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A B S T R A C T 

We present James Webb Space Telescope /Mid-Infrared Instrument imaging of eight nearby active galactic nuclei (AGN) 
from the GATOS (Galactic Activity, Torus, and Outflow Survey) survey to investigate the physical conditions of extended 

dust in their narrow-line regions (NLRs). In four galaxies (ESO 428 −G14, NGC 4388, NGC 3081, and NGC 5728), we 
det ect spatially resolv ed dust structur es e xtending ∼100–200 pc along the NLR. In these syst ems, w e find a strong link 

between the morphology of the dust, the radio ejecta, and the coronal [Si vi ] emission, implying that dust carries imprints 
of the processes shaping the NLR. Using spatially resolved spectral energy distributions, we show that dust in the NLR 

has syst ematically st eeper slopes than star-forming clumps. This dust emits at temperatures in the range 150 - 220 K , at a 

distance of ∼150 pc from the nucleus. Using simple models, we show that, even under optimistic assumptions of grain 

size and AGN luminosity, the e x cess mid-infrar ed emission cannot be e xplained by AGN illumination alone. We interpr et 
this e x cess heating as in situ . We show that shocks with velocities v shock ∼ 200 - 400 km s −1 in dense gas can close this gap, 
and in some cases even account for the total observed emission. This, combined with multiple lines of evidence for shocks 
in these regions, supports a scenario in which shocks not only coexist with dust but may be playing a key role in heating it. 
Our findings reveal shocks may be an important and previously ov erlooked driv er of ext ended dust emission in the central 
hundreds of parsecs in AGN. 

Key words: methods: miscellaneous – methods: observational – galaxies: nuclei – galaxies: Seyfert. 
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 INTRODUCTION  

nt erst ellar dust lies at the heart of galaxy evolution, serving as
 key driver of the thermodynamics and chemistry of galaxies
e.g. E. E. Salpeter 1977 ; D. C. B. Whittet & C. M. Leung 1993 ;
. C. Weingartner & B. T. Draine 2001 ; B. T. Draine 2003 , 2011 ).
ust shapes the spectral energy distributions (SEDs) of galaxies,
y absorbing and scattering optical and ultraviolet (UV) photons,
hen re-emitting this energy predominantly as infrared (IR) ra-
iation (e.g . B . T. Draine & H. M. Lee 1984 ; B . T. Draine & N.
nderson 1985 ; D. Calzetti 2001 ; A. Li & B. T. Draine 2001 ; A.
 . G . M. Tielens 2005 ). Additionally, grain surfaces serve as a
edium where essential chemical reactions form molecules (e.g.
. Hollenbach & E. E. Salpeter 1971 ). At the same time, these
rains also act as the primary reservoir in which refractory el-
ments are stored, while regulating their availability in the gas
hase thr ough accr etion and destruction pr ocesses, giving rise to
 diverse and complex chemistry (e.g. D. C. B. Whittet & C. M.
eung 1993 ; J. C. Weingartner & B. T. Draine 2001 ). 
Dust proves especially important in the context of active galac-

ic nuclei (AGN). These luminous syst ems, pow ered by the accre-
ion ont o supermassiv e black holes, ar e r esponsible for r egulating
tar formation in their host galaxies through feedback processes
riv en by pow erful winds and jets (e.g. G. Tabor & J. Binney 1993 ;
. Silk & M. J. Rees 1998 ; A. C. Fabian 2012 ; A. King & K. Pounds
015 ; C. M. Harrison & C. Ramos Almeida 2024 ). In many AGN,
trong optical extinction has been attributed to the presence of 
n optically obscuring thick structure, dubbed as ‘torus’ (e.g. J. H.
rolik & M. C. Begelman 1988 ; W. Jaffe et al. 2004 ; M. Nenkova

t al. 2008 ; C. Ramos Almeida & C. Ricci 2017 ). In the AGN uni-
cation model, this dusty torus has been held responsible for the
ichot omy betw een type 1 and type 2 AGN (R. R. J. Antonucci &
. S. Miller 1985 ; C. M. Urry & P. Padovani 1995 ). The dusty torus
as now been imaged in the submillimetre with Atacama Large
illimet er/submillimet er Array (ALMA) and in the near- and
id-IR with Very Large Telescope Int erferomet er with spatial

 esolutions spanning fr om a few to tens of parsecs (J. F. Gallimore
 E-mail: h.haidar2@newcastle.ac.uk 
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t al. 2016 ; S. García-Burillo et al. 2016 , 2019 , 2021 ; A. Alonso-
err er o et al. 2018 , 2019 , 2023 ; F. Combes et al. 2019 ; GRAVITY
ollaboration 2020 ; V. Gámez Rosas et al. 2022 ). 
In addition to this, substantial effort in high-resolution IR as-

ronomy over the past decades has revealed compelling evidence
f a significant amount of dust locat ed bey ond the t orus, and
 xtending fr om a few parsecs to tens of parsecs along the narrow-
ine region (NLR) in a number of nearby AGN (e.g. S. F. Hönig
t al. 2012 , 2013 ; K. R. W. Tristram et al. 2014 ; J. H. Leftley et al.
018 ). In some cases, this has been int erpret ed as a dusty wind
riginating from the inner edges of the torus (see S. F. Hönig 2019 ,
or a review). For dust to be launched from the torus itself, radi-
tion pr essur e must e x ceed gravitational for ces, as theor etically
emonstrated by A. C. Fabian, A. Celotti & M. C. Erlund ( 2006 )
nd also M. Venanzi, S. Hönig & D. Williamson ( 2020 ). 

The presence of dust along outflowing regions in Seyferts has
ong been recognized (e.g. J. J. Bock et al. 2000 ; J. T. Radomski
t al. 2003 ), with early studies already highlighting its role as
 key component of the NLR (e.g. G. M. MacAlpine 1985 ; D.
. Osterbrock 1989 ). The latter is subject to outflows, driven by
inds or jets, which can alter the distribution of the embedded
usty gas. Dust can carry imprints of such processes, making it
 direct tracer of how AGN impact their surroundings. While
GN photoionization is considered the primary radiation source
owering emission in the NLR, several works have shown that

t alone may not be enough, and that contributions from shocks
annot be neglected (e.g. S. M. Viegas-Aldrovandi & M. Contini
989 ; J . A. Morse, J . C. Raymond & A. S. Wilson 1996 ; J. W.
erguson, K. T. Korista & G. J. Ferland 1997 ). In many Seyferts,
hocks have been shown to be a viable mechanism for shaping the
patial and velocity distribution of gas in the NLR, particularly
n regions where the jet or wind interacts with the interstellar

edium (ISM; e.g. H. Falcke, A. S. Wilson & C. Simpson 1998 ; I.
vans et al. 1999 ; M. Whittle & A. S. Wilson 2004 ; R. Morganti, C.
. Tadhunter & T. A. Oosterloo 2005 ; J. F. Gallimore et al. 2006 ;
 . J . Rosario et al. 2010a , b ; B . MiJWS Tngo et al. 2012 ; D. R. A.
illiams et al. 2017 ). 
Recent James Webb Space Telescope ( JWST )/Mid-Infrared In-

trument (MIRI) imaging of the nearby Seyfert ESO 428 −G14 has
uccessfully resolved parsec-scale dust along the NLR (H. Haidar
© The Author(s) 2026. 
ociety. This is an Open Access article distributed under the terms of the 

rg/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and 
pr oduction in any medium, provided the original work is properly cited. 
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1 See also https://jwst- docs.stsci.edu/mid- infrared- instrument/miri- 
observing- modes/miri- imaging#gsc.tab = 0 . 
2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html 
3 See also JWST Technical Report JWS T-S TScI-008866, SM-12. 
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t al. 2024 , fig. 1 ther ein), e xt ending up t o 100 pc from the nucleus.
his dust bears a striking morphological resemblance to the radio 
nd [Si vi ] emission, coinciding with regions where shocks are 
revalent (H. Falcke et al. 1996 ; R. A. Riffel et al. 2006 ; D. May
t al. 2018 ). By comparing AGN illumination, dusty winds, and 

hocks as potential sources of dust heating, we argued in H. 
aidar et al. ( 2024 ) that the radiative output from fast shocks can

 epr oduce the observed dust temperatures better than heating 
rom AGN radiation fields alone. This puts forward a scenario in
hich shocks play a central role in driving the IR emission within

he central few hundred parsecs of AGN. 
Finding dust to be cospatial with shocked regions raises a criti-

al question about its survival. It is well established that processes
uch as sputtering and shattering in shocks are the key drivers of 
ust destruction in the ISM (e.g. A. G . G . M. Tielens et al. 1994 ;
. P. Jones et al. 1994 ; A. P. Jones, A. G. G. M. Tielens & D. J.
ollenbach 1996 ). Sputtering, in particular, releases refractory 

lements, such as iron (Fe), that were previously locked within 

ust grains, back into the gas phase. Since [Fe ii ] is also an effi-
ient coolant in shocked gas (e.g. P. Hartigan, J. Raymond & R.
ierson 2004 ), enhanced [Fe ii ] emission is commonly used as a
ignature of shocks (B. T. Draine & E. E. Salpet er 1979 ). Sev eral
ypotheses and models have been put forward to explain how 

