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ABSTRACT

We present a 3D radiative transfer model for the spectral energy distribution (SED) of NGC 1365, which is a ‘changing look’
Seyfert 1.8 type active galactic nucleus (AGN). The SED from the ultraviolet (UV) to the infrared (IR) is constructed using
archival data from the Ultra-Violet Imaging Telescope (UVIT) onboard AstroSat, along with IR data from the literature. The
SKIRT radiative transfer code is used to model the SED and derive the geometry and composition of dust in this AGN. Similar
to our earlier SED model of NGC 4151, the nuclear region of NGC 1365 is assumed to contain a ring or disc-like structure
concentric to the accretion disc, composed of large (0.1-1 um) graphite grains in addition to the two-phase dusty torus made up
of interstellar-medium-type grains (Ring And Torus or RAT model). We also include, for the first time, an additional component
of dusty wind in the form of a bipolar cone. We carry out a detailed analysis and derive the best-fitting parameters from a x 2 test
to be Rin,r = 0.03 pc, 0 = 26°, and T4 = 20 for the assumed ring—torus—polar wind geometry. Our results suggest the presence
of hot dust at a temperature 7 ~ 1216 K at the location of the ring that absorbs and scatters the incident UV radiation and emits
in the near-IR. In the mid-IR, the major contributors are the polar cone and warm dust with 7~ 914 K at Ry, = 0.1 pc. Not only
are our model radii in agreement with IR interferometric observations, but also our study reiterates the role of high-resolution

UV observations in constraining the dust grain size distribution in the nuclear regions of AGN.
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1 INTRODUCTION

The active galactic nuclei (AGNs) are one of the brightest extra-
galactic objects in the universe with luminosities «~10**-10* erg s~!
as they are powered by a supermassive black hole (SMBH; «~10°—
10° Mg). The AGNs were classified as type 1 AGN where it shows
both broad and narrow emission lines, and type 2 AGN where it shows
narrow lines only. The type 2 AGN mostly hides its continuum and
broad emission lines with a surrounding dust toroidal structure called
a dusty torus, which is viewed in an edge-on direction. The torus is
thought to be located at a radial distance of 0.1-10 pc (Netzer 2015)
from the central black hole. The radiation from the accretion disc
mainly emits in the ultraviolet (UV)/optical regime (0.1-0.8 pum),
which is absorbed and scattered by the dust grains in the torus. These
heated dust grains then re-emit thermal radiation in the near-infrared
(NIR; 1-5 pm), mid-infrared (MIR; 5-25 pm), and far-infrared
(FIR; 25-500 wm). This ultimately leads to the observed spectral
energy distribution (SED) of AGN in the infrared (IR) region. The
observations of several AGN in the IR band show a nearly flat/steep
IR SED extending from 2 to 10 pm. Some AGN show NIR excess
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emission at 1-5 pm (Rieke 1978; Barvainis 1987; Swain et al. 2003;
Suganuma et al. 2006; GRAVITY Collaboration 2020) due to hot
dust with silicate features at 10 wm (Deo et al. 2009) and an excess
at ~30 um (Mullaney et al. 2011). According to AGN unification
schemes, the hot dust emission in the NIR cannot be directly observed
in type 2 sources due to the blocking of the radiation from the
disc by the torus. However, it was reported that some type 2 AGN
also show NIR excess emission, which was then attributed to the
radiation emitted by hot graphite dust in the sublimation region of
the torus, suggesting a clumpy torus (Videla et al. 2013) rather than
smooth distribution. Several authors (e.g. Nenkova et al. 2008; Feltre
et al. 2012; Siebenmorgen, Heymann & Efstathiou 2015; Honig &
Kishimoto 2017; Garcia-Bernete et al. 2022; Gonzalez-Martin et al.
2023) modelled the dusty torus considering smooth/clumpy/two-
phase dust distribution to explain the IR observational features.
However, it is a real challenge for modelling the SED of type 1.8/2
AGN with only a single geometry.

The nuclear region in active galaxies not only accretes matter
onto the central SMBH but also contributes to starburst phenomena
surrounding the AGN. The target AGN in this study, NGC 1365 is an
AGN-starburst mix-type galaxy and a member of the Fornax Cluster
with a Cepheid-based distance of 18.6 Mpc (Madore et al. 1999).
It has a variable obscured Seyfert 1.8 nucleus (Risaliti et al. 2009),
a prominent bar, and is an archetype barred spiral galaxy (SBb(s)I;
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Sandage & Tammann 1981). The nuclear region shows extended
emission at different wavelengths. It is a highly absorbed source with
arapidly spinning black hole that exhibits significant relativistic disc
reflection (Risaliti et al. 2013). Extreme variability is observed on
time-scales of days and weeks, where it changed from Compton thick
to Compton thin (Risaliti et al. 2007, 2009). In Lindblad (1999), a
comprehensive overview of NGC 1365 is provided.

Combes et al. (2019) have studied the large-scale CO(3-2) map
of NGC 1365 and reported the existence of a central continuum
point source, surrounded by a contrasted nuclear ring of radius
~9 arcsec (=770 pc). Inside this ring, the point source corresponds
to a more compact molecular component, a circumnuclear disc of
radius 0.3 arcsec (=26 £ 3 pc). This disc encircles the central
continuum source and might be interpreted as the molecular torus
of the AGN. Garcia-Burillo et al. (2021) defined the nature of
the extended components in NGC 1365 as only torus geometry
using the Atacama Large Millimeter/submillimeter Array (ALMA)
observations. According to Alonso-Herrero et al. (2021) this AGN
has an unresolved polar dust component that was observed in the
MIR using high angular resolution MIR and ALMA. This emission
is dependent on the column density and Eddington ratio (Garcia-
Bernete et al. 2022).

