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ABSTRACT

We present new JWST/MIRI-MRS data of the z = 4.601 extremely luminous obscured quasar WISEA J224607.56—-052634.9
(W2246-0526). Our fits of its spectral energy distribution (SED) with the SED fitting code SMART (Spectral energy distributions
Markov chain Analysis with Radiative Transfer models) predict an active galactic nucleus (AGN) fraction in the range 72 — 81
per cent, an intrinsic AGN luminosity of 4.2 — 7.2 x 10'* L, a polar dust luminosity of 1.6 — 1.7 x 10! L, a black hole mass of
1.3-2.3x 10'°M,, (assuming the quasar is accreting at the Eddington limit), a star formation rate (SFR) of 360 — 2900 Mg yr~!
and a stellar mass of 4.8 — 5 x 10'! M. The stellar and black hole masses of W2246—0526 are typical of a giant elliptical galaxy
at z = 0. We find statistically significant evidence for the presence of a hot dust component, which we interpret as polar dust in
the context of a torus geometry, based on recent results obtained for nearby AGN. We explore two smooth and two two-phase
models for the AGN torus, to put constraints on the AGN fraction of the galaxy, the black hole mass and its SFR. We show that
the presence of polar dust affects the estimate of the AGN luminosity and we recommend to take into account this component
in SED fits of other high-redshift obscured AGN/quasars. Despite the large difference in luminosity, we discuss possible links
between the presence of this hot dust component in W2246—0526 and in some local AGN, suggesting that they may have a
different origin.
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1 INTRODUCTION low-redshift AGN (e.g. Asmus 2019), but is usually much fainter than
the torus itself and difficult to study either with high-resolution obser-
vations or SED fitting (Efstathiou et al. 2022; Varnava & Efstathiou
2024a; Varnava et al. 2025).

The presence of polar dust may be related to feedback processes
going on in galaxies at all redshifts, which are believed to play
a significant role in regulating and/or quenching star formation in
galaxies. For example, polar dust has been suggested to indicate
dusty winds powered by AGN radiation pressure (Honig & Kishi-
moto 2017; Honig 2019). Alternatively, polar dust may be related to
molecular clouds and/or shocked regions in the narrow-line region
(Lopez-Rodriguez et al. 2025). Lyu & Rieke (2022) presented corre-
lations between the A > Sum emission of AGN and the forbidden line
emission, suggesting that a significant fraction of the mid-infrared
emission comes from the narrow-line region. Although the nature of
polar dust may still be unclear, SED fitting with this component may
be a powerful technique to reveal its presence at any redshift.

The prototypical Seyfert 2 galaxy NGC 1068 was the first AGN
to be recognized by its mid-infrared emission to have polar dust.
Braatz et al. (1993) and Cameron et al. (1993) detected extended
mid-infrared emission, which was found to align with the narrow-line
region of the AGN. Efstathiou, Hough & Young (1995) incorporated
* E-mail: varnava.haris@gmail.com (CV) a polar dust component with a density distribution following an

Recent mid-infrared surveys have revealed a significant population
of high-redshift sources, whose spectral energy distributions (SEDs)
peak in the mid-infrared. These sources have been named hot dust-
obscured galaxies (Hot DOGs; Wright et al. 2010; Eisenhardt et al.
2012; Wu et al. 2012; Bridge et al. 2013; Tsai et al. 2015; Farrah et
al. 2017). Hot DOGs are hyperluminous infrared galaxies (HLIRGs),
with 1-1000 ym luminosities that exceed 10'® L, identified by their
distinct mid-infrared colors in Wide-field Infrared Survey Explorer
(WISE; Wright et al. 2010) data. They can be extremely luminous,
with infrared luminosities exceeding 10'* Lo, raising important ques-
tions. How can these systems reach such extreme luminosities and
what is the origin of their emission?

It is widely believed that Hot DOGs are mainly powered by an
active galactic nucleus (AGN) with evidence of super-Eddington ac-
cretion (e.g. Tsai et al. 2018). They therefore represent important
laboratories for the study of the AGN obscurer model at high red-
shifts, as the dilution from starlight and star formation is minimized.
These systems also offer the possibility of probing the properties of
polar dust, which appears to be present in a significant fraction of
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inverse square law with radius in their model for the nucleus of
NGC 1068. The existence of polar dust in AGN is now supported
by high-resolution mid-infrared imaging of local Seyfert galaxies
(e.g. Jaffe et al. 2004; Raban et al. 2009; Tristram et al. 2009, 2014;
Honig et al. 2012, 2013; Burtscher et al. 2013; Lopez-Gonzaga et
al. 2014, 2016; Lopez-Gonzaga & Jaffe 2016; Stalevski et al. 2017,
2019; Leftley et al. 2018; Asmus 2019; Gdmez Rosas et al. 2022;
Isbell et al. 2022, 2023; Lopez-Rodriguez et al. 2025).

Recent results from SED fitting of a number of luminous infrared
galaxies (LIRGs) and ultraluminous infrared galaxies (ULIRGs),
with 1 — 1000 um luminosities that exceed 10'! and 10'2Lg re-
spectively, also support the idea of the presence of dust in the
polar regions of at least some AGN (Mattila et al. 2018; Efs-
tathiou et al. 2022; Reynolds et al. 2022; Varnava & Efstathiou
2024a; Varnava et al. 2025). Varnava & Efstathiou (2024a) and Var-
nava et al. (2025) fitted with SMART! (Spectral energy distribu-
tions Markov chain Analysis with Radiative Transfer models; Var-
nava & Efstathiou 2024a,b) the HERschel Ultraluminous Infrared
Galaxy Survey (HERUS) sample (Farrah et al. 2013) of 42 local
ULIRGs and found evidence for polar dust in IRAS 05189-2524,
IRAS 07598+6508 and IRAS 1345141232 (about 7 per cent of the
sample), as the addition of the polar dust model significantly im-
proved the fits. The galaxy IRAS 05189-2524 was recognized from
the mid-90s as a ULIRG that has characteristics similar to those of
the prototypical Seyfert 2 galaxy NGC 1068. In particular, it was
found by Young et al. (1996) to show broad lines in polarized flux.
In all of these recent SED models, polar dust is assumed to be hot
(at a constant temperature of ~ 940—1050 K) and concentrated in
optically thick clouds.

WISEA J224607.56-052634.9 (W2246-0526) at z = 4.601 is
the most distant and luminous Hot DOG discovered so far, with a
bolometric luminosity exceeding 3 x 10'*Lg, placing it well into
the extremely luminous infrared galaxy (ELIRG) range (Tsai et al.
2015). According to Tsai et al. (2015), the SED of W2246—-0526 is
dominated by hot dust with a temperature higher than 450K, indica-
tive of a dominant AGN and an accreting supermassive black hole
(SMBH). Tsai et al. (2018) re-evaluated the bolometric luminosity
of W2246-0526, considering the possible contribution of a nearby
foreground galaxy. The updated estimate, based on power-law inter-
polation of the well-sampled SED, is 3.6 x 10'4L,. These estimates
of the AGN luminosity do not take into account the anisotropy of
the emission of the AGN torus, which requires a correction to the
observed luminosity of the AGN to determine the intrinsic luminos-
ity (Efstathiou 2006; Efstathiou et al. 2022; Varnava & Efstathiou
2024a; Varnava et al. 2024, 2025). In this paper, we present new
JWST data for W2246—-0526 and explore with SED fitting models
the origin of the emission of this system.

