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A B S T R A C T 

Polar dust has been disco v ered in a number of local active galactic nuclei (AGN), with radiation-driven torus models predicting 

a wind to be its main dri ver. Ho we ver, little is known about its characteristics, spatial extent, or connection to the larger scale 
outflows. We present the first JWST /MIRI study aimed at imaging polar dust by zooming on to the centre of ESO 428-G14, 
part of the Galaxy Activity, Torus, and Outflow Surv e y (GATOS) surv e y of local AGN. We detect e xtended mid-infrared (MIR) 
emission within 200 pc from the nucleus. This polar structure is co-linear with a radio jet and lies perpendicular to a molecular 
gas lane that feeds and obscures the nucleus. Its morphology bears a striking resemblance to that of gas ionized by the AGN in 

the narrow-line region. We demonstrate that part of this spatial correspondence is due to contamination within the JWST filter 
bands from strong emission lines. Correcting for the contamination, we find the morphology of the dust continuum to be more 
compact, though still clearly extended out to r ≈ 100 pc. We estimate the emitting dust has a temperature of ∼ 120 K. Using 

simple models, we find that the heating of small dust grains by the radiation from the central AGN and/or radiative jet-induced 

shocks is responsible for the e xtended MIR emission. Radiation-driv en dusty winds from the torus is unlikely to be important. 
This has important implications for scales to which AGN winds can carry dust and dense gas out into their host galaxies. 

K ey words: methods: observ ational – galaxies: active – galaxies: nuclei – galaxies: Seyfert. 
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 I N T RO D U C T I O N  

or decades, the dusty torus has been held responsible for the 
ichotomy between type 1 and type 2 active galactic nuclei (AGN), 
orming the keystone of AGN unification (Antonucci & Miller 1985 ; 
rry & P ado vani 1995 ). Therefore, our insights into the AGN model

nd unification theory owe much to our ability to constrain the 
orus, and our understanding of dusty material in the vicinity of
upermassive black holes (SMBHs). Pioneering observations with 
he Atacama Large Millimeter/submillimeter Array (ALMA) have, 
or the first time, enabled the detection and resolution of parsec- 
cale dusty molecular tori ( ∼ 3 to 50 pc) first in NGC1068 and later
n in some local AGN (Gallimore et al. 2016 ; Garc ́ıa-Burillo et al.
016 , 2019 , 2021 ; Alonso-Herrero et al. 2018 , 2019 , 2023 ; Combes
t al. 2019 ). At the same time, images of the torus are now being
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t  

e  

2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
roduced by the new generation of near- and mid-infrared (MIR)
nterferometers (GRAVITY Collaboration. 2020 ; G ́amez Rosas et al. 
022 ). 
The AGN-heated dust in the torus spans a range of temperatures

rom tens to ∼ 1800 K, and peaks in the MIR range ( λ = 5 –30 μm).
his makes observations in the MIR part of the spectrum crucial

or revealing the characteristics and structure of the torus. MIR 

bservations hav e unco v ered unprecedented details about the 
ircumnuclear dust distribution in local Seyfert galaxies (e.g. Jaffe 
t al. 2004 ; Tristram et al. 2007 ; Burtscher et al. 2009 ; Ramos
lmeida et al. 2009 , 2011 ; Reunanen et al. 2010 ; Alonso-Herrero

t al. 2014 , 2016 ; Garc ́ıa-Bernete et al. 2015 , 2016 ; Gonz ́alez-Mart ́ın
t al. 2019 ). In some Seyfert galaxies, interferometric and single-dish
bserv ations re vealed the dust to be distributed in a two-component
ystem, with the majority of its MIR emission emerging from 

he polar direction (e.g. H ̈onig et al. 2012 , 2013 ; L ́opez-Gonzaga
t al. 2014 ; Tristram et al. 2014 ; Leftley et al. 2018 ). Systematic
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tudies have shown that the polar dust can be traced from a few
arsecs (e.g. L ́opez-Gonzaga et al. 2016 ; Leftley et al. 2018 ; G ́amez
osas et al. 2022 ; Isbell et al. 2022 ) to as far as a few hundred
arsecs from the central engine (e.g. Radomski et al. 2003 ; Packham
t al. 2005 ; Asmus et al. 2014 , 2016 ; Garc ́ıa-Bernete et al. 2016 ;
lonso-Herrero et al. 2021 ). Ho we ver, the origin of the extended
IR emission (tens to hundreds of parsecs) is not clear yet, because

t can include line emitting gas in the narrow line region (NLR),
mbient dust in the NLR, and/or outflowing dust driven from the
entral region (Ramos Almeida & Ricci 2017 ; H ̈onig 2019 ). 

Various torus models have been proposed to reproduce the infrared
mission of AGN and to help constrain torus properties and dynamics
e.g. Krolik & Begelman 1988 ; Emmering et al. 1992 ; Nenkova
t al. 2008 ; H ̈onig & Kishimoto 2010 ; Gonz ́alez-Mart ́ın et al. 2023 ).
he detection of polar emission moti v ated the inclusion of a polar
omponent associated with dust driven by a wind, launched from
he inner parts of the torus, and powered by radiation pressure (e.g.
 ̈onig et al. 2012 , 2013 ; H ̈onig & Kishimoto 2017 ). For instance,

adiative transfer models that incorporate disc + wind components
re able to reproduce the observed polar dust structures (e.g. H ̈onig &
ishimoto 2017 ; Stalevski et al. 2017 , 2019 ). In agreement with

his, modern hydrodynamical simulations that incorporate radiative
eedback predict polar dust to be a common feature in AGN, subject
o high Eddington ratios (e.g. Wada et al. 2016 ; Williamson et al.
020 ). The detection of a clear decrease in the fraction of obscured
GN at λEdd ≥ 10 −2 further confirms the idea that radiation pressure
n dust is fundamental in shaping the environments of AGN (Ricci
t al. 2017 ). As such, a revised model of the obscuring torus has been
ut forward, where the torus is now described as a complex entity
ith multiple components and phases (e.g. Ramos Almeida & Ricci
017 ; Izumi et al. 2018 ; H ̈onig 2019 ; Alonso-Herrero et al. 2021 ).
o we ver, e ven if the dust is not part of a dusty wind, it can still

ubstantially contribute to obscuration if it is just dust in the NLR
eated by the central engine (e.g. Radomski et al. 2003 ). 
Earlier ground-based work has reported that the silicate emission

eature around 10 μm is absent in the polar dust (e.g. H ̈onig et al.
012 , 2013 ; Burtscher et al. 2013 ). This is best explained by the sub-
imation of small silicate grains and/or a dusty wind predominantly
omposed of large graphite grains (H ̈onig et al. 2012 ) which do
ot produce silicate features (e.g. Laor & Draine 1993 ). A physical
echanism for the destruction of grains in a wind was proposed by
azaki & Ichikawa ( 2020 ). In this model, dust grains entrained in the
ind are subject to hypersonic drift due to radiation pressure, which
ltimately destroys them by kinetic sputtering. Smaller grains are
ore rapidly destroyed than larger grains (Draine & Salpeter 1979 ),
hich results in only the larger grains surviving beyond the inner

everal parsecs (Tazaki & Ichikawa 2020 ). 
While ground-based observations found compelling evidence of

olar dust, they are still limited by observing conditions (e.g. high
hermal background, unstable PSF) that make it difficult to resolve
olar dust emissions, and even if detected, the polar structure can
nly be traced out to a few hundred parsecs (Asmus et al. 2016 ). In
eneral, the challenge in detecting polar dust emissions lies not just in
echnical limitations but also in distinguishing these emissions from
he surrounding galaxy, particularly for weaker AGN (Gonz ́alez-

art ́ın et al. 2015 , 2017 ). With the launch of the JWST (Gardner
t al. 2023 ), offering unparalleled resolution and sensitivity, we can
ow image and trace the extent of polar dust emission from a parsec
nd a kiloparsec scale. 

With this aim, we present a multiband imaging study of ESO 428-
14 with the MIRI instrument (Rieke et al. 2015 ; Wright et al. 2015 ,
023 ) co v ering a wav elength range from 5.6 to 21 μm. ESO 428-G14
NRAS 532, 4645–4660 (2024) 
as selected as it shows prior evidence of polar MIR emission from
round-based observations (Asmus et al. 2016 ). By combining our
ew MIRI data with the wealth and variety of ancillary photometry
lready available for ESO 428-G14, we are able to explore in great
etail the nature of its MIR emission, but also to place it within the
roader context of this AGN. 