ust endures the passage of a shock: shielding by cool clouds,
onger destruction time-scale, resistance through coagulation, or 
onsistent r eplenishment pr ocesses at play (M. Villar-Martín et 
l. 2001 ; F. D. Priestley et al. 2022 ; J. Chastenet et al. 2024 ; F.
irchschlager et al. 2024 ; H. M. Richie et al. 2024 ; S. Y. Dedikov &
. O. Vasiliev 2025 ). Additionally, the detection of molecular out-
ows suggests that dust may survive for similar reasons, such as
hielding by dense clumps and rapid reformation mechanisms 
D. S. N. Rupke, K. Gültekin & S. Veilleux 2017 ; A. J. Richings &
.-A. Faucher-Giguère 2018a , b ; R. J. Farber & M. Gronke 2022 ;
. Otsuki & H. Hirashita 2024 ). 
Building on our pilot study of ESO 428 −G14, we expand this

nalysis to the full sample from the JWST Cycle 1 programme
Dust in the Wind’ (ID: 2064, PI: D. Rosario) within the ambit
f the Galactic Activity, Torus, and Outflow Survey ( G AT OS )
ollaboration (see also A. Alonso-Herr er o et al. 2021 ; S. García-
urillo et al. 2021 ; I. García-Bernete et al. 2024a , b ; L. Zhang et al.
024 ; L. Fuller et al. 2025 ), which consists of eight nearby AGN
see Table 1 ) that show some evidence of extended dust from
round-based observations (D. Asmus, S. F. Hönig & P. Gandhi 
016 ). Our goal is to e xplor e (1) the extent and morphology of 
esolved dust in the NLR, (2) whether this dust coexists with
hocks, and (3) whether shock heating can contribute to the 
bserved dust emission. This paper is organized as follows. The 
bservations and data reduction are presented in Section 2 . The
 esults ar e described in Section 3 and discussed in Section 4 . A
ummary of our results is given in Section 5 . 

 O B S E RVAT I O N S  AND  METHODS  

.1 JWST /MIRI imaging 

ll targets (see Table 1 ) were observed with the JWST /MIRI
n five broad-band imaging filters: F 560 W , F 1000 W , F 1500 W ,
 1800 W, and F 2100 W (corresponding to central wavelengths 
central = 5 . 6 , 10 , 15 , 18 , and 21 μm, respectively). The angular
esolution of the MIRI imaging is set by the point spread function
PSF), with full widths at half-maximum (FWHM) of 0 . 2 , 0 . 32 ,
 . 48 , 0 . 59 , and 0 . 67 arcsec for the filters listed above. 1 For key
orphological comparisons discussed later in Section 3 , we focus 

n the F 1000 W band, which corresponds to a physical PSF size of 
23 –90 pc, depending on the target (see Table 1 ). The SUB256

ubarr ay w as used ( 28 . 2 arcsec on a side), along with a fast read-
ut mode and the short est allow ed number of groups ( N groups =
 ) to minimize the saturation of the bright nuclear emission ex-
ected in the targ ets. A relatively larg e number of integrations
 N ints = 50 ) and four dithered exposures yielded a final expo-
ure time of 358 s in each filter. The raw data were downloaded
rom the Mikulski Archive for Space Telescopes ( MAST ), 2 and pro-
essed using the JWST pipeline python package version 10.2 
ith CRDS r efer ence files jwst_1097.pmap . 
Data reduction and subtraction of the PSF were performed as 

n H. Haidar et al. ( 2024 ). Given the bright nature of these galaxies
n the MIR, most images had a few partially saturated pixels at the
ucleus. These specific pixels were restored from up-the-ramp 

eadouts by turning off the first-frame flagging step during Stage 1 
f the JWST pipeline (see H. Haidar et al. 2024 , for more details).
his enables the flux from the first group to be included, yielding

w o unsaturat ed gr oups fr om which a r eliable ramp slope can be
stimated. 3 

In the specific case of NGC 3227, only a single good
roup w as av ailable. To address this, we turned off the sup-
ress_one_group parameter in the ramp-fitting step of Stage 
, thus permit ting r amp estimates on a single group. Further
etails on target selection, data processing, and the removal of the
right central point-source emission will be provided in Rosario 
t al. (in preparation). 

.2 VLT/SINFONI spectroscopy 

 -band ( 1 . 9 - 2 . 5 μm ) integral-field spectroscopic data are avail-
ble for all our targets, obtained using the Spectrograph for IN-
egral Field Observations in the Near Infrared (SINFONI) on 

he E ur opean Southern Observatory (ESO) Very Large Telescope 
VLT; F. Eisenhauer et al. 2003 ; H. Bonnet et al. 2004 ). Data reduc-
ion was carried out with the SINFONI data reduction software. 

For most targets, the observations were obtained with the 
00 mas plate scale, e x cept in the case of NGC 3227 and NGC
135, which were observed with the 250 mas plate scale. After
rocessing, the effective spatial sampling of the data cubes is 
alf the plate scale, corresponding to 0 . 05 arcsec pixel −1 for the
100 data [field of view (FoV) ∼ 4 arcsec × 4 arcsec ] and 0 . 125
r csec pix el −1 for the K250 data (FoV ∼ 8 ar csec × 8 ar csec ). All
argets are obtained with adaptive optics (AO) assistance except 
n the case of NGC 3227 and NGC 5135. The AO-assisted targets
chieve an average angular resolution of PSF FWHM ∼ 0 . 17 arc-
ec, while the non-AO observations have a typical PSF of 0 . 41 arc-
ec. As we discuss later in Section 3 , for the key targets exhibiting
usty NLRs (see Figs 2 and 5 ), these SINF ONI observ ations pro-
ide resolutions that are comparable to, if not superior to, JWST ’s
 1000 W filter (see Section 2.1 ). 
The emission line flux maps for [Si vi ] λ1 . 96 μm w ere generat ed

sing the custom idl code linefit (R. Davies et al. 2011 ), which
ts the emission line of interest with an unresolved line profile (a
MNRAS 546, 1–22 (2026) 

https://gatos.myportfolio.com
https://jwst-docs.stsci.edu/mid-infrared-instrument/miri-observing-modes/miri-imaging#gsc.tab=0
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html


4 H. Haidar et al. 

M

Table 1. Sample properties. 

AGN Type Distance Scale log 10 (L 2 - 10 keV ) log 10 (L bol ) PA NLR PA radio PA disc 
(Mpc) (pc arcmin −1 ) ( erg s −1 ) ( erg s −1 ) ( ◦) ( ◦) ( ◦) 

NGC 4388 Sy 2 19.2 93 42.5 43.7 30 30 90 
ESO 428–G14 Sy 2 23.2 112 41.55 42.74 130 127 62 
NGC 3081 Sy 2 37 180 42.78 43.98 164 164 60 
NGC 5728 Sy 2 39 190 42.83 44 120 127 53 
NGC 3227 Sy 1.5 15 73 42.0 43.19 195 170 68 
NGC 2992 Sy 1.5–2 30.9 150 41.94 43.12 125 154 90 
NGC 7172 Sy 2 33.9 180 42.67 43.86 60 90 53 
NGC 5135 Sy 2 64.8 281 43.25 44.45 30 – 25 

Note. (1) Target name. (2) Type based on optical AGN classification from D. Asmus et al. ( 2014 ). (3) Redshift-independent distances are taken from NED. 
(4) The pixel scale is derived from the distance. (5) Hard X-ray luminosities (2–10 keV) are computed from the int egrat ed Swift /BAT fluxes, unless stated 
otherwise (see Section 2.4 ). (6) Bolometric luminosities are obtained by applying a bolometric correction to the X-ray luminosities (see equation 1 ). (7 
and 8) The NLR and radio position angles (PA) are taken from D. Asmus et al. ( 2016 ). (9) Disc inclinations are taken from HyperLeda. 
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ky line) conv olv ed with a Gaussian, as w ell as a linear function to
he line-free continuum. This single-component Gaussian fitting
r ocedur e was performed for each spaxel of the data cube. More
etails on the SINFONI reduction and analysis can be found in
. Delaney et al. ( 2025 ). 

