC 2110 160 174 IRS 370 48.87 h 321.50 22.57 75.60 + 6.70 57.40 +4.30 ]
NGC 2992 79 147 50 313 7.03 d 93.45 22.00 76.00 +5.20 162.00 £ 1.00 j
NGC 3081 51 135 80 266 231.20 i 125.30 23.52 18.00 = 1.70 171.00 £ 1.20 ]
MCG-05-23-016 262 336 IRS 633 105.00 b 335.80 22.47 27.80 +£0.10 42.90 + 11.70 j
NGC 3783 140 317 IRS 668 84.81 e 255.20 22.47 31.40 &£ 1.30 62.20 +0.10 ]
NGC 7172 75 245 IRS 265 128.00 b 213.10 22.89 55.00 + 4.20 73.20 +5.90 j

PSF subtraction is ~15 per cent, which includes also the photomet-
ric calibration uncertainty (see Alonso-Herrero et al. 2014, 2016 for
further details).

Once we obtained the subarcsecond resolution MIR nuclear
fluxes (hereafter nuclear fluxes), we can quantify the circumnuclear
MIR emission of the galaxies by subtracting the nuclear emission
from the total fluxes. To determine the apertures containing the total
flux for each galaxy, we used increasing apertures in order to con-
struct a photometric profile (flux versus aperture radius) and chose
the aperture which contains ~95 per cent of the maximum of the
profile. Table 2 shows these total fluxes.

As we have MIR observations obtained with different filters (see
Table 2), we used the nuclear fluxes calculated as described above
and the Spirzer/IRS spectra of the galaxies to obtain homogeneous
nuclear fluxes at 8 um.? The process involves using spectral decom-
position in AGN, PAH and stellar emission components to estimate
the AGN contribution of the IRS spectra. To do so, we used the
DEBLENDIRS’ routine (Herndn-Caballero et al. 2015) and the MIR
nuclear fluxes in the various filters as priors to constrain the flux of
the AGN component. Once we derived the AGN contribution, we

8 We chose 8 um as our wavelength of reference since this is the wavelength
of the Spitzer images.
9 http://www.denebola.org/ahc/deblendIRS/

used it to extrapolate our nuclear fluxes to 8 um for all the galaxies.
In Table 3, we list these nuclear fluxes. See Appendix B for further
details on the spectral decomposition.

4.2 Comparison with arcsecond resolution MIR data

In order to compare the subarcsecond and arcsecond resolution MIR
data, we calculate 8 wm arcsecond resolution nuclear fluxes. To do
that, we also used the PSF subtraction method to try to recover the
nuclear emission from the lower angular resolution Spitzer/IRAC
images at 8 um.'?

In the case of the IRAC data, we used the core point response
functions (PRFs).!! Note that the core PRFs are the most adequate
for the PSF-fitting photometry due to the faithful size and structure
of the PRF centre. However, these PRFs do not include the extended
region of the PRF wings. Therefore, to take into account the wings,
we have used scaled core PRFs to derive the nuclear fluxes and then
multiplied them by the factor between the core and the extended
PRFs fluxes to obtain realistic values of the nuclear emission. We

10 For the galaxies whose IRAC images are saturated, we calculate arcsecond
resolution nuclear fluxes from the IRS spectra (see Table 3).
1T http://irsa.ipac.caltech.edu/data/SPITZER/docs/

Downl oaded from https://academn c. oup. com nmras/articl e-abstract/463/4/3531/ 2646309 MNRAS 463’ 3531-3555 (2016)

by Said Business School user
on 25 January 2018


http://www.denebola.org/ahc/deblendIRS/
http://irsa.ipac.caltech.edu/data/SPITZER/docs/

3538 I Garcia-Bernete et al.

QAT TrrrrrTTTT Trr T Trr T LR 3
: °*
= 43F | JPAPY E
% o <
o [ NGC 4945 "“
o g °
— 42F s —
€ F
2 °
— F
= : °
Q 41 F =3
I :
14 o
@ E
L 40fe 3
39t . . . .
39 40 41 42 43 44

log Nuclear vlg,, [erg s']

A4 T T T LI TrrrrrTTs ]

“2f

41k

log WISE vl [erg s7']

40F 3
F Y ]

39t . . . .
39 40 41 42 43 44
log IRAC vlg,, [erg s7']

Figure 3. Left-hand panel: arcsecond resolution 8 pm IRAC nuclear luminosities versus subarcsecond resolution nuclear luminosities at 8 pm. Right-hand
panel: arcsecond resolution 8 um IRAC nuclear luminosities versus arcsecond resolution 12 yum WISE luminosities. Blue diamonds and red circles are Sy

and Sy2 galaxies, respectively. We plot the 1:1 line for comparison.

list the arcsecond resolution nuclear fluxes calculated using this
method in Table 3 (see Section 4.1 for further details).

In the left-hand panel of Fig. 3, we show the comparison between
the arcsecond and subarcsecond resolution nuclear 8 pm luminosi-
ties. As expected, the lower angular resolution nuclear fluxes are
generally larger than the subarcsecond resolution nuclear fluxes,
being the median value of the ratio between subarcsecond and
arcsecond resolution nuclear emission 0.44 + 0.05. Note that the
median value of this ratio is smaller for Sy2 (0.38 + 0.06) than
for Syl (0.74 £ 0.09) galaxies. We only recover the subarcsec-
ond nuclear fluxes, using the lower angular resolution MIR data,
for the galaxies UGC 6728 and NGC 2110. These are the only
galaxies in the BCS4 sample with a >90 per cent AGN contribu-
tion to the Spitzer/IRS spectrum (see Appendix B). On the other
hand, the point deviating the most from the 1:1 line is NGC 4945,
which has the most extended MIR emission of the BCSy
sample.

We checked the relation between the arcsecond resolution 8 pm
IRAC nuclear emission and the WISE photometry (see the right-
hand panel of Fig. 3). We retrieved the WISE photometry from
the WISE Source Catalogue,'> which were performed using a point
source profile-fitting (angular resolution ~6.5 arcsec at 12 um). We
found that the majority of the WISE fluxes are larger than the IRAC
fluxes, likely due to the larger scales probed by WISE and to the
possible contribution of the 11.3 um PAH feature.

We note that we are not taking into account variability effects in
the previous comparisons. However, the variability is not expected
to be very important in the MIR, according to simulations and
observations. Simulations predict longer variability time-scales in
the MIR than in the optical (e.g. Honig & Kishimoto 2011) and,
using Spitzer data, Garcia-Gonzélez et al. (2015) found that the
contribution of MIR-variable AGN to the general AGN population
is small.