Itis difficult to directly observe the inner radius of AGN NGC 1365
torus as the dust lane passing through the nuclear region. But Tris-
tram & Schartmann (2011) succeeded in measuring the innermost ra-
dius of NGC 1365 AGN torus using the MID-infrared Interferometric
instrument (MIDI) of the ESO Very Large Telescope Interferometer
(VLTI) and determined the location of warm dust clouds in this AGN.
With IR interferometry (Swain et al. 2003; Kishimoto et al. 2011) and
reverberation mapping (Kishimoto et al. 2007; Weigelt et al. 2012),
the innermost regions of some of the brightest type 1 AGN were
partially resolved and their sizes were estimated. However, type 2
AGN is out of the list because of its high column density along the line
of sight (LOS) towards the observer. However, our chosen target has a
history of being a Seyfert 1, intermediate Seyfert, and Seyfert 2 AGN.
But the study on the innermost radius of the sublimation zone was
limited for this object. Thanks to VLTI/GRAVITY interferometer,
which measured the compact sizes of a larger sample of AGN by
NIR interferometry (GRAVITY Collaboration 2020) based on the
luminosity—size relation (Suganuma et al. 2006; Kishimoto et al.
2007), as expected for the dust sublimation region. This team has
resolved the nucleus in the brightest type 1 AGN including NGC 1365
and found its NIR emitting region consisting of hot dust to be a
ring of radius 0.03 = 0.004 pc. This agrees well with the values
obtained for nearby type 1 AGN from MIR reverberation mapping
(Kishimoto et al. 2007; Lyu & Rieke 2022). Though their values
were found to be smaller than the dust sublimation radius for silicate
dust by a factor of 3, Kawaguchi & Mori (2011) showed that this
discrepancy could be explained and corrected by considering the
anisotropy of the accretion disc emission. Again, large graphite
grains can survive much closer to the nucleus due to their higher
sublimation temperatures compared to silicates, which can also
account for the smaller observed radii. Hence, the lack of clear
knowledge on sublimation radii for NGC 1365 demands an advanced
model considering the effects of hot dust, polar dust, warm dust, etc.
However, the dust sublimation zone in the nucleus of NGC 1365 is
quite challenging to be probed, not only due to the lack of availability
of high-resolution instruments, but also because this variable AGN
is itself hosted in a starburst spiral galaxy. As a result, a variety of
physical phenomena such as starburst activity, polar wind activity,
and central AGN activity all together contribute to the SED. The
9.7 um silicate feature in this AGN has been reported to be in
slight emission, absorption (Gonzédlez-Martin et al. 2013), or flat
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and featureless (Alonso-Herrero et al. 2020), which are all within
the error bars. Different levels of host galaxy contamination in the
measurements have been suggested to be causing these differences
(Gonzalez-Martin et al. 2013). It is practically difficult to disentangle
all the possible contributions to the central AGN luminosity. Hence,
it is crucial to investigate the emission from the innermost regions of
this AGN using high-resolution observations at other complementary
wavelengths like the UV, for better and more realistic radiative
transfer modelling and SED fitting.

Itis known that the torus emits in IR by absorbing UV photons from
the accretion disc (Ramos Almeida et al. 2011; Netzer 2015). There
have been several attempts in the past to model the SED of AGN torus
and infer its geometry and dust composition. Ramos Almeida et al.
(2011) have derived the geometry and dust distribution of a sample
of AGN including NGC 1365 by using the clumpy torus model from
which, parameters like half-opening angle of the torus (o), inclination
angle (i), outer radius (R,y), optical depth (t,), etc. were obtained.
This was followed by Alonso-Herrero et al. (2012), Siebenmorgen
etal. (2015), and Honig & Kishimoto (2017) who considered clumpy,
multiphase polar models respectively to reproduce the observed SED.
Swain et al. (2021) have used the two-phase torus model using SKIRT
code (Stalevski et al. 2012) with an additional graphite ring-like
structure close to the accretion disc that accounted for the NIR
emission in NGC 4151. Similarly Garcia-Bernete et al. (2022) have
considered the CAT3D-Wind model of Honig & Kishimoto (2017)
with an additional component of hot large graphite grains blended
with the MIR emitting region close to the nucleus to fit the IR SED
of NGC 1365. More recently, Gonzdlez-Martin et al. (2023) found
the grain size distribution to be another important parameter after
half-opening angle and torus geometry by constructing a library of
models to fit the IR SED of a large sample of AGN. An additional ring
geometry has also been found necessary to explain the AGN SED in
some cases (Swain et al. 2021). However, the two-phase model is a
more convincing picture of dust around luminous AGN since both
smooth and clumpy dust grains help in shielding the smaller grains to
survive along with large grains. Hence it is one of the more realistic
models in the case study on the dusty torus where the different grain
size distributions can explain the NIR and MIR features including
the silicate features. Hence, in this work, different dust compositions
of different size distributions were explored separately for three
geometries around the disc, i.e. graphite ring, torus, and polar cone.
We focus on the grain size distribution with this modified geometry
for NGC 1365 with supporting high-resolution UV observations. In
this study, we have constructed and modelled the UV to IR SED
of NGC 1365 for the first time, by including recent far-ultraviolet
(FUV) and near-ultraviolet (NUV) observations from the Ultra-
Violet Imaging Telescope (UVIT), a multiband instrument of India’s
AstroSat mission. The high spatial resolution of UVIT presents
the unique advantage of extracting the UV flux of the AGN with
minimum contamination from the surrounding star-forming regions.
The IR data are taken from Spitzer/Multiband Imaging Photometer
for Spitzer (MIPS) for 24 pm and Hershel/Photoconductor Array
Camera and Spectrometer (PACS) imaging data for 70, 160, and
250 pum. We follow the method outlined in Swain et al. (2021) for
modelling the UV-IR SED of this AGN using the Stalevski et al.
(2016) model with a graphite ring for the NIR emission, and an
additional polar wind component for the MIR emission.

