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ABSTRACT

Type-2 quasars (QSO2s) are active galactic nuclei (AGN) seen through a significant amount of dust and gas that obscures the central
supermassive black hole and the broad line region. Despite this, recent mid-infrared spectra of the central 0.5-1.1 kpc of five QSO2s at
z ~ 0.1, obtained with the MRS module of JWST/MIRI, revealed 9.7, 18, and 23 wm silicate features in emission in two of them. This
indicates that the high angular resolution of JWST/MIRI now allows us to peer into their nuclear region, exposing some of the directly
illuminated dusty clouds that produce silicate emission. To test this, we fit the nuclear mid-infrared spectrum of the QSO2 with the
strongest silicate features, J1010, with two different sets of torus models implemented in an updated version of the Bayesian tool
BayesClumpy. These are the CLUMPY and the CAT3D-WIND models. The CAT3D-WIND model is preferred by the observations
based on the marginal likelihood and fit residuals, although the two torus models successfully reproduce the spectrum by means of
intermediate covering factors (Ct = 0.45+0%% and Cr = 0.66x)15 for the CLUMPY and CAT3D-WIND models) and low inclinations

@i =50° igj andi = 13°J_rgZ). Indeed, four of the five QSO2s with JWST/MIRI observations, including J1010, are in the blowout or
“forbidden” region of the Eddington ratio-column density diagram, indicating that they are actively clearing gas and dust from their
nuclear regions, leading to reduced covering factors. This is in contrast with Seyfert 2 galaxies observed with JWST, which are in the

“permitted” regions of the diagram and show 9.7 um silicate features in absorption. This supports a scenario where the more luminous

the AGN and the higher their Eddington ratio, the lower the torus covering factor, driven by radiation pressure on dusty gas.
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1. Introduction

Type-2 quasars (QSO2s) are optically selected active galac-
tic nuclei (AGN) with Lion >10%3 Ly that show permitted
emission lines with a full width at half maximum (FWHM)
of <2000kms™' (Zakamska etal. 2003; Reyes et al. 2008).
They are the torus-obscured version of type-1 quasars, as
revealed by optical spectropolarimetric data of some QSO2s
(Zakamska et al. 2005). However, in some cases, part of the
obscuration might come from galactic scales (Polletta et al.
2008; Fawcett et al. 2023), and indeed, QSO2s might be a dust-
embedded phase during which AGN-driven outflows start clear-
ing up gas and dust to eventually become unobscured quasars

* Corresponding author: cra@iac.es

(Sanders et al. 1988; Hickox et al. 2009; Lansbury et al. 2020;
Hauschild-Roier et al. 2025; Molyneux et al. 2025).

High angular resolution infrared observations are key to
characterize nuclear dust, since, as previously mentioned, obscu-
ration in AGN might not only be associated with the torus
(Ramos Almeida & Ricci 2017), but also with dust in the host
galaxy. Spectra from the Spitzer Space Telescope, for exam-
ple, correspond to large apertures (~3.6-10.2") that, even in
the case nearby targets, include a significant fraction of dust
within the host galaxy. Although spectral decomposition tech-
niques proved to work nicely in isolating the nuclear AGN com-
ponent to then fit it with torus models (Gonzédlez-Martin et al.
2019, 2023), now, thanks to the James Webb Space Tele-
scope (JWST), it is possible to obtain mid-infrared spectra of
AGN in the 5-28 um range with a resolution of ~0.3-0.8".
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This allows us to probe the central tens of parsecs of nearby
AGN to study torus properties (Garcia-Bernete et al. 2024a,b;
Haidar et al. 2024; Gonzalez-Martin et al. 2025).

The strengths of the silicate features detected in the mid-
infrared depend on the geometry of the dusty clouds, while their
profile shapes depend on the dust properties, such as porosity,
grain size, and composition (Lietal. 2008; Thompson et al.
2009; Henning 2010; Honigetal. 2010; Smith et al. 2010;
Gonzdlez-Martin et al. 2023; Reyes-Amador et al. 2024, 2025).
In particular, the 9.7 um silicate feature strength (So7), which
has been widely measured in AGN using data from the
InfraRed Spectrograph (IRS) of Spitzer, is known to correlate
with AGN type and gas column density (Ny; Shi et al. 2006;
Hatziminaoglou et al. 2015), with obscured, type-2 AGN gener-
ally showing it in absorption and unobscured, type-1 AGN either
in emission or flat. However, examples of type-2 AGN with
silicate features in emission and of type-1 AGN with silicates in
shallow absorption have been reported in the literature using data
from Spitzer/IRS (Hatziminaoglou et al. 2015), and from sub-
arcsecond resolution mid-infrared spectroscopic data obtained
with ground-based telescopes (Mason et al. 2009; Honig et al.
2010; Alonso-Herreroetal. 2016; Martinez-Paredes et al.
2017). These deviations from the general trend did indeed
constitute one of the motivations for the development of clumpy
torus models (see Ramos Almeida & Ricci 2017 for a review),
whose silicate features (either in absorption or emission) are
always relatively weak because both illuminated and shadowed
cloud sides contribute to them. While most views of the torus
in type-2 AGN intercept absorbing shadowed cloud faces,
silicate emission from some bright cloud faces fills in the
feature, making it shallower, flat, or in emission (Nenkova et al.
2008a,b).

Zakamska et al. (2016) report Spitzer/IRS So¢; measure-
ments for a sample of 46 type-2 AGN, including QSO2s,
at a median redshift of z 0.17. Only one of the tar-
gets shows the silicate feature in relatively strong emission
(So7 0.27), although it is classified as a type-1 AGN
in Véron-Cetty & Véron (2006) and Lyu & Rieke (2018). The
other 45 type-2 AGN in Zakamska et al. (2016) have Sg; =
[-2.5,0], with a median value of —0.30. Sturm et al. (2006)
reported tentative evidence of 9.7 um silicate in weak emission
or absent in the spectra of five obscured quasars with redshifts
between 0.2 and 1.4, but based on Spitzer/IRS spectra covering
a narrow spectral range and without subtracting polycyclic aro-
matic hydrocarbon (PAH) emission.

The first mid-infrared JWST spectroscopic observations
of a sample of nearby QSO2s (with z 0.1 and log
Lot ~ 455erg s71) reveal striking differences in their con-
tinuum shapes and silicate feature strengths (see Fig. 1 in
Ramos Almeida et al. 2025). Two of the QSO2s, J1010 and
J1100, have Sg97 = 0.49 + 0.01 and 0.11 +£0.01 (emission)
that did not change after PAH removal, while the other three
show absorption features with Sg; ranging from —0.2 to —1.0
(-0.05 to —0.95) before (after) PAH subtraction. The amor-
phous silicate feature at 18 um and the crystalline silicate band
at 23um were detected in emission in three of the QSO2s
(J1010, J1100, and J1430), consistent with relatively low obscu-
ration (Spoon et al. 2022; Garcia-Bernete et al. 2024a). The gas
column densities measured from molecular gas observations
(Ramos Almeida et al. 2022) indeed range from log N§°® ~ 22
to 23 cm~2, which are modest values considering that the tar-
gets are obscured quasars. Only in two of the QSO2s, J1356 and
J1509, which are two of the most obscured ones (log N§® ~

23 cm™), the 18 um silicate feature is in weak emission, there is
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no 23 pum silicate feature, and there are absorption bands of CO
and H,O ices and aliphatic grains (Ramos Almeida et al. 2025).