.1 ESO 428-G14 

SO 428-G14 is a spiral galaxy (see Fig. 1 ) with a redshift-
ndependent distance of D ≈ 23 . 2 Mpc (a projected physical scale
f ≈ 112 . 5 pc per arcsecond) and a redshift of z = 0 . 0057 (values
xtracted from NED ). It is classified optically as a Seyfert 2
alaxy (V ́eron-Cetty & V ́eron 2006 ), is Compton-thick in X-rays
Maiolino et al. 1998 ), and has an intrinsic 2 –10 keV luminosity
 AGN = 3 . 6 × 10 41 ergs –1 (Levenson et al. 2006 ), and an estimated
H mass of M BH ∼ (1 − −3) × 10 7 M � (Fabbiano et al. 2019 ). 
Observations by Ulvestad & Wilson ( 1989 ) uncovered a bent radio

et elongated along the galaxy’s major axis. Hubble Space Telescope
HST) emission-line images revealed that the NLR is bi-polar and
symmetric, forming a rough double-helical shape to the North-
est, and a larger elongated curved structure to the South-East,
hich appears to be co-spatial with the radio morphology (Falcke

t al. 1996 , 1998 ). 
Analysis conducted by Riffel et al. ( 2006 ) using the Gemini Near-

nfrared Spectrograph Integral Field Unit (GNIRS IFU) over the
nner 300 pc found that the jet is launched with a slight inclination
elative to the galactic plane. Riffel et al. ( 2006 ) also identified strong
orrelations between the flux and kinematics of various emission
ines, notably the [Fe II ]1.257 μm line, and the radio emission,
uggesting that the radio jet is responsible in part for the observed
utflows. This is further supported by spectral analysis on the
entral 4 arcsec × 4 arcsec region that fa v ours the presence of shocks
riggered by the interaction between the radio jet and the interstellar

edium (ISM) in driving some of these outflows (May et al. 2018 ;
abbiano et al. 2018a ). 
Recent ALMA CO (2-1) observations and modelling (Feruglio

t al. 2020 ) revealed the presence of a bar or warped disc, potentially
ontributing to the Compton-thickness observed in X-rays (Fabbiano
t al. 2017 , 2018a , b ). Additionally, Feruglio et al. ( 2020 ) detected a
i-polar molecular outflow along similar positional angle (PA) to the
adio jet, and at distances ∼ 700 pc from both sides of the nucleus.
eruglio et al. ( 2020 ) suggest potential interactions between the AGN
ind and material in the galactic disc could lift up CO material from

he galactic plane, leading to the observed CO outflow. 
This paper is structured as follows. We describe the JWST /MIRI

maging observations and data reduction techniques in Section 2 .
ncillary data used in this study are presented in Section 3 . Our
ndings are detailed in Section 4 , followed by a discussion in
ection 5 . Finally, we summarize our findings and conclusions in
ection 6 . 

 JWST OBSERVATI ONS  A N D  DATA  

E D U C T I O N  

SO 428-G14 is part of a sample of eight nearby Seyfert galaxies
rom the JWST Cycle 1 programme ‘Dust in the Wind’ (ID: 2064, PI:
avid Rosario) within the ambit of the Galactic Activity, Torus, and
utflow Survey ( GATOS ) collaboration (see also Alonso-Herrero

t al. 2021 ; Garc ́ıa-Burillo et al. 2021 ; Garc ́ıa-Bernete et al. 2024 ). 
On the 21 st of October, 2022, ESO 428-G14 was observed in five

road-band filters ( F 560 W , F 1000 W , F 1500 W , F 1800 W , F 2100 W ,

https://ned.ipac.caltech.edu/byname?objname=ESO+428-G14\&hconst=67.8\&omegam=0.308\&omegav=0.692\&wmap=4\&corr_z=1
https://gatos.myportfolio.com
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Figure 1. Left: RGB composite image of the JWST /MIRI images of ESO 428-G14, where red, green, and blue channels correspond to F1500 W , F1000 W , 
and F560 W filters, respectively. The combination of these three filters reveals the MIR structure of the circumnuclear disc along with the small-scale nuclear 
extensions. The field of view (FOV) is ∼ 25 ′′ across. The strong diffraction spikes are due to the bright central point-like source, which has not been subtracted 
in the version of the images used for this composite. Right: Optical HST image of ESO 428-G14 in the F 814 W filter o v er the same FOV as the JWST colour 
composite from the left-hand panel. Zooming into the inner 2 arcsec × 2 arcsec region, the radio jet traced by the VLA 15 GHz emission is displayed in the 
bottom right of the figure. 
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orresponding to λcentral = 5 . 6 , 10 , 15 , 18 , and 21 μm, respectively).
he SUB256 subarray was used (28 . ′′ 2 on a side), along with a fast

eadout mode and the shortest allowed number of groups ( N groups =
) to minimize the saturation of the bright nuclear emission expected 
n the galaxy. A relatively large number of integrations ( N ints = 50)
nd four dithered exposures yielded a final exposure time of 358 s in
ach filter. 

The raw data were downloaded from the Mikulski Archive 
or Space Telescopes ( MAST ), and processed using the JWST 

ipeline python package version 10.2 with CRDS reference 
les jwst 1097.pmap . The following sections outline the new 

odifications we made to the default MIRI imaging pipeline 
ow to impro v e the final imaging quality, particularly in the

reatment of saturation and for corrections to the absolute 
strometry. 

.1 Saturation 

ven though our detector readout mode was designed to minimize 
aturation, some of the ramps for the nuclear pixels were still
aturated due to the exceptional brightness of this AGN in the MIR.
f the ESO48-G14 images, the F 1500 W exposures showed 12 inner
ixels around the nucleus that were flagged as saturated using the 
tandard pipeline. Within JWST’s up-the-ramp fitting, saturation is 
 vident when fe wer than two viable groups are accessible for a ramp
t. By default, the MIRI imager pipeline excludes the first group to
ypass potential transients from the readout step between integrations 
see more details in Appendix A). We display in Fig. A1 , the X-
nd Y-profiles of the F1500 W image of ESO 428-G14, spanning 
 arcsec across the nucleus. Here, we compare the default pipeline 
ith our modified approach. We show that by turning off the first

rame correction for the saturated pixels, we gained an additional 
iable group, facilitating a more accurate ramp fit and subsequent 
ux estimation. 

.2 Astrometry 

n the final stages of the pipeline reduction, absolute astrometry is
stablished through the tweak registration step. This process 
mploys DAOStarFinder , a PYTHON algorithm that relies on 
nding background stars and/or galaxies for image alignment. Given 

hat the galaxy fills all of the field of view (FOV) in our images,
his method pro v es inef fecti ve. We thus follo wed another approach,
here we corrected the astrometry by aligning the target centroid 
f our images with the AGN’s nuclear coordinates derived from 

LMA, leveraging its high-resolution and precision as a reliable 
strometric reference. By setting the nuclear position to be the peak
n the ALMA 1.3 mm continuum (which emerges from very close
o the SMBH), we derive a nuclear position of RA = 07 h 16 m 31 . 26s
nd Dec . = −29 ◦ 19 ′ 28 . 85 arcsec (ICRS). 

.3 Point spread function 

rom the three-colour JWST image in Fig. 1 (left-hand panel), it
s evident that the point spread function (PSF) exhibits several 
otable effects. This includes a distinct cruciform pattern, and 
iffraction spikes that are due to the hexagonal shape of the
irror segments. Consequently, in order to uncover the underlying 

entral ( ∼ 4 arcsec × 4 arcsec ) MIR structure, image enhancement 
echniques such as point source subtraction and/or deconvolution 
ecome essential (see Leist et al. 2024 for a recent comparison of
xisting deconvolution algorithms). 

We used the WEBBPSF package (Perrin et al. 2014 ) from STScI to
enerate PSF models at the detector position of the AGN for each of
MNRAS 532, 4645–4660 (2024) 

https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://www.stsci.edu/home
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M

Figure 2. Top: PSF-subtracted JWST /MIRI images of ESO 428-G14 from the five filter bands. Each image spans a field of view of 11 arcsec ×11 arcsec , with 
North pointing up and East to the left. Bottom: A comparison between JWST photometric measurements and existing Spitzer spectrophotometry. As a reference, 
key spectral features and PAH bands are identified. The depicted orange stars show JWST /MIRI aperture photometry, computed to mimic Spitzer’s lower angular 
resolution at the respective wavelengths. This is achieved by convolving the images with Spitzer’s PSF and computing the expected flux within the spectral slits 
of the Spitzer/IRS low-resolution spectrograph. The fluxes obtained are in good agreement with those from the Spitzer/IRS spectrum, an independent check on 
the accuracy of JWST /MIRI photometric calibration. The light blue curve shows the high-resolution Spitzer spectra, which show the main spectral features that 
lie within the JWST filter bandpasses (plotted along the bottom of the panel). Discrepancies in flux normalization between the two Spitzer data sets are due to 
the different aperture extraction methods: optimal for high-resolution, and full for low-resolution. 
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he four dithered images, and in each band. WEBBPSF allows the use
f optimized PSFs including time-dependent wavefront distortion
odels and appropriate source spectral energy distributions (SEDs),

oth which we employ for this work. The individual PSF frames
ere drizzled into a single PSF model image for each band using the

ame image reconstruction parameters as the corresponding science
mages. This replicates the detector sampling effects present in the
bservations which can influence the final PSFs. The point source
ccounts for 75 per cent of the F 560 W flux at the nucleus, 57–61
er cent of the flux in the F 1000 W , F 1500 W , and F 1800 W filters,
nd 35 per cent of the flux in the F 2100 W filter. We show the PSF
ubtracted images in the top panel of Fig. 2 . A more focused study
n PSF modelling will be presented in Rosario et al. (in preparation).

