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ABSTRACT

We compare high angular resolution mid-infrared (mid-IR) and Atacama Large Millimeter/submillimeter Array (ALMA) far-infrared (far-IR)
images of twelve nearby (median 21 Mpc) Seyfert galaxies selected from the Galaxy Activity, Torus, and Outflow Survey (GATOS). The mid-IR
unresolved emission contributes more than 60% of the nuclear (diameters of 1.5” ~ 150 pc) emission in most galaxies. By contrast, the ALMA
870 wm continuum emission is mostlyresolved with a median diameter of 42 pc and typically along the equatorial direction of the torus (Paper I).
The Eddington ratios and nuclear hydrogen column densities (Ny) of half the sample are favorable to launching polar and/or equatorial dusty
winds, according to numerical simulations. Six of these show mid-IR extended emission approximately in the polar direction as traced by the
narrow line region and perpendicular to the ALMA emission. In a few galaxies, the nuclear Ny might be too high to uplift large quantities of dusty
material along the polar direction. Five galaxies have low Ny and/or Eddington ratios and thus polar dusty winds are not likely. We generated new
radiative transfer CAT3D-WIND disk+wind models and model images at 8, 12, and 700 um. We tailored these models to the properties of the
GATOS Seyferts in this work. At low wind-to-disk cloud ratios, the far-IR model images have disk- and ring-like morphologies. The characteristic
“X”-shape associated with dusty winds is seen better in the far-IR at intermediate-high inclinations for the extended-wind configurations. In most
of the explored models, the mid-IR emission mainly comes from the inner part of the disk and cone. Extended biconical and one-sided polar
mid-IR emission is seen in extended-wind configurations and high wind-to-disk cloud ratios. When convolved to the typical angular resolution of
our observations, the CAT3D-WIND model images reproduce qualitative aspects of the observed mid- and far-IR morphologies. However, low to
intermediate values of the wind-to-disk ratio are required to account for the observed large fractions of unresolved mid-IR emission in our sample.
This work and Paper I provide observational support for the torus+wind scenario. The wind component is more relevant at high Eddington ratios
and/or active galactic nucleus luminosities, and polar dust emission is predicted at nuclear column densities of up to ~10%* cm™2. The torus or disk
component, on the other hand, prevails at low luminosities and/or Eddington ratios.
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1. Introduction sec) than the dusty molecular torus and is thus seen in both type
1 and type 2 AGN.

The angular resolutions needed in the IR to resolve the
obscuring structures of nearby AGN have not been available
until recently. In the mid-infrared> (mid-IR), interferometric
observations with the Very Large Telescopes Interferometer
(VLTI) of nearby Seyferts are generally modeled with an
unresolved source and a resolved source. Both show compact
sizes (~1-10pc, Burtscher et al. 2013; Lopez-Gonzaga et al.
2016). Some of the resolved model components are elon-
gated in the polar direction, with this component accounting
for most of the mid-IR emission on these scales (Honig et al.
2013; Tristram et al. 2014; Lopez-Gonzaga et al. 2014, 2016;

. Leftley et al. 2019). This polar dust emission appears to be
ing of a sample of Seyfert 1s by Granato & Danese (1994), how- related to the large scale (up to a few hundred parsec) emis-

ever, reqPired tqri extending for up to a few hundred parsecs. The sion detected in the mid-IR (Cameron et al. 1993; Tomono et al.
narrow line region (NLR) of Seyfert galaxies .extends on much 2001; Radomski et al. 2003; Packham et al. 2005a; Asmus et al.
larger scales (hundreds of parsecs up to approximately a kilopar- - 5414. A¢mus 2019; Garcia-Bernete et al. 2016) and with SOFIA
at 30 um (see Fuller et al. 2019). In many local Seyferts that

The fundamental component of the unified model for active
galactic nuclei (AGN) is an obscuring torus or disk! made of dust
and molecular gas (see Antonucci 1993; Urry & Padovani 1995;
Netzer 2015, for reviews). In the classical scenario, the torus
obscures the view of the broad line region (BLR) along certain
lines of sight and the nuclei are classified as type 2. Those nuclei
observed along or near the polar direction of the torus have a
direct view of the BLR and are classified as type 1. Initially,
Pier & Krolik (1993) derived a compact size (a few parsecs) for
the torus of the archetypical Seyfert 2 galaxy NGC 1068, from
the fit of the infrared (IR) spectral energy distribution (SED) with
the torus models of Pier & Krolik (1992a). Subsequent model-

' Throughout this work we use the terms torus and nuclear disk inter-

changeably. In particular, unless otherwise indicated, the term torus
does not necessarily refer to a geometrically thick one, which is defined 2 Throughout this work, mid-IR refers to the ~7—26 um spectral range
as having a height over radial size ratio of H/R = 1. that can be observed from the ground.
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is spatially coincident with that of the NLR and/or ionization
cones. In the near-infrared (near-IR) GRAVITY Collaboration
(2020a) reconstructed VLT/GRAVITY K-band observations of
NGC 1068 with a ring-like structure with a radius of 0.24 pc.
This emission is believed to be associated with the dust
sublimation region but, according to these authors, the geom-
etry is not consistent with that expected from a geometri-
cally thick torus. Furthermore, for a sample of Seyfert Is,
GRAVITY Collaboration (2020b) resolved the radii of the
hot dust continuum emission and showed they follow the
luminosity-size relation (Suganuma et al. 2006; Kishimoto et al.
2007), as expected for the dust sublimation region.

Observations  with the Atacama Large Millime-
ter/submillimeter Array (ALMA) of NGC 1068 resolved the
far-infrared (far-IR) or submillimeter continuum emission of the
torus (Garcia-Burillo et al. 2016, 2019; Lopez-Rodriguez et al.
2020). At 432 um the torus diameter is 7—10pc. The derived
(sub)millimeter spectral indices at the AGN position of
NGC 1068 indicate the presence of cold dust but with an
important contribution from synchrotron emission at these
wavelengths (Garcia-Burillo et al. 2019; Pasetto et al. 2019).
The torus was also detected in a variety of molecular gas
transitions that probe a range of gas densities with the
torus diameter reaching ~30pc in the low density tracers
(see Garcia-Burillo et al. 2016, 2019; Gallimore et al. 2016;
Impellizzeri et al. 2019; Imanishi et al. 2020).

Molecular tori with diameters of up to 50 pc are now rou-
tinely observed with ALMA in other nearby Seyfert galaxies and
low luminosity AGN. The tori are sometimes morphologically
and kinematically decoupled from the host galaxy. However, in
most cases the tori are connected to reservoirs of molecular gas
on scales of ~100pc that are associated with dynamical reso-
nances (see Izumi et al. 2018; Alonso-Herrero et al. 2018, 2019;
Combes et al. 2019, and also below). These reservoirs are likely
related to the 100 pc-torus invoked by Maiolino & Rieke (1995)
to explain the properties of 1.8 and 1.9 Seyfert nuclei. These
would be type 1s seen through these large scale dust structures
that are coplanar with the host galaxy disk. Finally there is evi-
dence that in some cases the torus itself is not only rotating
but also outflowing (Gallimore et al. 2016; Alonso-Herrero et al.
2018; Garcia-Burillo et al. 2019).

In parallel with the new observational constraints on
the torus properties, theoretical models are continuously
evolving. In the first static models the dust was homoge-
neously distributed (Pier & Krolik 1992a; Granato & Danese
1994; Efstathiou & Rowan-Robinson 1995; Fritz et al. 2006).
Subsequently, the dust was distributed in clouds in the
so-called clumpy torus models (Nenkovaetal. 2008a,b;
Schartmann et al. 2008; Honig & Kishimoto 2010) and in two
phases (Stalevski et al. 2012; Siebenmorgen et al. 2015). Torus
models also incorporated an additional polar dust compo-
nent to account for the mid-IR imaging and interferometric
observations of some Seyfert galaxies (Efstathiou et al. 1995;
Gallagher et al. 2015; Honig & Kishimoto 2017; Stalevski et al.
2017; Isbell et al. 2021). These models reproduced satisfactorily
the observed nuclear IR emission of samples of nearby AGN (see
e.g., Ramos Almeida et al. 2009, 2011; Alonso-Herrero et al.
2011; Ichikawaetal. 2015; Garcia-Gonzélezetal. 2017;
Garcia-Bernete et al. 2019; Gonzalez-Martin et al.  2019).
Elitzur & Shlosman (2006) put forward a scenario where the
torus is part of a clumpy outflow, and recently Venanzi et al.
(2020) demonstrated theoretically that dusty winds can be
launched at the inner walls of the torus. Radiation hydrody-
namical models (Schartmann et al. 2014; Wadaetal. 2016;
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Williamson et al. 2019, 2020) incorporated predictions for
the dust IR emission and the molecular gas emission and
kinematics.

Honig (2019) assembled the information gathered from
the analysis of IR and submm data of nearby and bright
AGN and proposed a new paradigm for the obscuring struc-
tures around radio-quiet AGN (see also Ramos Almeida & Ricci
2017; Lyu & Rieke 2021). The torus is now envisioned as a
multicomponent multiphase structure (see Figs. 1 and 4 from
Izumi et al. 2018; Honig 2019, for schematic pictures, respec-
tively). In short, the hot innermost part of the equatorial disk
or torus is close to the sublimation radius on subparsec scales in
Seyferts and emits mostly in the near-IR. The dusty inner molec-
ular torus as well as the wind region are traced by the mid-IR
emission as well as hot and relatively warm molecular gas on
scales of a few pc to probably tens of parsecs. Both dust compo-
nents (that is, the inner molecular disk and the wind) are likely to
contribute to the AGN obscuration. Finally, the cold outer part of
the equatorial disk is probed by the cold molecular gas and dust
emission and extends on scales from 5 pc out to tens of parsecs.

This is the second paper in a series aimed at under-
standing the nuclear activity and its connection with the
host galaxy in nearby Seyfert galaxies. In the first paper of
the series, Garcia-Burillo et al. (2021), GB21 from now on,
obtained ALMA observations of a volume-limited and com-
plete sample of Seyfert galaxies to study their torus prop-
erties. The galaxies are part of the Galactic Activity, Torus,
and Outflow Survey (GATOS). We drew the GATOS galax-
ies from the 70 Month Swift-BAT All-sky Hard X-ray Survey
(Baumgartner et al. 2013). The Swift-BAT 14—195keV energy
range ensures a nearly complete selection for nearby AGN at
Lagn (14-150keV) > 10%? erg s~! (Ricci et al. 2017a; Koss et al.
2017). GB21 selected galaxies in the southern hemisphere and
with distances in the 10—40 Mpc range. We summarize the main
properties of the sample of 12 Seyfert galaxies in Table 1.
The median galaxy distance is 21 Mpc and the median value
of the intrinsic (absorption corrected) 2—10keV luminosity is
2 x 10* ergs~!. The Eddington ratios (Aggq) vary from 0.001 to
0.06. The sample probes a range of X-ray column densities and
includes two Compton-thick objects.

In this paper we characterize for the first time the torus and
polar dust emission components in nearby Seyferts, using mid
and far-IR observations with physical resolutions 7—-50 pc. The
paper is organized as follows. We describe the existing mid-IR
observations with angular resolutions 0.2—0.4" in Sect. 2.1. We
summarize in Sect. 2.2 the ALMA observations analyzed and
discussed in detail by GB21. In Sect. 3 we derive the extended
mid-IR emission of our Seyfert galaxies, and compare it with
ALMA and NLR observations. In Sect. 4 we investigate the
mid-IR morphology dependence on AGN properties. In Sect. 5
we generate mid- and far-IR torus model images using the
disk+wind models of Honig & Kishimoto (2017). In Sect. 6 we
use these model images to simulate our observations. Sections 7
and 8 present the discussion and summary, respectively.