This diversity in the silicate strengths of the QSO2s is
at odds with the recent results found for Seyfert galaxies,
also based on JWST mid-infrared spectra (Garcia-Bernete et al.
2024a; Gonzalez-Martin et al. 2025). The nuclear spectra of six
Seyfert2 galaxies from the Galaxy Activity, Torus and Out-
flow Survey (GATOS), which have X-ray column densities of
log Ny = 22.2-24.3cm™? and bolometric luminosities of log
Lpoi ~ 43.5-44.5erg s~!, show the 9.7 and 18 um silicate fea-
tures in absorption, absorption bands of ices and aliphatic grains,
and no 23um silicates (Garcia-Bernete et al. 2024a). More
recently, Gonzdlez-Martin et al. (2025) compiled JWST/MIRI
spectra of a sample of 21 nearby (z < 0.05) AGN (7 type-1
and 14 type-2), including the six Seyfert2 galaxies studied by
Garcia-Bernete et al. (2024a). These AGN have log Ly, ~ 40—
45ergs™! (estimated by multiplying by 20 the intrinsic L,_okey
values there reported), except the quasar Mrk 231, which has log
Luo > 45ergs™!. They found all the type-2 AGN in their sample
showing 9.7 um silicates in absorption, some of them deep, with
their spectra showing water ices and aliphatic grains in absorp-
tion, indicative of high obscuration. These spectra correspond
to smaller spatial scales than those of the QSO2s because of
their redshifts (z < 0.05 for the Seyferts versus z ~ 0.1 for the
QS0O2s).

Here we attempt to reproduce the JWST mid-infrared spec-
trum of the QSO2 with the strongest silicate emission fea-
tures in Ramos Almeida et al. (2025), J1010, with torus mod-
els. The combination of spectral coverage and angular reso-
lution of JWST/MIRI is excellent for constraining the model
parameters, according to previous work (Ramos Almeida et al.
2014; Gonzalez-Martin et al. 2019, 2025). To do so we devel-
oped BayesClumpy2, an updated version of the Bayesian tool
described in Asensio Ramos & Ramos Almeida (2009, 2013),
and tested whether the two sets of torus models implemented
on it can reproduce the nuclear mid-infrared spectrum of
this QSO2 with strong silicate emission. The models are the
clumpy torus model of Nenkova et al. (2008a), also known as
CLUMPY, and the disk + wind model of Honig & Kishimoto
(2017), CAT3D-WIND. We then compare JWST/MIRI measure-
ments of the 9.7 um silicate feature available in the literature
for Seyfert 2 galaxies and QSO2s (Garcia-Bernete et al. 2024a;
Ramos Almeida et al. 2025) with different AGN and galaxy
properties, to investigate the origin of the difference between
their obscuration properties. In the following, we assume a cos-
mology with Hy = 70kms™' Mpc™!, Q,, = 0.3, and Q, = 0.7.

2. Target and mid-infrared continuum spectrum

The QSO2 studied here, J1010 (SDSS J101043.36+061201.4),
is part of the Quasar Feedback (QSOFEED) sample
(Ramos Almeida et al. 2022; Pierce et al. 2023; Bessiere et al.
2024), and its nuclear mid-infrared spectrum was first presented
in Ramos Almeida et al. (2025). It was observed in May 22,
2024 with the integral field unit of JWST/MIRI, the MRS,
as part of Cycle 2 General Observer (GO) Program 3655
(PI: C. Ramos Almeida; MAST doi:10.17909/8w9h-re72).
We refer the reader to the Program Information webpage of
Program GO 3655 and to Ramos Almeida et al. (2025) for
further details on the MRS observations and data reduction.
The MIRI/MRS nuclear spectrum covers the rest-frame spectral
range ~5-25um, with a spectral resolution of R ~ 3700-1300
(Labiano et al. 2021; Argyriou et al. 2023). This nuclear spec-
trum was extracted from all the MRS sub-channels assuming
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Fig. 1. Nuclear mid-infrared spectrum of J1010 from
Ramos Almeida et al. (2025) (in black), and continuum spectrum
(in orange) obtained from subtracting the PAH bands and the most
prominent emission lines (in green) from the nuclear spectrum. The
inset shows the 9.7 um silicate feature in logarithmic scale.

that it is a point source, using apertures ranging from ~0.3” to
0.8” with increasing wavelength, which corresponds to physical
scales of 0.5—-1.1kpc at the redshift of the target (z = 0.0977).
The spectra of the 12 bands were then stitched together using
small scaling factors (between 0.97 and 1.05) to make them
coincide in the overlapping regions (see Ramos Almeida et al.
2025 for further details). We then used the fit performed with
the tool described in Donnan et al. (2024), which models the
PAH features on top of a continuum, to subtract them and the
most prominent emission lines detected in the nuclear spectrum,
obtaining the continuum spectrum shown in Figure 1.

We selected J1010 for this study because, as can be seen from
Figure 1, it is continuum-dominated in the mid-infrared, with a
relatively small contribution from PAHs, and despite its type-
2 classification in the optical (see below), it shows the 9.7, 18,
and 23 um silicate features in emission (Ramos Almeida et al.
2025). In fact, the strength of its 9.7 um silicate feature, of
S97 = 0.49 = 0.01, is among the 10 highest values measured for
the type-1 AGN in Martinez-Paredes et al. (2020), which range
between 0.3 and 0.5. This indicates that we are seeing emission
from hot dust, heated to temperatures of several hundred kelvin
to ~1000 K (Li et al. 2008), coming from the central 0.5-1.1 kpc
of J1010, with little obscuration from colder dust. It is there-
fore an interesting target to test whether state-of-the-art torus
models can reproduce its nuclear mid-infrared spectrum without
including the broken power-law that it is usually fit in the case
of type-1 AGN to account for direct emission from the accretion
disc (Ramos Almeida et al. 2009b, 2011b; Garcia-Bernete et al.
2019). See Table 1 for information on the AGN and galaxy prop-
erties of J1010.

All the QSOFEED QSO2s, including J1010, were selected
from the Reyes et al. (2008) compilation of narrow-line AGN,
from where type-1 AGN were removed. However, as discussed
in Ramos Almeida et al. (2025), the Ha + [NII] profile detected
in the continuum-subtracted optical SDSS spectrum of J1010
appears slightly broader than that of HB (see Figs. Al, A2,
and A3 in Ramos Almeida et al. 2025), which could be con-
sistent with a type 1.9 AGN classification instead of type-2
(Osterbrock 1981). To test this possibility, Ramos Almeida et al.

Table 1. Properties of the QSO2 J1010 (SDSS J101043.36+061201.4).

SDSS z 0.0977
Dy (Mpc) 449
Scale (kpc/arcsec) 1.807
Ay (mag) 1.1
log Ly (ergs™) 45.55
log Ly 4Gu, (WHz ™) 24.37
]Og Mgy (Mp) 8.4+0.8
log 72t -0.8+0.8
log M., (Mp) 11.0+£0.2
SFR (M, yr™!) 32,34,7
log NEIO (cm™) 22.3

Notes. Ay derived from H,/Hp reported by Kong & Ho (2018) and the
extinction law from Cardelli et al. (1989). Bolometric luminosity cal-
culated by applying the correction factor of 474 from Lamastra et al.
(2009) to the extinction-corrected [O III] 5007 A luminosity from
Kong & Ho (2018), and 1.4 GHz luminosity and stellar mass from
Ramos Almeida et al. (2022). BH mass and Eddington ratio are from
Kong & Ho (2018). The SFRs were derived from the total IR lumi-
nosity from Ramos Almeida et al. (2022), from spectral synthesis mod-
eling of the SDSS spectra performed by Bessiere et al. (2024), and
from the nuclear 11.3 um PAH detected in the JWST/MIRI spectrum
from Ramos Almeida et al. (2025). The gas column density comes from
Ramos Almeida et al. (2025) and it was measured from the ALMA
CO(2-1) observations studied in Ramos Almeida et al. (2022).