.3 VLA radio continuum imaging 

ll radio maps for this study (e x cept NGC 4388, for which the ra-
io map was kindly provided by A. J. Sargent et al. 2024 ) were ex-
racted from the National Radio Astronomy Observatory (NRAO)
ery Large Array (VLA) Archive Survey (NVAS) Images portal ,
hich provides pipeline-processed radio continuum images for a
ajor subset of the VLA archive up to 2005. We rely on the aips -

rocessed pipeline outputs from NVAS, with no additional pro-
essing or cleaning. We select images of all targets with angular
 esolutions < 1 ar csec and sufficient sensitivity t o det ect ext ended
adio emission. For each galaxy, we adopt the radio band showing
he most prominent extended structure along the NLR. These
re: 4–8.5 GHz for ESO 428 −G14, NGC 4388, NGC 5135, NGC
227, and NGC 2992; and 1.5 GHz for NGC 3081, NGC 5728, and
GC 7172. The 4–8.5 GHz observations provide higher angular

esolution, while the 1.5 GHz data hav e low er resolutions but are
ore sensitive to low surface brightness emission. This leads to

he different spatial scales probed across the sample, as seen in
igs 5 and C1 . The angular resolution of the radio images, as
easur ed fr om the beams, is 0 . 44 ar csec × 0 . 20 ar csec for ESO

28 −G14, 0 . 38 arcsec × 0 . 27 arcsec for NGC 4388, 2 . 25 arcsec ×
 . 14 arcsec for NGC 3081, and 2 . 02 arcsec × 1 . 16 arcsec for NGC
728 (see middle panel in Fig. 5 , bottom left for the beams). For
SO 428 −G14 and NGC 4388, these radio maps provide sufficient
 esolution to compar e with JWST ’s F 1000 W filter (PSF FWHM

0 . 32 arcsec ). For NGC 5728, while we cannot compare dust–
adio morphologies, one could still constrain the orientation of 
he jet, as also presented in earlier studies (see e.g. T. T. Shimizu
t al. 2019 ). In the case of NGC 3081, the radio map is unresolved
t the available resolution, and no morphological conclusions are
rawn in this case; the map is presented for completeness only.
e present more details on this later in Section 3.4 . 
For the additional galaxies shown in Appendix C (Fig. C1 ), the

orresponding beam sizes are 1 . 3 arcsec × 0 . 8 arcsec (NGC 5135),
 . 5 arcsec × 1 . 1 arcsec (NGC 7172), 0 . 28 arcsec × 0 . 24 arcsec
NGC 3227), and 0 . 52 arcsec × 0 . 39 arcsec (NGC 2992). 
NRAS 546, 1–22 (2026) 
.4 Bolometric luminosities 

o compute AGN bolometric luminosities ( L bol , AGN 

), we use es-
imates of the absorption-corrected 2–10 keV X-ray luminosity
rom C. Ricci et al. ( 2017 ), in which X-r ay spectr al fits have been
erformed for all AGN in the 70-month Swift /B AT all-sk y survey.
SO 428 −G14 and NGC 5135 ar e not cover ed by the survey, in
hich case, the X-ray luminosity is extracted from N. A. Leven-

on et al. ( 2006 ) and V. Singh et al. ( 2012 ), respectively. The X-
ay luminosities are conv ert ed t o L bol , AGN 

using the bolometric
orr ection K X fr om F. Duras et al. ( 2020 ): 

 X (L 2 - 10 keV ) = 15 . 33 

⎡ 

⎣ 1 + 

( 

log 
(
L 2 - 10 keV / L �

)
11 . 8 

) 16 . 2 
⎤ 

⎦ . (1) 

.5 Emission line contamination 

n H. Haidar et al. ( 2024 ), we discussed in detail how JWST /MIRI
road-band imaging can be subject to contamination from strong
mission lines, and as a result, these images may not e x clusively
race dust emission. For example, the F 1000 W filter is mainly
ffected by contributions from the [S iv ] λ10 . 51 μm and H 2 0–0
(2) [ 9 . 65 μm ] lines. This can make it challenging t o det ermine
he morphology and extent of the dust, potentially attributing
eatures to dust that may, in fact, be closely linked to ionized or

olecular gas instead. 
We developed a method to correct for contamination, using

SO 428 −G14 as a case study (see H. Haidar et al. 2024 ), suc-
essfully producing a line-free image in the F 1000 W filter. The
econtamination method was further extended by S. Campbell
t al. ( 2025 ) to include the full Cycle 1 JWST /G AT OS sample and
ll MIRI filter bands in the ‘Dust in the Wind’ programme. S.
ampbell et al. ( 2025 ) lever age JWST /Medium-R esolution Spec-

rometer (MRS) spectroscopy available for three of the galaxies
NGC 5728, NGC 3081, and NGC 7172) to r epr oduce synthetic
road-band images and cross-match them with the MIRI imag-

ng . B y using this technique, they are able to accurately separate
he dust continuum from the emission lines and correct the real
mages accordingly. In the absence of JWST /MRS, S. Campbell et
l. ( 2025 ) find that the imaging-based only method presented in
. Haidar et al. ( 2024 ) syst ematically ov erestimat es the emission

ine contribution by 5 - 10 per cent , making it a conservative but
 eliable measur e for dust emission. The images pr esented in this
aper ar e corr ected using this impr ov ed method. We not e that,
hile MRS spectroscopy provides an excellent t ool t o constrain

https://science.nrao.edu/facilities/vla/archive/index
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he contribution of emission lines to the MIRI filters, the spatial
esolution is typically ∼25 per cent worse than the imager, mak- 
ng the latter more suitable for resolving fine dust structures (S.
ampbell et al. 2025 ). For a full treatment of the contamination
orrection method and its effects on our images, see S. Campbell 
t al. ( 2025 ). 

For morphological studies, we e x clusively use images in the
 1000 W filter, as this band offers the best compromise between
patial resolution with JWST and the prominence of the nuclear 
xtended MIR emission. Longer wavelength images have pro- 
ressiv ely w orse r esolution fr om 15–21 μm, yielding lower detail
n the extended emission. The F 560 W images offer the highest
 esolution, but our pr evious studies show that dust around the
GN does not emit strongly in this band (H. Haidar et al. 2024 ; S.
ampbell et al. 2025 ). 

 R E S U LT S  

.1 Dust in the narrow-line region 

e present the full JWST /MIRI imaging sample in Figs 1 and
 . The images correspond to the F 1000 W continuum (dust only)
mission, following PSF subtraction and correction for emission 

ine contamination (H. Haidar et al. 2024 ; S. Campbell et al.
025 ). In each galaxy, the mid-infrared (MIR) emission reveals 
 range of distinct features, including star-forming discs, either 
een face-on (e.g. NGC 5135, NGC 5728) or edge-on (e.g. NGC 

172, NGC 2992), as well as nuclear rings (e.g. NGC 3081, NGC
227). Each galaxy displays a distinct morphology in the MIR 

ith a wealth of unique features. At the same time, they are
ll characterized by the presence of a bright nuclear compo- 
ent that, in some cases, outshines the entire galaxy disc. This
uclear component may include emission from the unresolved 

orus region and will be investigated in detail in follow-up stud-
es focused on individual galaxies. In what follows, we focus on
he central 4 arcsec × 4 arcsec region ( ∼300 - 800 pc , depending on
he galaxy), which covers the circumnuclear region and matches 
INFONI’ s F oV that maps the ionized [Si vi ] emission. 

Below, we describe each galaxy in turn, highlighting whether 
he dust morphology aligns with the NLR axis as traced by ionized
nd molecular g as. Her e, w e define c oupling as the spatial and
orphological correspondence between dust and ionized and/or 
olecular outflows, implying that the dust may be entrained or 

therwise influenced by the NLR. 

.1.1 Strong dust–NLR coupling 

tarting with ESO 428 −G14 (Fig. 1 , top-left panel), the dust emis-
ion reveals an asymmetric morphology, extending along a posi- 
ion angle (PA, measured north to east) of ∼131 ◦ from the north-
 est (NW) t o the south-east (SE), with a t otal ext ent of ∼250 pc.
his emission follows closely the direction of the radio jet (H. Fal-
ke et al. 1996 , 1998 ) and known molecular and ionized outflows
n this AGN (e.g. D. May et al. 2018 ; C. Feruglio et al. 2020 ). This
ndicates that dust is spatially coupled with the ionized NLR gas
nd the radio jet, as also demonstrated in H. Haidar et al. ( 2024 ).

NGC 4388 (Fig. 1 , top-right panel) is another complex system,
eaturing dust structures that extend from north-east (NE) to 
outh-west (SW) along a PA of ∼30 ◦. The bulk of the extended
ust emission is concentrated SW of the nucleus, reaching dis- 
ances up to ∼150 pc. Towards the NE, the dust structure splits
nt o tw o thin and faint strands, with the longer one extending up
o ∼150 pc and the shorter one to ∼90 pc. Recent mid- to far-
R imaging with SOFIA ( Stratospheric Observatory for Infrared 

stronomy ) further supports this pictur e, r evealing e xtended 30–
0 μm dust emission coincident with the NLR at a similar PA (L.
uller et al. 2025 ). This orientation is also consistent with that of 

he NLR and the radio jet (e.g. A. Rodríguez-Ardila et al. 2017 ),
ndicating that the dust is well coupled with the NLR. 

In NGC 3081 (Fig. 1 , bottom-left panel), the morphology of the
ust traces an S-like shape extending north to south, and along a
A similar to that of the NLR (PA ∼ 165 ◦). To the NE of the AGN,
he dust emission peaks prominently at ∼100 pc, coinciding with 

he region where P. Ferruit, A. S. Wilson & J. Mulchaey ( 2000 )
r eviously r eported an enhancement in the [O iii ]/ H α ratio with
alues as bright as the nucleus itself. The dust overlaps with
he ionized bipolar outflow det ect ed by A. Schnorr-Müller et al.
 2016 ) within the inner ∼200 pc region, further supporting that
he dust is coupled with the NLR. 