2. Observations

The observations used in this work have already been presented
in the literature. In what follows we describe them briefly.

2.1. Mid-IR observations

We used fully-reduced mid-IR imaging observations taken with
8—10m class telescopes and already published in the literature
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Table 1. Sample.

Galaxy Dist  Type logL (2-10keV) X-raylogNg logAdpsa ALMA log Ny
(Mpc) (ergs™) (cm™?) (cm™?)
NGC1365 183 Syl.8 42.09 222 -1.6 223
NGC3227 230 Syl 42.37 21.0 -1.2 22.7
NGC4388 18.1 Syl.9 42.45 23.5 -1.2 22.3
NGC4941  20.5 Sy2 41.40 23.7 -24 21.9
NGC5506 264  Syl.9 42.98 224 -23 22.6
NGC5643 169 Sy2 42.41 254 -1.3 23.6
NGC6300 14.0 Sy2 41.73 23.5 -1.9 234
NGC6814 228 Syl.5 42.24 21.0 -1.6 <21.8
NGC7213 22.0 Syl.5 41.85 20.0 -3.0 <22.0
NGC7314 174 Syl9 42.18 21.6 -1.2 22.1
NGC7465 272 Sy2 41.93 21.5 -2.2 22.7
NGC7582 225 Sy2 43.49 243 -1.7 22.6

Notes. The distances are from the NASA/IPAC Extragalactic Database (NED) for Hy = 73kms™! Mpc™!, Q, = 0.27, and Q, = 0.73. The
Seyfert types are taken from Véron-Cetty & Véron (2006), except for NGC 7213, which is taken from Phillips (1979). The absorption corrected
2—-10keV luminosities and X-ray column densities are from Ricci et al. (2017a). The Eddington ratios (dgqq) are from Koss et al. (2017) except
for NGC 1365, which is from Vasudevan et al. (2010). The H, column densities are based on ALMA CO(3-2) estimates at the AGN position from
GB21.

Table 2. Mid-IR observations and analysis.

Galaxy Tel./Inst. Filter Ac FWHM Ref.  Unresolv. PAMIR —ext Morphology
@m ~ () (o (%) ©)

NGC 1365 Gemini-S/T-ReCS Si-2 874 034 30 1 57 —65to =70 Unresolv. plus two-sided polar
NGC 3227 GTC/CanariCam Si-2 8.74 0.3l 35 2 69 30 to 45 Unresolv. plus one-sided polar
NGC 4388 GTC/CanariCam Si-2 8.74 039 34 2 72 30 Unresolv. plus one-sided polar
NGC 4941 VLT/VISIR Nell-1 1227 0.35 35 3 ~100 e Unresolved

NGC 5506 VLT/VISIR Nell-1 1227 0.33 42 3 61 30 to 90 Unresolv. plus polar plus equatorial/host
NGC 5643 VLT/VISIR(u) B124 1247 034 28 4 53 480 70 Unresolv. plus polar plus equatorial/host
NGC 6300 VLT/VISIR PAH1 8.59 0.25 17 3 36 —65to =76 Unresolv. plus equatorial/host
NGCo6814 VLT/VISIR PAH2 1125 0.35 39 3 78 e Unresolved

NGC 7213 VLT/VISIR(u) PAH1 859 026 28 5 ~100 . Unresolved

NGC7314  Gemini-S/T-ReCS Si-2 874 037 31 6 67 e Unresolved

NGC7465  GTC/CanariCam Si-2 874  0.38 50 2 80 .. Unresolved

NGC 7582 VLT/VISIR(u) B12.4 1247  0.36 40 4 70 45to 55 Unresolv. plus one-sided polar

Notes. The FWHM of the observations are measured by fitting a 2D Gaussian to the standard star images taken close in time to the galaxy
observations. Fully reduced images are from: 1. Alonso-Herrero et al. (2012). 2. Alonso-Herrero et al. (2016). 3. Asmus et al. (2014). 4. Asmus
(2019). 5. Leftley et al. (2019). 6. Garcia-Bernete et al. (2016). The unresolved flux fraction is measured within 1.5—-1.6" diameter apertures.
When two values for PAyr_ex (see Sect. 3) are given, the first one corresponds to the inner regions and the second to the outer regions within
approximately 1.

(see references in Table 2). The instruments included VISIR We note that the observations from the atlas of Asmus et al.
(Lagage et al. 2004) and the upgraded VISIR (Kiufl et al. 2015; (2014) were already at the usual orientation of north up, east to
Kerber et al. 2016) on the VLT, T-ReCS (Telesco et al. 1998) on  the left. The T-ReCS and CanariCam original images had differ-
Gemini-South (Gemini-S), and CanariCam (Telesco et al. 2003; ent orientations and we kept them during the point spread func-
Packham et al. 2005b) on the Gran Telescopio Canarias (GTC). tion (PSF) subtraction analysis (see Sect. 3), and only rotated
We used observations taken with various filters in the atmo- them to the usual orientation after the PSF subtraction. We refer
spheric N-band listed in Table 2. the reader to the works listed in the notes of Table 2 for full
For each galaxy, we also obtained fully-reduced images of details on the observations and data reduction.
standard stars taken with the same filter and observed close in
time. All the observations have angular resolutions, as mea- _ ; ;
sured from the full width at half maximum (FWHM) of the 2:2. ALMA CO(3-2) and continuum 870 um observations
stars, close to the theoretical diffraction limit of the corre- We obtained ALMA band 7 (frequency range 275-373 GHz,
sponding telescopes in the mid-IR (0.2—0.4""). At the distances wavelength range 0.8—1.1 mm) observations of the GATOS core
of our galaxies, these correspond to physical resolutions sample of 10 Seyferts in Cycles 6 and 7. We targeted the
between 17 pc for NGC 6300 and 50pc for NGC 7465. The CO(3-2) and HCO*(4-3) transitions as well as the adjacent
pixel sizes are as follows, 0.0453” for the upgraded VISIR, continuum at 870 um with a common angular resolution of
0.075” for VISIR, 0.0798” for CanariCam and 0.09” for 0.1”, which translates into physical resolutions in the range
T-ReCS. 7—10 pc for our sample. GB21 presented the observations, data
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reduction, and analysis. For this work, we use the fully reduced
maps of the 870 wm continuum and integrated intensity CO(3—-2)
(see Sect. 3.3) generated from their moderate spatial resolution
(MSR) data sets as well as the torus properties derived from the
modeling of the MSR 870 um continuum (see Sect. 3.3). The
ALMA band 7 observations of the other two galaxies in our
sample, namely NGC 1365 and NGC 3227, were part of other
ALMA programs and were published by Combes et al. (2019)
and Alonso-Herrero et al. (2019), respectively.

3. Extended mid-IR emission
3.1. Analysis of the observations

The nuclear mid-IR emission of nearby active galaxies, as
observed from ground-based telescopes, is a combination of an
unresolved component, generally assumed to arise from dust
heated by the AGN, and extended emission. The latter arises
from dust in the NLR and/or dust heated by ongoing star forma-
tion activity, especially in local Seyferts that are also classified as
luminous IR galaxies (see the review by Pérez-Torres et al. 2021,
and references therein), or might be due to synchrotron emis-
sion, especially in radio-loud low-luminosity AGN (Mason et al.
2012).

To separate the unresolved and extended emission from
ground-based mid-IR images, the majority of works used the
so-called PSF-scaling technique. The main assumption is that
an imaging observation of a standard star taken close in time
to the galaxy observation represents the galaxy unresolved
nuclear component. The standard star image is then scaled to
the peak of the galaxy observation and subtracted from the
galaxy image. The scaling level (that is, 100%, 90%, etc. at the
peak of the galaxy emission) is visually assessed from the PSF-
subtracted image and the azimuthally averaged one-dimension
(1D) emission profiles (see, e.g., Fig. 1 in Radomski et al. 2003;
Ramos Almeida et al. 2011). Generally in Seyfert galaxies a
100% scaling produces residual holes at the center of the galaxy
and the scaling level is determined when the residual image does
not show a central hole and the PSF-subtracted galaxy profile is
flat in the central region.

In this work we used the same PSF-scaling technique but we
first determined the scaling factor by fitting 1D emission pro-
files. We extracted 1D profiles of one pixel width, centered at
the peak of the emission along each of the X and Y axes of the
mid-IR galaxy and standard star images. We used the original
images before rotating to the usual orientation and smoothing
them. We started by fitting separately the X and Y profiles of
the corresponding standard stars with one Gaussian function to
derive the width o of the unresolved component. We then used
two Gaussians for the galaxy profiles along each of the X and
Y directions. The first component models the unresolved com-
ponent. We fixed its o to the value derived from the standard
star (within +1 pixel), and allowed its intensity and position to
vary. For the second Gaussian we allowed all the parameters
to vary to model the extended emission. We derived the scal-
ing factors for the unresolved component Gaussian along the X
and Y directions. We scaled the PSF images (that is, the standard
star images) with the two factors and subtracted them from the
galaxy images. From the two PSF-subtracted galaxy images, we
chose the one that did not over-subtract the unresolved emission.
We note that there is not a strong dependence of the morphology
of the extended mid-IR emission with the scaling factor, except
in the very inner regions. Asmus (2019) illustrated this in their
Fig. 4 for NGC 5643, which is included in our analysis.
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Figure 1 shows two examples of the fits to the X and Y direc-
tion profiles. The top panels are for NGC 6300, a galaxy in our
sample with a large mid-IR extended component and the bot-
tom panels NGC 7213, which appears unresolved in our mid-
IR image. In the case of NGC 6300, the 1D profiles show that
the extended emission is more prominent along the X-direction
(east-west direction in this case) than along the Y-direction. The
derived scaling factors were 63% and 84% for the X and Y direc-
tions, respectively. The PSF-subtracted galaxy image using the
scaling factor along the Y direction had negative residuals and
thus we used the scaling factor along the X direction to produce
the PSF-subtracted galaxy image. For NGC 7213, both 1D pro-
files extracted along the X and Y directions were well modelled
with a dominant unresolved component, which resulted in a scal-
ing factor of the PSF image of 97-98%.

3.2. Results

In Fig. 2 we display for each galaxy in our sample the origi-
nal mid-IR image and the resulting PSF-subtracted images for
a field of view (FoV) of 2” x 2”. This FoV includes most
of the mid-IR extended emission detected for our sample with
the instruments listed in Table 2. The only exceptions are
NGC 3227 and NGC 7582 which show extended emission over
larger scales due to the presence of circumnuclear rings of star
formation (Alonso-Herrero et al. 2016; Wold & Galliano 2006;
Garcia-Bernete et al. 2016). We also smoothed the images using
Gaussian functions with FWHM of between 1.1 and 1.7 pixels,
corresponding to 0.07 to 0.13”. In all the images, the first con-
tour shown with a solid line is at a 3 X oy level, where oy i
the standard deviation of the background measured on the orig-
inal images, that is, before we smoothed the images and when
needed, rotated them. The other contours are shown at 5, 10, 15,
and 20 X o levels.

