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ABSTRACT

Context. Active galactic nuclei (AGN) are surrounded by dust within the central parsecs. The dusty circumnuclear structures,
referred to as the torus, are mainly heated by radiation from the AGN and emitted at infrared wavelengths, producing the emer-
gent dust continuum and silicate features. Fits to the infrared spectra from the nuclear regions of AGN can place constraints on the
dust properties, distribution, and geometry by comparison with models. However, none of the currently available models fully describe
the observations of AGN currently available.

Aims. Among the aspects least explored, here we focus on the role of dust grain size. We offer the community a new spectral energy
distribution (SED) library which is based on the two-phase torus model developed before with the inclusion of the grain size as a
model parameter, parameterized by the maximum grain size Pg;,e or equivalently the mass-weighted average grain size (P).
Methods. We created 691200 SEDs using the SKIRT code, where the maximum grain size can vary within the range
Pge = 0.01-10.0um ((P) = 0.007-3.41 um). We fit this new library and several existing libraries to a sample of 68 nearby and
luminous AGN with Spitzer/IRS spectra dominated by AGN-heated dust.

Results. We find that the GoMar23 model can adequately reproduce up to ~85-88% of the spectra. The dust grain size parameter
significantly improves the final fit in up to 90% of these spectra. Statistical tests indicate that the grain size is the third most important
parameter in the fitting procedure (after the size and half opening angle of the torus). The requirement of a foreground extinction by
our model is lower compared to purely clumpy models. We find that ~41% of our sample requires that the maximum dust grain size
is as large as Pgj,e ~ 10 um ((P) ~ 3.41 um). Nonetheless, we also remark that disk+wind and clumpy torus models are still required
to reproduce the spectra of a nonnegligible fraction of objects, suggesting the need for several dust geometries to explain the infrared

continuum of AGN.

Conclusions. This work provides tentative evidence for dust grain growth in the proximity of the AGN.

Key words. galaxies: active — galaxies: nuclei — galaxies: Seyfert — infrared: galaxies

1. Introduction

Active galactic nuclei (AGN) are powered by supermassive
black holes (SMBHs) at the center of galaxies with accretion
disks emitting ~10*0"*7 ergs~! from a region as small as the
Solar System. AGN were originally classified based on their
spectroscopic signatures, ranging from type-1 AGN, showing
both broad and narrow emission lines, to type-2 AGN, show-
ing only narrow lines. Antonucci & Miller (1985) suggested that
the continuum and broad-line emission regions are located inside
an optically and geometrically thick “disk”, which was later on
referred as the torus (Krolik & Begelman 1986). Continuum and
broad-line photons are scattered into the line of sight by free
electrons above and below the torus. This orientation bias is what
makes the AGN depend so strongly on the orientation that our
current classification schemes are dominated by random point-

ing directions instead of more interesting physical properties
(Urry & Padovani 1995).

However, the torus does not only act as a bridge for
unifying the AGN phenomenon, but it is also expected to
explain the majority of the infrared dust emission of AGN
(Ramos Almeida & Ricci 2017). Indeed, a significant propor-
tion of the optical/UV photons produced by the AGN accre-
tion disk are reprocessed by dust located beyond the sublimation
radius and reemitted in the infrared. However, one of the
challenges faced by such unified theories is to match the
observed infrared emission of AGN to that predicted for such
a dust structure (Pier & Krolik 1992; Granato & Danese 1994,
Efstathiou & Rowan-Robinson 1995).

Until the arrival of extremely large single-aperture tele-
scopes (e.g., the Extreme Large Telescope), the dust emission
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morphology will not be unambiguously resolved in the near-
or mid-infrared to be compared with models (Nikutta et al.
2021a,b), except for the brightest AGN with interferometric
observations with VLTI/MIDI (Honig et al. 2012; Tristram et al.
2014; Lopez-Gonzaga et al. 2016; Honig & Kishimoto 2017;
Leftley et al. 2018) and MATISSE (Isbell et al. 2022; Gdmez
Rosas et al. 2022). Although unresolved point-like (<1-2pc)
emission at 800 um imaged by ALMA in AGN can be con-
taminated by a contribution from synchrotron or free-free emis-
sion (Pasetto et al. 2019), we rely on dust continuum-dominated
submillimeter images for constraining the torus properties
(Garcia-Burillo et al. 2021). However, submillimeter observa-
tions are more sensitive to colder dust, which is located fur-
ther away from the accretion disk, as compared to mid-infrared
ones. This explains the large and geometrically thin disks with
radial sizes up to 50 pc found with ALMA (Garcia-Burillo et al.
2021), while the majority of the mid-infrared emission remains
confined to the central parsecs (Alonso-Herrero et al. 2021, and
references therein) except for a few cases (Bock et al. 2000;
Radomski et al. 2003; Packham et al. 2005; Asmus et al. 2016;
Asmus 2019).

In this work, we fit the infrared spectral energy distribu-
tion (SED) of AGN to constrain the parameters of the torus
models. For this purpose, we use the so-called geometrical-
phenomenological models (Ramos Almeida & Ricci 2017, for a
review). According to Efstathiou & Rowan-Robinson (1995), a
successful AGN torus model must fulfill the following three min-
imum requirements, dictated by the shape of the infrared dust
continuum (see also the updated description of this shape given
by Hao et al. 2005): (1) the predicted spectrum should be quite
broad in terms of wavelength range, at least for face-on views,
and peak in the mid infrared; and (2) the model should also pre-
dict (moderate) absorption features at 10 um for edge-on views,
and very weak (or featureless) spectra for face-on views. Indeed,
early observations showed that silicate emission features were
weak in AGN, which was unexpected if the dust is heated by the
central AGN (Roche et al. 1991; Laor & Draine 1993). Further-
more, for those objects in which the silicate dust is seen in emis-
sion, it often shows an anomalous spectral profile where the peak
is shifted to longer wavelengths (Sturm et al. 2005; Mason et al.
2013) and with a broad profile (Li et al. 2008; Smith et al. 2010);
and (3) the infrared SEDs of some type-1 Seyferts and quasars
(QSOs) show a ~3 wum bump (Edelson & Malkan 1986) that can-
not be easily reproduced (Mor et al. 2009; Garcia-Bernete et al.
2017). We now know that this feature can be seen up to 7-8 um
for most QSOs and bright AGN (Garcia-Bernete et al. 2019;
Martinez-Paredes et al. 2020, 2021).

Several radiative transfer models in the past couple of
decades have focused on the study of infrared emission and
absorption from this putative dusty torus at several view-
ing angles, including pioneering works such as those by
Pier & Krolik (1992) and Rowan-Robinson (1995). Initially, the
debate was focused on the distribution of the dust. Torus models
with a homogeneous dust distribution (smooth torus), predicted
strong 9.7 um silicate features, both in absorption and in emis-
sion. However, this does not match the weak absorption features
generally observed for type-2 AGN or the almost absent fea-
tures for type-1 AGN (Roche et al. 1991; Laor & Draine 1993;
Nenkova et al. 2002; Nikutta et al. 2009). The clumpy torus
model can naturally explain the weakness of the silicate feature
but cannot produce sufficient near-infrared emission from hot
dust to explain the near-infrared excess of some AGN (Mor et al.
2009; Ramos Almeida et al. 2009; Garcia-Bernete et al. 2019,
2022b). This near-infrared excess might be accounted for when
including a two-phase dust distribution (i.e., smooth+clumpy,
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Stalevski et al. 2012, 2016). However, this two-phase model
has only moderate success at explaining the overall observed
infrared spectral shape of AGN (failing at describing the sil-
icate features and the mid-infrared slopes of bright AGN,
Gonzalez-Martin et al. 2019b).

Geometry is indeed key in these models. The near-infrared
excess could also be reproduced with a disk (i.e., torus-disk
equatorial dust component) and a wind (conical-polar dust com-
ponent) that produces the majority of the mid-infrared emis-
sion (Honig & Kishimoto 2017); although, other aspects such
as chemistry might play a significant role (Garcia-Bernete et al.
2022b). The AGN in the Circinus galaxy is a clear example
of polar-wind dust component present from scales going from
the central parsecs up to hundreds of parsecs (Tristram et al.
2014; Packham et al. 2005; Roche et al. 2006; Stalevski et al.
2017, 2019; Isbell etal. 2022). However, although success-
ful at explaining the brightest AGN (Martinez-Paredes et al.
2021), the disk+wind model has only moderate success at
describing low- and intermediate-luminosity (type-2) AGN
(Gonzélez-Martin et al. 2019b; Garcia-Bernete et al. 2022b)
which show striking differences in the mid-infrared spectral
shape compared to luminous AGN (Gonzélez-Martin et al. 2015,
2017). The reason is that this wind model fails to reproduce mod-
erately deep absorption silicate features observed in some type-
2 and low-luminosity AGN due to the enhancement of graphite
grains for the wind.

One of the least explored aspects of these torus models
is the grain size distribution. Grain size should have a strong
impact on the resulting infrared spectral shape. In particular,
the size of graphite grains could contribute to the enhance-
ment of the near-infrared continuum because grain temperature
increases with decreasing dust grain size. In particular, graphite
grains with sizes of 0.005 um have their emission peak at around
1 wm, while grain sizes of 0.25 um more efficiently contribute
to the 3-5um flux (see Fig. 9 by Laor & Draine 1993). At
the same time, small grains are preferentially destroyed by
the AGN radiation and shocks, while large grains are more
resilient (Schartmann et al. 2008; Almeyda et al. 2017). More-
over, the silicate feature is broader with a lower strength if the
grain size is micron-sized, up to its disappearance when the
grain size exceeds 10 um (Laor & Draine 1993). Indeed, micron-
sized grains have also been suggested to explain the anoma-
lous silicate feature observed in the low-luminosity AGN in
MS81 (Smith et al. 2010). Lyu et al. (2014) also suggested that
the low Ay/797,m ratio found in their analysis could be due to
the predominance of large grains in the AGN torus (see also
Shao et al. 2017), while Xie et al. (2017) found that micron-
sized particles can help to reproduce up to 90% of the type-1
AGN explored in their analysis (see also Smith et al. 2010);
although, other aspects such as geometry (e.g., wind, disk, or
torus) were not included in their analysis. Near-infrared inter-
ferometry suggests, throughout the normalization of the relation
between inner radius and luminosity, an emission region that is
more compact than expected, which might be explained by the
presence of large graphite dust grains (Kishimoto et al. 2007,
2011; GRAVITY Collaboration 2020). Lyu & Rieke (2021) also
found that the hot dust reverberation signals for NGC 4151 come
from two distinct dust populations at separate radii, consistent
with the expected properties of sublimating graphite and silicate
dust grains.

Most of the current geometrical models assume the dis-
tribution of dust grains reported for the interstellar medium
(ISM) in our Galaxy (Mathis et al. 1977; Laor & Draine 1993;
Weingartner & Draine 2001; Li & Draine 2001). The clumpy
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(Nenkova et al. 2008b; Honig & Kishimoto 2010), smooth
(Fritz et al. 2006), and two-phase (Stalevski et al. 2016) torus
models assume a maximum grain size of 0.25um, while the
minimum grain size is in the range between 0.005-0.025 pm.
Honig & Kishimoto (2010) investigated an alternative grain
size distribution called “ISM large grains” containing grains
between 0.1-1pm. In the ISM large grain configuration, the
disk-torus area of hot dust is smaller than in the standard ISM
dust grain distribution (due to a steeper temperature profile),
resulting in a shift of the mid-infrared emission peak toward
longer wavelengths (see Fig. 5 in Honig & Kishimoto 2010).
For the disk+wind geometry, the hot dust is assumed to be
primarily composed by large graphite grains, which is theo-
retically and observationally motivated (Kishimoto et al. 2007,
Honig & Kishimoto 2017; Honig 2019) where these grains pro-
duce the near-infrared excess due to the high temperatures
they can survive (Garcia-Gonzdlez et al. 2017). Indeed, this
model is better at reproducing spectra below ~7 pum when com-
pared with observations (see also Gonzdlez-Martin et al. 2019b;
Martinez-Paredes et al. 2021; Garcia-Bernete et al. 2022b).
Although some works have investigated the role of grain size
for a given geometrical model (e.g., Honig & Kishimoto 2010)
or it has been used to explain a particular spectrum (e.g., N- and
Q-band spectra of NGC 1068, Victoria-Ceballos et al. 2022),
maximum grain size has not been included as a free parameter
of the model. This manuscript presents a new SED library that
includes variations of the maximum grain size into a geometri-
cal model. This paper subsequently shows that the inclusion of
this parameter significantly improves the adequacy of the model
to AGN mid-infrared spectra observed with Spitzer. The paper
is organized as follows: Sect. 2 shows the AGN sample and data
used to confront currently available models (described in Sect. 3)
and our new model (described in Sect. 4) with mid-infrared spec-
tra. The methodology applied to the data includes an analysis of
the spectral shape compared with models and spectral fits (see
Sect. 5). Results are included in Sect. 6 and discussed in Sect. 7.
Finally, a summary of our main findings is included in Sect. 8.

2. Sample and data

We compile a sample of AGN with Spitzer/IRS spectra repre-
sentative of a variety of silicate features and continuum shapes.
Our parent AGN samples are: (1) 53 local AGN with available
NuSTAR spectra reported by Esparza-Arredondo et al. (2020),
(2) 110 nearby AGN drawn from the 105-months Swift/BAT sur-
vey (Oh et al. 2018) reported by Gonzdlez-Martin et al. (2019b),
and (3) the 19 QSOs (one is excluded due to the lack of Spitzer
spectrum) reported by Martinez-Paredes et al. (2017). All of
them have been chosen due to the availability of Spitzer/IRS
spectra needed for this analysis. We note that the first two par-
ent samples are restricted to the nearby Universe to mitigate
the low spatial resolution of Spitzer/IRS spectra. The sample
reported by Martinez-Paredes et al. (2017) is not restricted to
the nearby universe but they ensure the AGN dominates the
mid-infrared Spitzer/IRS spectrum from the comparison with
ground-based N-band spectra. We downloaded all the spectra
from Combined Atlas of Sources with Spitzer IRS Spectra CAS-
SIS'. Only objects with full coverage 5-35 wm spectra and good
signal-to-noise ratio (S/N) > 20) were selected.

To ensure that the mid-infrared spectrum is dominated
by AGN-heated dust, we impose the following criteria. We
first exclude Spitzer spectra marked as extended by CASSIS

I https://cassis.sirtf.com

because these sources are expected to have a significant contri-
bution from circumnuclear emission. We then remove objects
with strong PAH features (i.e., EW(PAH) > 0.233 wm) and
very steep slopes above 20um (i.e., slopes between 20 and
30um such that log(vL,(20 wm)/vL,(30 um)) > —0.24), which
excludes sources containing significant circumnuclear starbursts
(Gonzalez-Martin et al. 2015). Finally, we also impose that the
AGN dust component accounts at least for 80% of the flux in
the 5-30 um wavelength range inferred from spectral decompo-
sition. Note that spectral decomposition was already done for
the two nearby AGN parent samples reported above, that is fit-
ting mid-infrared spectra with ISM, stellar, and AGN-heated
dust templates (see Gonzalez-Martin et al. 2019b, and references
there in). However, we repeat the analysis here for homogene-
ity. In the QSO sample, the spectra are AGN dominated because
they show the same flux level and spectral shape as ground-based
spectra (see Martinez-Paredes et al. 2017).

With all these restrictions we selected 68 AGN with avail-
able Spitzer/IRS spectra, good S/N and dominated by the
AGN-heated dust within the Spitzer/IRS aperture (3.6—7 arcsec).
Table C.1 includes the redshift, AGN classification, X-ray
2-10keV intrinsic luminosity, and black-hole masses for our
sample. Figure 1 shows the mid-infrared spectra (type-1 and
type-2 AGN in black and gray, respectively). A residual con-
tamination of the spectra from star-forming processes is still
visible, although the impact in the resulting spectral fit should
be negligible (see Gonzdlez-Martin et al. 2019a). Among them,
43 are type-1 and 25 are type-2 AGN according to the NASA
extragalactic database (NED). The sample includes low- (e.g.,
M 106), intermediate- (e.g., IC 5063), and high-luminosity AGN
(e.g., PG0804+761). We also show in Fig. 1 X-ray luminosities
versus redshifts in our sample. No particular bias is observed
when type-1 and type-2 AGN are compared. However, it is obvi-
ously biased toward high-luminosity sources and type-1 AGN
because these are the objects less affected by circumnuclear star
formation within the Spitzer/IRS aperture. In this sense, our
results are more representative of relatively luminous nearby
AGN rather than low-luminosity AGN. Indeed, only two objects
show X-ray luminosities below Ly < 10*? ergs~'. JWST obser-
vations with higher angular resolution would be required to
explore AGN with lower luminosities.