Similarly, NGC 5728 (Fig. 1 , bottom-right panel) also exhibits 
 symmetric biconal dust structure. The latter extends up to 
150 pc from the nucleus on both sides of the cone, oriented

t a PA of ∼120 ◦. The dust emission enhances the edges of the
ones, taking on a shape that traces the molecular and ionized
utflows pr opag ating thr ough the disc (T. T. Shimizu et al. 2019 ;
. Davies et al. 2024 ; I. García-Bernete et al. 2024b ). To the NW, a
rominent slab-like feature at ∼330 pc appears facing the north- 
rn cone, also det ect ed in the neon lines with JWST /MRS (R.
avies et al. 2024 , their fig. 3). This further supports the case in
hich the dust is physically coupled with the ionized NLR in this

alaxy. 

.1.2 Weak or unclear dust–NLR coupling 

n contrast, the remaining galaxies show bright MIR nuclei 
nd/or rings, but with no clear evidence that dust is linked to the
LR and/or outflows. In the case of NGC 7172 (Fig. 2 , top-left
anel), the MIR emission is dominated by the prominent edge- 
n dust lane. Within the inner 1 arcsec × 1 arcsec , a faint hint of 
xtended dust can be seen SW to the nucleus, but it is embedded
n the PSF and det ectable only aft er subtraction. While previous
tudies have established the presence of ionized cones and out- 
ows along the NLR in this galaxy (A. D. Thomas et al. 2017 ; A.
lonso Herr er o et al. 2023 ; L. Hermosa Muñoz et al. 2024 ), the
early face-on orientation of the ionized cone, combined with 

he edge-on disc, makes NGC 7172 a case of weak coupling (L.
ermosa Muñoz et al. 2024 ). This further supports that the dust
ithin the inner few hundred parsecs in this galaxy may not be
ell coupled with the NLR. 
NGC 2992 (Fig. 2 , top-right panel) shows a similar behaviour

o NGC 7172, where the MIR emission is dominated by the
isc (I. García-Bernete et al. 2015 ). While the inner 1 arcsec ×
 arcsec shows a bright nuclear sour ce, ther e is no evidence of 
xtended dust along the NLR (PA ∼ 125 ◦). Interestingly, as shown
n Fig. A1 , we detect very faint dust clumps along this PA at kpc
cale distances from the nucleus, visible only after strong contrast 
tretching, which coincide with the outflowing CO clumps re- 
orted (M. V. Zanchettin et al. 2023 , their fig. 6). This is in a region
nown t o hav e pow erful [O iii ] outflows (M. Guolo-Pereira et al.
021 ; M. V. Zanchettin et al. 2023 ), providing t entativ e evidence
hat some dust may be entrained on kpc scales. In the central
200 pc, the dust emission comes mainly from the disc, and the
MNRAS 546, 1–22 (2026) 
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M

Figure 1. JWST /MIRI F 1000 W images of the central regions of four galaxies (ESO 428 −G14, NGC 4388, NGC 3081, and NGC 5728). North is up, and east 
is to the left. The images have been PSF-subtracted and decontaminated from emission lines. Each main panel shows the pure dust continuum emission 
in logarithmic scale, highlighting extended structures. The zoom-ins display the flux maps of [Si vi ] emission observed with SINFONI, matched to a 
∼4 arcsec × 4 arcsec FoV. Ov erlaid cont ours show the ext ended dust emission in the main panels. Wher e r elevant, arr ows mark r egions wher e shocks 
ar e pr evalent, based on [Fe ii ] enhancement. 
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Si vi ] emission appears compact, with no clear evidence that
ust and the NLR are connected at these scales. 
Another special case is NGC 3227 (Fig. 2 , bottom-left panel),

hich is nearly face-on and hosts a circumnuclear stellar ring (F.
. B. Barbosa et al. 2006 ). The ring dominates the MIR emission
ith PA of ∼−30 ◦, as also det ect ed in the near-IR (R. I. Davies et

l. 2006 ). The NLR is defined by an ionization cone oriented along
 PA of ∼30 ◦, with evidence of ionized and molecular outflows (T.
. Fischer et al. 2013 ; A. Alonso-Herr er o et al. 2019 ; G. E. Polack
t al. 2024 ). The cone is visible only on the NE side in previous
tudies (G. E. Polack et al. 2024 ), but it is not traced in our [Si vi ]
ap (Fig. 2 ), where no distinct ionization structure is apparent.

he cone is almost perpendicular to the nuclear ring, indicating
hat the dust det ect ed in JWST is not participating in the outflow.

Finally, NGC 5135 (Fig. 2 , bottom-right panel) is a strongly
arred spiral galaxy, with a central morphology resembling the
uclear ring in Hubble Space Telescope imaging (G. E. Polack et al.
024 ). Although the galaxy hosts an extended ionized NLR and
utflows (A. G. Bedr eg al et al. 2009 ), the MIR emission arises
rimarily from the ring with no spatial evidence of it being as-
ociated or coupled with the NLR. This is in agreement with G.
abatini et al. ( 2018 ), where they report that the molecular gas
NRAS 546, 1–22 (2026) 
inematics are dominated by a barred, star-forming (SF) struc-
ure. 

This diversity in the sample illustrates that the NLR is a mul-
iphase medium. All eight galaxies in this programme have been
elected based on prior evidence of extended MIR emission on
cales of tens to hundreds of parsecs from ground-based obser-
ations (D. Asmus et al. 2016 ). How ev er, such ext ended emission
s not clearly det ect ed in all cases. In ESO 428 −G14, NGC 4388,
GC 3081, and NGC 5728, the morphology of the dust appears

o be closely coupled with the ionized NLR, possibly being en-
rained in the outflow. On the other hand, NGC 7172, NGC 2992,
GC 3227, and NGC 5153 show weak or inconclusive coupling
etween the dust and the ionized and/or molecular phases. It is
ossible that any dust associated with the NLR or outflow in these
alaxies lies on smaller physical scales ( ≤50 pc) and therefore
 emains unr esolved by JWST /MIRI. In general, these galaxies
lso do not show PAs that favour strong interactions between the
LR and the disc (see Table 1 ), which would otherwise allow the
utflow to easily carry material off the disc. 

For the remainder of the paper, we focus on the first four
alaxies (ESO 428 −G14, NGC 4388, NGC 3081, and NGC 5728)
ecause they provide the clearest morphological evidence for
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Figure 2. Similar to Fig. 1 , but for NGC 7172, NGC 2992, NGC 3227, and NGC 5135. 
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ust–NLR coupling out to scales of a few hundred parsecs from
he nucleus. This spatial correlation between dust, ionized, and 

olecular gas suggests that the dust may be dynamically linked 

o the NLR, allowing us t o inv estigat e its physical properties,
urvival, and role in AGN feedback. 

.2 MIR regions of interest 

o assess whether the dust in the NLR is characterized by proper-
ies differ ent fr om other MIR-emitting r egions, w e define sev eral
 egions of inter est (ROIs) acr oss the full sample. Fr om these ROIs,
 e comput e phot ometric SEDs for each galaxy, as shown in Figs
1 –B8 . All apertur es ar e chosen with diameters larger than the
SF FWHM of the longest wavelength filter ( F 2100 W, FWHM
 0 . 67 arcsec) to minimize the need for wavelength-dependent 

pertur e corr ections (see also H. Haidar et al. 2024 ). For all ROIs,
e adopt an aperture diameter of 0 . 7 arcsec , corresponding to one
WHM of the lowest resolution data set (i.e. F 2100 W). We note

hat going through each ROI and SED galaxy -by -galaxy is beyond
he scope of this paper, and we defer this analysis to future work.

Fig. 3 (left) shows the median SEDs across all ROIs and 

alaxies, separating dusty NLRs from SF clumps. As shown in 

ection 3.1 , only four galaxies have resolved dust along the
LR (ESO 428 −G14, NGC 4388, NGC 5728, and NGC 3081). As
 result, we restrict the NLR SEDs to these targets. Across all
alaxies, we find a systematic difference between SEDs of dust 
n the NLR and those of SF clumps. On average, SF clumps
re characterized by flatter and hotter SED distributions, while 
usty NLRs produce SEDs that are steeper by a factor of 2 (e.g.
 18 μm , NLR /F 10 μm , NLR = 4). While each ROI in each galaxy shows
ts own unique distribution, some common trends can still be 
dentified across the sample. For example, SF clumps consistently 
roduce higher 5.6 μm contributions (e.g. NGC 7172, NGC 3227, 
nd NGC 2992). This rise towards the shortest wavelengths may 
orrespond to a low level of stellar light in the MIR. For dusty
LRs, a slight flux enhancement at 5.6 μm is likely due to this

tellar component ( ≤10 per cent ; Rosario et al., in preparation). 
n general, both NLR dust and SF clumps produce SEDs that
eak at around at 18–21 μm . In SF clumps, a modest e x cess in
he F 1800 W band over an otherwise flat SED shape could instead
rise from poly cy clic aromatic hy drocarbon emission (I. García-
ernete et al. 2022 ). 
Ov erall, w e find the dust in the NLR region emits strongly in

he MIR and is physically distinct from SF clumps. This suggests
hat these two regions may be subject to different radiation fields
nd/or may host distinct dust grain populations. 