The PSF-subtracted images of six out of the twelve galax-
ies present bright extended mid-IR emission (Fig. 2). These are
NGC 1365, NGC 3227, NGC 5506, NGC 5643, NGC 6300, and
NGC7582. The contours show that the extended emission is
detected up to at least a 20 X ok level. For NGC 4388 we also
detected extended mid-IR emission at a lower significance but
in a similar orientation as that derived by Asmus et al. (2016)
using a different dataset. The sizes of the extended mid-IR emis-
sion range from approximately 50 pc in NGC 6300 to 190 pc
in NGC5506. We used the ellipse task within IRAF on the
PSF-subtracted images to derive the position angle (PA) of the
extended mid-IR emission (PAyr-ext)- The typical uncertainties
in these measurements are +5°. We report these values in Table 2
for the inner ~1”, which is the location of most of the extended
mid-IR emission. PAyjr-_ex; is relatively constant with radius in
NGC 1365, NGC 3227, NGC 4388, NGC 6300, and NGC 7582.
For NGC 5643 we found that the values are between approx-
imately 48° in the inner regions (~0.45") changing progres-
sively to approximately 60—70° in the outer contours. In the most
extreme case in our sample NGC 5506, the PAyjr—ext Values vary
from 30° in the inner region (central ~0.5"") to nearly 90° in the
outer regions.

Three galaxies, NGC 6814, NGC 7314, and NGC 7465, only
show evidence of faint extended emission at 3—5 X ok levels.
Finally, the PSF-subtracted images of NGC 4941 and NGC 7213
do not show evidence of extended emission.

The fraction of unresolved flux over total flux measured
within aperture diameters of 1.5—1.6" (see Table 2) are between
40 and 72% for the seven galaxies with extended mid-IR emis-
sion. These apertures cover the extent of the mid-IR nuclear
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Fig. 1. Examples of the fits of the 1D mid-IR profiles extracted along the X and Y directions for two galaxies in our sample. The fop panels are
for NGC 6300, which is a case with a large fraction of extended mid-IR emission, whereas the bottom panels are for NGC 7213, which appears
unresolved at the angular resolution of the mid-IR observations. The cyan dots are the observations and the red lines are the result of fitting the
galaxy profile with just one Gaussian function. The green lines are the result of fitting the galaxy profile with the sum of two Gaussian functions,
one to represent the unresolved component (orange dashed lines) and the second the extended emission (blue dotted-dashed lines).

emission and are large enough to include the PSF wings. For
the five galaxies with faint or no detected extended mid-IR emis-
sion, the unresolved emission contributes between 80 and 100%,
within similar apertures. This is in good agreement with previous
works (Asmus et al. 2014; Garcia-Bernete et al. 2016; Asmus
2019). In summary, at our angular resolutions the unresolved
component accounts for between 60 and 100% of the mid-IR
emission in the central 1.5 ~ 150pc for the majority of the
galaxies in our sample.

3.3. Comparison with ALMA 870um and CO(3-2)
observations

To compare the mid- and far-IR morphologies, we first adjusted
the astrometry of the mid-IR images of the seven galaxies with
extended emission. We assumed that the peak of the mid-IR
emission coincides with that of the ALMA 870um contin-
uum emission and adjusted the mid-IR coordinates accordingly.
Figure 3 (left panels for each galaxy) shows in color the origi-
nal ALMA continuum images, that is, including both the unre-
solved and the extended emission, with the contours showing
the extended mid-IR emission from the PSF-subtracted images.
In the six out of the seven galaxies with extended mid-IR emis-
sion, GB21 concluded that the ALMA 870 um extended emis-
sion traces cold dust mostly along the equatorial material in
the torus, with sizes between 28 and 129 pc (median of 42 pc,
Table 3).

In NGC 1365, NGC 3227, and NGC 7582 as well as the inner
regions of NGC 5506, the extended mid-IR emission appears to
be approximately perpendicular (in projection) to the extended
ALMA 870 um continuum emission. The latter for these four

galaxies is identified as the torus. In NGC 5643, the orienta-
tion of the extended mid-IR emission is mostly along PAyr =
60—70°, which is nearly perpendicular (in projection) to the
nearly north-south ALMA 870 um continuum emission. Finally,
in NGC 6300 the extended mid- and far-IR emission show simi-
lar orientations, and thus the extended mid-IR emission is along
the equatorial direction of the torus.

GB21 showed that the nuclear CO(3—2) morphologies of
the GATOS Seyferts are in most cases rather different from the
870 um emission. We constructed red-green-blue (RGB) images
using the ALMA CO(3-2) images in red and 870 pm continuum
in green for the seven Seyferts with extended mid-IR emission.
In blue we show only the extended mid-IR emission to empha-
size the low surface brightness emission at these wavelengths.
In all galaxies but NGC 6300 (see right panels of Fig. 3), the
extended mid-IR emission appears to fill the nuclear regions
where the CO(3-2) emission is fainter. On larger scales the
CO(3-2) emission is more extended than both the mid- and far-
IR continuum images. In NGC 5643 the extended mid-IR emis-
sion is not only along the east-west direction, where there is
faint CO(3—-2) emission, but also along the nuclear molecular
gas minispiral.

3.4. Comparison with ionization cones, NLR, and nuclear
outflows

The seven galaxies with extended mid-IR emission have bright
ionization cones/NLR that are identified from optical and
near-IR narrow-band imaging and/or integral field unit (IFU)
spectroscopy. We derived the PA of the cones by visual inspec-
tion of the [OMI]A5007 images from Venturi et al. (2018) for

A99, page 5 of 26


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202141219&pdf_id=1

A&A 652, A99 (2021)

NGC1365 8.7um Original NGC1365 8.7um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)

0.0
ARA. (arcsec)

0.8 0.0

X -0.8
ARA. (arcsec)

NGC4388 8.7um Original NGC4388 8.7um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)

0.8 -0.8 0.8 -0.8

00 0.0
ARA. (arcsec) ARA. (arcsec)

NGC5506 12.3um Original NGC5506 12.3um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)

0.8 -0.8 -0.8

0.0 0.0
ARA. (arcsec) ARA. (arcsec)

NGC6300 8.59um Original NGC6300 8.59um PSF-subtracted

4 Dec. (arcsec)
A Dec. (arcsec)

0.8 0.0 -0.8
ARA. (arcsec)

0.8 0.0 -0.8
ARA. (arcsec)

NGC7213 8.59um Original NGC7213 8.59um PSF-subtracted

.
0.8

A Dec. (arcsec)
A Dec. (arcsec)

0.8 -0.8 -0.8

0.0 0.0
ARA. (arcsec) ARA. (arcsec)

NGC7465 8.7um Original 1NGC7465 8.7um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)
°

66pC

0 0
ARA. (arcsec) A RA. (arcsec)

NGC3227 8.7um Original NGC3227 8.7um PSF-subtracted
\ )

A Dec. (arcsec)
A Dec. (arcsec)

0.8 0.0 0.0 -0.8
ARA. (arcsec)

ARA. (arcsec)

NGC4941 12.27um Original NGC4941 12.27um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)

0.8 -0.8 -0.8

0.0
ARA. (arcsec)

0.0
ARA. (arcsec)

NGC5643 12.4um Original NGC5643 12.4um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)

0.8 -0.8 -0.8

0.0 0.0
ARA. (arcsec) ARA. (arcsec)

NGC6814 11.25um Original NGC6814 11.25um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)

0.0
ARA. (arcsec)

0.0 -0.8
ARA. (arcsec)

NGC7314 8.7um Original

0.8 0.0 -0.8

ARA. (arcsec)

NGC7314 8.7um PSF-subtracted

0.8

|

A Dec. (arcsec)
°
>

A Dec. (arcsec)
°
>

a2pc

0.8 0.0
ARA. (arcsec)

NGC7582 12.4um Original NGC7582 12.4um PSF-subtracted

A Dec. (arcsec)
A Dec. (arcsec)

Fig. 2. Mid-IR images of the central 2" xX2"”. For each galaxy, the left and right panels are the original and the PSF-subtracted images, respectively.
The gray circles indicate the FWHM of the standard star as fit with a 2D Gaussian. The star symbol marks the peak of the mid-IR emission before
PSF subtraction. The first contour with a solid line is at a 3 X o level and the next contours are at 5, 10, 15, 20 X o levels. For NGC 4941
the dashed lines in the PSF-subtracted image are 2 X 0. All the images are oriented north up, east to the left. We smoothed the original and
PSF-subtracted images with a Gaussian function (see text for more details). For each galaxy we display the two images with the same intensity

and contour levels.

NGC 1365, from Schmittetal. (2003) for NGC4388, from
Fischer et al. (2013) for NGC 5506, from Garcia-Bernete et al.
(2021) for NGC5643, and from Thomasetal. (2017) for
NGC7582. For NGC 3227 we used Hubble Space Telescope
(HST) narrow-band images from Alonso-Herrero et al. (2019).
For NGC 6300, Davies et al. (2014) detected a nuclear molecu-
lar gas outflow using observations of the Hp 2.12 um line. We
list the values of PA.ye in Table 3 and plot them in Fig. 3.
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All seven galaxies have large projected opening angles of the
cones/outflows, ranging from 85 to 115°, approximately.

Six of the seven GATOS Seyferts with extended mid-IR
emission show nearly the same orientations for the extended
mid-IR emission and the ionization cones/outflows (Fig. 3, left
panels). The exception is NGC 6300 (see below). The differences
in (projected) orientations for these six Seyferts are less than
10-20°. These are in good agreement with the typical values
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Table 3. Observational and modelled torus and wind properties.

Torus or disk Wind

ALMA itorus (O) icone (O) PAcone (0) fwd
Galaxy d(pc) PAA(°) CLUMPY CAT3D-WIND XCLUMPY ALMA Kinem. Model Opt/IR CAT3D-WIND
NGC 1365 28 50 [8—40] .. 53 >48 . .. -45 .
NGC 3227 41 166 [9-35] [28-32] 20 (f) >50 30 75 35 >0.5
NGC4388 32 —43 ™ [13-20] [50-52] 70 -165 >0.7
NGC 4941 78 -29 ™ [35-41] 40 [0.2-0.3]
NGC5506 129 87 [5-40] Low 33 >55 10 18 >0.7
NGC 5643 43 4 [65-81] .. 74 (f) >39 60 25 82 ...
NGC 6300 64 85 [14-21] Low 53 >44 57 .. 18 [0.2-0.3]
NGC6814 33 57® [7-34] 30 45 (f) ... 33 [0.2-0.3]
NGC 7213 40 71 [0-30] Low 45 () >30 No <0.2
NGC7314 60 21 [5-37] High 45 () >58 110 >0.7
NGC 7465 67 4 >53 =72
NGC 7582 91 -18 [53-82] 41 >59 59 —-122

Notes. Columns for the torus or disk components are as follows. d is the ALMA MSR 870 pum torus size (diameter of the extended component at
the 30 level) and PA, the position angle PA and inclination, from GB21. ®'The 870 um PA is not along the equatorial direction (i.e., torus). The
torus or disk inclination (#s) constraints from modeling of the IR emission with the CLUMPY torus models are from Alonso-Herrero et al. (2011,
2012), Ruschel-Dutra et al. (2014), Ichikawa et al. (2015), Garcia-Bernete et al. (2019), Martinez-Paredes et al. (2020), the CAT3D-WIND models
from Gonzdlez-Martin et al. (2019), and from modeling of X-ray observations are from Walton et al. (2010), Tanimoto et al. (2020), Ogawa et al.
(2021). The torus inclinations from the ALMA MSR 870 um images are from GB21 and from the ALMA CO(3-2) and CO(2-1) kinematics
are from Alonso-Herrero et al. (2018, 2019) and GB21. Columns for the wind components are as follows. The ionization cone inclination (iope)
constraints are from the modeling of the NLR by Fischer et al. (2013). PA_,,. is the position angle of the ionization cones and the references are
given in the text in Sect. 3.4. The wind-to-disk ratio fi,q constraints are from modeling with the CAT3D-WIND models from Gonzalez-Martin et al.