3. Previous SED models

We aim to provide a new SED library of models that bet-
ter reproduce the mid-infrared continuum emission of AGN.
Thus a proper comparison with the results presented with pre-
vious SED libraries is mandatory. In the following, we provide
a brief description of each model with particular emphasis on
the dust grain size used for each model. Full description of the
models can be found in the references below and in several
recent works using these models (Gonzalez-Martin et al. 2019b;
Martinez-Paredes et al. 2021; Garcia-Bernete et al. 2022b).

— Smooth torus model by Fritz etal. (2006, hereinafter
smooth Fritz06 torus models): They use a simple toroidal geom-
etry, consisting of a flared disk with the inner radius correspond-
ing to the sublimation distance. The silicate and graphite grains
have radii in the range of 0.025-0.25 and 0.005-0.25 pm, respec-
tively.

— Clumpy torus model by Nenkova et al. (2008a,b, here-
inafter clumpy NenkovaO8 torus models): They used a formal-
ism that accounts for the concentration of dust in clouds, form-
ing a torus-like structure. The silicate and graphite grains have
both radii in the range of 0.005-0.25 um.
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Fig. 1. Spectra of our sample of 68 AGN normalized to the flux at 14 um. Type-1 and type-2 AGN are shown in black and gray, respectively.
Vertical dot-dashed lines indicate the locus of the wavelengths chosen to compute the spectral slopes (see text). The bottom-right inset shows the

distribution of X-ray luminosities versus redshift in our sample.

— Clumpy torus model by Hoénig & Kishimoto (2010; see
also Honig et al. 2006, 2010, hereinafter clumpy Hoenig10 torus
models): Radiative transfer model of three-dimensional clumpy
dust tori using optically thick dust clouds and a low torus vol-
ume filling factor. The size of silicate and graphite grain is in the
range of 0.025-0.25 pm.

— Two-phase torus model by Stalevski et al. (2016, here-
inafter two-phase Stalev16 torus models): They model the dust in
a torus geometry with a two-phase medium, consisting of high-
density clumps embedded in a smooth dusty component of low
density. The silicate and graphite grains have both radii in the
range of 0.005-0.25 pm.

— Clumpy disk and outflow model by Honig & Kishimoto
(2017, hereinafter clumpy disk+wind Hoenigl7 models): The
model consists of a clumpy disk plus a polar outflow. This model
uses a sublimation model that accounts for different sublimation
conditions, with grain sizes of 0.025-0.25 um for silicate, and
0.075-1.0 wm for graphite.

Note that we also explore the clumpy disk model by
Honig & Kishimoto (2017; i.e., removing the wind com-
ponent in the disk+wind model), the anisotropically illu-
minated version of the clumpy torus model presented by
Garcia-Gonzélez et al. (2017), and the two-phase torus model
presented by Siebenmorgen et al. (2015). However, after per-
forming spectral fitting to our sample, these models were not
able to fully describe any of our objects (and provide acceptable
fits for less than 10% of the sample). Thus, we exclude them
from our analysis for simplicity.

4. New SED model GoMar23

We use the radiative transfer code SKIRT? (Baes et al. 2003;
Baes & Camps 2015; Camps & Baes 2015, 2020) in its version 9

2 www.skirt.ugent.be
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to produce synthetic spectra with different dust and geometrical
properties. We divide this section into the details of the overall
setup of the simulations in common with the two-phase model
created in Stalevski et al. (2016; Sect. 4.1), the particularities of
the grain size distribution (Sect. 4.2), and a summary of the grid
of parameter values for GoMar23 model.

4.1. Setup of the simulations

SKIRT has already been used by Stalevski et al. (2016) to pro-
duce a two-phase torus model (Stalev16, see Sect. 3). We set
our initial geometry and parameter space to that of Stalev16
model (see Fig. 1 by Stalevski et al. 2012). This allows us to
set a benchmark for the model because at least we should be
able to provide good fits for the same objects that are already
reproduced by the Stalev16 model. Furthermore, the two-phase
medium (clumps within a smooth distribution) seems to be the
most plausible scenario for the dust within the torus (Wada
2015). Stalev16 model parameters are the viewing angle toward
the observer, i, the ratio between the outer and the inner radius
of the torus, Y = Ryy/Raust (With the inner radius anchored to
the dust sublimation radius Ry ), the half opening angle of the
torus, o, the indices that set dust density gradient with the radial,
p, and polar, g, distribution of dust, and the 9.7 um average edge-
on optical depth, 79 7,m. Figure 2 shows a schematic view of the
model.

The geometry of the model consists of a flared disk
(TORUSGEOMETRY within SKIRT). The inner radius is fixed to
the dust sublimation radius Rg,s = 0.14 pc, which is obtained
from Barvainis (1987):

Rause = 1.3(Loot/10*) /(T i/ 1500) % (pe) M
for an AGN with a bolometric luminosity of Ly = 10" Ly, and
a sublimation temperature Ty, to 1250 K. Note that, unlike
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Fig. 2. Schematic view of GoMar23 model (see text).

Stalevski et al. (2016) we assume that the accretion disk emits
isotropically.

To fully define the torus geometry, two parameters are
required: the half-opening angle, o, and the outer radius of
the torus, R,,. Following several previous prescriptions (e.g.,
Fritz et al. 2006; Nenkova et al. 2008b; Stalevski et al. 2016),
we report the values of the outer radius of the torus as a mul-
tiplier of the inner radius, that is ¥ = Roy/Rin. In the Stalev16
model, this parameter takes only three values at Y = [10, 20, 30].
However, we find significant improvements by evaluating this
parameter in a wider range and with a slightly finer step. In
fact, this is the parameter with the lower number of values in
Stalev16 model. In particular, we choose the following set of
values: Y = [2,5, 10, 15, 20, 25, 30, 35, 40]. For the half opening
angle, we use the same values as in Stalevl6 model, that is
o = 10-80° with Ao = 10°.

The model is indeed two-phase (i.e., smooth+
clumpy) thanks to the “decorator” module CLUMPYGEOME
TRYDECORATOR within SKIRT that creates a clumpy-distributed
medium from a continuously distributed one. The geometry
used is called flared disk, which consists of a sphere where two
cones are removed from the polar direction. Therefore, the width
of the torus grows with the radius, keeping the angular width
constant. Following the parameters used by Stalevski et al.
(2016), the percentage of the mass locked up in clumps is set to
25%, the radius of each cloud is linked to the outer radius of the
system as R.| = Roy/12.5, and the total number of clumps is set
to 3000. Within the flared disk geometry, the dust is distributed
following a variable radial power law and polar exponential
density distribution of dust:

p(r, ) o« 7P e—ql cos(9)]

2

where r and 6 are the coordinates in polar coordinate system.
The parameters associated with the radial and polar dust-density
gradients are called p and g, respectively. Following the work by
Stalevski et al. (2016), we use the same range for both p and ¢
parameters including 0-1.5 (four values with Ap = Ag = 0.5).
The model also requires the edge-on optical depth at 9.7 um,
defined at the equator of the system, 797. The range explored
by Stalevski et al. (2016) for this parameter is 797 = 3—11 with

At97 = 2. We set our model to the same range but extend the grid
to 797 = 13. Note that in our library of models, 797 is defined
along the x-axis of the system.

4.2. Grain size distribution

Particles are assumed to obey a power-law distribution of sizes
of the form (Mathis et al. 1977):

dn = AngP™“dP 3)

where P is the dust particle size, “a” is the slope of the particle
dust distribution (assumed to be a = 3.5), ny is the number den-
sity of H nuclei, and the constant A gives the normalization with
respect to hydrogen abundance for each dust component (in units
of particles per H atom per micron). These constants would only
affect the normalization with respect to the hydrogen abundance,
and not the SED scaling/normalization (which is dominated by
the mass of dust). We use the normalization factors assumed in
the two-phase torus model presented by Stalevski et al. (2016) is
log(A) = —24.82 for silicate grains. Also following the prescrip-
tion given by Stalevski et al. (2016), we choose a percentage of
51% for silicate grains and 49% for graphite grains. Note that
we also ran some tests using a percentage of silicate grains in
the range used in other works (i.e., 47-53%, see Mathis et al.
1977; Draine & Lee 1984; Weingartner & Draine 2001), finding
no significant impact on the resulting SEDs.

This new SED library explores the role of dust grain size.
The grain size distribution (see Eq. (3)) also requires the mini-
mum and maximum grain size for each population. Note that the
effect of grain size can be investigated in various ways: changing
the maximum/minimum of the grain size distribution, the slope
of the grain size distribution, or combining these possibilities.
Victoria-Ceballos et al. (2022) recently explored the effect of
both the minimum and maximum grain sizes in the shape of the
mid-infrared spectra of NGC 1068, finding no significant impact
on the resulting SED for the minimum grain size, while changing
the maximum grain size turned out to strongly affect the SEDs.
Furthermore, the fluctuations induced by absorption of a sin-
gle X-ray photon eliminate grains with sizes Pgj,e < 0.005 pum
up to large distances from the center (within tens of parsecs
Laor & Draine 1993). Voit (1991) showed that grains with sizes
below 0.001 pm are easily destroyed by the radiation field of the
AGN while grains with sizes in the range of 0.001-0.005 pm
have little effect on the total grain emission. Thus, we decided
to focus on the maximum grain size, hereinafter Pg,., while
the minimum grain size is fixed to 0.005 um, consistent with
the model presented by Stalevski et al. (2016). For that purpose,
we explore SEDs with maximum dust grain sizes in the range
Pgize = 0.01-10 um with Alog(Psi,e) = 0.3 (i.e., ten values). We
set the maximum grain size to 10 um because silicate features
completely disappear when the grain size exceeds that value
(Laor & Draine 1993). Finally, we remark that we choose to
focus on the maximum grain size, but keep in mind that flat-
ter grain size distributions compared to the usual a = 3.5 have
the same impact, that is to say it changes the small to large grain
abundance (Maiolino et al. 2001).

Another way to report the grain size is throughout the
weighted average grain size (P) (Mishra & Li 2017):

7™ Pw(P)ddp
(Py= T — @)
o w(P) gpdpP
where w(P) is the weight, which takes the form of P with

B = 3 for the mass-weighted average. This equation is integrated
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Table 1. Parameter space for the new GoMar23 model.

Stalev16 GoMar23
range/Apar/N range/Apar/N
Lo 10" L, 10" L,
Tsup 1250K 1250K
a 3.5 35
Prin 0.005 pum 0.005 um
i [0-90]/10°/10 [0-90]/10°/10
o [10-80]/10°/8 [10-80]/10°/8
Y [10, 30]/10/3 [2, 40]/5/9
p [0, 1.5]/0.5/4 [0, 1.5]/0.5/4
q [0, 1.5]/0.5/4 [0, 1.5]/0.5/4
T97 [3,11]/2/5 [3,13]/2/6
Pgise 0.25 um [0.01,10] pum/Alog ~ 0.3/10
(P) 0.097 um [0.007,3.41] um/Alog ~ 0.3/10
# SEDs 16 800 691200

Notes. We also provide the values of Stalevl6 model for comparison
purposes. From top to the bottom row, the bolometric luminosity, Ly,
the sublimation temperature, Ty, the slope of the size distribution, a,
the minimum grain size, Pp,, the viewing angle toward the system, i,
the half opening angle of the torus, o, the ratio between the outer and
the inner radius of the torus, Y, the slope of the radial and polar dust
density distributions, p and ¢, the opacity at 9.7 um measured at the
equator of the system, 77, and the maximum grain size, Pg,.. The ratio
between the outer and the inner radius, Y, goes from 5 up to 40 in steps
of 5 with the inclusion of Y = 2. Finally, the maximum grain size is set
to the following values: 0.01, 0.025, 0.05, 0.1, 0.25, 0.5, 1.0, 2.5, 5.0,
and 10um ((P) = 0.07, 0.014, 0.024, 0.042, 0.097, 0.18, 0.36, 0.87,
1.72, and 3.41 um). The last row of this table includes the total number
of SEDs performed.

between the minimum grain size P, = 0.005um and the
maximum grain size in the range P, = 0.01-10pum. This
results in a mass-weighted average grain size in the range
(P) =0.007-3.41 um. We use both definitions of P, and (P)
throughout the text.

4.3. Overall grid

Each SKIRT simulation can provide as many SEDs with differ-
ent viewing angles as requested. Given the symmetry of the sys-
tem, we requested viewing angles in the range i = 0—90° with
Ai = 10°, where the viewing angle is measured from the pole
toward the equator of the system (see Fig. 2). The final model has
seven parameters (eight when including the flux-normalization
of the final fit). A summary of the parameters involved in the
model is included in Table 1. For comparison purposes, we also
include the original parameter space of Stalev16 model.

Each simulation was computed using 10°® photon pack-
ages (consistent with other torus simulations, see Stalevski et al.
2017) and a spatial hierarchical octree grid with a variable size
of the cell named TREESPATIALGRID. We initially set the num-
ber of random density samples for determining spatial cell mass
to 100. The cells are then recursively partitioned into subcells
until the optical depth for each of them is lower than one or the
simulation reaches the maximum number of cell subdivisions,
Né‘é’fl", that we set to Né‘é’;‘]" = 11. Note that this maximum number,
when reached, already requires at least 30GB of RAM, depend-
ing on the geometrical configuration of the simulation. Thus,
further subdivisions are not allowed in order to limit computa-
tional times due to the maximum RAM available for these simu-
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lations. However, we run a test to quantify if the resulting SEDs
depend on this maximum number of subdivisions. In particular,
we simulated 7290 SEDs using the minimum, medium, and max-
imum values for each parameter with No* = 12. The difference
between these SEDs and those using Ni* = 11 is always lower
than 5%. This ensures that N;i* does not have a strong impact
on the resulting SEDs because the cells are optically thin for all
of our simulations.

All together we produce 691200 SEDs in the range of
0.001-5000 wm with all the parameters evaluated at least at
four grid points. We use a nested logarithmic wavelength grid,
with 81 steps in the range 0.001-5000 pum and 101 additional
steps in the range 1-100 um. This SED library has among the
largest number of SEDs performed; below the ~1.2 million
SEDs produced for the clumpy torus model by Nenkova et al.
(2008b) but well above the ~130 thousand SEDs produced
for the disk+wind model by Honig & Kishimoto (2017), which
is the second largest library. The computing time for this
grid was around 200 days on a cluster’ able to produce
16-20 SEDs per hour thanks to the parallel processing capa-
bilities. Following our own nomenclature in previous works
(Gonzélez-Martin et al. 2019a,b; Martinez-Paredes et al. 2021;
Garcia-Bernete et al. 2022b), we name this model according to
the initials of the first author of this manuscript as GoMar23
model.

5. Methodology
5.1. Spectral shape characterization

The continuum shape of the mid-infrared spectra of many AGN
is distinctive with a monotonic increase in flux density with
wavelength and reaching a maximum at ~18-20 um (see spec-
tral slopes reported by Garcia-Gonzélez et al. 2017) and a flat-
tening at longer wavelengths Gonzédlez-Martin et al. (2019b;
see Fig. 1). Furthermore, silicate features have been reported
in absorption as well as in emission (e.g., Roche et al. 1991;
Shi et al. 2006; Alonso-Herrero et al. 2016). Two silicate fea-
tures can be seen in the Spirzer/IRS spectral window around 10
and 18 um. The 10 um feature is easier to characterize because
it is more prominent than the 18 um feature in our sample.
Although the vast majority of type-2 (type-1) AGN show sili-
cate features in absorption (emission), the opposite behavior is
not uncommon (see Fig. 1 and also Feltre et al. 2012).

On top of the AGN dust continuum, observed AGN spectra
also show emission lines associated with the ionization gas in the
nuclei (e.g., [OIV]) or to some level of circumnuclear star for-
mation (e.g., [Nell]). These lines must be carefully removed to
properly measure the AGN infrared continuum. We fit each spec-
trum to a 6th-order polynomial and then smooth it to remove the
effect of emission lines in the fitted continuum. We then divided
the original spectrum by this fitted continuum to produce a clean
spectrum of emission lines. Where prominent lines are detected
in the latter, we replace the spectral window with the smooth
polynomial fit to the continuum.

