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A B S T R A C T 

We investigate the capabilities of the mid-infrared instrument (MIRI) of JWST to advance our knowledge of active galactic 
nucleus (AGN) dust using the spectral fitting technique on an AGN collection of 21 nearby ( z < 0 . 05) AGN (7 type-1 and 

14 type-2) observations obtained with the medium resolution spectroscopy (MRS) mode. This collection includes publicly 

available AGN and data from the collaboration of Galactic Activity, Torus, and Outflow Surv e y (GATOS). We developed a tool 
named MRSPSFisol that decomposes MRS cubes into point-like and extended contributions. We found statistically good fits 
for 12 targets with current AGN dust models. The model that provides good fits ( χ2 / dof < 2 ) for these 12 targets assumes a 
combination of clumpy and smooth distribution of dust in a flare-disc geometry where the dust grain size is a free parameter. Still, 
two and one AGN statistically prefer the disc + wind and the classical clumpy torus model, respecti vely. Ho we ver, the currently 

available models fail to reproduce 40 per cent of the targets, likely due to the extreme silicate features not well reproduced by 

the models and signatures of water-ice and aliphatic hydrocarbon absorption features in most targets. New models exploring, 
for instance, new chemistry, are needed to explain the complexity of AGN dust continuum emission observed by JWST . 

K ey words: galaxies: acti ve – galaxies: nuclei – galaxies: Seyfert – infrared: galaxies. 

1

D  

g  

n  

2  

b  

m  

S  

b  

2  

t
 

t  

i  

s  

r  

R  

m  

�

(  

r  

t  

a  

B  

G  

e  

o  

a  

d  

i  

a  

d  

a  

e  

I  

e  

o  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/2158/8111629 by guest on 09 June 2025
 I N T RO D U C T I O N  

espite the enormous observational and theoretical effort, the active
alactic nucleus (AGN) fuel origin and the triggering mechanism
ature are two of the main unresolved questions in the field (Netzer
015 ). Feeding should rely on gas falling into the supermassive
lack hole (SMBH), driven by magnetic fields and loss of angular
omentum (Blandford & Znajek 1977 ; Emmering, Blandford &
hlosman 1992 ; Lopez-Rodriguez et al. 2020 ). Due to nuclear dust
eing coupled with gas (Lauer et al. 2005 ; Esparza-Arredondo et al.
021 ), understanding the physical properties of the dust is essential
o understanding AGN feeding (Tran et al. 2001 ). 

Infrared wavelengths are valuable for studying AGN dust, as
he dust that hides many AGNs at optical and UV wavelengths
s emitted in the infrared. Indeed, thanks to infrared ground- and
pace-based observations, our perception of the AGN dusty central
egions has significantly changed in recent years (Ramos Almeida &
icci 2017 ). It had been proposed that a thick torus, present in
ost AGNs, surrounded the accretion disc and broad-line region
 E-mail: o.gonzalez@irya.unam.mx 
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Antonucci 1993 ; Urry & P ado v ani 1995 ). Ho we ver, high-angular-
esolution interferometric observations of local Seyfert galaxies in
he infrared showed that the dust at pc-scale is not distributed in
 single, toroidal structure for some sources (Cameron et al. 1993 ;
ock et al. 2000 ; Radomski et al. 2003 ; H ̈onig et al. 2013 ; L ́opez-
onzaga et al. 2014 ; Leftley et al. 2018 ; H ̈onig 2019 ; G ́amez Rosas

t al. 2022 ; Isbell et al. 2025 , and references therein). Instead, these
bservations suggest a combination of an equatorial, thin disc and
 polar-extended component, which would have originated from a
usty wind (H ̈onig & Kishimoto 2017 ). The dust motion is then an
nfall throughout a thin disc (warm disc traced by infrared and cold
nd larger disc traced by sub-mm) and an outflow in the perpendicular
irection (Combes 2023 ; Garc ́ıa-Burillo et al. 2024 ). The thin disc has
 well-known counterpart at sub-mm wavelengths (Garc ́ıa-Burillo
t al. 2016 , 2019 , 2021 ; Alonso-Herrero et al. 2018 , 2019 , 2023 ;
manishi et al. 2018 , 2020 ; Lopez-Rodriguez et al. 2018 ; Combes
t al. 2019 ; Impellizzeri et al. 2019 ; Nikutta et al. 2021a ). The AGN
bscuring structure is part of a complex and dynamic accretion flow
Norman & Scoville 1988 ), and therefore, it must evolve with the
GN phases, as suggested by multiwavelength observations that

eveal a multiphase and multicomponent nature (Ramos Almeida &
icci 2017 ; H ̈onig 2019 ). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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The nuclear dust analysis in statistically significant AGN samples 
s needed to understand the geometry and distribution of this material 
nd how it depends on the AGN evolutionary state. The spectral 
nergy distribution (SED) fitting technique can give insights into 
he best geometry and distribution (Gonz ́alez-Mart ́ın et al. 2019a ,
023 ). This is achieved by giving definitive probes of the AGN
ust diversity of properties (that might be linked to the evolution) 
or e xtensiv e AGN collections, which cannot be achiev ed with an y
ther technique (e.g. infrared interferometry) due to the faintness of 
ost AGNs at mid-infrared wavelengths and limits of the instrument 

ensitivity. The SED fitting technique has been applied to collections 
f AGN spectra obtained from space-based (Gonz ́alez-Mart ́ın et al. 
017 , 2019b , 2023 ) and also from ground-based (Ramos Almeida
t al. 2009 , 2011 ; Alonso-Herrero et al. 2011 ; Audibert et al. 2017 ;
art ́ınez-Paredes et al. 2017 , 2020 , 2021 ; Garc ́ıa-Bernete et al. 2019 ,

022b ) telescopes. The emission of the AGN dust peaks in the
id-infrared wavelengths, where many parts of the spectrum were 

irtually unexplored from the ground due to strong atmospheric ab- 
orption. Ground-based observations rely on photometric data points 
ombined with 7–13 μm spectra, except for the brightest nearby AGN 

see, for instance, the work by Victoria-Ceballos et al. 2022 , in
GC 1068). Ho we ver, photometric points alone cannot constrain the 
odels (Gonz ́alez-Mart ́ın et al. 2019a ), and high-angular resolution 

pectra are available for a few bright sources. Space-based observa- 
ions (e.g. those provided by Spitzer ) had a relatively poor spatial
esolution. Even for intermediate and luminous nearby AGNs, their 
entral region consists of a combination of AGN and a non-negligible 
ontribution of star formation (SF) activity component (Mart ́ınez- 
aredes et al. 2015 ; Herrero-Illana et al. 2017 ; Efstathiou et al. 2022 ).
his might imply a bias in the AGN samples to those objects where

he inner hundred parsecs are free of host galaxy contamination. 
The JWST has already been revolutionary in the field of nearby 

GNs (see Dasyra et al. 2024 ; Davies et al. 2024 ; Donnan et al.
024 ; Gonz ́alez-Alfonso et al. 2024 ; Goold et al. 2024 ; Haidar
t al. 2024 ; Hermosa Mu ̃ noz et al. 2024 ; Pereira-Santaella et al.
024 ; Garc ́ıa-Bernete et al. 2024a , b ). For this work, with the 6.5m
WST mirror and advanced instrument suite, we can now resolve 
he dust at an angular resolution of ∼0.3–0.8 arcsec (50–120 pc at
 = 20 Mpc) in the mid-infrared wavelengths (5–28 μm ; Gardner 

t al. 2023 ; Wright et al. 2023 ), being able to detect AGN as faint
s 0.1 mJy at 12 μm 

1 (Glasse et al. 2015 ). This is a decisive step
orward compared to ground-based mid-infrared facilities where the 
 -band ( ∼ 7 − 13 μm ) spectrum can be obtained only for AGNs 
righter than 50 −100 mJy at 12 μm (Gonz ́alez-Mart ́ın et al. 2013 ;
lonso-Herrero et al. 2016 ). There have been only a few attempts to
odel the AGN dust continuum obtained with JWST observations. 
arc ́ıa-Bernete et al. ( 2024b ) presented the case of II Zw 096-D1,

he brightest infrared sources within II Zw 096, a complex interacting 
ystem and luminous infrared galaxy. They investigated the adequacy 
f several torus models, finding the presence of a dust-obscured 
GN, which has an exceptionally high co v ering factor. Ho we ver,

hey also found that models do not reproduce the silicate absorption 
eature and the 12–15 μm continuum simultaneously. Garc ́ıa-Bernete 
t al. ( 2024a ) explored the ef fecti veness of clumpy and smooth torus
odels to explain the silicate absorption features in the Galaxy 
ctivity, Torus, and Outflow Surv e y (GATOS; Alonso-Herrero et al. 
021 ; Garc ́ıa-Burillo et al. 2021 ), finding that both models can
 xplain these features. The y also attempted to perform spectral fitting
sing clumpy and smooth torus models for NGC 5728. They saw the
 Detection limit for SNR = 10 in 10 ksec. 

2

3

eed for developing torus models that include the expected water-ice 
nd aliphatic hydrocarbon molecular content. 

The present work is the first attempt to use the spectral fitting
echnique in an AGN collection observed with the mid-infrared 
nstrument (MIRI) of JWST in Medium-resolution spectrometer 
MRS) mode, confronting up to seven available libraries of models. 
he main objectives of the current work are: (1) to understand if

he currently available models can reproduce the continuum features 
bserved with JWST and (2) to report spectral features that should be
ncluded in future developments of the torus models for a better match
f JWST observations. While the data analysis was performed, we 
aw the need to further decompose MIRI/MRS data cubes to isolate
he point-like nuclear component from the extended emission. This 

anuscript reports the details of the MRSPSFisol routine, which 
erforms this decomposition of MIRI/MRS cubes, thanks to the 
ynthetic point spread function (PSF). 

This manuscript is organized as follows. Section 2 describes 
he data collection, and Section 3 reports the data acquisition and
eneral processing. Section 4 reports the details of MRSPSFisol 
outine to decompose MRS data cubes into point-like and extended 
ata cubes, Section 5 describes the spectral extractions performed 
n this analysis, and Section 6 describes the general procedure 
pplied for the spectral fitting. Sections 7 and 8 present and
iscuss the results, respectively. The main findings of this work are
ummarized in Section 9 . We assume in this work a cosmology with
 0 = 70 kms −1 Mpc −1 , �M 

= 0 . 27, and �� 

= 0 . 73. 

 DATA  C O L L E C T I O N  

e include the six AGNs (see Table 1 ) from JWST proposal ID
670 (PI Shimizu) in this AGN collection as part of the GATOS 

2 

ollaboration effort. We also searched for all AGNs observed with the
RS mode (Argyriou et al. 2023 ) at mid-infrared with JWST /MIRI

Wright et al. 2023 ) and publicly available by 2024 June 15, which
ncludes observations performed before 2023 June 15. To accomplish 
his, we used the JWST observing schedule 3 to select all MRS
bservations within the ‘Galaxies’ category with k eyw ords related to
GN, such as active g alaxies, quasars, g alaxy nuclei, radio g alaxies,
ctive galactic nuclei, and Seyfert galaxies. This process resulted in 
 parent sample of 40 AGNs. We initially excluded two galaxies
CGCG 012-070 and NGC 3884) because the observational set-up 
oes not include the full MIRI wavelength coverage. Although 
he study of dust in high-redshift AGN is intriguing and deserves
ttention, we decided to focus this work on nearby AGN as an initial
tep to explore the range of conditions the nuclear environment can
xhibit within the first few kpcs from the SMBH with JWST /MIRI.
e then sought the redshifts of the sources to narrow down our

nalysis to nearby ( z < 0 . 1 ) AGN. This limit imposes a minimum
patial resolution of ∼ 1 kpc at 20 μm . We excluded 18 AGNs at
edshifts abo v e z = 0 . 1 , with the nearest e xclusion being PDS 456 at
 = 0 . 184 , while the others are at z > 0 . 4 . 