12 http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-dd

5 MORPHOLOGICAL ANALYSIS

5.1 Parsec-scale morphologies

In Fig. Al of Appendix A, we show the subarcsecond resolution
MIR data for the BCS4( sample. We used different methods, which
we describe below, to classify the MIR morphologies on scales of
~400 pc (average value of the sample) using the ground-based MIR
images for each galaxy.

First, we classified by eye the extension of the MIR emission
following the same method as in Asmus et al. (2014): (a) point-like
nucleus with no extended emission; (b) possibly extended emission,
marginal extension; and (c) extended emission, with significant and
consistent extension. For further details on the high angular resolu-
tion morphologies, see Fig. 4 and Fig. A1 of Appendix A. A large
fraction of the sample show extended or possibly extended MIR
morphologies (83 percent; see Table 4), with a variety of struc-
tures and features. In Appendix A, we also present the comparison

Number of objects
xtended

L

Figure 4. Classification of the BCS4p morphologies from the MIR sub-
arcsecond resolution images. The filled and hatched histograms represent
the visual and quantitative classifications, respectively. Blue, green and or-
ange histograms correspond to point-like, possibly extended and extended
morphologies.

Pos. extended

MIR morphology
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Table 4. MIR morphological classification. Columns 1-4 list the galaxy
name, the visual classification, the ratio between nuclear and total fluxes,
and the presence or not of PSF subtraction residuals at >30. Column 5 lists
the strength of the extended emission, which was calculated by using the
ratio between nuclear and total fluxes, and the PSF subtraction residuals.
See Section 5.1 for details.

Name Visual Nuclear Res. Quantitative
class. versus total Sub class.
flux 30
NGC 4395 Pos. ext. 0.76 X Point-like
NGC 5128 Pos. ext. 0.75 v Pos. ext.
NGC 4945 Extended 0.04 - Extended
NGC 4051 Extended 0.93 v Pos. ext.
NGC 6300 Extended 0.54 Vv Pos. ext.
NGC 4388 Pos. ext. 0.69 v Pos. ext.
NGC 4138 Point-like 0.75 Vv Pos. ext.
NGC 4151 Pos. ext. 0.80 v Pos. ext.
NGC 3227 Extended 0.65 Vv Pos. ext.
NGC 7314 Point-like 0.71 X Point-like
NGC 1365 Extended 0.15 Vv Extended
NGC 7582 Extended 0.17 v Extended
ESO 005-G004 Pos. ext. 0.66 X Point-like
NGC 7213 Pos. ext. 0.74 X Point-like
NGC 6814 Point-like 0.73 X Point-like
MCG-06-30-015 Point-like 0.58 J Pos. ext.
NGC 5506 Extended 0.78 Vv Pos. ext.
UGC 6728 Pos. ext. 0.64 - Pos. ext.
NGC 2110 Pos. ext. 0.99 Vv Pos. ext.
NGC 2992 Extended 0.58 J Pos. ext.
NGC 3081 Extended 0.67 Vv Pos. ext.
MCG-05-23-016 Extended 0.77 J Pos. ext.
NGC 3783 Pos. ext. 0.78 Vv Pos. ext.
NGC 7172 Pos. ext. 0.70 X Point-like

between the arcsecond and subarcsecond resolution data in the N
band. In some cases, we can identify similar structures and orienta-
tions of the extended MIR emission (ESO 005-G004, NGC 2992,
NGC 3227, NGC 3783, NGC 4945 and NGC 7172). However, for
the majority of the targets, the IRAC PSF is larger than the ex-
tent of the subarcsecond resolution MIR emission. Therefore, the
high angular resolution data are crucial to study the circumnuclear
emission of Seyfert galaxies.

Secondly, we used the high angular resolution nuclear and total
fluxes to evaluate the strength of the nuclear emission against the
total emission. To do so, we calculated the compactness factor as
the ratio between the nuclear and total flux. Since we have het-
erogeneous photometry, we calculated the compactness factor for
each galaxy using the average ratio of all the bands available. Using
this factor and comparing it with the results from the visual clas-
sification, we find that our sample is dominated by galaxies whose
circumnuclear emission has low surface brightness compared with
the nuclear emission (see Fig. 5). The horizontal black dashed line
in Fig. 5 corresponds to the minimum value of the compactness fac-
tor for point-like morphologies (~0.6). The overall majority of the
extended and possibly extended galaxies are above this value. This
is due to the low surface brightness of the extended emission (e.g.
MCG-05-23-016, NGC 2992, NGC 3081, NGC 3227, NGC 4051
and NGC 5506). Therefore, in addition to quantitative methods, it
is important to perform visual classifications in order to detect low
surface brightness extended MIR emission when present. On the
other hand, there are few galaxies with bright extended emission
(see Table 4 and Fig. 5).
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Figure 5. Comparison between the morphological classifications by eye
and using the nuclear versus high angular resolution total flux ratio. Blue di-
amonds and red circles are Syl and Sy2 galaxies, respectively. The horizon-
tal black dashed line corresponds to the minimum value of the compactness
factor for point-like morphologies.

Thirdly, we use the residuals from the PSF subtraction method
described in Section 4.1 and we found that most of the galaxies
(~75percent) show residuals at >3c, which correspond to the
circumnuclear emission (see Table 4).

Finally, using the two quantitative methods described above, we
can calculate the strength of the extended emission and compare it
with the visual classification. Thus, by using the nuclear to total flux
ratio and the 3o residuals, we consider the MIR morphologies: (1)
point-like, when there is >50 per cent nuclear contribution to the
total flux and no 3o residuals; (2) possibly extended, when there is
>50 per cent nuclear contribution to the total flux and 3o residuals;
and (3) extended, when there is <50 per cent nuclear contribution
to the total flux and 3o residuals. The result of this classification is
shown in Table 4 and Fig. 4.

Using different methods to classify the MIR morphologies, we
found, from visual classification, that the majority of the sample
show extended or possibly extended morphologies (83 per cent) and
17 per cent are point-like. From the quantitative classification, we
found that most of the galaxies present extended or possibly ex-
tended emission (75 per cent) and 25 per cent are point-like. There-
fore, there is a good agreement between the results obtained using
the qualitative and quantitative methods (see Fig. 4). This extended
emission represents, on average, ~30 per cent of the total emission
of the BCSyy sample (~25 percent for Syl and ~30 per cent for
Sy2).

We found that 87 per cent of the Sy2 in the BCS4y show extended
MIR morphologies, versus 75 per cent for Syl galaxies. We used
the Fisher’s exact test method and we found that this difference is
not significant.