.4 Flux calibration 

he lower panel of Fig. 2 presents a flux calibration check between
WST and calibrated spectroscopy from the Spitzer Space Telescope
nfraRed Spectrograph (IRS; more details in Section 3.4 ). For
ach filter, we convolved the JWST images with the Spitzer PSF 

1 
NRAS 532, 4645–4660 (2024) 

 The Spitzer PSF information can be found in the IRS instrument handbook. 

t  

w  

(

o simulate Spitzer’s optical blurring effects. Subsequent aperture
hotometry was then performed to calculate the total JWST flux
ithin the Spitzer-defined apertures, at each wavelength. This is

hown in Fig. 2 as orange stars, and is in good agreement with
he SED of the Spitzer/IRS from both low-resolution (navy) and
igh-resolution (turquoise) spectra. The difference in normalization
etween the two Spitzer/IRS spectra is a result of the different
perture extraction methods used. low-resolution data is presented
sing the full aperture extraction method, while high-resolution data
s displayed using the optimal extraction method, which ensures a
igh signal-to-noise ratio and employs a smaller aperture size (see
ebouteiller et al. 2011 ). 

 A R C H I VA L  DATA  

e compiled data from several observations, which we describe
n more detail below. The ALMA, HST, and VLA data were
mployed to understand the structure and origin of the extended
IR emission within the broader context of this galaxy (see Sec-

ion 4.3 ). Meanwhile, the VLT/SINFONI and the Spitzer/IRS data
ere used to compute and correct for emission line contamination

see Section 4.4 ). 
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.1 VLT/SINFONI spectroscopy 

 -band (1 . 9 –2 . 5 μm) IFU data were obtained with the Spectrograph
or INtegral Field Observations in the Near Infrared (SINFONI) on 
he European Southern Observatory (ESO) Very Large Telescope 
VLT; Eisenhauer et al. 2003 ; Bonnet et al. 2004 ). The data were
ollected on 2010 December 22 and 2011 January 11, under Program 

86.B-0484 (PI: Mueller Sanchez). Observed in natural guide star 
ode, the data co v er a roughly 4 arcsec × 4 arcsec field of view
ith a spectral resolution of R ≈ 1500. A standard Object-Sky- 
bject observation sequence was used with each integration lasting 
00 s for a total on-source time of 60 min. Data reduction was
arried out with the SINFONI Data Reduction Software. This data 
eduction pipeline included all standard routines needed for the 
ear-infrared (NIR) spectra as well as additional routines used for 
onstruction of the data cube. Enhanced subtraction of the OH sky
ine emission was implemented as outlined by Davies ( 2007 ), and
elluric correction and flux calibration was carried out using B-type 
tars. The calibration uncertainty is about 10 per cent in flux as 
etermined from the standard deviation of aperture photometries of 
he individual dithered cubes before combining to create a final data 
ube. 

The emission line flux maps were generated using the custom IDL
ode LINEFIT (Davies et al. 2011 ), which fits the emission line of
nterest with an unresolved line profile (a sky line) convolved with 
 Gaussian, as well as a linear function to the line-free continuum.
his single-component Gaussian fitting procedure was performed 

or each spaxel of the data cube. Flux and kinematic information 
ere extracted from the Gaussian fit and, in conjunction with the 

patial information of each spaxel, used to generate the line maps 
or [Si VI ] λ1 . 96 μm, Br γ [2.16 μm] and H 2 1–0 S(1) [2 . 12 μm]
mission lines. A more detailed analysis of the [Si VI ] and Br γ lines
s presented in May et al. ( 2018 ). 

.2 ALMA spectroscopy 

e extracted ALMA Band 6 data products for ESO 428-G14 from
he ALMA Science Archive in rest frequencies of 230.538 and 
32.538 GHz corresponding to the CO (2-1) line and the 1.33 mm
ontinuum emission, respectively. ESO 428-G14 was observed by 
LMA on the 12 th of May, 2016 (progam ID: 2015.1.00086.S, 
I: Neil Nagar). The FOV is 24 . ′′ 52 across, ef fecti v ely co v ering the
ntire circumnuclear region. We processed the data using the CARTA 

oftware package and generated a flux map with a 2 σ cut. A more
etailed analysis of these data was conducted by Feruglio et al. 
 2020 ). 

.3 HST images 

e retrieved fully reduced HST /WFPC2 images of ESO 428-G14 
rom the Hubble Le gac y Archiv e (progam ID: 5411, PI: Andrew

ilson). The observations were carried out on 17 April 1995, with 
xposures with the narrow-band F 658 N filter lasting a total of 13.33
in and exposures with the broad-band F 814 W filter lasting 3.33
in. We follow Falcke et al. ( 1998 ) and refer to the F 658 N image

s the H α image, despite the 33 per cent contribution from the
N II ] λλ6548 , 6584 lines. A detailed analysis of this data was carried
ut by Falcke et al. ( 1996 , 1998 ). 
To correct the astrometry of the HST images, we aligned it with

he positions of stars identified from the GAIA DR3 catalogue (Gaia 
ollaboration 2016 , 2023 ). These accurately identified stars within 

he HST images serve as precise astrometric reference points. 
.4 Spitzer IRS spectra 

e retrieved fully reduced low- and high-resolution MIR spectra 
program ID: 30572, PI: Varoujan Gorjian) from the Combined Atlas 
f Sources with Spitzer/IRS Spectra ( CASSIS ; Lebouteiller et al.
011 ). The spectra, taken in IRS staring mode, were extracted using
he optimal extraction method for high-resolution data to achieve 
he best signal-to-noise ratio, which is equi v alent to a point source
xtraction. On the other hand, the low-resolution data were obtained 
sing the full-aperture extraction method. 

.5 VLA 

e e xtracted high-frequenc y (15 GHz, 2 cm) Very Large Array
VLA) U -band radio data from National Radio Astronomy Obser- 
 atory data archi v e (PI: Heino F alcke). The radio core coordinates
RA, Dec.) can be found in table 3 of Falcke et al. ( 1998 ) and are
A = 07 h 16 m 31 . 207 s and Dec . = −29 ◦ 19 ′ 28 . 89 arcsec (ICRS).
he data reduction was performed as described in section 2.2 of
alcke et al. ( 1998 ). Astrometry corrections were done by placing

he radio peak at the [Si VI ] flux peak. 

 RESULTS  

.1 Characteristics of the MIR morphology 

he new JWST /MIRI images (Fig. 1 ) provide a comprehensive view
f the galaxy’s various MIR characteristics, revealing new details 
n its centre. The image is dominated by a pronounced cross-shaped
attern of diffraction spikes, a manifestation of the very bright nuclear 
oint-like MIR source spread out through JWST ’s intricate PSF. 
oth the JWST and HST images share a number of key features,

ncluding a circumnuclear dusty disc that appears as annular rings, 
hich corresponds to faint, tightly wound spiral arms. 
These arms extend all the way to the nucleus, which appears

rominently bright in both images in Fig. 1 . ESO 428-G14 harbours
n its heart a well-collimated radio jet (inset in righthand panel of
ig. 1 ) that is partially shaped by its interaction with the disc (Falcke
t al. 1996 , 1998 ). 

The five single-band PSF-subtracted MIR mosaics revealing the 
esolved centre of ESO 428-G14 are presented across the top of
ig. 2 . Residuals from diffraction spikes, particularly in the F 560 W
lter, remain even after subtraction of the nuclear PSF, indicative of

he high surface brightness central emission in the images. While 
he F 560 W image provides the best overall resolution, it does not
eveal the nuclear extended structure prominently. This structure 
nly emerges in the F 1000 W filter and in the longer -wa velength
ands. Ho we ver, in the images in these latter bands, the resolution
ets steadily worse as the PSF broadens. We thus use the F 1000 W
mage as a baseline to study the nuclear extended structure, as it
rovides a good compromise between resolution and the visibility of 
he e xtended MIR features. F or the remainder of the paper, we refer
o the extended MIR structure seen in the central 4 arcsec × 4 arcsec ,
fter subtraction of the nuclear point source, as the ‘extended MIR
mission’. 