Our sample includes 21 targets from 20 JWST /MIRI observations. 
ne of them, Mrk 273, shows two nuclei separated at 0.75 kpc. These

wo nuclei are observed in a single observation because they fall
ithin the same field of view (FOV) with the MRS mode. We study
oth nuclei individually, named Mrk 273 and Mrk 273SW, confirmed 
y X-rays as AGN (Liu et al. 2019 ). Particular attention is also needed
or NGC 3256, which is a nearby (D ∼40Mpc) gas-rich advanced 
MNRAS 539, 2158–2184 (2025) 
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Figure 1. Logarithm of the 2–10 keV intrinsic luminosity versus PSF spatial 
scale at 12 μm (in units of kpc) of our AGN collection achieved by MIRI/MRS 
( ∼0.4 arcsec, black dots) and Spitzer ( ∼2 arcsec, small empty circles). The X- 
ray luminosities and spatial scales obtained using ground-based mid-infrared 
observation of nearby AGN reported by Asmus et al. ( 2014 , 2015 ) are also 
shown with grey blades. 
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erger that contains two nuclei observed at two different JWST 

oints (Bohn et al. 2024 ; Donnan et al. 2024 ). Various authors have
laimed that the southern nucleus, referred to as NGC 3256NUC1 
n this work, may harbour a heavily obscured AGN (Neff, Ul- 
estad & Campion 2003 ; Ohyama et al. 2015 ; Pereira-Santaella 
t al. 2024 ). Ho we v er, X-ray studies hav e not pro vided conclusiv e
vidence of this claim (Lira et al. 2002 ; Pereira-Santaella et al.
011 ), although they do suggest the existence of a low-luminosity 
GN [ L(2 − 10 keV) ∼ 10 40 erg s −1 ]. The northern component is not 

ncluded in our data collections because it is fuelled by a bright
tarburst with no indication of nuclear activity (Lira et al. 2008 ). 

Altogether , our A GN collection of MIRI observations includes 21 
GNs. Table 1 lists the main properties of our AGN collection and

he observational details for MIRI/MRS observations. 7 are type- 
, and 14 are type-2 AGNs. The distance of the sources yields
patial scales as high as ∼20 pc arcsec −1 for NGC 3031 down
o 1.1 kpc arcsec −1 for the furthest AGN in our sample, Mrk 231.
he sample contains sources with X-ray luminosities in the range 

og(L X (erg / s)) = 40 − 45 . 6 . 
Fig. 1 illustrates the gain in spatial resolution by JWST /MIRI

black-filled dots) when compared with Spitzer /IRS spectra (small 
mpty circles). 4 It also shows that the spatial scales achieved by 
IRI/MRS at 12 μm are similar to those obtained in imaging mode 

rom the ground for a sample of 150 nearby AGNs compiled by
smus et al. ( 2014 , 2015 ). Ho we ver, the PSF stability of JWST

s better than that from the ground, allowing to better reco v er the
xtended emission. 

Note that this sample collection is heterogeneous by construction 
ue to the different goals of the individual proposals. The proposals
 The apparent correlation in Fig. 1 is a sensitivity bias because both PSF and 
-ray luminosities are proportional to the distance. 

e  

5

ith the largest number of objects within our sample are: propID.
670 (six objects) GATOS surv e y containing hard X-ray selected
eyfert galaxies in the nearby Universe (Shimizu et al. 2021 );
ropID. 2016 (five objects) to characterize the mid-infrared 
roperties of low-luminosity AGN (Seth et al. 2021 ); propID. 
717 (three objects) to study AGN activity in luminous infrared 
alaxies (U et al. 2021 ); and propID. 1328 (two objects) to study the
tarburst–AGN connection in luminous infrared galaxies (Armus 
t al. 2017 ). The remaining five objects belong to proposals aiming at
tudying individual targets for various reasons (Maiolino et al. 2017 ;
asyra et al. 2021 ; Fernandez Ontiveros et al. 2021 ; Pontoppidan

t al. 2022 ; Álvarez-M ́arquez et al. 2023 ; Alonso Herrero et al.
024 ). Despite that, this AGN collection well represents the range
f X-ray luminosities of the ∼150 nearby ( z < 0 . 4) AGNs compiled
y Asmus et al. ( 2014 , 2015 ), including a volume-limited sample
elected from the 9-months Swift Burst Alert Telescope (BAT) 
atalogue (see Fig. 1 ; Tueller et al. 2005 ). 

Fig. 2 shows the slice at 12 μm from the MIRI/MRS data cubes
or each of our targets. Note that all images presented here are shown
n a single slice. We found publicly available ground-based mid- 
nfrared observations for 14 of the 21 objects in the SASMIRALA
ata base. 5 We chose the observation at a filter closer to 12 μm
hen more than one observation is available. Table 1 (column 14)

hows the 12 μm flux (in mJy) from the SASMIRALA data base
Asmus et al. 2014 ) and, when available, these images are o v erlaid
s white contours in Fig. 2 . Note that the Mrk 273/Mrk 273SW
ystem is shown in a single panel. Extended emission is reco v ered
n most of the targets. For instance, a spiral structure is visible in
SO 420-G13, which is also visible with CO observations (shown in
ern ́andez-Ontiveros et al. 2020 ) and NGC 5728 (shown in Davies
t al. 2024 ) and a circumnuclear ring is visible for NGC 7469 (shown
n Garc ́ıa-Bernete et al. 2022a ; Armus et al. 2023 ; Zhang & Ho 2023 ).
his visual inspection of the data cubes already shows strong spikes
ssociated with the MIRI PSF, which sometimes hinders any possible 
etection of the extended emission. This is the case for MCG 05-23-
6 reported by Esparza-Arredondo et al. ( 2025 ) and Mrk 231 by
lonso Herrero et al. ( 2024 ). It is also worth noticing how some
bjects show a weak central source embedded in a strong diffuse
omponent. Examples of that are NGC 3256 and NGC 4594 (shown
n Goold et al. 2024 ) and NGC 4736. 

 DATA  AC QU ISITION  A N D  G E N E R A L  

ROCESSING  

ll observations were taken using all four channels (ch1–4) and three
ub-channels (short, medium, and long) to co v er the full mid-infrared
avelength range; for ch1 (4.9–7.65 μm ) and ch2 (7.51–11.71 μm ) 

he MIRI Integral Field Unit (IFU) SHORT Detector is used, while
or ch3 (11.55–17.98 μm ) and ch4 (17.71–27.9 μm ) the MIRI IFU
ONG Detector is used. Each channel has an increasing FOV: ch1

3.2 × 3.7 arcsec), ch2 (4.0 × 4.8 arcsec), ch3 (5.2 ×6.2 arcsec),
nd ch4 (6.6 × 7.7 arcsec) and pixel size: ch1 and ch2 with 0.196
rcsec pixel –1 , ch3 with 0.245 arcsec pixel –1 , and ch4 with 0.273
rcsec pixel –1 (Argyriou et al. 2023 ). Note that the ‘multichannel’
rizzling option within the JWST pipeline allows the linear spatial 
ampling to be set to the ideal value for the shortest wavelengths
nd provides roughly the Nyquist sampling of the spectral resolving 
ower at all wavelengths (see fig. 6 in Law et al. 2023 ). Background
xposures were taken using offset blank fields except for NGC 6552
MNRAS 539, 2158–2184 (2025) 
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Figure 2. MIRI/MRS images at 12 μm . Object names are written in the bottom-left corner of each panel. Black contours show any detection abo v e the 3 σ lev el 
(10 levels up to the maximum of the image). White contours show the comparison with ground-based N -band mid-infrared observations when available. The 
top-right corner shows the 1-arcsec spatial scale and its physical correspondence for each target in parsec units. The black cross identifies the location of the 
centre. 
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ecause this object was observed as part of the commissioning, and, 
herefore, the goal was not to obtain a final optimized data cube. For
he same reason, MRS observations of NGC 6552 were taken with no
ithering, resulting in a small number of spaxels affected by the lack
f data due to bad or hot pixels in the detector (Garc ́ıa-Bernete et al.
022a ; Álvarez-M ́arquez et al. 2023 ). Our post-processing analysis 
itigates this issue (see Section 4 ). 
After the search through the MAST archive website, publicly 

vailable uncalibrated science and background observations (i.e. 
aw data) were downloaded using the MAST Portal through the 
WST MAST QUERY package, which uses the API to query the 

ikulski Archive for Space Telescopes (MAST). Observations in 
he proprietary period were provided by the GATOS collaboration. 

Although the MAST archive provides reprocessed data and 
ATOS collaboration has reprocessed their observations, we self- 

onsistently reprocessed all raw data using the same procedure and 
ersion of the JWST pipeline. This guarantees a uniform quality 
f the resultant data cubes for all the observations analysed here. 
e process the raw observations through version 1.14.1 of the 

WST pipeline (Bushouse et al. 2024 ) released on 2024 March 29
calibration context 1210) and run within PYTHON version 3.9.7. 

The calibration of the data is divided within the pipeline into 
hree main stages of processing: DETECTOR1 , SPEC2 , and SPEC3 .
he DETECTOR1 pipeline applies detector-level corrections and 

amp fitting to the individual exposures. The output rate images 
ere subsequently processed outside the JWST pipeline to flag 
ewly acquired bad pixels and additional cosmic-ray artefacts and 
emo v e v ertical stripes and zero-point residuals after the pipeline
ark subtraction. These additional corrections broadly follow the 
teps taken for JWST observations described by Pontoppidan et al. 
 2022 ) (see also Labiano et al. 2016 ). The resulting rate files are
hen processed with the JWST SPEC2 pipeline for distortion and 
avelength calibration, flux calibration, and other 2D detector-level 

teps. The cube-building step in SPEC3 pipeline assembles a single 
D data cube from all the individual 2D calibrated detector images, 
ombining data across individual wavelength bands and channels. 
esidual fringe corrections using prototype pipeline code have been 
pplied to the Stage 2 products and the 3D data cube resulting from
he SPEC3 pipeline, incorporated in the most recent version of JWST 

ipeline. The resulting data products generated by the pipeline are 
2 fringe-corrected, wavelength, and flux-calibrated data cubes, one 
or every combination of channel and grating settings. 

We then applied background subtraction using the blank field 
bserved before or after each target. Note that we did not find
ackground observation for NGC 6552 ( ́Alvarez-M ́arquez et al. 
023 ). We used the background taken for NGC 7469 in this case.
ote that other backgrounds from our target collection were also 

ested, and no noticeable differences were found for the nuclear 
pectrum (there might be differences in the extended emission that 
o not affect the analysis performed here). The master background 
s a 1D median sigma-clipped spectrum calculated o v er the FOV of
he background observations. This value is subtracted from the entire 
D detector array at each spaxel. 

 DEC OMPOSITION  T E C H N I QU E  

revious works have used deconvolution techniques to the MIRI 
mages when a bright point source outshines the MIRI FOV to reco v er
he extended emission (Haidar et al. 2024 ; Leist et al. 2024 ). Com-
lementary to this, the main goal of the present analysis is to subtract
he nuclear-unresolved component from each image plane (i.e. at 
ach wavelength) of the data cubes so we can obtain the isolated, un-
esolved nuclear spectrum. The byproduct of this procedure is a data 
ube where the nuclear flux is subtracted (henceforth named circum- 
uclear data cube) and a data cube of the contribution of the PSF to the
riginal data cube (henceforth named PSF data cube). As explained 
n Section 5 , the final isolation of AGN dust is performed in two steps.
irst, we use this technique to produce the PSF spectrum from the
SF data cube. Second, we use the circumnuclear data cube to create
 spectral template of the circumnuclear emission to decontaminate 
he AGN dust continuum from other contributors. Therefore, the 
SF data cube is used in the subsequent analysis to perform spectral
tting to the isolated nuclear component, and the circumnuclear data 
ube is used to produce a template of the circumnuclear emission
o isolate the nuclear spectrum further when performing the spectral 
ttings. These circumnuclear data cubes could be used for other 
urposes. F or instance, the y can help to study the kinematics of the
ost/circumnuclear environment after removing the contribution of 
uclear flux for the emission lines used to derive these kinematic
roperties. This might be particularly useful when the AGN is so
right that it outshines the feeble signatures of the host galaxy. 
Our approach relies on previous ground-based treatments of mid- 

nfrared images. Nuclear isolation has been developed in the AGN 

eld to quantify the unresolved nuclear flux and to allow the study of
he extended emission for bright sources (Radomski et al. 2008 ;
amos Almeida et al. 2014 ; Garc ́ıa-Bernete et al. 2015 , 2016 ;
smus, H ̈onig & Gandhi 2016 ; Gonz ́alez-Mart ́ın et al. 2017 ). Most
f these studies use a 2D Gaussian profile to mimic the instrumental
SF. Furthermore, the amplitude of this 2D Gaussian component 

s scaled in most cases to an arbitrary fraction of the maximum
ux (typically 90–95 per cent of the maximum flux) of the image
t the nuclear position. The technique applied here is based on the
reatment used by Gonz ́alez-Mart ́ın et al. ( 2017 ) for ground-based

id-infrared observations of faint AGN. Gonz ́alez-Mart ́ın et al. 
 2017 ) models the image as two components, one for the nuclear
nd another for the extended emission, to estimate the fractional 
ontribution of the nuclear component by minimizing the residuals 
f the fit. The nuclear and circumnuclear components are mimicked 
ith 2D Gaussian profiles. Although simplistic, this method has been 
ro v en to work fine for mid-infrared images, X-ray images obtained
ith Chandra (Osorio-Clavijo et al. 2023 ), optical imaging (e.g. 
arc ́ıa-Lorenzo et al. 2005 ; Husemann et al. 2014 ), and at sub-mm
avelengths with Atacama Large Millimeter/submillimeter Array 

ALMA) observations (Garc ́ıa-Burillo et al. 2021 ). 
Several peculiarities of applying this technique to MIRI/MRS 

ata cubes are discussed below, including the complexity of the 
SF shape, minimization algorithm, determination of the centroid of 

he nuclear component, initialization of the range parameters of the 
tting, and optimization to speed-up the computational time. We cre- 
ted a tool called MRSPSFisol, written in PYTHON , to be distributed
pon request. MRSPSFisol runs through a list of targets included in
n input file the user should provide in the command line and other
ptions. See Appendix A for the details on how to run the code. Fig. 3
ives a view of all the critical aspects of the MRSPSFisol tool. 