The percentage of point-like morphologies measured for the
BCS4 sample is in agreement with the results reported by As-
mus et al. (2014) for a sample of 204 AGN detected in the MIR
with ground-based instruments (19 per cent). However, we found
a larger contribution of extended or possibly extended MIR mor-
phologies (75-83 per cent of the BCS4 sample) than the 47 per cent
(21 per cent extended and 26 per cent possibly extended) reported
by Asmus et al. (2014).!* The differences between the MIR

13 The remaining 34 per cent of the sample studied in Asmus et al. (2014)
corresponds to galaxies with unknown extension due to insufficient data.
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morphologies of the two samples could be related with a distance
effect, since the median value of the distance for the sample anal-
ysed by Asmus et al. (2014) is 71.7 Mpc, whereas for our sample
is 24.1 Mpc.

Previous studies of LIRGs and ULIRGs based on ground-based
MIR data as those presented here concluded that AGN are, in gen-
eral, less extended than SF-dominated systems (e.g. Diaz-Santos
et al. 2010; Diaz-Santos et al. 2011; Imanishi et al. 2011). Diaz-
Santos et al. (2010) found that, on average, the MIR continuum
becomes more compact than the PAH emission as the MIR is in-
creasingly dominated by the AGN. In Imanishi et al. (2011), the au-
thors studied a sample of 18 ULIGRs and found that SF-dominated
galaxies have more extended emission, with low surface bright-
nesses, than AGN-dominated galaxies, which show more compact
MIR morphologies. Soifer et al. (2001) found different sizes (rang-
ing from 100 pc to 1.5 kpc) for the MIR emission using ground-
based data of a sample of starburst galaxies. These sizes are in
good agreement with our results, as we found that the extended
MIR emission in AGN-dominated systems is more compact (300
=4 100 pc) than in SF-dominated systems (650 &= 700 pc) and com-
posite galaxies (350 £ 500 pc). The classification of the galaxies
as AGN-dominated, SF-dominated and composite comes from the
spectral decomposition of the Spitzer/IRS spectra (see Appendix B).

We finally checked whether the different MIR morphologies that
we find are related to galaxy inclination and/or luminosity. Using
the visual classification method, we found that the galaxies with
point-like MIR morphologies are face-on or moderately inclined
(bla~0.4-1.0). On the other hand, the galaxies which are extended
in the MIR have different values of b/a, from edge-on to face-on (see
top panel of Fig. 6). Regarding the AGN luminosity, we found the
galaxies with point-like morphologies having intermediate lumi-
nosities within the range covered by the galaxies showing extended
morphologies (see bottom panel of Fig. 6).

5.2 Kpc-scale morphologies

Despite the fact that a large fraction of the sample (75-83 per cent)
show extended morphologies, most of this extended emission is
compact and concentrated close to the nuclear region, and it has
low surface brightness compared with the nuclear emission. Only
six Sy2 galaxies present extended MIR emission at large scales
(>400 pc, which is the sample average value) in the high angular
resolution MIR data. These galaxies were previously studied in the
MIR: (1) NGC 4945 (Imanishi et al. 2011); (2) NGC 1365 (Alonso-
Herrero et al. 2012); (3) NGC 7582 (Wold & Galliano 2006; Wold
et al. 2006); (4) NGC 5506 (Roche et al. 2007); (5) NGC 2992
(Garcia-Bernete et al. 2015); and (6) NGC 3081 (Ramos Almeida
et al. 2011a). Here we make a comparison between this large-scale
MIR emission as detected in the arcsecond and subarcsecond res-
olution data. In Fig. 7, we show the arcsecond resolution § pwm
IRAC or 12pum WISE images and the subarcsecond resolution N-
and Q-band images of these galaxies. The extended emission de-
tected in the high angular resolution data has a similar structure and
orientation than those detected in the IRAC or WISE images on the
same scales (see Fig. 7). For four/six of these galaxies (NGC 1365,
NGC 2992, NGC 4945 and NGC 7582), the bulk of this extended
emission is due to SF activity, while for NGC 3081 and NGC 5506
is mainly produced by the AGN activity. Although these four galax-
ies show strong PAH features in their IR spectra, there are other
galaxies in the sample with strong PAH features as well which do
not show extended emission at large scales (e.g. NGC 7172 and
ESO 005-G004). Perhaps, the circumnuclear regions of these six
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Figure 6. Top panel: galaxy inclination (b/a) distribution of the BCS49 sam-
ple. Bottom panel: 14-195 keV X-ray luminosity distribution of the sample.
The blue and orange filled histograms are the distributions of point-like
and extended MIR morphologies, respectively. The grey filled histograms
correspond to the total BCS49 sample.

galaxies are dustier than the rest. See Appendix C for details on the
extended emission of these six objects.

We also used the IRAC images to compare the luminosities of
the kpc-scale MIR extended emission of Seyfert galaxies with those
of normal galaxies. To do so, we calculated IRAC 8 pm total
fluxes'* for the galaxies in our sample that have IRAC data and
we found a median value of log(vLg,m)=43.17 &+ 0.06 erg sl
The median value reported by Mufioz-Mateos et al. (2009) for 70
nearby galaxies in the SIRTF Nearby Galaxy survey (SINGs) sam-
ple (Kennicutt et al. 2003) is log(vLg,,m)=42.52 £ 0.11 erg sl
As expected, the total MIR luminosity of Seyfert galaxies is higher
than in normal galaxies, due to the AGN contribution. If we subtract
the IRAC nuclear luminosities from our total luminosities, we mea-
sured log(vLg ,;m)=43.06 £ 0.10 erg s~! for the extended emission,
which remains larger than the value reported for the SINGs sample.

14 To determine the total fluxes, we used the same method as in Section 4.1.
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Figure 7. Galaxies showing extended MIR emission on scales larger than
400 pc in the high angular resolution data. From left to right: arcsecond reso-
lution data, N- and Q-band subarcsecond resolution data. (a)—(c) NGC 4945,
(d)—(f) NGC 1365; (2)—(1) NGC 7582; (j)—(1) NGC 5506; (m)—(0) NGC 2992;
(p)—(r) NGC 3081. All images have been smoothed (3 pixel box). Colour
bars correspond to fluxes in mJy pixel~! units. North is up, and east to the
left.

This is likely due to the extra contribution of AGN-heated dust in
the circumnuclear region of the galaxies in our sample.

Finally, using the arcsecond resolution data, we also classified the
sample morphologies as: (1) irregular; (2) point-like; (3) elliptical;
and (4) spiral. We found that ~60 per cent of the sample present
spiral morphologies (see Table 5). In Table 5, we have also indi-

The mid-infrared emission of Seyfert galaxies 3541

Table 5. Arcsecond resolution MIR morphological classification. Columns
1-3 list the galaxy name, the visual classification and if the galaxy show a
compact nucleus or not.