We find that the extended MIR emission exhibits a notable 
symmetry, with distinct North-Western and South-Eastern regions 
xtending along a similar PA to the radio jet of ∼ 131 deg, measured
orth to East. To the North-West, the emission adopts a compact

tructure and extends up to ∼ 150 pc from the nucleus. The South-
astern emission is more e xtended, rev ealing two strands that diverge

rom the main structure, pointing northward. These can extend up 
MNRAS 532, 4645–4660 (2024) 
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Figure 3. Left: The JWST /MIRI F 1000 W PSF-subtracted image showing the full galaxy disc and the aperture used to perform photometry on the disc emission 
(purple ellipse). The extended nuclear emission as well as the strongest diffraction spikes from the nucleus are masked out to enable a cleaner assessment of 
disc emission. Two bright regions on the disc are noted as D1 in the North West, and D2 in the South East (white circles). Middle: A zoom into the inner 
∼ 10 arcsec × 10 arcsec region of the PSF-subtracted F 1000 W image to reveal the extended MIR morphology. Regions of interest along the central 400 pc 
structure are marked in orange (NW1, NW2, SE1, SE2, SE3), while regions that appear within the disc are marked in white (D1, D2). Right: Spectral energy 
distributions (SEDs) of the reduced surface brightness (SB), computed using PSF subtracted images across the JWST /MIRI bands for all regions, including the 
nucleus and the disc. For the nucleus, the dashed line is derived from the original images, while the solid line is produced using PSF-subtracted images. Note 
that the SB of the disc includes D1 and D2. Error bars are included in the plot but are too small to be visible. 

Table 1. The selected regions of interest as outlined in Fig. 3 . 

Region (1) � RA 

(2) � Dec . (3) Aperture (4) F F560 W 

F F1000 W 

F F1500 W 

F F1800 W 

F F2100 W 

%([S IV ]/ F 1000 W ) (5) 

Nuclear (a) 0 0 0 . ′′ 35 85 .31 189 .40 536 .15 588 .54 534 .53 
Nuclear (b) 0 0 0 . ′′ 35 16 .00 51 .00 84 .00 91 .00 112 .00 6 
NW1 1 .46 1 .38 0 . ′′ 35 0 .41 1 .04 3 .99 7 .70 10 .62 
NW2 0 .97 0 .47 2 .42 12 .39 65 .92 101 .31 122 .91 30 
SE1 −0 .56 −0 .72 (0 . ′′ 50 , 0 . ′′ 35 , −80 ◦) 1 .95 11 .95 57 .72 88 .27 101 .72 15 
SE2 −1 .51 −0 .38 0 . ′′ 35 0 .65 2 .10 10 .89 17 .56 21 .06 35 
SE3 −2 .08 −1 .00 (0 . ′′ 55 , 0 . ′′ 35 , −95 ◦) 0 .75 2 .71 11 .65 20 .42 26 .85 40 
D1 3 .44 3 .89 0 . ′′ 4 0 .096 0 .17 0 .19 0 .39 0 .37 
D2 −3 .85 −3 .76 0 . ′′ 4 0 .13 0 .20 0 .40 0 .75 0 .98 

Note . (1) Re gions of interest (refer to Fig. 3 ). For the nucleus, we present two SEDs, one derived from (a) the original images (dashed pink line in Fig. 3 ), and 
the other from (b) the PSF-subtracted images (solid pink line, Fig. 3 ). For all the other regions, the SEDs are derived using PSF subtracted images. (2 and 3) 
The relative positions are given as offsets from the nucleus (RA nuc = 07 h 16 m 31 . 26 s and Dec . nuc = −29 ◦ 19 ′ 28 . 85 arcsec ) in arcseconds. (4) The aperture 
radius is provided in arcseconds, showing a single value for circular apertures and three parameters (semimajor axis, semiminor axis, PA measured N-E) for 
elliptical apertures. (5) When possible, we provide the average percentage of line emission contribution to the total flux (in the case of the F 1000 W ) filter. All 
fluxes across various filters are measured in units of 10 −3 Jy. 
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o ∼ 300 pc from the nucleus. The total extent of the extended MIR
mission is ∼ 450 pc. As we will show in Section 4.3 , the o v erall
tructure resembles that of the H α line and the radio jet from Falcke
t al. ( 1996 , 1998 ). 

.2 MIR regions of interest 

e leverage the optimal resolution and sensitivity of the F 1000 W
mage to define regions of interest within the nuclear and extended

IR structure, as depicted in the middle panel of Fig. 3 . We then
xamine and compare the MIR spectral energy distributions of these
egions, measured in fixed sized apertures, to explore their properties.
he regions and details of the apertures are given in Table 1 . 
The nuclear aperture is centred on the nuclear position. NW1 and

W2 are situated in the North-West region, while SE1, SE2, and SE3
ap out the two strands that split from the main structure towards

he South-East. 
We also identified two interesting regions, D1

07 h 16 m 30 . 97 s , −29 ◦19 ′ 24 . 90 arcsec ) and D2 (07 h 16 m 31 . 46 s ,
NRAS 532, 4645–4660 (2024) 
29 ◦19 ′ 32 . 55 arcsec ), that lie beyond the extended MIR emission,
ut along a similar PA to it and to the radio jet. Unlike most of the
alaxy disc, these regions appear prominently red in the map of
he colour F 560 W –F 1000 W (see Fig. B1 in the Appendix). Their
ocation and relationship to the extended MIR emission suggests that
he AGN could play some part in their heating. Indeed, recent work
y Hermosa Mu ̃ noz ( 2024 , submitted) detect multiple MIR knots
long the direction of the outflow in another nearby Seyfert galaxy,
GC 7172. The left-hand panel of Fig. 3 zooms out to show the

ull circumnuclear disc. We define an aperture mask that excludes
ny contribution from the nuclear or extended MIR emission, as
ell contamination from diffraction spikes from the nuclear point

ource. This aperture gives an averaged SED for the circumnuclear
isc free of much emission influenced strongly by the AGN. 
For all identified regions, we select apertures with diameters bigger

han the PSF FWHM of the longest wavelength filter (i.e. F 2100 W ,
WHM = 0 . ′′ 67). This minimizes the need to include detailed
perture corrections in the SEDs with increasing wavelength (see
able 1 ). The right-hand panel of Fig. 3 shows the five band SEDs,
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Figure 4. Left: The HST H α image of ESO 428-G14, with the nucleus at the centre. Superimposed red contours depict the JWST PSF-subtracted F 1000 W 

image, while the white contours are for the ALMA CO (2-1) moment 0 map. The position of the SE region D2 (see Fig. 3 as a reference) is highlighted by the 
white square. Right: Zooming into the inner ∼ 4 arcsec × 4 arcsec to match the FOV of SINFONI, we display the [Si VI ] flux map. The red contours are from 

the JWST PSF-subtracted F 1000 W image (comparable to the left-hand panel), while light blue contours map the VLA radio 2 cm (15 GHz) image. 
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xpressed in units of reduced surface brightness ( ν SB ν), of these
ifferent regions. Across all filters, regions closer to the nucleus and 
ithin the direct influence of the AGN, are characterized by high SB.
he regions farther out, identified with the galaxy disc, exhibit lower 
B. 
The highest SBs are found in the nuclear aperture (pink line), 

articularly at shorter wavelengths ( λcent ≤ 10 μm). For complete- 
ess, we also add in Fig. 3 and Table 1 the nuclear SED derived
rom the original images (dashed pink line), which includes the 
SF. This shows a peak around ∼ 15 μm. The nuclear SED derived
sing the PSF subtracted images (solid pink line) is flat, with a
B F560 W 

/ SB F2100W 

ratio of ∼ 0 . 56, and remains consistently bright
cross all filters. This indicates that the nuclear region emits a 
ubstantial portion of energy ( ∼ 20 per cent of the total F 1000 W
ux), which does not significantly change at longer wavelengths. 
his flat SED can be attributed to dust with a blend of temperatures

rom various components in the vicinity of the AGN, out to ∼ 40 pc,
eflecting a complex thermal environment rather one with a single 
niform temperature. 
Moving towards regions in the extended emission structure, we 

nd that all regions identified within it (in orange) are character- 
zed by steeper SEDs, defined by their SB F560W 

/ SB F2100W 

ratios
f ∼ [0 . 07 − 0 . 1]. Lo wer v alues of this ratio indicate substantial
ncrease in flux at longer wavelength, while values closer to unity 
ould imply a flat SED. Assuming a simple blackbody, we estimate 

emperatures within the range ∼ 100 − 120 K for the regions in the
xtended emission. The highest temperatures are found in SE1 and 
W2, likely due to their close proximity to the nucleus. These values

erve as an approximation (based on five photometric points), and a 
ore advanced fitting method is required to accurately estimate the 

emperature. 
In contrast to the extended emission regions influenced by the 

GN, the average galaxy disc has a relatively flat SED. The rise
e observe towards the shortest wavelengths could come from low 

evels of stellar light in the MIR, the tail of the combined photospheric
mission from stars in the disc. A slight excess in the F 1800 W band
 v er a flat SED shape could arise from the contribution of Polycyclic
romatic Hydrocarbon (PAH) bands at 17 microns (indicated in 
ig. 2 ; see Garc ́ıa-Bernete et al. ( 2022 ) for a detailed discussion). We

nterpret the flatness of the star-forming galaxy disc in a similar way
s we do for the AGN nucleus: the disc consists of amalgamated dusty
tar-forming regions with a range of temperatures set by distributed 
eating. Because stars are not as powerful heating sources as the
GN, the SB of the disc is low. 
Turning to the regions D1 and D2 that appear to be on the galaxy

isc (although might also lie along the outflow direction), these 
isplay flatter SB profiles similar to the galaxy disc. Their SB ratios
f SB F560W 

/ SB F2100W 

≈ [0 . 7 − 0 . 95] highlight the flatness of these
EDs. For this reason, we suggest that these features are star-forming
egions. While both D1 and D2 share this characteristic, both show
inor differences in SEDs, indicating variation in the star-formation 

eating. The ele v ated surface brightness in the F 1800 W band is
specially apparent in region D1, which again suggests a possible 
AH contribution. Estimating a temperature for these SF regions 
ould require accounting for PAH, which is beyond the scope of this
aper. 