.1 JWST PSF 

sing a 2D Gaussian profile for the MIRI PSF in MIRI/MRS data
s far from a good approximation. The actual MIRI PSF shows
iffraction spikes that might extend the entire FOV of the MRS
ode (see Mrk 231 in Fig. 2 and also Leist et al. 2024 ). In this work,
e use the MIRI PSF simulations taken from the WebbPSF tool 6 

version v1.2.1) to produce 12 data cubes of the expected PSF. This
MNRAS 539, 2158–2184 (2025) 

https://github.com/spacetelescope/webbpsf
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Figure 3. Sketch of the MIRIMRSisol tool. From left to right, inputs box (yellow), single-slice decomposition box (blue), multislice processing and optimization 
box (violet), and outputs box (green) details are given (see Section 4 for more information). 
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imulated PSF clearly shows the actual spikes seen in the MIRI/MRS
ata cubes (see, for instance, the PSF shown in Fig. 4 for NGC 6552
t 11.6 μm ). This follows previous works using the observed PSF to
ecompose the images (e.g. Radomski et al. 2003 ; Lopez-Rodriguez
t al. 2018 ). These cubes are included within the tool. 

Furthermore, the spikes of JWST PSF are artefacts due to the
exagonal mirrors of JWST . These spikes are rotated into different
ngles at the MIRI/MRS FOV, depending on the rotation of the
bservatory. This angle is reported in the P A AP ER k eyw ord in the
bservation headers, which is the angle compared to the north when
rojected on the sky. Simulated PSF, on the other hand, are obtained
or non-rotated set-ups. To o v ercome this issue, the MRSPSFisol tool
ses the P A AP ER k eyw ord to rotate the simulated PSF before
tting. This procedure includes subsampling the pixel size to a v oid

osing information when rotating the PSF image. The MRSPSFisol
ool returns to the original pixel size before fitting. We confirmed
hat any other rotation of the PSF produces worse results for all the
bjects in our sample. 
We tried using empirical PSF data cubes from observed stars

in particular HD 163466, A-type, PropIDs 1050, 1536, and 4499,
bserv ed sev en times with MIRI/MRS). Ho we ver, the signal-to-
oise (SNR) of the star at long wavelengths is not enough to use
NRAS 539, 2158–2184 (2025) 
t as a PSF template. Furthermore, differences in the background
f the star and the target complicate the procedure, resulting in
ystematic o v ersubtraction of the source. We acknowledge here that
he simulated PSF from WebbPSF shows departures from the real
ne. In particular, at short wavelengths, the observed PSF has a
referential axis along the slit axis not seen in the simulated PSF. We
xpect the simulated PSF to change when tested against observations.
lthough these tests are out of the scope of this research, the ancillary
ata cubes of the simulated PSF will be updated within the pipeline
hen a significant update of the WebbPSF simulations tool is made.

.2 General fitting pr ocedur e 

he PSF is fitted together with the extended emission: 

 s i ( x , y ) = A PSF P S F s i ( x , y ) + A Gauss Gaussian s i ( x , y ) (1) 

here s i denotes the decomposition applied to the slice i. A PSF 

nd A Gauss are the amplitured of the PSF and 2D Gaussian profiles,
espectively. 

This method can subtract multiple point-like sources by subtract-
ng the source with the highest flux and using the subtracted data
ubes as inputs for the subsequent subtraction (see Section 7 ). To do
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Figure 4. Resulting spectra for the total (black line filled in light-blue colour), PSF (blue line and filled in blue colour), and extended (green and filled in green) 
for the channel 3 (short band) data cube of NGC 6552. All of them are extracted from an aperture of eight pixels (see the text). Emission lines expected in the 
wavelength range are enclosed between vertical blue and red dashed lines. The right panels show the total (top), PSF (middle), and Circumnuclear (bottom) 
image centred at 11.6 μm . 
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o, it subtracts the PSF fixed at the centre of mass A PSF /brightness
f the target and scales to a certain amplitude (this amplitude is
omputed to minimize residuals; see below). The subtracted image 
s fitted to a 2D Gaussian profile using the SLSQPLSQFitter task 
ithin ASTROPY . This function minimizes the residuals to obtain the 
est fit. This minimization process is optimized in a small region of
he image co v ering 60 per cent of the expected width of nuclear PSF
nd in a large area up to the maximum radius allowed by the data
rom the target position. 

The code is optimized to accurately estimate the amplitude of the 
SF ( A PSF ) because it is the one needed to produce the PSF and
ircumnuclear map (i.e. PSF subtracted) by minimizing the residuals 
n the inner regions to compute the fractional contribution of the PSF
o the central source. Therefore, the technique works well irrespective 
f the assumed shape for the extended emission as long as it allows
he determination of this fractional contribution. The code iterates 
long a grid of parameter values to ensure the global minimum is
ound (see Section 4.5 ). The following subsections give the details 
f this general procedure. Note that all these considerations happen 
n the MRSPSFisol tool at the same time. 

.3 Nuclear centroid 

he centre position of the PSF and 2D Gaussian (used to model the
xtended emission) profiles are fixed to the center of mass/brightness 
f the system ( center of mass within SCIPY ), computed within the
aximum radius from the input position of the target and the border

f the MRS FOV. This process is iterated several times, and the new
osition is selected as the input position so that the final centre of
ass is accurate. Once the position of the centroid is determined 

or each data cube, it is fixed for all the slices in the data cube.
his step could be a v oided (by choosing recent = False , it is set

o true by default). If a v oided, the central position is fixed to the
osition of the target chosen by the user and written in the input
le (see Appendix A ). Note that using the pixel with the maximum
ux is not recommended because it maximizes distortion patterns 
such as fringing) when decomposition is applied. We realize that 
he extended emission could have complexity that could benefit from 

llowing the central position of the 2D Gaussian to v ary. Ho we ver, the
ethod is optimized to estimate the PSF contribution at the nuclear

osition to produce accurate PSF and circumnuclear data cubes. 
Within our sample, we a v oided the use of the automatic center

f mass for the low-luminosity AGN NGC 4594, NGC 4736, and
GC 5728 and the merger system Mrk 273/Mrk 273SW. The nuclei
f NGC 4594 and NGC 4736 are embedded in a strong circumnuclear
nvironment that dominates the total flux. In these cases, the centre
f mass tends to reflect the extended emission instead of the nuclear
osition (see Fig. 2 ). A slight shift of the centre of mass from the
ctual centre is found in NGC 5728, maybe due to an asymmetric
xtended structure or due to the fact the nucleus is not at the centre of
he MRS FOV (slight distortions of the PSF are expected when
he source is in the corner of the detector). NGC 5728 shows a
omplex structure within the inner 1 kpc, with a large stellar bar and
rominent dust lanes settling gas into a circumnuclear ring (Shimizu 
t al. 2019 ; Garc ́ıa-Bernete et al. 2024b ). Furthermore, Davies et al.
 2024 ) noticed a shift in the nuclear position due to the broad silicate
bsorption feature at the nucleus. Mrk 273/Mrk 273SW system shows 
wo nuclei where the centre of mass reflects none of the two nuclei. 

.4 Free parameters and initial values 

he PSF has one free parameter left, which is the amplitude
f the PSF ( A PSF ). The 2D Gaussian (i.e. elliptical Gaussian)
omponent has the following free parameters: amplitude ( A Gauss ) 
idths ( [ σx , σy ] Gauss ), and long-axis position angle ( � Gauss ). The 
bservations are used to determine the initial ranges of these 
arameters. Both amplitudes are set to zero up to the maximum
f each image slice. To optimize the parameter space, the code
nly tests combinations of amplitudes where the sum of the PSF
nd 2D Gaussian amplitudes is between 80 and 120 per cent of the
MNRAS 539, 2158–2184 (2025) 
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aximum of the source. Percentages below and abo v e this range
ill underpredict and o v erpredict the actual maximum of the image.
lthough, in principle, this could be fixed to 100 per cent, allowing

his range helps find the best PSF amplitude due to the inherent
ifference between the simulated and the actual PSF. The range of
D Gaussian widths is set between 1.2 times the expected width of
he PSF at each wavelength (to avoid confusion between the wings
f the PSF and the extended component) and the maximum radius
llowed by the observation from the target. We used the MRS PSF
odels as a first guess of the minimum width of the 2D Gaussian

rofile. This information is enclosed in the CRDS calibration file
f the aperture calibration 7 obtained using in-flight data based on
bservations of multiple standard stars observed throughout Cycle 1
Argyriou et al. 2023 ). Only values where σx > σy are tested with
ong-axis angles � Gauss < 180 ◦ to optimize the parameter space (i.e.
emo v e redundant models). Each parameter grid runs entirely in
arallel thanks to the MULTIPROCESSING package within PYTHON . 

.5 Parameter optimization and speed-up pr ocedur es 

hese initial ranges of parameters are particularly time-consuming
ecause of the large number of iterations needed to co v er the entire
rid. For this reason, when the MRSPSFisol tool has enough slices
lready fitted, the range of parameters is set to the mean value
nd two times the standard deviation from previous fits to reduce
he number of iterations performed for each 2D image slice of the
ata cube. In practice, it performs this new range based on the first
our slices when available, changes to the first 15 slices, and finally
stimates the parameter ranges based on the last 75 slices for the
est of the data cube. At the same time, it also starts to parallel
he process, computing 3, 5, and 25 slices in parallel as soon as it
eaches 4, 15, and 75 slices already performed. Given the nature of the
lgorithm, we implemented two levels of parallelization. At the first
evel, we prioritized I/O performance and needed the threads to share
emory, so we used threading . For the second level, where memory

haring between processes was not required, we chose process-level
arallelization using the multiprocessing package. As Section 4.4
entions, the code also uses parallel processing to test the range of

arameters for each spectral fit performed. Therefore, it performs
ested parallel processing, i.e. several slices simultaneously and
ultiple fittings for each of these slices. 
This narrow range of parameters speeds up the process, but it is

ot accurate for abrupt changes in the morphological structure. An
xample is when the MRSPSFisol tool approaches emission lines
here the amplitude of any of the two components might abruptly

hange (and perhaps the morphology of the extended emission also
bruptly changes). The parameters are reset to the initial parameter
anges when no fit is found to o v ercome this issue. The MRSPSFisol
ool also automatically redefines any parameter range when the best-
tting parameter is found at the border of the range tested. In practice,
teep spectral slopes require more time because they usually require
he resetting of parameters (mainly the amplitude), and all emission
ines are performed with the initial conditions to account for the
brupt changes in amplitude and morphology. 

.6 Products and outputs 

he MRSPSFisol tool produces a figure showing the resulting
pectral decomposition of the PSF and extended emission in a
tandard aperture of 8 pixels centred at the centre of mass/brightness
NRAS 539, 2158–2184 (2025) 

 Aperute calibration file: jwst miri apcorr 0008.asdf. 