In order to characterize the spectral shape of the objects
in our sample, we define three spectral slopes (denoted with
«) within the Spitzer/IRS wavelength range. These slopes are
computed as:

a/h—/lz = _10g(F/11/F/12)/ log(ﬂl//lz) (5)

3 These simulations are produced thanks to Calzozin and Mouruka
clusters at IRyA/UNAM.
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where A and A, are the two wavelengths where the slope is com-
puted and 4; < A,. Negative (positive) values are found when the
flux increases (decreases) with wavelength. These three slopes
are called @s55-7.5um,» @7.5-14um> and @25_30,m and correspond to
[11, 5] equal to [5.5, 7.5], [7.5, 14], and [25, 30] um, respec-
tively. These slopes are selected as in Gonzdlez-Martin et al.
(2019a).

Following the analysis done by Kemper et al. (2004), we
characterize the optical depth at 10 um as:

(6)

where F oy 1s the underlying continuum, and it is obtained by
fitting the continuum to a 6th order polynomial excluding the
silicate feature. For the observed AGN spectra, the two spectral
windows are at ~7—8.5 um (blueward of the silicate feature) and
at ~12—14.5 um (redward of the silicate feature). However, note
that this is particularized for each object to optimize the process.
For SED models we fit the 7-32 um spectral window, excluding
both the 10 um (8—13 wm) and the 18 pm (15.5-24 um) silicate
features.

We define two quantities to quantify the 10 pm silicate emis-
sion/absorption features: (1) the silicate feature central peak
wavelength (denoted as Cioum); and (2) the silicate feature
strength (denoted as S 19 um). These two quantities are widely used
in the literature to study the shape of the silicate feature (see
for instance Fig. 16 in Nenkova et al. 2008b). Note that we use
this sign convention so absorption (emission) features show pos-
itive (negative) values for S 1oum. The central peak wavelength
and the silicate strength were obtained by fitting the core* of the
emission/absorption feature to a Gaussian profile to determine the
locus of the minimum/maximum. In order to obtain the errors of
the fits for the AGN spectra in our sample, we perform 100 Monte
Carlo simulations including the error bars of the spectra.

We construct diagrams combining the three slopes, and the
silicate strength, and the central wavelength to compare the spec-
tral shape of the AGN sample with models. Results are shown in
Sect. 6.

T10pm = —In(Fobs/ Feont)

5.2. Spectral fitting method

We used the software XSPEC (Arnaud 1996) to perform the
spectral fitting of the Spitzer/IRS spectra to the models. This is a
command-driven, interactive, spectral-fitting program within the
HEASOFT? package. XSPEC provides a wide range of tools to
perform spectral fittings to the data, being able to work in paral-
lel processes in order to speed them up. Thus, it is ideal for our
spectral fitting requirements.

We converted the Spitzer/IRS spectra into XSPEC format
using the FLX2XSP task within HEASOFT. These files are eas-
ily read by XSPEC to perform statistical tests when fitting to
models. In Gonzdlez-Martin et al. (2019a), we already reported
the conversion of several AGN dust models into XSPEC for-
mat. We also convert our new GoMar23 model in the same way.
Very briefly, we first created an additive one-parameter table
(in fits format) associated with all the SEDs using the FLX2TAB
task within HEASOFT. We then used a Python routine used by
Gonzalez-Martin et al. (2019a) to change the headers associating
each SED with a set of parameters. This model has seven free
parameters, plus redshift (which is usually fixed to the known

* We defined the core of the emission/absorption silicate feature as
the wavelength range where the feature is above 90% of its mini-
mum/maximum.

5 https://heasarc.gsfc.nasa.gov

value) and normalization (linked to the luminosity of the sys-
tem). Note that XSPEC internally interpolates among the given
values of the model. However, this could lead to local rather than
global solutions if the parameter space is not well sampled. This
is the reason why we decided to improve the coverage of some
parameters with respect to Stalevl6 model (e.g., Y which was
only evaluated at three values by Stalevl6 model, see Sect. 4).
We also added foreground extinction by dust grains to the
dusty models using the ZDUST component (Pei 1992), already
included as a multiplicative component within XSPEC. Among
the options of ZDUST, we use the standard Galactic extinction
curve. However, using the extinction curves of the Magellanic
clouds does not change the main results of this paper. The main
impact on the resulting spectrum of this extinction model is the
attenuation of the near-infrared emission and the inclusion of sil-
icate absorption features. The free parameter is the color excess
E(B - V). Note that we test the importance of foreground extinc-
tion by comparing the final fit when including and excluding this
component, and the results are presented in the following section.
We use two definitions of x? to get insights on the best model;
)(12\,[ odel COmMpares the residuals with the model and Xémr compares
the residuals with the errors associated with the data. Furthermore,
we use the f-test and AIC to compare spectral fits. Appendix A
gives further details on the statistical tools used for this analysis.

6. Results
6.1. Spectral shape

Table C.1 reports the silicate central peak wavelength, sili-
cate strength, and three continuum slopes measured from the
Spitzer/IRS spectra of the AGN sample used here. Figure 3
(top-left panel) shows the resulting optical depths for the type-
1 and type-2 AGN. We have produced four diagrams compar-
ing these five parameters (Fig. 3). In general type-1 AGN show
silicate emission features (black lines) and type-2 AGN show
silicate absorption features (gray lines). However, two type-1
AGN show weak absorption features, and eight type-2 AGN show
emission features (top-left panel of Fig. 3 and Table C.1). This
behavior is already reported in the literature (Honig et al. 2010;
Gonzalez-Martin et al. 2013), and it is easily explained by the
stochastic nature of the clumpiness of the system and its combi-
nation of viewing angle, density profile, and optical depths. The
range of optical depths at 10 um is 7oum ~ [~1, 1] and absorp-
tion features are usually narrower than emission features, and the
latter show a central plateau. The central wavelength of the fea-
ture is different when itis in absorption (around 9.7 pm) compared
to when it is in emission. In the case of the emission features,
they are usually shifted to 10.5 um except in a few objects. The
continuum slopes are correlated, as expected, being mostly neg-
ative for @ss5-75um and @7.5_14um (both in the range [-3.5, 0.5])
while @530 um Show both negative and positive values in the range
[-2.5,1.5]. Moreover, Type-1 AGN have flatter slopes than type-2
AGN.

All these spectral shape properties should be reproduced by
any SED library. To explore this, Fig. 4 shows these four dia-
grams for all the studied models, including our new GoMar23
model (top panel in purple). Most models reproduce the spec-
tral shape measurement of our AGN sample. The exception is the
@55-7.5.m and/or @75_14,m for the Hoenigl0 model (fourth row
from top to bottom). The Hoenig17 model reproduces @7.5-14um
VErsus @ss-75um (sixth row, left panel) but fails to reproduce
@25-30um VEISUS @75_14um, With a clear shift toward higher val-
ues of a@zs_3oum (fifth row, second panel from left to right).
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Fig. 3. Shape of the 9.7 um silicate feature in optical depth units for our AGN sample (see text, top-left). Black and gray lines show type-1 and
type-2 AGN, respectively. Observational diagrams for the AGN sample: 7.5-14 pm versus 5.5-7.5 um slopes (top-middle); 25-30 um versus 7.5—
14 pm slopes (top-right); S 10um versus Cigum (bottom-left), and S 19.m versus 5.5-7.5 um slope (bottom-right). Black squares and gray diamonds
show the measurements in the Spitzer spectra for type-1 and type-2 AGN, respectively.

Interestingly, Hoenig10 and Hoenig17 models show the narrow-
est range for the silicate strengths and match well the observed
range for emission features. Except for the Stalev16 model, the
shapes found in each SED library include a wider range of val-
ues compared to the observed AGN properties. In particular, the
Nenkova08 model shows quite prominent 10 um silicate emission
features (S joum < —2) which are not needed by our AGN sample.
It also includes slopes @ < —3 that are never observed (this is also
the case for Hoenig10 and Hoenig17 models). On the other hand,
Fritz06 model shows large silicate absorption strengths that do not
have an observational counterpart.

Our new GoMar23 model is also able to reproduce all these
spectral characteristics (top row in Fig. 4) but it also shows a wider
range of spectral shape measurements, compared with observa-
tions. In particular, it includes steeper slopes (e < —3) and deeper
silicate absorption features than observed. This might indicate that
the complexity of the model (i.e., number of parameters or param-
eter space) might not be needed by the data or that a particular
range of configurations is required. In order to explore this, we
study how these diagrams are populated depending on the param-
eter space. Figure 5 shows the impact of the maximum grain size
Pgi,e when fixed to 0.01, 0.25, 1.0 and 10 um (corresponding to a
mass-weighted average of (P) 0.007, 0.097, 0.36, and 3.41 um)
and Fig. 6 shows the results for each of the other parameters
of GoMar23 model. For each of them, we show the results for
the minimum, maximum, and intermediate values using a differ-
ent color. Note that we exclude the S 1oum versus Cioum diagram
because all these plots are similar irrespective of the parameter
space, except when 79 7, is large, which naturally produces large
values of S 1o,.m. We also exclude the polar slopes of the density
distribution, g parameter, because it shows a negligible impact on
the diagrams. The main findings are:

— We find that the area occupied in these diagrams is simi-
lar when the viewing angle is set to the outer wall of the
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torus (i.e., i = o) than when a theoretical type-1 view (i.e.,
i < o) is set. Type-2 views (i.e., i > o) can explain most of
the AGN while type-1 views fail to reproduce some type-2
AGN because of the lack of the low values of the spectral
slopes. Type-1 views also fail at reproducing the deepest sil-
icate absorption features. Notice that type-2 (type-1) views
can also produce silicate emission (absorption) features, as
found in our AGN sample.

Intermediate to high values of the half opening angle of the
torus, o, seem to better match observations (in particular the
trend of @5_30um VEIsus @7.5_14um), although low values are
also required for some objects.

Relatively small values of the ratio between the outer and
the inner radius, Y, could explain the lack of deep absorption
features.

Low and intermediate values of the equatorial optical depth
at 9.7um, 797.m, are able to explain most of the type-1
AGN spectra in our sample but the locus in @7.5-14um versus
@5.5-75um and @25_30.m VETSUS @75_14um diagrams for some
type-2 AGN are better explained with large values of 797 m.
The maximum size of the dust particles, Pg,e, plays a cru-
cial role on the resulting diagrams. Particles in the range
0.25 < Pgize < 10pum (i.e., (P)=1[0.097-3.41]um) better
matches the Sioum versus ass_7s.m diagram. In particu-
lar, Pgje = 1pm (i.e., (P) =0.36um) nicely matches the
observed spectral shapes in this diagram (pink shaded area, the
third column in Fig. 5). Although not shown here, we would
like to emphasize that the grain size has not a preferential role
on the center of the silicate feature at 9.7 wm (C1oum)-
Numerical works in the literature, yielding theoretical SEDs for
AGN emission, usually provide thousands or more, and one
quick way to check their reliability is through diagrams such as
those presented in this section (e.g., Garcia-Gonzélez et al. 2017;
Gonzdlez-Martin et al. 2019b). Nevertheless, these diagrams are
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Fig. 4. Comparison between the spectral shapes of our AGN sample (black squares for type-1 AGN and gray diamonds for type-2 AGN) and the
spectral shapes of the SED libraries. From left to right we show mid-infrared versus near-infrared slopes, far-infrared versus mid-infrared slopes,
the 10 um feature silicate strength versus its center, and the 10 um feature silicate strength versus the near-infrared slope. From top to bottom we
show the results for GoMar23 (purple), Fritz06 (blue), NenkovaO8 (green), Hoenig10 (red), Stalev16 (magenta), and Hoenigl7 (orange) models.
Note that the tabulated values of the center of the silicate emission feature Cg,, in some of the models (e.g., Fritz06 or GoMar23 models) are an

artifact of the spectral resolution used for to generate each SED library.

only partially informative of the ability of a model to repre-
sent the emission of real objects. What they can highlight, is
the inability of a model to reproduce a given set of observa-
tional features. But a successful model should be able to properly
reproduce all the spectral features with one single parameter set,
something that these kinds of diagrams are unable to capture.
An appropriate SED should hence at least show the same range
of slope and silicate strength as observed, and to approach the
problem we calculate the number of SEDs able to reproduce the

observed spectral features for each object. Among the 68 objects
in our sample, 25, 34, 6, 20, 9, and 59 objects can be repro-
duced (i.e., their spectral shape measurements are compatible
with those of the SEDs, within errors) with at least one SED
within Fritz06, Nenkova08, Hoenig10, Stalev16, Hoenigl7, and
GoMar23 models, respectively. Therefore, although the avail-
able models include SEDs with the appropriate range for each
of these spectral characteristics, they lack the right combination
to reproduce all the spectral shape features simultaneously. It
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and type-2 AGN, respectively.

is worth noticing that the model able to reproduce all the spec-
tral characteristics for the largest number of objects is GoMar23
model. However, this is just a crude analysis since the spectral
fitting is required to interpolate among the SED libraries and add
foreground extinction when appropriate. This is the main subject
of the following section.

6.2. Spectral fits

We fit the spectra of our AGN sample using the five mod-
els reported before and the new GoMar23 model presented
in this paper. We use y’(error) to minimize the errors and
therefore obtain the best set of parameters among the SED
libraries. As an example of a typical type-1 AGN, Fig. 7
shows the resulting best fits for [Zw1 using each of the tested
models. Note that we performed the fits with (red) and with-
out (green) foreground extinction to show its impact on the
final fit. In the case of IZwl, it is clear that NenkovaOS8,
Hoenig10, and Hoenigl7 models cannot reproduce the obser-
vations. Significantly better fits (y?/d.o.f. <2) are obtained
by Fritz06, Stalevl6, and GoMar23 models, the last model
being statistically preferred. The same conclusion is drawn
from this object if no foreground extinction is included. Inter-
estingly, Fritz06, Stalevl6, and GoMar23 models converge
to a thin torus with o ~ 10-30°. In this case the maximum
dust grain size is Pgze ~ 10um ((P) ~ 3.41 um), well above
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the canonical 0.25um ((P) ~ 0.097 um) assumed in previous
models.

We consider good fits those with 0.5 < y?(error) < 2. Values
of x?(error) < 0.5 indicate that the model is too complex for the
data and values of y?(error) > 2 are found when the model is too
simplistic for the data. However, as explained in Appendix A,
x2(error) might also show low values due to the overestima-
tion of the error bars while large y?(error) might indicate an
underestimation. For this reason, we explore the evaluation of
the goodness of the fit using both Xz(error) and )(z(model) (see
Egs. (A.1)-(A.2)). Figure 8 shows the comparison between these
two y? for each of the models. Objects below y?(error) = 0.5
and y’(model) = 1.5 x 1073 (dashed area) are over-fitted by
the model. This is particularly relevant for Hoenigl7 model
(with eight objects in the dashed area) which indeed is the
model with the highest number of free parameters. GoMar23,
Fritz06, Nenkova0O8 and Hoenigl0 have 4, 1, 1, and 1 objects in
the dashed area of Fig. 8, respectively. y?(model) ~ 5.5 x 1073
is equivalent to )(%(error) ~ 2 and )(%(model) ~15%x1073 is
equivalent to y?(error) ~ 0.5, with both quantities correlated.
Figure 8 guarantee that the use of y?(error) is equivalent
to )(%(model). We therefore use )(%(error) in the subsequent
analysis.

Before attempting to obtain the final statistics of good fits,
we explore the role of foreground extinction. Figure 8 shows the
results when foreground extinction is excluded (empty symbols)
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and included (filled symbols) into the spectral fit. The percentage
of objects well fitted with each model is included on top of each
panel (the percentage within brackets shows the results without
foreground extinction). Furthermore, we also quantify the num-
ber of objects requesting foreground extinction by comparing the
x° statistics with and without foreground extinction using the
f-statistic test (f-value < 10~* implies statistically need for fore-
ground extinction). Nenkova08, Hoenig10, and Hoenig17 mod-
els require foreground extinction for ~90% of the sample (i.e.,
the spectral fit is statistically better compared with the result
when E(B - V) =0) while Fritz06, Stalevl6, and GoMar23
keep this percentage at ~15-35%, with the lowest percentage
obtained by the Fritz06 model (~15%). Indeed, the use of fore-
ground extinction strongly affects the percentage of objects well-
fitted by the models. The most extreme example is Nenkova0O8
model, which goes from ~50% of successful fits up to above
80% when foreground extinction is included. HoeniglO and
Hoenigl7 also show an increment of ~15% on the number
of objects well fitted. In the opposite scenario, the percentage
of good fits is not affected at all for FritzO6 model, while a
minor effect (below 5%) is seen for Stalevl6 and GoMar23
models. Therefore, we find that a smooth distribution of dust
helps to mitigate the need for foreground extinction, as expected
since smooth distribution produces deeper silicate absorption
features. The role of foreground extinction is further explored
in Appendix B.