Name Visual Compact
morph. nucleus
NGC 4395 Irregular Vv
NGC 5128 Spiral X
NGC 4945 Spiral X
NGC 4051 Spiral Vv
NGC 6300 Spiral Vv
NGC 4388 Spiral V
NGC 4138 Spiral Vv
NGC 4151 Spiral Vv
NGC 3227 Spiral X
NGC 7314 Spiral Vv
NGC 1365 Spiral X
NGC 7582 Elliptical X
ESO 005-G004 Elliptical X
NGC 7213 Spiral Vv
NGC 6814 Spiral Vv
MCG-06-30-015 Point-like Vv
NGC 5506 Point-like N
UGC 6728 Irregular VA
NGC 2110 Irregular X
NGC 2992 Elliptical X
NGC 3081 Spiral N
MCG-05-23-016 Point-like Vv
NGC 3783 Spiral N
NGC 7172 Elliptical X

cated whether or not the galaxies show a compact nucleus. Using
this classification, we found that all the galaxies without a com-
pact nucleus have extended morphologies according to our visual
classification of the subarcsecond resolution data.

6 MIR CORRELATIONS WITH AGN AND SF
INDICATORS

Dust grains in the nuclear region of AGN are heated mainly by
nuclear activity, although other heating sources can be SF and/or
jets. This radiation is re-emitted in the IR range, peaking in the
MIR. On the other hand, due to the high energies involved in the
accretion process, X-rays are good tracers of the AGN power. For
this reason, the X-ray MIR correlation has been widely used in the
literature to investigate the origin of the MIR emission in different
types of AGN (Lutz et al. 2004; Ramos Almeida et al. 2007; Horst
et al. 2008; Gandhi et al. 2009; Levenson et al. 2009; Ichikawa et al.
2012; Mason et al. 2012; Matsuta et al. 2012; Sazonov et al. 2012;
Asmus et al. 2015; Mateos et al. 2015).

Another AGN tracer commonly used is [O1v] A25.89 um
(IP~55 eV; Spinoglio & Malkan 1992; Spinoglio et al. 2012),
which correlates well with both the hard X-rays (Meléndez et al.
2008a; Diamond-Stanic et al. 2009; Rigby et al. 2009) and the soft
X-rays (Prieto, Pérez Garcia & Rodriguez Espinosa 2002). The
[O1v] emission line has proved to be an accurate indicator of the
AGN luminosity (see Weaver et al. 2010 and references therein),
and particularly in the case of Seyfert galaxies (Pereira-Santaella
et al. 2010).

On the other hand, low IP MIR emission lines such as
[Nen] 212.81 um (IP~21 eV) are used to quantify the SFR of
Seyfert galaxies (Spinoglio & Malkan 1992; Ho & Keto 2007;
Pereira-Santaella et al. 2010; Spinoglio et al. 2012). However, for
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Table 6. Correlation properties of the BCS4p sample. Column 1 corresponds to the quantities given the abscissa of Figs 8 and 9
whereas the ordinate is the nuclear Lg , 1, emission. Columns 2 and 3 list the samples considered and the number of galaxies included,
respectively. R, Ppy and o correspond to the Pearson’s correlation coefficient, the null probability and the standard deviation. @ and
b are the fitting parameters of log(¥Y) = a x log(X)+b. Note that we used the Bucley—James least-squares linear regression method
implemented in the AsuRv survival analysis package (Feigelson & Nelson 1985; Isobe, Feigelson & Nelson 1986). * and 1 correspond

to the BCSy4p sample, but excluding NGC 4395 and the AGN-dominated sources, respectively.

X Sample N R Prun o a b
Lo_10Kev BCS4o 24 0.83 <1.0 x 107° 0.51 0.75 £ 0.11 10.89
Lo_10Kev BCSZB 23 0.74 6.4 x 107 0.51 0.68 +0.14 13.68
Lo j0Kev Type 1 8 0.83 1.1 x 1072 0.48 1.41 £0.39 —17.10
Lo 10Kev Type 2 16 0.86 1.7 x 1073 0.50 0.72 £ 0.11 12.24
L14—195Kev BCS4o 24 0.93 <1.0x 107¢ 0.26 0.62 + 0.05 16.41
L14-195KeV BCSZB 23 0.88 <1.0 x 107° 0.26 0.58 + 0.07 18.21
Lis-195Kev Type 1 8 0.75 3.4 x 1072 0.32 0.71 £ 0.26 12.82
L14-195KeV Type 2 16 0.96 <1.0 x 107° 0.24 0.63 £ 0.05 16.03
Liow BCSy4o 24 0.84 <1.0 x 107°© 0.48 0.74 + 0.10 9.23
Lo BCSZB 23 0.78 12 x 107 0.49 0.74 £ 0.13 9.08
Lo Type 1 8 0.81 1.4 x 1072 0.36 1.01 £0.29 —-2.35
Lo Type 2 16 0.89 5.0 x 1070 0.48 0.77 £ 0.11 8.07
Lixemsr BCS], 16 0.39 1.4 % 10~ 0.68 029+ 0.19 27.83

luminous AGN, there is a significant contribution of the AGN to
the [Nen] A12.81 wm emission (Pereira-Santaella et al. 2010). We
refer the reader to Roche et al. (1991), Spinoglio & Malkan (1992),
Ho & Keto (2007), Pereira-Santaella et al. (2010), Dasyra et al.
(2011) and Spinoglio et al. (2012) for further discussion on the
MIR diagnostics described above.

It is interesting then to correlate different AGN and SF indica-
tors with the MIR nuclear and circumnuclear emission of Seyfert
galaxies to investigate the dominant heating source of the dust.
With this aim, we compiled X-ray luminosities (the intrinsic 2-10
and 14-195 keV) and integrated MIR emission line luminosities
([O1v] A25.89 pum and [Neun] A12.81 pm) for our sample (see
Table 3) and we performed linear regressions in log-log space
(see Table 6). We note that, although hereafter we will re-
fer to luminosity—luminosity correlations only, we confirmed
that the results hold in flux—flux space (see Table D1 of
Appendix D).

In the left-hand panels of Fig. 8, we show the relation between
the high angular resolution MIR nuclear emission and the intrinsic
2-10 and 14-195 keV X-ray emission. As can be seen from the
top-left panel of Fig. 8, there is a tight correlation between the MIR
nuclear luminosities and the intrinsic 2-10 keV X-ray emission
(Pearson’s correlation coefficient R = 0.83). This correlation im-
proves when we use the harder 14195 keV X-ray luminosity (R =
0.93; bottom-left panel of Fig. 8 and Table 6). The tight correlations
shown in the left-hand panels of Fig. 8 suggest that our nuclear MIR
fluxes are AGN-dominated. Points deviating from this correlation
indicate the presence of other heating sources (i.e. SF and/or jets)
on the scales probed by the data (the inner ~70 pc).

