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Abstract

The polar mid-infrared (MIR) emission detected within tens to hundreds of parsecs in some active galactic nuclei
(AGN) has been associated with dusty winds driven away by radiation pressure. The physical characterization of
this extended polar emission remains uncertain. Here, we combine 10-21 gm JWST/Mid-InfRared Instrument
(MIRI) imaging observations with 7-25 ym JWST/MIRIMRS integral field spectroscopic observations
of six nearby, D = 35.4 + 4.6 Mpc, AGN from the GATOS Survey to quantify the nature of the extended
MIR emission at ~75 pc resolution at 21 um. These AGN have similar bolometric lummosmes
log,o(Lvot [ergs™!) = 44.0 £ 0.3, span a wide range of optical outflow rates, M= 0.003-0.21 M. yr ',

column densities, 10g10(NH “"™[ecm™?])= 22.2-24.3, and Eddington ratios, Agqq = 0.005-0.06. We cross-correlate
the line-only and continuum-only images and find a poor correlation, which indicates that the extended MIR
continuum emission is spatially uncorrelated with the warm outflows associated with narrow emission lines within
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10-15 pm. Line emission is resolved along the jet axis, while dust emission is perpendicular to it. The 75-450 pc
continuum emission has a fairly constant dust temperature, Ty = 132*7 K, and mass, My = 72839 M_... Using the
conditions of energy balance between radiation-pressure and gravity (Agqq versus Ny), we find that our AGN
sample is in the gravitationally bounded regime consistent with no detection of dusty winds. At 10 um, the level
of extended line emission contribution is correlated with the outflow kinetic energy and mass outflow rates. We
find no correlation with the AGN properties. These results indicate that the radio jet may be triggering the gas
outflow and line emission, while the extended dust emission is distributed in molecular clouds and/or shocked

regions.

Unified Astronomy Thesaurus concepts: Dust continuum emission (412); Active galactic nuclei (16); Infrared

astronomy (786)

1. Introduction

Feedback from active galactic nuclei (AGN) is a key
ingredient for regulating gas cooling and subsequent galaxy
growth in galaxies. However, because of the intermittent and
short-lived nature of nuclear activity, studying its impact on
galaxies that are currently active is challenging from an
observational point of view (C. M. Harrison & C. Ramos
Almeida 2024). A way to characterize the localized, in situ
effect of AGN feedback is by studying how the dusty and gas
torus properties vary with AGN luminosity and Eddington
ratio through the use of high-angular resolution observations of
nearby AGN (e.g., C. Ramos Almeida & C. Ricci 2017;
C. Ricci et al. 2017; S. Garcia-Burillo et al. 2019; A. Alonso-
Herrero et al. 2021; S. Garcia-Burillo et al. 2021; C. Ricci
et al. 2023).

The torus has been pictured as an optically and geometrically
thick structure capable of producing obscuration of the broad-line
region along certain lines of sight (LOSs; R. R. J. Antonucci &
J. S. Miller 1985). In the last 10 yr, the Atacama Large Millimeter/
submillimeter Array (ALMA) has permitted the study of the
molecular gas and cold dust in the torus with angular resolutions of
a few parsecs (~5-15 pc). These dusty and molecular tori have a
mean radius of ~42 pc and a molecular gas mass of ~6 X
10° M..,, based on spatially resolved submillimeter observations at
<0”1 resolution of 10-20 nearby Seyfert galaxies (S. Garcia-
Burillo et al. 2016; A. Alonso-Herrero et al. 2018; M. Imanishi
et al. 2018; F. Combes et al. 2019; S. Garcia-Burillo et al.
2021, 2024). A gravitationally unstable dense molecular disk
(T. Izumi et al. 2023) and/or a strong and ordered magnetic
field parallel to the equatorial axis of the dusty torus
(E. Lopez-Rodriguez et al. 2015, 2020) can further support the
accretion flow and the outflowing material within the central
parsecs. Thus, outflows are launched at subparsec scales (e.g.,
M. C. Begelman et al. 1983; R. T. Emmering et al. 1992; D. Proga
et al. 1998; D. Chelouche & H. Netzer 2001; J. C. Weingartner &
B. T. Draine 2001) with the bulk of the dust and molecular mass
being cospatial with the equatorial axis of an optically and
geometrically thick disk feeding gas from tens of parsec to the
central sub-pc scales towards the AGN (E. Lopez-Rodriguez et al.
2018a, 2020; A. Alonso-Herrero et al. 2021; S. Garcia-Burillo
et al. 2021; R. Nikutta et al. 2021a, 2021b). The torus is now
understood as an episodic and dynamic multi-phase structure that
connects the central supermassive black hole and the circum-
nuclear region of the host galaxy via inflows and outflows
(C. Ramos Almeida & C. Ricci 2017; S. Garcia-Burillo et al.
2019, 2021).