Various AGN torus models and SED fitting codes are documented
in the literature. However, it remains an open question how well we
can estimate the star formation rate (SFR) and the AGN luminosity of
galaxies that host obscured quasars at z > 4. This paper aims to quan-
tify these uncertainties, employing our recently developed Bayesian
SED fitting code SMART. Farrah et al. (2026) recently used SMART
to explore how accurately obscured galaxy luminosities can be de-
termined from near- to far-infrared SED fitting. SMART can fit an
SED with eight different combinations of radiative transfer models,
each exploring a different AGN torus model (Efstathiou & Rowan-
Robinson 1995; Fritz et al. 2006; Siebenmorgen et al. 2015; Stalevski
et al. 2016), along with a starburst (Efstathiou et al. 2000; Efstathiou

! https://github.com/ch-var/SMART
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& Siebenmorgen 2009) and a host galaxy model (Efstathiou et al.
2021), which can be spheroidal or disc. The method also allows the
inclusion of a polar dust component associated with the AGN (Ef-
stathiou 2006). This approach allows us to derive the most reliable
estimates of the AGN luminosity and SFR of W2246-0526, based
on the currently available data. Our analysis builds on the findings of
Varnava et al. (2024), who conducted a similar study with SMART of
the galaxy COS-87259 at z ~ 6.853, discovered in the Cosmological
Evolution Survey (COSMOS) field, using the four combinations of
torus models discussed in this paper.

This paper is organized as follows: In Section 2 we provide an
overview of the data, while in Section 3 we describe the mod-
els and the SED fitting method. In Section 4 we present our re-
sults, followed by a discussion in Section 5. Finally, in Section 6
we summarize our conclusions. Throughout this work, we assume
Hy=70kms™ ' Mpc™!,Q=1and Q) =0.7.

2 DESCRIPTION OF THE DATA

Mid-Infrared Instrument (MIRI) observations of W2246—-0526 were
carried out on Jul 17, 2023 12:13:28 — Jul 17, 2023 15:03:41 (PI:
Diaz-Santos; ID 1712), using the medium-resolution (MRS) integral
field unit (IFU) mode. The instrument was set up to observe the
entire wavelength range (~ 5 — 28 um), using the short, medium and
long sub-band channels, using a 4-point dither pattern. The readout
used for the detector was SLOWR1 with 31 non-destructive readouts
for the short grating setup, 23 for the medium grating and 15 for
the long grating. The total exposure times where 740.58, 549.47
and 358.35 seconds, respectively. A background/sky observation was
taken after the source, offset to an empty patch in the sky free of
mid-infrared sources, so that W2246—0526 would land on the MIRI
imager detector. The readout and exposure time were the same as for
the source, but only a 2-dither pattern was used, enough to remove
cosmic rays and detector artifacts. Simultaneous images were taken
in the FS60W, F770W and F1000W fitters.

Data reduction was performed using the standard JWST pipeline,
version 1.17.1 and CRDS version 1321. Stage 1 of the pipeline ex-
ecutes regular infrared reduction steps, producing count rates. Stage
2 performs flux calibration, corrects for fringing effects, applies a
wavelength calibration, WCS and performs sky subtraction. Stage 3
extracts the spectra from the 2-dimensional spectral images and re-
builds them into a 3-dimensional cube, using the drizzle algorithm.
A master background was constructed using the offset, sky obser-
vations, which was subtracted from the science data to remove the
thermal background.

The spectrum from each sub-band was extracted from their respec-
tive 3-dimensional cubes, using the CRETA module of the Contin-
uum and Feature Extraction (CAFE)? tool (Diaz-Santos et al. 2025).
A conical aperture growing in size linearly with wavelength, suited
for unresolved/point sources, was used to extract the spectra. The
reference radius was set to 0.5" at a reference wavelength of 5.4
pum. Since the aperture is larger than the FWHM of the point spread
function (PSF) of the instrument at each wavelength, no aperture
correction was used. No local background subtraction was applied
either. The spectra of the sub-bands were stitched to each other, start-
ing from the longest wavelength sub-band and proceeding in order
through shorter wavelength sub-bands.

We reduced the resolution of the JWST data as follows: We only
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Table 1. JWST/MIRI-MRS data of W2246—-0526 used in this work

Wavelength  Flux density  Error
pm uly uly

5.00 105.01 20.07
5.60 92.01 25.01
6.28 220.31 28.71
7.05 129.79 39.50
791 472.29 19.70
8.88 950.98 18.73
9.96 1845.45 27.68
11.18 3152.07 43.86
12.54 4903.15 21.13
14.07 7588.54 31.13
15.79 9982.05 37.46
17.71 13157.08 67.27
18.48 13997.15 71.55

Table 2. Photometry of W2246—-0526 used in this work, as listed by Tsai et
al. (2018)

Wavelength  Flux density ~ Error Band

pm uly uly

1.537 6.1 0.2 WEFC3 F160W
2.159 8.9 2.8 K band

3.6 38 2 IRAC band 1

4.5 33 1 IRAC band 2

12 2500 200 WISE band 3

22 15900 1600 WISE band 4

70 37000 3000 PACS blue channel
160 142000 16000  PACS red channel
250 107000 8000 SPIRE 250 um
350 81000 12000  SPIRE 350 um
450 49000 12000  SCUBA-2 450 um
850 11000 2000 SCUBA-2 850 um
882 7400 400 ALMA 882 um

used the data for observed wavelength 5 um < A < 19 um, as at
longer wavelengths the sensitivity of the MIRI instrument degrades
and the data become unreliable due to large uncertainties. We ex-
tracted the data for wavelengths separated by steps of 0.05 in the
logarithm of rest wavelength to match the model wavelength reso-
lution. We added a point at 18.48 um observed wavelength, which
corresponds to the wavelength of the 3.3 um polycyclic aromatic
hydrocarbon molecule (PAH) feature, which is nevertheless not de-
tected in emission in the spectrum of the galaxy. The extracted data
are listed in Table 1.

We complement the JWST data with archival multiwavelength
photometry from Tsai et al. (2018), as listed in Table 2. These mea-
surements combine space- and ground-based measurements. Op-
tical and near-infrared points come from HST/WFC3 (F160W),
Keck/OSIRIS (K band) and Spitzer/IRAC (3.6 and 4.5 um). The
mid-infrared continuum is sampled by WISE at 12 and 22 um, while
the far-infrared emission is constrained by Herschel/Photodetector
Array Camera and Spectrometer (PACS) (70 and 160 pm) and
SPIRE (250 — 350 wm). Longer-wavelength coverage includes
JCMT/SCUBA-2 photometry at 450 and 850 um, complemented
by high-resolution Atacama Large Millimeter/submillimeter Array
(ALMA) data at 882 um.
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3 DESCRIPTION OF THE MODELS AND THE SED
FITTING METHOD

Our method, thoroughly detailed in Varnava & Efstathiou (2024a),
allows us to explore the impact of four different AGN torus models
and therefore constrain the properties of the obscuring torus, but also
quantify the uncertainties in the AGN fraction, black hole mass and
SFR of the fitted galaxy. In this study, we explore the option of incor-
porating a component of polar dust in the fitting. The starburst model
of Efstathiou et al. (2000), as revised by Efstathiou & Siebenmorgen
(2009), and the spheroidal host model of Efstathiou et al. (2021) are
fitted in combination with each torus model:

(i) The smooth AGN torus model originally developed by Efs-
tathiou & Rowan-Robinson (1995), which is part of the CYGNUS
(CYprus models for Galaxies and their NUclear Spectra) collection
of radiative transfer models. This model assumes a tapered disc ge-
ometry (the thickness of the disc increases linearly with distance from
the black hole in the inner part of the torus, but assumes a constant
thickness in the outer part).