We also studied which is the best model for each object.
Table C.2 shows the best model among the already available
SED libraries in Col. 2 and the corresponding y?/d.o.f. in Col. 3.
We mark with a dot when y?/d.o.f. > 2. We then report in Col. 4
the y?/d.o.f. obtained for the GoMar23 model and the final
best-fit model in Col. 5. Figure 9a,b summarize these results.

The results strongly depend on the inclusion of foreground
extinction (inner square-filled and outer circle-filled pie-charts
when foreground extinction is excluded and included, respec-
tively). If no foreground extinction is included for the spectral
fitting procedure and before the use of GoMar23 model, Fritz06,
Nenkova08, and Hoenigl7 models equally fit ~20% of the sam-
ple and Stalev16 model describes ~12% of the sample, respec-
tively. HoeniglO model fails to describe most of the objects,
being the best fit only in 3% of the sample. The inclusion of
foreground extinction significantly helps to improve Nenkova08,
Hoenig10, and Hoenigl7 models, with a percentage of best fits
of ~34%, ~10%, and ~34%, respectively (outer circle-filled pie-
chart of Fig. 9a).

When we include into the analysis GoMar23 model (Fig. 9b),
it is the best model for ~35% of the sample before the inclusion
of foreground extinction (inner pie-chart). Among the others,
the most relevant are Nenkova0O8 and Hoenig17 model, which is
the best fit for ~15% of the sample. However, when foreground
extinction is included in the fit, there are three models describ-
ing ~25-28% of the sample: NenkovaO8 (~25%), Hoenigl?7
(~28%) and GoMar23 (~28%) (outer circle-filled pie-chart of
Fig. 9b).

The above results refer to the best fit (i.e., minimum x?).
However, several models might give a statistically similar result.
Figure 10 shows the comparison of y? obtained with GoMar23
model and those models previously reported in the literature.
The top (bottom) row shows the results before (after) the inclu-
sion of foreground extinction. Empty hexagons show statistically
similar results according to the AIC probability (i.e., less than
200 times as probable as the GoMar23 model, see Appendix A).
Purple-filled hexagons are marked when GoMar23 model is pre-
ferred over the other model and hexagons with other colors
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Fig. 7. Spectral fits obtained for the type-1 AGN IZw1. The black line and gray shaded areas show the Spitzer spectrum and its error bars,
respectively. The red and green lines show the best SED for each model with and without foreground extinction, respectively (see text). The top
panel shows the spectral fit and the bottom panel shows the residuals. The inset within the top panel shows zoom-in to the 7-14 um wavelength
range associated with the 9.7 um silicate feature. Reduced x? is given at the bottom-right corner of the top panel (error/model), including the
degree of freedom within brackets (red and green for the SED with and without foreground extinction). Above each panel, we show the resulting

parameters for each model when foreground extinction is included.

(color code given in Fig. 9) are those objects that statistically pre-
fer the other model instead of GoMar23 model. The range given
in the subsequent text refers to the inclusion or exclusion of the
foreground extinction. As expected, Stalev16 model is preferred
over GoMar23 model only in 1-2 objects because GoMar23
model contains all the SEDs included by Stalevl6 model. This
small percentage preferring Stalevl6 model might be the result
of the stochastic nature of radiative transfer simulations or the
inclusion of an anisotropic accretion disk. Furthermore, roughly
~65-71% of the sample show statistically better results when
using GoMar23 instead of Stalev16 model. As explained before,
this is due to the better sampling of the parameter space (e.g.,
lower half opening angles) and/or the inclusion of the dust grain
size into the model. The best-fit y? for Fritz06 model is corre-
lated with that of GoMar23 model, although in 54-66% of the
sample, the latter is statistically preferred. This is probably due
to the fact that Fritz06 model is geometrically similar to Stalev16
and GoMar23 models so somehow included with GoMar23
model as well. Nenkova08 and Hoenig17 are preferred in 6-19%
and 22-26% of the sample over the GoMar23 model, respec-
tively. Meanwhile, GoMar23 model is preferred in 50-78% and
34-50% of the sample over NenkovaO8 and Hoenigl7 models,
respectively.

We repeat this analysis for all the model combinations,
adding the AIC probability into the analysis to quantify how
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many models can describe each object. The last column of
Table C.2 includes all the statistically similar best-fit models
(other than the one providing the best fit, which is given in the
previous column). The final percentage of objects (equally) best
fitted with each model is shown in Fig. 9c. This panel shows
the results without (with) foreground extinction using squared-
filled (circle-filled) bars. Note that the sum of the percentages is
higher than 100% because several models can equally fit a single
object. Only in five objects (namely Mrk 3, Mrk 110, MCG-03-
34-064, IC4518W, and Fairall 51), none of the models produce
a statistically good fit.

In 24 objects (~35%) a single model is preferred. Among
them, nine prefer Nenkova08 model, six Hoenigl7 model, six
GoMar23 model, and three of them prefers HoeniglO0 model.
Among those objects only fitted with GoMar23 model, we
have the one with the highest silicate absorption feature, indi-
cating that this model might be particularly useful for buried
AGN. Five out of these six objects that are well-fitted only to
GoMar23 and Hoenigl7 models are type-1 AGN (the excep-
tions are 2MASSXJ 10594361+6504063 and Mrk 417, respec-
tively). Without the inclusion of foreground extinction, except
for Hoenigl0 model, most of the already available models
are good at describing ~20-30% of the sample. Our new
GoMar23 model stands out as the best of them, giving the
best fits for 71% of the sample. Once foreground extinction is
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Fig. 8. Reduced y? using the errors in the y? definition (y*(error)/d.o.f., see Eq. (A.1)), versus that using the model in the y* definition
(x*(model)/d.o.f., see Eq. (A.2)). Filled and empty symbols show the values when foreground extinction is included and neglected in the spectral
fitting procedure, respectively. The dot-dashed line shows the locus expected if both measurements agree with each other. The continuous lines
show a factor of five of agreement between both y? definitions. An object located in the blank area shows complexity not well fitted by the model.
The dashed area shows the locus when the model is too complex for the data (y?/d.o.f. < 0.5). The dark-gray shaded area shows the locus where
both reduced y? indicate that the model provides a statistically acceptable fit (i.e., y*/d.o.f.(error) < 2 and x?/d.o.f.(model) < 1.5 x 1073). The
light-gray shaded area shows the region where the object is expected to locate if the error bars of the spectra are overestimated and underestimated
although the spectral fit is good. Each panel shows the results for one of the models. We show the percentage of good spectral fits per model,
considering those objects in the gray areas (the result without foreground extinction is shown next to it). The percentage of objects statistically
requesting foreground extinction (FG extinct.) is shown in the top-left corner of each figure.

included, Nenkova0O8 and Hoenigl7 models increase their per-
centages up to 54% and 41%, respectively, while Fritz06 and
Stalev16 models decrease to 18 and 16%, respectively. Although
slightly decreasing after the inclusion of foreground extinction,
GoMar23 model still shows the largest percentage with 60% of
the sample. No relation between the model selection and the
AGN luminosity is found for our sample. However, note that
this AGN sample shows a relatively narrow luminosity range
((log(Ly) = 43.5 £ 0.6)). A broader range of AGN luminosities
is needed to explore the impact of AGN luminosity on the model
selection.

6.3. GoMar23 model parameters

Beyond the model selection, the infrared spectral fitting tech-
nique is commonly used to infer the parameters of these
models with the aim of constraining the geometry and dis-

tribution of the dust (e.g., Ramos Almeida et al. 2009, 2011;
Alonso-Herrero et al. 2011; Garcia-Bernete et al. 2019, 2022b;
Gonzélez-Martin et al. 2019b; Martinez-Paredes et al. 2021;
Esparza-Arredondo et al. 2021). The resulting best-fit param-
eters and their associated errors through the y? statistics for
GoMar23 model are reported in Table C.3. The XSPEC software
also gives the opportunity to study the convergence of the param-
eter by computing how y? changes across the parameter space.
Figure 11 shows the posterior distribution of each parameter for
GoMar23 model for the object IZw1 as an example. The squares
(linked with continuous lines) show the locus of the y? for each
point of the model grid. The dotted-green line shows the inter-
polation given by the XSPEC software, which in general agrees
well with the continuous line. In general, all the parameters show
monotonous behavior along the parameter space. Only viewing
angle (i), half opening angle (o), the radial slope of the dust dis-
tribution (p), and the ratio between the outer and inner radius
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GoMar23 model.

(Y) are restricted (at 3-0- level) with a clear minimum along the
parameter space.

Figure 11 also shows that not all the parameters equally con-
tribute to obtaining a minimal y?. It is clear that variation on the
slopes (p and ¢) and the optical depth at 9.7 um (79 7) of the den-
sity distribution contribute much less to the final fit compared to
variations on the half opening angle, o, for instance. In order to
quantify this, we compute the percentage of y? variations com-
pared to the parameter giving the maximal variation, denoted as
Ay
Xanax (PAD) = X7, (par)
)(rznax (Pref) — sznin (Pref)

where par denote the parameter evaluated and pgs is the
GoMar23 model parameter giving the maximal y? variation.

Ax*(par) = (7
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This number is given in the upper-right corner of each panel
of Fig. 11. In IZw1 the maximal y? variation is obtained with
the ratio between the outer and the inner radius of the torus (Y).
The half opening angle (07), the maximum dust grain size (Psize),
the viewing angle (i), and significantly contribute to the mini-
mization process with A)(z of 85 %, 78%, and 71%, respectively.
On the other hand, the optical depth at 9.7 um (797) contributes
44% while 18% is found for the slopes of the density distribu-
tion (p). Thus, for this particular object, the maximum dust grain
size, Pgize (or equivalently the weighted-average grain size (P)),
is the third most relevant parameter (below Y and o). In order to
further explore the need for this parameter in the final fit, we per-
formed the same fit but kept the maximum dust grain size fixed
to the canonical value of Pg,. = 0.25 um ((P) = 0.097 um). The
resulting minimum y? for this fit is shown as the dot-dashed blue
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Fig. 11. Convergence of y? for each parameter of GoMar23 model for IZw1. Squares show the value of x” at the given values of the parameters
sampled in GoMar23 grid (continuous line linearly links these black squares). Dashed lines show the internal interpolation performed by XSPEC.
Green and red squares and lines report the results before and after the foreground extinction is included in the spectral fit procedure. The best
value for each parameter is shown above the upper-left corner of each panel (when including foreground extinction). The top-left panel shows
the resulting y*/d.o.f.(sigma) in the upper-left corner. The percentage of variation of x> compared to the minimum value is shown above the
upper-right corner of each panel. The horizontal blue dot-dashed line in the third-column lower panel shows the y*> computed when the grain size
is fixed to 0.25 wum. Note in this panel for Pg,. we also include the f-test probability that the grain size is consistent with 0.25 um (see text). This
panel also shows the x-axis expressed in terms of the average grain size in light-gray colors.

line in the panel associated with Pgj,.//P) of Fig. 11. We then
run the f-statistic test to compute the probability that allowing
the maximum dust grain size to vary significantly improves the
final fit (this number is quoted within the same panel). Indeed,
the maximum dust grain size is requested by the data to signifi-
cantly improve the fit for IZw1.

We then perform the above analysis for the full AGN sam-
ple. Rows 1 and 3 (from top to bottom) in Fig. 12 show the
resulting distribution for each parameter for the AGN sample,
and rows 2 and 4 show the distribution of Ay? as computed
above. Note that the bins of the parameter-space histograms are
set to match the grid points. At first look, most of the param-
eters require the full range explored by the grid (i.e., no bins
with zero objects are found). The parameters on the polar and
radial density distribution of dust (p and g) cluster to flat distri-
butions of dust (i.e., p = ¢ = 0). In 28 out of the 68 objects (41%
of the sample) prefer very large particles with Pg,e ~ 10 um
((P) ~ 3.41 pum). Only 6 out of the 68 objects (9% of the sam-
ple) fall in the bin with the canonical value of Pg,e ~ 0.25 um
((P) ~ 0.097 um). After comparing the resulting best fit when
fixing Pgize = 0.25um ((P) ~ 0.097 um) to those in which the
grain size is allowed to vary, we find that, according to f-test,
90% of the objects in our sample statistically prefer.

Inside panels in rows 2 and 4, the percentage of objects
giving Ay? above 5 and 95% of the variations is included.
Ax?* > 95% shows the percentage of objects where the consid-
ered parameter is the most fundamental one to obtain the fit,
while above Ay? > 5% shows the percentage of objects where
the considered parameter significantly improves the fit compared
to the most important parameter. The parameter that systemati-
cally gave the maximal variation on the Ay? (i.e., Ay?> > 95%)
for 62% of the sample is the half opening angle, o. Attending to
Ax? > 5% (i.e., the significant improvement of the fit) the param-
eters can be sorted out from the most relevant to the less relevant
as: 0 => Y => Pg,e /[ (P) => i => T9g7 => p => q (ranging
from 100 down to 18% of the sample). Therefore, variations in
the maximum dust grain size, Pgj,. (or equivalently the mass-
weighted average grain size (P)), produces Ay’ > 5% for 65%
of the sample, which makes it the third most relevant parameter
for improving the fits.

Finally, although the study of the parameters is out of the
scope of this paper, we warn the reader that the spectral cov-
erage and/or sensitivity of the Spitzer/IRS spectra might not be
enough to recover all the parameters at the same time. In partic-
ular, we find a clear degeneracy between the viewing angle and
the half-opening angle of the torus (r = 0.9), which is also found
for Stalev16 model. We plan a future investigation on model con-
strain using JWST near and mid-infrared observations.

7. Discussion

7.1. Adequacy of GoMar23 model to the AGN dust
continuum

The thermal infrared SED emission from the central region of
an AGN depends on the geometry, distribution, and composition
of the dust. Although quite challenging from the observational
point of view, it is key to study AGN nuclear dust to explain the
AGN classes and possible interplay between the AGN and its
host, acting as the outer layer of the nurturing/feedback mech-
anism (see the most recent reviews Ramos Almeida & Ricci
2017; Honig 2019). The infrared observations of nearby AGN
show a broad continuum that could be interpreted as the sum
of two different components: one of them producing a ~3 um
bump, which corresponds to dust close to the sublimation tem-
perature, and another component that peaks at wavelengths
longer than 10—20 pm. These components were interpreted by
Mor & Netzer (2012) respectively as the hot pure graphite dust
outside the BLR (Garcia-Bernete et al. 2022b), and the clumpy
torus, which resides on larger scales and produces the mid-
infrared emission. Furthermore, the mid-infrared spectra show
moderate silicate absorption features for most of the type-2
AGN, and weak silicate emission features for most of the
type-1 AGN (Honig et al. 2010; Gonzélez-Martin et al. 2013;
Alonso-Herrero et al. 2016; Garcia-Bernete et al. 2019, see also
Fig. 3), although exceptions to this are also found (Mason et al.
2012; Martinez-Paredes et al. 2020).

From the theoretical point of view, reproducing the infrared
SED of AGN has turned to be challenging, particularly the
silicate features and the overall infrared continuum slopes
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Fig. 12. Rows 1 and 3 show in purple the histograms of the resulting parameters for the AGN sample when using GoMar23 model. We use the
same bins as those used for the SED grid. Rows 2 and 4 show the histogram of the relative importance of each parameter in the convergence of
the fit. It is obtained as the maximal variation of y? for each parameter range compared to the parameter giving the maximum variation, denoted
as Ay? (see Fig. 11). Each panel also shows the percentage of objects with Ay? above 5 and 95%.

(Gonzalez-Martin et al. 2019b; Martinez-Paredes et al. 2021;
Garcia-Bernete et al. 2022b, and references therein). We show
that the currently available models are good at providing the
range of infrared slopes and silicate strengths (see Fig. 4) but
they fail at reproducing the whole mid-infrared spectrum of a
given AGN with a single SED. Between 25-50% of our sample
cannot be well matched to the available SED libraries, unless
foreground extinction is included (Fig. 8).