.3 Temperature of dusty NLRs 

e have shown that the NLRs of ESO 428 −G14, NGC 4388,
GC 3081, and NGC5728 are characterized by dusty, distinct 
orphologies that emit strongly in the MIR. In this section, 
MNRAS 546, 1–22 (2026) 
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Figure 3. Left: SEDs taken ov er fiv e filt ers ( F 560 W , F 1000 W , F 1500 W , F 1800 W , and F 2100 W ) normalized by the F 1500 W filter. Different colours 
r epr esent differ ent g alaxies. Each curve shows the median SED of all ROIs for that galaxy. For each galaxy, the dashed lines r epr esent the median 
SED of SF r egions. Wher e r elevant, we plot the median for regions covering dust in the NLR, r epr esent ed as solid lines. The latt er hav e been shift ed up 
in the Y-axis for clarity. The shaded ar ea r epr esents the 16th–84th percentile. Right: Galaxy median SEDs for dust in the NLR (solid) and for star-forming 
clumps (dashed). 

Figure 4. Monte Carlo blackbody fits for the dusty NLRs of ESO 428 −G14, NGC 4388 (top row), NGC 3081, and NGC 5728 (bottom row). Each panel 
shows an SED extracted with an aperture diameter of 0 . 7 arcsec at ∼150 pc from the nucleus, where shocks dominate (see Fig. 1 ). Apertures are marked 
as orange circles in the upper left of each panel. Red stars are the photometric points. The solid lines represent the median of the fits, and the shaded 
bands show the 16th–84th percentiles. For each galaxy, we show the median temperature T med , and the 16th–84th values ( T low , T high ). 
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e quantify this emission by constraining the dust temperature 
long their NLRs. To do this, we extract SEDs from ROIs located
ithin the NLRs at a common distance from the nucleus. A fixed
istance allows us to quantify whether AGN properties have an 

mpact on the observed dust temperature. We adopt a distance 
 AGN 

= 150 pc from the nucleus. This distance is large enough
uch that, in the more distant g alaxies, it e x ceeds the F 2100 W PSF
WHM ( 0 . 65 arcsec ), yet not so large that, in the nearer systems,
e do not risk missing r egions wher e NLR dust is still det ect ed.
ll apertur es ar e taken with a diameter d = 0 . 7 ar csec , as also
one in Section 3.2 . We note that these regions also overlap with
nown shock spots from enhanced [Fe ii ] emission (see later in
ection 3.4.1 ). 

Given that we only have five photometric points, it is chal- 
enging to constrain the dust temperature from a single black- 
ody (BB) fit. As such, we perform a Monte Carlo (MC) fitting
ppr oach, wher e, in each of the 1000 draws, we perturb the
uxes within their uncertainties, randomly dropping one of the 
hotometric points and fit a single-temperature BB to the re- 
aining four. The fits are performed on absolute flux es, tr eating

he F 560 W band as an upper limit to account for any potential
tellar contribution to the dust emission (Rosario et al., in prepa-
ation). Additionally, we adopt the absolute F 560 W flux uncer-
ainty as a uniform conservative error across all bands, preventing 
nr ealistically tight temperatur e constraints giv en the v ery small
er band errors. 
The solid lines in Fig. 4 show the medians of the MC BB

ts, with the shaded areas representing the 16th–84th percentile 
istribution. On average, all dusty NLRs produce temperatures 
ithin the range of ∼150 - 200 K , consistent with warm dust that
eaks in the MIR ( λ ∼ 15 - 19 μm ). The grain population that this
 epr esents would depend on the strength of the radiation field
eating the dust (e.g. B. S. Hensley & B. T. Draine 2023 ). 
R ecently, E. Lopez-R odriguez et al. ( 2025 ) conducted a

WST /MRS continuum study on six nearby galaxies, including 
GC 3081, NGC 5728, and NGC 7172. They report a relatively 

onstant dust temperature of ∼130 K (peaking at 22 μm ) within
he inner 500 pc, which is lower than the values we derive, albeit

easured over a different spatial region. Nevertheless, their study 
lso finds that dust temperatures are broadly consistent across 
alaxies and show no evident correlation with AGN properties, 
n agreement with our results. 

.4 A dusty–radio–coronal link? 

e compare the morphologies of dust, radio, and coronal emis- 
ion to investigate whether dust near AGN is spatially associated 

ith other AGN-driven components. In Fig. 5 , the images for
ach g alaxy ar e astr ometrically aligned and r epr oject ed ont o the
argest pixel scale for a common pixel grid. We show the images
n their native angular resolutions, rather than convolving to a 
ommon PSF, in order to preserve the finer details that each 

ata set presents. The different angular resolutions probed by 
WST , SINFONI, and the VLA are discussed in detail in Sec-
ion 2 . In most cases, the angular resolution achieved with SIN-
ONI ( ∼0 . 17 arcsec ) is finer than that of JWST ’s F 1000 W filter
 ∼0 . 32 arcsec ). For the radio maps where a morphological com-
arison is relevant (ESO 428 −G14: 0 . 44 arcsec × 0 . 20 arcsec and
GC 4388: 0 . 38 arcsec × 0 . 27 arcsec ), the angular resolution is

omparable to that of JWST (see Section 2.3 ). For the purposes
f our qualitative morphological inspection, these differences in 

 esolution ar e not e xpect ed t o strongly affect our conclusions on
he relative extents, nor the orientations, of the emission along 
he NLR. 

We find that AGN with dusty NLRs (i.e. ESO 428 −G14, NGC
388, NGC 3081, and NGC 5728) show a strong spatial correlation
ith the radio emission, as shown in Fig. 5 . Specifically, the radio
aps for ESO 428 −G14 (H. Falcke et al. 1996 , 1998 ) and NGC

388 (A. J. Sargent et al. 2024 ) exhibit a striking, spatially resolved
orrespondence with the dust. In both cases, the dust and radio
tructur es e xtend along the NLR, and their morphologies closely
race one another, as shown in the first two panels of Fig. 5 . 

For NGC 5728, the 1 . 5 GHz radio emission is prominent along
 PA consistent with the NLR and the dust emission, but extends
rimarily towards the NW (A. S. Wilson et al. 1993 ), reaching sev-
ral hundred parsecs beyond the observed dusty bicone. A fainter 
ontribution from the disc is also present, though less prominent 
han the jet/NLR emission. NGC 3081, on the other hand, shows
nly a t entativ e hint of the 1 . 5 GHz radio emission along the NLR,
ut the radio map is not well resolved and is aligned with the
irection of the beam ( 2 . 25 arcsec × 1 . 14 arcsec ) as also demon-
trated in N. M. N ag ar et al. ( 1999 ) and C. G. Mundell et al. ( 2009 ).
s such, we do not draw any conclusions from the map presented

n Fig. 5 . Very recently, A. J. Sargent et al. ( 2025 ) present new VLA
 GHz imaging of NGC 3081, revealing spatially resolved radio 
mission that extends well beyond the beam and up to ∼170 pc
rom the nucleus on both sides (see their fig. 1). The emission
eported in A. J. Sargent et al. ( 2025 ) is extended along a similar
A to the dust probed in our study, further supporting a dust–
adio link in NGC 3081. 

In Fig. C1 , we show that several galaxies with weak dust–
LR coupling nevertheless pr esent inter esting large-scale radio 

eatur es. In particular, NGC 2992 e xhibits a striking ‘figur e-eight’
n the 4.8 GHz radio map. This has been int erpret ed in the lit-
r ature as r adio bubbles, lik ely link ed t o st ellar activity (S. C.
hapman et al. 2000 ). Ov erall, w e find no spatial correspondence
etween the radio bubbles and the dust emission. NGC 5135 is
nother unique case, hosting a radio hotspot at ∼1 kpc from the
ucleus, associated with a supernova (SN) shock (A. G. Bedr eg al
t al. 2009 ; L. Colina et al. 2012 ), which is evident in the 4–8 GHz
ap as a large radio hotspot. While the radio emission traces

he dust morphology nicely at larger scales, within the central 
 arcsec × 4 arcsec the galaxy shows no clear link between the 
ust and the radio along the NLR. Ov erall, this w ork motivat es
uture homogenous radio observations for these key targets. 

Another compelling connection is that between the dust and 

he coronal line emission. In Fig. 5 , we systematically find that
he morphology of the dust closely mirrors that of the [Si vi ]
mission, r eg ar dless of whether there is a tight dust–radio cor-
elation or not. This is also true for galaxies with weak dust–NLR
oupling, as shown in Fig . C1 , wher e both the dust and [Si vi ]
missions appear compact within the inner 4 arcsec × 4 arcsec 
egion. 