8

λ

f the target for each data cube. Note that this aperture is performed
nly for a preliminary view of the spectral decomposition. Fig. 4
hows the resulting decomposition of NGC 6552 for channel 3 (short
and) as an example of this by-product. This output is updated along
he MRSPSFisol tool procedure to visualize how the decomposition
s performed. Note that this plot shows sev eral e xpected emission
ines (marked with red- and blue-dashed vertical lines) for visual
nspection if the code can reco v er the decomposition in such abrupt
hanges of space parameters. This plot already sho ws ho w the tail of
he PAH feature at 11.3 μm is associated with the extended emission
or this particular source, and H 2 S(2) , [Ne II ], and [Ar V ] (see
able C1 ) emission lines show a contribution from both nuclear and
xtended emission (although [Ar V ] is mainly associated to the nu-
lear spectrum). The final scientific outputs of the MRSPSFisol tool
re three data cubes: the PSF map (simulated PSF scaled to the best
mplitude for each slice), the circumnuclear map (original map where
he PSF is subtracted), and the model (best-fitting model consisting
f the sum of the PSF and the 2D Gaussian best fitted at each slice).

 SPECTRAL  E X T R AC T I O N  

he JWST pipeline can perform spectral extractions. The MIRI MRS
ocumentation shows that optimizing the centre where the nuclear
pectrum is extracted for each data cube in point-like sources is
ritical. This is done with high accuracy when the nuclear point-like
ource dominates. Ho we ver, these capabilities of the JWST pipeline
re not optimized for sources highly embedded in diffuse emission or
or the circumnuclear map obtained throughout our decomposition
echnique where the nuclear PSF is remo v ed from the original data
ube (see Section 4 ). Therefore, due to the peculiarities of our
nalysis, we performed our spectral extractions and stitched the
ndividual segments of the spectra into a single spectrum co v ering
he full 5–27 μm spectral range using general PYTHON routines. This
ay, we perform the same extraction (described below) centred on the
uclear position obtained from the decomposition technique for all
ur data products (original, PSF, and circumnuclear data cubes). The
uclear positions found with the JWST pipeline and MRSPSFisol
gree for bright point-like AGN. As expected, this is not the case
or the circumnuclear spectrum, faint sources with strong diffuse
mission, or double sources where the true centre of mass of each
bject is not easily computed. 
We performed four different 1D spectral extractions using these

ata cubes, called below total, nuclear, PSF, and circumnuclear
pectra. Table 2 gives each spectral extraction and the corresponding
hysical scales in parsecs. We compared the results of both the JWST
ipeline and our routines for the total spectrum, showing that the final
pectra are the same within the 3 per cent of flux (this is not the case
or the circumnuclear maps due to the inability of the JWST pipeline
o find that centroid, see abo v e). We use this percentage to estimate
he flux error for spectral fitting. 

.1 Total spectrum 

e perform the extraction of the spectrum from the original data
ubes (before the decomposition) at the position of the target obtained
rom our analysis with an aperture that depends on wavelength to
ccount for the changing width of the PSF. This aperture is generally
.8 arcsec in radius at 5 μm (growing up to 3.2 arcsec at 27 μm ). This
orresponds to 2.7 ×FWHM( λ) . 8 It encircles well abo v e 90 per cent
 FWHM( λ) = 0 . 30 arcsec for λ < 8 μm and FWHM( λ) = 0 . 31 ×
[ μm] / 8 arcsec for λ > 8 μm (Rigby et al. 2023 ). 



Nuclear dust in AGN with JWST 2167 

Table 2. Spatial scales (radius) for spectral extractions. 

Name Total Nuclear Circumnuclear 
(arcsec/parsec) (arcsec/parsec) (arcsec/parsec) 

(1) (2) (3) (4) 

NGC1052 0.8–3.2/107–421 0.4–1.6/53–210 3.6/514 
ESO420-G13 0.8–3.2/264–1040 0.4–1.6/132–520 6.2/1616 
UGC05101 0.7–2.6/728–2865 0.4–1.6/437–1719 2.4/3815 
MCG-05-23-016 0.8–3.2/188–741 0.4–1.6/94–371 3.8/823 
NGC3031 0.8–3.2/17–67 0.4–1.6/9–34 3.8/75 
NGC3081 0.8–3.2/177–697 0.4–1.6/89–348 6.8/1082 
NGC3256NUC1 0.8–3.2/208–817 0.4–1.6/104–408 3.6/906 
NGC4395 0.5–2.1/16–62 0.4–1.6/12–46 2.4/103 
NGC4594 0.8–3.2/81–318 0.4–1.6/40–159 3.6/353 
NGC4736 0.8–3.2/23–90 0.4–1.6/11–45 3.8/100 
Mrk231 0.8–3.2/936–3683 0.4–1.6/468–1841 3.6/4086 
Mrk273SW 0.5–2.1/553–2174 0.4–1.6/414–1630 1.8/3618 
Mrk273 0.8–3.2/829–3261 0.4–1.6/414–1630 3.8/3618 
NGC5506 0.8–3.2/125–490 0.4–1.6/62–245 4.6/653 
NGC5728 0.8–3.2/208–818 0.4–1.6/104–409 6.8/1271 
ESO137-G034 0.8–3.2/203–799 0.4–1.6/102–399 3.8/886 
NGC6552 0.7–2.6/490–1928 0.4–1.6/294–1157 2.8/2054 
IC5063 0.8–3.2/252–991 0.4–1.6/126–496 5.2/1430 
NGC7172 0.8–3.2/176–691 0.4–1.6/88–346 3.8/767 
NGC7319 0.8–3.2/500–1966 0.4–1.6/250–983 3.6/2181 
NGC7469 0.8–3.2/361–1421 0.4–1.6/181–710 3.6/1576 
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f the PSF at all wavelengths. Since the central region contains a point
ource, we apply a wavelength-dependent aperture correction to this 
pectrum. We used the MRS PSF models to correct the aperture 
osses in the 1D spectra (Argyriou et al. 2023 ). 9 There are three
bjects where we performed a slightly smaller aperture, namely 
GC 05101 (0.7 −2.6 arcsec), Mrk 273SW (0.5 −2.1 arcsec), and 
GC 6552 (0.7 −2.6 arcsec) because the location of the target within

he MRS FOV prevents us from a larger aperture. These apertures 
ranslate into a wide range of physical scales, from 20 to 70 pc for
ur nearest source (NGC 3031) up to 0.9 −3.7 kpc for our farthest
ource (Mrk 231). 

.2 Nuclear spectrum 

e performed a second extraction from the original data cubes, again 
t the position of the target, but now we are trying to minimize the
ontribution of the circumnuclear components. For that purpose, we 
xtracted an aperture that starts at 0.4 arcsec in radius at 5 μm and
rows up to 1.6 arcsec at 27 μm . This corresponds to 1.33 times
he full width at half-maximum (FWHM) at that wavelength. This 
perture corresponds to spatial regions of 10–35 pc for NGC 3031 
p to 0.5–1.8 kpc for Mrk 231. Aperture corrections are also applied
o the nuclear spectrum to correct for flux losses. Note that although
here are aperture corrections for extractions as small as 0.3 arcsecs 
t 5 μm (i.e. one time the FWHM at that wavelength), our tests
omparing this aperture with several others for point-like sources 
how that this aperture correction is not as reliable as those using
pertures beyond the one selected here (it overpredicts the flux at long
avelengths). Indeed, the percentage of flux lost for this aperture is
7 per cent for ch1 and increases up to 30 per cent in ch4. Therefore,
n aperture of 1.33 times the FWHM at that wavelength is the smallest
eliable aperture to optimize the isolation of the nucleus. 
 This information is enclosed in the CRDS calibration file 
wst miri apcorr 0008.asdf. 

e  

1

d

.3 PSF spectrum 

e then performed the same nuclear aperture abo v e in the PSF data
ube obtained in our decomposition technique, i.e. we extracted an 
perture that starts at 0.4 arcsecs at 5 μm and grows up to 1.6 arcsecs
t 27 μm . Aperture corrections are also applied to the PSF spectrum
o correct for flux losses. 

.4 Circumnuclear spectrum 

sing the circumnuclear data cube, we extracted a spectrum in a
ircular aperture with a constant radius for all MRS channels. This
perture radius is delimited by the largest aperture allowed by the
RS FOV of channel 1 (short band), where the FOV is the smallest.
ote that we also computed the circumnuclear spectrum with several 

maller apertures, and the spectral shape does not depend on the
aximum radius used. This aperture depends not only on the distance

f the target but also on the position of the source within the FOV
nd the strategy used to perform the observations. In our sample,
he smallest corresponds to NGC 3031 (75 pc), and the largest is

rk 231 (4 kpc). This circumnuclear spectrum is used in our analysis
o decontaminate the AGN spectrum from other contributors (see 
ection 6 ). 

 SPECTRAL  FITTING  

sing the isolated PSF spectrum, we attempted to constrain the 
arameters of the seven AGN dust models listed in Table 3 .
e assume that the unresolved component in the mid-infrared is 

ominated by the AGN dust emission (in the form of a disc, torus,
r wind). 10 Following the general procedure explained by Gonz ́alez- 
art ́ın et al. ( 2019b ), we used the software XSPEC (Arnaud 1996 ) to

erform the spectral fitting. XSPEC is a command-dri ven, interacti ve,
pectral-fitting programme within the HEASOFT package and provides 
 wide range of tools to perform spectral fittings. Additionally, it can
ork in parallel processes to speed them up, which is ideal for our

pectral fitting requirements. To do so, we converted the PSF spectra
nto XSPEC format using the FLX2XSP task within HEASOFT . XSPEC

uickly reads these files to perform statistical tests when they fit
he models. Note that errors need to be included along the spectral
tting procedure. Unfortunately, the error estimate for MIRI/MRS 

ata cubes is an open issue that needs to be fixed in the JWST pipeline,
ith the current derived quantity yielding errors much smaller than 

xpected. Instead, we used the PSF data cube to extract several
pectra with different apertures and compute their standard deviation. 
e also compared our extracted spectrum from the original data cube
ith that of the JWST pipeline to quantify the errors associated with

he extraction method. Although this needs to be addressed in future
eleases of the JWST pipeline, we estimate an error corresponding to
 per cent of the spectral flux after running these tests. 
We confront this data set against seven models available in the

iterature, including morphologies (torus, disc, and wind) and dust 
istributions (smooth, clumpy, and two-phase) for the AGN dust. 
able 3 summarizes the libraries of models used in this analysis. We
efer to Gonz ́alez-Mart ́ın et al. ( 2019a , b ), Mart ́ınez-Paredes et al.
 2021 ), and Garc ́ıa-Bernete et al. ( 2022b ) for works where these
odels have been used before. They are already converted into XSPEC

ormat by Gonz ́alez-Mart ́ın et al. ( 2019a , 2023 ) and Garc ́ıa-Bernete
t al. ( 2022b ). Note that we do not attempt to go into the details of
MNRAS 539, 2158–2184 (2025) 

0 This is not the case for sub-mm observations where the colder dust is 
istributed in an extended disc (Garc ́ıa-Burillo et al. 2021 ). 
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M

Table 3. Summary AGN dust models. 

Name Geometry Distrib. Reference 
(1) (2) (3) (4) 

Fritz06 flared disc smooth Fritz, Franceschini & 

Hatziminaoglou ( 2006 ) 
Nenkova08 torus clumpy Nenkova et al. ( 2008 ) 
Hoenig10 flared disc clumpy H ̈onig & Kishimoto ( 2010 ) 
Hoenig17 disc + wind clumpy H ̈onig & Kishimoto ( 2017 ) 
Hoenig17D disc clumpy H ̈onig & Kishimoto ( 2017 ) 
Stalev16 flared disc two-phase Stalevski et al. ( 2016 ) 
GoMar23 flared disc two-phase Gonz ́alez-Mart ́ın et al. ( 2023 ) 
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he resulting parameters of the models because the main scope of
his analysis is to investigate if any of them satisfactorily fit the AGN
ollection in hand. Any derived property obtained from the best fits
hould be taken with caution because the sample is heterogeneous,
nd these models do not easily describe the complexity of the data,
s we will show below. 

For each model and spectrum, a set of variations of the baseline
odel is tested. 

(i) AGN dust model template: we use the AGN dust model with
he only inclusion of foreground extinction by dust grains using the
DUST component (Pei 1992 ), already included as a multiplicative
omponent within the XSPEC software. We use the extinction curve
or the Small-Magellanic Cloud (SMC), although the extinction
urves of the Galactic ISM or the Large-Magellanic Cloud produce
imilar best fits. The main difference using mid-infrared data is the
esulting value for the colour excess, E ( B – V ), which is significantly
ower for the extinction curve of the SMC. The free parameter is
he colour excess, E ( B – V ). The number of free parameters of the
GN dust models varies from four to seven parameters plus the
ormalization. The free parameters of each of the AGN dust models
re described in Gonz ́alez-Mart ́ın et al. ( 2023 ). The main impact on
he resulting spectrum of this extinction model is the attenuation of
NRAS 539, 2158–2184 (2025) 

Table 4. Percentage of PSF contribution. 