(2019).

found by Asmus et al. (2016), Asmus (2019) for a larger sam-
ple of nearby AGN with prominent extended mid-IR emission.
The extended mid-IR emission in NGC 3227, NGC 4388, and
NGC 7582 is more prominent on the optical bright side of the
ionization cone. In NGC 1365, NGC 5506, and NGC 5643 the
mid-IR extended emission is more symmetric around the AGN
position and approximately along the direction of the ionization
cone. In the innermost region of NGC 5643, the extended mid-
IR emission is at PAygr ~ 48°, which could be due to emission
in the northeast inner walls of the ionization cone (see Fig. 22 of
Fischer et al. 2013), becoming progressively more aligned with
the ionization cone in the outer regions. In the inner regions of
NGC 5506, PAypr ~ 30°, which is nearly aligned with the orien-
tation of the cone, whereas at larger radial distances the extended
mid-IR emission becomes more equatorial.

The extended mid-IR emission of NGC 6300 appears to be
perpendicular to the orientation of the ionization cone. The mor-
phology and orientation of the mid-IR extended emission are,
on the other hand, similar to that seen in the HST V—H color
map (Martini et al. 2003; Davies et al. 2014), which likely traces
dust in the host galaxy. The outer regions of NGC 5506 also
show a large difference between the projected orientations of
the cones and mid-IR extended emission. This indicates that
the extended mid-IR emission along the approximate east-west
direction also traces dust emission in the highly inclined host
galaxy, as seen again from the V—H color map (Martini et al.
2003). In NGC 7582, the extended mid-IR emission additionally
probes dust in regions in the circumnuclear ring of star formation
(Wold & Galliano 2006).

NGC4941, NGC 7465, and NGC 7314 have extended opti-
cal NLRs, which are detected with optical IFU observations
and/or HST imaging (see Erroz-Ferrer et al. 2019; Ferruit et al.
2000; Sousa et al., in prep., respectively). In NGC 6814, the

NLR and the coronal line region are rather compact and there
is evidence for ionized outflows on these scales (~1”, see
Miiller-Sanchez et al. 2011). In these four galaxies we do not
detect extended mid-IR emission.

4. Dependence of warm dust morphologies on the
Eddington ratio and nuclear column density

In the previous section, we showed that there is extended mid-IR
emission approximately along the polar direction in six out of
the 12 GATOS Seyferts analyzed in this work. It is yet unknown
whether this polar dust emission is simply due to dust near the
edges of the NLR being illuminated by the AGN, part of a
nuclear dusty outflow or both. On the other hand, another four
galaxies in our sample show NLR emission but no evidence for
bright extended mid-IR emission. In this section we investigate if
the nuclear column densities and Eddington ratios in the galaxies
in our sample are likely to launch dusty outflows.

The gas and dust in the immediate surroundings of an active
nucleus are subject to the AGN radiation pressure. The idea of
infrared radiation pressure was first put forward by Pier & Krolik
(1992b) and developed further by Krolik (2007), as an expla-
nation to support the vertical height of the torus. In the clas-
sical Eddington limit, only the electron scattering is taken into
account. Because the opacity of the dust is much greater than
the Thomson opacity, there is an effective Eddington ratio,
which Krolik (2007) estimated to be of the order of 10% the
classical Eddington ratio. In other words, in the presence of
dust, the effects of the radiation pressure are boosted. Thus, at
high Eddington ratios, although not necessarily Agqg > 1, and
moderate column densities, nuclear outflows may be present
(see Fabian et al. 2008, and references therein). These outflows
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Fig. 3. Galaxies with extended mid-IR emission. Left panels: in color
are the ALMA MSR 870 um continuum images (with both the unre-
solved and the extended emission) from GB21. The blue contours are
the mid-IR PSF-subtracted images with the same levels as in Fig. 2. The
FoV is 2" x2"”. We also plot with the dashed lines the approximate PA of
the ionization cones, NLR and/or outflows (see Sect. 3.4). Right panels:
RGB images constructed with the ALMA CO(3-2) image (red), ALMA
870 um continuum (green), and extended mid-IR emission (blue). The
FoV is approximately the same as in the left panels.

might even clear out the gas from the nuclear region (see also
Ricci et al. 2017b).

Venanzi et al. (2020) demonstrated semi-analytically that
IR-dominated winds can be launched more efficiently when the
acceleration due to the AGN radiation pressure (asgn) and the
acceleration due to the gravitational force (ag) from the cen-
tral black hole are balanced (see also Tazaki & Ichikawa 2020).
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Fig. 3. continued.

Their radiation dynamical simulations for the typical Edding-
ton ratios of Seyfert galaxies showed that IR-dominated out-
flows would take place at moderate column densities of a few
Nu ~ 102 cm™2. At higher column densities of approximately
Nu > 10**cm™2, they predicted that the lifting of the dusty
clumps is suppressed and this material settles in the disk plane.

In Fig. 4 we show the hydrogen column densities or upper
limits derived toward the AGN position of the GATOS Seyferts
against the Eddington ratios. We used the ALMA estimates of
Ny from GB21 (see also Table 1), which were derived using
the CO(3-2) data and the canonical CO-to-H, conversion factor
of the Milky Way. The ALMA Ny, values correspond to phys-
ical resolutions of 7—10pc. To derive Ny, we assumed that the
molecular gas phase is dominant on these scales (see for instance
the simulations of Wada et al. 2016). We note that these values
are not the measured column densities of the individual clumps.
However, they likely give an estimate of the average properties
of the clumps modulo the (unknown) filling factor. In X-rays,
the derived Ny are only along the line of sight. We therefore
assume that Ny (ALMA) for each galaxy is representative of
those clouds located in the dusty wind launching region. We also
included in this figure NGC 1068 and Circinus, which show clear
polar mid-IR emission (see Cameron et al. 1993; Packham et al.
2005a, respectively). For the latter, the ALMA hydrogen column
densities are from Garcia-Burillo et al. (2019) and Izumi et al.
(2018), respectively.
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Fig. 4. Diagram showing the nuclear hydrogen column densities against the Eddington ratios for the GATOS Seyferts. The hydrogen column
densities are from ALMA CO(3-2) based H, estimates at the AGN position from GB21. The symbols are color-coded in terms of the intrinsic
2—-10keV luminosities. The different symbols indicate the mid-IR morphologies (see Table 2). Circinus and NGC 1068, which are marked with
star symbols, also show polar mid-IR emission but are not included in our sample. The error bars represent typical uncertainties in the observations,
namely, 0.3 dex for the Eddington ratios and a 15% uncertainty in the absolute flux calibration of the ALMA data. Below the solid curve from
Fabian et al. (2008) is the blowout region where outflows are likely to clear material in the nuclear regions (see also Ricci et al. 2017b). The dashed
line from Venanzi et al. (2020) indicates the limit where the AGN radiation acceleration balances gravity and the IR radiation pressure dominates
giving rise to polar dusty outflows. Their radiation-dynamical simulations were for a column density range Ny ~ 102*-10?* cm™2, which we mark

with the thicker dashed line.

We also plot in this figure the predicted blowout region (the
area below the solid line) derived by Fabian et al. (2008), which
is not populated by AGN. The area in this figure near the dashed
line (computed when aagn/ag = 1, see Venanzi et al. 2020),
shows the region where we would expect to find AGN with
IR-dominated outflows. As discussed by these authors, below
approximately Ny = 10?2 cm~2 which is equivalent to an optical
depth in the near-IR below one, the driving of infrared radiation
is not effective.

We find that the GATOS Seyferts with extended mid-
IR emission in the (projected) polar direction (NGC 1365,
NGC 3227, NGC 4388, and NGC 7582) as well as NGC 1068
and Circinus are located close to the region where polar dusty
outflows are more likely to be launched. Among these galax-
ies, NGC3227 and NGC 1068 present evidence of molecu-
lar outflows in CO transitions on the torus scales (~20—-40 pc,
see Alonso-Herrero et al. 2019; Garcia-Burillo et al. 2019). The
ALMA observations of Circinus show, on the other hand, a
nuclear outflow with a modest velocity (Izumi etal. 2018).
These authors predicted that a significant mass in the wind will
fall back to the disk. NGC 3227, NGC4388, and NGC 7582
as well as NGC 1068 show evidence of molecular outflows
on physical scales larger than the torus (up to a few hun-
dred parsecs, see Davies et al. 2014; Garcia-Burillo et al. 2019;
Dominguez-Fernandez et al. 2020, and GB21), which are more

likely due to the interaction between the AGN wind and/or a
radio jet if present and molecular gas in the disk of the host
galaxy.

NGC 5643 and NGC 5506 appear to have extended both
polar and equatorial mid-IR emission. In NGC 6300 the mid-
IR emission might be due to dust in the equatorial direction
of the torus as well as in the host galaxy. According to the
Venanzi et al. (2020) simulations, galaxies with relative high
Eddington ratios that lie to the left of the dashed line might be
more conducive to having equatorial outflows. This is the case
for NGC 5643 (see Alonso-Herrero et al. 2018). Moreover, these
equatorial outflows are not likely to be efficient (maybe not just
yet) at clearing the nuclear regions of NGC 5643 and NGC 6300
(and others), as shown observationally by GB21.

NGC 6814 and NGC 7314 are close to the blowout region,
where polar dusty outflows should not be prominent. The
CO(3-2) map of NGC 6814 of GB21 (their Fig. 10) shows that
there is little molecular gas in the nuclear and circumnuclear
regions of this galaxy, in agreement with being in the blowout
region and an unresolved mid-IR morphology. NGC 7314, on
the other hand, contains more molecular gas with two CO
peaks located symmetrically around the AGN in the inner 40 pc
(Fig. 13 of GB21). This might indicate that some clearing
of molecular gas at the AGN location already took place in
the nuclear regions of this galaxy. For this galaxy, the mid-IR
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emission is mostly unresolved. Finally the low nuclear column
density and Eddington ratio of NGC 4941 and NGC 7213 place
these galaxies in a region in Fig. 4 where dusty winds are not
launched. This is in agreement with the unresolved mid-IR mor-
phology.

In summary, seven galaxies in our sample show both Edding-
ton ratios and nuclear column densities favorable to launching
polar and equatorial dusty winds. The remaining have either low
nuclear hydrogen column densities and/or low Eddington ratios,
and thus dusty winds might not be likely.

5. CAT3D-WIND mid- and far-IR model images

In Sect. 3.3 we showed that there is a diversity of nuclear
(1-1.5") mid-IR morphologies in the GATOS Seyferts with the
unresolved component dominating the emission. At 870 wm, on
the other hand, GB21 found that the extended component is
dominant on these scales.

In this section we use the radiative transfer model of a
clumpy disk and wind dubbed CAT3D-WIND and presented
in Honig & Kishimoto (2017) to generate model images in the
mid- and far-IR. The goal is to explore the morphologies at
these wavelengths for several disk and wind configurations and
geometries as informed by fits to their IR emission. In Sect. 6 we
then simulate CAT3D-WIND model images with angular reso-
lutions corresponding to those of our mid-IR and ALMA obser-
vations.

5.1. Brief description of the models

The CAT3D-WIND model includes both a traditional dusty
clumpy disk (or geometrically thin torus), which is based on
that of Honig & Kishimoto (2010), and a dusty clumpy wind
perpendicular to the torus. The latter is included to account
for the polar dust emission detected in local AGN (see, e.g.,
Asmus et al. 2016; Asmus 2019). The clouds have an optical
depth of 7 = 50 and N, describes the number of clouds along
the equatorial direction of the torus. The clouds are distributed
following a radial power law (ccr®) with indices a for the disk
and a,, for the wind. The wind-to-disk ratio fq is the number of
clouds along the cone with respect to Ny. The vertical distribu-
tion of the disk follows a Gaussian distribution o exp™</2"0")
with a dimensionless scale height 4 and the vertical distance
from the mid-plane z in units of the sublimation radius (rsup).
The wind is modelled as a hollow cone with a half-opening angle
of 6,, and walls with an angular width of 0. Figure 5 shows a
sketch of the model and its parameters.