(2025) performed a multi-component Gaussian fit of the Hp,
[OIII], and Ha + [NII] lines (see Fig. A3 there). They found that,
while the HB and [OIII] profiles could be successfully repro-
duced with four Gaussian components (some of them corre-
sponding to outflowing gas; Bessiere et al. 2024; Speranza et al.
2024), the inclusion of a fifth Gaussian component improved
the reduced y? of the Ha + [NII] fit by 86%. This fifth compo-
nent has a FWHM = 3400 + 100kms~' and it is blueshifted
by 1000 + 70kms~! relative to systemic. Based on this large
blueshift, Ramos Almeida et al. (2025) argued that it is more
likely to be associated with an additional, weak outflow com-
ponent than with the broad line region (BLR). Therefore, the
more recent analysis of the SDSS spectrum agrees with the type-
2 classification done by Reyes et al. (2008) and we consider it
as such hereafter. Nevertheless, it is noteworthy that the nuclear
column density derived from CO data (log Ngo = 223cm™?;
see Table 1) places J1010 in the boundary between type 1.8-1.9
and type-2 AGN, according to Burtscher et al. (2016). Assum-
ing Ng/Ay = [1.8,2.7] X 10! cm™? (Predehl & Schmitt 1995;
Nowak et al. 2012), this corresponds to Ay ~ [7,11]mag. To
estimate A'{,r"ad from the Balmer decrement we unsuccessfully
attempted to force a fifth Gaussian component in the HS fit
reported by Ramos Almeida et al. (2025) by fixing the kinemat-
ics to those of Ha and allowing the line amplitudes to vary. We
then calculated an upper limit at 20 for the flux of that missing
Hp broad component. Using that upper limit, the Ha flux of the
broad component reported in Table A.1 in Ramos Almeida et al.
(2025), and the Cardelli et al. (1989) extinction law, we get
Ay > 5Smag.

3. Bayesian inference with torus models

In Asensio Ramos & Ramos Almeida (2009) we presented
BayesClumpy, a tool that permits the user to efficiently carry
out Bayesian analysis of observed spectral energy distributions
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(SEDs) including photometric points and/or spectra using the
clumpy torus models of Nenkova et al. (2008a). This tool is
based on a Markov Chain Monte Carlo code whose output
is the posterior distribution function (PDF) for all the param-
eters of the clumpy models once the observations are taken
into account. As a consequence, the code yields statistically
significant estimations of the parameters and, more important,
statistically relevant confidence intervals. This has been proved
to be a suitable approach for overcoming the degeneracies
associated with these models, based on eight parameters if
we include the vertical shift necessary to scale the models to
the observations and the foreground extinction (see Table 2).
Several works have used BayesClumpy to fit observational
data with these torus models, making them more accessi-
ble to the community (Ramos Almeida et al. 2009b, 2011b,
2014; Alonso-Herrero et al. 2011; Ruschel-Dutra et al. 2014;
Ichikawa et al. 2015; Mateos et al. 2016; Gonzalez-Martin et al.
2017; Audibertetal. 2017; Martinez-Paredes etal. 2017;
Garcia-Bernete et al. 2015, 2019).

Based on mid-infrared interferometry data of nearby
AGN, which revealed elongated polar emission on scales
of 1-10pc in addition to a more compact equatorial
diskcomponent (Honig et al. 2012, 2013; Tristram et al. 2014),
Honig & Kishimoto (2017) developed a clumpy torus model
including a diskand a wind. The latter consists of a hollow
cone that allows the observer to see type-1 AGN views (see
Honig 2019 for a detailed description of the two components
at different wavelengths). These models have 11 free param-
eters including vertical shift and foreground extinction (see
Table 3) and they have been successfully fit to the SEDs
of nearby AGN (Gonzilez-Martin et al. 2019, 2023, 2025;
Esparza-Arredondo et al. 2021; Garcia-Bernete et al. 2022a).
The results indicate that these models are statistically preferred
by the observations in the case of luminous type-1 AGN, while
clumpy torus models are the best choice to reproduce the SEDs
of lower-luminosity type-2 AGN (Gonzalez-Martin et al. 2019;
Garcia-Bernete et al. 2022a).

With the aim of incorporating the disk+wind models
of Honig & Kishimoto (2017) into BayesClumpy, we have
developed a new version of the tool, BayesClumpy2', that
is available to the community. To maintain backward com-
patibility, the Nenkova et al. (2008a) models are interpolated
using a multilinear interpolator, as in the original version of
BayesClumpy. However, since the number of parameters of the
Honig & Kishimoto (2017) models is larger, for them we used
a neural interpolator. To this end, we use the same methodol-
ogy outlined in Westendorp Plaza et al. (2023). In the case of the
disk + wind models the dimensionality of the data (torus models
of 105 points in wavelength) was reduced by applying a Convo-
lutional Auto Encoder (CAE) with a bottleneck of 32 neurons.
On the resulting 32 embeddings we then trained a custom neu-
ral network (NN). This custom NN consists of 32 layers, each
with 128 neurons, fully connected and propagating the residuals
skipping 2 layers.

Bayesclumpy2 is now a Python code with some Fortran 90
code to accelerate multilinear interpolations. It is controlled via
human-readable configuration files that are used to: 1) select the
set of models to be used in the inference; 2) change the spe-
cific MCMC sampler; 3) include (for type-1 AGN) or not (for
type-2 AGN) direct emission from the accretion diskby means
of a broken power-law; and 4) select the extinction law to be
applied in combination with the foreground extinction (Ay). The

! https://github.com/aasensio/bayesclumpy?
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observations are entered via a text file containing photometric
and/or spectroscopic data. Finally, since Bayesclumpy?2 carries
out Bayesian inference, it requires the specification of the a pri-
ori information about the model parameters in the fit. The prior
distributions can be uniform, normal, or Dirac, depending on the
information available.

We used a smoothed and interpolated version of the nuclear
continuum spectrum of J1010 shown in Fig. 1 (i.e., after PAH
and emission line removal). We smoothed the spectrum using
a Lee filter algorithm with a box size of 100, and then inter-
polated it to a grid of 100 wavelengths that successfully cap-
tured the spectral shape, including the silicate features. The
smoothed and interpolated version of the nuclear mid-infrared
spectrum is shown in Fig. 2. According to the fit with the
infrared tool presented by Donnan et al. (2024), the nuclear mid-
infrared spectrum of the QSO2 is continuum-dominated, with
a small contribution from PAHs (see Fig. 1). This is consis-
tent with the observed K-band excess reported for this source
by Shangguan & Ho (2019) and Jarvis et al. (2020), indicative
of an important contribution from AGN-heated dust (Mor et al.
2009; Ramos Almeida et al. 2009a, 2011a; Garcia-Bernete et al.
2017). Therefore, it is reasonable to assume that the bulk of
this nuclear spectrum (probing the inner 0.5-1.1kpc of the
QS02), including the silicate features, comes from the torus,
with minimal contribution from the host galaxy. This has been
independently confirmed by using the recently developed tool
MRSPSFisol, that decomposes MIRI/MRS cubes into nuclear
and extended contributions (Gonzalez-Martin et al. 2025).

We ran the fits with BayesClumpy2 using one of the nested
sampling (Skilling 2004) samplers available, no direct emis-
sion from the accretion diskbecause it is a type-2 AGN, and the
extinction law of Chiar & Tielens (2006). In the case of J1010,
the only apriori information we have is the foreground extinc-
tion, Ay = 1mag, calculated from the Balmer decrement by
Kong & Ho (2018). Therefore we used a uniform prior between
0 and 2 mag to account for some uncertainty (see Tables 2 and 3).
The rest of priors are uniform using the full parameter ranges
available within the models, which are reported in the corre-
sponding tables. We assumed a 15% of error for the nuclear
spectrum, which is another input to Bayesclumpy2, to account
for the flux calibration uncertainty (~10%; Ramos Almeida et al.
2025) and the error associated with the extraction of the nuclear
spectrum.

4. Results

Here we show the results of the fit of the nuclear mid-infrared
spectrum of J1010 using the two sets of torus models. These
results include the posterior or probability distributions, the
model images, and the model spectra.