(ii)) The smooth AGN torus model of Fritz et al. (2006), which
assumes a flared disc geometry (the thickness of the disc increases
linearly with distance from the black hole).

(iii) The two-phase AGN torus model SKIRTOR of Stalevski et
al. (2016), which also assumes a flared disc geometry.

(iv) The two-phase AGN torus model of Siebenmorgen et al.
(2015), which assumes that dust covers the whole sphere around the
black hole, i.e. the half-opening angle of the torus is assumed to be
zero. Additionally, unlike the other three torus models listed above,
this model assumes that dust grains are fluffy, resulting in higher
emissivity in the far-infrared and submillimetre. Consequently, this
model is expected to exhibit the strongest contribution from the AGN
in that part of the spectrum.

Each AGN torus model has four free parameters. The SKIRTOR
and Fritz et al. (2006) models include two additional parameters that
we have fixed. As noted in Varnava & Efstathiou (2024a), Varnava
et al. (2024) and Varnava et al. (2025), fixing the parameter p of the
SKIRTOR model to the value of 1, results in the best agreement for
the silicate absorption features of obscured quasars. The parameter
g in SKIRTOR concerns the azimuthal dependence of the density
distribution and is unlikely to have much impact on the silicate fea-
tures. As in Varnava & Efstathiou (2024a), Varnava et al. (2024) and
Varnava et al. (2025), we have fixed this value at 1. Similarly, we
have fixed two of the parameters of the Fritz et al. (2006) model, as
detailed in Table 3.

The starburst model has three parameters, which are the initial
optical depth of the molecular clouds that constitute the starburst, the
e-folding time of the exponential star formation history (SFH) and its
age. The spheroidal model also has three parameters, which are the e-
folding time of the delayed exponential SFH, the optical depth of the
galaxy and the intensity of starlight. The dust and star distribution in
the spheroidal galaxy is assumed to have a Sérsic profile with n = 4.
The parameters of the starburst and spheroidal models are also listed
in Table 3.

We have further developed SMART to optionally take into account
the extinction from the host galaxy. We used this version of SMART
to explore whether incorporating the extinction from the host galaxy
can improve the fit to the mid-infrared SED with either of the AGN
torus models. The optical depth of the spheroidal host from its center
to its surface is one of the model parameters. We can therefore
self-consistently apply an extinction to the spectrum of the AGN,
assuming the AGN lies at the center of the system. The wavelength
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dependence of extinction is assumed to be that of the dust model
that is used for the radiative transfer calculations of the starburst and
spheroidal components.

The polar dust model assumes that polar dust is concentrated in
discrete spherical optically thick clouds, all of which are assumed to
have constant temperature for all dust grains (Efstathiou 2006). The
model assumes the same multigrain dust mixture as in the starburst
radiative transfer model (Efstathiou & Siebenmorgen 2009), but it is
assumed that the small grains and PAHs are destroyed by the strong
radiation field of the AGN to which these clouds are directly exposed.
In contrast to the approach of Efstathiou et al. (2022), SMART treats
the temperature of the polar dust clouds T, as a free parameter in the
fit, which is assumed to vary in the range 800—1200 K. Additionally,
we assume that all clouds have an optical depth from the center to the
surface in the V band of 100. A full radiative transfer calculation in
spherical symmetry is carried out for each cloud. Due to the assumed
temperature range, polar dust contributes mainly in the near-infrared.

W2246-0526 is a merger system (e.g. Diaz-Santos et al. 2018)
and is therefore more similar to local ULIRGs than quasi stellar
objects (QSOs). Although there are broad emission lines observed
in this object, it is believed they are seen through patchy obscuration
in the AGN torus (Diaz-Santos et al. 2016; Tsai et al. 2018; Fan et
al. 2020). In the local Universe, we have examples of hyperluminous
obscured AGN that show deep silicate absorption features, such as
IRAS 08572+3915 and IRAS 00397-1312 (Efstathiou et al. 2022;
Varnava & Efstathiou 2024a; Varnava et al. 2025). These objects do
not have a luminous polar dust component, so the silicate absorption
feature is very deep. In our model, polar dust is located in the region
not covered by the torus (see Fig. 4).

Notably, the CAT3D-WIND torus model of Honig & Kishimoto
(2017) is particularly well matched to the geometry we propose in
this paper for W2246—-0526, but it is not currently implemented in
SMART. Its inclusion is planned for future work.

SMART can extract not only the fitted model parameters but also
a number of other physical quantities. In Table 4 we list all the
derived physical quantities for W2246—-0526. We have a total of
13 free parameters in the fits without the polar dust model and 15
free parameters in the fits with the polar dust model, including the
scaling factors for each of the components. Table 6 gives the selected
fitted parameters, along with their errors. The physical quantities we
extracted are listed in Tables 7 and 8.

The SFR of the starburst and the spheroidal component are com-
puted self-consistently by the radiative transfer models, which incor-
porate the stellar population synthesis models of Bruzual & Charlot
(1993, 2003). We assume a Salpeter initial mass function (IMF) with
a metallicity 6.5 per cent of solar for the spheroidal model and solar
metallicity for the starburst model.

In Table 7 we list the SFR of the starburst averaged over the age of
the starburst, M ¢, where the age is determined from the fit.

The anisotropic emission from the torus, which is a feature of all
torus models considered in this study, requires a correction to the ob-
served luminosity of the AGN to determine their intrinsic luminosity.
The anisotropy correction factor A, as defined by Efstathiou (2006),
Efstathiou et al. (2022), Varnava & Efstathiou (2024a), Varnava et al.
(2024) and Varnava et al. (2025), represents the factor by which we
need to multiply the observed luminosity to get the true luminosity:

S 8(6;) sindy d6;
5(6;) '
where 6; is the torus inclination and S(6;) is the emission integrated

over the relevant wavelength range. A(6;) varies for the infrared and
bolometric luminosities. In Table 8 we list the anisotropy correction

A(6;) =

ey
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factor A predicted by the four different torus models, with and without
polar dust.

For this study, SMART offers insights into the properties of
W2246-0526 that grid-based methods, such as Code Investigating
GALaxy Emission (CIGALE; Noll et al. 2009; Boquien et al. 2019),
cannot provide. JWST/MIRI data contain features from dust, includ-
ing PAH and silicate features, that are particularly important for
constraining the energy source of galaxies. Grid-based approaches
restrict model parameters to discrete values and this limits the ability
to model highly sampled spectrophotometry data, which are essen-
tial for decomposing the SED of W2246—-0526 and inferring the
contribution of star formation and AGN activity. Our method instead
explores the full parameter space, which is especially critical for key
parameters like the AGN torus inclination, which significantly affects
the luminosity of the system. Furthermore, by employing radiative
transfer models, we take properly into account the effects of dustin a
realistic geometry, whereas energy-balance methods, such as Multi-
wavelength Analysis of Galaxy Physical Properties (MAGPHYS; da
Cunha et al. 2008) and CIGALE, are limited by the implementation
of attenuation laws, which may affect the estimates of stellar mass
and SFR.