2 DATA AND OBSERVATIONS

The AstroSat (Agrawal 2006; Singh et al. 2014) carries four coaligned
instruments, Ultra-Violet Imaging Telescope (UVIT), Soft X-ray
Telescope (SXT), Large Area X-ray Proportional Counter (LAXPC),
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Table 1. Observation log of the data used in our spectral

modelling.
Exposure time

Observatory Obs ID (ks)
AstroSat/UVIT/FUV 9000000776 7.9
AstroSat/UVIT/FUV 9000000802 12.1
AstroSat/UVIT/FUV 9000000934 6.7
AstroSat/UVIT/NUV 9000000776 9.9
AstroSat/UVIT/NUV 9000000802 11.8
AstroSat/UVIT/NUV 9000000934 6.4

Table 2. The infrared instrument details used in our

study.
Instrument Ae Pixel size Flux
(pm) (arcsec) (mly)
NICMOS 1.6 0.18 83 £+ 0.8
NICMOS 2.2 0.18 78 + 8
NICMOS 3.5 0.18 205 + 41
NICMOS 4.8 0.18 177 £ 35
T-ReCS 8.7 0.35 203 + 30
T-ReCS 13.0 0.35 400 £ 60
T-ReCS 18.3 0.35 818 + 205

Figure 1. Left panel: astrometry corrected NUV image with size

8 x 11 arcmin®. The zoomed central region with size 40 x 45 arcsec?.

Right panel: astrometry corrected FUV image with size 8 x 11 arcmin?.
The zoomed central region with size 40 x 45 arcsec?. The central region in
both UV bands is obscured by a dust lane. This is for the central view of

NGC 1365.

and Cadmium—Zinc-Telluride Imager (CZTI). Archival UV data
from UVIT and archival IR data from the Hubble Space Telescope
(HST)/Near-Infrared Camera and Multi-Object Spectrometer (NIC-
MOS) and Gemini instruments are used in this work.

2.1 UV data

The observation log of UV data used here is given in Table 1.
We used the deep NUV and FUV imaging observations of NGC
1365 from UVIT (Tandon et al. 2017, 2020). The UVIT consists of
two coaligned telescopes, one for FUV (1300-1800 A) and another
for both NUV (2000-3000 A) and visible (VIS) channels (3200—
5500 A). Each of the pointing telescopes has a 28 arcmin circular field
of view with a high angular resolution [full width at half-maximum
(FWHM) = 1-1.5 arcsec]. NGC 1365 was imaged in FUV/F169M
(emean = 1608 A, A% =290 A) and NUV/N279N (Ainean = 2792 A,
AL =90 A) filters.

The deep combined images of three observations in NUV and
FUV bands shown in Fig. 1 are taken from Swain et al. (2023). The
image sizes are 4096 x 4096 pixels with a pixel scale of 0.4 arcsec
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that corresponds to ~36 pc at the distance of NGC 1365. The final
images in both bands suggest that the central region of the AGN in
the FUV is more extinct than that in the NUV band. The point source
at the centre of NGC 1365 is not visible in both the images due to the
obscuration by the foreground dust. Therefore we followed the host
galaxy subtraction method as in Swain et al. (2023) where authors
performed the 6 arcsec aperture photometry by surface brightness
profile (SBP) method using Moffat function and then corrected it
for Galactic and internal extinction. Here, we calculated the intrinsic
AGN count rate that was used further for the AGN SED. The UV
emission did not show any variability during the observation period
(Swain et al. 2023). Although the accretion rate is very low, the FUV
emission from the accretion disc could still be responsible for the
observed dust emission.

2.2 IR data

The NIR data are taken from Ramos Almeida et al. (2009) where
they used high spatial subarcsecond resolution observations from
HST/NICMOS in H, K, L, and M bands as shown in Table 2. These
bands are useful in studying the hot dust grain components in AGN.
The AGN flux in these bands is not completely free from stellar
emission. Although 3 arcsec aperture size is considered in order
to minimize the contribution from the host galaxy, stellar emission
still dominates at wavelengths below 2.2 um. The HST/NICMOS
data for AGN (Alonso-Herrero et al. 2001) reveal that L and M
bands are dominated by non-stellar emission with lower stellar
contributions of 25 per cent and 10 per cent, respectively, while H and
K bands have up to 50 per cent contributions from stellar emission. In
addition, we use MIR data from Alonso-Herrero et al. (2012) where
the authors have carried out the analysis with the Thermal-Region
Camera Spectrograph (T-ReCS)/Gemini instrument. To derive the
SED spanning NIR to MIR energies, they have utilized data from
Spitzer, Herschel, and T-ReCS/Gemini instruments. They have done
the flux calibration and point spread function (PSF) subtraction to get
the AGN emission. There is no clear indication of the 9.7 um feature
for this particular AGN from observations. There could be possible
contamination from extended components (non-AGN emission) in
the extraction aperture of 3.7 x 3.7 arcsec” taken by Alonso-Herrero
et al. (2012).