Previous studies have shown that AGN photoionization is 
enerally responsible for the observed coronal line emission in 

eyferts. These are highly ionized species, with high ionization 

otentials (IPs > 100 eV), which makes them insensitiv e t o star
ormation and can ther efor e act as direct tracers of AGN activity
e.g. M. A. Prieto, O. Marco & J. Gallimore 2005 ; A. Rodríguez-
rdila et al. 2006 ). How ev er, when these coronal lines are ob-

erv ed out t o sev eral hundr eds of parsecs fr om the nucleus, as in
SO 428 −G14, NGC 4388, NGC 3081, and NGC 5728, AGN pho-

oionization alone is unlikely to account for this. This is because
MNRAS 546, 1–22 (2026) 
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Figure 5. JWST /MIRI ‘Dust in the Wind’ sample. Left: Extended dust emission revealed by the JWST /MIRI F 1000 W image, shown after PSF subtraction 
and decontamination. Middle: Radio continuum emission from VLA observations. Right: Comparison between the dust morphology (image) and the 
radio emission (shown as white contours). The zoomed-in 4 arcsec × 4 arcsec region displays the [Si vi ] coronal line emission from SINFONI. 
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he high-energy photon flux becomes too low at large distances.
her efor e, the detection of e xtended cor onal lines can be used as
 tracer for an additional in situ e x citation pr ocess, such as shocks
e.g. J. W. Ferguson et al. 1997 ). 

Mor e r ecently, A. Rodríguez-Ar dila et al. ( 2025 ) investig ated
he extent of the coronal emission in ESO 428 −G14, NGC 5728,
nd NGC 3081, among other Seyferts, and found a strong posi-
ive trend between the size of the coronal line emission and the
ower of the radio jet. Their work suggests that radio jets propa-
 ating thr ough the ambient g as drive shocks that pr oduce cor o-
al lines extending from several hundred parsecs to kiloparsec
cales. 

While it remains debated whether the radio emission in
eyferts traces a jet or a wind (e.g. H. Falcke et al. 1996 ; G. V.
icknell et al. 1998 ; T. C. Fischer et al. 2023 ), this distinction is not
ritical her e. Reg ar dless of the natur e of the radio emission, AGN
osting outflows are capable of driving shocks (e.g. M. Pereira-
NRAS 546, 1–22 (2026) 
antaella et al. 2022 ; V. A. Fawcett et al. 2023 , 2025 ; R. A. Riffel
t al. 2025 ). In addition to the e x citation of the cor onal line, an
mportant shock tracer is an enhancement in [Fe ii ]/ Pa β and
Fe ii ]/[P ii ] ratios, which has already been reported in the liter-
ture within the central few hundred parsecs of these galaxies.
e highlight in Fig. 1 the regions where these shocks are likely

o be important. In what follows, we summarize some key ob-
ervational signatures of shocks within the central few hundred
arsecs of our main AGN: ESO 428 −G14, NGC 4388, NGC 3081,
nd NGC 5728. 

.4.1 Evidenc e fr om [Fe ii ] emission 

he enhancement in [Fe ii ] 1 . 644 μm emission relative to a non-
efractory species, such as [P ii ], and evaluated by means of flux
atios [Fe ii ]/[P ii ] or [Fe ii ]/ Pa β, offer a key diagnostic to mea-
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Table 2. Expected AGN radiation field U AGN and dust temperatures (as- 
suming classical ISM grain sizes) derived at a distance d AGN = 150 pc 
from the nucleus. 

AGN log 10 U AGN T dust , a =0 . 005 μm 

T dust , a =0 . 25 μm 

(K) (K) 

ES0 428 −G14 3.12 64 29 
NGC 4388 4.08 100 46 
NGC 5728 4.38 115 53 
NGC 3081 4.36 114 52 
NGC 7172 4.24 108 49 
NGC 2992 3.50 77 35 
NGC 3227 3.57 80 36 
NGC 5135 4.84 142 65 
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ur e the r elativ e contribution of phot oionization and shocks (e.g.
. Oliva et al. 2001 ; C. Ramos Almeida et al. 2006 ; C. Ramos
lmeida, A. M. Pérez García & J. A. Acosta-Pulido 2009 ; T.
torchi-Bergmann et al. 2009 ; R. A. Riffel et al. 2014 ). Maps using
hese line ratios have also been found to correlate well with radio
mission, further supporting that shock e x citation may be the key
ngredient in the production of [Fe ii ] (e.g. D. A. Forbes & M. J.

ard 1993 ; M. Blietz et al. 1994 ). 

(i) In ESO 428 −G14, R. A. Riffel et al. ( 2006 ) report on the
etection of 1 . 27 ≤ [Fe II ] / Pa β ≤ 2 . 73 ratios that are cospatial
ith the radio emission. The strongest [Fe ii ]/ Pa β values co- 

ncide with the radio hotspots towards the NW, approximately 
120 pc away from the nucleus. 
(ii) In NGC 4388, [Fe ii ]/ Pa β peaks SW to the nucleus at
150 pc (R. A. Knop et al. 2001 ; A. Rodríguez-Ardila et al. 2017 ).

n A. Rodríguez-Ardila et al. ( 2017 ), they also report on the de-
ection of double peak [Fe ii ] lines in the same region, further
upporting an additional e x citation sour ce other than photoion-
zation to be at play. 

(iii) In NGC 5728, M. Durré & J. Mould ( 2018 ) use [Fe ii ]/[P ii ]
o constrain the ionization source in the NLR. Ratios with values 
igher than 2 w ould indicat e shock contribution. They compute 
Fe ii ]/[P ii ] along the cone and find ratios of ∼5 . 8 SW to the AGN
nd ∼3 . 9 in the NW. 

(iv) In NGC 3081, J. Reunanen, J. K. Kotilainen & M. A. Prieto
 2003 ) leverage the [Fe ii ]/ Br γ ratio, which can also be sensitive
o the e x citation mechanism, and report a weak value of 0.6.
ow ev er, the coronal line emission in NGC 3081 appears more

patially complex. M. A. Prieto et al. ( 2005 ) resolved the [Si vii ]
.48 μm emission into a compact source associated with the AGN, 
nd a fainter blob located ∼120 pc NW to the AGN. This same
lob coincides with the second brightest region in H α and [O iii ],
r eviously r eported by P. Ferruit et al. ( 2000 ) (see their fig . 11).
. A. Prieto et al. ( 2005 ) propose that the concentric shell-like

tructures seen in H α and [O iii ] could be indicative of pr opag at-
ng shock fronts. We mark this region as a t entativ e shock site in
ig. 1 . 

Taken together, the close correspondence between dust, radio, 
nd coronal line structures, along with evidence of strong en- 
ancement in [Fe ii ] emission, supports the scenario in which 

hocks play a key role in shaping the NLRs of these AGN. How-
v er, the ext ent t o which shocks contribut e t o the IR emission,
s opposed to direct AGN illumination, remains unclear. Below, 
 e inv estigat e the origin of dust heating in the NLR, now that

he broader picture of its morphology and e x citation has been
stablished. 

 DISCUSSION  

.1 What heats the dust in the MIR? 

iven the direct influence of the central source on the NLR, the
implest and most logical interpretation would be that dust in 

he NLR is heated and illuminated by AGN radiation fields, as
r eviously r eported in the literature for a number of Seyferts. The
hallenge here, how ev er, is not whether photons are energetic 
nough, but whether the AGN radiation fields can sustain dust 
emperatures in the range of 150 - 200 K at distances of several
undr ed parsecs fr om the nucleus. To determine this, we con-
train the expected AGN radiation field for these galaxies and 
ssess whether it alone is able to r epr oduce the dust temperatures
resented in Section 3.3 . 
Following A. G . G . M. Tielens ( 2010 ) (chapter 5, equation 5.43),

nd as also done in H. Haidar et al. ( 2024 ), w e calculat e the AGN
adiation field at a distance d AGN 

from the nucleus in terms of 
he expected anisotropic radiation field expressed in units of the 
abing field: 

 AGN 

= 2 . 1 × 10 4 
(

L bol , AGN 

10 4 L �

) (
0 . 1 pc 
d AGN 

)2 

, (2) 

here L bol , AGN 

is the bolometric AGN luminosity (see Sec- 
ion 2.4 ). Subsequently, for a given grain size a , the dust temper-
ture can be expressed as 

 d ≈ 33 . 5 
(

1 μm 

a 

)0 . 2 (U AGN 

10 4 

)0 . 2 

K , (3) 

ollowing A. G. G. M. Tielens ( 2010 ) (chapter 5, equation 5.44).
ote that this assumes that the intrinsic AGN SED that heats

he dust peaks strongly in the UV, roughly like the local Habing
eld, which corresponds to 1 . 6 × 10 −3 erg cm 

−2 s −1 (H. J. Habing
968 ). We note that AGN can also show an enhanced soft X-ray
omponent; how ev er, this w ould be inefficient at heating dust, as
rain absorption efficiencies drop steeply at X-ray energies (e.g. 
. Laor & B. T. Draine 1993 ). 
We compute the AGN radiation field at a fixed distance of 

 AGN 

= 150 pc , the same as that adopted in Section 3.3 . This al-
ows us to constrain whether the temperatur es e xpected fr om
GN heating are able to reproduce those derived from the obser-
ations. We present the results for the full sample in Table 2 . On
v erage, w e find that the AGN radiation field across the sample is
og 10 U AGN 