4 RESULTS

We first discuss the fits without the addition of host extinction or
polar dust, which are presented in Fig. 1. These fits show a number
of interesting characteristics. First of all, we see that the solutions for
the CYGNUS, SKIRTOR and Siebenmorgen et al. (2015) models fit
the rest frame optical emission with torus emission, instead of the
spheroidal component. In the cases of the CYGNUS and SKIRTOR
models, the predicted inclination is just greater than the half-opening
angle of the torus, which explains this effect as we are seeing the
hot other side of the torus and possibly scattered light. In the case
of the Siebenmorgen et al. (2015) model, the half-opening angle of
the torus is by definition 0. In the Fritz et al. (2006) model fit, the
optical/ultraviolet spectrum is fitted with the spheroidal component.
Another important characteristic is that the fits with all models fail to
fit satisfactorily the PACS 70 um point and tend to predict relatively
low optical depths for the torus. In all cases, there is only a very weak
contribution in the far-infrared and submillimetre from a starburst or
the spheroidal host.

We attribute the failure of ‘pure’ torus models, with the addition
of a starburst and a spheroidal host, to explain the complete SED
of W2246-0526 to the fact that this object simultaneously shows
the presence of hot dust and high obscuration, as indicated by the
70 um point. These two features appear to be incompatible, as high
obscuration has the effect of absorbing the emission by hot dust in the
inner part of the torus. The addition of hot polar dust that suffers less
obscuration than the hot inner edge of the torus offers the possibility
to better explain the SED. In our method, we fix two of the parameters
of the SKIRTOR and Fritz et al. (2006) models, which have to do
with the density distribution in the torus. We do not consider this to
be the reason we fail to fit the SED with a ‘pure’ torus model. In the
case of the CYGNUS model, we allow all of the parameters to vary.
In the case of the Siebenmorgen et al. (2015) model, we allow all the
parameters to vary, except the inner radius of the torus that is fixed
to give an inner temperature of around 1000K.

The results of the fitting with host extinction included are shown in
Fig. 2. We find that incorporating the extinction from the host galaxy
does not significantly improve the fits. This may be related to the fact
that the optical depths of the spheroidal component are relatively
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Table 3. Parameters of the models used in this paper, symbols used, their assumed ranges and summary of additional information about the models. The Fritz
et al. (2006) model has two additional parameters that define the density distribution in the radial direction () and azimuthal direction (). In this paper, we
assume 8 = 0 and y = 4. The SKIRTOR model has two additional parameters that define the density distribution in the radial direction (p) and azimuthal
direction (g). In this paper, we assume p = 1 and g = 1. In addition, the SKIRTOR library fixes the fraction of mass inside clumps to 97 per cent. There are
three additional scaling parameters for the starburst, spheroidal host, AGN torus and polar dust models, fsg, fsph, faGn and fp, respectively.

Parameter Symbol  Range Comments

CYGNUS Starburst

Initial optical depth of giant molecular clouds 7, 50-250 Efstathiou et al. (2000), Efstathiou & Siebenmorgen (2009)
Starburst SFR e-folding time Ty 10-35 Myr Incorporates Bruzual & Charlot (1993, 2003)

Starburst age t, 5-35 Myr Metallicity=solar, Salpeter IMF

Standard galactic dust mixture with PAHs

CYGNUS Spheroidal Host
Spheroidal SFR e-folding time 75 0.125-8 Gyr  Efstathiou & Rowan-Robinson (2003), Efstathiou et al. (2021)
Starlight intensity [V/ad 1-17 Incorporates Bruzual & Charlot (1993, 2003)
Optical depth T 0.1-15 Range of metallicities, Salpeter IMF
Standard galactic dust mixture with PAHs
CYGNUS AGN torus
Torus equatorial UV optical depth Tuy 260-1490 Smooth tapered discs
Torus ratio of outer to inner radius r/r 20-100 Efstathiou & Rowan-Robinson (1995), Efstathiou et al. (2013)
Torus half-opening angle 6o 30°-75° Standard galactic dust mixture without PAHs
Torus inclination 0; 0°-90° The subranges 6, —90° and 0°—6,, are assumed for

AGN_type=2 and AGN_type=1, respectively.

Fritz et al. (2006) AGN torus

Torus equatorial optical depth at 9.7 um T9.7um 1-10 Smooth flared discs

Torus ratio of outer to inner radius r/r 10-150 Fritz et al. (2006)

Torus half-opening angle 6o 20°-70° Standard galactic dust mixture without PAHs

Torus inclination 0; 0°-90° The subranges 6, —90° and 0°—6,, are assumed for

AGN_type=2 and AGN_type=1, respectively.

SKIRTOR AGN torus

Torus equatorial optical depth at 9.7 um T97um  3—11 Two-phase flared discs

Torus ratio of outer to inner radius r/r 10-30 Stalevski et al. (2012, 2016)

Torus half-opening angle 6o 20°-70° Standard galactic dust mixture without PAHs

Torus inclination 0; 0°-90° The subranges 6, —90° and 0°—6,, are assumed for

AGN_type=2 and AGN_type=1, respectively.

Siebenmorgen et al. (2015) AGN torus

Cloud volume filling factor (per cent) Ve 1.5-77 Two-phase anisotropic spheres

Optical depth of the individual clouds Ac 0-45 Siebenmorgen et al. (2015)

Optical depth of the disc mid-plane Ag 50-500 Fluffy dust mixture without PAHs

Inclination 0; 0°-90° The subranges 45°—90° and 0°—45°are assumed for

AGN_type=2 and AGN_type=1, respectively.
Polar dust

Temperature T, 800—1200 K Optically thick spherical clouds (Efstathiou 2006)
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Figure 1. Comparison SED fit plots of W2246—-0526 without the addition of host extiction or the polar dust component. The AGN torus, starburst, spheroidal
host and total emissions are plotted as shown in the legend. The top left panel shows fits with the CYGNUS combination of models. The top right panel shows
fits with the CYGNUS AGN torus model replaced by the Fritz et al. (2006) model, the bottom left panel replaces the CYGNUS AGN torus model with the
SKIRTOR model, while the bottom right panel replaces the CYGNUS AGN torus model with the Siebenmorgen et al. (2015) model.

Table 4. Derived physical quantities and the symbol used. All luminosities
are integrated over 1 — 1000 pm.

Physical quantity

Symbol

Observed AGN torus luminosity
Corrected AGN torus luminosity
Starburst luminosity

Spheroidal host luminosity
Polar dust AGN luminosity
Total corrected luminosity
Starburst SFR (averaged over its age)
Spheroidal SFR

Total SFR

Spheroidal stellar mass

Starburst stellar mass

Total stellar mass

AGN fraction

Anisotropy correction factor
Covering factor of polar dust
Estimated black hole mass

(e}
Licn

C
Licn
Lsg

Lsph

low, and are found to be in the range 2.2 — 5.3. This low-level of host
extinction is not sufficient to suppress the mid-infrared emission. The
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Table 5. Results of the y? difference test (described in Appendix A2) and
BIC (described in Appendix A3) for each AGN torus model, with and without
the polar dust component

AGN torus model  p-value ABIC
CYGNUS 0.00003  -14.18
Fritz et al. (2006)  0.08521 1.59

SKIRTOR 0.00002  -14.84

minimum reduced y? and selected fitted parameters of the fits with
host extinction are shown in Table 6.