3 METHODOLOGY

‘We have adopted the Torus model, Ring And Torus model, and Polar
wind model for this work. Full description of the models can be
found in the Swain et al. (2021). These models are explained briefly
in this section and illustrated in Fig. 2.

(i) Torus only model (TO). This model consists of a flared torus
surrounding the central nucleus with the anisotropic disc. The torus
geometry is confined to the inner radius, outer radius, half-opening
angle, number of clouds, the size of clumps, and optical depth. The
dust medium in the torus is two-phase (smooth + clumpy), which
consists of MRN mixture of interstellar medium (ISM) grains of size
0.005-0.25 pm with a sublimation temperature of 1500 K. The two-
phase medium consists of a large number of high-density clumps
embedded in a smooth low-density medium.

(ii) Ring And Torus (RAT) model. This model incorporates hot
graphite dust in an additional ring-like structure surrounding the
accretion disc followed by the dusty torus. The ring consists of only
large graphite particles in the region with sizes ranging from 0.1 to
1 pm as pure graphite grains have a higher sublimation temperature
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= Inner radius of the torus
= Inner radius of the ring
= Inner radius of the polar cone

Figure 2. The schematic diagram of the cross-sectional view of the TO, RAT, and polar model with ‘o’ is the half-opening angle and ‘i’ is the inclination angle.

Figure 3. Left panel: the stacked image in NUV (red) and MIPS 24 pum
(green) of the central AGN. The ‘N’ symbol represents the Chandra X-ray
nucleus. Right panel: the stacked image in NUV (red) and PACS 160 um
(green) of the central AGN. The ‘N’ symbol represents the Chandra X-ray
nucleus.

of 1800 K and only large grains can survive in the innermost region
of the torus (Baskin & Laor 2018). The ring is defined by its width,
height, and inner radius of the ring. In the current model, the torus
geometry is detached from the ring geometry and hence inner radius
of the torus does not coincide with the outer radius of the ring. The
models are named as smooth/clumpy RAT depending on whether the
dust distribution inside the ring is smooth/clumpy, respectively. The
geometry of the two-phase torus is retained in these models.

(iii) Polar wind model. In addition to the graphite ring, a conical
shell along the polar axis has been incorporated in order to include
a polar wind, which is known to be responsible for MIR emission
(Alonso-Herrero et al. 2021). This is the new geometry introduced
in this work. Here the model includes a polar cone with the RAT
model. The polar cone is defined by its inner radius, outer radius,
and the angle between the polar axis and the edge of the cone. The
dust distribution inside the conical shell consists of silicate grains
with sizes ranging from 0.04 to 10 um (Lyu & Rieke 2018).

4 RESULTS

4.1 UV-IR morphology

The images in the NUV, FUV, MIR (MIPS 24 um), and FIR (PACS
160 wm) bands are used to construct composite images of NGC 1365.
The overlaid images of NUV and MIR bands are shown in the left
panel of Fig. 3, while that of NUV and FIR bands are shown in the
right panel. The position of Chandra nucleus is used to locate the
central AGN as it is a clear point source detected by the instrument.
The AGN is still bright in the MIPS 24 um band. Fig. 3 shows a large

extended bright region in PACS 160 pm band containing two bright
NUYV spots in the south-west direction. FIR emission is extended up
to a radius of 25 arcsec (~2 kpc) from the centre.

4.2 Modelling the UV-IR SED

The multiwavelength AGN SED is important for understanding
torus geometry, composition, and morphology, which are major
components of AGN unification models. Therefore, we use pure
intrinsic flux from UVIT observations from Swain et al. (2023). The
AGN contribution in the NUV band is weak in the core region within
~6 arcsec aperture, while the FUV band is completely obscured by
the dust lane passing in front of the nucleus. By incorporating the
intrinsic UV flux in the AGN SED along with the IR observed flux,
we can examine the disc—torus connection. In order to investigate
the location of hot dust in NGC 1365 AGN and to construct its SED
in the UV-IR wavelength range, the ‘Ring And Torus model’ (RAT
model) of Swain et al. (2021) is used. There, the authors used the
SKIRT code (Baes et al. 2003, 2011; Steinacker, Baes & Gordon 2013;
Stalevski et al. 2016) that considers a two-phase smooth and clumpy
medium to fit the NIR SED of NGC 4151. In the RAT model, two
sublimation radii are taken into account corresponding to graphite
and ISM-type dust, respectively, with different size distributions
instead of one sublimation radius. As a result, the pure graphite
ring has a radius ranging from 0.02 to 0.06 pc pertaining to the
large grain size range. Beyond the ring, is the torus that has the inner
radius of the torus defined by the sublimation radius for the ISM-type
grains ranging from 0.03 to 0.2 pc. Depending on the grain size in
a conical shell, the minimum radius of the polar cone ranges from
0.07 to 0.2 pc from the centre. As the geometry consists of grains
of different sizes and temperatures, the inner radius of the ring is
varied from 0.02 to 0.8 pc. We have extended the inner radius of
the ring and torus beyond its theoretical value as the dust is always
being pushed by central AGN. The outer radius, Ry, of the torus
is assumed to be 5 pc. The ratio of outer radius of the torus to the
inner radius of the dust sublimation zone is y ~160, which is close
to the values assumed by Siebenmorgen et al. (2015; y = 150) and
Honig et al. (2010; y = 170). The total amount of dust is determined
by the equatorial optical depth at 9.7 um that is used as an input for
generating the clumps inside the geometry. For the present model, the
dust distribution parameters are fixed at p = 1 and g = 0 (Stalevski
et al. 2016). The parameter Ncjump is the number of clumps inside
the torus, ring, and polar cone where grains are present in a two-
phase/clumpy/smooth medium, and Feump is the fraction of total
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Table 3. Parameters used in the model.