7.1.1. Smooth versus clumpy models

If we focus on the differences found between smooth and clumpy
models in our analysis, the main one is associated with the
need for foreground extinction applied to the data (Fig. 8). Fore-
ground extinction has little impact on the models including a
smooth dust distribution provided by Fritz et al. (2006, Fritz06)
and Stalevski et al. (2016, Stalev16), with less than ~30% of
the sample requiring this component. On the other hand, the
purely clumpy models by Nenkova et al. (2008b, Nenkova08),
Honig & Kishimoto (2010, Hoenig10), and Honig & Kishimoto
(2017, Hoenigl7) require foreground extinction for ~90% of
the sample analysed in this work. The most extreme result is
obtained for the clumpy torus model by Nenkova et al. (2008b)
which is able to provide good fits for 50% of the sample
without the inclusion of foreground extinction while this per-
centage increases up to 84% otherwise. Therefore, we con-
clude that purely clumpy models may have insufficient self-
absorption to reproduce the observed shallow silicate absorption
features and steeper near-infrared slopes. Although the nature
of the foreground extinction is out of the scope of this anal-
ysis, it is worth mentioning that the E(B-V) values listed in
this analysis are well above the expected values for the ISM
of the Milky Way, when using the Ny hydrogen column den-
sities derived from the full sky HI survey by the HI4PI Col-
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laboration (HI4PI Collaboration 2016) and the standard gas-
to-dust ratio of Ng/Ay = 1.8 x 10%! atoms cm™ mag‘l. Instead,
they are roughly consistent with the E(B—V) of the host galax-
ies as derived from the Ho/HB Balmer decrement (we compiled
Balmer decrements for 62 out of the 68 AGN, mostly from the
measurement of the BASS survey, Koss et al. 2022; Oh et al.
2022). A detailed analysis of the foreground extinction and its
role in the SED fitting technique is planned for a future investi-
gation.

Perhaps, the two-phase dust distribution models (e.g.,
smooth+clumpy torus model developed by Stalevski et al. 2016)
are preferred since they might provide a more realistic treatment
of the distribution of dust from the stability point of view because
a smooth distribution of dust alone could suffer from the self-
destruction of the dust due to its temperature. However, some
fine-tuning is still needed because Stalev16 models have mod-
erate success explaining the overall observed mid-infrared spec-
tra, accounting only for 25-40% of the sample (Fig. 9, see also
Gonzalez-Martin et al. 2019b, although it might be due to the
somewhat limited number of SEDs computed). A smooth distri-
bution for the disk/torus and a clumpy distribution for the wind
might also be a good representation according to MHD simula-
tions (Wada 2015; Williamson et al. 2020).

The new SED library presented by this work is based on
the two-phase clumpy torus model described by Stalevski et al.
(2016, Stalev16) with the inclusion of the maximum grain size
as a free parameter. This new SED library provides good fits
for 85-88% of the sample, irrespective of the inclusion of fore-
ground extinction, and provides the best model for 60-70% of
the sample (being the best among the models, see Figs. 8 and 9).
Indeed, foreground extinction is required only for 34% of the
sample, consistent with the other models including a smooth dis-
tribution of dust. GoMar23 model gives a statistically better fit
than Stalev16 model in 65-70% of the sample (see Fig. 10) with
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only 1-3% preferring the Stalev16 model. This is mostly due to
the fact that Stalevl6 model is nested within GoMar23 model,
while this small percentage prefers Stalev16 model might be the
result of the stochastic nature of radiative transfer simulations
or the inclusion of anisotropy for the accretion disk emission in
Stalev16 model.

7.1.2. Torus versus wind models

The most recent torus SED library was produced in an attempt
to study the impact of a different geometry of the dust, which
is assumed to be a combination of a (relatively) thin disk
plus a hollow cone-like structure (Honig & Kishimoto 2017).
In fact, it is important to bear in mind that, besides the
dust torus explored here, molecular lines show the presence
of large and massive disks of cold gas (Garcia-Burillo et al.
2016, 2021; Alonso-Herrero et al. 2018; Combes et al. 2019)
and infrared observations reveal polar component at least for
some objects (interpreted as a dusty wind, see Honig 2019;
Alonso-Herrero et al. 2021). When we compare the spectral fits
of our new SED library (GoMar23) with the disk+wind clumpy
model provided by Honig & Kishimoto (2017, Hoenigl7), we
find that GoMar23 model is statistically preferred in 34—
50% of the sample while Hoenigl7 model is statistically bet-
ter in 22-26% (see Fig. 10). Thus, this disk+wind geometry
might be key to explain at a nonnegligible fraction of nearby
AGN. According to the recent work by Alonso-Herrero et al.
(2021), the presence of polar dust in the mid-infrared might
depend on the column density and Eddington ratio (see also
Venanzi et al. 2020; Garcia-Bernete et al. 2022b). Evidence for
a diffuse mid-infrared emitting polar component has been
found in six AGN, including both type-1 and type-2 sources
using interferometric observations (Circinus Galaxy, NGC 424,
NGC 1068, NGC3783, ESO323-G77, and NGC5506, see
Lopez-Gonzaga et al. 2016; Leftley et al. 2018; Honig 2019, and
references therein). Only NGC 3783 is included in our sam-
ple. Indeed this object favors the disk+wind Hoenigl7 model,
which is preferred given the spatially resolved data, although our
torus-like GoMar23 model also provides an equally acceptable
fit according to the AIC statistics.

We want to stress that these two models (torus- versus
wind-like configurations) are not competing scenarios but prob-
ably two simplifications of a more dynamical scenario. Wada
(2015) proposed that the nuclear dust in AGN is not static,
but rather a dynamic moving failed dusty outflow or “fountain”
that produces the geometrically thick polar-elongated struc-
ture. Indeed, Williamson et al. (2020) showed that a radiation-
driven polar wind is almost inevitable for luminous AGN.
The fountain is supported by the radiation pressure from the
geometrically thin gas/dust disk. Baskin & Laor (2018) also
explored the idea that the BLR is also part of this failed dust
wind conformed by large-size (>0.3 um) graphite grains (see
also Czerny & Hryniewicz 2011). The radiation pressure from
the AGN naturally produces an inflated torus-like structure,
with a predicted peak height at the outer radius of the BLR.
Sarangi et al. (2019) present detailed calculations of the chem-
istry of silicate dust formation in (magnetohydrodynamic) winds
launched by AGN accretion disk. They show that the resul-
tant distribution of the dense dusty gas resembles a failed wind
(which could mimic a toroidal shape), with high column density
and optical depths along the equatorial viewing angles, in agree-
ment with the AGN unification picture. This explains why both
torus-like and wind-like geometries are able to fit some of the
AGN (even for the same object), as found for several authors

already (Gonzilez-Martin et al. 2019b; Martinez-Paredes et al.
2021; Garcia-Bernete et al. 2022b). The goal we must pursue is
to establish under which conditions each geometry dominates
because it will shed light on the evolutionary stages of this failed
wind and the role of dust in this cycle.

7.2. The role of the grain size

As discussed in the introduction, many of the previous AGN
dust models used the dust grain size distribution of the Galac-
tic diffuse interstellar medium. However, the assumption that the
properties of dust in the extreme conditions of the circumnu-
clear region of AGN are similar to those of the Galactic diffuse
ISM is somewhat naive, given that even in dense clouds of our
Galaxy the extinction curve already differs from that of the ISM,
suggesting that a universal grain size distribution is not feasible
(Mathis 1990). The improvement of the GoMar23 model pre-
sented here, compared to similar models, resides in the addi-
tion of the grain size (tabulated as the maximum or the mass-
weighted average) as a parameter of the model.

In this work, we showed that the grain size, as a parameter
properly included in the SED library, is required to significantly
improve the final spectral fit in ~90% of the sample. Further-
more, among the seven parameters considered in our model, the
grain size is the third most important parameter to achieve the
best fit (see Fig. 12), only after the half opening angle and the
ratio between the outer and the inner radius of the torus. How-
ever, note that the lower relevance of the viewing angle might be
related to its degeneracy with the half-opening angle of the torus
which is most probably associated with the narrow wavelength
range or low sensitivity of Spitzer spectra. The grain size helps to
reproduce the central wavelength of the silicate feature at 9.7 um,
which is shifted to longer wavelengths for emission features in
AGN. It also helps to reproduce the excess toward near-infrared
wavelengths, called the near-infrared bump (see below).

Previous studies already showed that the removal of small
grains and/or the prevalence of large grains makes the silicate
feature less prominent (Laor & Draine 1993). We show that vari-
ations in the grain size help the silicate strength and infrared
slopes to be better reproduced at the same time in our sam-
ple (see Fig. 5). In order to further explore the effect of the
grain size on the spectral shape, we compare in Fig. 13 the
best spectral fit with those obtained using the maximum grain
size of Pg,e = 0.01 pm ((P) = 0.007 wm, green), P, = 0.25 um
((P) = 0.097 um, blue), and Pgje = 10 um ((P) = 3.41 um, red)
for IZw1. IZw1 requires a maximum grain size of Py, ~ 10 um
((P) = 3.41 um). Note that all the parameters except for the grain
size are fixed to those found for the best-fitted model (black line)
so that the effect of the grain size can be isolated and better high-
lighted in the fits. It is clear that the role of grain size is signifi-
cant. Smaller grains produce deeper silicate absorption features
and a steeper slope at longer wavelengths.

The net effect on the spectral shape can be further explored
in Fig. 14, where we show the locus of the SEDs with different
dust grain sizes in the spectral shape diagrams for PKS 2356-61.
In these plots, green/small dots are the results for small particles
(i.e., from Pge = 0.01 wum or (P) = 0.007 um) while red/large
dots show the effect of increasing the grain size explored in this
analysis (i.e., up to Pgjze = 10 wm or (P) = 3.41 um, ). Note that
the locus of the observational values for PKS 2356-61 is shown
as a gray diamond. The spectral shapes of this object are well
reproduced after including the grain size as a free parameter,
where the best fit (yellow star) is close to the observed value.
Indeed, the canonical maximum grain size of Pg,e = 0.25 um
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Fig. 13. Effect of the maximum grain size on the spectral fit. We use as
examples the type-1 AGN IZw1. The first row shows the best spectral
fit using GoMar23 model (black continuous line). We also show the fit
to three fixed maximum grain size Pg, of 0.01 um ((P) = 0.007 um,
green), 0.25um ((P) = 0.097 um, blue), and 10pum ((P) = 3.41 um,
red), while other parameters are kept as those obtained from the best fit.
The two insets in these top panels show the set of SEDs with the same
parameters and varying the maximum grain size Py, from 0.01 um
((P) = 0.007 um, green) to 10pum ((P) = 3.41 um, red). Note that in
these insets the SEDs are normalized at 15 um. Bottom panels show
the residuals of the best fit (black) and those using dust maximum grain
size Pgie 0f 0.01 pm ((P) = 0.007 wm, green), 0.25 pm ((P) = 0.097 um,
blue), and 10 pm ((P) = 3.41 um, red).

((P) = 0.097 um, blue dot) is far from the best value. Note
that in most of the objects, the effect on the spectral shape is
similar. As long as the grain size increases up to Pgjze = 1 um
((P) =036 um) the ass5-75.m and @75-14ym become steeper,
while the a25_30.m and the silicate strength remains the same.
This is easily explained by the size of graphite grains since they
contribute to the enhancement of the near-infrared continuum
compared to small grains as the central source efficiency to heat
the grains increases when the grain size decreases. However,
when we use particle distributions with maximum sizes above
I um ((P) = 0.36 um) the silicate strength decreases. This com-
bined effect is crucial in the model to explain the weaker silicate
absorption features together with the spectral slopes.
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It is important to remark that our GoMar23 SED libraries
are created by varying the maximum size of both graphite and
silicate grains at the same time. However, the dust sublima-
tion radius depends on the dust composition and the grain size
(Baskin & Laor 2018, and references therein). Therefore, silicate
grain size distribution might differ from that of graphite grains.
This was already shown by Garcia-Gonzdlez et al. (2017) for
the clumpy torus model by Honig et al. (2010), which indeed
is one of the key improvements of the disk+wind model by
Honig & Kishimoto (2017). Although out of the scope of this
work, this improvement in the model might further help to bet-
ter reproduce the infrared slopes (mostly affected by graphite
grains) and the silicate strengths (associated with the silicate
grains).

7.3. The role of large grains

Depletion of small grains or excess of large grains in a siz-
able fraction of the AGN is well established in our sample
(41% is clustered at Pgje = 10 um ((P) = 3.41 um) according
to the results shown in Fig. 12). Gaskell et al. (2004) provided
evidence for flat extinction curves in AGN, indicative of a
larger fraction of larger dust grains in the dusty population.
Lyuetal. (2014) also suggested that the low Ay/797,n Tatio
found in their analysis could be due to the predominance of
large grains in the AGN torus. Xie et al. (2017) already sug-
gested that wm-sized particles can help to reproduce up to
90% of the type-1 AGN explored in their analysis (see also
Smith et al. 2010), although other aspects as geometry were not
considered. Moreover, Maiolino et al. (2001) already suggested
that the dust composition in the circumnuclear region of AGN
could be dominated by large grains (Pg, ~ | um or equiva-
lently (P) = 0.36 um), making the extinction curve flatter and
featureless to explain the reduction of the E(B— V)/Ny and
Ay /[Ny ratios compared to the ISM value (see also Shao et al.
2017). The decrement of E(B — V)/Ny was recently confirmed
by Esparza-Arredondo et al. (2021) from a detailed analysis of
the SEDs considering the opacity of the torus.

Large grains  (Pgje =0.1-1um  or  equivalently
(P) = 0.042-0.36 um) were preferred for the polar component
found for Circinus galaxy (Stalevski et al. 2017, 2019). Within
the disk+wind geometry proposed by Honig & Kishimoto
(2017), the hot dust is assumed to be primarily comprised
of larger grains in the range 0.075-1um (or equivalently
(P) = 0.033-0.36 um), because they are located in inner radii
where large grains better survive. The near-infrared excess
is explained under the assumption that it might trace dust at
temperatures that can only be survived by the largest graphite
grains (Garcia-Gonzdlez et al. 2017). Indeed, this model is
better at reproducing spectra shortward ~7 um when compared
with observations (see also Gonzalez-Martin et al. 2019b;
Martinez-Paredes et al. 2021; Garcia-Bernete et al. 2022b).
Recently, Garcia-Bernete et al. (2022b) studied the available
SED dust libraries in a volume-limited sample of well-isolated
and nearby AGN, finding that type-1/bright AGN are best fitted
to the disk+wind Hoenigl7 model due to a better performance
in reproducing the near-infrared bump. They argue that it is
likely due to the combination of removing most silicate and
small graphite grains due to sublimation and self-absorption
effects due to the wind at intermediate and high inclinations (see
also Martinez-Paredes et al. 2021). Thus, large grains are again
arequired element in these models.

Even for the ISM, micron-sized graphite grains account for
2.5% of the total IR emission (Wang et al. 2015), which helped
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Fig. 14. Effect of the maximum grain size on the diagrams of spectral shapes for the type-2 AGN PKS 2356-61. It shows the locus of the SEDs
computed using the best-fit parameters and varying the maximum grain size Py, from 0.01 to 10 um (i.e., (P) from 0.007 to 3.41 wm). The spectral
shape diagrams are Silicate depth versus @ss_7.5.m (left panels), @75_14.m versus @ss_75um slopes (middle panels), and @5-30m Versus a7s_i4um
(right panels). The empty-filled distribution is that from the entire SED library for GoMar23 model. Green small dots correspond to smaller grain
sizes and redder and larger dots correspond to larger grain sizes (linked with lines). We mark as a blue dot the locus of the resulting values for the
SEDs with Pgise—0.25um ((P) = 0.097 um) and as a yellow star the locus of the resulting values for the best fitted SED. The type-1 AGN are marked

as black squares and type-2 AGN as gray diamonds.

to unify distance estimates derived from spectroscopy and par-
allax by considering extinction by large grains (Siebenmorgen
2023). However, the origin of such an enhancement of large
particles is still unclear. Several effects could explain a prepon-
derance of large grains in the dusty structure near the AGN.
We gather them into two classes: grain destruction and grain
growth. An obvious form of dust destruction in AGN is due
to its radiation field. This trend has also been found for PAH
emission of AGN (Garcia-Bernete et al. 2022a). At the outer
envelope of the sublimation radius of silicates (which sublimate
at lower temperatures than graphite grains), we expect that the
grain size distribution might be biased to large grains since they
better resist the radiation field of the AGN. Thus, grains size
distributions skewed to large grains might be due to the pref-
erential destruction of small grains in the AGN radiation field
(Draine & Salpeter 1979).

If not destroyed, AGN radiation pressure combined with
radiation pressure on dust can sweep out the particles away
from the nucleus with an increasing speed that is inverse pro-
portional to grain size, as long as grains are larger than ~0.1 um
(so the radiation pressure efficiency can be approximated to one,
see Tazaki & Ichikawa 2020). Therefore, small grains require
less time to reach the terminal velocity. After reaching a ter-
minal velocity, the destruction of dust grains occurs due to
sputtering by shock-heated gas (Draine & Salpeter 1979). This
sputtering makes the grain lifetime proportional to the grain
size (i.e., sputtering destroys small grains faster than the large
ones Tazaki & Ichikawa 2020), producing a preponderance of
large grains in the wind where this destruction process of small
grains enhances the shift of the distribution toward larger sizes.
Larger grains may also form either by accretion from the gas
phase or by grain coagulation (Li & Draine 2001). Sarangi et al.
(2019), from their calculations of the chemistry of silicate dust
in AGN winds, reported that these winds have physical con-
ditions suitable to form significant amounts of dust, especially
for objects with an accretion rate close to their Eddington limit,
making luminous AGN a source of dust in the universe. Since
the grain coagulation rate increases with density (proportional
to the square root of the density Draine & Lee 1984), the effect
is expected to be dramatic in the circumnuclear clouds of AGN
(Maiolino et al. 2001). Maiolino et al. (2001) showed that dust
grains have time to coagulate before being replaced by gas com-
ing from the outer regions.