The inner radius is determined by the dust rgp, which
the model takes as rpoq = 0.3pc at Ly, = 10% erg s~ and
the scaling is then rgp = Fmod X (Lpor/10*ergs )12 (see
Honig & Kishimoto 2010, for more details). Ly, is the accretion
disk bolometric luminosity computed as Ly, = 8 X vL,(V).

5.2. Selection of model parameters and generation of model
images

The CAT3D-WIND model has a large number of parameters
to describe the disk and the wind components (see Table 1 of
Honig & Kishimoto 2017). Since we are interested in compar-
ing the observed mid- and far-IR observations of the GATOS
Seyferts with CAT3D-WIND model images, in this work we
concentrate on some of the main parameters that define the
geometry and thus are more likely to control the morphologies.
These are the indices of the radial distribution of the clouds in
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Fig. 5. Cartoon showing the CAT3D-WIND geometry. In red is the
clumpy disk component and in orange the dusty clumpy wind, which
is represented as a hollow cone. The model parameters are also marked
(see Sect. 5.1 and Table 4).

the disk and the wind (a and ay,), the wind-to-disk ratio of clouds
(fwa), as well as the inclination. As we shall see, the disk height
and angular width of the cone walls play an important role on
the self-obscuration of the disk and wind in the mid-IR.

Gonzélez-Martin et al. (2019) fit Spitzer/IRS spectroscopy
of a large sample of local AGN using a variety of torus mod-
els, including CAT3D-WIND. They found that CAT3D-WIND
provided a good fit for approximately half of their sample. In
particular, they reproduced better the mid-IR spectra of type 1
AGN than type 2 as well as the spectra of the more luminous
AGN in their sample. Eight of the GATOS Seyferts are in their
sample. Rather than focusing on the individual fits, we based our
choice of the CAT3D-WIND parameters on the derived ranges
(see Table 4 and below) for these Seyferts, regardless of whether
we detected a bright extended mid-IR component or not. We
included the following combinations of cloud radial distribu-
tions:

— compact disk — extended wind, @ = -2 and ay, = —0.5

— extended disk — compact wind, a = —0.5 and ay, = -2

— compact disk — compact wind, a = -2 and a,, = -2

— extended disk — extended wind, a = —0.5 and ay, = —0.5.
We used four values of the wind-to-disk ratio of clouds: fy4 =
0.3,0.6,0.9,1.2 and four values of the inclination: i = 30°
(nearly face-on view of the disk), 45, 60, and 75° (nearly edge-
on view of the disk). We fixed the following parameters, Ny = 10
and the half-opening angle of the wind 6,, = 45°. We took ranges
of the angular width of the wind oy = 5,10, 15° and height of
the disk 42 = 0.1, 0.2, 0.3. We distributed the dust over a region of
2000 rgyp X 2000 rgyp in size. This corresponds to typical physical
sizes of tens of parsecs for our sample (see Sect. 6.2), which are
needed to reproduce the relatively large ALMA tori.

We additionally generated CAT3D-WIND model images
for the specific cases of NGC 7213 and NGC 6814, for which
Gonzélez-Martin et al. (2019) derived some model parameters
outside the range found for the rest of the galaxies in our sam-
ple. In particular, they fit relatively low values of the number
of clouds along the disk equator, the fraction of wind-to-
disk cloud ratio, and inclination. The low N, fit agree with
the relatively little amounts of nuclear cold molecular gas
(see Alonso-Herrero et al. 2020, and GB21, see also Table 1)
detected in these two galaxies. Table 4 summarizes the
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Table 4. CAT3D-WIND model parameters used in this work.

Name Symbol Range NGC 7213, NGC 6814
Disk radial index a [-0.5, -2] -1

‘Wind radial index Qy [-0.5, -2] -0.5
Wind-to-disk cloud ratio fwd [0.3,0.6,0.9, 1.2] 0.15

Number of clouds along disk equator No 10 5
Inclination (°) i [30, 45, 60, 75] [0, 15, 30]

Disk height h [0.1,0.2,0.3] 0.1

Wind angular width (°) or) [5, 10, 15] 10

Notes. The common parameters are a cone opening angle of 6, = 45° and the optical depth of the clouds 7, = 50.

CAT3D-WIND parameters selected to generate model images
in this work.

We generated model monochromatic images at two mid-IR
wavelengths, namely, 4 = 8 and 1 = 12 um to approximately
encompass those of the central wavelengths of the observation
filters. We used as a far-IR wavelength 4 = 700 um, which is
one of the wavelengths of the model standard grid (the next
one is 1000 um). Taking into account the model parameters (see
Table 4) and the three wavelengths, we generated a total of
1728 +9 model images®. We resampled the images from the
model natural resolution of 2 ry, to a pixel size of 10 rgy. As
we shall see in Sect. 6.2, this resolution is higher than that
achieved with the current ground-based mid-IR imaging and
ALMA angular resolutions. We also note that the 8 and 12 um
model images are similar and thus, we only show in the figures
an discuss in the following sections the former.

5.3. “Thin” geometries

We start by presenting the model images for a “thin” geometry,
that is, a disk height 2 = 0.1 and cone walls with oy = 5°. This
geometry suffers less from self-obscuration effects. Figures 6
and 7 show the mid- and far-IR images for the compact disk-
extended wind and extended disk — compact wind combinations,
at the four selected inclinations and for an intermediate value
of the wind-to-disk ratio, fi,g = 0.6 (see appendix for images
with f,q = 1.2). In Figs. A.l and A.2 we show the compact
disk — compact wind and extended wind — extended disk con-
figurations. In all the figures, we plotted the images in a linear
scale and with the same scaling values for all geometries and
inclinations.

The wind component is clearly observed at intermediate-to-
high inclinations and is more prominent, as expected, when the
wind is in an extended configuration (Figs. 6 and A.2). More-
over, the characteristic “X”-shape of the wind is most notable
in the far-IR. At this wavelength the dust is optically thin. The
disk and wind can have comparable far-IR brightnesses in the
compact disk — extended wind configuration at relatively high
inclinations (i = 60° and 75°, two bottom panels of Fig. 6).
The disk component, on the other hand, is brighter than the
wind in the far-IR for the compact wind configurations (see
Figs. 7 and A.1). In the extended disk configurations (Figs. 7
and A.2), the far-IR emission of the disk shows a ring-like mor-
phology at all inclinations whereas in the compact disk configu-
rations (Figs. 6 and A.1) the far-IR emission peaks at the central
position.

3 The CAT3D-WIND model images and corresponding SEDs can be
found at http://cat3d.sungrazer.org

In the mid-IR, two-sided polar wind emission is also present
at i = 45° for the compact disk and extended wind configura-
tion (see second panel from the top in Fig. 6). However, even for
this “thin” geometry, it suffers moderately from self-obscuration
due to the cone walls. Clearer two-sided polar morphologies in
the mid-IR are seen in other geometries with the CAT3D-WIND
models (see Fig. 1 of Honig & Kishimoto 2017) and other mod-
els (see for instance, Schartmann et al. 2014; Gallagher et al.
2015; Stalevski et al. 2017). We note that even at i = 75° the
disk component is quite prominent in the mid-IR in our “thin”
geometry. For the wind-to-disk ratio considered in this section
(fwa = 0.6) and the majority of the disk-wind configurations and
inclinations, the mid-IR emission comes mostly from the inner
part of the disk and cone. For higher values of fq4, biconical and
one-sided polar emission morphologies in the mid-IR become
more apparent (see Figs. A.5 and A.8). At lower inclinations,
part of the mid-IR emission arises from the far side of the cone
at radial distances close to the heating source. It is also possi-
ble to observe both bright mid- and far-IR emission along the
equatorial direction of the disk in the extended disk — compact
wind configuration at high inclination (see the bottom panels of
Fig. 7).

5.4. “Thick” geometries

Figures 8, 9, A.3, and A .4 present the images for “thick” geome-
tries, that is, a disk height of # = 0.3 and cone walls with
oy = 15°, and fyq = 0.6. We note that this “thick” geometry
does not mean a geometrically thick torus. None of the generated
model images produces clear biconical dust emission morpholo-
gies in the mid-IR and at high inclinations (i = 75°). Our value
of oy = 15° produces relatively thick cone edges that obscure the
near side of the cone. A similar effect also takes place for large
values of f,¢ when the number of clouds in the cone line-of-sight
becomes too large.

At low and intermediate inclinations (i = 30, 45°), there is
one-sided polar dust emission in the mid-IR in all geometries
(Figs. 8, 9, and A.4) except for the compact disk — wind con-
figuration. This mid-IR polar dust emission is only seen pro-
jected on the far side of the disk and is due to self-obscuration
of the near side of the cone and disk. This morphology appears
in all the values of the wind-to-disk ratio explored in this work.
Torus models without the wind component can also produce this
one-sided polar emission at intermediate inclinations and rel-
atively large torus angular widths (see, e.g., Schartmann et al.
2008; Siebenmorgen et al. 2015; Lopez-Rodriguez et al. 2018;
Nikutta et al. 2021). The details of the mid-IR morphology in
the model images also depend on how obscuring the cone edges
are (that is, the thickness of the cone walls).
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Fig. 6. CAT3D-WIND model images with a “thin” ( = 0.1 and

oy = 5°) geometry and f,,q = 0.6. We show the 8 um (in blue colors, left
panels) and 700 um (in orange colors, right panels) emission for a com-
pact disk (a = —2) and an extended wind (a,, = —0.5). The resolution of
the model images is 10 ry,, per pixel. From top to bottom: the inclina-
tions are i = 30° (nearly face-on disk), 45°, 60°, and 75° (nearly edge-on
disk). We list the rest of parameters in Table 4. The color scales are such
that dark blue and dark orange indicate fainter emission, white/yellow
is brighter emission, and gray means no emission.

In the two extended disk configurations (Figs. 9 and A.4), the
mid- and far-IR emissions have complementary morphologies.
At low and intermediate inclinations (i = 30—60°), most of the
mid-IR emission comes from the inner regions of the disk and
the edges of the cone, whereas the far-IR emission is produced in
the outer regions with an apparent ring-like morphology. At high
inclinations, most of the far-IR emission comes from the disk
that shows a puffed-up morphology due not only to the thicker
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Fig. 7. CAT3D-WIND model images for a “thin” geometry and fi,q =
0.6 at 8 um (in blue colors, left panels) and 700 um (in orange colors,
right panels) for an extended disk (a = —0.5) and a compact wind (a,, =
—2). From top to bottom: the inclinations are 30° (nearly face-on disk),
45°,60°, and 75° (nearly edge-on disk).

disk but also to the additional contribution from cold dust in the
wind.

There is also polar dust emission in the far-IR with the char-
acteristic “X”-shape at i = 60 and i = 75° for the extended wind
configurations (Figs. 8 and A.4). The constrast of the “X”-shape
is however lower than in the “thin” geometry. Nevertheless, in
the model with the steep cloud distribution profile in the disk
(compact disk), this shape is seen more clearly. This is because
in this configuration there are not too many clouds left at larger
distances, so relatively more far-IR emission is coming from the
cone edges.
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faa=0.6,a= —2, a,= — 0.5, thick

0
sub

Fig. 8. CAT3D-WIND model images with a “thick” geometry (h = 0.3
and oy = 15°) and f,q = 0.6. We show the 8 um (in blue colors, left
panels) and 700 pm emission (in orange colors, right panels) for a com-
pact disk (¢ = -2) and an extended wind (a, = —0.5). From top to
bottom: the inclinations are i = 30° (nearly face-on disk), 45°, 60°, and
75° (nearly edge-on disk). We list the rest of parameters in the notes of
Table 4. The color scales are as in Fig. 6.