In the optical/near-infrared, the emission from the spheroidal com-
ponent is degenerate with scattered light from the AGN, which is
predicted to be viewed from a very special inclination (angle just
greater than the half-opening angle of the torus). Attempts to enforce
a fit with a spheroidal component were unsuccessful. This difficulty
motivated our adoption of a torus plus polar dust geometry.

In Fig. 3 we present the fits of the three models, CYGNUS, Fritz
et al. (2006) and SKIRTOR, obtained if we include polar dust. We
note that the Siebenmorgen et al. (2015) model already includes
polar dust, so we do not consider a model in which we add polar
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Figure 2. Comparison SED fit plots of W2246—-0526 with the addition of host extinction. The AGN torus, starburst, spheroidal host and total emissions are
plotted as shown in the legend. The top left panel shows fits with the CYGNUS combination of models. The top right panel shows fits with the CYGNUS AGN
torus model replaced by the Fritz et al. (2006) model, the bottom left panel replaces the CYGNUS AGN torus model with the SKIRTOR model, while the
bottom right panel replaces the CYGNUS AGN torus model with the Siebenmorgen et al. (2015) model.

dust. Our analysis allows us to assess which combination of models
best fits the observational data for W2246-0526. From the SED fit
plots, we observe that the fits with polar dust enabled are better than
those without polar dust inclusion for all torus models considered.
This is probably a hint that none of the current torus models alone
can provide a satisfactory explanation for the near- and mid-infrared
spectrum of this quasar. We argue that this may be evidence for polar
dust in W2246-0526.

Although the Siebenmorgen et al. (2015) model also includes polar
dust in a self-consistent radiative transfer calculation, the model does
not have the flexibility of the approach we adopt for the other three
models, where we have the temperature of the polar dust clouds as
a parameter and also the covering factor or luminosity of the polar
dust (through the scaling parameter f,,). We also note that radiation
from the central source may not be emitted isotropically, as assumed
in the Siebenmorgen et al. (2015) model. The Siebenmorgen et al.
(2015) model has a more rigid structure, which is determined by the
density distribution of the dust around the AGN and the isotropic
emission of the central source, and this is probably the main reason
why it does not work as well in this case. Given that the two-phase
SKIRTOR model with the addition of polar dust gives a good fit, we
can speculate that the Siebenmorgen et al. (2015) model would also
give a good fit, if the treatment of polar dust were more flexible.

It is interesting that in all three other models we have a similar

solution of a torus viewed at a higher inclination (more edge-on)
than in the case without polar dust. The torus dominates at the longer
wavelengths and produces a deep silicate absorption feature. The
polar dust dominates in the near-infrared, where the JWST data lie
and tend to make the silicate absorption feature much shallower in
the total emission. In all three model combinations, we have a small
contribution from the starburst and spheroidal components in the
far-infrared, with the strongest contribution in the case of the Fritz
et al. (2006) model. However, because of the extreme luminosity of
this system, the resulting SFR can approach 3000 M yr~!. We also
note that in all three cases the rest frame optical/ultraviolet spectrum
is dominated by the spheroidal component.

To take into account the additional parameters in the fits with
polar dust, in Table 5 we present the results of a y? difference test for
nested models and a Bayesian Information Criterion (BIC) for model
comparison. For the CYGNUS and SKIRTOR models, including
polar dust leads to a statistically significant improvement in the fits
(p < 107). The BIC analysis is consistent with these results, with
ABIC < —14 for the CYGNUS and SKIRTOR models, indicating
that the improved fits outweigh the penalty for additional parameters
and providing very strong evidence for the inclusion of polar dust. In
contrast, no significant evidence is found for the Fritz et al. (2006)
model, with p > 107 and ABIC = 1.59.

In Table 6 we observe that the minimum reduced y? values pro-
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Figure 3. Comparison SED fit plots of W2246—-0526 with the addition of the polar dust component. The AGN torus, starburst, spheroidal host, polar dust and
total emissions are plotted as shown in the legend. The top left panel shows fits with the CYGNUS combination of models. The top right panel shows fits with
the CYGNUS AGN torus model replaced by the Fritz et al. (2006) model and the bottom panel replaces the CYGNUS AGN torus model with the SKIRTOR

model.

vided by the fits with polar dust disabled are considerably higher than
those obtained when polar dust is enabled, regardless of whether host
extinction is included. The fits with polar dust enabled yield simi-
lar values across all models. Specifically, the CYGNUS torus model
gives the lowest value of X,z,, in.y = 3.2, closely followed by the SKIR-
TOR model with )( = 3.3 and the model of Fritz et al. (2006),

which gives the highest value of szm‘n , = 3.5. The results suggest
that all models, when incorporating polar dust, provide satisfactory
fits to the data of W2246—-0526.

We conclude that the comparison of the SED fit plots shown in
Figs 1, 2 and 3 is considered indirect evidence for the presence of
a component of near- to mid-infrared emission associated with the
polar region. For all models, the inclusion of polar dust statistically
significantly improves their fit to the data of W2246—-0526. Con-
sidering all the above, we argue that the observed infrared SED of
W2246-0526 can be most plausibly explained by re-radiation by
optically thick dust clouds in the polar regions of the torus, as well
as an optically thick torus viewed almost edge-on. In Fig. 4 we show
a schematic diagram of the possible torus and polar dust geometry
that could explain the observed properties of W2246—-0526. Since
the models with polar dust enabled perform considerably better, we
consider only the results of these combinations in the remainder of
this discussion.

mm vV

According to the fits, the luminosity of this object is dominated by
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the AGN with an infrared (1 — 1000 pm) luminosity (including the
anisotropy correction) of 4.2 —7.2 x 10'* L. Our method predicts a
significant anisotropy correction factor A in the range 2.2 — 3.9. The
SKIRTOR model predicts the lowest A and the CYGNUS model
the highest. The CYGNUS model also predicts the highest AGN
luminosity of 7.2 x 10'* L. All models predict a similar polar dust
luminosity in the range 1.6—1.7x10'% L and a similar temperature in
the range 940.8—-957.4 K. The CYGNUS model predicts a relatively
low starburst luminosity of 4.4 x 10" Ly. The SKIRTOR model
predicts a much higher starburst luminosity of 5.9x10'> L, while the
model of Fritz et al. (2006) predicts the highest starburst luminosity
of 1.1 x 10'3 L. Similarly, the CYGNUS model predicts a low SFR
of 358.3 Moyr~!. In contrast, the SKIRTOR and Fritz et al. (2006)
models predict a high SFR, ranging between 1714 — 2916 Moyr~!.

The stellar mass of the galaxy is predicted to be in the range
4.8 — 5 x 10" My. The Fritz et al. (2006) and SKIRTOR models
predict that a significant fraction of the stellar mass, ranging between
2.3 - 2.9 x 10"\, formed in the current starburst episode in the
galaxy. The AGN fraction is predicted to be in the range 72 — 81
per cent and the covering factor of polar dust in the range 24 —
38 per cent. The method predicts a relatively young starburst age
of 0.9 — 2.3 x 107yr. The black hole mass (assuming the AGN is
accreting at the Eddington limit) is estimated to be in the range
1.3 - 2.3 x 109\, with the CYGNUS model giving the highest
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Table 6. Minimum reduced y? and selected fitted parameters for W2246—0526. A description of the parameters is given in Table 3. For the CYGNUS model,

Ty 1s divided by 61 to obtain 79 7.