Therefore, a dust distribution biased in favor of large grains,
probably as a consequence of a trade-off between coagulation
and accretion processes, is also naturally expected in the extreme
physical conditions of the gas in the circumnuclear region of
AGN. Furthermore, a significant variation of the maximum grain
size for each object is expected depending on the evolutionary
stage of the AGN (including wind phase) and its local conditions
(Sarangi et al. 2019), which is also consistent with our results.

8. Summary

The role of grain size in geometrical models of AGN dust contin-
uum is poorly explored in the literature. In order to fill this gap,
we created a new SED library (including over 700 000 SEDs)
based on the two-phase (smooth+clumpy) torus model described
by Stalevski et al. (2016), including the grain size (denoted by
the maximum grain size Pg,. or equivalently by the mass-
weighted average grain size (P)) as a model parameter. We then
compared our new and previous models with a sample of nearby
AGN (mainly Seyfert galaxies with intermediate luminosities)
observed with Spirzer/IRS (carefully selected to provide spectra
dominated by the AGN component). The explored models are:
the smooth torus model by Fritz et al. (2006), the clumpy torus
models by Nenkova et al. (2008b) and by Honig & Kishimoto
(2010), the two-phase torus model by Stalevski et al. (2016), and
the clumpy disk+wind model by Honig & Kishimoto (2017). We
named our new model GoMar23, following the last name of the
first author of the paper and the year of its submission (as we did
for the other models). The main results are summarized as:

— Although the range of spectral shapes of the objects in our
sample is recovered with most of the models, a unique SED
capable of reproducing the whole mid-infrared spectra of
AGN is not found for a nonnegligible fraction of objects (at
least 15%) with the already available models. The GoMar23
model represents a significant improvement of this, provid-
ing good fits for 85% of the sample.

— We demonstrate (with statistical tests) that allowing the
maximum dust grain size up to sizes of 10um (or the
mass-weighted average grain size of 3.41um) is required
to successfully reproduce the SEDs of 90% of the sample.
The canonical value of Pgj,. ~ 0.25um ((P) ~ 0.097 pum) is
preferred for ~9% of the sample; very large particles with
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Pgize ~ 10pum ((P) ~ 3.41 um) are preferred for 41% of the
sample.

— The dust grain size is the third parameter in the order of
its importance to obtain a good spectral fit. Only the half-
opening angle and the ratio between the outer and inner
radius of the dusty structure are above the dust grain size
in this prioritized list of parameters.

— The inclusion of foreground extinction for the smooth or two-
phase models (i.e., the Fritz06, GoMar23, and Hoenig17 mod-
els) is irrelevant in 70-90% of the objects, while it is required
in ~90% of the objects when a purely clumpy distribution
is used (i.e., the Nenkova0O8, Hoenig10, and Hoenigl7 mod-
els). Therefore, the incorporation of a smooth dust distribution
(smooth or smooth+clumpy) helps to reproduce the spectra
without the need for additional foreground extinction for most
of the objects.

As a concluding remark, these geometrical models gain in
importance with the upcoming new data from JWST. Its superior
sensitivity will allow us to obtain near- and mid-infrared spectra
of fainter and/or more distant AGN that could be compared with
these models to infer the properties of AGN nuclear dust. The
GoMar23 SED library is the first step to providing an improved
geometrical model including the maximum grain size into the
parameter space. However, there are several aspects that need to
be further explored, including the geometry of the components
(e.g., the polar-wind dusty component), dust composition (e.g.,
the fraction of graphite versus silicate grains), grain shape, or the
slope of the grain size distribution. These aspects should be the
focus of future investigations.
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Appendix A: Spectral fitting evaluation procedure

We use the y? statistics as the main mathematical support to infer
if a model is able to reproduce an observed SED and to find
the best-fit solution minimizing this statistic. The y? is formally
written as:

5 (A.1)
errori

) (data; — model;)?

Xerror = Z 5
1

where error; is the error bar associated with each spectral bin on
the data. Note that this definition of y? is called x2,, (since it
uses the error on the spectrum) in order to distinguish it from
the definition below where the errors are not involved. Under
this definition, the best result should have an associated y? close
to the degree of freedom (hereinafter dof). Thus, the reduced
Xx? (x? = x*/dof) should be close to unity. Lower values of y?
might indicate that the model has too many free parameters (i.e.,
the model shows a complexity that is not required by the data) or
that the errors are overestimated. Large values could also indi-
cate that the errors are underestimated or that the data show
a complexity that cannot be recovered by the model. Indeed,
Spitzer spectra might show issues on the error bars due to a poor
understanding of the uncertainties. To mitigate this issue, we also
explore the following y? definition:

(data; — model;)?

, A2
m()a’eli2 (A.2)

2 —
Xmodel =

which has no dependence on the error bars of the data. In con-
trast with the previous definition of y?, x> should approach zero
to consider it as a good fit. We also use the Akaike informa-
tion criterion (AIC) to compare the goodness of the fit of dif-
ferent models for a single AGN spectrum. This is a common
method applied when different models (i.e., not nested) are com-
pared (e.g., Emmanoulopoulos et al. 2016; Osorio-Clavijo et al.
2020; Esparza-Arredondo et al. 2021; Martinez-Paredes et al.
2021; Garcia-Bernete et al. 2022b). This method allows an eval-
uation of the best fit by comparing the minimum y? with any
other model providing a statistically good fit to the data. In
particular, we calculate the Bayes factor through the Akaike
information criterion, AIC.. To this end, we use the eq.5 in
Emmanoulopoulos et al. (2016):

2k(k + 1)

AIC, =2k -2C 2y
LAY N Tk C

(A.3)
where C; is the constant likelihood of the true hypothetical
model, k is number of model parameters, and N is the number
of data points (where dof = N —k — 1). We then calculate the
difference between two different models, A[AIC,]

A[AIC.] = AIC,, — AIC,,, (A4)

where model 1 is the model providing the best statistic (i.e., the
minimum y?). Finally, we estimate the evidence ratio, €

€= e‘w. (A.5)
2
The evidence ratio or Bayes factor is a measure of the relative
likelihood of the best model versus another model. When the
Bayes factor is < 0.01, the best model is more likely to be the
"correct" one because it is at least 100 times better than the sec-
ond model. If > 0.01 we consider the second model as good as
the first one.
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In order to study if the fit improved by allowing one of the
parameters to vary, we used the f-statistic test (f-test Barlow
1989). Particularly, we use this test to explore if the dust grain
size parameter provides a statistically better fit to the data
compared to the model without this parameter. The likelihood
ratio test (LRT) statistic or the related F-statistic is designed to
choose between two models, where one model (the null model)
is a simple or more parsimonious version of the other model
(Protassov et al. 2002). The F-statistic is computed as:

XT—x3
dOf] - dsz’

where dof, < dof] because the number of free parameters k; is
larger than k, (with the same number of data points). We then
compute the p-value associated with the F-statistic which is a
measure of the probability that an observed difference could have
occurred just by random chance. We consider that model 2 is
needed when the p-value is p < 0.0001. Note that this method
cannot be applied to multiplicative models (e.g., in our analysis
of the need for foreground extinction Protassov et al. 2002) or
for the inclusion of components affecting only a narrow range
of the spectrum (e.g., the need of emission lines Orlandini et al.
2012). However, it is useful to test if allowing one parameter of
the model to be varied is needed by the data, which is the main
purpose in our analysis.

f= (A.6)

Appendix B: The role of foreground extinction into
the final fits

As discussed in Section 6, the inclusion of foreground extinc-
tion has a strong impact on the results for some of the available
models. Here we further explore this by comparing the obtained
foreground extinction and the spectral shape properties in our
sample (see Fig. B.1). This plot clearly shows that NenkovaO8,
Hoenig10, and Hoenig17 models statistically require the inclu-
sion of the foreground in a large percentage of objects and it is
less required by Fritz06, Stalev16, and GoMar23 (already quan-
tified in Section 6). This is probably due to the inclusion of a
smooth dust distribution for these latter models. When E(B-
V) is constrained, the silicate strength is significantly corre-
lated with E(B-V). Indeed, high absorption features require E(B-
V)~1, irrespective of the model used. This correlation is statis-
tically significant (r > 0.5 and f-value< 10~#) for all but Fritz06
and Stalev16 models (probably due to the low number of objects
with constrained E(B-V)). Therefore, foreground extinction is
required to reproduce deep silicate absorption features. Interest-
ingly, among the infrared slopes used in this paper, we also found
a significant anticorrelation between the far-infrared slope and
E(B-V) for Hoenig17 model (r = 0.6 and f — value = 2 x 10°).
Therefore, the inclusion of relatively large E(B-V) helps to
reproduce steep (i.e., negative) FIR slopes with Hoenig17 model,
which indeed is one of the main issues of this model when com-
pared with data (see Fig. 4).

Although E(B-V) roughly shows the same range of valuesirre-
spective of the model used, we also find significant differences
when we compare the resulting E(B-V) found when used in com-
bination with the tested models. GoMar23 and Stalevl6 mod-
els show fully consistent E(B-V) values. This is expected since
Stalev16 is nested within GoMar23 model. Fritz06 model shows
afactor of two lower values compared with GoMar23 model while
Nenkova08, Hoenig10, and Hoenig17 systematically show at least
afactor of two higher E(B-V) compared with GoMar23 model and
the disagreement is larger for lower E(B-V) values.



4 [Fritz06
154 [ ] N
1.0
\:?(***
0.5 G * *
4 3 a4 4{5‘,* *
0.0 o P *
R
—0.5 g
<=
1.0 -
7107471073 1072 1071 100
E(B-V)
1.5 [Nenkova08] °
1.0
'
0.5 “
<+ [ ]
0.0
— 4 °}
L)
—=0.51 (o3
0.5 S
-1.0 =
7107471073 1072 1071 10°
E(B-V)
4 [Hoenigl0
1.54 [ glo] -
1.0
™
0.5 #
0.0
.
—0.5 L
104
7107471073 1072 1071 10°
E(B-V)
4 [Stalevl6
1.54 [ 1 .
1.0
V'W
0.5 < v
- ad= L MA A
0.0+ s v
/F«PW :" v
~0.5- S M
a4
1.0 N
7107471073 1072 1071 100
E(B - V)
5 [Hoenigl7]
1.5 g .
1.0
) 4
0.5 Cé}/'\@
0.0 R
. <P
-0.59 + %<><>
1.0+
7107471073 1072 1071 100
E(B-V)
1.5 [GoMar22] N
1.0
- “
0.5-] - A A
0.0 ” X A
- %’t—‘“‘ﬁ
=0.59 P
1.0 o
7107471073 1072 1071 10°
E(B-V)

Gonzalez-Martin, O., et al.: A&A 676, A73 (2023)

0.5 p 0.0 1.0 -~

0.0 . T *
—o0s] Pt . -0.5 o * 051 g

. Eac
10 = < —~1.01 i :_«H * . o 0.0 P e
. - *
£ ] e g g Qﬂ%%,;fk RN g-05{  SFak U
g—1 e e 8 —1.5 4 4= * 5_1 ol Faa *
—=2.01 +— = 4 Y . a— 4 g * g
W@ T F K -2.0{ 4 _a * K - *
—2.54 <+ * . < —1.54
+— a4 * - ¥
—~3.01 Y -259 4+ —2.01
* 2:e *
10~4 10737102 101 10° 10-4 1073 1072 101 10° 104103 1072 1071 10°
E(B-V) E(B-V) E(B-V)
0.5 ° 0.0 1.0 °
[ ]

0.0 —o0.54 0.5+ « O
—0.5-

1.0 © 1.0 o9 4
—-1.01 - —1.09 L] <+

£ 15l R ° £ ° ° £-0.57 4=
5-1 ° Qe 5-1.5- o S 1o -
—2.04 ° a— a —+Y [}
pes N | 20 - e 15
—2.54 ° 4 A L J
-3.0- ° —2.5- 0 ¢® .04
(J (J ®
10~ 10737102 101 10° 104 1073 1072 101 10° 10471073 1072 1071 10°
E(B-V) E(B-V) E(B-V)

0.5 (] 0.0 1.0 [}

B n

00 u -0.5-  J 0.57
-0.51 oy T g "

' O u] 0.0 gn
o .
-1.04 4 -1.09 = ]
= 4 - =z -« €-0.54 o o
5157 §-1.5 o S 1ol « + o [
—2.0- n <+ . 4 a4
- n -2.0- g ® u
—2.5- . .- —-1.59
. <+ ‘ m N
—~3.0 [} —2.5 a u —2.0
L] L] u
10-4 103102 101 10° 104103 102 101 10° 10471073102 10-1 10°
E(B-V) E(B-V) E(B-V)
0.5 P 0.0 1.0 <«
< <+ -

0.0 4 SV wy —0.5 5 Y '¥ 0.5 g vvv ':
—0.5 et vy \/ g '; 0.0 G = Y
—1.0 S —1.0 B vV a gt ’VV

15 T ¥ v s G T Wy §-051 e g V¥
s T e wv & —1.54 e A4 ] = vy
2 Y e Yv 1074 + « v
—2.04 < 'V -« v
g T v Yy 204 a4 _ a4 v —1.5 v
—2.59 v a4 :i ’ 4 v
~3.04 v —2.54 4 - -2.09
<+ v v
10-4 103102 101 10° 10-4 103102 101 10° 10-4 1031072 10~ 10°
E(B-V) E(B-V) E(B-V)
0.59 * 0.0 1.0 %
0.0 20
<+ \ —~0.5- 0.5 ) <
—0.5 4\<> B o 00] — .~ @
~1.0- Y -1.0- ' o
. 104 4 WO, | s . c0.5] 4 < e
5-1.51 23824 5-1.5- S 1ol .
—2.0- X, <+ - » 9
* | 2.0 ~1.5 N
—2.5 PS ' ®
-3.01 L —2.54 —2.01
® *
10-4 1073102 101 10° 104 10731072 101 10° 104103 1072 10~ 10°
E(B-V) E(B-V) E(B-V)

0.5 a— 0.0 1.0 -

0.0 e e A
—0.54 M—MT <% A —057 ' q;ﬁa A 31 %&t & A

. AT <4 = a— P L
—10]  tE et A4 -1.0- Sy F e S S Y
« BV « ety A «_0.5 A T A4
= 4 4 A 4 H L= & TN a g0 4= A
5-15 a A 5-15- el A 3 - W\
a4 LE Ata ~1.0 A
—2.01 o e gkt A : < AN
g T AA“ A —2.04 o A ~1.54 e A
—2.54 < Iy < .
4 < a— <+
304 -254 4+ A ~2.0
A <+ A
10-4 1073102 101 16° 104 1073102 101 10° 10471031072 10~ 10°
E(B-V) E(B-V) E(B-V)

Fig. B.1. Strength of the 9.7um silicate feature (positive and negative values for emission and absorption features, respectively), @s 5-7.5um, @7.5-14um»
and @;5_30,m versus E(B-V) foreground extinction for model fitting. The gray arrow indicates E(B-V) upper limits and empty symbols are objects
where foreground extinction is constrained but its inclusion is not statistically needed by the data.
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Appendix C: Additional tables
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Table C.1. Observational details of the sample of AGN observed by Spitzer, including spectral shape measurements (see text).