Mid-infrared (MIR; N-band: 7-13 pm) interferometric obser-
vations have detected extended emission on parsec scales mostly
along the direction of the radio jet axis and accounting for a
significant portion of the MIR emission (W. Jaffe et al. 2004;

D. Raban et al. 2009; K. R. W. Tristram et al. 2009; S. F. Honig
et al. 2012, 2013; L. Burtscher et al. 2013; N. Lépez-Gonzaga
et al. 2014, 2016; K. R. W. Tristram et al. 2014,
N. Lépez-Gonzaga & W. Jaffe 2016; J. H. Leftley et al. 2018;
V. Gamez Rosas et al. 2022; J. W. Isbell et al. 2022, 2023). This
extended MIR emission component is commonly referred to as
“polar dust” and it has been interpreted as dusty winds driven
by radiation pressure from the AGN (S. F. Honig &
M. Kishimoto 2017; S. F. Honig 2019), therefore becoming part
of the feeding and feedback cycle in AGN. According to
radiation hydrodynamical models, these dusty winds can extend
up to scales of ~1-100 pc and account for up to 90% of the IR
emission within the range of 30—100 pc, while the central ~10 pc
accounts for 50% of the total IR emission (D. Williamson et al.
2020). Because the current IR interferometric observations are
restricted to a few bright and nearby AGN and fields of view
(FOV) of a few parsec scales, MIR (N and Q bands: ~7-20 um)
ground-based observations from single-dish telescopes have been
used to search for polar MIR emission measured on scales of tens
to hundreds of parsecs (D. Asmus et al. 2014, 2015, 2016). These
scales are much larger than the expected torus sizes at the
MIR (<10 pc; J. T. Radomski et al. 2003; R. E. Mason et al.
2006; A. Alonso-Herrero et al. 2011; E. Lopez-Rodriguez et al.
2018a; R. Nikutta et al. 2021a) and in the submillimeter
wavelengths (~40 pc; A. Alonso-Herrero et al. 2021;
S. Garcia-Burillo et al. 2021) where the bulk of the mass
and molecular gas resides (E. Lopez-Rodriguez et al. 2018a;
A. Alonso-Herrero et al. 2021; S. Garcia-Burillo et al. 2021;
R. Nikutta et al. 2021a).

Based on a sample of 149 Seyfert galaxies observed with
8 m class telescopes, D. Asmus et al. (2016) reported that 18 of
the objects (12% of the sample) showed extended MIR
emission along the radio jet axis cospatial with the [OIII]
emission, i.e., the narrow-line region (NLR). They estimated
that the relative contribution of this polar MIR emission is at
least 40%, and it scales with the [O 1V] fluxes. Furthermore,
the IR-X-ray luminosities are found to be correlated with
nuclear X-ray emission irrespective of AGN type and
orientation, within smaller factors of order 2 (P. Gandhi
et al. 2009; N. A. Levenson et al. 2009; D. Asmus et al. 2015).
Thus, the polar MIR emission was interpreted as a continua-
tion of the parsec-scale dusty winds (D. Asmus et al.
2014, 2015). This interpretation was based on the assumption
that the extended MIR emission arises from continuum dust
emission cospatial with the outflowing material in the NLR.
However, the potential line emission contribution included in
the imaging filters was not taken into account.