The slope of the nuclear 8 pum-2-10 keV correlation is 0.75 £
0.11, in agreement with previous studies of Seyfert galaxies using
similar MIR wavelengths (6—12 um; e.g. Lutz et al. 2004; Ramos
Almeida et al. 2007; Horst et al. 2008; Gandhi et al. 2009; Levenson
etal. 2009; Sazonov et al. 2012). For example, Ramos Almeida et al.
(2007) found a slope of 0.8 by using nuclear fluxes obtained from
ISOCAM data at 6.75 um. Using high angular resolution 12 pm
fluxes from VISIR, Horst et al. (2008) and Gandhi et al. (2009) found
slopes of ~1 and 0.9, respectively. Finally, Levenson et al. (2009)

reported a value between 0.7 and 0.9 for this slope by employing
different methods to obtain nuclear fluxes at 8—12 pum using data
from the Gemini telescopes.

We also find good nuclear MIR-hard X-ray correlations when
we perform the fits for the Syl and Sy2. In the case of the MIR—
2-10 keV correlation, we measure slopes of 1.4 + 0.4 and 0.7 £
0.1 for Syl and Sy2 (R = 0.83 and 0.86, respectively). This differ-
ence practically disappears when we use the 14—195 keV luminosity
(see bottom-left panel of Fig. 8). In this case, we measure slopes
of 0.7 £ 0.3 and 0.6 & 0.1 for Syl and Sy2, with R = 0.75 and
0.96, respectively. The less significant correlation that we found for
the Syl is likely a consequence of the small number of objects.
We conclude that the fits to the Syl and Sy2 galaxies are consis-
tent with each other, indicating that the nuclear 8§ pm emission of
Seyfert galaxies is essentially independent of the viewing angle and
line-of-sight obscuration and nearly isotropic on the small scales
probed here (the inner ~70 pc). We have also compared the nuclear
MIR luminosity distributions of Syl and Sy2 galaxies using the
Kolmogorov-Smirnov (KS) test and we do not find significant dif-
ferences between the two Seyfert types. This is in agreement with
the predictions from clumpy torus models and with observational
results: the nuclear 8—18 pm SEDs of Syl and Sy2 galaxies are
almost identical (e.g. Nenkova et al. 2008a,b; Ramos Almeida et al.
2011b).

As we have quantified the circumnuclear emission of the galax-
ies, we can do the same exercise to investigate the heating source
of this MIR extended emission. However, in the case of the circum-
nuclear emission, we have heterogeneous photometry (i.e. fluxes
measured in different filters), and therefore we cannot perform lin-
ear fits as we did for the nuclear fluxes.'> Thus, we separated the
circumnuclear luminosities in three bands (8-11, 11-14 and 17-19
pm) and plotted them in the right-hand panels of Fig. 8, with differ-
ent colours indicating different wavelengths, versus the hard X-ray

15 We derived nuclear fluxes at 8 pm by combining the high angular resolu-
tion data and spectral decomposition of the Spitzer spectra, but unfortunately,
we cannot do the same for the circumnuclear emission.
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Figure 8. High angular resolution MIR-X-ray luminosity correlations. Top-left panel: 8 pm nuclear luminosity versus intrinsic 2-10 keV X-ray luminosity.
Bottom-left panel: same as in the top-left panel, but for the 14-195 keV X-ray luminosity. Right-hand panels: same as in the left-hand panels, but for the
circumnuclear MIR luminosities, with different colours indicating different wavelengths. The black lines correspond to the nuclear correlation results from the
fits shown in the left-hand panels. The green dashed lines correspond to the same fit, but excluding NGC 4395. Blue diamonds and red circles are Sy1 and Sy2
galaxies, respectively. The vertical error bars correspond to one order of magnitude, which is the uncertainty associated with multi-epoch X-ray measurements.
The horizontal error bars correspond to the photometry uncertainty reported in Section 4.1.

luminosities. We show the results from the nuclear fits (those in the
left-hand panels of Fig. 8) for comparison, and in order to investi-
gate the scatter of the circumnuclear luminosities, we measured the
mean absolute deviations of this emission from the nuclear fits (see
Table 6).

In general, there is also a correlation between the circumnuclear
MIR and hard X-ray luminosity (at 2-10 and 14-195 keV), although
with more scatter than that of the nuclear MIR emission. The mean
absolute deviations from the nuclear fits are 0.63 and 0.56 for the 2—
10 and 14-195 keV luminosities, respectively. Indeed, some of the
points deviating more from the nuclear fits correspond to the galax-
ies whose extended MIR emission is mainly produced by SF (see
Appendices B and C). Therefore, for the majority of the galaxies,
we find that the AGN is the main contributor to their circumnu-
clear emission (the inner ~400 pc), with some contribution from
SFE. Other AGN components such as jets and narrow emission line
clouds, apart from the dusty torus, emit in the MIR, and this emis-
sion can be detected at kpc-scales. For example, in the case of the
Sy2 galaxy NGC 1068, Mason et al. (2006) detected low-surface
brightness MIR emission from dust in the ionization cones extend-
ing to hundreds of parsecs.

Another interesting result from the right-hand panels of Fig. 8 is
that the correlation seems to be independent of the MIR wavelength
chosen. The distribution of the points in the MIR—X-ray plots is sim-
ilar for the three ranges considered (8-11, 11-14 and 17-19 pum),
which is in agreement with the results reported by Ichikawa et al.
(2012) using lower angular resolution AKARI data. Moreover, the
circumnuclear MIR luminosities of the two Seyfert types are almost
identical according to the KS test, as we also found for the nuclear
luminosities. This is also compatible with an AGN-dominated cir-
cumnuclear emission.

To further investigate the origin of the nuclear and circumnuclear
MIR emission of the sample, in Fig. 9, we show the same correla-
tions as in Fig. 8, but now using the MIR emission lines [O 1v] A25.89
pm and [Nen] A12.81 um instead of X-ray luminosities. We find
a tight correlation between the nuclear MIR and [O1v] A25.89 pm
luminosities. Indeed, the slope and Pearson’s correlation coefficient
are practically identical to those measured for the nuclear 8 pm—2—
10 keV fit (top-left panel of Fig. 8 and Table 6). We also measure
a steeper slope for Syl galaxies (1.0 £ 0.3 with R = 0.81) than for
Sy2 (0.8 £ 0.1 with R = 0.89), but the values are consistent within
the errors. Again, the tight correlation between our nuclear MIR
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Figure 9. Top-left panel: 8 pum nuclear luminosity versus integrated [O 1v] A25.89 pm emission line luminosity. Bottom-left panel: same but for the integrated
[Nen]sFA12.81 pm emission luminosity. Right-hand panels: same as in the left-hand panels, but for the circumnuclear MIR luminosities. The black lines
correspond to the nuclear correlation results from the fits shown in the left-hand panels. The green dashed lines correspond to the same fit, but excluding
NGC 4395. Blue diamonds and red circles are Syl and Sy2 galaxies, respectively. The vertical error bars correspond to the uncertainties listed in Table 3, and
the horizontal error bars correspond to the photometry uncertainty reported in Section 4.1.

luminosities and the [O1v] emission of the galaxies indicates that
our nuclear 8 um fluxes are AGN-dominated.