∼ 4 . This corresponds to dust temperatures of T dust ∼
00 K for the smallest grains (i.e. a = 0 . 005 μm ) and T dust ∼ 50 K
or larger grains (i.e. a = 0 . 25 μm ), consistent with the canonical
rain size distribution proposed by J. S. Mathis, W. Rumpl & K.
. N or dsieck ( 1977 ). 
We summarize our results in Fig. 6 . The orange stars represent

he dust temperatures computed from the SEDs of the shocked 

egions indicated in Fig. 4 , and the shaded area covers the lowest
nd highest possible temperatur es acr oss all four galaxies T dust ∼
150 , 220] K . The blue column r epr esents the possible dust tem-
eratures over a range of grain sizes a = [0 . 005 , 0 . 25] μm ex-
ected from AGN heating. 
In general, for a fixed distance from the nucleus, a higher

olometric luminosity leads to higher dust temper atures. How - 
v er, ev en when accounting for the smallest dust grain sizes,
hich tend to heat more efficiently, the temperature expected 

rom AGN heating still does not reach those probed with JWST .
MNRAS 546, 1–22 (2026) 
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Figure 6. Comparison between the median dust temperatures from MC 

BB fits (orange stars) and predict ed t emperatur es fr om AGN illumination 
(blue bars). The shaded orange area represents the minimum and maxi- 
mum possible dust temperatures across the four galaxies. The colour gra- 
dient within each blue bar r epr esents the range of predicted temperatures 
r esulting fr om variations in the assumed grain size a = [0 . 005 , 0 . 25] μm . 
For all four galaxies, additional heating mechanisms must be present, as 
AGN illumination alone cannot account for the observed dust tempera- 
tures. 
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o achieve a minimum temperature of T ∼ 150 K , one would
 equir e AGN luminosities in the range of L AGN , bol = [3 . 8 ×
0 44 , 2 × 10 46 ] erg s −1 for grains a = [0 . 005 , 0 . 25] μm , respec-
iv ely. Values ≥10 45 erg s −1 ent er the quasar regime and are atyp-
cal of local Seyferts. We thus interpret this as e x cess heating that
annot be accounted for by AGN illumination alone, indicating
hat additional in situ heating may be at play. Below, we discuss
ossible processes in more detail. 

.2 In situ dust heating 

everal processes can, in principle, contribute to heating the dust
n the NLR. Such processes include: in situ heating from ongoing
tar formation, radiation-pr essur e-driv en polar wind, radiativ e
hocks from the post-shock region, or simply, collisional heating
rom hot plasma. 

We have shown in Fig. 3 that dusty NLRs produce SEDs that are
yst ematically st eeper than those of SF clumps. As such, w e can
ule out star formation as a dominant source of radiation in the
LR. Polar dusty winds, while effective on parsec to tens of parsec

cales (S. F. Hönig 2019 ), cannot pr opag at e t o the hundreds of 
arsecs scale probed here, consistent with interferometric results
nd r adiative tr ansfer models (e.g. S. F. Hönig 2019 ; A. Alonso-
err er o et al. 2021 ). 
Given the strong spatial correspondence between dust in the

LR and the radio emission (Fig. 5 ), jet and/or wind–ISM in-
eractions, such as shocks, could contribut e t o the observ ed MIR
mission. In fact, B. T. Draine ( 1981 ) reports that for fast shocks
ith velocities ( v shock ≥ 200 km s −1 ), dust grains become an im-
ortant coolant, radiating up to 17 per cent of the shock energy

n the IR. As presented in Section 3.4 , all AGN with dusty NLRs
ESO 428 −G14, NGC 4388, NGC 3081, and NGC 5728) have di-
ect evidence of shocks in the central few hundred parsecs (see
NRAS 546, 1–22 (2026) 
egions highlighted in Fig. 1 ). This further establishes shocks as
 strong candidate for additional dust heating. 

By adopting the M. A. Dopita & R. S. Sutherland ( 1995 ) for-
alism for fast radiativ e shocks, w e demonstrat ed in H. Haidar

t al. ( 2024 ) that the post-shock cooling region can generate ra-
iation fields strong enough to heat the dust to MIR-emitting
emperatures. As an exercise, we apply the same approach here
 o t est which combinations of shock velocity and ISM density are
eeded to r epr oduce the minimum dust temperatur es observed

n our sample. The t otal radiativ e flux per unit shock surface is
iven by 

 T = 2 . 28 × 10 −3 
(

v s 
100 km s −1 

)3 . 0 ( n 

cm 

−3 

)
erg cm 

−2 s −1 , (4) 

here v s is the velocity of the shock and n is the particle number
ensity. Substituting this flux into equation ( 3 ), scaling it by the
abing field, and solving for T dust = 150 K and a = 0.005 μm ,

mplies v shock ∼ 400 km s −1 for n ∼ 10 3 cm 

−3 , v shock ∼ 230 km s −1 

or n ∼ 5 × 10 3 cm 

−3 , and v shock ∼ 180 km s −1 for n ∼ 10 4 cm 

−3 .
hese estimates show that shock velocities in the range of 
 shock = 200 - 400 km s −1 pr opag ating thr ough dense enough me-
ia ( n ∼ 10 3 - 4 cm 

−3 ) could alr eady account for dust temperatur es
f ∼150 K . 

Recent JWST /MRS studies compared shock models with MIR
ine ratio diagnostics for a number of AGN, including NGC 3081
nd NGC 5728, and found significant overlap between the pre-
ictions of photoionization and shock models, making it difficult
o set robust constraints on shock velocities and predensities (e.g.
. Zhang et al. 2025 ; R. A. Riffel et al. 2026 ). Nevertheless, such
onditions ar e r easonable and have alr eady been r eported for the
ow-luminosity AGN ESO 428 −G14 (R. A. Riffel et al. 2006 ; D.

ay et al. 2018 ). This makes shock heating not only a plausible
dditional source, but also a mechanism that could potentially by
tself account for the observed dust temperatur es. Futur e work
ill e xplor e shock modelling tailor ed specifically for JWST /MRS
bservations. 

Another inter esting pr ocess to consider is collisional heating
f dust grains by hot plasma. This is especially relevant given
he strong morphological resemblance between the dust and the
oronal line emission (see Fig. 1 ), which traces hot gas in the
ange T ∼ 10 5 - 6 K (e.g. E. Oliva et al. 1994 ). In such hot plasma,
ollisions of dust grains with electrons/ions can drive dust to
igher effective temperatures (e.g. B. T. Draine & E. E. Salpeter
979 ; E. Dwek 1987 ; M. Bocchio et al. 2013 ; S. A. Drozdov & Y.
. Shchekinov 2019 ). This process, how ev er, strongly depends on
rain size, as smaller grains underg o larg e temperature fluctua-
ions but are also quickly destroyed by charging and sputtering,
hereas larger ones could survive long enough t o contribut e t o

he dust emission (B. T. Draine & E. E. Salpeter 1979 ; E. Dwek
987 ). 

.3 A surviving population of dust grains? 

he presence of dust in regions dominated by shocks (Fig. 1 ),
s indicated by strong enhancement in [Fe ii ] emission (Sec-
ion 3.4.1 ), raises important questions about dust survival under
uch conditions. Theoretically, shocks are expected to destroy
ust grains, releasing refractory elements such as [Fe ii ], previ-
usly locked within them, back into the gas phase (P. M. Routly
 L. Spitzer 1952 ; L. L. Cowie 1978 ; A. P. Jones et al. 1994 , 1996 ; A.
 . G . M. Tielens et al. 1994 ; J. W. Ferguson et al. 1997 ). How ev er,

n a number of systems, observations show that dust is preva-
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ent where shock destruction processes such as sputtering and/or 
hattering ar e e xpected (e.g . C. N. Tadhunter, S. M. Scarrott & C.
. Rolph 1990 ; D. Alloin et al. 2000 ; M. Villar-Martín et al. 2001 ;
. Shahbandeh et al. 2023 ; H. Haidar et al. 2024 ). The survival of 

ust in e xtr eme conditions has at tr acted consider able at tention
n recent years, with models predicting factors such as longer 
estruction time-scales, grain size distribution and composition, 
oagulation, as well as shock velocity to play key roles in support-
ng dust survival (M. Bocchio, A. P. Jones & J. D. Slavin 2014 ; D. S.
. Rupke et al. 2017 ; R. J. Farber & M. Gronke 2022 ; Y. Dubois et

l. 2024 ; M. Otsuki & H. Hirashita 2024 ; H. M. Richie et al. 2024 ).
The survival of dust has direct implications on the survival 

f H 2 molecular gas. The latter has a dissociation potential of only
5 eV and would not survive direct AGN irradiation without dust

hielding. This has led some models to suggest that molecules 
ay instead form inside the outflows, with dust acting as the

ecessary catalyst (e.g. K. Zubovas & A. R. King 2014 ; A. J. Rich-
ngs & C.-A. Faucher-Giguère 2018a , b ). Grain growth is possi-
le in the outflow through metal accretion and/or coagulation, 
ach leaving a specific imprint on the extinction curve (e.g. H. 
irashita 2012 ; H. Hirashita & T. Nozawa 2017 ). On the other
and, complete dust formation (i.e. production of grain seeds) 

n the outflows is much more difficult as it r equir es g as condi-
ions that are similar to asymptotic giant branch (AGB) stars or
N ejecta, where very dense, metal-rich, and rapidly cooling gas 
ould enable the nucleation of stable dust precursors (e.g. M. 
lvis, M. Marengo & M. Karovska 2002 ; A. Sarangi, E. Dwek &
. Kazanas 2019 ). 
Dust processing also strongly depends on grain material and 