AGN torus model szm'n,v 75 (107yr) t. (107yr) 9, (°) 0; (°) T,
T9.7um
CYGNUS without polar dust 5.1 69.3%% | 155.1%L 1793 450 63530 6590, -
or host extinction
T9.7um
CYGNUS with host extinction 4.8 218.2323 . 89.8130 1.6% | 4.3%,  57.9%, 56.9%%, -
4 oo 6.4
H 1.7 8.1 0.7 0.7 . 3.5 5.7
CYGNUS with polar dust 32 3730 119.9%1 0 1497, 9.7%7 53.0%4,  76.2%7,  940.8%7
T9.7um
Fritz et al. (2006) without polar dust 39 155.2158  129.2%, 1499, 5.810,  40.1%,  59.432, -
or host extinction
T9.7um
Fritz et al. (2006) with host extinction 3.7 74.4%8 0 139.3%7 . 0.7%, 3306, 45917, 66.1%9) -
T9.7um
Fritz et al. (2006) with polar dust 35 40.318 66.4%2, 0.9%2, 8.8%5, 3574, 83507 957.4%%,
T9.7um
i 51.9 35.1 0.3 L.5 0.3 1.6
SKIRTOR without polar dust 53 88.27 0 5 129.3%5 ¢ L6254 6.920,6 542755 59717, -
or host extinction
17.7 18.4 0.2 ot 0.5 3.6
SKIRTOR with host extinction 3.7 51.5255 89.90%7 6 0.9%4 5 7.6, 56.975, 51.0275 -
2 20.2 0.4 s 6.4 3.6
i ] . E . X 1.1 .
SKIRTOR with polar dust 33 35.0%5,  199.9%%2.  23%, 10793, 44.9%). 78.9L1.  957.13%5,
Ag
Siebenmorgen et al. (2015) without 4.9 383270, 10167070, 1197, 53.5%%, 0.0 66.8%5 -
host extinction
Ad
Siebenmorgen et al. (2015) with host 3.6 30.3%, 103.3%3, 1.9%,  52.613, 0.0 61.0% -

extinction

Polar
dust

B>

Figure 4. Schematic diagram of the possible torus and polar dust geometry
that could explain the observed properties of W2246—-0526. As shown in the
diagram, the polar dust emission may suffer some extinction through the torus
along the red line of sight.

Obscuring torus

Obscuring torus

estimate and the SKIRTOR model the lowest. The models predict
that the torus half-opening angle is in the range 35.7° — 53°, with the
CYGNUS model predicting the highest value and the model of Fritz
etal. (2006) the lowest. This implies that the torus in obscured quasars
like W2246—-0526 has a large covering factor and these objects can be
at least as numerous as unobscured quasars. We note that, in the case
of the two-phase SKIRTOR model, the clumpiness of the medium
must be taken into account to calculate the covering factor.

A common characteristic of all the fits without polar dust is that
the AGN torus models predict a spectrum with a very shallow sili-
cate absorption feature, if any. This is unexpected, considering that
W2246-0526 is classified as an obscured quasar. There are examples
of local ULIRGs that exhibit very deep silicate absorption features,
such as IRAS 08572+3915 (Efstathiou et al. 2014, 2022; Varnava
& Efstathiou 2024a; Varnava et al. 2025). The shallow absorption
feature can be attributed to the fact that the AGN torus models do
not predict a very edge-on inclination. Interestingly, when polar dust
is incorporated, the models predict higher inclinations and produce
a spectrum with a deeper silicate absorption feature, aligning bet-
ter with what would be expected for obscured quasars. This occurs
because the addition of polar dust allows solutions where the AGN
torus is more edge-on compared with the case where the effect of
polar dust is not taken into account.

Another interesting result is that all fits that include polar dust show
the optical/ultraviolet emission to be dominated by the host galaxy,
whereas in the fits without polar dust it is dominated by the AGN, with
the exception of the model of Fritz et al. (2006). Consequently, the
CYGNUS and SKIRTOR models tend to overestimate the AGN and

MNRAS 000, 1-13 (2026)
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Table 7. Selected extracted physical quantities for W2246—-0526. A description of the physical quantities is given in Table 4. The reported luminosities are

Charalambia Varnava

integrated over 1 — 1000 pum.

AGN torus model Locn Lion Lsg Lgspn Ly Lf,, M]Ee Msph
1090, 100y 10""Le  10Le  10°Le  10MLg Moyr™! Moyr™!
CYGNUS without polar dust 5200, 8.7%8, 90l 0.0% - 8.8%6,  2166.0'9%00  0.9134
CYGNUS with polar dust 1802, 7.2%3, 0 4a4d8 0 2000 17.0%0, 9.0%7,  110.9°%%  217.6%2,
Fritz et al. (2006) without polar dust ~ 3.9%1 . 4.1%, 72452 1.8%7, - 4200, 17410810 259.55%1 .
Fritz et al. (2006) with polar dust 1.8%  4s5% . 11009 2292, 16297, 6.2%,  2684.0%%2 . 241.0'%3
SKIRTOR without polar dust 4.6%2,  6.1% ., 940, 0.0%, - 6.2%,  2374.0°%8 1.8132
SKIRTOR with polar dust 2,002, 4207, s8.6%t 1792, 16.1%0, 5997, 1497.0'%7,  189.8%35.
Siebenmorgen et al. (2015) 5.4% 0 7.9% 67, 0.0%0, - 7.992, 158.513%:% 0.3%,
Table 8. Other extracted physical quantities for W2246—-052. A description of the physical quantities is given in Table 4.
AGN torus model Mo M, M, M;,, FAGN A fe MpH
Mgyr™! 10"My  10°My 101 My 1090,
CYGNUS without polar dust 21670190 - 0.0%,  32.8%7.  03%2,  0.99%0L  1.7%0, - 2.7°2,
CYGNUS with polar dust 358316400 4902, 1025, 4992, 08190, 39100 024908 2306,
Fritz et al. (2006) without polar dust ~ 2001.0™4L0 1.6% ~ 23.017% ~ 2.0%, 09800,  1.1%, - 1299,
Fritz et al. (2006) with polar dust 2916.0%0,5.  4.6%2, 23440 4892 072007 2500 036%0%,  1.4%,
SKIRTOR without polar dust 2383.0%05,  0.0%, 30.8'L%  03%2,  0.98%0 1.3%, - 1992,
SKIRTOR with polar dust 1714.0%8 o 47%,  29.1% 5003, 072003 2202, 0.38%%%.  1.3%7,
Siebenmorgen et al. (2015) 15908759 0.0%9,  2.0%,  0.0%,  10%, 15%, - 2.4%,

starburst luminosities and underestimate the host galaxy luminosity,
when polar dust is not taken into account. A further notable finding
is that the stellar mass is significantly underestimated in all models
without polar dust.