Object name z Class  log(Lx)  log(Mgn) Cioum S10um @55-7.5um @7.5-14um @25-30um
€] (2 (3) ) ) (6) @) ®) 9 (10)
Mrk348 0.005 S2 43.86 7.39 9.66+0.14 0.220+0.008 -1.07+0.04 -1.28+0.02 -0.18+0.06
1Zw1 0.059 S1 43.85 7.26 9.82+0.12 -0.291+0.008 -1.24+0.05 -1.17+£0.04 -0.93+0.08
FAIRALLY9 0.047 S1 44.09 8.21 10.60+0.14 -0.184+0.004 -0.68+0.04 -0.78+0.03 0.38+0.06
NGC526A 0.019 S1 43.78 8.05 11.30+0.80 -0.136+0.004 -0.93+0.04 -1.44+0.02 1.02+0.05
NGC788 0.014 S2 43.51 7.74 9.57+0.17 0.151+0.004 -2.13+0.05 -1.80+0.02 -0.55+0.03
Mrkl1018 0.042 S1 42.82 8.21 10.37+0.03 -0.260+0.002 -0.20+0.01 -0.69+0.01 0.42+0.04
Mrk590 0.021 S1 43.23 7.85 10.56+0.06 -0.200+0.004 -1.46+0.03 -2.12+0.01 -0.20+0.04
NGC1052 0.005 S1 42.24 8.39 10.89+0.04 -0.265+0.002 -1.18+0.04 -1.64+0.01 -0.54+0.05
NGC1275 0.016 S2 43.76 9.00 10.46+0.21 -0.393+0.008 -2.18+0.15 -2.58+0.06 -1.14+0.13
ES0548-G081 0.014 S1 43.29 8.34 10.70+0.05 -0.271+0.003 -0.25+0.02 -0.39+0.01 0.62+0.03
3C120 0.033 S1 44.38 7.85 10.65+0.06 -0.305+0.004 -0.76+0.04 -1.25+0.02 -0.70+0.05
MCG-01-13-025 0.016 S1 43.29 10.68+0.02 -0.575+0.001 0.38+0.01 -0.81+0.01 0.07+0.02
CGCG420-015 0.029 S2 43.74 7.88 10.98+0.40 -0.138+0.005 -1.37+0.04 -1.19+0.02 -0.21+0.05
2MASXJ05054575-2351139 0.035 S2 44.22 9.50+0.05 0.197+0.004 -1.76+0.02 -1.30+0.01 -0.12+0.03
Ark120 0.032 S1 4378 8.24 10.60+0.13 -0.266+0.006 -0.44+0.02 -0.43+0.01 0.22+0.05
PICTORA 0.035 S1 44.03 7.60 10.62+0.02 -0.502+0.002 -0.87+0.02 -1.52+0.01 0.51+0.02
2MASXJ05580206-3820043 0.034 S1 43.86 8.06 9.74+0.33 0.289+0.025 -0.51+0.14 -0.55+0.04 0.65+0.11
Mrk3 0.014 S2 43.79 8.42 9.82+0.28 0.182+0.012 -2.28+0.18 -2.30+0.09 -0.59+0.15
ES0426-G002 0.022 S2 43.44 9.29+0.02 0.212+0.003 -1.65+0.02 -1.50+0.01 -0.70+£0.02
Mrk78 0.037 S2 43.47 6.66 9.71+0.03 0.508+0.004 -1.91+£0.04 -1.80+0.02 -1.14+0.04
Mrk1210 0.013 S1 43.37 6.09 11.04+0.77 -0.191+0.010 -2.19+0.09 -2.02+0.03 -0.32+0.08
PG0804+761 0.100 S1 44.46 8.50 10.16+0.04 -0.433+0.002 -0.23+0.02 -0.61+0.01 0.36+0.05
MCG+04-22-042 0.032 S1 43.73 7.46 10.45+0.11 -0.207+0.005 -0.97+0.02 -1.10+0.01 0.55+0.04
Mrk110 0.033 S1 44.25 7.31 10.49+0.04 -0.243+0.002 -0.55+0.01 -0.78+0.01 0.78+0.02
Mrk705 0.029 S1 4341 7.62 11.54+0.19 -0.112+0.004 -1.73+£0.02 -1.25+0.01 -0.85+0.03
MCG-05-23-016 0.008 S2 43.53 7.43 9.77+0.32 0.298+0.024 -1.67+0.12 -1.66+0.05 -0.44+0.11
NGC3081 0.006 S2 43.07 7.72 9.36+0.12 0.157+0.007 -2.22+0.08 -2.02+0.03 -1.12+0.05
ESO374-G044 0.028 S2 43.64 11.61+0.79 -0.100+0.002 -2.41+0.04 -2.46+0.01 -0.47+0.03
Mrk417 0.033 S2 4391 8.08 11.65+0.13 -0.107+0.004 -1.17+£0.04 -1.80+0.02 0.37+0.05
2MASSXJ10594361+6504063 0.084 S2 43.48 8.45 9.78+0.01 0.811+0.003 -1.31+0.01 -1.34+0.01 -0.57+0.02
ES0439-G009 0.025 S2 43.27 9.58+0.06 0.426+0.003 -3.22+0.06 -2.40+0.02 -0.80+0.03
NGC3783 0.011 S1 43.56 7.30 10.81+0.31 -0.258+0.010 -0.81+£0.29 -1.56+0.11 -0.39+0.12
UGC6728 0.007 S1 42.40 6.44 9.97+0.10 -0.223+0.002 -0.71+£0.02 -1.05+0.01 0.16+0.02
2MASXJ11454045-1827149 0.033 S1 44.08 7.01 10.48+0.24 -0.223+0.003 -0.63+0.01 -1.03+0.01 0.36+0.04
Ark347 0.022 S2 43.52 7.98 10.45+0.17 -0.095+0.027 -1.15+0.03 -1.28+0.01 -0.73+0.03
NGC4151 0.002 S1 43.17 7.42 10.54+0.41 -0.092+0.156 -1.06+0.18 -1.57+0.09 -0.28+0.32
PGI1211+143 0.090 S1 43.70 7.65 10.34+0.05 -0.315+0.003 -0.80+0.02 -0.91+0.01 0.47+0.04
M106 0.002 S1 41.06 7.54 11.13+£0.04 -0.394+0.003 -1.19+0.04 -1.13+£0.02 -1.13+£0.04
NGC4388 0.005 S2 43.64 6.98 9.85+0.07 0.816+0.017 -2.14+0.12 -1.62+0.06 -1.34+0.10
NGC4507 0.012 S2 43.76 7.87 11.23+0.65 -0.193+0.015 -1.32+0.08 -1.08+0.03 -1.29+0.06
NGC4939 0.009 S2 42.81 791 9.83+0.10 -0.243+0.001 -1.19+0.05 -2.30+0.02 -0.82+0.02
1ISZ010 0.034 S1 43.52 7.34 10.68+0.03 -0.177+0.002 -1.58+0.01 -1.35+£0.01 0.71+0.02
MCG-03-34-064 0.020 S1 43.28 8.12 9.30+0.16 0.301+0.015 -2.31+0.14 -1.71+0.07 -1.07+0.17
MCG-06-30-015 0.008 S1 42.82 6.94 10.77+0.39 -0.112+0.009 -1.15+£0.04 -1.06+0.02 -0.74+0.06
1C4329A 0.016 S1 43.77 7.51 11.17+1.21 -0.116+0.048 -0.76+0.12 -1.13+0.06 0.13+0.17
UM614 0.033 S1 41.74 7.49 (HL) 10.64+0.02 -0.261+0.001 -0.99+0.01 -1.18+0.01 0.53+0.03
Mrk279 0.030 S1 43.87 7.86 11.42+0.74 -0.108+0.006 -1.21+£0.05 -1.16+0.02 -0.49+0.06
PG1351+640 0.088 S1 43.10 8.07 9.76+0.01 -0.854+0.002 -1.06+0.03 -1.79+0.01 -0.54+0.04
NGC5548 0.025 S1 43.76 7.79 10.71+0.10 -0.212+0.005 -2.10+0.07 -1.52+0.03 -0.52+0.05
ESO511-G030 0.015 S1 43.65 7.84 10.46+0.02 -0.365+0.002 -0.17+0.01 -0.51+0.01 0.75+0.06
PG1448+273 0.065 S1 43.30 6.92 11.55+0.37 -0.140+0.002 -1.26+0.01 -1.22+0.01 -0.30+0.02
1C4518W 0.016 S2 43.19 7.71 9.84+0.05 1.370+0.013 -2.27+0.07 -1.05+0.03 -2.31+£0.05
Mrk841 0.036 S1 44.01 8.08 10.85+0.53 -0.101+0.005 -1.26+0.04 -1.72+0.02 -0.33+0.06
Mrk1392 0.036 S1 43.74 8.30 (HL) 10.75+0.05 -0.198+0.003 -1.46+0.02 -1.74+0.01 -0.51+0.02
Mrk1393 0.054 S1 43.80 8.61 10.69+0.19 -0.118+0.001 -0.75+0.01 -1.74+0.01 -0.37+0.01
Mrk290 0.030 S1 43.68 7.46 10.77+0.04 -0.225+0.002 -0.98+0.01 -1.30+0.01 -0.15+£0.02
ESO138-G001 0.009 S2 42.55 6.66 10.74+0.50 -0.147+0.161 -1.70+0.13 -1.36+0.07 -0.67+0.17
ESO103-G35 0.013 S2 43.63 7.48 9.71+0.05 0.816+0.016 -2.22+0.13 -1.91+0.06 -0.49+0.11
Fairall51 0.011 S1 43.22 6.84 11.12+0.13 -0.277+0.007 -1.30+0.05 -1.06+0.02 -0.86+0.04
ESO141-G055 0.037 S1 44.25 7.50 10.63+0.05 -0.344+0.003 -0.39+0.03 -0.75+0.01 0.06+0.03
NGC6814 0.003 S1 42.59 7.08 11.31+0.53 -0.203+0.008 -0.77+0.05 -0.98+0.02 -0.89+0.04
MCG+07-41-03 0.056 S2 44.57 9.11 9.70+0.02 0.680+0.005 -2.93+0.09 -2.73+0.04 -1.82+0.05
1C5063 0.009 S2 43.29 7.63 9.70+0.47 0.279+0.026 -2.58+0.13 -1.95+0.06 -0.82+0.18
11Zw136 0.078 S1 43.50 7.61 10.71+1.00 -0.068+0.004 -1.17+£0.03 -0.90+0.01 -0.40+0.04
NGC7213 0.005 S1 42.46 7.71 10.61+0.03 -0.659+0.003 -0.55+£0.05 -1.42+0.02 -0.05+£0.04
NGC7314 0.004 S2 42.47 6.59 9.62+0.06 0.497+0.009 -2.05+0.05 -1.73+£0.02 -1.77+0.02
PG2304+042 0.042 S1 43.40 10.52+0.01 -0.569+0.001 -0.20+0.01 -1.30+0.01 0.37+0.02
PKS2356-61 0.096 S2 43.77 8.96 9.73+0.02 0.573+0.001 -1.40+0.01 -1.92+0.01 -0.58+0.01
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Table C.2. Best fit model and statistic before (Col. 2 & 3) and after (Col. 4 & 5) our new GoMar23 model is included into the analysis.

# Object name Best model x?/dof(dof) x?/dof(dof) Final model Equally good models
Best model GoMar23

1 Mrk348 Hoenig17 1.49 (948) 1.3 (949) GoMar23 Fritz06 Hoenigl7

2 1Zwl Stalev16 1.5 (999) 0.69 (998) GoMar23

3 FAIRALL9 Hoenigl7 0.64 (986) 0.61 (987) GoMar23 Hoenigl7

4 NGC526A Hoenig10 0.58 (955) 0.66 (953) Hoenig10 GoMar23

5 NGC788 Nenkova08 0.73 (946) 0.94 (945) Nenkova08 GoMar23

6 Mrk1018 Fritz06 0.97 (983) 0.5 (982) GoMar23

7 Mrk590 Hoenigl7 0.51 (954) 0.8 (955) Hoenig17

8 NGC1052 Hoenig17 1.59 (935) 2.72 (936) Hoenigl7 Nenkova08

9 NGC1275 Nenkova08 0.69 (952) 4.64 (951) Nenkova08

10 ESO548-G081 Hoenig17 0.53 (946) 0.89 (947) Hoenig17

11 3C120 Hoenig17 1.7.(971) 2.11 (972) Hoenig17 Nenkova08 GoMar23*

12 MCG-01-13-025 Hoenig17 0.62 (951) 1.49 (952) Hoenig17

13 CGCG420-015 Hoenig17 1.03 (965) 1.08 (966) Hoenig17 Fritz06 Stalevl6 GoMar23

14 2MASXJ05054575-2351139 Hoenig10 0.51 (974) 1610.0 (972) Hoenig10

15 Arkl20 Hoenig17 0.6 (969) 0.82 (970) Hoenig17 GoMar23

16  PICTORA Hoenig10 0.82 (973) 1.64 (971) Hoenig10

17 2MASXJ05580206-3820043 Nenkova08 1.07 (971) 1100.0 (970) Nenkova08 Fritz06

18 Mrk3 Nenkova08°® 5.37 (948) 4.51 (947) GoMar23* Nenkova08°®

19  ES0426-G002 Stalev16 0.54 (958) 780.0 (957) Stalev16 Nenkova08 Hoenig17

20  Mrk78 Nenkova08 0.88 (979) 1.07 (978) Nenkova08 GoMar23

21 Mrk1210 Hoenig17° 3.21 (945) 1.91 (946) GoMar23

22 PG0804+761 Hoenigl7 0.82 (1040) 0.87 (1041) Hoenigl7 Fritz06 GoMar23

23 MCG+04-22-042 Stalev16 0.77 (972) 710.0 (971) Stalev16 Nenkova08

24 Mrkl110 Hoenig17° 2.05 (970) 4.86 (971) Hoenig17°®

25  Mrk705 Nenkova08 1.33 (966) 2.82 (965) Nenkova08

26  MCG-05-23-016 Nenkova08 0.57 (941) 0.5 (940) GoMar23 Nenkova08

27 NGC3081 Nenkova08 1.19 (938) 1.81 (937) Nenkova08

28  ES0374-G044 Nenkova08 1.45 (963) 1.24 (962) GoMar23 Nenkova08 Hoenig17

29  Mrk417 Hoenig17 0.75 (966) 1.17 (967) Hoenig17

30 2MASSXJ10594361+6504063 Hoenig17 0.52 (1023) 2370.0 (1024) Hoenig17 Hoenig10

31 ES0439-G009 Nenkova08 1.29 (960) 1.12 (959) GoMar23 Nenkova08

32 NGC3783 Hoenig17 0.61 (943) 0.63 (944) Hoenig17 GoMar23

33 UGC6728 Hoenig10 0.68 (943) 3220.0 (941) Hoenig10 Fritz06 Nenkova0O8 Stalev16

34 2MASXJ11454045-1827149 Hoenig10 0.77 (973) 0.56 (971) GoMar23

35 Ark347 Nenkova08 0.68 (958) 0.75 (957) Nenkova08 Fritz06 Stalev16 Hoenigl7 GoMar23

36 NGC4151 Hoenigl7 1.96 (930) 1.93 (931) GoMar23 Nenkova08*® Hoenigl7

37 PG1211+143 Fritz06 1.41 (1031) 0.53 (1030) GoMar23

38  MI106 Nenkova08 1.74 (934) 3.29 (933) Nenkova08

39  NGC4388 Nenkova08 1.34 (942) 1.65 (941) Nenkova08 GoMar23

40  NGC4507 Nenkova08 1.83 (945) 2.44 (944) Nenkova08 Stalev16®* GoMar23®

41 NGC4939 Nenkova08 1.13 (941) 0.98 (940) GoMar23 Nenkova08

42 11ISZ010 Hoenig17 0.65 (969) 2.3 (970) Hoenig17

43 MCG-03-34-064 Nenkova08* 2.44 (954) 4.83 (953) Nenkova08*

44 MCG-06-30-015 Fritz06 0.81 (940) 0.5 (939) GoMar23

45  IC4329A Hoenig17 0.66 (950) 0.8 (951) Hoenig17 GoMar23

46 UM614 Nenkova08 0.55 (967) 1720.0 (966) Nenkova08 Fritz06

47 Mrk279 Fritz06 0.81 (967) 0.8 (966) GoMar23 Fritz06 Nenkova0O8 Stalev16 Hoenigl7

48  PGI1351+640 Nenkova08 1.4 (1024) 1.9 (1023) Nenkova08 GoMar23

49  NGC5548 Hoenig17 0.97 (961) 1.14 (962) Hoenig17 Stalevl6 GoMar23

50  ESO511-G030 Hoenig10 1.07 (951) 1.37 (949) Hoenig10 Nenkova08 GoMar23

51 PG1448+273 Hoenigl7 1.02 (1002) 0.95 (1003) GoMar23 Nenkova08 Stalev16 Hoenigl7

52 IC4518W Fritz06* 6.12 (950) 2.32(949) GoMar23°®

53 Mrk841 Hoenig17 1.16 (975) 1.23 (976) Hoenig17 Nenkova08 GoMar23

54 Mrk1392 Nenkova08 0.77 (975) 1.4 (974) Nenkova08

55 Mrk1393 Hoenigl7 0.95 (989) 1.02 (990) Hoenigl7 Nenkova08 GoMar23

56  Mrk290 Hoenig17 0.85 (968) 0.86 (969) Hoenig17 GoMar23

57  ESO138-G001 Nenkova08 0.76 (944) 1.84 (943) Nenkova08

58  ESO103-G35 Nenkova08 0.58 (950) 0.54 (949) GoMar23 Nenkova08

59  Fairall51 Stalev16°® 2.97 (944) 3.22 (943) Stalev16°® Fritz06* GoMar23°®

60 ESO141-G055 Hoenigl7 0.98 (977) 1.13 (978) Hoenigl7 Fritz06 GoMar23

61 NGC6814 Fritz06 0.84 (933) 0.79 (932) GoMar23 Fritz06 Nenkova08 Stalev16

62  MCG+07-41-03 Nenkova08 1.34 (997) 3.51 (996) Nenkova08

63 IC5063 Nenkova08 0.54 (942) 0.84 (941) Nenkova08

64  NZwl136 Fritz06 0.67 (1003) 0.65 (1002) GoMar23 Fritz06

65 NGC7213 Nenkova08 1.44 (940) 7.02 (939) Nenkova08

66  NGC7314 Nenkova08 0.69 (933) 0.69 (932) GoMar23 Nenkova08

67  PG2304+042 Hoenig17 0.9 (978) 2.14 (979) Hoenig17

68  PKS2356-61 Hoenig10 0.61 (1036) 1000.0 (1034) Hoenig10

Notes. Column 5 gives all the statistically similar models according to AIC probability (see text). Poor spectral fits (i.e., y*/dof > 2) are marks
with dots next to the model name in Cols. 4 & 5.
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Table C.3. Resulting parameters when fitting the spectra of each object in the sample to GoMar23.