omposition. In particular, sputtering and shattering destruction 

hr esholds ar e set by material bond pr operties (A. G . G . M. Tielens
t al. 1994 ). For example, in contrast to carbonaceous grains, sili-
ate grains are thought to be difficult to reform under ISM condi-
ions and are therefore believ ed t o originat e in AGB stars. As such,
ilicate grains should be preserved in the passage of shocks (A. P.
ones & J. A. Nuth 2011 ). In supernova (SN) shocks, M. Bocchio
t al. ( 2014 ) find that carbonaceous grains are quickly destroyed,
ven when exposed to slow shocks v shock ∼ 50 km s −1 , while sili-
ate gr ains demonstr ate gr eater r esilience to shock pr ocessing . As
uch, a possible hypothesis would be that shocks pr efer entially
estroy carbonaceous grains, leaving a population dominated by 
ilicates in post-shock r egions. This pictur e is further complicated 

y the fact that sputtering yields are higher for silicates than for
raphite (e.g. A. G. G. M. Tielens et al. 1994 ), which would suggest
he opposit e trend. How ev er, survival in shocks depends on more
han sputtering yields alone, including grain charging, shattering, 
nd the ability of different mat erials t o reform in the ISM. This
 ap r emains poorly e xplor ed and highlights the need for more
ealistic dust modelling in shocked environments to constrain 

ow grains endure the passage of a shock. 

 SUMMARY  AND  CONCLUSION  

e inv estigat ed the presence and origin of dust in the NLRs of 
ight nearby Seyferts from the JWST /MIRI imaging programme 

Dust in the Wind’ , part of the G AT OS survey. Our key findings
an be summarized as follows: 

(i) Among the eight galaxies, ESO 428 −G14, NGC 4388, NGC 

081, and NGC 5728 show extended dust structures within the 
nner r ∼ 2 arcsec region, aligned with the NLR and exhibiting 

orphologies comparable to the ionized gas (see Figs 1 and 2 ). 
(ii) For galaxies with dusty NLRs, we find a tight spatial cor-
espondence between the morphology of the dust, the radio, and 

he [Si vi ] emissions (see Fig. 5 ). Indeed, all of these galaxies host
LRs oriented at inclinations (see Table 1 ) that favour coupling
etween the extended dust, the ionized gas, and the outflows. 

(iii) We extract photometric SEDs across several ROIs and find 

hat dust in the NLR produces systematically steeper SEDs than 

F clumps, with F 18 μm 

/F 10 μm 

ratios of ∼4 versus ∼2 , respectively,
veraged across the full sample (Fig. 3 ). This suggests that dust
n the NLR is subject to different grain processing and/or harder
adiation fields than the surrounding regions. 

(iv) We compute the temperature of the dust in shock- 
ominated regions within the NLR, at 150 pc from the nucleus,
nd find consistent values within the range of 150–200 K, charac-
eristic of warm dust peaking in the MIR (Fig. 4 ). Such tempera-
ures can be easily achieved if the emission is dominated by small
rains ( a = 0 . 005 μm ). 

(v) Using simple models, we investigate the origin of the ob- 
erved dust emission and find that, even under optimistic as- 
umptions of grain size and AGN luminosity, direct AGN heating 
lone is not able to r epr oduce the observed dust temperature. We
ropose that the excess heating is instead produced in situ . We
how that fast radiative shocks with velocities v ∼ 200 - 400 km s −1 

r opag ating thr ough dense enough media ( n ∼ 10 3 - 4 cm 

−3 ) could
ccount for the observed temperatures. 
he evolution and processing of dust in shocks depends on sev-
r al par ameters, such as gr ain size, composition, local density,
nd shock velocity, that are often not well constrained in obser-
ations. This highlights the need for shock and dust evolution 

odels t o evaluat e how efficiently these properties contribut e t o
he observed dust in AGN-driven outflows. Futur e pr ogr ess will
ome from combining such dust models with constraints from 

WST and ALMA, providing multiphase diagnostics needed to 
uild a complete picture on dust survival. Already, the t entativ e
etection of faint warm dusty clumps in NGC 2992 (see Fig. A1
nd Appendix A ) that can be cross-matched with outflowing CO
lumps (M. V. Zanchettin et al. 2023 ) provides a glimpse of how
he warm and cold phases interconnect in outflows, a link that
ould be critical to fully understand dust survival and its role in
GN feedback. 
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P P E N D I X  A:  NGC  2992 :  WARM  VERSUS  COL D  

. V. Zanchettin et al. ( 2023 ) report on the detection of cold
olecular clumps in NGC 2992 that are entrained with the out-

ow, with projected distances up to 1.7 kpc and velocities close to
200 km s −1 . In Fig. A1 , we show that several of these clumps

an also be det ect ed in the MIR, albeit very faint. The JWST
nd ALMA images are astrometrically aligned, so the positions
f these clumps in the JWST image are reliable, although they
re of very low surface brightness and only visible under strong
tretching of the image. We do not conv olv e the JWST image
o the ALMA beam, as this would wash out the already very
aint dusty clumps and prevent a visual inspection. The clumps
re distributed along the NLR and also extend to kpc in scale
way from the nucleus. In agreement with M. V. Zanchettin et al.
 2023 ), we find no spatial correspondence between these clumps
nd the radio bubbles, which are too compact and fall below the
ocation of these clumps. M. V. Zanchettin et al. ( 2023 ) propose
hat these clumps are likely linked to a previous AGN episode,
hich could explain their faint detection in JWST . 
NRAS 546, 1–22 (2026) 
P P E N D I X  B :  S E D S  

e extract SEDs across various ROIs and for all galaxies as pre-
ented in Figs B1 –B8 . For ESO 428 −G14, the SEDs are presented
nd ext ensiv ely studied in H. Haidar et al. ( 2024 ) (fig . 3 ther ein). A
ase-by-case study of these SEDs is beyond the scope of this paper.
ere we show them only for illustrative purposes to help interpret

he medians presented in Fig. 3 . Upcoming focused target studies
rom the GATOS programme will provide detailed case-by-case
nalyses of these SEDs. 

P P E N D I X  C :  DUST –RADIO  L I N K  FOR  T H E  

EST  OF  T H E  SAMP L E  

ust as done in Fig. 5 , we compare the morphology of the dust
ith the radio and coronal line emissions for galaxies that show
 eak coupling betw een the dust and the ionized NLR (NGC

135, NGC 7172, NGC 3227, and NGC 2992). We find that, on
arger scales, the radio emission generally traces well the dust,
 x cept for NGC 2992, for which 4.8 GHz emission is dominated
y the radio bubbles. Other inter esting featur es include the SN
hock in NGC 5135 (L. Colina et al. 2012 , their fig. 1), which
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Figure A1. Comparison between the ALMA CO(2–1) flux map (courtesy of M. Zanchettin) and the JWST /MIRI F 1000 W image (bottom) of NGC 2992, 
in logarithmic stretch. North is up, and east to the left. Cyan circles mark clumps identified in CO(2–1) by M. V. Zanchettin et al. ( 2023 ) (see their fig. 6), 
several of which coincide with MIR clumps detected in the JWST image. 
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ppears to be cospatial with dust in the galaxy disc. L. Colina et
l. ( 2012 ) estimate that the total energy produced in the SN shock
s ∼2 . 7 × 10 42 erg s −1 . This highlights the strength of shocks in
his region and their potential role in shaping the dust in the
SM. NGC 3227 shows some extended radio emission that may be 
ssociate with the nuclear ring, which also shines bright in the
IR. A. J. Schönell et al. ( 2019 ) found that this ring is shocked
ith high [Fe ii ]/ Pa β ratios ( ≥4 ) throughout the ring (see their
g . 4). This dust–shock r elation, for both NC G 5135 and NGC
227, further supports that dust can survive in these regions. 
MNRAS 546, 1–22 (2026) 
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M

Figure B1. Left: SEDs extracted from individual apertures on the PSF-subtracted and decontaminated images in NGC 5728. Red curves correspond 
t o regions cov ering emission along the NLR, while blue curv es correspond t o SF clumps in the disc. Right: Illustrativ e JWST /MIRI three-colour image 
(R: F 560 W, G: F 1000 W, B: F 1500 W), produced from the original (non-PSF -subtracted) images, with R OIs overlaid to indicate the regions used for SED 

extraction. 

Figure B2. Same as Fig. B1 , but for NGC 4388. 
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Figure B3. Same as Fig. B1 , but for NGC 3081. 

Figure B4. Same as Fig. B1 , but for NGC 7172. 
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M

Figure B5. Same as Fig. B1 , but for NGC 3227. 

Figure B6. Same as Fig. B1 , but for NGC 5135. 
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Figure B7. Same as Fig. B1 , but for NGC 2992. 

Figure B8. Same as Fig. B1 , but for ESO 428-G14, also presented in figs 1 and 3 in H. Haidar et al. ( 2024 ). 
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Figure C1. Same as Fig. 5 , but for the remaining four galaxies in the sample. 
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