Previous work reported the presence of ambient dust in the
NLR based on MIR observations (i.e., M. Cameron et al. 1993;
J. J. Bock et al. 2000; J. T. Radomski et al. 2003;
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Table 1

Physical Properties of Our Galaxy Sample
Row # Property ESO137-G034 MCG-05-23-016 NGC 3081 NGC 5506 NGC 5728 NGC 7172
1) Redshift 0.009 0.008 0.008 0.006 0.009 0.009
©)) Distance (Mpc) 38.9 36.2 34.0 26.0 39.7 37.6
3) Scale (pc ~") 189 175 165 126 192 179
4) log, Lacn €rg s~ 43.4° 44.4° 44.1¢ 44.1° 44.1° 44.1°
5) M (M, yrV 0.52° 0.003* 0.04* 0.21° 0.09* 0.005*
©6) MR, yr Y 0.33¢ 0.04¢ 0.03¢ 0.28¢ 0.08¢ 0.03¢
) 10,0 Exin (erg s ") 40.7* 37.8° 39.0° 40.6" 40.3 38.4°
@®) AEdd 0.01 0.06 0.02 0.04 0.05 0.02
) log,y NX™™ (cm™?) 24.3° 22.2° 23.9° 22.4° 24.2° 22.9°
(10) log,y N° (cm™2) 22.61° 22.16 22.90" 23.42° 23.60"
(11) PAjet (deg) 1408 169" 158 700 127 o
(12) PApusiLane (deg) 165 58* 122' 90™ 33, 86" 90°

Notes. Row (1): redshift taken from NED; row (2): distance in units of Mpc; row (3): scale in units of pc arcsec”!; row (4): AGN luminosity in units of erg s row
(5): outflow rate in units of M, yr’l using the optical [O III] emission; row (6): outflow rate in units of M, yr’l using the MIR [Ne V] emission; row (7): kinetic
energy in units of erg s '; row (8): Eddington ratio Agaq = Lagn /Lgqq using 2-10 keV observations; row (9): column density in units of cm™ based on modeling
0.3-150 keV spectrum; row (10): column density in units of cm~2 based on CO observations; row (11): radio jet PA axis in units of degrees east of north; row (12):

dust lane PA axis in units of degrees east of north.

% R. Davies et al. (2020).

® A. Alonso-Herrero et al. (2011).

¢ T. T. Shimizu et al. (2019).

4 L. Zhang et al. (2024b).

€ M. Koss et al. (2017).

'S, Garcfa-Burillo et al. (2024).

€ R. Morganti et al. (1999).

" C. G. Mundell et al. (2009).

' N. M. Nagar et al. (1999).

J A. L. Kinney et al. (2000); B. Sebastian et al. (2020).
X P. Ferruit et al. (2000).

! Nuclear bar from P. Erwin (2004).

m Edge-on disk from M. A. Malkan et al. (1998); R. L. Theios et al. (2016).

" Large-scale bar and nuclear stellar bar from F. Prada & C. M. Gutiérrez (1999).

© S. Smajicé et al. (2012).

E. Lopez-Rodriguez et al. 2016, 2018a; I. Garcia-Bernete
et al. 2016; A. Alonso-Herrero et al. 2021). This dust was
suggested to account for the suppression of line emission (e.g.,
T. M. Heckman et al. 1981; M. M. De Robertis & D. E. Oste-
rbrock 1984; G. M. MacAlpine 1985; M. Whittle 1985;
D. E. Osterbrock 1989; H. Netzer & A. Laor 1993) and
variations in the spatial distribution of the emission across the
NLR (A. C. Quillen et al. 1999). For example, MIR
observations of NGC4151 show a dust contribution of
~27% at 10 yum with a characteristic dust temperature of
165 £+ 15 K at ~100 pc from the AGN, consistent with
ambient dust heated by the AGN (J. T. Radomski et al. 2003).
NGC 1068 has a warmer dust component of 220-260 K across
the northern region of the NLR, which may be due to the shock
front generated by the radio jet and to the higher AGN
luminosity of this Seyfert galaxy (J. J. Bock et al. 2000).
Photoionization and shock models of the NLR estimated that
the IR emission in the NLR accounts for ~10% of the total
emission at 25 um (B. Groves et al. 2006). These models show
the large number of emission lines within the MIR wavelength
range that may be contributing to the total emission observed
using broadband imaging filters (see Figure 5 by B. Groves
et al. 2006). Thus, for years, it has remained unclear whether
the measured extended MIR emission is dominated by dust or
if emission lines account for a substantial contribution.