Object name XKex EB-V) i) T p q Y o7 log(Py,e)  l0g(<P>) My Ly 722
Mrk348 1.3 <0.01 <0.02 73.3+£0.2 >1.5 <0.01 24.7+0.4 >12.9 -0.62+0.04 -1.02+0.04  7.39 449 -0.63
1Zw1 0.69 0.14+0.01 56.4+0.9 28.5+£0.9 0.88+0.03 <0.01 20.0+0.4 >12.98 >1.0 >0.53 7.26 44.8 -0.51
FAIRALL9 0.61 <0.01 69.8+0.1 21.9+0.2 0.5+0.1 >1.45 2.52+0.02  7.0+0.03 -1.6+0.02 -1.85+0.02 8.21 45.1 -1.18
NGC526A 0.66 <0.01 53.3+0.3 47.1£0.5 <0.01 0.18+0.04  5.0+0.01 7.0+0.04 <-1.99 <-2.14 8.05 448 -1.38
NGC788 0.94 <0.01 <0.01 78.3+0.3 <0.02 <0.01 10.0+0.2 11.8+0.2 >1.0 >0.53 774 445 -1.38
Mrk1018 0.5 <0.01 72.0+0.2 20.0+0.4 0.5+0.03 <0.01 <2.01 3.7+0.1 <-1.99 <-2.14 8.21 43.7 -2.61
Mrk590 0.8 <0.01 28.8+2.5 65.3+1.6 <0.01 <0.01 12.4+0.2 6.9+0.5 >1.0 >0.53 7.85 44.1 -1.81
NGC1052 272 0.2+0.01 43.4+0.1 45.0+0.1 <0.01 0.2+0.1  10.44+0.05 >12.98 -1.6+0.01 -1.85+0.01 8.39 43.1 -341
NGC1275 4.64 <0.01 50.0+£0.02  45.0+0.1 <0.01 <0.01 13.92+0.05 >12.99 >1.0 >0.53 9.0 447 -2.36
ES0548-G081 0.89 <0.04 71.0+£0.3 18.3+0.6 0.51+0.04 <0.01 <2.0 <3.01 <-1.99 <-2.14 8.34 442 -223
3C120 2.11 0.01+£0.01 42.0+0.1 50.0+0.1 >1.5 <0.01 30.0£0.04  7.0+£0.01 -1.301+0.003 -1.620+0.003 7.85 45.5 -0.47
MCG-01-13-025 1.49 <0.02 20.1+1.5 >79.87 1.05+0.03 <0.01 10.0+0.1 <3.02 -1.0+£0.01 -1.38+0.01 .o 442 L

CGCG420-015 1.08 0.1+0.01 58.8+0.3 33.3+0.2 0.73+0.05  0.5+0.02 5.3+0.1 >12.98 -0.60+0.01 -1.01£0.01 7.88 44.7 -1.26
2MASXJ05054575-2351139 0.33 0.21+£0.04 <0.02 >78.85 1.0£0.1 0.9+0.1 11.2+0.3 >12.88 >1.0 >0.53 .. 453 ..

Ark120 0.82 0.04+0.01 70.6+0.1 14.8+0.1 1.0+0.01 <0.02 <2.02 7.0+0.05 -0.6+0.01 -1.01£0.01 8.24 448 -1.57
PICTORA 1.64 <0.01 50.0+0.1 45.0+0.1 <0.01 <0.01 5.02+0.02 6.8+0.1 <-1.97 <-2.1 7.6 45.1 -0.64
2MASXJ05580206-3820043 0.18  0.6x0.1 <1.57 59.0+2.4 <0.02 <0.03 2.6+0.1 8.3+0.5 -0.9+0.2 -1.28+0.2 8.06 449 -1.3
Mrk3 4.51 <0.01 >89.84 49.0+0.2 0.15+0.01 1.48+0.02 10.0+0.02 11.0+0.01 0.66+0.01 0.20+0.01 842 448 -1.74
ES0426-G002 0.37 0.4+0.02 46.9+0.2 45.0+0.2 >1.48 <0.01 35.0+0.1 9.4+0.2 >1.0 >0.53 ..o 444

Mrk78 1.07 0.43+0.01 62.2+0.6 45.0+0.1 >1.5 <0.01 35.0+0.1 8.96+0.04 >1.0 >0.53 6.66 44.4 -0.35
Mrk1210 1.91 <0.01 39.7+0.2 60.0+0.1 <0.01 0.5+0.01 20.0£0.03 6.67+0.04 0.14+0.02 -0.31+£0.02  6.09 443 0.11
PG0804+761 0.87 0.03+0.01 <0.64 24.0+0.3 <0.01 0.5+0.1 6.1+0.1 >12.84 0.43+0.04 -0.03+0.04 85 456 -1.02
MCG+04-22-042 0.26 <0.01 54.6+0.7 41.3+£0.5 0.7+0.2 0.5+0.1 4.8+0.2 6.9+0.3 <-1.93 <-2.10 7.46 44.7 -0.85
Mrk110 4.86 <0.01 40.1£1.4 >79.92 0.999+0.005 0.4+0.1 5.0+0.01 5.0+0.01 <-2.0 <-2.15 7.31 453 -0.09
Mrk705 2.82 <0.03 <0.01 >79.21 >1.5 0.7+0.02  30.0+0.1 >12.96 >1.0 >0.53 7.62 443 -1.38
MCG-05-23-016 0.5 0.17+£0.02 0.02+0.01 >79.89 1.12+0.02 <0.01 20.2+0.2 11.0+0.1 >1.0 >0.53 7.43 445 -1.05
NGC3081 1.81 0.39+0.01 45.7+0.1 50.0+0.04 <0.01 <0.01 12.2+0.1 9.0+0.01 >1.0 >0.53 772 440 -1.85
ES0374-G044 1.24 <0.01 >89.34 73.0£2.0 <0.01 >1.46 11.4+0.1 >12.77 >1.0 >0.53 ... 446 ...

Mrk417 1.17 <0.01 0.0+0.1 >79.91 0.2+0.05 <0.01 10.01+0.05 8.0+0.1 0.398+0.004 -0.06+0.004 8.08 449 -1.26
2MASSXJ10594361+6504063 0.3 1.24+0.05 78.5+0.1 15.3+0.6 1.0+0.04 >1.08 4.1+0.6 11.0+0.3 0.01+0.04 -0.44+0.04 8.45 444 -2.13
ES0439-G009 1.12 0.14+0.04 88.5+0.4 23.2+0.7 <0.01 0.5+0.02  2.09+0.02 >12.98 >1.0 >0.53 ..o 442 L.

NGC3783 0.63 0.02+0.01 46.4+0.2 45.0+0.2 1.03+0.01 <0.01 20.0+£0.1 11.01+£0.04 -1.29+0.02 -1.62+0.02 73 445 -0.89
UGC6728 0.44 <0.01 58.4+0.7 38.0+1.8 0.5+0.1 >1.34 5.0+0.2 7.0+0.4 -1.5+0.1 -1.82+0.1 6.44 432 -1.29
2MASXJ11454045-1827149 0.56 <0.01 62.5+0.4 33.9+0.9 >1.4 <0.01 5.0+0.1 5.6+0.2 <-1.97 <-2.1 7.01 45.1 0.01
Ark347 0.77 0.05+0.04 <0.06 70.0+0.7 1.29+0.02  0.06+0.04 >39.76 >12.75 >1.0 >0.53 798 445 -1.61
NGC4151 1.93 <0.02 31.5+0.2 60.0+0.1 <0.01 1.0£0.004 8.02+0.03 11.0+0.01 -1.301+0.002 -1.620+0.002 7.42 44.1 -1.44
PGI1211+143 0.53 <0.01 60.0+0.2 32.1+0.2 0.66+0.03 0.8+0.1 5.0+0.1 5.7+0.2 -1.6+£0.02 -1.85+0.02 7.65 44.7 -1.08
M106 3.29 0.24+0.02 39.9+0.3  45.0+0.04 1.35+0.01 <0.01 35.0+£0.02  9.0+0.01 >1.0 >0.53 7.54 419 -3.74
NGC4388 1.65 0.9+0.02 86.0+1.5 27.8+0.8 1.0+0.01 1.04+0.04  15.0+0.1 8.9+0.1 >1.0 >0.53 6.98 44.6 -047
NGC4507 2.44 <0.01 66.1+0.1 30.3+0.1 1.02+0.005 1.45+0.03 35.0+0.1 9.0+0.1 -0.124+0.003 -0.560+0.003 7.87 44.7 -1.23
NGC4939 1.03 <0.01 >87.42 70.0+0.8 <0.01 0.5+0.1 20.0+0.2 6.2+0.2 >1.0 >0.53 791 437 -2.32
1ISZ010 2.3 <0.01 0.05+0.02 >79.88 0.5+0.01 <0.01 9.6+0.2 5.0+0.04 0.4+0.01 -0.06+0.01 7.34 445 -0.97
MCG-03-34-064 483 0.65+0.01 79.9+0.1 18.2+0.4 <0.01 1.11+£0.04 2.23+0.02 >12.99 >1.0 >0.53 8.12 442 -2.02
MCG-06-30-015 0.47 <0.01 56.0+0.1 37.7+0.2 1.41+0.01 >1.49 35.0+0.1 >12.96 -1.0+£0.004  -1.38+0.004 6.94 437 -1.34
1C4329A 0.8 0.18+0.01 66.3+0.1 26.0+0.2 <0.01 0.5+0.02 2.79+0.01 11.0+£0.04 -1.301+0.004 -1.620+0.004 7.51 44.8 -0.85
UM614 0.21 <0.01 50.9+0.7 43.6+0.8 <0.01 0.5+0.1 5.0+0.1 7.0+0.3 -1.6+0.1 -1.85+0.1 749 426 -3.02
Mrk279 0.8 0.4+0.02 78.1+0.1 13.9+0.2 <0.01 >1.47 2.23+0.02  9.0+0.04 >1.0 >0.53 7.86 449 -1.09
PG1351+640 1.9 <0.01 38.0+1.8 >79.75 <0.01 1.43+0.03 35.0+0.2 <3.02 >1.0 >0.53 8.07 44.0 -2.17
NGC5548 1.14 0.18+0.01 33.7+04 51.6+0.3 <0.01 <0.01 10.8+0.1 9.0+0.02 >1.0 >0.53 779 44.7 -1.15
ESO511-G030 1.37 <0.01 70.0+0.2 24.0+0.7 0.6+0.1 <0.01 <2.01 <3.05 <-1.99 <-2.15 7.84 446 -1.32
PG1448+273 0.95 <0.01 <2.26 66.9+0.4 1.0+0.01 <0.01 12.3+0.1 8.9+0.1 -0.6+0.01 -1.01£0.01 6.92 442 -0.8
1C4518W 2.32 2.19+0.02 89.8+0.01 <10.0 0.99+0.01 1.0£0.03  30.1+0.2 7.3+0.1 >1.0 >0.53 771 44.1 -1.71
Mrk841 1.23 <0.01 31.7+0.2 60.1+0.2 0.51+£0.01 0.49+0.04 10.0+0.1 >12.9 -1.3+£0.005 -1.620+0.005 8.08 45.0 -1.14
Mrk1392 1.4 <0.01 <0.01 >79.08 0.1+0.1 0.8+0.1 15.9+0.2 >12.94 >1.0 >0.53 8.3 447 -1.68
Mrk1393 1.02 <0.01 33.8+0.3 59.9+0.2 <0.01 1.0+0.01 11.1+0.1 11.0+0.03 -1.3+0.01 -1.62+0.01 8.61 44.8 -1.92
Mrk290 0.86 <0.01 47.7+£0.2 49.9+0.2 <0.01 0.5+0.1 7.4+0.1 5.2+0.1 -1.3+£0.01 -1.62+0.01 7.46 44.7 -091
ESO138-G001 1.84 <0.02 11.3+0.6 72.3+0.4 1.26+0.01 0.5+0.01 20.0+0.1 >12.98 >1.0 >0.53 6.66 43.4 -1.35
ESO103-G35 0.54 1.11+0.03 87.2+1.9 23.8+0.6 <0.01 >1.37 3.7+0.1 8.8+0.2 >1.0 >0.53 7.48 44.6 -0.99
Fairall51 3.22 0.34+0.01 15.5+2.1 50.0+£0.2  1.002+0.004 0.06+0.01 >39.96 11.0+0.03 >1.0 >0.53 6.84 44.1 -0.81
ESO141-G055 1.13 <0.01 70.1+0.1 20.4+0.1 0.5+0.01 >1.49 3.3+0.03 9.0+0.03 -0.63+0.01 -1.04+0.01 7.5 453 -0.28
NGC6814 0.79 0.4+0.02 62.5+0.2 24.3+0.2 >1.49 0.5+0.1 >39.3 >12.95 >1.0 >0.53 7.08 435 -1.73
MCG+07-41-03 3.51 <0.01 >90.0 <10.0 <0.01 >1.5 36.7+0.3 9.0+0.01 0.1+0.01 -0.35£0.01 9.11 457 -15
1C5063 0.84 0.58+0.02 80.0+0.1 19.5+£0.2 0.79+0.03 0.5+0.1 2.36+0.02 >12.99 >1.0 >0.53 7.63 442 -1.52
11Zw136 0.66 0.37+0.01 79.12+0.05 11.48+0.05 <0.01 0.99+0.01 2.04+0.02 11.0+£0.03  -0.06+0.01 -0.50+0.01 7.61 444 -1.26
NGC7213 7.02 <0.01 28.6+0.4 60.0+0.1 0.5+0.01 0.64+0.02 10.0+0.02  7.0+0.03 -1.301+0.003 -1.62+0.003 7.71 433 -25
NGC7314 0.69 <0.04 89.9+0.04 <10.01 0.28+0.04 1.0£0.02  30.2+0.8 5.7+0.1 -0.0+£0.01 -0.44+0.01 6.59 433 -1.37
PG2304+042 2.14 <0.01 48.4+0.7 51.9+0.8 0.5+0.03 <0.01 5.0+0.02 5.0+0.1 <-1.99 <-2.15 ... 443 L.

PKS2356-61 0.19 1.24+0.03 44.4+1.2 49.4x1.0 <0.02 0.5+0.1 12.4+0.3 7.0+0.1 >1.0 >0.53 8.96 448 -2.3

Notes. The y?/dof and E(B — V) are given in Cols. 2 & 3. We then include the model parameters (Cols. 4-10): viewing angle (i), the half-opening
angle of the torus (o), the slope of the radial density distribution (p), the slope of the polar density distribution (g), the ratio between the outer
and inner radius of the torus (Y), equatorial optical depth at (797), maximum dust grain size (Py;,), and average grain size (< P >). It also includes
general properties of the AGN in Cols. 11-13 as the black-hole mass (Mgy), bolometric luminosity (Ly,) and accretion rate as the ratio between
the bolometric luminosity and the Eddington luminosity (Ly,/Lgaq). Note that these quantities are in log units.
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