.3 A multiwavelength view 

he most remarkable find from Fig. 4 is the striking morphological
esemblance between the MIR emission, the HST H α image and 
he [Si VI ] emission. This agreement may suggest that the processes
nfluencing the ionized gas and the MIR emission (arising from dust)
n the nuclear region may be the same, or that the MIR emission is
ot solely attributable to dust (see next Section 4.4 ). 
In the left-hand panel of Fig. 4 , the CO (2-1) structure appears

o trace an inner feature near the vicinity of the SMBH. Feruglio
t al. ( 2020 ) describe this as a transverse gas lane that is bridging
wo segments of a circumnuclear ring, and feeding the SMBH by
hanneling material to it. Our observations reveal both the MIR 

tructure and H α emission to be perpendicular to this ‘feeding’ 
ane, implying a polar configuration. This is also supported by 
MNRAS 532, 4645–4660 (2024) 
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he alignment of the radio jet with the extended MIR structure, as
iscussed in Section 4.1 . This multiwavelength view unco v ers that
2 is also detected in H α and CO (2-1) emissions (see left-hand
anel, Fig. 4 ), strengthening the case for its SF nature. 
The radio morphology, with an extent of ∼ 2 arcsec along PA ≈

31 ◦, reveals more intricate details, especially towards its hotspot in
he North-West. Here, it captures two clumps that are not resolved in
he JWST /MIRI images (see NW2 in Fig. 3 ). This feature has been
reviously identified in HST H α imaging by Falcke et al. ( 1996 ) and
n the SINFONI Br γ map by May et al. ( 2018 ). 

.4 Emission line contamination 

WST /MIRI images are obtained using broad-band filters that span
 few microns around the central wavelength. This means that the
lters can capture both the continuum emission from dust and any

ine emission from gas that falls within the filter’s wavelength range.
s can be seen in the bottom of Fig. 2 , the five imaging filters used

n this study o v erlap with a couple of emission lines and PAH bands
hat could contribute to the MIR emission, potentially influencing
he morphology seen. This includes the F 1000 W filter, which can be
ontaminated by the [S IV ] and H 2 0–0 S(3) lines; F 1500 W , by [Ne V ]
nd [Ne III ] lines; and F 1800 W , where PAH bands and the [S III ] line
ay impact the observed emission. Moreover, the mutliwavelength

nalysis in Fig. 4 shows a striking correlation between the MIR
tructure, [Si VI ], and H α emissions, which could be explained (in
art) by strong emission line contribution in the JWST images. This
ould influence our interpretation of the observed MIR structures,
ttributing features to dust continuum that may, in fact, be closely
onnected to ionized or molecular gas instead. 

The absence of any high-resolution JWST spectroscopy for
SO 428-G14, such as from the MIRI Mid-Infrared Spectrograph

MIRI/MRS), complicates this analysis, as it would otherwise pro-
ide a clearer distinction between dust and gas contributions to the
bserv ed MIR structure. To o v ercome this limitation, we lev erage
he wealth of multiwavelength information for this galaxy to develop
 method to estimate the level of emission line contamination in the
 1000 W image. As discussed before, this filter provides the highest

esolution of the inner (4 arcsec × 4 arcsec ) extended MIR structure,
nd is thus the ideal band for our assessment of contamination along
hat region. 

From Fig. 2 , one can see that both the [S IV ] line at 10 . 51 μm
nd the H 2 line at 9 . 65 μm fall within the F 1000 W filter bandwidth,
hich means they can contaminate this image. To check this, we
roduced mock maps for H 2 and [S IV ]. Our methodology can be
pplied to any filter and is described as follows. First, we leverage
he Spitzer/IRS SH spectrum (when possible, otherwise low spectral
esolution) to estimate the total flux due to each line. Second, we
se these estimates to scale a SINFONI line map of comparable
onization potential (IP) to ensure similarity in morphological char-
cteristics. This then produces a mock map for the line in question,
roviding us with a proxy for its expected spatial distribution. 
It is important to note that the ionization potential can significantly

nfluence the morphology of the emission line. A recent JWST study
y Pereira-Santaella et al. ( 2022 ) demonstrate that MIR lines with
igher IPs tend to be more compact compared to those with lower
Ps. Another caveat that should be kept in mind is extinction, which is
ery low for this object and thus has no impact on the measurements
ade. Nevertheless, this method allows us to estimate the extent of

mission line contribution within the JWST F 1000 W image, thereby
ev ealing re gions with significant contamination. Our method has
een validated against another nearby Seyfert from the GATOS
NRAS 532, 4645–4660 (2024) 
urv e y, NGC 5728, for which we have both imaging and spectroscopy
see upcoming sample paper Rosario et al. in preparation). We
escribe in more detail below the steps taken to produce each mock
ap. 

.4.1 [S IV ] mock map 

sing Spitzer/IRS SH spectrum (see Fig. 2 ), we fit the [S IV ] emission
ine with a single-component Gaussian, yielding a total flux of
 SIV = 7 . 564 × 10 −13 erg / s / cm 

2 . To generate a mock [S IV ] map,
e used the Br γ map as morphology template. Riffel et al. ( 2006 )
emonstrated that Br γ is in good correspondence with the radio jet,
ith some signatures of shocks. As such, we assume that there is

ittle to no SF contribution in this line. We also note that Br γ has
n IP of 13.6 eV that can be comparable to that of [S IV ] (35 eV), so
he extent of their emissions will not differ by much. The mock map
s then produced by scaling the Br γ map to match the expected flux
rom [S IV ], f SIV . 

The level of [S IV ] contamination is quantitatively assessed by
alculating the ratio between the mock [S IV ] map (panel a in
ig. 5 ) and the PSF-subtracted JWST F 1000 W image (panel b in
ig. 5 ). The ratio map, as seen in Fig. 5 (panel d), unveils how the
S IV ] contamination le vel v aries spatially across the extended MIR
orphology. Overall, the median contribution of [S IV ] across the

ntire extended MIR structure is approximately 15 per cent. Notably,
tructures extending ∼ 1 arcsec from nucleus, both towards the NW
nd SE regions, are the most impacted, with contamination levels
eaching up to 45 per cent. 

.4.2 H 2 mock map 

e extracted from Spoon et al. ( 2022 ) the total flux arising
rom the H 2 0–0 S(3) [ 9 . 65 μm] line as F tot, H 2 = (9 . 2 ± 1 . 6) ×
0 −21 W cm 

−2 , computed using Spitzer/IRS low-resolution spectral
ata. With this value, we scaled the SINFONI H 2 1–0 S(1) [2.12 μm]
ap to produce a mock map for H 2 0–0 S(3) [ 9 . 65 μm] line (panel c

n Fig. 5 ). We then computed a contamination map as a ratio between
he mock H 2 0–0 S(3) [ 9 . 65 μm] map and the F 1000 W image (panel
 in Fig. 5 ). This gives a very weak contribution of H 2 0–0 S(3)
 9 . 65 μm] line to the extended MIR emission, varying between 2
nd 4 per cent. 