4.1. Posterior distributions

The solutions to the Bayesian inference problem are the pos-
terior or probability distributions resulting for each parameter,
which we show in Figures A.1 and A.2. The 2D posteriors are
useful to inspect possible degeneracies between pairs of param-
eters, and the 1D distributions show how much the observations
have managed to constrain the model parameters. The 16, 50,
and 84 percentiles of these 1D posteriors are shown as vertical
dashed lines in the plots, and the corresponding values are shown
in Tables 2 and 3. As can be seen from Figures A.1 and A.2, the
MIRI/MRS spectrum successfully constrains the model param-
eters, which differ significantly from the uniform priors. In the
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Table 2. Parameters of the clumpy torus models of Nenkova et al. (2008a).

Parameter Symbol  Uniform prior  Posterior percentiles
16 50 84
Radial extent Y [5, 100] 23 26 30
Width of clouds angular distribution o [15°, 70°] 28°  35° 43°
Number of clouds along an equatorial ray Np [1, 15] 6 8 12
Index of the radial density profile (r™9) q [0, 3] 0.07 026 0.57
Optical depth per single cloud Ty [10, 300] 233 269 292
Inclination i [0°, 90°] 41°  50° 58°
Foreground extinction (mag) Ay [0,2] 0.4 1.0 1.6
Covering factor Cr e 0.27 045 0.70
Type-2 probability 1-Pege 0.24 0.89 1.00
Torus extinction (mag) AL 71 633 2187

Notes. i = 0 is face-on and i = 90 is edge-on. The foreground extinction, Ay, is an additional parameter that we use, together with the extinction
curve of Chiar & Tielens (2006), to take into account the foreground extinction from the host galaxy. These models use a standard Galactic mix of
53% silicates and 47% graphites, with maximum sizes of 0.25um. Cr =1 — f e Nos®( cos(i), Pege = e NLos® and A%/OS = 1.086 Ty Ny os(i), with

Nios(i) = Ng e"®-0*/7* C; is an integrated quantity (over the inclination angle, i), whilst Pe, and ALOS are calculated at a given i.

Table 3. Parameters of the disk + wind models of Honig & Kishimoto (2017).

Parameter Symbol  Uniform prior Posterior percentiles
16 50 84
Radial distribution power law index disk(r*) a [-3.0,-0.5] -1.8 -1.7 -15
Number of clouds along an equatorial ray Ny [5,10] 6 8 9
Scale height of the disc h [0.1,0.5] 0.13 0.17 0.22
Radial distribution power law index wind (r*) ay [-2.5,-0.5] -08 -0.7 -06
Half-opening angle of the wind Oy [30°,45°] 37°  40° 43°
Angular width of the hollow wind cone loa [7°,15°] 10° 12° 14°
Wind-to-diskratio of dust clouds fod [0.15,2.25] 1.5 1.8 2.1
Outer radius Tout [450,500] 471 484 494
Inclination i [0°,90°] 7° 13° 20°
Foreground extinction (mag) Ay [0,2] 0.2 0.5 1.0
Covering factor Cr .. 049 066 0.82
Type-2 probability 1-Pege 0.00 0.12 0.95
Torus extinction (mag) A%,OS 0.01 7 160

Notes. i = 0 is face-on and i = 90 is edge-on. The optical depth per cloud is 7y = 50, and Ay is defined as treated as in Table 2. These models
use a mixture of the standard ISM dust composition of 53% silicates and 47% graphites with maximum sizes of 1 um in the disc, plus a graphite-
dominated population of small grains (sizes < 0.25 um), and large graphites only in the wind (0.75-1 um). Cr, Pesc, and AL?S as in Table 2, but

. . B 2 2 )2 2
with NLOS(I) — N0 fwd e—((90—|)—ﬁw) /20" + N() e—(tan(90—|)) /2h .

case of the clumpy torus model, we have a torus median model
(50 percentile) with small extent (Y = 26), intermediate width
(o = 35°), number of clumps (Ny = 8), and inclination (i = 50°).
All these posteriors are Gaussian-shaped and the median value
(50 percentile) is representative of the posterior peak. The index
of the radial cloud distribution, ¢, and the optical depth of the
clouds, Ty, on the other hand, are concentrated toward the lowest
and highest values or the parameter interval, respectively, indi-
cating a flat cloud distribution and high optical depth.

In the case of the disk + wind model, which is described by
a larger number of parameters, most of the posteriors are also
Gaussian-like, as for example the radial distribution power law
index of the diskand the number of clouds, which have inter-
mediate values of a = —1.7 and Ny = 8 (values at the 50 per-
centile). The outer radius of the torus is large, with a median of
R = 484, and the inclination close to face-on, with i = 13°. The
wind half opening angle and angular width show high values
of o, = 40° and o = 12°, respectively. Finally, the wind-to-

diskratio of clouds has an intermediate value of f,q = 1.8, and
the scale height of the disc, h, and the radial distribution power
law index of the wind, a,, are concentrated toward the lowest
and highest values within the parameter interval, respectively.
This means a thin diskand a wind with a flat cloud distribution.
We refer the reader to Fig. 1 in Garcia-Bernete et al. (2022a) for
a schematic view of the parameters of the two sets of models.
Since the error that we are assuming for the nuclear spec-
trum is relatively large (15%), we evaluated the fits when errors
of 10 and 5% are used instead. We found that using either a 10
or 15% error produces practically the same posterior distribu-
tions, slightly narrower in the case of the former for some of
the parameters. When we use a 5% error, the posteriors that are
Gaussian become significantly narrower, albeit centered at the
same values as those shown in Tables 2 and 3, and those which
are not Gaussian (q and 7y in the clumpy model, for example)
have median values peaking at the edge of the prior intervals.
From this analysis we conclude that a 10-15% error is adequate
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Fig. 2. Smoothed and interpolated nuclear spectrum of J1010, with the emission lines and the PAH features removed (solid blue line), and the best
fits the with torus models (shaded orange area, which corresponds to model SEDs between the 16 and 84 percentiles of the posterior and solid
black line corresponding to the 50 percentile of the posterior). The left panels correspond to the fit with the clumpy torus models of Nenkova et al.
(2008a), and the right panel to the disk + wind models of Honig & Kishimoto (2017). Vertical dotted lines are the peak wavelengths measured for
the silicate features in the nuclear spectrum (see Table 4). The bottom panels show the residuals as a percentage of the continuum flux, with the
horizontal dotted lines indicating 0 and 15% error for guidance. The blue and black upper limits are the J, H, and Ks fluxes from the 2MASS Point
Source Catalog (1.69, 3.18, and 6.55 mly, respectively) and corresponding residuals. These upper limits are shown for comparison only and were

not included in the fit.

to fit torus models to MIRI/MRS spectra using Bayesian statis-
tics. Smaller errors can lead to solutions that are too restrictive in
the range of parameters consistent with the data, not permitting
the Bayesian inference to correctly sample the posterior distri-
bution (Asensio Ramos & Ramos Almeida 2009, 2013).

4.2. Model images

Figure 3 shows the images of the two median torus models that
we fit to the nuclear spectrum as they would look projected on
the sky. The different panels correspond to the torus emission
at 5, 8, 10, 20, and 1000 um, and to the cloud distribution con-
sidering all the mass. The innermost, directly-illuminated clouds
are the hottest, therefore dominating the emission at the short-
est wavelengths shown there, and as we move to longer wave-
lengths, we see emission from clouds at larger radii. In the top
panels we show the clumpy model images generated with Hyper-
Cat (Nikutta et al. 2021a,b) for the median model fit to the spec-
trum of J1010 (see Table 2). The torus outer radius, computed
using the bolometric luminosity of the QSO2? (log Ly = 45.55;
see Table 1), is 15 pc, and the intermediate orientation and width
of the torus can be appreciated in the model images from 5
to 20 um. These values of the torus width and inclination are
responsible for the anisotropic emission seen between 5 and
10um, as we can only see the contribution from the hottest
clouds between PA ~ 45° and —45° (see Lopez-Rodriguez et al.
2018 for an example of edge-on view of the clumpy torus model
instead). The flat cloud distribution (i.e., ¢ parameter close to
zero) can be seen from the corresponding cloud distribution
image (top right panel) and also from the 1000 pm image.