5 DISCUSSION

The presence of polar dust in AGN has been a topic of discussion
since the early 90s, with notable contributions by Braatz et al. (1993)
and Cameron et al. (1993), who detected extended mid-infrared emis-
sion to be co-spatial with the ionization cone and the radio jet and
outflow in the nearby Seyfert 2 galaxy NGC1068. Asmus (2019)
provide a more recent discussion of the ubiquity of polar dust in
AGN. Haidar et al. (2024) recently utilized the high spatial resolu-
tion of JWST to conduct a detailed study of the polar region of the
Seyfert galaxy ESO 428-G14, part of the Galaxy Activity, Torus,
and Outflow Survey (GATOS) survey of local AGN. They detected
extended mid-infrared emission within 200 pc from the nucleus. This
polar structure is co-linear with a radio jet and lies perpendicular to
a molecular gas lane that feeds and obscures the nucleus. Its mor-
phology bears a striking resemblance to that of gas ionized by the
AGN in the narrow-line region. Haidar et al. (2024) demonstrate that
part of this spatial correspondence is due to contamination within
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the JWST filter bands from strong emission lines. Correcting for
the contamination, they determine that the morphology of the dust
continuum is more compact, although it is still clearly extended out
to ~100 pc. They estimate the temperature of the emitting dust to
be ~120K. Through simple models, they also find that the heating
of small dust grains by the radiation from the central AGN and/or
radiative jet-induced shocks is responsible for the extended mid-
infrared emission. Additionally, they conclude that radiation-driven
dusty winds from the torus are unlikely to play a significant role.

A number of studies sought to find evidence for the CAT3D-
WIND polar wind model of Honig & Kishimoto (2017), which is
in many respects similar to what is proposed in this paper. Isbell et
al. (2021) carried out a survey at 3 — 5 um of 119 local (z < 0.3)
AGN and found that models including polar winds best reproduced
the 3 — 5 um colors, indicating that it is an important component of
dusty torus models. Martinez-Paredes et al. (2021) observed at high
angular resolution 13 z < 0.1 QSOs in the near-infrared and con-
cluded that the majority are better fitted by a disc plus wind model.
Alonso-Herrero et al. (2021) compared mid-infrared and submillime-
tre images of 12 nearby (median 21 Mpc) Seyfert galaxies selected
from GATOS with those generated with the CAT3D-WIND model
and found good agreement. Garcia-Bernete et al. (2022) fitted the
SEDs of 24 Seyferts with a range of torus models and found that



clumpy disc plus wind models provide the best fits to the nuclear
infrared SEDs of Sy1/1.8/1.9 in the near-infrared range.

The fact that polar dust can be satisfactorily modeled with a single-
temperature dust component may be an indication that dust is concen-
trated in an outflow with an r~2 density distribution, so the emission
is dominated by the inner edge of the outflow. However, Lopez-
Rodriguez et al. (2025) concluded that the polar dust in a sample
of local AGN (distance ~35 Mpc) they studied with JWST at ~75
pc resolution may be distributed in molecular clouds and/or shocked
regions across the narrow-line region. The temperature of polar dust
in the sample of Lopez-Rodriguez et al. (2025) is estimated to be
132+7 K, i.e. much lower than the temperature inferred in Arp 299
(Mattila et al. 2018) and in the HERUS ULIRGs (Varnava & Ef-
stathiou 2024a; Varnava et al. 2025). It may be the case that the
origin of polar dust in the sample of Lopez-Rodriguez et al. (2025),
as well as in ESO 428-G14 discussed above, and in the objects we
detected polar dust from SED fitting may be different. We note that
polar dust with a temperature of the order of 100K is harder to detect
with SED fitting, as its emission falls in the same wavelength range
as the torus itself, which dominates the emission. In conclusion, the
nature of polar dust in W2246—0526 and in local Seyfert galaxies
studied by Lopez-Rodriguez et al. (2025) may be very different in
view of the orders of magnitude difference in infrared luminosity.
The polar dust identified in W2246—0526 may be more closely re-
lated to the component identified in the studies by Alonso-Herrero
et al. (2021), Isbell et al. (2021), Martinez-Paredes et al. (2021) and
Garcia-Bernete et al. (2022), discussed above.

Vayner et al. (2025) recently reported the discovery of a dusty
outflow in W2246—0526 deduced from the identification of several
hydrocarbon features detected in absorption using JWST/MIRI-MRS
observations. The outflow, which is blue-shifted by 5250 km/s from
the systemic redshift of the galaxy, is likely accelerated by radia-
tion pressure from the central quasar via trapped infrared photons
reprocessed by dust. This discovery is in line with and supports our
interpretation that the hot dust component needed to obtain opti-
mal fits to W2246-0526’s SED may have a polar origin and could
be associated to the same dusty outflow seen through hydrocarbon
molecules.

W2246-0526 has been extensively studied in the literature (e.g.
Assef et al. 2010, 2015; Tsai et al. 2015, 2018; Diaz-Santos et al.
2018, 2021). Tsai et al. (2015) estimated its bolometric luminosity
to exceed 3 x 10" L, while Diaz-Santos et al. (2018) and Tsai et al.
(2018) reported similar values of 3.5x 104 Ly and 3.6+0.3x 10" L,
respectively. More recently, Diaz-Santos et al. (2021) reported an in-
frared (8 — 1000 um) luminosity of 2.2 X 10" Ls. We note that the
luminosities derived from SMART are integrated over 1 — 1000 pm.
Nevertheless, all of the above values are significantly lower than
those predicted by our best-fitting models. We attribute this discrep-
ancy to the presence of a heavily obscured AGN that requires a
large anisotropy correction, which we have taken into account in our
analysis, leading to the high-predicted AGN luminosity.

Based on kinematic analysis, Tsai et al. (2018) estimated a black
hole mass of 4 + 3.7 x 10° M, about a factor of 3 lower than our
estimated range of 1.3 — 2.3 x 10!°M,. Diaz-Santos et al. (2018)
reported an SFR within the central ~4 arcsec of 560 Myyr~!, with
a factor of 2 uncertainty, and a stellar mass of 2.6 x 10" M, with
an uncertainty of a factor of 3. Diaz-Santos et al. (2021) predicted
an SFR of 688'1) Moyr~! and a stellar mass of 3%/ ; x 10" M.
SMART predicts an SFR in the range 358.3 — 2916 Mgyr~! and a
stellar mass in the range 4.8 — 5 x 10" M.

Overall, our estimates for the SFR and stellar mass are in agree-
ment with previous estimates within the errors. We note that, as the
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emission in the rest frame far-infrared is dominated by the AGN
torus, the SFR estimate from SMART depends strongly on the far-
infrared emissivity of the dust in the torus, which is very uncertain at
that redshift. We see, for example, that the model of Siebenmorgen
et al. (2015), which has the highest far-infrared emissivity, predicts
the lowest SFR.

For the black hole estimate, there is more disagreement, but it
could be only about a factor of 2, as the error on the kinematical
estimate of Tsai et al. (2018) is very large (4 + 3.7 x 10°M;). One
of the most important conclusions of our study is that the black hole
mass we infer, assuming the AGN radiates at the Eddington limit, is
~2-3 times higher than the more uncertain kinematical estimate of
Tsai et al. (2018). However, as noted by Tsai et al. (2018), the quasar
may be super-Eddington with an Eddington ratio of 2.8. Our result
could be consistent with the kinematical estimate, if the Eddington
ratio is ~2-3 times higher. It is notable that Farrah et al. (2022), using
the radiative transfer solutions of Efstathiou et al. (2022), concluded
that 12 of the HERUS ULIRGs are super-Eddington and associated
with late-stage mergers. Taken together, these comparisons highlight
how our study refines and advances the current understanding of
W2246-0526.