The compact disk — wind configuration produces relatively
similar morphologies in the mid- and far-IR (see Fig. A.3), with
a more roundish shape at lower inclinations and more elongated
at higher inclinations, as expected. The mid-IR morphologies of
this configuration are similar to those seen in clumpy torus mod-
els without a wind component but with similar steep radial dust
distributions (see Schartmann et al. 2008).

5.5. The NGC 6814 and NGC 7213 geometry

Figure 10 shows the specific model mid- and far-IR images for
NGC6814 and NGC7213 at i = 15°. In the mid-IR a large

faa=0.6,a= —0.5, a, = — 2, thick
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Fig. 9. CAT3D-WIND model images for a “thick” geometry and f,q =
0.6 at 8 um (in blue colors, left panels) and 700 um (in orange colors,
right panels) for an extended disk (a = —0.5) and a compact wind (a,, =
—2). From top to bottom: the inclinations are 30° (nearly face-on disk),
45°, 60°, and 75° (nearly edge-on disk).

fraction of the emission comes from the inner regions of the disk
since the radial distribution of the clouds in the disk is moder-
ately steep (a = —1). Moreover, because in this model the wind
component is not prominent the effects of self-obscuration from
the cone walls appear to be small. In the far-IR, the emission
is relatively faint and diffuse due to the low number of clouds
along the equatorial direction (Ny = 5), and it comes from the
outer part of the disk and shows a nearly ring-like morphology.

6. Comparison between CAT3D-WIND model
images and observations

The good angular resolutions achieved with ground-based mid-
IR instruments on 8—10m class telescopes and ALMA resolve
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Fig. 10. CAT3D-WIND model images at 8 um (in blue colors, left
panel) and 700 um (in orange colors, right panel) for the NGC 7213
and NGC 6814 parameters listed in the fourth column of Table 4 and an
inclination of i = 15°.

extended components in the mid and far-IR in nearby Seyferts
(see Sect. 3.3 and references cited there). In this section we adapt
the resolutions of the CAT3D-WIND model images to those of
our data, and make a qualitative comparison between models
and observations. We refer the reader to Lopez-Rodriguez et al.
(2018) and Nikutta et al. (2021) for a similar comparison for
NGC 1068 using the Nenkova et al. (2008b) model images pro-
duced with HyperCAT.

6.1. Summary of torus and wind properties of the sample

The CAT3D-WIND models produce a diversity of mid and far-
IR morphologies (Sects. 5.3-5.5) depending on our viewing
angle (inclination) as well as the radial distributions assumed
for the disk and wind components and the thickness of the disk
and cone walls. In this section we compile values of the torus
inclination and sizes as well as the wind properties derived from
different types of modeling to aid the comparison between mod-
els and observations in Sect. 6.2.

For the torus or disk component, we list in Table 3 the
estimated inclinations using fits to the high angular resolution
IR SEDs and mid-IR spectroscopy using the CLUMPY models
(Nenkova et al. 2008a,b) and fits to the Spitzer/IRS spectroscopy
with the CAT3D-WIND torus models (Honig & Kishimoto
2017). We also included the inclination values derived
from fits to the X-ray emission using the XCLUMPY model
(Tanimoto et al. 2019, 2020; Ogawa et al. 2021). Additionally,
there are lower limits to the torus inclination based on the ellip-
ticity of the ALMA extended 870 pm continuum images from
GB21. We also provided in this table estimates of the nuclear
disk or torus inclination based on the modeling of the ALMA
CO(3-2) and CO(2-1) kinematics, and the sizes and PA of the
extended 870 um sizes from GB21.

We additionally summarized in Table 3 some information
about the wind/NLR/cones components. In the simplest scenario
these components are perpendicular to the nuclear disk or torus.
We included the PA of the NLR (see Sect. 3.4 for references),
as well as the inclinations and PA of the cones derived from the
modeling of the NLR kinematics by Fischer et al. (2013) for the
galaxies in common with our work. The constraints on fy4 are
from Gonzalez-Martin et al. (2019).

6.2. Fiducial model images for GATOS Seyferts

To match the angular resolutions of the models to those of
the observations, we need estimates of ryyp,. For NGC 1365,
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recent GRAVITY K-band interferometry derived a radius of
0.035pc (scaled to our distance) for the hot dust emis-
sion (GRAVITY Collaboration 2020b). Using the relationship
between the absorption-corrected 2—10keV luminosity and rgy,
(Jensen et al. 2017), we obtained values ranging from rg, =
0.01 pc for NGC4941 to rgp = 0.07pc for NGC7582. We
derived another estimate using the radius-luminosity relation
seen from GRAVITY observations (GRAVITY Collaboration
2020b), which for the typical bolometric luminosities of our
sample provides rg, = 0.04 pc. We took this as a representa-
tive value for our sample. For NGC 7213 we used the value of
reup = 0.029 pc (scaled to our distance) from Honig et al. (2010)
based on K-band reverberation mapping from Kishimoto et al.
(2007).

The CAT3D-WIND 2000 rgy, %2000 rg,, model images cover
typical physical sizes of ~80 pcx 80 pc or approximately angular
sizes of 1" x 1" for a median distance of 19 Mpc for our galaxies,
excluding NGC 6814 and NGC 7213. For these two galaxies, the
model images have sizes of ~60pc x 60pc=0.5" x 0.5” at a
distance of 23 Mpc. We convolved the 8 pm and 700 um model
images to the typical mid-IR and ALMA far-IR angular reso-
lutions of 0.3” and 0.1”, respectively, using a Gaussian func-
tion. Finally, we resampled the CAT3D-WIND simulated images
to representative pixel sizes of ~0.08” pixel™! for the mid-IR
(0.0453” pixel ™! for NGC 7213) and 0.03” pixel~! for the far-IR
images.

We show a selection of fiducial simulated images for the
GATOS Seyferts. In Figs. 11 and 12, we include models with
a “thick” geometry and two values of the wind-to-disk ratio
fwa = 0.3 and f,q = 0.6 (compare with the original resolution
model images in Sect. 5.4). In Figs. 13 and 14, we display the
simulated images for a “thin” geometry with f,q = 0.6 (com-
pare with the original resolution model images of Sect. 5.3) and
fwd = 1.2 (compare with model images in the appendix), respec-
tively. In the next two sections, we describe the morphologies of
the fiducial models and make qualitative comparisons with our
far-IR and mid-IR observations.

6.2.1. Mid-IR model images

The fiducial mid-IR simulated model images do not show a high
level of detail compared to the far-IR. The reasons are twofold.
First, most of the mid-IR emission in many of the geometries
studied in this work comes from the inner part of the disk and
wind. Second, the angular resolution of our mid-IR observations
is a factor of three worse than the ALMA ones. Nevertheless,
there are some morphological differences in the mid-IR.

The large majority of the CAT3D-WIND model parameters
investigated here produces bright and centrally peaked mid-IR
emission, which appears unresolved or only slightly resolved at
the considered angular resolution. This is most noticeable for
compact disk configurations as well as the case of the specific
simulation for NGC 6814 and NGC 7213 (left panel of Fig. 15).
There is extended mid-IR emission along the polar direction at
intermediate inclinations (i = 45°) for the extended wind con-
figurations in both “thin” and “thick” geometries with fyq = 0.6
and 1.2 (second panels from the top in Figs. 12-14) and the case
of a mild extended wind with fyq = 0.3 (see Fig. 11) as well as
at nearly face-on inclinations (i = 30°) for fyq = 1.2 (top pan-
els of Fig. 14). Extended mid-IR emission along the equatorial
and/or polar direction of the disk is produced at high inclinations
in extended disk configurations.

To evaluate the unresolved and extended contribution in
the simulated mid-IR model images, we followed a similar
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Fig. 11. Simulated CAT3D-WIND images approximately matching the
angular resolutions of the observations of the GATOS Seyferts, namely
0.3” in the mid-IR and 0.1” in the far-IR. The images cover 1”7 x 1”
or 80 pc x 80 pc for the fiducial simulations. The models have a “thick”
geometry and a mild wind with a wind-to-disk ratio of f,q = 0.3. For
each of the adopted inclinations, the fop panels are the simulated model
images at § um (in blue colors) and the bottom panels at 700 um (in
orange colors). The vertical panels are the different disk+wind configu-
rations discussed in Sects. 5.3 and 5.4. At a given wavelength, the image
brightness scale and the contour levels are the same in all the panels.

procedure as for the observations in Sect. 3.1. We fit 1D pro-
files along the equatorial and polar directions. For the unresolved
component, we fixed the Gaussian width to the value used to
convolve the original CAT3D-WIND images. With the scaling
factors derived from these fits, we subtracted the PSF image from
the fiducial mid-IR model images.

Rather than fitting the individual galaxies, in Figs. 16-19
we show some model examples of the different observed
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Fig. 12. Simulated CAT3D-WIND images for the GATOS Seyferts.
Parameters are as in Fig. 11 but for a wind-to-disk ratio of fi,q = 0.6.
The image brightness scales and contour levels are as in Fig. 11.

mid-IR morphologies. The case of unresolved plus two-sided
polar mid-IR emission (Fig. 16) is seen in a compact disk —
extended wind “thin” geometry with a high wind-to-disk ratio
(fwa = 0.6, in the figure), at an intermediate inclination of
i = 45°. These parameters are based on the constraints for
NGC 1365, including the relatively compact torus seen with
ALMA (see Table 3). The 1D profiles and PSF-subtracted model
image show that the extended component is more relevant along
the polar direction.
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Fig. 13. Simulated CAT3D-WIND model images for angular resolu-
tions approximately representing those of the GATOS Seyfert observa-
tions. Parameters are as in Fig. 12 but for a “thin” geometry. The image
brightness scales and contour levels are as in Fig. 11.

The unresolved plus one-sided polar mid-IR emission
(Fig. 17) is seen mostly at intermediate inclinations (i = 45° in
the figure) in the simulated image and profiles, for extended disk
— extended wind configurations with a “thick” geometry. Low
to intermediate wind-to-disk values (fyq = 0.3 in the figure) are
needed to have an important contribution from the unresolved
mid-IR emission, as seen in our observations of NGC 3227 and
NGC7582.
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Fig. 14. Simulated CAT3D-WIND images matching for the GATOS
Seyferts. Parameters are the same as in Fig. 13 but for a wind-to-disk
ratio of f,q = 1.2. The image brightness scales and contour levels are
as in Fig. 11.

The combination of unresolved plus equatorial mid-IR emis-
sion (Fig. 18) is observed at higher inclinations (i = 75° in the
figure) with a “thick” geometry and extended disk and compact
wind (fwq = 0.3 in the figure). The PSF-subtracted mid-IR model
image shows a morphology consistent with the observations
of NGC 6300. Finally, we checked models that produce nearly
unresolved mid-IR morphologies (Fig. 19) such as a “thick”
geometry and extended disk and compact wind with f,q = 0.3
in the figure for an inclination of i = 60°. This would reproduce
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Fig. 15. Simulated CAT3D-WIND model images at 8 um (/eft, blue col-
ors) and 700 um (right, orange colors) with the parameters of Fig. 10
approximately matching the angular resolution of NGC 7213.

the case of NGC 7314 which has a large 870 um torus but mostly
unresolved mid-IR emission.