2 Using Equation (1) in Nenkova et al. (2008b) and R, = Y x R, with
Y = 20 instead of Y = 26 (see caption of Figure 3).
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In the case of the median disk + wind model, whose param-
eters are shown in Table 3, we generated model images of
5000 x 5000 pixels (pixel scale = 0.19 X ry,) that we converted
to parsecs using the bolometric luminosity indicated above. The
outer radius is larger than that of the clumpy torus model, of
~150 pc (see middle pannels of Figure 3), and because of that in
the last row of Figure 3 we show a zoom-in of the disk + wind
model in the same region covered by the clumpy model (the
central 30 x 30pc?). The almost face-on orientation of the
disk + wind model is clear from the model images. This orien-
tation produces a more isotropic emission at all wavelengths in
the zoom-in part, but the outer emission is still one-sided due
to obscuration from the wind (see Fig. 1 in Honig & Kishimoto
2017 for an edge-on view of the disk + wind model for compari-
son). The radial distribution of the clouds in the diskis relatively
steep (i.e., more clouds toward the center; a = —1.7), whilst that
of the wind is rather flat (a, = —0.7). The flat cloud distribu-
tion of the wind can be seen from the panels showing the longer
wavelengths here considered, as well as from the cloud distribu-
tion image itself.

From the two sets of model images it is clear that the torus
orientation needed to produce the spectrum shown in Fig. 2 is far
from edge-on, so we can see clumps that are close to the AGN
and directly illuminated by it, while still having an obscured
view of the BLR in the optical. It is worth emphasizing that in the
context of clumpy torus models, the presence of a single cloud
along the LOS, which may occur from almost any viewing angle,
results in a type-2 classification. Obscuration is defined by the
average number of clouds along the line-of-sight, Ny og, and their
optical depth, 7y. In the case of the disk + wind median model,
AI‘;OS = 7mag (see Table 3), and in the clumpy torus model,
ALOS = 633 mag (see Table 2). Even the LOS obscuration pro-
vided by the disk + wind median model is enough to hide the
BLR, since optically obscured AGN usually have Ay > 10 mag,
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Fig. 3. Model images of the clumpy (top row) and disk + wind (bottom rows) models fit to the nuclear continuum spectrum of J1010 as they would
look projected on the sky. The models correspond to the ones described by the parameters of the 50 percentile given in Tables 2 and 3. In the case
of the clumpy model, 7y = 160 and Y = 20 were used instead of the values shown in Table 2 because the latter are outside the parameter range
from which images are computed in HyperCat, but this have negligible impact of torus emission and cloud distribution. The last row is a zoom-in
of the disk + wind model showing the same physical region as the clumpy model shown in the top row (30 x 30 pc?), since the middle row covers
a FOV of 300 x 300 pc?. The physical sizes were computed by assuming a bolometric luminosity of 10* erg s™!, and in the case of the disk + wind
model, a pixel scale = 0.19 X rqy, with ry, = 0.288 pc for the largest graphite grains. From left to right, the panels correspond to torus model
emission at 5, 8, 10, 20, and 1000 wm, and to the cloud distribution considering all the mass. All the panels are shown in logarithmic color scale
and they are normalized to the peak of emission. The black cross in the top and bottom panels indicates the position of the AGN.

Table 4. Silicate feature strengths and peak wavelengths measured from the PAH-subtracted nuclear spectrum of J1010 (smoothed and interpolated)

and from the torus median models fit here.

Silicate ~ PAH-subtracted spectrum Clumpy model disk + wind model
feature  Strength Peak wavelength  Strength Peak wavelength  Strength Peak wavelength
9.7 um 0.39 10.5 0.39 10.1 0.24 10.1

18 um 0.15 18.1 0.10 17.9 0.13 18.1

23 um 0.07 23.1 0.03 24.1

and type 1.8 and 1.9 AGN Ay ~ 3-10mag (Maiolino et al.
2001; Burtscher et al. 2016). Indeed, from the broad Ha/HS
ratio measured from the SDSS spectrum of J1010 we estimated
Ay > 5mag (see Section 2), and from NE° measured from CO
ALMA data in the beam size of 0.25” (Audibert et al. 2025),
Ay ~ [7,11] mag (see also Section 2). In Tables 2 and 3 we
also report the probabilities of having an obscured view of the
AGN (1-Pgy.), which are 12% and 89% in the case of the median
disk + wind and clumpy torus models, respectively.

4.3. Model spectra

To inspect how well the fit models reproduce the mid-infrared
continuum spectrum of J1010 (solid blue line in Fig. 2), we can
translate the fit results (i.e., models between the 16 and 84 pos-
terior percentiles) into corresponding spectra, which are shown
in orange in Fig. 2 for the two sets of models. The black lines in
the same figure are the median model and corresponding residu-

als. Overall, the nuclear spectrum is well reproduced by the two
models, as can be seen from the residuals shown in the bottom
panels of Fig. 2. The clumpy torus model reproduces better the
shape of the 9.7 um silicate feature, and the disk + wind model
the continuum shape and the 18 um silicate feature, producing
residuals <15% across the whole spectral range covered by MIRI
(see bottom right panel of Fig. 2). Taking advantage of the capa-
bilities of nested sampling to estimate the marginal likelihood
(Z), we obtain log Zcjumpy = —24.9 and log Zgisk+wina = —21.5.
This points to a significant preference of the disk + wind model
over the clumpy torus model for explaining the observations,
under the assumption that, a priori, both models are equally
probable.

Since the fit with the clumpy torus model shows larger
residuals toward near-infrared wavelengths, we added the J,
H, and Ks fluxes from the 2MASS Point Source Catalog
(PSC) to Figure 2 for comparison. We included them as upper
limit because the 2MASS angular resolution is ~2.5-3" and
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therefore they might contain host galaxy contamination. From
the residuals shown in Figure 2 we can see that the two model
SEDs show a deficit of hot dust compared with the obser-
vations, unless the yet to be determined nuclear (i.e., torus-
dominated) near-infrared fluxes are well below the 2MASS
upper limits.

In order to do a quantitative comparison between the silicate
features detected in the spectrum and fit models, we measured
their strength and peak wavelengths. The strength is defined as
Ssi = In(Fsj)—In(Feont), with Fg; being the peak flux and Feopn
the corresponding continuum flux at the peak wavelength, cal-
culated by fitting a line between two anchor points blueward
and redward of the silicate feature. The results are shown in
Table 4. Differences with the values measured from the PAH-
subtracted spectrum studied in Ramos Almeida et al. (2025) are
due to the different method used (spline fit of the whole spectral
range in Ramos Almeida et al. 2025 versus linear fit of the indi-
vidual silicate features here) and mainly to the fact that here we
are using an smoothed and interpolated version of the nuclear
spectrum. The strength of the 9.7 um silicate feature is better
reproduced by the clumpy model, and in both models it peaks at
bluer wavelengths (10.1 um) than the spectrum (10.5 um). How-
ever, we note that part of this discrepancy between data and
models might be due to PAH subtraction, since different fits
of the 11.3 and 12.5 um PAHs (see inset in Fig. 1) resulted in
silicate feature peaks that vary by +0.2um. We checked that
different fits of this PAH 11.3-12.5 um complex with the tool
developed by Donnan et al. (2024) do not change the model
results, since the variation in the median parameters is consistent
with that associated with running the Bayesian inference several
times.