PSF versus total per 
Name Type min max mean 

NGC 1052 S1.9 54 .5 100 88.4 
UGC 05101 S1.5 28 .7 100 82.5 
NGC 3081 S1.8 47 .6 81.7 75.8 
NGC 4395 S1.8 49 .5 100 94.7 
Mrk 231 S1 78 .7 99.2 95.4 
NGC 5506 S1.9 43 .1 85.8 81.1 
NGC 7469 S1.5 13 .1 79.7 58.3 

ESO 420-G13 S2 16 .0 60.9 46.1 
MCG -05-23-016 S2 66 .5 95.4 88.4 
NGC 3031 S2 42 .9 81.8 69.5 
NGC 3256NUC1 S2 24 .8 74.1 42.3 
NGC 4594 S2 4 .6 48.8 24.0 
NGC 4736 S2 3 .0 23.9 15.7 
Mrk 273SW S2 8 .3 70.6 29.9 
Mrk 273 S2 2 .7 73.3 50.9 
NGC 5728 S2 20 .2 79.0 63.1 
ESO 137-G034 S2 15 .2 72.8 53.8 
NGC 6552 S2 45 .6 91.2 77.2 
IC 5063 S2 67 .6 97.9 91.7 
NGC 7172 S2 39 .2 72.4 57.3 
NGC 7319 S2 42 .1 100 93.0 
he near-infrared emission and the inclusion of silicate absorption
eatures. 

(ii) AGN dust model plus circumnuclear contribution: we add the
ircumnuclear spectrum obtained for each MIRI/MRS observation
s an additive model to account for any contribution of the host
ithin the PSF spectrum. This could be particularly rele v ant for
istant or intrinsically faint AGN, where the host galaxy might
ave a non-negligible contribution within the PSF extraction. All
he circumnuclear spectra of objects in our AGN collection were
onverted into a model using the same methodology applied to the
GN dust models. The free parameter of the circumnuclear template

s its normalization. 
(iii) AGN dust model plus absorption features: the water ice at

round ∼5.8–6.2 μm and aliphatic hydrocarbon ices at ∼6.85 and
7.27 μm have been detected in extragalactic sources, mainly in

ources with signatures of buried nuclei (Spoon et al. 2001 , 2022 ;
lonso Herrero et al. 2024 ; Garc ́ıa-Bernete et al. 2024a ; Ramos
lmeida et al. 2025 ). We also included a test where five absorption

eatures are included systematically in the analysis as Gaussian
omponents with ne gativ e amplitudes. Three Gaussian components
at 5.83, 6.0, and 6.2 μm ) mimic the water ice feature, and the other
wo Gaussian components are included to reproduce the aliphatic
ydrocarbon ice features (at 6.85 and 7.27 μm ). Centroids are fixed
o these wavelengths, and widths can vary in the range 0.1–0.25 μm .

(iv) AGN dust model plus absorption features and circumnuclear
ontribution: this is the most complex template used, adding the
bsorption features as Gaussians and the host-galaxy template to
ach AGN dust model tested. 

Since we are interested in fitting the AGN dust continuum, the
mission lines (associated with winds or star-forming processes)
re excluded by ignoring the specific wavelength range. Table C1
ncludes the list of emission lines excluded from the spectral fit.

e used a width of 0.1, 0.16, and 0.24 μm below 8, in the range
f 8–12, and beyond 12 μm , respectively, to exclude these lines.
AH features are not excluded as they aid in finding the residual
ircumnuclear host-galaxy contribution within the PSF spectra. 
cent PSF versus nuclear per cent 
12 μm min max mean 12 μm 

87.5 68.4 95.2 89.6 89.3 
69.5 42.5 100 88.7 81.0 
77.7 66.3 100 86.5 90.9 
92.4 52.6 100 92.0 89.5 
95.8 79.8 100 96.8 97.4 
80.7 55.9 88.9 84.1 84.2 
63.3 37.9 92.0 79.2 84.3 

49.3 37.2 83.5 69.9 76.1 
86.5 69.8 96.1 88.1 86.4 
70.0 59.1 88.8 79.5 79.6 
35.6 46.6 100 63.2 65.3 
17.3 11.1 69.7 37.6 31.9 
8.0 8.3 37.0 28.4 19.2 

38.4 10.0 78.0 40.2 56.4 
33.3 6.0 79.7 58.2 46.0 
56.9 31.0 100 71.9 68.9 
59.6 24.4 78.0 61.7 67.1 
73.8 51.0 100 76.2 73.4 
91.6 76.4 100 93.0 91.3 
55.8 45.7 76.6 63.4 62.7 
96.4 57.4 100 91.3 95.0 

111629 by guest on 09 June 2025
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Figure 5. MIRI/MRS images at 12 μm for the low-luminosity AGN 

NGC 4594 (left column) and the intermediate luminosity AGN MCG-05- 
23-016 (right column). From top to bottom: original image, best-fit PSF, and 
circumnuclear map at 12 μm . Contours indicate emission abo v e 3 σ lev el up 
to the maximum of the image (10 level). The colour map is set to a logarithmic 
scale. 
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 RESULTS  

.1 Accuracy of the decomposition using MRSPSFisol 

able 4 shows the percentages (range, average, and at 12 μm )
f PSF contribution to the total and nuclear spectra, respectively. 
ig. 5 shows two examples of the decomposition made at 12 μm
or NGC 4594 (left panels) and MCG-05-23-016 (right panels). 
n both targets, an o v ersubtraction is visible at the central pixel
bottom panels). This is because the simulated PSF shape is not 
et a perfect match with the observations, being more sharp-pointed 
han the actual JWST PSF. NGC 4594 is one of the objects with the
owest percentage of nuclear flux within the MRS FOV in our AGN
ollection (with percentages that can be as low as 5 per cent and 11
er cent of the total and nuclear spectra, respectively, see Table 4 ).
he extended emission in this object matches the bulge of this galaxy,
lso known as the Sombrero galaxy (Goold et al. 2024 ). A slight
 v ersubtraction of the AGN PSF might result in the circumnuclear
ap (bottom left panel). This might explain the residual signatures 

f PAHs in the PSF spectrum. This method allows for isolating the
uclear flux in a spectrum entirely dominated by the circumnuclear 
mission otherwise (see below). The nuclear PSF of MCG 05-23-016 
ominates at 12 μm (86 per cent, see Table 4 ). It contributes abo v e
0 per cent to the nuclear spectrum for the entire mid-infrared wave-
ength range (see also Esparza-Arredondo et al. 2025 ). The original 
mage reveals the PSF spikes (top right panel). After removing the 
SF from this source, extended residual emission that could not be
nferred from the original image is detected, almost elongated in a
orth–South direction. The level of accuracy of the decomposition 

lso reflects on the accurate subtraction of the PSF wings, which no
onger appear in the circumnuclear map (bottom right panel). 

In our sample, the merging system Mrk 273/Mrk 273SW deserves 
articular attention due to its complexity in decomposing the data 
ubes. The data cubes for the Mrk 273/Mrk 273SW system show a
ouble AGN within the same FOV, which is already reported at X-
ays (Liu et al. 2019 ). This makes the decomposition complex, with
ode adjustments needed to perform the decomposition. First, the nu- 
lear position is set manually based on the position reported by NED.
he determination of the centre of brightness finds a position in a

egion between the two nuclei and, therefore, is not accurate for either 
f the two nuclei. MRSPSFisol works well for Mrk 273 (the brightest
f the two sources). Ho we ver, although using a fixed position, the
ecomposition of Mrk 273SW is not possible in the original data cube
ecause, at long wavelengths, this source is embedded in the PSF
mission of Mrk 273. To sort out this issue, once the decomposition is
pplied for Mrk 273, the output of the circumnuclear map is used to
ecompose the image now centred at the position of Mrk 273SW.
his results in a final circumnuclear map decontaminated from 

he two nuclei. Although the process could benefit from more 
omplex modeling (e.g. with two PSFs modelled simultaneously), 
his simple approach gives satisfactory results, as shown in Fig. 6 .
his figure shows the decomposition at three wavelengths (6, 12, and
5 μm , from top to bottom rows). The two nuclei are visible at 6 and
2 μm (left top and left middle panels), while at 25 μm both nuclei
re blended into a single source due to the lower resolution at this
avelength range. Columns 2 and 3 show the PSF map of Mrk 273

nd Mrk 273SW at these wavelengths. The nuclear flux of Mrk 273
ominates at 25 μm compared with that obtained for Mrk 273SW. 
his is not the case for shorter wavelengths with similar fluxes at both
avelengths. This is also visible from Table 4 , with a percentage of
SF contribution ranging 6–78 and 10–80 per cent for Mrk 273SW
nd Mrk 273, respectively. Column 4 and 5 in Fig. 6 shows the result-
ng circumnuclear map when Mrk 273 and Mrk 273 + Mrk 273SW
re remo v ed, respectiv ely. The MRSPSFisol tool can remo v e an y
esidual of the PSF wings at 25 μm , with a circumnuclear map
howing emission from the host at the three wavelengths. 

Using the byproducts of MRSPSFisol we isolate the nuclear mid- 
nfrared spectrum from that of the host. Fig. 7 shows the resulting
pectra for MCG -05-23-016, NGC 3031, NGC 4594, NGC 7469, 
nd Mrk 273/Mrk 273SW. Although the spatial resolution achieved 
y the total spectrum considered here is similar to that of the
pitzer /IRS spectra, we find flux calibration issues for some sources.
or instance, the Spitzer /IRS spectrum (long-dashed green line) is 
learly below the total spectrum (solid black line filled in light blue)
or NGC 7469 for wav elengths abo v e 8 μm . The discussion below
hows that the JWST fluxes agree with those obtained from ground-
ased observations. Thus, we conclude that this cross-calibration 
ssue is unrelated to the JWST calibration. 

In all the cases, a non-negligible contribution of extended cir- 
umnuclear emission is found (green-filled spectra). Ho we ver, the 
elative amount of circumnuclear emission compared to that of the 
SF emission (dark-blue filled spectra) varies from object to object 
see Table 4 ). The nuclear PSF entirely dominates the total emission
f MCG 05-23-016 (average PSF contribution of 88 per cent). The
pposite behaviour is found for NGC 4594, where most of the flux
ithin the FOV at short wavelengths comes from circumnuclear 

ontrib utors (a verage PSF contrib ution of 38 per cent). Interestingly,
he seven type-1 AGN in our collection have more than 80 per cent
MNRAS 539, 2158–2184 (2025) 
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Figure 6. MIRI/MRS images at 6, 12, and 25 μm for Mrk 273/Mrk 273SW (column 1); best PSF for Mrk 273 (column 2) and Mrk 273SW (column 3); 
circumnuclear map after the subtraction of the nucleus of Mrk 273 (column 4); circumnuclear map after subtracting Mrk 273 and Mrk 273SW nuclei (column 5). 
Contours show any detection above the 3 σ level. Object name and wavelength are written in the bottom left corner of each panel. The colour map is set to a 
logarithmic scale. 
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SF contributing within the nuclear extraction at 12 μm (last column
n Table 4 ). Only three (MCG 05-23-016, IC 5063, and NGC 7319)
ut of the 14 type-2 AGNs show more than 80 per cent of the PSF
ontribution, reinforcing the need to isolate the nucleus for type-2
GN. The shape of the PSF spectrum substantially changes from

he best nuclear isolation (black-dotted spectrum) obtained from the
riginal data cube (before MRSPSFisol is applied), which shows
trong signs of circumnuclear contribution for many objects. In
articular, the strength of the silicate emission features of NGC 4594
ncreases for the PSF spectrum compared to the nuclear spectrum.
t is also clear that the long-wavelength slopes change (see e.g.
GC 3031 and NGC 7469). These aspects are crucial for the spectral
tting technique, reinforcing the need for proper isolation before
ttempting to infer the AGN dust properties with this technique. 