In order to have a reliable SF activity indicator, we estimated
the AGN and SF contributions to the [Nen] A12.81 pm emission
(hereafter [Ne 1] ooy and [Ne 11]sg, respectively), following the same
method as in Meléndez et al. (2008b). We use the [Neu]-[O1v]
correlation!® for the AGN-dominated systems in our sample (see
Appendix B) to estimate [Ne 11]agn fluxes for all the galaxies. We
then subtracted these [Ne n]agn fluxes from the total [Ne 1] emis-
sion and derived [Ne1]sp. From the bottom-left panel of Fig. 9,
we see that the correlation between nuclear MIR emission and
[Nen]spA12.81 um is less significant (R = 0.39) and it has larger
scatter than those discussed before. This also indicates that there is
little or no contribution of SF to our nuclear MIR fluxes.

Considering the low X-ray and MIR luminosities of the galaxy
NGC 4395, which is labelled in Figs 8 and 9, we have checked that
the correlations shown in these figures are not due to the presence
of this galaxy in the sample (see Table 6). We find almost identical
results if we exclude NGC 4395 from the fits (green dashed lines in
the previously mentioned figures).

16 We found the same correlation log([Netu]agn) = (0.81 £ 0.16) x
log([O1v]) + 7.24 as Meléndez et al. (2008b), within the errors.

Finally, in the right-hand panels of Fig. 9, we show the same
correlations, but for the circumnuclear MIR emission, as in the right-
hand panels of Fig. 8. We also found a good correlation with the
[O1v] 225.89 um emission line luminosity, with the mean absolute
deviation being identical to those measured for the hard X-rays
(0.56). For the [Ne 11]sgA12.81 pum line, the distribution of points in
the bottom-right panel of Fig. 9 is similar to the nuclear fluxes, with
the mean deviation from the nuclear fit being 1.18.

Summarizing, the tightness of the correlations between the nu-
clear MIR emission and both the X-rays and [O1v], as well as the
less significant correlation with [Ne 11]gr confirm that the 8 pm emis-
sion of the inner ~70 pc of the BCS, sample is AGN-dominated.
We find practically the same correlations, although with larger scat-
ter, for the circumnuclear emission. This suggests that the AGN
dominates the MIR emission in the inner ~400 pc of the galaxies,
although with some contribution from SF for the galaxies deviating
more from the nuclear correlations.

7 CONCLUSIONS

In this work, we present the first detailed study of the nuclear
and circumnuclear MIR emission of a complete sample of Seyfert
galaxies (24 galaxies; BCSy sample) selected in the X-rays using
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high angular resolution images from 8-10 m-class ground-based
telescopes. We also used Spitzer and/or WISE arcsecond resolution
MIR imaging in order to compare the MIR morphologies and nu-
clear fluxes. Finally, we investigated the relationship of the MIR
nuclear and circumnuclear emission with the intrinsic 2—-10 keV,
the 14-195 keV X-ray emission and different MIR emission lines.
The main results are as follows.

(i) Using different methods to classify the MIR nuclear mor-
phologies, we found, from visual classification, that the majority
(83 percent) of the sample show extended or possibly extended
morphologies, whereas 17 per cent are point-like. From the quanti-
tative classification, we found that most of the galaxies present ex-
tended or possibly extended emission (75 per cent) and 25 per cent
are point-like.

(i1) This extended MIR emission is compact and it has low surface
brightness compared with the nuclear emission: it represents, on
average, ~30percent of the total emission of the BCS4, sample
(~25 per cent for Syl and ~30 per cent for Sy?2).

(iii) We find that the extended MIR emission in AGN-dominated
systems is more compact (300 = 100 pc) than in SF-dominated
systems (650 £ 700 pc) and composite galaxies (350 £ 500 pc).

(iv) Using the visual classification method, we find that the galax-
ies with point-like MIR morphologies are face-on or moderately
inclined (b/a~0.4-1.0). On the other hand, the galaxies which are
extended in the MIR have different values of b/a, from edge-on to
face-on.

(v) We find that the MIR emission is practically the same for
Syl and Sy2, at nuclear and circumnuclear scales. This result is
in agreement with the predictions from clumpy torus models if
the main heating source of the circumnuclear emission is nuclear
activity.

(vi) The tightness of the correlations between the nuclear MIR
emission and both the X-rays and [O1v], and the less significant
correlation with [Ne1]sg confirm that the 8 wm emission of the
inner ~70 pc of the BCS4 sample is AGN-dominated.

(vii) We find practically the same correlations, although with
slightly larger scatter, for the circumnuclear emission. This suggests
that the AGN dominates the MIR emission in the inner ~400 pc
of the galaxies, although with some contribution from SF for the
galaxies deviating more from the nuclear correlations.
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APPENDIX A: PC- AND KPC-SCALE
MORPHOLOGIES

Here we present the comparison between the arcsecond and the sub-
arcsecond resolution MIR images of the BCS,, sample. We have
used the ground-based N-band images, which are closer in wave-
length to the JRAC and WISE data. A large fraction of the galaxies
in the BCS4y sample have 8 um IRAC data, but we have used 12 um
WISE images when the central part of the JRAC image is saturated or
when there is no 8 pm /RAC data available. In the left-hand panels of
Fig. A1, we show the N-band high angular resolution images of the
sample (central 3.6 arcsec region). In the central panels, we show
the same region as in the left-hand panels, but for the arcsecond res-
olution data, and in the right-hand panels, the central 6 arcsec region
for comparison. In some cases, we can identify similar structures
and orientations in the subarcsecond and arcsecond resolution MIR
data, as e.g. in ESO 005-G004, NGC 2992, NGC 3227, NGC 3783,
NGC 4945 and NGC 7172.