Both the peak wavelength and the strength of the 18 um sil-
icate feature are better reproduced by the disk + wind model
(see Table 4). The 23 um crystaline silicate feature is not repro-
duced by the clumpy model, which only has three points at
A > 20 um. The disk + wind model, which is better sampled blue-
ward of 30 um, manages to reproduce some silicate emission,
but weaker and peaking at redder wavelengths than observed
(see Table 4). The disk + wind and clumpy models have different
geometries but also dust composition (see captions of Tables 2
and 3 for details), which might explain some of the differences
between the two fits. While the clumpy torus has the typical ISM
composition including silicates and graphites with maximum
sizes of 0.25um, the disk + wind models also include larger
graphites and silicates, of up to 1 wm, and the wind component
only includes large graphites (see Fig. 1 in Garcia-Bernete et al.
2022b). As explained in Honig & Kishimoto (2017), this is
because the wind is launched near the dust sublimation area,
and therefore, their chemical compositions should be sim-
ilar. This implies that the wind dust clouds in the model
are devoid of silicates and small grains, avoiding the pres-
ence of strong silicate emission features. However, in reality,
silicates might eventually reform in the wind (Sarangi et al.
2019), which could explain why the 9.7um silicate emis-
sion strength in the fit disk + wind model is weaker than the
observed one.

5. Discussion

In this work we have attempted to reproduce the JWST/MIRI
spectrum of the QSO2 J1010, which shows the 9.7, 18, and
23 um silicate features in emission, with two sets of torus mod-
els. We find that both torus models successfully reproduce the
nuclear spectrum with a given combination of parameters, and
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the disk + wind model is preferred by the observations. Now we
attempt to put our results in context with those found for other
type-2 AGN, including quasars and Seyfert galaxies.

5.1. Isolating nuclear dust

Since the torus is compact in the mid-infrared (a few parsecs;
Ramos Almeida & Ricci 2017; Honig 2019; Gamez Rosas et al.
2022; Isbell et al. 2022; Haidar et al. 2024), it is not pos-
sible to distinguish between foreground (host galaxy) and
intrinsic (torus) absorption in AGN from mid-infrared data
alone (Hatziminaoglou et al. 2015). Indeed, in dusty star-
bursts, mergers, and edge-on galaxies with prominent dust
lanes, silicate features are often deep (Gonzdlez-Martin et al.
2013; Hatziminaoglou et al. 2015). Using the spectral decom-
position tool presented in Herndn-Caballero et al. (2015),
Hatziminaoglou et al. (2015) reported that once they removed
the host galaxy contribution from Spitzer/IRS spectra of a sam-
ple of 784 AGN, the number of type-1 (type-2) AGN with sil-
icate features emission increased from 60% to 80% (12-25%).
This confirms that a significant fraction of absorption features
comes from cold dust in the host galaxy that does not emit in the
infrared.

The higher angular resolution of JWST/MIRI, of ~0.3—
0.8”, now makes it possible to get rid of a significant frac-
tion of the host galaxy and characterize nuclear dust more
accurately (Garcia-Bernete et al. 2024a; Haidar et al. 2024,
Lopez-Rodriguez et al. 2025; Gonzalez-Martin et al. 2025). The
only QSO2 in Ramos Almeida et al. (2025) with a Spitzer/IRS
spectrum is J1509, for which Zakamska et al. (2016) reported
So7 —0.26 without removing the PAH bands. In
Ramos Almeida et al. (2025) we measured Sg7 = —0.19 (-0.05)
from the JWST/MIRI nuclear spectrum without (with) PAH
removal. This confirms that some of the obscuration causing
the silicate absorption feature in the Spitzer/IRS spectrum orig-
inates from the host galaxy. However, in the case of this QSO2
with strong PAH features, most of the absorption is an artifact of
them not being removed. The nuclear JWST spectra of J1010
and J1100 permit us to see directly illuminated dusty clouds
within the torus that produce the silicate features in emission
without using spectral decomposition techniques, and indeed
for J1010 here we showed that its spectrum can be success-
fully reproduced with torus models. Finally, J1430 and J1356,
despite them being a post-merger and an ongoing merger sys-
tem respectively, have S9; = —-0.26 and —0.95, which are
far from the extreme values reported for edge-on and merg-
ing Seyfert galaxies even when using subarcsecond resolution
data (Gonzalez-Martin et al. 2013, 2025; Garcia-Bernete et al.
2024a).

Interestingly, Hatziminaoglou et al. (2015) also found that
35% of both type-1 and 2 AGN showing the silicate feature in
absorption in the IRS spectra showed even deeper absorptions
once the host galaxy emission was removed. This happens when
the silicate feature associated with the torus is deeper than that
of the host galaxy material, because the torus covering factor
is high. Indeed, Gonzélez-Martin et al. (2025) recently reported
silicate features in absorption in the JWST/MIRI nuclear spectra
of nearby low-to-intermediate luminosity AGN that are stronger
than in the spectra of the extended emission. In their sample,
the nuclear spectra of 40% of sources cannot be reproduced
by any of the currently available torus models because they are
heavily obscured nuclei showing deep silicate features, ices, and
aliphatic grain absorptions. New torus models including differ-
ent chemistry (Garcia-Bernete et al. 2024a; Reyes-Amador et al.
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Fig. 4. Strength of the 9.7 um silicate feature versus the bolometric luminosity, Eddington ratio, gas column density, and galaxy inclination.
Yellow circles are the five QSOFEED QSO2s studied in Ramos Almeida et al. (2025) and purple squares the six GATOS Seyfert2 galaxies from
Garcia-Bernete et al. (2024a). The horizontal dashed line in all panels indicates the separation between silicate features in absorption (negative

values) and in emission (positive values).

2024, 2025) and larger radii (Garcia-Burillo et al. 2021) are
needed to explain the diverse AGN dust continuum emission
observed by JWST (Gonzalez-Martin et al. 2025).

5.2. AGN feedback shaping nuclear dust

The PAH-subtracted 9.7 um silicate feature strengths of the five
QSO2s studied in Ramos Almeida et al. (2025) are shown in
Figure 4 and Table 5. We also included the PAH-subtracted val-
ues reported by Garcia-Bernete et al. (2024a) for six Seyfert2
galaxies from the GATOS sample, observed with JWST/MIRI
and probing nuclear scales of ~50-200 of parsecs. We chose this
dataset for the comparison with the QSO2s because they were all
observed with MIRI, the spectra were reduced and extracted in
the same manner, and Sg; was determined following the same
methodology (i.e., spline fit of the PAH-subtracted MIRI spectra
to determine the continuum). The six Seyfert 2 galaxies show sil-
icate features in absorption (Sg7 < 0) despite the small nuclear
scales probed by JWST nuclear spectra.

In Figure 4 we show Sg; versus bolometric luminosity,
Eddington ratio, gas column density measured from CO, and
galaxy inclination for the QSOFEED QSO2s and the GATOS
Seyfert2 galaxies. From the top panels we find moderately
strong positive correlations between S 7 and both the bolometric
luminosity and the Eddington ratio (Pearson correlation coeffi-
cients of r = 0.68 and 0.70 and slopes of 0.62 and 0.93 respec-

tively). This might be related to the relationship between Edding-
ton ratio and torus covering factor reported by Ricci et al. (2017)
for ~400 X-ray selected AGN in the local universe (median red-
shift of 0.037) with X-ray column density measurements (Nﬁ).
The latter authors claimed that radiation pressure on dusty gas
is the main mechanism regulating the dust and gas distribution
of the cicumnuclear material in AGN, as theoretically predicted
(Fabian et al. 2006; Ishibashi et al. 2018). As the dust covering
factor is reduced by radiation pressure, hotter material within
the torus becomes exposed, making it easier to observe the sil-
icate feature in emission in luminous, higher Eddington ratio
AGN. This was proposed by Maiolino et al. (2007) for explain-
ing the observed correlation between silicate emission strength
and AGN luminosity using a sample of type-1 AGN, and the
lack of deep absorption features at the highest AGN luminosities
(Hatziminaoglou et al. 2015; Ramos Almeida et al. 2025).