In the first part of the Galactic Activity, Torus and Outflow
Survey (GATOS) manuscript series, aimed at characterizing
and understanding MIR extended emission in nearby AGN,
Campbell et al. (2025, submitted) showed that line emission
contributions are ~10%—60% across the ~40-500 pc NLR
within the the Mid-InfRared Instrument (MIRI) F1000W filter
using data taken by JWST/Mid-Resolution Spectroscopy
(MRS) MIRI integral field spectroscopic observations of a
sample of 11 nearby AGN (Note that these objects are the
same as those presented in this work, Table 1). The observed
polar MIR emission at scales of >40 pc has a significant
contribution from line emission and varies from object to
object. Thus, the line emission contamination across the polar
MIR emission must be taken into account when interpreting
feeding and feedback mechanisms in AGN.

In this second part of the manuscript series, we aim to
quantify the physical properties of the MIR emission after
removing the line emission contribution in the NLR of nearby
Seyfert galaxies (the same AGN sample as in Campbell et al.
2025, submitted). Here, we provide dust masses and
temperatures that can be used to estimate energy budgets of
AGN feedback mechanisms. This analysis can now be
performed thanks to the combination of sensitivity, angular
resolution, and spectral coverage provided by the integral field
unit (IFU) of MIRI (G. H. Rieke et al. 2015; G. S. Wright
et al. 2015) on board the JWST. Specifically, we make use of
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MIRI imaging and integral field spectroscopy with the MRS
(M. Wells et al. 2015; G. S. Wright et al. 2023; 1. Argyriou
et al. 2023) IFU obtained through two different JWST Cycle 1
General Observer (GO) programs with the purpose of
characterizing the physical properties of the extended MIR
emission using the IFU data. We describe the observations and
data reduction in Section 2. Then, we present the analysis in
Section 3 and discuss it in Section 4. Our main conclusions are
summarized in Section 5. We estimate distances and scales
assuming Hy = 69.6 km s~ Mpc™", Oy = 0.286, and Q, =
0.714 (C. L. Bennett et al. 2014).

2. Observations and AGN sample

Our AGN sample is taken from the JWST Cycle 1 GO
programs #1670 (PL: Shimizu, T.) and #2064 (PI: Rosario, D.,
Hoénig, S., Burtscher, L.) as part of the GATOS>® Collaboration
(A. Alonso-Herrero et al. 2021; S. Garcia-Burillo et al. 2021;
I. Garcia-Bernete et al. 2024a). GATOS aims to understand the
properties of the dusty and molecular gas torus, feedback and
feeding mechanisms, and their connection to their host
galaxies in local AGN. The sample in this manuscript is part
of the larger sample of AGN in GATOS drawn from the 70
Month Swift-BAT All-sky Hard X-ray Survey (W. H. Baumg-
artner et al. 2013). This ensures a nearly complete selection of
AGN with luminosities L4 150 kev >10*? erg s~ ! at distances
of 10-40 Mpc. The selection band also means that the sample
is largely unbiased to obscuration/absorption, even up to
column densities of Ny ~ 10** ¢cm 2. Both the AGN
luminosity and absorbing column are available from the
analysis of the X-ray data (C. Ricci et al. 2017).

Specifically, JWST Program #1670 aims to characterize
and spatially resolve the warm phase of AGN outflows and
map the dust continuum and polycyclic aromatic hydrocarbons
(PAHs) within the central few hundred parsecs using MIRI/
MRS observations. The sample was selected to include six
AGN with similar bolometric luminosities and distances (mean
logo(Lvo1 [erg s71) = 44.0 £ 0.3 and D = 35.4 £4.6 Mpc),
while spanning a wide range of ionized outflow rates
M =0.003 — 052 M. yr'; MA“= 0.03-033 M.,
yr ), where the warm outflow rate at MIR wavelengths is
less affected by dust obscuration. A first analysis of the Cycle
1 JWST/MRS data investigating the nuclear silicate features
and water ices was presented in I. Garcia-Bernete et al.
(2024a). On the other hand, JWST Program #2064 aims to
characterize the extended MIR continuum emission (i.e., the
polar dust) in local AGN using MIRI imaging observations.
The sample was curated with AGN that showed extended
MIR emission using subarcsecond imaging observations from
single-dish telescopes (D. Asmus et al. 2016; D. Asmus 2019)
and milliarcsecond interferometric observations (L. Burtscher
et al. 2013; N. Lopez-Gonzaga et al. 2016). The data reduction
is described in Appendix A. A first analysis of the imaging
data is presented in Campbell et al. (2025, submitted).