.4.3 Pure dust continuum morphology 

o reveal the true morphology of the dust, we subtracted the total flux
ontribution arising from both the [S IV ] and H 2 from the F 1000 W
SF subtracted image. From the maps computed in Fig. 5 , it is clear

hat H 2 contributes negligibly to the total MIR emission, with a
ontamination level of 4 per cent at its highest. In contrast, the [S IV ]
ine accounts for nearly half of the extended emission, establishing
t as the primary contaminator. Consequently, we boosted the [S IV ]
ux by 4 per cent to account for the H 2 contribution. Following

his, we subtracted the boosted [S IV ] map from the PSF-subtracted
 1000 W image and produced a contamination free image, as shown

n right-hand panel of Fig. 6 . This image brings to light the structure
f the ‘pure continuum’. Indeed, the brightness of the MIR structure
ignificantly drops in the SE and NW. This affects the appearance
f the South-Eastern strands which are now too faint to notice.
s a result, the structure of the dust appears more compact and

oncentrated around the nucleus. When compared to the regions
f interest presented in Fig. 3 and Table 1 , it becomes evident
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Figure 5. Emission line mock maps and the associated contamination maps with respect to the F 1000 W image. The top three panels share the same logarithmic 
scale and stretch, allowing for a direct visual comparison of the relative flux. For each panel, contour levels represent (2,10,50) σ levels. (a) Mock [S IV ] λ10 . 51 μm 

map computed using Br γ from SINFONI as a template. (b) The PSF-subtracted F 1000 W JWST /MIRI image. (c) Mock H 2 0–0 S(2) [9 . 65 μm] map using H 2 

1–0 S(1) [2 . 12 μm] from SINFONI as a template. (d) Spatial distribution of contamination percentages of [S IV ] within the F 1000 W image. Overlaid contours 
are from the JWST image to show the extent of the MIR morphology. (e) Same as before but for H 2 contamination level. 
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hat contamination levels rise with increasing distance from the 
ucleus. F or e xample, the South-Eastern regions, SE2 and SE3,
xhibit contamination levels ( ∼35 per cent and 40 per cent) at
east twice as high as that of SE1 ( ∼ 15 per cent ), resulting in their
iminished appearance in Fig. 6 . 
Compared to the original polar and extended MIR structure 

resented in lefthand panel of Fig. 6 , the new ‘dust only’ image
hows that it reduced by more than half of its original size. The new
otal extent of the dust is roughly ∼ 1 . 8 arcsec ( ∼ 200 pc) in size,
tretching ∼ 0 . 8 arcsec to the NW and ∼ 1 arcsec to the SE from the
ucleus. Ho we v er, it still e xceeds the traditional limits of the torus
 ∼ tens of parsecs). Moreo v er, we find a striking correspondence
etween the extent and morphology of the polar dust and the radio
et (see right-hand panel, Fig. 6 ). We explore in Section 5 all possible
rigins of this polar dust. 

 DISCUSSION  

.1 Dust beyond the torus 

he exceptional resolution and sensitivity of JWST /MIRI allowed, 
or the very first time, the imaging of the MIR heart of ESO 428-
14, re vealing ne w details about its structure and properties. In the

entral r ≈ 2 arcsec region of ESO 428-G14, we detect a bi-polar 
tructure extending up to ∼ 450 pc in size, from the NW to the SE.
n contrast to the galaxy disc, our SED analysis reveals that regions
long the polar MIR structure emit strongly in the MIR, and are
haracterized by warm temperatures ( T dust ≈ 120 K) and steep SEDs
SB F560W 

/ SB F2100W 

≈ 0 . 07), especially for regions (NW2, SE1) that
re adjacent to the nucleus. Such trends in the MIR strongly suggest
he presence of warm dust along these regions. 

Our multiwavelength analysis (Fig. 4 ) points towards a strong 
orrelation between the structure of the extended polar MIR emission 
nd that of multiple emission lines from ionized gas ([Si VI ], H α,
r γ ). We attribute this, in part, to a significant contribution of
mission lines in JWST /MIRI broad-band imaging that contaminate 
he MIR morphology (Section 4.4 and Fig. 5 ). While it is challenging
o disentangle gas and pure dust structures in the absence of MIR
pectroscopy (e.g. from the JWST /MIRI MRS), an important aspect 
f this study is the development of a method to estimate the level of
ine contamination using existing pre- JWST data sets (see Section 4.4
or more details). Using the image in the F 1000 W filter, an optimal
and for the contrast of extended MIR emission, we produced a pure
ontinuum version that reveals that the dust is indeed more compact,
ith a total length of ∼ 200 pc (Fig. 6 ) – shrinking to half of its
riginal length ( ∼ 450 pc). 
The question now arises regarding the nature of this polar dust.

rieto et al. ( 2014 ) computed an extinction map for ESO 428-G14
see their Fig. 8), revealing dust structures with weak spirals which
re reminiscent of the morphology seen in CO (2-1) emission from
LMA (Feruglio et al. 2020 , their Fig. 1). These structures are indeed
ifferent from the polar structure seen in Fig. 6 . As such, the dust
MNRAS 532, 4645–4660 (2024) 
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Figure 6. Left: The original polar and extended MIR structure from the PSF-subtracted F 1000 W image. Contours show the VLA 15 GHz emission which 
traces the radio jet. The black star marks the position of the nucleus. Right: The pure continuum or ‘dust-only’ image obtained after subtracting the emission 
line contributions from the PSF-subtracted F 1000 W image. The dusty structure shows good spatial correspondence to the radio jet, including an asymmetry in 
the NW extent compared to the SE extent. The orange circle in the bottom left shows the FWHM (0 . ′′ 32) of the F 1000 W PSF. Both images are displayed on a 
logarithmic scale and share the same stretch to highlight the differences before and after decontamination. 
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robed with JWST is not normal cold dust in the galaxy, but it could
e dust in the NLR illuminated by AGN radiation fields, local dust
eated by jet-induced shocks, or dust driven by a wind from the torus.
e discuss each of these possible scenarios in more detail. 

.2 Dust illuminated in the NLR 

he simplest explanation of the polar dust would be the illumination
f ambient dust within the NLR by the AGN’s radiation. Such a
cenario accounts for the observed spatial correlation with ionized
mission line regions because both phases are produced by the same
adiation field. This explanation does not require any connection
etween the dust and outflows from the AGN. Here, we test whether
eating/illumination from the central engine alone is able to explain
he observed temperatures along the polar MIR emission. 

As an e x ercise, we take the re gion NW2 (Fig. 3 ) as a case study,
t a distance D ≈ 100 pc from the nucleus. To compute a bolometric
uminosity for the AGN, we applied a bolometric correction accord-
ng to equation (3) in Duras et al. ( 2020 ) to the hard X-ray luminosity
f L 2 −10 keV = 3 . 6 × 10 41 erg s −1 reported by Levenson et al. ( 2006 ).
his gives L bol , AGN = 5 . 5 × 10 42 erg s −1 . This value is comparable to

he estimate of the AGN’s bolometric luminosity from its integrated
IR luminosity of 2 ± 1 × 10 42 erg s −1 from (May et al. 2018 ). 
We express the expected anisotropic radiation field in terms of the

abing field, following Tielens ( 2010 ) (chapter 5, equation 5.43): 

 0 = 2 . 1 × 10 4 
(

L bol , AGN 

10 4 L �

) (
0 . 1 pc 

D 

)2 

. (1) 

Then, for dust grains with a size a, the equilibrium dust tempera-
ure can be expressed as: 

 d ≈ 33 . 5 

(
1 μm 

a 

)0 . 2 (
G 0 

10 4 

)0 . 2 

K, (2) 

ollowing Tielens ( 2010 ) (chapter 5, equation 5.44). An important
ssumption here is that the intrinsic AGN SED that heats the dust
eaks strongly in the UV, roughly like the local Habing field. 
Assuming classical ISM dust grains within the range of a =

 . 005 − 0 . 25 μm (Draine & Lee 1984 , see their discussion around
NRAS 532, 4645–4660 (2024) 
quation 5.1), the expected dust temperature at distance D ≈ 100 pc
rom central source with the assumed L bol , AGN would be T dust =
76 , 35] K, where the lower temperature corresponds to the largest
rain size. Therefore, assuming the absorption-averaged grain size
s at the lower end of size distribution, reasonable for ISM dust,
llumination along the NLR can heat the dust only up to several tens
f K. This is lower than the dust temperatures we estimate for the
W2 region. 
Note that the temperature may be a bit higher than our estimates

f X-ray heating of dust is efficient, because AGN have a higher pro-
ortion of X-ray energy compared to the Habing field. Additionally,
n the ionized gas phase, resonance trapping of Ly α, which leads
o complete reprocessing of these UV photons, can also raise the
emperature of the dust associated with this phase. 

.3 Dust originating from the torus 

t the inner edge of the torus, infrared radiation pressure applied on
ust grains can lift the dust radially outward, leading to a polar dusty
ind (e.g. H ̈onig et al. 2012 ). Semi-analytical models produced by
enanzi et al. ( 2020 ) confirm that it is possible for dusty winds to be

aunched from the inner regions of the torus. Their work also predicts
adiation pressure to be more efficient at driving this wind around
 critical limit, where AGN radiation pressure and gravity from the
lack hole are balanced. 