With the aim of increasing the number of Seyfert2 galax-
ies to compare with, in Table B.1 we show So; values mea-
sured from mid-infrared observations obtained with ground-
based telescopes. These observations have similar angular res-
olution to those from JWST/MIRI, but narrower spectral range,
much lower sensitivity, and no PAH subtraction performed. For
these reasons we prefer to keep the Seyfert 2 galaxies observed
with JWST as our main comparison sample. Despite this, we
can see from Table B.1 that the median Sg 7 values measured for
three different samples of Seyfert2 galaxies are —0.39, —0.28,
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Table 5. Properties of QSO2s and Seyfert2 galaxies observed with
JWST/MIRI and included in Figure 4.

ID Sg_7 log Lbol log /1Edd ]Og NCO i
(ergs) (em™) )
QS02s
J1010+0612 0.49 45.6 -0.80 223 35
J1100+0846 0.11 459 0.00 22.6 38
J1509+0434 -0.05 46.0 -0.20 23.1 44
J1430+1339 -0.26 45.8 -0.40 229 38
J1356+1026 -0.95 455 —1.00 230 55
Seyfert 2s
MCG5-23-16 -0.32 444 -1.20 220 66
NGC7319 -0.59 445 -090 <222 38
NGC 5506 -0.90 44.1 -1.40 234 80
ESO 137-G034 —-0.99 43.5 -2.00 23.0 41
NGC 5728 -191 439 -1.30 229 59
NGC7172 224 443 -1.70 23.6 88

Notes. All the QSO2s’ properties are from Ramos Almeida et al.
(2025), except for NSO, which we recalculated using the CO(2-
1) and CO(3-2) observations with beam sizes of ~0.2-0.3" from
Audibert et al. (2025), in apertures equal to the corresponding beam
sizes, and assuming aco = 4.35 M, (Kkms™ pc?)™' and Ry =Rz, = 1.
In the case of the Seyfert 2 galaxies, Sg; is from Garcia-Bernete et al.
(2024a), L, from Kossetal. (2017), and estimated from the 14—
150keV intrinsic luminosity, and Aggqq and galaxy inclination from
Garcia-Burillo et al. (2024) and Zhang et al. (2024). For NGC 7319,
Apqa Was calculated using Ly, and a black hole mass of 2.4 X
10° M. NEIO were calculated from the ALMA CO data used in
Garcia-Burillo et al. (2024), which have beam sizes of ~0.1-0.2”, and
in Esparza-Arredondo et al. (2025) for MCG-5-23-16 (beam size of
0.65” x0.53"”), using the same assumptions as for the QSO2s. For
NGC 7319, a 30 upper limit for Ngo was obtained from NOEMA
CO(1-0) observations with a beam size of 0.6” x 0.3” (PI: M. Pereira-
Santaella), assuming Avpwpy = 250kms™' and Av = 50kms™! and
using Equation (1) in Koay et al. (2016). The NS° values of the QSO2s
are comparatively more beam-diluted than those of Seyfert galaxies
because of the different beam sizes (~500 pc for the QSO2s versus ~50—
200 pc in the Seyferts).

and —0.95, i.e., larger or equal to the Seyfert2s observed with
JWST/MIRI (median value of —0.99). Indeed, only three galax-
ies among the four samples of Seyfert 2 galaxies considered here
(over 30 targets in total, as there are a few galaxies in com-
mon among the samples) show Sg7; > 0, with modest values
of 0.03, 0.04, and 0.05. Therefore, silicate features in emis-
sion in Seyfert2 galaxies are rather uncommon even when the
data probe scales of tens to hundreds of parsecs, but the Sg7
values show large scatter, going from weak or no emission to
strong absorption (see Table B.1). However, we note that since
the ground-based spectra included in Table B.1 were not PAH-
subtracted, the corresponding S¢ 7 values might be biased toward
deep absorption values.

On the other hand, and despite the small number of QSO2s
yet observed with JWST/MIRI, there are no QSO2 nuclear spec-
tra showing deep silicate absorption features (Sg7 < —1). This is
remarkable considering that some of them are hosted in merging
and post-merger galaxies (i.e., J1356 and J1430 respectively).
This supports the scenario where the more luminous the AGN
and the higher their Eddington ratio, the lower the torus covering
factor and the more unlikely to see deep silicate absorption. In
the case of the Seyfert galaxies, the covering factors are higher,
but because of the torus clumpiness, it is still possible to have
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exposed views of directly illuminated clouds which contribute
to infill the silicate feature, producing the larger scatter in Sg 7.
According to this, the positive correlations seen in the top pan-
els of Figure 4 would become more wedge-like if the number of
QS02s and Seyfert 2s observed with JWST increases, with large
scatter at low Ly, and Aggq and high So 7 values at high Ly, and
AEdd-

The torus models fit to the mid-infrared spectrum of J1010
(see Figure 2) have covering factors that are relatively low
for an obscured AGN. In the case of the clumpy model is

Cr = 0-45i31f§ (see Table 2), and in the disk + wind model

Cr = 0.66+ 5 (see Table 3). We note that Cr is an integrated
quantity (over i and z; see Tables 2 and 3) and this is why
Cr(disk + wind) > Cr(clumpy) despite the higher AI\;OS of the
clumpy model. These values are between those reported for type-
1 (Cr <£0.6) and type-2 AGN (Ct > 0.5) using the same torus
models fit to Seyfert galaxies (Ramos Almeida et al. 2011a)
and nearby type-1 quasars (Martinez-Paredes et al. 2017). Using
the same models, infrared photometry, and spectroscopic data,
Alonso-Herrero et al. (2011) showed that the torus covering
factor decreases from Ct ~ 0.9-1 at low AGN luminosities
(10¥*ergs™) to Cr ~ 0.1-0.3 at high AGN luminosities
(210% ergs!). The intermediate values of the covering factor
that we measure for J1010, combined with the torus orientation,
enable a direct view of a significant fraction of directly illumi-
nated clumps within the torus (see Figure 3). Torus model fits
of the nuclear mid-infrared spectra of the remaining QSO2s and
of the Seyfert 2 galaxies used here for comparison will be the
subject of forthcoming QSOFEED and GATOS works.

In Figure 4 we also investigated the relation between Sg
and the gas column density measured from ALMA CO data of
the QSO2s and the Seyfert galaxies (Ngo)_ We find a moder-
ately strong negative correlation in this case (r = —0.60 and
slope of —1.00), with the lowest column density targets gener-
ally showing S¢7 > —0.5 and the highest column density ones
showing S¢7 < —0.5. The targets with log N§© ~ 23 cm™ cover
a wide range of Sg; values, in some cases possibly having a
fraction of the silicate absorption coming from the host galaxy
because they are edge-on galaxies (NGC 5506 and NGC 7172;
see bottom right panel of Figure 4) or ongoing merger systems as
J1356 (Ramos Almeida et al. 2022). Indeed, we also find a mod-
erately strong correlation between S¢; and galaxy inclination
(using cos(i); r = 0.69 and slope of 2.10). However, we checked
that if we exclude the two edge-on galaxies, the correlations
shown in the top panels of Figure 4 hold (» = 0.70 and 0.62),
whereas those in the bottom panels become weaker (r = —0.38
and 0.51). The negative trend between Sg 7 and gas column den-
sity was first reported by Garcia-Bernete et al. (2024a) for the
GATOS Seyfert 2s and a small sample of ULIRGs observed with
JWST/MIRI and Spitzer/IRS respectively, but using Né instead
of Ngo (r = 0.68 and slope of 0.29).