PAH features are suppressed from the PSF spectra of all the
ources in our AGN collection (see Appendix B ). Ho we ver, it is
ntirely remo v ed only in fiv e cases (e.g. NGC 3031; Fig. 7 ), with a
esidual of PAH features in most targets (e.g. NGC 4594; Fig. 7 ). This
einforces the need to further isolate the AGN dust continuum from
ircumnuclear contributors spectroscopically. On the other hand,
AH features appear in the circumnuclear map when nearly detected
n the total/nuclear spectra (e.g. see the spectrum of MCG -05-23-016
n Fig. 7 , for more discussion in PAH features of MCG-05-23-016
ee Zhang et al. 2024 ). We also note that the spectral shapes of the
ost galaxies in our AGN collection vary. This is further discussed
NRAS 539, 2158–2184 (2025) 

n Section 8 . 
(

.2 Spectral fitting to AGN dust models 

ig. 8 shows the resulting reduced χ2 statistics for each of the
odels (from top to bottom), comparing the results for the various

aseline models tested. Circles, squares, diamonds, and stars show
he results for the AGN dust models alone, AGN dust model plus
bsorption features, AGN dust models plus host galaxy, and AGN
ust models plus absorption features and host galaxy , respectively .
he top panel of Fig. 9 compares the results among the different
odels using the template that includes AGN dust models plus

bsorption features and host galaxy contributions sorted out by
uminosity. Objects showing χ2 

r < 2 (shaded area in Figs 8 and 9 )
re marked with a tick in column 8 of Table 5 . Objects in this plot
re sorted out by their X-ray luminosities, lowest toward the left
nd highest toward the right. We also explore the effect of different
patial resolutions achieved by the data in Fig. 9 (bottom panel),
orting out the objects by the resolution power. 

The best performance is obtained with the latest AGN dust model,
he two-phase torus model by Gonz ́alez-Mart ́ın et al. ( 2023 ), which
est reproduced 12 out of the 21 AGNs. Interestingly, the nine objects
hat cannot be reproduced by this model cannot be reproduced well
ith any other model. Mrk 231, NGC 5506, and ESO 137-G034 can
nly be well reproduced with this model. Only NGC 5506 is best
tted with the canonical value of 0.25 μm for the maximum grain
ize of the grain size distribution (used e.g. in Stalevski et al. 2016 ).
our objects require a smaller grain size, and seven need larger grains
see column 10 in Table 5 ). 



Nuclear dust in AGN with JWST 2171 

Figure 7. Decomposed spectra of MCG-05-23-016 (top left), NGC 3031 (top right), NGC 4594 (middle left), NGC 7469 (middle right), Mrk 273 (bottom left), 
and Mrk 273SW (bottom right). Each panel shows the total (solid black line filled in light blue), nuclear (dotted-black line), PSF (solid-blue line filled in blue), 
and circumnuclear (solid-green line filled in green) spectra. When available, Spitzer /IRS spectrum is shown with a long-dashed green line. Legends show the 
spatial scales for each spectral extraction radius. Appendix B shows the full AGN collection figures. 
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The clumpy torus by H ̈onig & Kishimoto ( 2010 ) and the clumpy
isc by H ̈onig & Kishimoto ( 2017 ) are able to e xplain fiv e objects
NGC 1052, MCG-05-23-016, NGC 3081, IC 5063, and NGC 7319). 
nterestingly, all of the other models show χ2 

r < 2 for these five 
bjects. Except for MCG-05-23-016, all are in the middle range of
uminosities with L X ∼ 10 41 −43 erg s −1 (see Table 1 ). 

The clumpy disc + wind model by H ̈onig & Kishimoto ( 2017 )
an explain six spectra. This includes those spectra of objects well 
eproduced by the clumpy torus and disc models abo v e with the
ddition of NGC 7469. Although this model provides the best fit for
his object, the smooth torus model by Fritz et al. ( 2006 ), the clumpy
orus model by Nenkova et al. ( 2008 ), the two-phase torus model by
talevski et al. ( 2016 ), and its variant with dust grain size as free
arameter by Gonz ́alez-Mart ́ın et al. ( 2023 ) also provide χ2 

r < 2 .
hese four models are also able to explain NGC 6552. The smooth

orus model by Fritz et al. ( 2006 ), the clumpy torus model by Nenkova
t al. ( 2008 ), and the two-phase torus model by Stalevski et al.
 2016 ) show a slightly better performance, being able to explain the
id-infrared continuum of eight objects. In addition to the previous 

even objects (i.e. NGC 1052, MCG-05-23-016, NGC 3081, IC 5063, 
GC 6552, NGC 7319, and NGC 7469), the smooth torus model by
ritz et al. ( 2006 ) and the two-phase torus model by Stalevski et al.
 2016 ) are able to explain ESO 420-G13 while the clumpy torus
odel by Nenkova et al. ( 2008 ) is able to fit NGC 4594. 
We chose as a best-fitting model the one providing the minimum

educed χ2 for each target. Table 5 shows the best-fitting model for
ach target in column 2, the foreground extinction required for the
est fit in column 5, and the resulting reduced χ2 statistic in column 7.
e use f-test statistics to quantify if a more complex model is needed

o reproduce the data. Using this test, Table 5 reports the need for host
alaxy contribution in column 3, the absorption features in column 4,
nd the fractional contribution of the host galaxy template to the best
t in column 6. 
Among the 12 objects with good fits, NGC 4594 prefers the clumpy

orus model by Nenkova et al. ( 2008 ), NGC 1052 and NGC 7469
re best fitted to the disc + wind model by H ̈onig & Kishimoto
 2017 ), and the other nine objects prefer the two-phase torus model
y Gonz ́alez-Mart ́ın et al. ( 2023 ) where the dust grain size is a free
arameter. The best fits for these 12 AGNs are shown in Fig. 10 . Nine
eed host galaxy contribution (except for NGC 1052, IC 5063, and
GC 5506). The absorption features are present in 8 of the 12 objects

exceptions are NGC 1052, NGC 4594, IC 5063, and NGC 7469). 
MNRAS 539, 2158–2184 (2025) 
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Figure 8. Distribution of reduced χ2 per object. Panels 1 −7 show the results 
for each model and compare the χ2 

r when adding absorption features (‘ + a’, 
squares), host galaxy contribution (‘ + h’, diamonds), and absorption features 
and host galaxy (‘ + a + h’, stars) with the simplest fit to the AGN dust model 
(circles). Objects are sorted by X-ray luminosity (lowest values toward the 
left and highest v alues to ward the right, X-ray luminosities in the x -axis in 
the top panel). 
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Nine AGNs ( ∼40 per cent of the targets) cannot be reproduced
ith any baseline models tested. Fig. 11 shows the fit with the
inimum χ2 

r for each object. NGC 3031, NGC 4395, and NGC 5728
re clearly better fitted than the others with 3 < χ2 

r < 4 . For these
bjects, the main issue is the shape of the silicate features at 18
m (perhaps also in the 9.7 μm feature). NGC 4395 shows PAH

eatures, but the circumnuclear spectrum quality is insufficient to
btain a good template for the host continuum (see Fig. 4 ). The other
ix sources show χ2 

r > 5 . They are best fitted with a strong host
alaxy contribution, and five show deep silicate absorption features
except for NGC 4736). Furthermore, three of them (UGC 05101,
GC 3256NUC1, and Mrk 273) show deep absorption features at 6–7
m . Our best fit fails at reproducing the spectral shape at ∼ 8 μm and
round the [Ne II ] emission line at 12.8 μm . Optical and mid-infrared
NRAS 539, 2158–2184 (2025) 
iagnostic emission-line diagrams as those presented by Mart ́ınez-
aredes et al. ( 2023 ) (e.g. [Ne III ]/[Ne II ] versus [O IV ]/[Ne III ]) could
elp to understand if excitation due to far-UV emission produced by
ost-AGB stars or the AGN could contribute to the emission. For
his purpose, AGN-free circumnuclear maps such as those produced
ere might be useful. On the other hand, this lack of emission at
8 and 13 μm could be due to a different chemical composition

ecause adding amorphous olivine (see Reyes-Amador et al. 2024 ) or
hristalline olivine (Tsuchikawa et al. 2022 ) has been demonstrated
o help to reproduce the silicates. Interestingly, Tsuchikawa et al.
 2022 ) found that the mineralogical composition of silicate dust in
eavily obscured AGN is similar to the circumstellar silicate ejected
rom mass-loss stars in our Galaxy. This might suggest that silicate
n heavily obscured AGN is newly formed dust due to the recent
ircumnuclear starburst activity in these mergers. The wrong spectral
hape at ∼ 13 μm could also be related to the libration mode of the
ater ice at 12–15 μm (Garc ́ıa-Bernete et al. 2024a , b ). 
Fig. 9 shows that tested baseline models are better suited for

ntermediate luminosities (exception is NGC 5728), failing to repro-
uce high-luminosity infrared galaxies (Mrk 273/Mrk 273SW and
GC 05101), or highly embedded with prominent nuclear dust lanes

NGC 7172). Low-luminosity systems like NGC 4736 or NGC 3031,
lthough better reproduced with the clumpy torus model Nenkova
t al. ( 2008 ) (see Fig. 9 , top panel), are not well fitted with any of
he explored baseline models. This does not seem to be related to
he different spatial scales involved, as depicted in the bottom panel
f Fig. 9 , where we sort out our results from the highest spatial
esolution (left) to the lowest (right). 

 DI SCUSSI ON  

ntil the advent of extremely large single-aperture telescopes, the
GN dust continuum morphology (usually referred to as AGN dusty

orus) will not be unambiguously spatially resolved (Nikutta et al.
021a , b ), except for the brightest AGN with interferometric obser-
ations with the instrument MIDI at the Very Large Telescope Inter-
erometer (VLTI) (H ̈onig et al. 2012 ; Burtscher et al. 2013 ; Tristram
t al. 2014 ; L ́opez-Gonzaga et al. 2016 ; H ̈onig & Kishimoto 2017 ;
eftley et al. 2018 ) and Multi AperTure mid-Infrared SpectroScopic
xperiment (MATISSE, G ́amez Rosas et al. 2022 ; Isbell et al. 2022 ),
lthough at near-infrared GRAVITY observations have also helped
o understand the geometry and size of the inner and hottest dust
GRAVITY Collaboration 2020 ; Gravity Collaboration 2024 ). So
ar, interferometric observations at mid-infrared have been possible
nly in five of the AGNs included in this analysis (NGC 1052, MCG-
5-23-16, Fairall 9, NGC 5506, and NGC 7469; Leftley et al. 2019 ).
lthough extended emission is present in many objects, the torus

mission is mostly unresolved in the mid-infrared confined to the
entral parsecs (Alonso-Herrero et al. 2021 , and references therein)
xcept for a few cases where the extended emission dominates (see
g. 3 in Asmus et al. 2016 ). At the same time, sub-mm wavelengths
how larger discs (up to 50 pc) associated with colder dust and
olecular gas (Garc ́ıa-Burillo et al. 2021 ). JWST does not provide

he spatial resolution to image the dust even for the nearest AGN,
xcept for the aperture masking interferometry (AMI) mode reaching
 pc scale images for nearby AGN at near-infrared (L ́opez-Rodriguez
t al., in preparation). Fortunately, the spectral fitting technique has
een pro v en helpful in obtaining essential information on the AGN
ust where other techniques are not plausible (Ramos Almeida et al.
009 ; Mart ́ınez-Paredes et al. 2021 ; Garc ́ıa-Bernete et al. 2022b ;
onz ́alez-Mart ́ın et al. 2023 ). 



Nuclear dust in AGN with JWST 2173 

Figure 9. Distribution of reduced χ2 for each AGN dust model when adding host contributions and absorption features. Top panel: objects sorted out by the 
luminosity. Bottom panel: objects sorted out by the spatial scale. 
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In this work, we used a collection of mid-infrared AGN spectra 
bserved with MIRI/MRS to analyse how the spectral fitting tech- 
ique can be applied to this data set to infer the AGN dust properties.
his section discusses two main questions: (1) Are MIRI/MRS data 
ubes suitable for this technique? (Section 8.1 ); and (2) What is
issing from models to explain JWST mid-infrared observations? 

Section 8.2 ). 