S. no. Parameter” Adopted values
Ring

1 Rin, r 0.02-0.8 pc

2 79.7,r 0.1-10

3 Nc]umps ’\’1800, 3000

4 Rout, r Rin, r + width
Torus

1 Rin, ¢ 0.03-0.9 pc

2 9.7 10

3 Nclump ~8000

4 o 24°-30°

Polar cone

1 Rinp 0.07-0.2 pc

2 97,p 10

3 Nclump ~4000

4 Op 24°-30°

Line of sight
1 i 0°-90°

Note. “The other parameters are fixed at p = 1, g = 0,
Felump = 0.97, and grain sizes in ring, torus, and polar
cone are fixed.

dust mass in the torus that is fixed at 0.97. The number and size of
the clumps are usually chosen to achieve a certain volume filling
factor of the torus, ring, and polar cone. The number of clumps has
been fixed at ~8000 in the torus, 4000 in the polar cone, and varied
in the ring. As a result, they could overlap with each other and form
high-density complex structures. The contrast parameter defined as
the ratio of the high and low densities of the medium is kept constant
at 100. The parameters varied to get the best-fitting SED are given
in Table 3.

The dust geometry of NGC 1365 is studied using both RAT and
polar models. The model SEDs are compared with the observed data
from FUV up to a wavelength of 18.3 wm with primary focus on the
NIR part of the SED.

The parameters are estimated using the goodness of fit test by x>
function defined by

5 1 "0 — M \?
X > ( y ) ,

T - p) &

where O; and M; are the observed data and model data for ith
photometry point, A; is the observational error, n is the number of
observations, and p is the number of free parameters. The parameters
like half-opening angle, inclination angle, inner radius, and optical
depth are varied to get the best fit.

First, in order to study the effect of model parameters on the
resultant AGN SED, we vary the parameters Ry, , and i in the range
given in Table 3. The rest of the parameters like Ncjumps in the ring,
width, and height of the ring are fixed at 1800, 0.04 pc, and 0.04 pc,
respectively, with keeping other parameters at its best-fitting value,
i.e. inner radius of the torus at 0.5 pc, half-opening angle 26°, and
optical depth at 10. However, none of the models could account for
the NIR and MIR features simultaneously. As the number of clumps
along the LOS is also a crucial parameter to decide the amount
of obscuration, its value for the ring is varied from 1800 to 3000
(around 1.5 times the initial value). This resulted in a considerably
high minimum x2; value of 3.43 and poor fit to the observed SED
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Figure 5. Polar model SED with best-fitting parameters at o, = 30°, Rinr
= 0.03 pc, Rin,t = 0.1 pc, Rinp = 0.08 pc, and i = 72°.

at MIR wavelengths. The same procedure is followed for a smooth
RAT model. We found the clumpy RAT model gives a better fit than
the smooth one. The best-fitting parameters for clumpy RAT model
are found to be o = 26°, 197, = 10, 197, = 10, Rinr = 0.4 pc, Rin
= 0.5 pc, i = 69°, and Neumps = 3000 for Ly = 2.6 x 10'° Ly
(see Fig. 4). Now we introduce a polar cone in the RAT model
with parameters such as half-opening angle o, optical depth 797 5,
Rin p, and Ry, p. The best-fitting parameters for the polar model are
op = 30° Rijny = 0.03 pc, Ripe = 0.1 pc, Ripp = 0.08 pc, and i
= 72° for L,y = 5 x 10° L, for the size distribution of dust in the
graphite ring with 0.1-0.5 pm. Fig. 5 shows the best-fitting SED for
the polar model with x2, value at 1.31. We also found the model
with x2 of 1.25 after removing the silicate feature for the graphite
size distribution of 0.1-1 pm as shown in Fig. 5, but the model is
insignificant without the silicate feature. The comparison between
the torus, smooth RAT, clumpy RAT, and polar models are presented
in Fig. 6, where the polar model gives the best-fitting SEDs in the
entire band based on the minimum x?2 criterion. The ‘torus model’
and ‘smooth RAT model’ considered here are from Swain et al.
(2021).

4.3 Statistical analysis

We have used 2 for the goodness of fit. We would like to emphasize
that optimization of parameters by minimizing x> has not been
done in this work. We have used x2 as a means of comparing
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Table 4. Statistical details of all the model: p is the null-hypothesis
probability.

Hot dust in NGC 1365 by polar—RAT model

Model Pearson coefficient, p Spearman coefficient, p R?