6.2.2. Far-IR model images

All the simulated far-IR model images are resolved and show a
variety of morphologies. This is in excellent agreement with the
observational result that the extended ALMA 870 pum emission
in most GATOS Seyferts dominates the total emission at this
wavelength (see GB21 for more details). At low-to-intermediate
inclinations, the far-IR simulated model images with extended
disk components show ring-like morphologies. As expected,
the compact disk configurations show a more compact far-IR
morphology. At high inclinations and extended wind configu-
rations, the characteristic “X”-shape, which is due to the edge
brightening in the cone walls, is seen in the “thin” geometry
and high values of the wind-to-disk cloud ratio (the two bot-
tom panels of Figs. 13 and 14, that is, for i = 60 and 75°).
It is also seen, although with low contrast, for f,q = 0.3—-0.6
and “thick” geometries (Figs. 11 and 12). The ALMA 870 um
images of a few GATOS Seyferts are suggestive of this “X”-
shape, for instance, NGC 5643, NGC 7314, and especially in
NGC 7582 (see Figs. 2—4 in GB21 and Fig. 3). NGC 4388 shows
mixed/polar emission at 870 um. A compact disk and compact
wind “thick” configuration with a low wind-to-disk ratio and
seen at an intermediate inclination reproduces well the observed
morphology.

We show the specific simulation for NGC 7213 in Fig. 15
(right panel), which is also valid for NGC 6814. The far-IR
model image shows a ring-like geometry due to the low incli-
nation of i = 15° and the a = —1 cloud radial distribution in the
disk. The ALMA extended 870 um emission of NGC 6814 and
NGC 7213 (Fig. 3 in GB21) shows centrally peaked emission.
As discussed by GB21, it is possible that a large fraction of this
emission is not associated with cold dust. This was based on the
discrepancies between the molecular gas masses derived from
the CO(3—-2) and the 870 um emission.

7. Discussion

The emerging picture for the central regions of radio-quiet AGNs
has the obscuring torus as part of a gas flow cycle where gas is
brought in from the host galaxy and then driven out by the AGN
in a wind (see Elitzur & Shlosman 2006). High angular resolu-
tion observations gathered over the last 15 years point to a mul-
tiphase multicomponent structure where both the torus and the
base of the wind can contribute to the AGN obscuration (see
the review by Ramos Almeida & Ricci 2017). Recently Honig
(2019) used simple physical principles to support this new uni-
fying view in a disk+wind scenario. Up until now, this view was
based on observations of a few individual AGN. GATOS aims

for a comprehensive study of the nuclear activity and its con-
nection with the host galaxy in a well-defined sample of nearby
Seyfert galaxies.

7.1. Observational considerations

One of the main caveats from the analysis of the extended mid-
IR emission with ground-based facilities is the stability of the
PSF. Observing conditions can change on scales of a few min-
utes and affect the shape of the PSF, which we took from the
emission of a standard star observed close in time. This com-
bined with the modest sensitivity to diffuse emission due to the
high thermal background make it challenging to derive the mor-
phologies of the extended mid-IR emission in the vicinity of the
unresolved AGN emission. Nevertheless, we detected extended
mid-IR emission in seven of the twelve Seyfert galaxies analyzed
in this work, with sizes between 50 and 160 pc.

The measured orientations of the extended mid-IR emission
are approximately along the polar/NLR direction and perpen-
dicular to the ALMA-identified tori (Fig. 3) in five galaxies
(NGC 1365, NGC 3227, NGC 5643, and NGC 7582, and ten-
tatively in NGC4388) as well as the inner regions of NGC
5506 (see also Asmus 2019). In NGC 5506, NGC 5643, and
NGC 6300, there is also extended mid-IR emission along the
equatorial direction of the torus and/or the host galaxy, adding
to the complexity of the dust emission. The extended mid-IR
emission along the polar direction is likely associated with AGN-
driven dusty outflows (Wada et al. 2018; Williamson et al. 2020;
Venanzi et al. 2020) and/or dust located in the edges of the NLR
and ionization cones. With the existing data, we cannot distin-
guish between the two possibilities. We note that contributions
from emission lines in the imaging filters, in particular [NeII]
12.8 um in NGC 5643 and NGC 7582, might be partly responsi-
ble for the alignment along the polar direction. However, there
are galaxies in our sample with relatively bright optical NLR
emission and faint or no extended polar mid-IR emission.

7.2. The role of the IR radiation pressure

In the immediate surroundings of an active nucleus, the gas and
dust are subject to the AGN radiation pressure. In particular, the
AGN IR radiation pressure may play a significant role in both
maintaining the vertical extent of the torus and launching dusty
outflows (Pier & Krolik 1992b; Krolik 2007; Fabian et al. 2008;
Venanzi et al. 2020; Tazaki & Ichikawa 2020). We investigated
the observed mid-IR morphologies of our sample in the context
of the Venanzi et al. (2020) semi-analytical disk+wind models,
which include the AGN radiation pressure, gravity from the cen-
tral black hole, and the IR radiation pressure. They showed that
dusty outflows are launched more efficiently when the IR radia-
tion pressure is the dominant component. This takes place when
the AGN radiation pressure balances gravity from the central
black hole.

We found that those Seyferts with polar mid-IR emission
show intermediate nuclear hydrogen column densities (log Ny =~
22.5-23 cm™?) and moderate Eddington ratios (log Aggq =~ —1
to —1.75). As can be seen from Fig. 4, the observed nuclear
column densities and Eddington ratios place them close to the
region where the IR radiation pressure is most effective. How-
ever, polar outflows are also possible at high nuclear column
densities for sufficiently high Eddington ratios, as is the case of
NGC 1068 and even Circinus. The dashed line plotted in Fig. 4 is
thus not a hard boundary, but rather it indicates the combination
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of Eddington ratios and column densities where the IR radia-
tion pressure dominates for individual clouds. The well-studied
case of Circinus illustrates this. Indeed, Venanzi et al. (2020)
used their simulations and predicted a disk plus wind distribu-
tion for this galaxy, in good agreement with both observations
(Packham et al. 2005a) and the radiative transfer modeling done
by Stalevski et al. (2017).

Molecular outflows at the torus or its vicinity (tens
of parsecs) are observed in some nearby Seyferts (see
Gallimore et al. 2016; Izumi et al. 2018; Alonso-Herrero et al.
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2019; Garcia-Burillo et al. 2019), and are also predicted
by hydrodynamic simulations of radiation-driven winds
(Wada et al. 2016; Williamson et al. 2020). In addition, the
AGN in Fig. 4 in the region where outflows are launched also
show strong evidence for the clearing of (cold) molecular gas in
the nuclear regions, possibly related to these nuclear outflows
(see GB21 and also Alonso-Herrero et al. 2019). We also note
that in some Seyfert galaxies (for instance, NGC 1068) the
radio jet may also play a role in maintaining or even boosting
radiation-driven outflows. This is particularly true, when the
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molecular outflows occur at 100 pc scales far from the scales
where the IR radiation of the torus dominates (that is, near the
sublimation radius, see Venanzi et al. 2020).

Seyferts with both polar and equatorial mid-IR emission
have moderate-to-low Eddington ratios (logAdgqq =~ —1.3 to
—2.5), and high column densities (log Ny X 23 cm™2). As shown
by Venanzi et al. (2020), these conditions might be more con-
ducive to equatorial dusty outflows (see Alonso-Herrero et al.
2018) since large column densities might suppress the liftup of
material. The galaxies with little or no extended mid-IR emission
are the least luminous in terms of their 2—10keV luminosities,
typically below ~1.5 x 10*> erg s~!. In Fig. 4 they are in regions
of this diagram where dusty outflows are not expected, either
because they are close to the blowout region or their Eddington
ratios are very low. In the scenario proposed by GB21, these are
galaxies where we would not expect to see the imprint of AGN
feedback from nuclear outflows.

The predictions of the models used above regarding the
behavior of outflows as a function of location in the Ng—Agqq
space should only be taken as broad characterizations, rather
than as strict laws. Venanzi et al. (2020) represented clouds as
indivisible particles, while Fabian et al. (2008) represented the
entire gas distribution as a thick spherically symmetric shell.
However, any optically thick cloud experiencing radiation pres-
sure that is, above the effective Eddington limit for dusty gas
will fragment through the radiative Rayleigh-Taylor instabil-
ity into fingers of low density outflow and high density inflow
(Jacquet & Krumholz 2011; Zhang et al. 2018). Finally, winds
do not need to be launched as polar winds to obtain a polar
outflow. The anisotropy of the AGN emission, combined with
anisotropic extinction from a torus, causes more equatorial out-
flows feel less radiation pressure and are more likely to fail, even
if they are injected at the same speed (Williamson et al. 2020).
Thus, non-polar outflows are therefore likely to evolve into polar
outflows. Anisotropy and gas instabilities together mean that
outflows and inflows can exist (and even coexist) across a wide
range of inclinations, column densities, and Eddington factors.
Further observations and simulations are needed to better con-
strain the necessary parameters for a polar outflow.

7.3. Disk+wind models

The CAT3D-WIND models capture qualitatively the expected
dust and gas configurations predicted by simulations of dusty
disks (see Figs. 10-12 of Venanzi et al. 2020) and/or dust in
the NLR walls illuminated by the AGN. Moreover, the wind-
to-disk cloud ratio in the CAT3D-WIND models can also be
associated qualitatively with feedback effects seen observation-
ally in our sample at high AGN luminosities and/or Edding-
ton ratios (see GB21). Out of the large parameter space of
the CAT3D-WIND models, in this work we selected parame-
ter ranges based on results from fitting the Spitzer/IRS spec-
tra (Gonzdalez-Martin et al. 2019) for several GATOS Seyferts.
Additionally, we distributed the dust in the models over charac-
teristic physical sizes of 2000 ry,,. These were motivated by the
ALMA resolved molecular dusty tori of our sample (GB21) as
well as the presence of extended mid-IR components. However,
we emphasize that the dust emission is from a disk+wind con-
figuration, and any additional dust is not treated in the picture,
but it may exist in reality.

We showed in Sect. 6 that to make meaningful compar-
isons between the CAT3D-WIND model images and observa-
tions, even if only qualitatively, it is necessary to convolve and
resample the models to the typical angular resolutions and pixel

sizes. The level of morphological detail in the mid- and far-IR
as well as the unresolved mid-IR emission fractions depend on
the assumed sublimation radius. If we adopted a factor of two
smaller sublimation radius (rg, = 0.02 pc) for the fiducial mod-
els, the simulated images would cover typically 40 pc x 40 pc or
approximately 0.5” x 0.5”. In those mid-IR models dominated
by the point source, a larger fraction of the mid-IR emission
would be unresolved. Detailed morphological comparisons on a
case-by-case basis require accurate estimates of the sublimation
radius as well as higher angular resolution observations, espe-
cially in the mid-IR.

In the fiducial CAT3D-WIND models produced for our sam-
ple, we found that the mid-IR emission comes mainly from the
inner part of the disk and cone for all values of the wind-to-
disk cloud ratios and all inclinations. Extended biconical and
one-sided polar mid-IR emission becomes more apparent in the
extended-wind configurations at f,q > 0.6. The latter mor-
phology is present mostly at intermediate inclinations in the
“thick” geometry because of the disk and cone wall obscura-
tion. Torus models without a wind component also give rise
to similar one-sided mid-IR morphologies due to self obscura-
tion (see e.g., Siebenmorgen et al. 2015; Lopez-Rodriguez et al.
2018; Nikutta et al. 2021).

To reproduce the relatively large contributions from the unre-
solved component seen in the mid-IR at our resolution requires
low to moderate values of the wind-to-dust ratio (fyq = 0.3-0.6)
in most GATOS Seyferts. We also note, that although clumpi-
ness introduces some inhomogeneities, the CAT3D-WIND mod-
els produce mostly symmetric (with respect to the wind axis)
wind/hollow cone morphologies. For several bright nearby AGN
the polar extension observed in the mid-IR is preferentially tilted
toward one side of the ionization cone and countercone, similarly
to observations of the NLR. Circinus is one of the best exam-
ples of this (see Packham et al. 2005a; Stalevski et al. 2017).
This could be just a sign of general inhomogeneity of outflows
(Wada et al. 2016, 2018) or a slight misalignment of accretion
disk and dust disk from where the winds are driven, as proposed
by Stalevski et al. (2017).