Some studies have proposed that the column density – Eddington
atio (N H − λEdd ) plane can be used as a diagnostic to infer the
onditions under which radiation pressure dominates o v er gravity,
hereby giving rise to radiation-driven outflows (e.g. Fabian et al.
008 ; Ricci et al. 2017 ; Venanzi et al. 2020 ; Alonso-Herrero et al.
021 ). For ESO 428-G14, Feruglio et al. ( 2020 ) estimated the line-
f-sight H 2 column density to be N H 2 ≈ 2 × 10 23 cm 

−2 , but report
his as a lower limit due to beam dilution. This equates to a hydrogen
olumn density of N H ≈ 4 × 10 23 cm 

−2 . Using the M BH − σ� scaling
elation, Fabbiano et al. ( 2019 ) derived an estimate for the BH mass
f M BH ≈ (1 − 3) × 10 7 M �. W ith this BH mass and the A GN bolo-
etric luminosity derived earlier ( L bol , AGN = 5 . 5 × 10 42 ergs −1 ),
e compute an Eddington ratio within the range of log 10 λEdd ≈
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 −2 . 83 , −2 . 36), consistent with the system’s previously accepted
tatus as a relatively weak AGN. This sets ESO 428-G14 in a region
f the N H − λEdd plane where outflows are not efficiently driven. 
It is worth noting that the substantial systematic uncertainties on 
 BH , L bol , AGN and N H can shift the position of the AGN around on

his diagram. The strength of the wind and its orientation depend on
Edd and n H (e.g. Ricci et al. 2017 ; Venanzi et al. 2020 ), which are
ot well-constrained for the heavily obscured AGN in ESO 428-G14. 
e also note that, while the N H − λEdd plane defines the ideal region

or launching radiation driven winds, such outflows are still found in 
GN that lie outside the region. 
Torus models that include a self-consistent wind component 

redict the wind originates at the sublimation edge of the torus
H ̈onig et al. 2013 ; H ̈onig & Kishimoto 2017 ). Consequently,
he composition of the dust within the wind is expected to be
imilar to that of the sublimation region, where small dust grains,
articularly silicates, are easily destroyed (e.g. H ̈onig & Kishimoto 
017 ; Gonz ́alez-Mart ́ın et al. 2023 ). As such, it is primarily the
arger dust grains of size ( a ≈ 0 . 075 − 1 μm) and graphites that are
obust enough to survive in the sublimation region and as a result, in
he dusty wind (e.g. H ̈onig & Kishimoto 2017 ; H ̈onig 2019 ). Using
quations ( 1 ) and (2), but taking the larger grain sizes expected in the
ind, the temperature of the polar dust would be T dust = [44 , 26] K at
 ≈ 100 pc from the nucleus. This is much lower than the estimated

emperature of the extended polar dust in NW2. Therefore, we do not
xpect that the dust we see in the extended MIR emission is deficient
n small grains. This adds credence to its origin as ambient ISM dust.

hile a polar dusty wind may still be present in ESO 428-G14, it
ould be too small for our images to resolve, lying well within the
uclear aperture as defined in Section 4.2 . 

.4 Dust heated by shocks 

ig. 6 reveals the polar dust to be co-spatial with the radio jet, which
ould indicate that shocks induced by jet–ISM interactions are an 
mportant culprit in heating the dust. Indeed, previous studies have 
hown that the radio jet in ESO 428-G14 is coupled with the disc
nd shows spatial correspondence with a number of emission lines, 
ndicating that the radio jet can strongly perturb the ionized gas (e.g.
alcke et al. 1996 ; Riffel et al. 2006 ; May et al. 2018 ). 
Evidence of shocks in ESO 428-G14 in the central ∼ 200 pc has

een reported in a number of previous studies. For instance, Riffel
t al. ( 2006 ) find that the radio jet can contribute up to 90 per cent
o the excitation of [Fe II ]1.257 μm, with strong enhancement in
he [Fe II ]/Pa β ratio along the jet region. Additionally, CLOUDY 

odelling by May et al. ( 2018 ) predict a strong dependence on
hocks, where AGN photoionization models alone fail to reproduce 
he observed [Si VI ]/Br γ flux ratios at the 100 pc scale. Moreo v er,
pectral analysis of the nuclear and extended X-ray emission in 
abbiano et al. ( 2018a ) also predict shocks to be present within

he central 170 pc region of ESO 428-G14 with velocities of at least
 few hundred km s 

−1 
. In fact, Riffel et al. ( 2006 ) report on the

etection of outflows towards the North-West with velocities up to 
00 km s 

−1 
which they link back to the radio hotspot. This is also

upported by the detection of mechanically-driven [Si VI ] outflows 
ithin the boundaries of the radio emission, with velocities up to 
50 km s 

−1 
in the North-West and 100 km s 

−1 
in the South-East (May

t al. 2018 ). 
All of the abo v e supports the possibility that the polar dust seen in

he F 1000 W image can be driven by jet–ISM interactions. Moreo v er,
t has been established that shocks can be a significant source of high-
nergy radiation (e.g. Dopita 1995 ; Dopita & Sutherland 1995 ). 
Following Dopita & Sutherland ( 1995 ), the total radiative output
er unit area of a shock ( F T ) is given by 

 T = 2 . 28 × 10 −3 

(
v s 

100 km s −1 

)3 . 0 ( n 

cm 

−3 

)
ergs cm 

−2 s −1 , (3) 

here v s is the velocity of the shock and n is the particle number
ensity. An important assumption here is that the post-shock gas 
s strongly radiative, radiating away all its thermalized energy 
fficiently. 

Given that previous studies report high ionized gas outflow 

elocities associated with the NW region ( ∼ 100 pc) from the
ucleus, we adopt measurements from May et al. ( 2018 ; their table 2,
egion b1) for v s = 250 km s −1 and n = 4350 cm 

−3 , where we have
ssumed that the highest ionized gas velocities are representative 
f the shock velocity, and that gas particle densities are equal to
he electron densities measured from low-ionization gas tracers. We 
hen compute F T = 156 erg / s / cm 

2 . Assuming that the shocks are
niformly distributed through the region, so that their radiation can 
e treated as a uniform field, we can express F T in terms of the
abing field, so that G 0 = 653 F T . Using equation ( 2 ), and taking a
ormal ISM grain size distribution ( a = 0.005–0.25 μm Draine &
ee 1984 ), the expected temperature of the dust driven by shock
eating is T dust = [154 , 70] K. 
The radiation environment arising from fast shocks in dense gas 

n NW2 is expected to be significantly higher than that arising from
he AGN, following the reasonable values and assumptions taken in 
ur calculations. If so, the temperatures of dust we measure in the
xtended emission may indeed only be possible due to the enhanced 
ux of higher energy photons arising from local shocks from the

et-dri ven outflo w. 
The strong enhancement of the MIR emission along the jet has

een reported in other nearby AGN, notably NGC 1068 (Alloin 
t al. 2000 ) and Cygnus A (Tadhunter et al. 1990 ). At face value,
his association of dust emission with outflows is a bit surprising,
ecause shock models predict that dust should be destroyed by the
assage of the radio jet in the high temperatures of the post-shock
as (e.g. Ferguson et al. 1997 ; Villar-Mart ́ın et al. 2001 ). Ho we ver,
bserv ations sho w little solid e vidence of dust destruction. A fe w
ossible reasons for the empirical existence of warm dust emission 
round radio jets were put forward by Villar-Mart ́ın et al. ( 2001 ).
f the dust is confined to dense cores of gas which are resistant
o the full brunt of shocks, they may survive the passage of the
et. Alternatively, the time-scale for dust destruction may be longer 
han the passage of the jet, or dust reformation could be efficient in
he post-shock material. We also propose an additional possibility. 

uch of the line emission around radiative shocks is generated in
as that is ionized and illuminated by the shocks, but not directly
ithin the post-shock gas (the so-called ‘precursor’ as defined by 
opita & Sutherland 1995 ). The dust mixed into this gas would not
e destroyed by collisional processes, and can still reprocess the 
adiation from the shocks ef fecti vely. Therefore, if post-shock gas
nly occupies a modest filling factor in a jet-dominated region of
he NLR, such as NW2, the dust emission we see could arise in the
recursor. 
Additional evidence for the role of local heating from shocks is the

act that, despite strong coronal [Si VI ] emission towards the South-
ast NLR in ESO 428-G14, the dust continuum emission in that

egion is weak. The coronal lines can only be produced by the hard
V field of the AGN. Yet, despite clear AGN-ionized gas in that

egion, there is little warm dust. The region to the North-West, in
ontrast, has both coronal line emission and warm dust emission. 
his asymmetry is mirrored by the structure of the radio jet, which is
MNRAS 532, 4645–4660 (2024) 
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Table 2. The temperatures derived for the different heating models and dust 
grain sizes considered. 

Dust Source Grain size ( μm) Temperature (K) 

Illuminated in NLR 0.005, 0.2 76, 35 
From the torus 0.075, 1 44, 26 
Heated by shocks 0.005, 0.2 152, 70 
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righter and well-collimated only towards the North-W est. W e can
econcile this empirical difference by positing that a major part of
he dust emission is heated directly by energy connected to the jet,
uch as through shocks. 