We also show the arcsecond resolution MIR images of the BCS,9
sample in Fig. A2, which we used in the classification reported in
Section 5.2.
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APPENDIX B: SPECTRAL DECOMPOSITION

Here we show the Spitzer/IRS spectra of the BCS,4, sample, which
were retrieved from the CASSIS atlas (Lebouteiller et al. 2011).
For NGC 4138, there is no low-resolution staring mode spectrum,
and instead, we have extracted an spectrum in a 7.7 arcsec aperture
diameter from the mapping mode data cube available in the SHA.

Considering the spatial scales probed by the Spitzer/IRS spectra
of the whole sample (<650 pc), we expect contribution from both
AGN and SF. To estimate the AGN contribution to the Spitzer/IRS
spectra, we use the DEBLENDIRs routine (Herndn-Caballero et al.
2015), that decomposes MIR spectra using a linear combination
of three spectral components: AGN, PAH and stellar emission. We
used the high angular resolution MIR nuclear fluxes in the various
filters reported in Table 2 as priors to better constrain the AGN
component. A detailed description of the method is given in Herndn-
Caballero et al. (2015).

We present the results of the Spitzer/IRS spectral decomposition
of the BCS4 sample in Fig. B1. We used the AGN contribution to

obtain homogeneous nuclear fluxes at 8§ pm using a 1 pm window.
These fluxes are presented in Section 4.1. In Table B1, we present
the main properties derived from this spectral decomposition.

We found that the majority of the Sy1 have a higher contribution
of the AGN than the Sy2 galaxies. The median values of the frac-
tional contribution of the AGN to the Spitzer/IRS spectra for Syl
and Sy?2 are 0.82 and 0.62, respectively.

Using the AGN and PAH contributions to the MIR spectra (see
Table B1), we can classify the systems as AGN-dominated, when
there is >70 per cent AGN contribution to the MIR spectrum and
it does not show PAH emission; and SF-dominated, when there is
<50 per cent AGN contribution to the MIR spectrum and it shows
PAH emission. The rest of the galaxies are composite objects. See
Table B1 for further details on the systems classification.

In the case of NGC 7213, we cannot obtain a good fit, as the
modelling does not reproduce the 9.7 wm silicate emission feature.
However, the nuclear MIR fluxes of NGC 7213 are in agreement
with the spectral shape of the AGN component derived from the
fit.
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Figure B1. Spectral decomposition of the Spitzer/IRS spectra of BCS4o sample. We show the Spitzer/IRS rest-frame spectra (black solid lines), best fits (red
solid lines), AGN component (dashed orange lines), PAH component (dotted blue lines) and stellar component (dot—dashed magenta lines). Green circles are
the high angular resolution nuclear fluxes used as priors in the fits. Purple diamonds are the arcsecond resolution 8 pum /RAC nuclear fluxes (as upper limit)
and blue squares are the arcsecond resolution 12 pum WISE fluxes. The brown vertical solid lines correspond to the most important PAH features and the black

vertical dotted lines are the main MIR emission lines.
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Table B1. Properties derived from the spectral decomposition of the Spitzer/IRS spectra of BCS4o sample. Columns 2—4 correspond to the fractional
contribution of the AGN component, the PAH component and the stellar component to the MIR spectrum, respectively. Columns 5 and 6 list the spectral
index of the AGN component and the silicate strength, respectively (positive and negative values correspond to emission and absorption features, respectively).
Columns 7 and 8 correspond to the fractional contribution of the AGN component to the rest-frame spectrum at 6 pum and 12 pm, respectively. Column 9 is
the same as column 8, but for the PAH component. Finally, column 10 lists the systems classification (see Appendix B for details).

Name FAGN FPAH FStellar O AGN SSi Léﬁ?’l‘\i L IAZG:Im L IP?LI;[m Classification
NGC 4395 0.64 0.36 0.00 —2.83 —0.09 0.62 0.66 0.34 composite
NGC 5128 (CenA) 0.62 0.23 0.15 —1.71 —1.06 0.47 0.67 0.23 composite
NGC 4945 0.05 0.95 0.00 —2.48 —1.36 0.04 0.05 0.95 SF-dominated
NGC 4051 0.85 0.15 0.00 —2.09 0.24 0.83 0.86 0.14 AGN-dominated
NGC 6300 0.62 0.17 0.21 —2.31 —1.50 0.26 0.66 0.17 composite
NGC 4388 0.63 0.23 0.14 —3.71 —1.04 0.27 0.71 0.20 composite
NGC 4138 0.17 0.24 0.59 —-2.79 0.20 0.05 0.21 0.28 SF-dominated
NGC 4151 0.83 0.06 0.11 —2.04 —0.08 0.61 0.88 0.05 AGN-dominated
NGC 3227 0.53 0.28 0.19 —2.68 —0.09 0.26 0.57 0.27 composite
NGC 7314 0.62 0.29 0.09 —2.62 —0.33 0.37 0.67 0.27 composite
NGC 1365 0.29 0.57 0.14 —-1.92 0.60 0.21 0.32 0.59 SF-dominated
NGC 7582 0.48 0.52 0.00 —2.18 —1.36 0.52 0.48 0.52 SF-dominated
ESO 005-G004 0.18 0.66 0.16 —-3.71 —1.04 0.07 0.22 0.65 SF-dominated
NGC 7213 0.45 0.14 0.41 —2.74 0.32 0.15 0.54 0.11 composite
NGC 6814 0.53 0.10 0.37 —-2.09 0.24 0.26 0.61 0.07 composite
MCG-06-30-015 0.82 0.03 0.15 —1.91 —0.19 0.54 0.88 0.02 AGN-dominated
NGC 5506 0.72 0.09 0.19 —1.37 —1.19 0.53 0.77 0.09 AGN-dominated
UGC 6728 0.95 0.00 0.05 —1.24 0.12 0.87 0.96 0.00 AGN-dominated
NGC 2110 0.94 0.03 0.03 —1.62 0.18 0.92 0.95 0.02 AGN-dominated
NGC 2992 0.71 0.22 0.07 —2.58 —0.27 0.49 0.71 0.23 composite
NGC 3081 0.63 0.29 0.08 —-2.79 0.20 0.38 0.73 0.22 composite
MCG-05-23-016 0.87 0.03 0.10 —2.14 —0.26 0.60 0.90 0.03 AGN-dominated
NGC 3783 0.63 0.21 0.16 —-2.79 0.20 0.31 0.68 0.21 composite
NGC 7172 0.45 0.46 0.09 —1.01 —1.06 0.45 0.50 0.45 SF-dominated

APPENDIX C: NOTES ON INDIVIDUAL
OBJECTS

Below, we comment on the possible origin of the heating source
of the extended emission for the six objects with extended MIR
morphologies at large scales (>400 pc, which is the sample average
value) in the high angular resolution data presented in Section 5.2.
To do so, we first use the arcsecond and subarcsecond resolution
images to compare the extended MIR emission structures of these
galaxies (see Fig. 7 of Section 5.2). Then, we investigate the origin
of the MIR emission using the Spitzer/IRS spectra to look for AGN
and/or SF activity indicators.