.1 Suitability of MIRI/MRS for the SED fitting technique 

ne of the main issues of using the SED fitting technique with
WST mid-infrared observations is whether they can provide enough 
patial resolution to isolate the bulk of the AGN-heated dust. As we
how in Fig. 7 (see also Appendix B ), the nuclear spectra obtained
ith MIRI/MRS (black dotted line) show imprints of circumnuclear 
rocesses, such as PAH features or steep slopes associated to recent 
tar-forming processes (Gonz ́alez-Mart ́ın et al. 2015 ). Thanks to 
he IFU capabilities and superior sensitivity of MIRI/MRS, which 
llowed us to detect both nuclear and extended components at each 
lice of the data cubes, we developed the MRSPSFisol tool to produce 
solated PSF and circumnuclear data cubes. To further investigate the 
solation power of our method, we explore the well-known X-ray ver-
us mid-infrared AGN correlation (Lutz et al. 2004 ; Ramos Almeida
t al. 2007 ; Mason et al. 2012 ; Gonz ́alez-Mart ́ın et al. 2013 ; Asmus
t al. 2015 ; Spinoglio, Fern ́andez-Ontiveros & Malkan 2024 ). Fig. 12
hows this correlation for our AGN collection. The gain in tightness
f the correlation when the nucleus is isolated is apparent, in partic-
lar for the low-luminosity AGN NGC 4594 and NGC 4736 (the two
ources with the lowest X-ray luminosities in this plot), where the
SF extraction (large empty squares with blue edges) shows an excel-

ent agreement with the previously found correlations, compared with 
he total (small blue squares) and the nuclear (small empty squares).
t is also interesting to note the agreement of PSF fluxes recovered
ith the decomposition technique and nuclear ground-based fluxes, 
hen available (see inset panel in Fig. 12 ). This is particularly

ele v ant for weak AGNs where the nuclear extraction using the
riginal MIRI/MRS data cubes (grey squares) is still contaminated by
ircumnuclear contributors. Note that the two targets with the lowest 
SF contributions compared to the nuclear extraction, NGC 4594 
nd NGC 4736 (see Table 4 ), were already reported as host-galaxy
ominated using ground-based images by Mason et al. ( 2012 ) with
0–30 per cent of PSF contribution, consistent with our results. 
MNRAS 539, 2158–2184 (2025) 
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Table 5. Columns: (1) Object name, (2) best-fitting model, (3) the need for host galaxy contribution marked with ticks, (4) the need for absorption features is 
marked with ticks, (5) E ( B – V ) for the foreground extinction obtained with the best fit, (6) fraction of flux from host galaxy at 12 μm needed for the best fit 
( f host ), and (7) reduced χ2 for the best, (8) good fits are marked with ticks, (9) good fits with χ2 / dof < 2, (10) maximum gran size obtained for GoMar23 when 
this model produces good fits. Models in column 8 are named as follows: F06 for Fritz06; N08 for Nenkova08; H10 for Hoenig10; H17 for Hoenig17; H17D 

for Hoenig17D; S16 for Stalev16; and GM23 for GoMar23 (see Table 3 for more details in these models). 

Name Best Model Host Absorpt. E ( B – V ) f Host χ2 / dof Goodness Other models with χ2 / dof < 2 P max ( μm) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

NGC1052 Hoenig17 0.45 ±0.01 0 .84 � F06, N08, H10, H17D, S16, GM23 < 0 . 01 
ESO420-G13 GoMar23 � � < 0 . 01 0.53 0 .45 � F06, S16 0 . 549 ± 0 . 001 
UGC05101 GoMar23 � � 1.81 ±0.01 0.60 5 .15 
MCG-05-23-016 GoMar23 � � 0.09 ±0.01 0.53 0 .26 � F06, N08, H10, H17, H17D, S16 8 . 7 ± 0 . 1 
NGC3031 Nenkova08 � � 0.847 ±0.002 0.51 3 .82 
NGC3081 GoMar23 � � 0.094 ±0.003 0.57 0 .51 � F06, N08, H10, H17, H17D, S16 0 . 10 ± 0 . 01 
NGC3256NUC1 Fritz06 � � 4.28 ±0.01 0.74 7 .79 
NGC4395 GoMar23 < 0 . 01 3 .27 
NGC4594 Nenkova08 � 0.57 ±0.01 0.53 1 .79 � GM23 < 0 . 01 
NGC4736 Nenkova08 � � < 0 . 01 0.62 5 .09 
Mrk231 GoMar23 � � 0.428 ±0.003 0.53 1 .41 � 0 . 50 ± 0 . 01 
Mrk273SW GoMar23 � � 1.677 ±0.003 0.61 13 .3 
Mrk273 Fritz06 � � < 0 . 01 0.77 38 .2 
NGC5506 GoMar23 � 0.736 ±0.003 1 .47 � 0 . 25 ± 0 . 01 
NGC5728 GoMar23 � � 0.248 ±0.003 0.57 4 .00 
ESO137-G034 GoMar23 � � 0.12 ±0.01 0.60 1 .35 � 0 . 706 ± 0 . 004 
NGC6552 GoMar23 � � 0.037 ±0.003 0.53 0 .59 � F06, N08 > 9 . 98 
IC5063 GoMar23 0.636 ±0.003 0 .33 � F06, N08, H10, H17, H17D, S16 1 . 000 ± 0 . 003 
NGC7172 GoMar23 � � 4.46 ±0.01 0.64 27 .1 
NGC7319 GoMar23 � � 0.56 ±0.01 0.54 0 .79 � F06, N08, H10, H17, H17D, S16 2 . 16 ± 0 . 01 
NGC7469 Hoenig17 � 0.137 ±0.002 0.51 1 .18 � S16, GM23 0 . 050 ± 0 . 001 
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We further isolated the AGN dust continuum through spectral
tting by including host-galaxy contributions to the model template.
his host-galaxy contribution is non-negligible in 17 of the 21 AGNs
tted. When needed, the contribution of the host galaxy template at
2 μm ranges from 50 to 74 per cent to that of the PSF spectrum (see
able 5 ). Fig. 12 also illustrates it by showing the 12 μm luminosity
btained from the best-fitting AGN dust model for each target as large
ircles. For most objects, this is a minor correction, but for some of
he objects for which we manage to find good fits (i.e. χ2 

r < 2 , black
lled circles), it further helps to find a good agreement with the
xpected relation. The Pearson value for the correlation found in this
ork (black line) using spectroscopic isolated values (black filled

ircles) is r = 0 . 92 ( P -value = 2 × 10 −5 ). 

.2 Lessons learnt for new models 

he spectral fitting technique was initially applied using a single
ED library of models, the so-called clumpy torus model developed
y Nenkova et al. ( 2008 ) (Ramos Almeida et al. 2009 , 2011 ; Alonso-
errero et al. 2011 ; Audibert et al. 2017 ; Garc ́ıa-Bernete et al.
019 ). In recent years, several studies applied the same technique but
ompared different models, which permits us to test new geometries,
ust size, and composition, including a disc + wind geometry (e.g.
onz ́alez-Mart ́ın et al. 2019b ; Mart ́ınez-Paredes et al. 2021 ; Garc ́ıa-
ernete et al. 2022b ). These works found that the disc + wind model
ould better represent the geometry of the dust for high-luminosity
GN. Recently Gonz ́alez-Mart ́ın et al. ( 2023 ) found that the two-
hase torus model (i.e. GoMar23) can reproduce ∼85–90 per cent
f a sample of nearby and luminous AGN observed with Spitzer by
llowing to choose the best grain size to fit the data (an aspect fixed
n other SED libraries). 

So far, this technique has only been applied to single targets ob-
erved with JWST (Garc ́ıa-Bernete et al. 2024a , b , see also Section 1 ).
NRAS 539, 2158–2184 (2025) 
his work is meant to start filling that gap. We find good fits for 12
GNs with JWST (see Fig. 10 and Table 5 ). Among them, two

NGC 1052 and NGC 7469) prefer the disc + wind model (H ̈onig &
ishimoto 2017 ). NGC 1052 was already proposed as a polar-
ust candidate using Spitzer observations by Gonz ́alez-Mart ́ın et al.
 2019a ) thanks to the relatively well-isolated spectrum with negligi-
le host galaxy contributions. The PSF spectra of the two type-1 AGN
GC 1052 and NGC 7469 (dark blue filled spectra in Fig. 10 ) look
retty similar and quite distinctive from the other sources: weak sili-
ate emission features and a flattening of the spectrum beyond 20 μm .

Ho we ver, this polar dust emission cannot explain the mid-infrared
ontinuum of all AGNs. The clumpy torus model, widely used in
ioneer works, is still the best at explaining the low-luminosity AGN
GC 4594. Although not yielding an acceptable fit according to
ur criterium ( χ2 

r < 2 ), the other two AGNs with the lowest X-ray
uminosities (NGC 3031 and NGC 4736) are also better fit with the
lumpy torus model when compared with the full set of libraries of
odels (see Table 5 ). Furthermore, the model describing the larger

umber of good fits is the two-phase clumpy torus model presented
y Gonz ́alez-Mart ́ın et al. ( 2023 ), which has the peculiarity that
ust grain size distribution is allowed to vary beyond the canonical
alue of the ISM used in any other AGN dust model. As shown in
able 5 (column 10), only one object statistically prefers a grain size
istribution with a maximum grain size consistent with the canonical
alue of 0.25 μm used in most models. This confirms that, besides the
eometry, other aspects of the dust need to be explored. This aligns
ith new results recently presented by Reyes-Amador et al. ( 2024 ),
nding that the dust composition must also be carefully selected to
etter explain the silicate features. 
Poor spectral fits are still found for 9 of the 21 AGNs col-

ected. Among them, the five poorest spectral fits ( χ2 
r > 5 ) are

ound in mergers, prominent dust lanes, and/or deeply embedded
ystems (UGC 05101, NGC 3256NUC1, Mrk 273, Mrk 273SW, and
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Figure 10. Objects well fitted to our baseline models. The spectrum is filled in corlor (shown in black and filled in with blue). The best fit is shown with a (red) 
continuum line, and the AGN dust model and host galaxy contribution are shown with (purple and blue) dotted lines (for reference, the AGN dust model al w ays 
has a larger contribution than the host galaxy), respectively. The bottom panels show the residuals. Note that emission lines are included here but excluded to 
perform the spectral fit. 
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GC 7172), although Mrk 231 is also a deeply embedded system
Alonso Herrero et al. 2024 ) which is well fitted to the two-phase
ared-disc model by Gonz ́alez-Mart ́ın et al. ( 2023 ). These sources
how strong silicate absorption features that models cannot fit. In 
articular, the absorption feature seems to be narrower and red- 
hifted than that in the model. This is clearly shown in the residuals of

rk 273, where two bumps are visible around the 9.7 μm absorption
eature at ∼8.5 and ∼12.5 μm (see the bottom left panel in Fig. 11 ).
he main suspects in adding deep silicate absorption features are the 
ost galaxy star-forming contributions and foreground extinction. 
o we ver, both are included in our fitting procedure. Although 

arefully selecting a host-galaxy template from the same observation, 
he properties of the circumnuclear environment could change in 
he close vicinity of the AGN. Ho we ver, this issue should only
lay a minor role because the PSF luminosity for these objects 
grees with X-ray luminosity (see Fig. 12 ), indicating that the same
uclear process dominates both. The derived E( B − V ) is high for
our of these five objects ( E( B − V ) > 1, shown in each panel of
ig. 11 ), but it does not reproduce the shape of the silicate feature.
 ore ground e xtinction by dust grains is included using the dust
 xtinction la w deriv ed by Pei ( 1992 ) for the Milk y Way and the
agellanic Clouds. New foreground extinction models might help 

o obtain better fits. Ho we ver, it is worth noticing Garc ́ıa-Bernete
t al. ( 2022b ) discarded the strong foreground extinction scenario as
he primary source of the deep silicate absorption based on the PAH
trength for NGC 6552, NGC 7319, and NGC 7469. Therefore, new
GN dust models are needed to explain these deep silicate absorption

eatures. One possibility to be explored is changing the chemical 
omposition of silicate grains. Indeed, G ́amez Rosas et al. ( 2022 ),
sing MATISSE data of NGC 1068 found that the silicate feature is
etter reproduced with olivine grains rather than the standard ISM 

ust mixture and Reyes-Amador et al. ( 2024 ) recently found that
MNRAS 539, 2158–2184 (2025) 
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M

Figure 11. Objects where a good fit was not found with any tested baseline models. The spectrum is filled in corlor (shown in black and filled in with blue). 
The best fit is shown with a (red) continuum line, and the AGN dust model and host galaxy contribution are shown with (purple and blue) dotted lines (for 
reference, the AGN dust model al w ays has a larger contribution than the host galaxy), respectively. The bottom panels show the residuals. Note that emission 
lines are included here, but they are excluded to perform the spectral fit. 
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 mix of periclase, porous alumina, and olivine grains of various
izes is a better representation of type-1 AGN. Furthermore, new
odels should include the chemistry to reproduce the water-ice and

liphatic hydrocarbon absorption features found in 16 of the 21 AGN
WST spectra presented in this work, as suggested by Garc ́ıa-Bernete
t al. ( 2024a ). As an example of that, Fig. 13 shows the role of the
nclusion of these absorption features to the final fit for NGC 5728
ith a zoom-in to the 5–8 μmregion. It is clear how the inclusion of

hese absorption features not only impro v e the final fit (from χ2 
r = 10

o χ2 
r = 4 ) but also changes the fraction of the stellar component

eeded into the final fit (dotted blue line). 
We need to be aware that we are currently fitting the spectra of the