Taking into account the stellar mass that will be accumulated
during the whole current starburst episode, the stellar mass of
W2246-0526 is predicted to be in the range 4.9 — 5.1 x 10'! M.
Assuming the black hole mass is in the range 1.3 — 2.3 x 10'°M,, as
predicted by the SED analysis, then W2246—0526 appears to have
a black hole mass slightly above that expected for local elliptical
galaxies (Farrah et al. 2023, see their Fig. 3). If the quasar is super-
Eddington with a black hole mass of ~ 4 x 10° Mg, as determined
by Tsai et al. (2018), then W2246—-0526 lies almost exactly on the
MpH — Mgenar relationship of Reines & Volonteri (2015) of local
quiescent elliptical galaxies. These positions relative to local scaling
relations do not take into account the possibility of further star for-
mation and/or SMBH accretion episodes, which, given the redshift
of W2246-0526, are quite possible.

6 CONCLUSIONS

We used multiwavelength photometry, including JWST data, to ex-
plore the physical properties of the extremely luminous obscured
quasar W2246-0526 at z = 4.601, the most luminous galaxy cur-
rently known, with the SMART SED fitting code (Varnava & Efs-
tathiou 2024a,b), by incorporating four different AGN torus models,
in addition to a starburst and a spheroidal host galaxy. Apart from
the combination with the AGN torus model of Siebenmorgen et al.
(2015), we also fitted the data with the same combinations of models
but with the addition of a hot dust component that we attribute to
polar dust emission in the context of a torus geometry. All models
statistically prefer the presence of this component, suggesting it is
required in order to account for the rest-frame mid-infrared spectrum
of W2246—0526. Our main conclusions are summarized as follows:

(i) We find that a combination of an AGN torus, a starburst and a
spheroidal component fails to fit the mid-infrared spectrum. Taking
into account extinction by the host galaxy does not help to resolve
this problem.

(i) Absorption and re-radiation by dust in the polar regions of
the AGN torus, in addition to an edge-on torus, is proposed as the
most plausible scenario for explaining the observed infrared SED of
W2246-0526.

(iii) We find that the best fit is provided by the smooth CYGNUS
tapered disc model, followed closely by the SKIRTOR two-phase
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model, both with polar dust enabled. The smooth flared disc model
of Fritz et al. (2006) with polar dust enabled provides a satisfactory
solution, albeit with a slightly higher minimum reduced 2.

(iv) Our method predicts an AGN fraction in the range 72 — 81
per cent, an SFR in the range 358.3 — 2916 Myyr~! and a stellar
mass of 4.8 — 5 x 10! M. The predicted polar dust luminosity is
between 1.6 — 1.7 x 10'* L and the AGN luminosity is in the range
4.2 —7.2x 10" L. The covering factor of polar dust is predicted to
be in the range 24 — 38 per cent. The estimated black hole mass of
W2246-0526 is between 1.3 — 2.3 x 10'9M,.

(v) Our estimates of the SFR and stellar mass are consistent with
earlier estimates within the uncertainties. However, our estimate of
the AGN luminosity, and therefore the black hole mass, is higher by
a factor of ~2-3 compared with previous estimates. W2246—-0526
may therefore have an Eddington ratio ~2—-3 times higher than the
value of 2.8 estimated by Tsai et al. (2018).

(vi) Our analysis shows that SED fitting may be a very powerful
technique for detecting potential polar dust in high-redshift AGN,
which in turn may be associated to the presence of fast, dusty outflows
in obscured sources (Vayner et al. 2025) not directly detected by mid-
infrared imaging and spectroscopy.
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APPENDIX A: QUALITY TESTS FOR SED FITTING

In this Appendix, we demonstrate how we assess the quality of the
SED fitting, by implementing a comprehensive suite of tests. These



include evaluating the goodness of fit, using statistical indicators
such as the minimum reduced x?2, and performing a x? difference
test for nested models to compare the quality of fits between nested
models. To take into account the number of data points and penalize
model complexity, we also employ the BIC as a complementary
metric. Through this rigorous evaluation, we obtain more reliable
constraints on the physical properties of W2246—-0526.

A1l Minimum reduced y?

There is significant uncertainty in the models, which is primarily due
to uncertainties regarding the dust properties, the geometry, numeri-
cal errors etc. The uncertainty in the observed data is driven primarily
by the calibration uncertainty of the instruments. We therefore define
the y? statistic we use to compare the observed and the model SEDs
as:

2 (yn _ﬂn)z
= s Al
K= [(ay )2+ (0 i) (AL

where y,, and u, are the observed data and the corresponding model
value respectively, o, is the uncertainty of the data and o7, is the
uncertainty of the model.

For the x? calculation, we adopted a 15 per cent uncertainty for
the model SEDs and a 20 per cent uncertainty for the observed data.
The minimum reduced y?, x> can then be obtained by:

min,v’

2
X .
Hominy = 22 (A2)

where the degrees of freedom, v = n — m, equal the number of data
points n minus the number of fitted parameters m. In Table 6 we list
the minimum reduced y? values provided by the fits with the four
different torus models, with and without the addition of the polar
dust component.

A2 y? difference test for nested models

The 2 difference test is a statistical test to assess whether the addition
of model parameters leads to a statistically significant improvement in
the fit to the data. This test helps determine whether added parameters
improve model fit sufficiently to justify increased complexity. This
ensures that the preferred model provides a robust representation
of the physical properties of W2246—-0526, without overfitting the
observational data. To compare two nested models using the 2
difference, the test statistic is given by:

2 2 2
Ax® = Xsimple ~ Xcomplex * (A3)
which follows a y? distribution with
Av = Mcomplex — Msimple (A4)

degrees of freedom under the null hypothesis. A low p-value (p <
107%) indicates that the additional parameters in the complex model
lead to a statistically significant improvement in the fit. In Table 5
we list the results of the y? difference test for each torus model, with
and without the polar dust component.

A3 BIC for model comparison

The BIC is also used to compare competing models, by balancing the
quality of the fit against model complexity. This criterion is particu-
larly useful, as it penalizes the inclusion of unnecessary parameters,
helping to avoid overfitting. Unlike the y? difference test, the BIC
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also takes into account the number of independent data points avail-
able. The BIC for a given model is defined as:

BIC = m1In(n) —2In(L) , (AS)

where m is the number of free model parameters, n is the number
of independent data points and L is the maximized value of the
likelihood function, i.e.

L=P(D| 6,M) , (A6)

where D is the observed data, {®} are the parameter values that
maximize the likelihood function and M is the model. Since our
likelihood function is a Gaussian, the log-likelihood is related to the
¥ statistic by:

. 1
In(L) = —5)/ +C (A7)

where C is a constant. We can therefore approximate BIC for model
comparison as:

BIC ~ x> + mIn(n) . (A8)

A lower BIC value indicates a preferred model. To compare two
models, the difference

ABIC = BICcomplex - BICsimple (A9)

is evaluated, with ABIC > 0 favoring the simpler model and ABIC <
0 favoring the more complex model. In Table 5 we list the results
of the BIC for each torus model, with and without the polar dust
component.

For the interpretation of the strength of evidence, we follow the
evidence scale of Kass & Raftery (1995), interpreting differences in
BIC as approximations to twice the logarithm of the Bayes factor:

|ABIC]|

Interpretation

0-2 Weak evidence

2-6 Positive evidence
6-10 Strong evidence
> 10 Very strong evidence

This paper has been typeset from a TRX/IATEX file prepared by the author.
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