Both JWST programs have several AGN in common, which
makes it ideal for our goal of quantifying the line and
continuum contributions across the MIR extended emission in
AGN observed with broadband filters. We use all AGN
observed with MRS (#1670): ESO137-G034, MCG-05-23-
016, NGC 3081, NGC 5506, NGC 5728, and NGC 7172. The
common objects observed (#2064) with the MIRI imaging

36 GATOS website: https: //gatos.myportfolio.com/.
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mode are NGC 3081, NGC 5728, and NGC 7172. The AGN
sample and physical properties are shown in Table 1.

2.1. Line and Continuum Extraction

To characterize the morphology and physical properties of
the extended MIR emission, we study the continuum and line
emission of the central 1 kpc of the AGN in our sample. Note
that all observations have a larger field of view (FOV) with MIR
emission associated with star-forming rings and/or host
galaxies. These features are studied in detail in several GATOS
papers (R. Davies et al. 2024; L. Hermosa Mufioz et al. 2024).
Campbell et al. (2025, submitted) and Appendix B include a
detailed explanation of the techniques used to extract the
continuum and line emission using the MRS observations.
Figure 1 shows the 5.5-18 um spectra of the core (<39 pc) and
the extended MIR emission without the core in an annulus of
39-450 pc. For all objects, we use the same physical scale of
39 pc in radius given by the lowest angular scale of the
furthest object, i.e., NGC 5728 at a distance of 39.7 Mpc
(r=192pc™" x 0.41/2 ~ 39 pc). The spectra contain multiple
lines and PAH features that may contribute to the MIR emission
(Campbell et al. 2025, submitted), and we point to B. Groves
et al. (2006) for the similarities of the synthetic spectra
containing both continuum and emission lines in the NLR using
photoionization and shock models. For the integrated spectra of
these objects, see L. Zhang et al. (2024b). Using the procedure
described in Appendix B, we estimate the integrated continuum
and line emission images in the central 1 kpc of all galaxies in
the F1000W filter (Figure 2).

Note the prominent and ubiquitous PAH features (e.g., 6.3,
11.3 pm) in the extended regions for most of the objects in our
sample (Figure 1). As we are interested in the dust contribution
in the extended region, the PAHs are not analyzed in detail here.
However, we discuss some interesting results already published
on these objects for reference. We note that the strong PAH
emission observed in the extended spectra of our targets,
compared to the nuclear spectra, is consistent with previous
works showing lower equivalent widths of all the PAH bands in
AGN compared to those observed in star-forming galaxies (e.g.,
A. Alonso-Herrero et al. 2014; 1. Garcia-Bernete et al. 2022c).
These differences have been attributed to dilution of PAH
features by the strong AGN continuum (e.g., A. Alonso-Herrero
et al. 2014), PAH destruction by the hard AGN radiation field
(e.g., P. F. Roche et al. 1991; G. M. Voit 1992; R. Siebenmorgen
et al. 2004; 1. Garcia-Bernete et al. 2015; C. Ramos Almeida
et al. 2023), and/or a relative lack of star formation activity in
the central regions of AGN (e.g., D. Esparza-Arredondo
et al. 2018).

The clear detection of PAH features in the extended regions
of several of our targets indicates that ongoing star formation
might indeed be present at circumnuclear scales. Recent
GATOS JWST work has shown that PAHs can survive not
only in the extended regions of AGN, but also along the
outflow direction where AGN-host coupling is strong and even
within the nuclear regions, although their properties are
significantly altered by the harsh AGN radiation field (e.g.,
I. Garcia-Bernete et al. 2022b, 2024b) compared to those in
star-forming regions (e.g., I. Garcia-Bernete et al. 2022b;
D. Rigopoulou et al. 2024). In addition to the radiation field,
shocks may also play an important role in modifying PAH
properties in AGN (e.g., 1. Garcia-Bernete et al. 2024b;
L. Zhang et al. 2024a). Thus, GATOS plans to investigate the
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Figure 1. MIR spectra of the AGN in our sample. The spectra of the extended emission without the core (>39 pc; red) and only the core (<39 pc; blue) are shown.
The black solid line shows the extrapolated continuum used to determine the silicate feature, 797,m = —In(F 7,m/F), from the extended MIR emission without

the core.

kinematics of PAHs in future work to better quantify this role,
making use of principal component analysis-based techniques
such as those presented by F. R. Donnan et al. (2024).