GN for which the models were intended. According to Efstathiou &
owan-Robinson ( 1995 ), a successful AGN torus model must predict

moderate) absorption features at 10 μm for edge-on views and
ery weak (or featureless) spectra for face-on views (see also Hao
t al. 2005 ). This is based on early observations that showed that
ilicate emission features were weak in AGN (Roche et al. 1991 ;
aor & Draine 1993 ). Modellers have followed these indications

rom observers; all the objects showing a good fit in Fig. 10 show
ither weak emission features or moderate absorption features. For
nstance, the clumpy torus models published by Nenkova et al. ( 2008 )
ere intended to reproduce spectra with these dust characteristics.
he model created by Gonz ́alez-Mart ́ın et al. ( 2023 ) is probably

he first attempt to produce a model based on current observations.
o we ver, the sample used to test the AGN dust model excludes
NRAS 539, 2158–2184 (2025) 
eeply embedded sources or sources where the star-forming process
ominates the continuum. The lack of spatial resolution forces this
re-selection due to the relatively low spatial resolution of the Spitzer
bservations used by Gonz ́alez-Mart ́ın et al. ( 2023 ). The way this
ould affect the results is unknown. We have developed models for
hat we thought was the AGN dust continuum. This seems to work
ell for intermediate luminosity AGN. Ho we ver, it fails to reproduce

ow-luminosity and highly embedded luminous AGN, as depicted in
ig. 9 . Indeed, wind models should work for intermediate-to-high

uminosity AGNs and are not intended to reproduce low luminosities
Elitzur & Netzer 2016 ) or very high-luminosity (super-Eddington)
ystems (Drewes et al. 2025 ). Accurate templates for host galaxies as
hose produced here and new torus models better describing nearby
GNs will be helpful for high- z studies where the same spatial
ecomposition will not be possible. 

 SUMMARY  

his work is the first attempt to use MIRI/MRS observations to isolate
he nuclear AGN dust continuum from the extended emission and to
onfront it with all available AGN dust libraries of models (i.e. torus
odels). We compiled MIRI/MRS observations of 21 nearby AGN

bserved with JWST for that purpose. They are publicly available in
he archive or obtained from the GATOS collaboration. 

We developed a tool, MRSPSFisol, to decompose MIRI/MRS
ata cubes into PSF and circumnuclear (extended) data cubes. Once
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Figure 12. X-ray 2–10 keV intrinsic luminosity versus the 12 μm luminosity 
for the different apertures explored in this analysis: total (cyan squares), 
nuclear (small empty squares), and PSF (blue lar ge squares). Lar ge black 
circles show the final PSF flux obtained when the circumnuclear template 
decontaminates the PSF spectrum (filled and empty circles for good and poor 
spectral fits, respectively). Small and grey open circles show the luminosity 
obtained with Spitzer /IRS spectra for comparison purposes. Green dot–
dashed and grey diagonal dotted lines show the reported correlations by 
Spinoglio et al. ( 2024 ) and Asmus et al. ( 2015 ), respectively. The correlation 
found in this work is shown with a continuum black line. Small grey blades 
show the AGN sample from Asmus et al. ( 2015 ) using ground-based images. 
The top-left inset compares the 12 μm fluxes (in mJy) obtained in this work 
with the ground-based available observations for our target collection. Several 
apertures of the same object are linked with horizontal dotted grey lines. 
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Figure 13. Spectral fit before (top) and after (bottom) the inclusion of water- 
ice and aliphatic hydrocarbon absorption features (located at 6–8 μm , see 
inset figure for a zoom-in to this spectral range) to the final fit for NGC 5728. 
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he PSF continuum is morphologically isolated, we use the PSF 

pectrum to perform the spectral fitting to the AGN dust continuum. 
our fla v ours of baseline models are tested: A GN dust model, A GN
ust model with water-ice and aliphatic absorption features, AGN 

ust model and host galaxy using the circumnuclear spectrum as a 
emplate, and AGN dust models together with absorption features 
nd host galaxy contribution. Altogether, we test 28 baseline models 
or each target (7 models and 4 baselines per model). Our main
onclusions are: 

(i) The AGN dust models can successfully reproduce 12 of the 
1 AGNs. The two-phase flared-disc model, which allows the dust 
rain size to vary, can reproduce all of them (Gonz ́alez-Mart ́ın et al.
023 ). 
(ii) Among the 12 objects with good fits, the LLAGN NGC 4594 

refers the clumpy torus model (Nenkova et al. 2008 ), we find
ndications of polar dust in NGC 1052 and NGC 7469 (best fitted
o the disc + wind model; H ̈onig & Kishimoto 2017 ), and the other
ine objects prefer the two-phase torus model where the dust grain 
ize is a free parameter (Gonz ́alez-Mart ́ın et al. 2023 ). 

(iii) Among the 12 objects with good fits, a residual host galaxy 
ontribution is needed to reproduce 9 of the 12 objects, and dusty
ater-ice and aliphatic hydrocarbon absorption features are detected 

n eight objects. 
(iv) Nine AGNs ( ∼ 40 per cent of the targets) cannot be accu- 

ately fitted to any of the models tested. They fail at reproducing
eeply buried luminous and several low-luminosity AGNs where 
hese water-ice and aliphatic hydrocarbon absorption features are 
ystematically detected. 

(v) MRSPSFisol works well for various morphologies, including 
argets with strong PSF contribution with negligible extended emis- 
ion and targets with faint point-like emission embedded in a strong
ircumnuclear emission. 

(vi) The shape of isolated PSF spectra obtained with MRSPSFisol 
hanges compared with the original nuclear spectra. They show 

hallower silicate absorption features and stronger silicate emission 
eatures, the PAH features are suppressed, and the o v erall slope of
he spectra changes. 

New torus models based on the superior quality of JWST obser-
ations, exploring, for instance, new dust chemistry, are needed to 
ake further progress in the field. 
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PPENDI X  A :  RU N N I N G  T H E  TO O L  

he MRSPSFisol tool is accessible to any researcher interested 
pon request to o.gonzalez@irya.unam.mx. The MRSPSFisol tool 
uns through a list of targets in an input file the user should provide
n the command line (see below). This input file should contain
 line per target, including the following information separated 
y spaces: target name, proposal ID (PROPID), observations 
D for the target (TARGETOBSID), observation ID for the 
ackground (BACKOBSID), RA, Dec., and redshift of the target. 
he MRSPSFisol tool expects the uncalibrated files to be located 
nder the target name and the proposal ID (e.g. all uncalibrated
les for NGC1052 are located in NGC1052/02016/) where the 
RSPSFisol tool is running. Data should be downloaded from 

he STScI data base before running the MRSPSFisol tool. Several 
nputs are also expected in the command line: 

(i) filename: file name where the list of targets is included. 
(ii) object number: row number of the target to be run within

he input filename. If the number is ne gativ e, the MRSPSFisol tool
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ill run the decomposition object-by-object basis in the same order
rovided through the input file. 
(iii) channel: channel to be run. The options are 1, 2, 3, 4, 1234,

34, 12, 34. Option 1234 should be written to run all the channels. 
(iv) band: grid to be chosen within the channels selected. Options

re s, m, and l (for short, medium, and long, respectively) and sm,
l, and sml for several bands simultaneously. 
(v) PSF: option to select between simulated (psf0) or empirical

SF (empiric). We encourage the users to use the simulated PSF
ption (see Section 4 ). 
(vi) initialization parameter: options are y and n. If set to ‘y’, it

ill start the analysis by cleaning any previous data cube generated.
f this value is set to ‘n’, it will use the previously found values. This
ption is mainly for test purposes, and it is expected to be combined
ith a wavelength range where the user might want to rerun the
RSPSFisol tool (following two options). 
(vii) minimum wavelength: minimum wavelength range where

he MRSPSFisol tool should be run to compute the decomposition.
f this option is set to a ne gativ e number, the MRSPSFisol tool will
tart at the first slice of the data cube. 

(viii) maximum w avelength: maximum w avelength range where
he MRSPSFisol tool should be run to compute the decomposition.
f this option is set to a ne gativ e number, the MRSPSFisol tool will
tart at the first slice of the data cube. 

(ix) crowding: options are y and n. If set to ‘y’ it will assume that
everal sources with similar brightness are within the FOV. This will
esult in a location of the centre of mass computed in a small area of
NRAS 539, 2158–2184 (2025) 
he FOV centred at the position of the target given in the input file.
t will also run the automatic extraction in half of the FOV used for
eneral purposes. Please select ‘n’ unless crowding is an issue with
our target. 
(x) recentering: option to select whether the MRSPSFisol tool

omputes the centre of mass (y) or relies on the coordinates given
y the user in the input file. We strongly suggest using the centre
f mass unless apparent difficulties in the morphology of the target
revent an accurate determination of the centre of mass. 

Note that the MRSPSFisol tool assumes there are 12
ata cubes (one per channel and band) with a file name:
jw’ + PROPID (e.g. 02016) + ‘0’ + TARGETOBSID (e.g. 10) +
001 miri ch’ + CHANNEL (1-4) + ‘-’ + BAND (short/medium/long)
 ‘ s3d sub.fits’. It also assumes the data cubes are background

ubtracted already. This is the general terminology of the outputs of
WST MRSPSFisol tool with the addition of ‘ sub’ that we added
hen the background is subtracted from the target data cubes. The
RSPSFisol tool al w ays goes from shorter to longer wavelength

ata cubes. Moreo v er, it does not work in parallel for sev eral
hannels or bands because it is optimized to process several slices
imultaneously. 

PPENDI X  B:  DECOMPOSED  SPECTRA  

his appendix includes all the decomposed spectra for our AGN
ollection (Figs B1 , B2 , and B3 ). 



Nuclear dust in AGN with JWST 2181 

Figure B1. Each panel shows the total (solid black line filled in light blue), nuclear (dotted black line), PSF (solid blue line filled in blue), and circumnuclear 
(solid green line filled in green) spectra. When available, Spitzer /IRS spectrum is shown with the long dashed green line. Legends show the spatial scales for 
each spectral extraction radius. 
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Figure B2. Each panel shows the total (solid black line filled in light blue), nuclear (dotted black line), PSF (solid blue line filled in blue), and circumnuclear 
(solid green line filled in green) spectra. When available, Spitzer /IRS spectrum is shown with the long dashed green line. Legends show the spatial scales for 
each spectral extraction radius. 
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Nuclear dust in AGN with JWST 2183 

Figure B3. Each panel shows the total (solid black line filled in light blue), nuclear (dotted black line), PSF (solid blue line filled in blue), and circumnuclear 
(solid green line filled in green) spectra. When available, Spitzer /IRS spectrum is shown with the long dashed green line. Legends show the spatial scales for 
each spectral extraction radius. 
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PPEN D IX  C :  TA BLE  O F  EMISSION  LINE S  

able C1. Emission lines excluded for the spectral fitting. 

wv. wv. wv. 
ine ( μm ) Line ( μm ) Line ( μm ) 

Fe II ] 5.053 [Na III ] 7 .318 H 2 S(2) 12.279 
 2 S(8) 5.063 Pf α 7 .465 [Ne II ] 12.814 

He II ] 5.228 [Ne VI ] 7 .652 [Ar V ] 13.100 
Fe II ] 5.340 [Fe VII ] 7 .814 [Mg V ] 13.520 
Fe VIII ] 5.447 [Ar V ] 7 .899 [Ne V ] 14.322 
Mg VII ] 5.503 H 2 S(4) 8 .025 [Ne III ] 15.555 
 2 S(7) 5.511 [Ar III ] 8 .991 H 2 S(1) 17.035 

Mg V ] 5.610 [Mg VII ] 9 .040 [S III ] 18.713 
 2 S(6) 6.110 [Fe VII ] 9 .527 [Ne V ] 24.318 
 2 S(5) 6.910 H 2 S(3) 9 .665 [O IV ] 25.890 

Ar II ] 6.985 [S IV ] 10 .511 [Fe II ] 26.000 
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