We find that for four of these six galaxies, the bulk of the ex-
tended MIR emission is mainly related to SF. On the other hand, for
NGC 3081 and NGC 5506, the Spitzer/IRS spectra show faint PAH
features, weak [Ne 11] emission line and prominent AGN tracers. We
also found that the majority of these galaxies have a relatively small
contribution of AGN emission (<50 percent) to the Spitzer/IRS
spectra, except for NGC 2992, NGC 3081 and NGC 5506, which
have AGN contributions of 71 per cent, 63 per cent and 72 per cent,
respectively (see Appendix B).

NGC 4945 is a practically edge-on spiral galaxy with a highly
obscured nucleus containing both an AGN and a starburst. This
galaxy presents a bright cluster close to the central region (~50 pc)
and extended emission along PA~45° out to ~500 pc in the N-band
image, being weaker in the Q band. NGC 4945 shows the most
prominent 6.2 um PAH feature of the sample and it also presents
the 11.3 pm PAH feature and strong [Ne 11] emission. On the other
hand, there is no significant [S 1v] and [Ne V] emission. Therefore,
the bulk of the extended MIR emission of this galaxy is mainly

SF activity. See Imanishi et al. (2011) for a detailed study of this
galaxy.

NGC 1365 is a barred spiral galaxy which presents bright clusters
around the nucleus in the N and Q band, which are also visible in
the IRAC image. There is also faint extended emission towards the
south (PA~210°; ~600 pc from the nucleus) of the N- and Q-band
images, which becomes weaker in the Q band and matches that of
the IRAC image. The Spitzer/IRS spectrum shows strong 6.2 and
11.3 um PAH features as well as [Nen] and [Nem]. This galaxy
also presents weak AGN tracers such as [S 1v] or [Ne V]. Therefore,
we conclude that the bulk of this MIR emission is due to SF activity.
See Alonso-Herrero et al. (2012) for a detailed study of this galaxy.

NGC 7582 is a highly inclined barred spiral galaxy. This galaxy
has an obscured AGN surrounded by a star-forming disc and a dust
lane crossing over the nucleus. The subarcsecond resolution Q-band
image reveals a bright cluster towards the south, at ~200 pc from
the nucleus, which is not present in the N-band image. There is also
faint emission extending out to ~630 pc from the south-east to the
north-west (PA~155°). The Spitzer/IRS spectrum shows important
6.2 and 11.3 um PAH features and also strong [Ne 11] emission. On
the contrary, the spectrum shows really weak AGN indicators, such
as [S1v] and [Ne V]. Therefore, the bulk of this MIR emission is
likely related with SF activity. See Wold et al. (2006) and Wold &
Galliano (2006) for a detailed study of this galaxy.

NGC 5506 is a practically edge-on spiral galaxy which shows
extended MIR emission around the nucleus in the N- and Q-band
images. The high angular resolution N-band image reveals faint
extended emission from north to south extending out to ~560 pc.
However, there is also faint extended emission towards the east in
the Q-band image. The Spitzer/IRS spectrum of this galaxy shows
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Table D1. Same as in Table 6, but in flux—flux space.

X Sample N R Prun o a b
Fr_10Kev BCSyg 24 0.64 8.7 x 1074 0.49 0.59 +0.15 —4.06
F>_10Kev BCSZ(‘) 23 0.57 47 x 1073 0.50 0.56 +0.18 —4.40
Fr_10Kev Type 1 8 0.79 1.9 x 1072 0.51 1.19 £ 0.38 2.09
Fr_10Kev Type 2 16 0.63 8.8 x 1073 0.46 0.48 +0.16 —5.15
Fl4-195Kev BCSy4o 24 0.77 1.3 x 107 0.25 0.44 +0.08 —5.36
Fl4-195KeV BCSZ{) 23 0.74 6.2 x 1079 0.26 0.45 4+ 0.09 —5.24
Fl4—195Kev Type 1 8 0.79 2.1 x 1072 0.23 0.52 +0.17 —4.62
Fl4-195KeV Type 2 16 0.80 1.8 x 1074 0.25 0.44 4+ 0.09 —5.21
Flo) BCSy4o 24 0.67 3.8 x 1074 0.48 0.63 +0.15 —-5.72
Forv BCSI(') 23 0.65 8.4 x 10~ 0.49 0.67 +0.17 —5.28
Fiow) Type 1 8 0.84 8.8 x 1073 0.36 1.02 £ 0.27 —1.93
Fo) Type 2 16 0.70 22 %1073 0.46 0.61 +0.16 —5.81
FiNe1)SF BCSJ;O 16 0.12 6.7 x 107! 0.73 0.12 +0.27 —11.30

strong [Ne 1] and [Ne V] features and faint PAH features. Therefore,
we conclude that the origin of this extended MIR emission is likely
nuclear activity. See Roche et al. (2007) for a detailed study of this
galaxy.

NGC 2992 is an spiral galaxy which is part of the interacting
system Arp 245. The high angular resolution N-band image reveals
faint extended emission along PA~30° and out to ~2 kpc, which
is not present in the Q band. This extended emission is also present
in the 8 um /RAC image. Considering the strong 6.2 and 11.3 pm
PAH features seen in the Spitzer/IRS spectrum, the bulk of this
extended emission is likely produced by dust heated by SF activity.
See Garcia-Bernete et al. (2015) for a detailed study of this galaxy.

NGC 3081 is a barred spiral galaxy which presents extended

and [Ne V] features. Therefore, based on the lack of PAH features in
the Spitzer/IRS spectrum, we can conclude that the MIR emission
of NGC 3081 is mainly produced by nuclear activity. See Ramos
Almeida et al. (2011a) for a detailed study of this galaxy.

APPENDIX D: FLUX-FLUX CORRELATIONS

The luminosity—luminosity correlations might be caused, at least
in part, by distance effects. Therefore, we also checked the corre-
lations in flux—flux space. As expected, the correlations using the
luminosities are stronger than the flux—flux correlations. However,
they are still significant and we confirmed that the results presented
in Section 6 hold in flux—flux space (see Table D1).

emission in the N- and Q-band images, being brighter in the Q
band. The emission is stronger towards the north, extending out
to ~450 pc from the south-east to the north-west (PA~160°). The
Spitzer/IRS spectrum of this galaxy shows faint 6.2 and 11.3 pm

PAH emission, weak [Ne11] line emission and strong [Ne ], [S1v] This paper has been typeset from a TeX/IATEX file prepared by the author.
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