TO 0.67, 0.05 0.73, 0.02 0.45
Clumpy RAT 0.73, 0.02 0.72, 0.003 0.54
Smooth RAT 0.72,0.03 0.81, 0.007 0.52
Polar wind 0.69, 0.04 0.82, 0.007 0.47

the different models. Here, model SEDs have been computed for
different combinations of parameters. In order to verify our results
for the best parameters obtained from x 2 analysis, we have performed
the R? analysis for these parameters to study the correlation between
the model and the observed SEDs. To compare the model data and
the observed data, we have used Spearman and Pearson correlation
analysis where some parameters like size of the clump, half-opening
angle, and 197 are varied. The details of statistical analysis are
provided in Table 4. From this table, clumpy RAT model has the
highest correlation coefficient with p < 0.05 with the highest R?
coefficient, though all the models give a satisfactory fit to the
observed data. But the x? value in the clumpy RAT model is >2.
Hence, the most suitable model would be the polar wind model that
is in agreement with x? analysis.

5 DISCUSSION

The primary motive of this work is to derive the location and
characteristics of hot dust in the nuclear region of NGC 1365. The
size distribution of graphite grains in the ring is larger than in the
Garcia-Bernete et al. (2022) model. However, the clumpy RAT model
(two-phase medium of graphite dust grains) and polar wind model
used in this work are acceptable models that agree with the A2,
limit of Garcia-Bernete et al. (2022). Hence the results from polar
wind model in this work are aligned with Garcia-Bernete et al.
(2022), where the authors suggested this model to be the best fit
after examining various models. As fitting the NIR SED is crucial
due to the hot dust contribution to this band, we have checked every
set of parameters that can provide a better fit to the NIR data. This
work is actually a continuation of Swain et al. (2021) where authors
performed AGN SED fitting for NGC 4151. In this work, we obtain
aminimum x_2, value of 1.31 using a realistic model with a dust size
distribution of 0.1-0.5 pum in the graphite ring. A larger grain size
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Figure 7. The polar models with different grain sizes are plotted with
observed data accounting silicate feature.

distribution of 0.1-10 um for graphite grains as in Gonzdlez-Martin
et al. (2023) gives a poor fit with szed = 20 as shown in Fig. 7.
This is due to an increase in the scattered UV intensities from large
graphite grains, as the albedo increases. Even a moderately large size
distribution in the graphite ring of 0.1-1 um as in Garcia-Bernete
et al. (2022) gives a x2, value of 4.21 that once again represents a
poor fit (see Fig. 7). That model is able to explain the NIR part of
the SED since it can match the H- and K-band intensities, but unable
to explain the silicate feature. Hence we conclude that the grain size
distribution is a crucial parameter in the fitting procedure when the
UV data are also considered. The model SED shown in Fig. 5 for
Rin,r = 0.03 pc and Ri, « = 0.1 pc is well fitted with the observed
SED in the IR, NUV, and FUV wavelength bands. The compact
nuclear ring and torus at 0.03 and 0.1 pc, respectively, lie well inside
the molecular torus, which has a size of 26 pc based on CO(3-2)
observations (Combes et al. 2019). Our model predicts the presence
of two distinct dust populations in agreement with reverberation
mapping observations of Lyu & Rieke (2021). The minimum radius
of the polar cone, 0.08 pc, places it between the graphite ring and
the torus. Our best-fitting parameters are compared with those from
the literature in Table 5. The inner radius of the sublimation zone
is calculated by Fritz, Franceschini & Hatziminaoglou (2006) and
Siebenmorgen et al. (2015) to be 0.17 and 0.24733} pc, respectively.
These radii are in agreement with the results from this work, where
the inner radius of torus R;y, (s 0.1 pc. Further, we focused on hot dust
in the regime near the central nucleus. Here, the situation demands
an additional ring structure of large grains in the inner sublimation
region atinner radius R;, = 0.03 pc. The changes from 0.1 to 0.03 pc
(from MIR to NIR) could be due to the luminosity that changes the
environment from smooth/clumpy to two-phase. This result is also
supported by UV emission from the disc where dust can sublimate
at 0.03, 0.08, and 0.1 pc. The best-fitting radius for the torus 0.1 pc
from our work is in agreement with the values proposed by different
models. The polar model consists of three components: torus, ring,
and polar. We found that a single component cannot explain the total
emission. Hence we expect the polar wind component as the major
contributor to the emission as shown in Fig. 8.

All the components contributing to the optical/IR emission are
displayed in Fig. 9. It shows the absorbed UV radiation is re-
emitted in the NIR and MIR bands. In the UV/NIR part of the
SED, the accretion disc also contributes together with the emission
and scattering from hot dust in the ring/torus. However, our best-
fitting model is unable to explain the NIR excess emission in the
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Table 5. The list of derived parameters for NGC 1365 from the literature presented along with the best-fitting values from this work. For reference [1]: Fritz
et al. (2006); [2]: Ramos Almeida et al. (2011); [3]: Alonso-Herrero et al. (2012); [4]: Siebenmorgen et al. (2015); [5]: Garcia-Bernete et al. (2022); and
[6]: Alonso-Herrero et al. (2021). Column 1 shows the inclination angle 7, column 2 represents the half-opening angle o, columns 3 and 4 represent the dust
distribution parameters (p, g), columns 5 and 6 are the optical depth of the dust (797, Ty) that are normalized at 9.7 pm and visible wavelength, respectively.
Column 7 shows other parameters, not common to all the models, where y is radial extent of the torus, A';OS is the optical extinction at line of sight (LOS), Ny
is the number of clouds along the equatorial ray, 7 is filling factor for the torus, ty, ¢ is the cloud optical depth, Ty, miq is the optical depth of the disc mid-plane,
a is the size of grain, and ay, h, and fy, are the wind parameters used in Honig & Kishimoto (2017).