Finally, we checked where the QSO2s lie in the Eddington
ratio-column density diagram (see Figure 5; Fabian et al. 2006;
Ricci et al. 2017; Garcia-Bernete et al. 2022b), using Nﬁo val-
ues as in Alonso-Herrero et al. (2021) and Garcia-Burillo et al.
(2024). The blowout or “forbidden” region, rightward of the
solid line, is the area of the diagram where radiation pres-
sure pushes away the obscuring material (Agqq > /lg‘z +(NB);
Ricci et al. 2017), resulting in a small amount of low-luminosity
AGN there (Ricci et al. 2017; Garcia-Burillo et al. 2024). The
dot-dashed line shown in Figure 5, extrapolated to lower column
densities (dotted line), is the theoretical limit where AGN
radiation balances gravity and infrared radiation pressure on
dust dominates, from Venanzi et al. (2020). According to these
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Fig. 5. Column density measured from CO versus the Eddington ratio.
The blowout region is where radiation pressure pushes away the obscur-
ing material (Agga > /l]eig «(Nu)), from Riccietal. (2017). The dot-
dashed line from Venanzi et al. (2020) indicates the limit where the
AGN radiation acceleration balances gravity and IR radiation pressure
dominates, giving rise to polar dusty outflows. The dotted line is an
extrapolation of this limit to lower column densities, and the horizon-
tal dashed line is the approximate upper limit for absorption due to
dust lanes (Ricci et al. 2017). Yellow circles are the five QSO2s from
Ramos Almeida et al. (2025) and purple squares are the Seyfert galax-
ies from Garcia-Bernete et al. (2024a).

predictions, no targets should be present in the blowout region
at log Ny >22 cm™2, and polar dusty winds should be present
when the objects are close to the dot-dashed/dotted line.
Remarkably, four of the five QSO2s are in the blowout region
of the diagram, which is at odds with the small percentage of
X-ray selected AGN reported by Riccietal. (2017) for this
region, of 1.418:;%, and by Garcia-Burillo et al. (2024) using
CO-detected nearby AGN with high angular resolution ALMA
observations (2%). This suggests that, whereas Seyfert galaxies
retain long-lived obscuring clouds, our optically selected QSO2s
are actively clearing gas and dust from their nuclear regions,
leading to reduced covering factors. Indeed, here we showed
that the mid-infrared spectrum of J1010 is best reproduced
with disk +wind torus models having a covering factor of
Cr = 0.66x)19. From previous work on the five QSOFEED
QS02s we know that they are experiencing strong AGN feed-
back in different gas phases. For example they show molecular
gas outflows detected using ALMA CO(2-1) observations
(Ramos Almeida et al. 2022; Audibertetal. 2023, 2025),
with radii of 0.4-2.4kpc and mass rates of 5-60Mgyyr~'.
Lansbury et al. (2020) reported similar findings for a sample of
infrared-selected heavily dust-reddened quasars (red quasars),
which were also in the blowout region of the Nz — Apgq diagram.
Recently, using MATISSE interferometry data, Drewes et al.
(2025) found that the high Eddington sources I Zw 1 and
HO0557-385 do not show pc-scale polar emission but rather
an equatorial extension and a possible puffed-up component
at 3-5um. This was interpreted as due to radiation pressure
blowing out dust close to the equatorial plane and exposing the
wind-launching region, giving rise to stronger silicate features
than in low-Eddington ratio AGN.

Finally, for low-Eddington ratio sources, high-angular res-
olution ALMA CO observations of a sample of 70 local AGN
revealed a dichotomy in the location of the galaxies in the “per-
mitted” region of the N ﬁo — Agqq diagram (Garcia-Burillo et al.
2024). This dichotomy depends on whether they belong to the
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AGN build-up or feedback branches (high and low nuclear
molecular gas concentrations respectively), indicating that radi-
ation pressure on dusty gas also determines the position of
Seyfert galaxies in different (permitted) areas of this diagram.
As we can see from Figure 5, the Seyfert2 galaxies from
GATOS (Garcia-Bernete et al. 2024a) are also in the “permit-
ted” region, with MCG-5-23-16 and NGC 7319 having log
Nu < 22cm™2. These low column densities can be explained
by host galaxy dust lanes (Fabian et al. 2006; Ricci et al. 2017),
although they both show nuclear molecular gas deficits in the CO
data (Esparza-Arredondo et al. 2025) that could be due to AGN
feedback (Garcia-Burillo et al. 2024). These two galaxies show
the weakest silicate absorption features in Garcia-Bernete et al.
(2024a).

Therefore, based on our own and previous results, the
“forbidden” or blowout region of the diagram is avoided by
low-luminosity AGN, which have long-lived tori with higher
covering factors, but not by optically obscured quasars and red
quasars, which likely transition across the diagram on shorter
timescales than Seyferts due to the stronger AGN feedback that
they experience.

6. Conclusions

The JWST/MIRI mid-infrared spectrum of the central 0.5—
1.1 kpc of the QS0O2 J1010, which is AGN-dominated and shows
9.7, 18, and 23 um silicate features in emission, is success-
fully reproduced by torus models without including direct emis-
sion from the accretion disc. This is the first MIRI spectrum
of a QSO2 fit with torus models. Based on the marginal like-
lihood and residuals from the fits, we find that the disk + wind
model is preferred by the observations. This model has an inter-

mediate covering factor (Ct = 0.6618:}?) and low inclination
a

= 13°+])), leading to exposed views of the directly illumi-
nated clumps that produce the silicate features in emission, while
still obscuring the BLR and accretion disc.

The PAH-subtracted silicate features of the five QSO2s
observed with JWST/MIRI, including J1010, range from
absorption to emission (stengths of Sg7 [-1.0,0.5];
Ramos Almeida et al. 2025), with a median value of —0.05,
whereas the six Seyfert 2 galaxies from Garcia-Bernete et al.
(2024a), also observed with JWST/MIRI and probing nuclear
scales of ~50-200 pc, show silicate features in absorption (Sg7 =
[-2.2,-0.3], with a median value of —0.99). Combining the two
JWST/MIRI datasets, we show that there is a moderately strong
positive correlation between Sg7 and both log Apgg and log Ly
(correlation coeficients of » = 0.70 and 0.68 respectively).

This, together with the position of the QSO2s and Seyfert 2s
in the blowout region of the Eddington ratio-column density dia-
gram, indicates that the difference between the nuclear obscu-
ration properties of QSO2s and Seyfert 2s is likely driven by
radiation pressure on dusty gas. QSO2s would be experiencing
a relatively short blowout phase, leading to smaller torus cov-
ering factors and hence more exposed view of nuclear gas and
dust, whilst Seyfert2 galaxies have longer-lived and higher cov-
ering factor tori, making it difficult to observe silicate features in
emission.
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Appendix A: Posterior distributions from the fits
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Fig. A.1. 1D and 2D posterior distributions of the model parameters resulting from the fit of J1010 with the clumpy torus model of Nenkova et al.
(2008a). The vertical dashed lines correspond to the percentiles at 16, 50, and 84, whose values are reported in Table 2.

Appendix B: Silicate feature strengths of different samples of type-2 AGN
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Fig. A.2. 1D and 2D posterior distributions of the model parameters resulting from the fit of J1010 with the disk +wind model of
Honig & Kishimoto (2017). The vertical dashed lines correspond to the percentiles at 16, 50, and 84, whose values are reported in Table 3.

Table B.1. Silicate feature strengths of different samples of type-2 AGN measured from subarcsecond resolution mid-infrared spectra.

Sources (n) Data So.7 Ref.
range mean median

QS02 (5) JWST/MIRI [-0.95,0.49] -0.13x0.53  -0.05 a

Sy2 (6) JWST/MIRI [-2.24,-0.32] -1.16+£0.76  -0.99 b

Sy2 (11) GTC/CanariCam [-1.11,0.04] -0.47+0.38  -0.39 c

Sy2 (10) VLT/VISIR [-1.03,0.05] -0.31+0.32 -0.28 d

Sy2 (16) Gemini/T-ReCS  [-3.78,-0.14] -1.25+097  -0.95 e

Notes. Only QSO2s and type 2, 1.9, and 1.8 Seyferts were considered. The angular resolution of the CanariCam, VISIR, and T-ReCS data is similar
to MIRI (~0.3-0.6”), but the spectral range covered is narrower (~8-13 um), and the sensitivity is much lower. Refs: (a) Ramos Almeida et al.
(2025), (b) Garcia-Bernete et al. (2024a), (c) Alonso-Herrero et al. (2016), (d) Honig et al. (2010), (e) Gonzdlez-Martin et al. (2013).
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