The observed ALMA 870 um disk-like morphologies and
extents of the GATOS Seyferts are reproduced qualitatively with
the simulated CAT3D-WIND model images, including those
with a dominant equatorial torus emission as well as the small
number of galaxies with far-IR along the polar direction. The
characteristic “X”-shape associated with the dusty winds (see
e.g., Wada et al. 2016; Williamson et al. 2020) is seen at inter-
mediate to edge-on inclinations in the extended disk and wind
model configurations. Furthermore, this morphology is appreci-
ated better for higher values of fyq and thin cone walls, and in
the far-IR rather than the mid-IR. In a few Seyferts in our sample
(NGC 5643, NGC 7314, and NGC 7582), there is some evidence
of this “X”-shape.

Observationally, the clearest example of an “X”-shape
morphology is observed in the HCO+(4-3) dense molec-
ular gas emission of NGC 1068 (see Figs. 11 and 12 of
Garcia-Burillo et al. 2019). Moreover, at 432 um the torus of
NGC 1068 is resolved in the equatorial direction but it also
shows a polar elongation (Garcia-Burillo et al. 2016), as in the
simulations. The dusty torus or disk may spread over larger
regions (diameter of ~60pc), as traced by near-IR scattered
light (Gratadour et al. 2015). The sublimation radius of ryy =
0.1-0.2 pc and torus diameter of 20—60 pc of NGC 1068 mean
that in a CAT3D-WIND model the dust should be distributed
over a region of ~300—-600 ry,, in diameter, but mostly con-
centrated toward the smaller region probed by the ALMA
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continuum. The polar component in the mid-IR is more extended
and brighter to the north of the AGN (Tomono et al. 2001).
For the estimated i = 70° (Garcia-Burillo et al. 2019), a model
with a compact disk — extended wind configuration and a “thin”
geometry reproduces all these observations (Fig. 13). Higher
angular resolution ALMA continuum images are needed for
NGC 1068 and other nearby Seyferts to confirm the “X”-shape
morphologies.

8. Summary

In this work, we analyzed high-angular (~0.3"") mid-IR imaging
observations of 12 GATOS Seyferts and compared them with
the ALMA observations from Paper I (GB21). We assessed the
observations in the context of the Venanzi et al. (2020) semi-
analytical models which include the AGN radiation pressure,
gravity from the central black hole, and the IR radiation pres-
sure. Motivated by the observed mid- and far-IR morphologies
in our sample, we generated new radiative transfer CAT3D-
WIND models (Honig & Kishimoto 2017) and 8 um, 12 um, and
700 um model images (see Figs. 6-10 and appendix). We made
an informed choice of the model parameters (see Table 4) using
the fits of the Spitzer/IRS spectra from Gonzdlez-Martin et al.
(2019) for the GATOS Seyferts in their sample. Thus, we tailored
the models to the properties of the GATOS Seyferts analyzed in
this work, which are representative of X-ray selected AGN with
median luminosities L (2—-10keV) = 2 x 10 ergs™'. We dis-
tributed the dust in a disk+wind geometry over a 2000 rgy, X
2000 gy, region to account for the relatively large torus sizes
observed with ALMA in our sample. We included compact and
extended configurations for the disk and wind, “thin” and “thick”
geometries for the disk and cone walls, and a range of wind-to-
disk cloud ratios.
Our main results are the following:

— In seven out of the twelve galaxies, we detected extended
mid-IR emission with sizes between 50 and 160 pc (Fig. 2).
The other five galaxies only show faint extended or mostly
unresolved mid-IR emission. At our current mid-IR angu-
lar resolutions, however, the unresolved emission contributes
between 60% and 100% of the nuclear 1.5” ~ 150 pc emis-
sion in the majority of the sources.

— There is a diversity of nuclear extended mid-IR morpholo-
gies. In six galaxies there is extended mid-IR emission
approximately in the polar direction and perpendicular to
the extended 870 pm component detected with ALMA. The
latter continuum emission traces the equatorial component
of the dusty molecular torus in the majority of the GATOS
Seyferts (GB21). The only exception is NGC 6300 where the
extended mid-IR is along the equatorial direction of the torus
and dust in the host galaxy. In some galaxies there are other
extended mid-IR components associated with emission in the
host galaxy and/or star formation.

— The majority of galaxies in our sample with extended
mid-IR emission show intermediate-to-high nuclear col-
umn densities (log N (ALMA) ~22.5-23.9 cm~2) and mod-
erate Eddington ratios (log Aggg =~ —1.9 to —1.2) and have
L(2-10keV) > 1.5 x 10*? ergs~!. According to the simula-
tions of Venanzi et al. (2020), these conditions are favorable
to launching dusty winds (Fig. 4), both in the polar and equa-
torial direction.

— At our mid-IR 0.3” resolutions, the fiducial CAT3D-WIND
models show unresolved or only slightly resolved mid-
IR emission in a significant number of model configura-
tions (Figs. 11-15). Polar mid-IR emission is observed at
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intermediate inclinations, extended wind configurations, and
intermediate-to-high wind-to-disk cloud ratios. To reproduce
the observed mid-IR unresolved/extended fractions in our
galaxies, low-to-moderate wind-to-disk ratios are needed (up
to fwa ~ 0.6).

— At our ALMA 0.1” resolution, the fiducial CAT3D-WIND
model images show resolved far-IR morphologies, trace
well the extent of the dust distribution, and reproduce the
observed morphologies. In the models, the “X”-shape mor-
phologies associated with a strong and extended wind com-
ponent are seen at this resolution for high inclinations and
are more apparent in the far-IR. While there is some ALMA
observational evidence for these in our sample, higher angu-

lar resolution data are needed.
In conclusion, this work together with GB21 provide obser-

vational support for the torus+wind scenario. Dusty nuclear
winds with the accompanying polar dust emission and possibly
with ongoing clearing of the nuclear regions might be common
in Seyferts with high Eddington ratios and/or AGN luminosi-
ties (see also Ricci et al. 2017a; Gonzalez-Martin et al. 2019).
At moderate Eddington ratios, if the nuclear column densities
are high, the IR radiation pressure uplift may be suppressed
and only equatorial dusty outflows could occur (Venanzi et al.
2020). GB21 also showed that (radio-quiet) AGN with low
Eddington ratios and/or luminosities might be dominated by
the disk or torus component, and have higher covering factors
(Ezhikode et al. 2017; Ricci et al. 2017a; Gonzalez-Martin et al.
2019). These are predicted to show little or no polar dust emis-
sion, as confirmed by our observations.

In the near future, the Mid-Infrared Instrument (MIRI,
Rieke et al. 2015; Wright et al. 2015) onboard the James Webb
Space Telescope will provide observations at angular resolutions
(FWHM ~ 0.3” at 8 um) similar to those of the ground-based
mid-IR imaging observations analyzed in this work. MIRI high
sensitivity and spectral coverage, and especially the stability of
the PSF will enable for the separation of the emitting compo-
nents in the nuclear regions of AGN. The next generation of
near- and mid-IR instruments on 30—40 m-class ground-based
telescopes (Packham et al. 2018; Brandl et al. 2021; Davies et al.
2021; Thatte et al. 2021) will allow observations of nearby Seyfert
galaxies at angular resolutions in the tens of milli-arcsecond range
that are comparable to the best resolutions currently achieved with
ALMA. All these instruments will provide an unprecedented IR
view of the dust emission and gas cycle in the immediate surround-
ings of nearby AGN. Finally, the comparison between models
and observations will benefit from accurate estimates of the sub-
limation radii, dust composition, and the inclusion of the circum-
nuclear environment.
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Appendix A: Additional CAT3D-WIND model images
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Fig. A.1. CAT3D-WIND model images for a “thin” geometry and fy,4 =
0.6 at 8 um (in blue colors, left panels) and 700 um (in orange colors,
right panels) for a compact disk — wind (@ = -2, a,, = —2). From top to
bottom: the inclinations are 30° (nearly face-on disk), 45°, 60°, and 75°
(nearly edge-on disk).

We show in this appendix additional CAT3D-WIND mid- and
far-IR model images for the compact disk — compact wind and
extended disk — extended wind configurations for the “thin” and

faa=0.6, a= —0.5, a, = — 0.5, thin
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Fig. A.2. CAT3D-WIND model images for a “thin” geometry and fi,q =
0.6 at 8 um (in blue colors, left panels) and 700 um (in orange colors,
right panels) for an extended disk — wind (@ = -0.5, ay, = —0.5). From
top to bottom: the inclinations are 30° (nearly face-on disk), 45°, 60°,
and 75° (nearly edge-on disk).

“thick” geometries and f,,q = 0.6 in Figs. A.1-A.4, respectively.
We also show for the “thin” geometry and the four disk and wind
configurations the mid- and far-IR model images for a wind-to-
disk ratio of f,q = 1.2 in Figs. A.5-A.8. All these images were
discussed briefly in Sects. 5.3 and 5.4.
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fad=0.6,a= —2, a, = — 2, thick faq=0.6, a= —0.5, a, = — 0.5, thick
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Fig. A.3. CAT3D-WIND model images for a “thick” geometry and Fig. A.4. CAT3D-WIND model images for a “thick” geometry and
fwa = 0.6 at 8um (in blue colors, left panels) and 700 um (in orange  fyuq = 0.6 at 8 um (in blue colors, left panels) and 700 um (in orange

colors, right panels) for a compact disk — wind (@ = -2, a, = —2). colors, right panels) for an extended disk — wind (a = -0.5, a,, = —0.5).
From top to bottom: the inclinations are 30° (nearly face-on disk), 45°,  From top to bottom: the inclinations are 30° (nearly face-on disk), 45°,
60°, and 75° (nearly edge-on disk). 60°, and 75° (nearly edge-on disk).
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faa=12,a= —-2,a,= —0.5, thin funa=12,a= —0.5,a,= —2, thin
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Fig. A.5. CAT3D-WIND model images for a “thin” geometry and fwa = Fig, A.6. CAT3D-WIND model images for a “thin” geometry and f,,q =
1:2 at 8 um (in blue colors, left panels) and 700 um (in orange colors, 12 at § um (in blue colors, left panels) and 700 pm (in orange colors,
right panels) for a compact disk — extended wind configuration. From  riept panels) for an extended disk — compact wind configuration. From
top to bottom: the inclinations are 30° (nearly face-on disk), 45°, 60°, top to bottom: the inclinations are 30° (nearly face-on disk), 45°, 60°,
and 75° (nearly edge-on disk). and 75° (nearly edge-on disk).
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foa=12,a= —-2,a,= —2, thin

800

—-800

Tsub

I'sub

800 800

I'sub
o

—800

I'sub

800 800

'sub
o

-800 —-800

0
Tsub Tsub

0

Fig. A.7. CAT3D-WIND model images for a “thin” geometry and fi,q =
1.2 at 8 um (in blue colors, left panels) and 700 um (in orange colors,
right panels) for a compact disk — compact wind configuration. From
top to bottom: the inclinations are 30° (nearly face-on disk), 45°, 60°,
and 75° (nearly edge-on disk).
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fua=1.2,a= —0.5, a,= —0.5, thin
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Fig. A.8. CAT3D-WIND model images for a “thin” geometry and f,,q =
1.2 at 8 um (in blue colors, left panels) and 700 um (in orange colors,
right panels) for an extended disk — extended wind configuration. From
top to bottom: the inclinations are 30° (nearly face-on disk), 45°, 60°,
and 75° (nearly edge-on disk).
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