If confirmed, our JWST observations offer a unique insight into
he feedback efficiency of the jet, in both this AGN and potentially
ther systems that may show similar properties. 
To summarize, if we assume typical ISM grains with a sizable

raction of small grains, then local shock heating is more likely to
chieve the temperature of ∼ 120 K that we find in the North-Western
xtended dust emission, at distances of 100 pc from the nucleus (see
able 2 ). Ho we ver, this is under the idealized assumption that all

he thermal energy produced in jet-driven shocks is radiated away
Dopita & Sutherland 1995 ), and reprocessed by dust in the vicinity
f the shocks. Some of the post-shock radiation will escape the NLR,
hile, in turn, X-ray and hard UV heating of dust by the AGN’s

adiation may produce a substantial tail of warm grains. As such,
eating from the central engine is also expected to contribute to the
bserved dust emission. 

 C O N C L U S I O N  

SO 428-G14 shows a complex and unique NLR defined by its
braided’ strands and radio jet. In this work, we have investigated
he morphology of the dust within the NLR, focusing on the inner
 arcsec × 4 arcsec re gion, to pro vide imaging evidence of polar MIR
mission, reveal its nature, and explore its origin. Our study combines
WST /MIRI data from the GATOS surv e y, using multiband imaging
n five filters ( F 560 W , F 1000 W , F 1500 W , F 1800 W , F 2100 W ),
ith ancillary data from several facilities (ALMA, HST, SINFONI,
LA, and Spitzer) to contextualize the new MIR findings within

he broader framework. Our main findings can be summarized as
ollows: 

(i) We detect in the inner 4 arcsec × 4 arcsec re gion e xtended MIR
mission in all bands, with the exception of F 560 W (see top panel in
ig. 2 ). The new MIR emission reveals an asymmetric and collimated
orphology, extending along a PA of ∼ 131 ◦ from the North-West

o the South-East, and with a total extent of ∼ 450 pc (Figs 1 and 2 ).
(ii) We find this MIR structure to be polar, evidenced by its

lignment with the radio jet and other ionized gas emission lines
hat define the NLR. Comparison with the ALMA CO(2-1) nuclear
mission, which is a proxy for the torus orientation, reveals the MIR
tructure to be perpendicular to it, reinforcing its polar orientation
see Fig. 4 ). 

(iii) We derive photometric SEDs across various regions of interest
nd observe that regions along the polar structure are characterized
y SEDs consistent with cooler dust relative to that in disc regions.
ssuming a simple blackbody, we estimate temperatures of the polar

tructure to be ∼ 100 − 120 K (see regions SE1 and NW2 in Fig. 2 ).
(iv) We investigate emission line contamination in the F 1000 W

mage and find that the extended emission ( ∼ 1 arcsec from the
NRAS 532, 4645–4660 (2024) 
ucleus) towards both the SE (see SE2, SE3 in Fig. 2 ) and NW (see
W1, NW2 in Fig. 2 ) regions is contaminated by [S IV ], reaching a

evel of the order of ∼ 50 per cent (see Fig. 5 ). 
(v) We generate a pure dust continuum image from the F 1000 W

lter and unco v er that the dust is more compact, extending up to
1 arcsec on each side of the nucleus. This polar dust appears to be

o-spatial with the radio jet (see Fig. 6 ). 
(vi) We explore the possible heating processes that can contribute

o the polar dust reaching temperatures of ∼ 120 K at D = 100 pc
rom the nucleus and predict, under the assumption of typical ISM
rain size, that local heating by jet-induced shocks can reproduce
imilar temperatures (see Table 2 ). Another heating process, most
ikely arising from illumination through AGN radiation fields, may
lso be at play. 

Future work on self-consistent modelling of radiative transfer
hrough dusty NLR gas with different grain size distributions, fine
uned to the nuclear system in ESO 428-G14, will allow us to under-
tand the origin and main heating mechanism of the extended MIR
ust emission in this AGN. Moreo v er, while our findings indicate
ignificant emission line contamination in ESO 428-G14, it is crucial
o recognize that such contamination may not be a universal feature
n all JWST /MIRI images. Indeed, the extent of contamination could
ery well be object dependent, varying depending on its specific AGN
haracteristics and geometry. Upcoming GATOS sample studies are
oised to offer a comprehensive study of contamination. 
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igure A1. X and Y profiles (left-hand and right-hand panels) through the nucleu
here the output image is saturated in the nucleus (see blue dashed line) compare

ed line). This modified approach was adopted to gain at least two good groups fo
resence of other saturated groups. 
PPENDI X  A :  SA  T U R A  T I O N  

he JWST pipeline consists of three main stages. Stage 1 performs
etector level corrections, stage 2 applies flux calibrations, and
nally, stage 3 combines all frames together to form one image.
ur observations consist of four frames, each frame consists of 50

ntegrations, and each integration consists of 5 groups. By default,
he first (group 1) and last group (group 5) are flagged as ‘do not
se’ by the pipeline to a v oid transient effects between exposures. As
uch, if saturation starts at group 3, then also groups 4 and 5 are
agged as saturated. In this case, only group 2 is flagged as good,
nd the pipeline fails to fit a straight line with only one point. To
rovide the ramp fitting with at least two good groups, we turn off
he ‘first frame’ correction, which ordinarily flags the first group. This
ay, we have at least 2 groups (groups 1 and 2) to perform a linear
t, allowing us to retrieve flux measurements from these otherwise
ompromised pixels. While using only two groups for the ramp fitting
ay introduce some uncertainties in the linearity correction step due

o the limited data points, this approach still provides valuable flux
stimates from otherwise unusable saturated pixels. 

Fig. A1 shows the X and Y intensity profiles across the nucleus
n the F 1500 W image of ESO 428-G14, which experienced the most
aturation in the nucleus. The default JWST pipeline results, depicted
ith dashed blue lines, show where this saturation occurs. We modify

he pipeline by turning off the first frame correction for these pixels,
hereby allowing us to gain more valid groups for the ramp fitting
rocess (see red line). This modification ensures that at least two
roups are available for a reliable fit. 
s of ESO 428-G14 for the F 15000 W filter using the standard JWST pipeline, 
d to the modified pipeline where first frame corrections are turned off (see 

r the linear ramp fitting, thereby ensuring an estimate of the flux despite the 

645/7727506 by U
niversity of N

ew
castle user on 14 August 2024

http://dx.doi.org/10.1093/mnras/stu1006
http://dx.doi.org/10.1086/367612
http://dx.doi.org/10.1038/s41550-017-0232-z
http://dx.doi.org/10.1088/0004-637X/702/2/1127
http://dx.doi.org/10.1088/0004-637X/731/2/92
http://dx.doi.org/10.1111/j.1365-2966.2009.15997.x
http://dx.doi.org/10.1038/nature23906
http://dx.doi.org/10.1086/682252
http://dx.doi.org/ 10.1111/j.1365-2966.2006.11050.x
http://dx.doi.org/10.3847/1538-4365/ac4989
http://dx.doi.org/10.1093/mnras/stx2227
http://dx.doi.org/10.1093/mnras/stz220
http://dx.doi.org/10.3847/1538-4357/ab72f6
http://dx.doi.org/10.1051/0004-6361:20078369
http://dx.doi.org/10.1051/0004-6361/201322698
http://dx.doi.org/10.1086/167737
http://dx.doi.org/10.1086/133630
http://dx.doi.org/10.3847/1538-4357/aba89f
http://dx.doi.org/10.1051/0004-6361:20065177
http://dx.doi.org/10.1046/j.1365-8711.2001.04916.x
http://dx.doi.org/10.3847/2041-8205/828/2/L19
http://dx.doi.org/10.3847/1538-4357/ab989e
http://dx.doi.org/10.1086/682253
http://dx.doi.org/10.1088/1538-3873/acbe66


JWST imaging of dust beyond the torus 4659 

Figure B1. F 560 W– F 1000 W colour image of ESO 428-G14 expressed in units of magnitude. The circles mark the locations of D1 and D2, also identified in 
Fig. 3 . 
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PPEN D IX  B:  DISC  BLOBS  

ig. B1 shows a colour image using the filters F 560 W and F 1000 W .
he flux values from both images are converted to magnitudes using
 = −2 . 5 log 10 (F), where F is flux. The image is colour coded such

hat red indicates redder (cooler) magnitudes, while blue indicates 
luer (hotter) temperatures. This highlights the SF disc regions D1 
in the North-West) and D2 (in the South-East) presented in Fig. 3 ,
aking them stand out against the disc. Interestingly, D1 and D2 are

long a similar PA to the extended polar dust. This alignment hints
o the contribution of AGN activity in their heating. Recent paper 
y Hermosa Mu ̃ noz ( 2024 , submitted) reports on the detection of
F knots along the direction of the outflow in NGC 7172. Future
inematic analysis of ESO 428-G14 would allow us to shed light on
o the nature of these regions. 
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