i(°) o (°) P q T97 Ty Other parameters Model
- 70 0 0 3 - Rmin =0.17 pc, Rmax = 52 pc, Ay = 64, Ny [1] (smooth torus model)
=259 x 1052 ecm™2, Mgyse = 7.5 x 10* Mg
27412 35te - Ly - 8613¢ ALOS < 110,y =18+7,Ng =7+4 [2] (clumpy torus model)
- 36+t - - - - Rout =570, Lot =2.6+0.5 x 10¥ ergs™" 3] (clumpy torus model)
33+ - - - - 143" (zy, ) Rin = 0247020 0 =877 ¢, g = 4707330, [4] (two-phase model)
intrinsic Lagn(log Lg) = 10.23J_rgjgi
52178 >126  <-3.0 - - - ay =—1.5870% h = <0.1,fy =>0.6,No [5] (clumpy disc-+wind model)
=<6.8,0 >42.6
8-40, 53 i = >48° from ALMA imaging [6] (clumpy, Xclumpy)
72 26 1 0 20 - Rin,r =0.03 pc, Rin,« = 0.1 pc, LagN This work

=5 x 10° Lo, Netamps = 1800
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Figure 8. The contributions to the dust components of polar wind model
from torus, ring, and polar components.
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Figure 9. The contribution from the accretion disc, the dust geometry, and
the scattered emission to the SED for polar model, respectively, at its best-
fitting parameters. The scale on X- and Y-axis is logarithmic.

central nuclear region as being entirely due to hot dust grains.
The mismatch in the H band is probably due to contamination
from stellar emission as this AGN is known to host star formation
in its circumnuclear regions. The emission in the NIR band is a
mixture of hot dust emission and stellar emission. The resolution
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Figure 10. Relation between total IR luminosity (Ljr) and the luminosity
of dust in the AGN (Lpys) derived for the best-fitting model. The median
luminosity fraction of the AGN fagn = 93.98 £ 5.83 per cent.

of these emissions from the total IR SED is beyond the scope
of this work. The visibility of hot dust in type 2 AGN is less
than that in type 1 AGN that is reflected by the steepness of
SED in the NIR region. However, in spite of the fact that this
AGN is of type 1.8/2, the hot dust is visible because of the
clumpiness of the medium. The one-to-one relation between the
IR luminosity (Lr) and dust luminosity (Lpys) is presented in Fig.
10 for the best-fitting model. It is evident from the figure that
93.98 + 5.83 per cent of total IR luminosity Lir is due to the
dust in the AGN. The excess IR luminosity for A < 2 pm can
be attributed to stellar contamination. Fazeli et al. (2019) observed
strong Pax emission at 1.8 pm and several other stellar emission
lines in H and K bands using ESO’s Spectrograph for INtegral
Field Observations in the Near-Infrared (SINFONI) instrument (see
Fig. 11). Hence accounting for the stellar contributions in the polar
model could significantly improve the SED fit in NIR. Adding
10 per cent error as stellar contamination to the H and K bands
in the observed SED improves the polar model fit to the SED with a
%24 value of 1.22.

The most noteworthy feature in Seyfert AGN in MIR band is
the silicate feature at 9.7 pm. In most typical type 1 and type
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Figure 11. The stellar contaminated observation in H and K bands compared
with the polar model.

2 AGN, the silicate feature appears as emission and absorption
peaks, respectively. There is no confirmation about the 9.7 um
silicate feature in NGC 1365 based on Gemini/T-ReCS observations
(Alonso-Herrero et al. 2012, 2020, 2021). All the models with silicate
features are shown in Fig. 6, where the best-fitting polar model
produced an absorption silicate feature because dust grains in the
polar wind absorb the UV radiation from the accretion disc. But if
we remove the polar wind component, we see a mild absorption/flat
silicate feature in TO and RAT models. The standard ISM silicate
dust in the torus and large grains in the polar cone could cause the
IR absorption at 9.7 pm as seen in Fig. 6. Our polar model with a
silicate absorption feature resulted in a x 2 of 1.31 when we include
the 9.7 wm data, but with a mismatch in the NIR. However, when the
9.7um data are not included in the fit, we found x2; of 1.25 with a
flat MIR in the SED (see Fig. 5). The MIR emission is considered
to be due to UV light being reprocessed by the hot dust surrounding
the AGN. It is known that the dust distribution, composition, and UV
luminosity decide the nature of the silicate feature (see Fig. 6) and
it is not a simple function of inclination angle (Sturm et al. 2005;
Stalevski et al. 2012). As UV emission is not variable, the changes in
the MIR silicate feature in our model are due to different dust grain
size distributions.

5.1 Location of hot dust

The best-fitting inner radii of the ring and torus are 0.03 and 0.1 pc,
respectively, for the polar model, while they are 0.4 and 0.5 pc,
respectively, for the clumpy RAT model. In order to find the location
of hot dust in this AGN with this model, we further performed
more simulations with the inner radius set to 0.02-0.06 pc only to
understand the flat nature of NIR SED. The parameters like optical
depth, number of clumps, and inclination angle are varied. The best
fit is obtained at 0 = 26°, 197, = 0.1, T97¢ = 5, Rinr = 0.03 pc,
Rin = 0.4 pc, i = 69°, Nejumps = 3000, p = 1, and g = 0 with poor
reduced x2 > 4. Hence, we conclude that the clumpy RAT model
does not give a good fit to the observed SED of NGC 1365 and does
not explain the observed inner radius even if the input luminosity is
varied as shown in Fig. 12. However, incorporating the polar cone
into the RAT model significantly improves the fit, with hot dust at
inner radius of the ring, 0.03 pc, and warm dust at inner radius of
the torus, 0.1 pc. Also, the best-fitting inner radius of 0.03 pc is able
to explain the L- and M-band fluxes that are dominated by AGN
emission. Hence including pure graphite dust in the dust sublimation
model proves to be an established method (Swain et al. 2021; Garcia-

Hot dust in NGC 1365 by polar—RAT model
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Figure 13. Comparison between the best-fitting polar model (in cyan colour)
with Nejumps = 1800 and the model with same parameters with Nejymps = 3000
(in blue colour).

Bernete et al. 2022) to reproduce the nuclear NIR emission of AGN.
The hot dust near the nucleus (GRAVITY Collaboration 2020) can
be detected in the face-on orientation when NGC 1365 is considered
as a Seyfert 1 AGN or in the edge-on direction as a Seyfert 2 AGN
due to the clumpy medium. However, in this case, the observed SED
seems to be of type 2 AGN as the SED steepens at A < 2 um. Thus,
NGC 1365 should contain a clumpy dust medium so as to detect the
hot dust at 0.03 pc. In addition, the number of clumps in the graphite
ring is found to be an important parameter as shown in Fig. 13.
The intrinsic UV luminosity of this AGN observed by the UVIT is
~76 times lower than the source luminosity used in the polar model.
We find the graphite sublimation radius to be ~0.003 pc using UVIT
source luminosity that puts it inside the broad-line region (BLR).
In fact, the luminosity affects the inner radius in the sublimation
zone. The source luminosity in the clumpy RAT model is 1.23 times
higher than in the polar model. Thus, input luminosity is a vital
factor for the location of hot dust. An illustration based on the results
of this model is shown in Fig. 14, where our model derived radius
of 0.03 pc is compared with the observed inner radius from the
GRAVITY Collaboration (2020). We find that torus inner radius at
0.1 pc is well in agreement with Tristram & Schartmann (2011). The
clumpy dust clouds in the torus are unable to account for the observed
NIR emission with standard ISM dust, whereas the clumpy graphite
dust clouds in the polar model overcome this by modifying the
dust distribution and radiative transfer effects (Hatziminaoglou et al.
2015) in the NIR. Although the polycyclic aromatic hydrocarbon
(PAH) emission at 3.5 pm wavelength is known as a good starburst
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Figure 14. A schematic illustration of polar model included with literature-
based inner radii of dust. Reference: (a) GRAVITY Collaboration (2020) and
our best-fitting inner radius of the ring; (b) best-fitting inner radius of the
torus and Tristram & Schartmann (2011); and (c) Combes et al. (2019).

indicator, the emission at this particular wavelength may contain both
the hot dust and stellar components in our case as suggested by Woo
et al. (2012). The hot dust modelling in this starburst AGN has not
been widely investigated in the past since it was difficult to explain
such a scenario. In summary, the excellent resolution of UVIT and
highly sophisticated IR observations allowed us to fit the observed
SED with hot dust at 0.03 pc and torus at 0.1 pc from the centre in
a sublimation zone consisting of two regions with dust temperatures
of 1216 and 914 K, respectively.

6 CONCLUSIONS

In this paper, we have investigated the location of hot dust in a
sublimation zone in the innermost regime of the dusty torus of AGN
NGC 1365 using the SKIRT-code-based polar model with a two-phase
smooth and clumpy medium. We have constructed the UV-IR SED
of this AGN by incorporating high-resolution UVIT observations in
addition to archival IR observations. We have demonstrated that a
two-phase medium with a dust geometry of the sublimation zone,
the torus and polar cone defined by R;, = 0.03 pc, R;,,« = 0.1 pc,
Rin,, =0.08 pc, 197, =10, 197, = 10, 0 = 26°, 0, =30°,i =72°,
and Neumps = 1800 gives a reasonable fit to the observed UV-IR
SED of NGC 1365 with a minimum szed value of 1.31. The location
of graphite dust is found to be at 0.03 pc from the central source
that is in agreement with observations (GRAVITY Collaboration
2020). The hot sublimation zone has temperatures of 1216 and 914 K
for different dust grain populations and can reproduce the observed
absorption silicate feature. Since UV scattering by dust, which is a
non-negligible component of the UV SED of AGN, depends on the
grain size distribution, we find that fitting the UV-IR SED helps in
constraining the size of the grains. We find the detection of hot dust
emission in the sublimation zone of this Seyfert 1.8 AGN to be due
to the clumpiness of the medium. Our polar model deviates slightly
from the observed SED in the NIR H and K bands that are known
to be contaminated by stellar emission. The fit can be improved
further if this stellar contamination can be accurately determined in
the unresolved nuclear region of this AGN.
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