3. Physical Properties of the Extended MIR Continuum
Emission

3.1. MIR Continuum and Line Emission Morphologies

If outflowing material is filled with dust, then one would
expect that the spatial distribution of molecular outflows would
be highly spatially correlated with the spatial distribution of
continuum MIR emission. We study the correlation between
morphological structures in the continuum and line emission
within the MIRI filters. Figure 2 shows an example of the
comparison between the integrated emission line maps and the
total (i.e., continuum+line) and continuum-only MIR emission
for individual galaxies in the F1I000W filter. In Appendix C
(Figures 8-13), we show a visual comparison between the
emission line maps and the total and continuum-only MIR
emission for our galaxies and all filters. It is visually apparent
that the total MIR extended emission of the images has similar
morphological structures as the line emission images for
ESO137-G014, NGC 3081, NGC 5728, and NGC 7172. Spe-
cifically, we find the largest similarities with [S IV] (ionization
potential (IP): 34.8 eV), [Ne V] (IP: 97.1 eV), [Ne 111] (IP: 41.0
eV), and [S 11] (IP: 23.3 eV). These morphological similarities
are less obvious when compared with the continuum-only
emission images (Appendix C, Figures 8—13).

To quantify the spatial correspondence between line,
continuum and total emission maps, we compute the

normalized correlation coefficient, p, between two images as
(i.e., Pearson correlation coefficient)

Sy — I)(hy — b)

p= = —, (D
\/Z,'-IZ?(ILU - 1)’ \/Z?Z?(Iz,ij - 5)?

where I, ; and I, ; are the images to be compared at the i, j
pixel and I and I, are the mean of the images. The value of p
ranges from 1 to —1, with p = 1 if two images are identical,
p = 0 if the images are uncorrelated, and p = —1 if the images
are anti-correlated. In this analysis, we consider the ranges of
p < 0.6, p=1[0.6,0.8), and p > 0.8 as poor (i.e., uncorrelated),
moderate, and strong correlations, respectively.

Figure 3 shows the normalized correlation coefficients for
the line and total MIR emission (solid lines), and line and
continuum emission (dashed lines). We show the mean and
standard deviation of the image cross correlation for the AGN
with detected extended emission, ie., ESO137-G014,
NGC 3081, NGC 5728, and NGC 7172. To avoid an over-
estimation of the normalized correlation coefficients, we
masked the central point-spread function (PSF; i.e., the core)
at a constant spatial scale, i.e., a radius of 39 pc at F1000W,
and 75 pc at F1500W and F2100W. This spatial distance
corresponds to a ~15%—-20% flux level from the peak pixel of
each galaxy. In addition, to avoid an underestimation of the
normalized correlation coefficients, we masked the fluxes
below 1% of the peak flux of each image. These two
conditions ensure that the correlation is performed using only
the bona fide extended emission for each image. Appendix D
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Figure 2. Continuum and line emission images matching the wavelength range of the F1000W MIRI filter constructed from MRS observations. MIRI (first column),
“MIRI-like” (second column), continuum (third column), and line (fourth column) images of the central 1 kpc of ESO137-G0134 (first row), MCG-05-23-016
(second row), NGC 3081 (third row), NGC 5506 (fourth row), NGC 5728 (fifth row), and NGC 7172 (sixth row). Contours (white lines) increase in steps of
[1, 5, 10, 30, 50, 70]% from the peak flux. The contour at a 10% level (thick white line) from the peak flux is shown for reference. The orientations of the radio jet
(black dashed line), dust lane (blue dotted line), and stellar bar (red line; only for NGC 5728) axes are shown. The beam (yellow circle) of the observations is shown.

shows the correlation coefficients for each galaxy and emission
line within each filter (Figure 14).

Overall, we find that the total MIR emission images have a
moderate correlation (p ~ 0.6-0.8) with the morphological
structures of the line emission images in the 10-21 um
wavelength range. This correlation becomes poor (p < 0.6)
when the line emission and continuum emission images are

compared in the F1000W and F1500W filters. This result
indicates that the 39-450 pc extended MIR continuum
emission is uncorrelated with the extended emission lines in
the 10-18 ym wavelength window. Moderate correlations are
found in the F2100W filter. This correlation may be due to the
low angular resolution of the F2100W observations and a
diffuse and extended cold dust component from the host
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line), and line and continuum (dashed line) emission in the F1000W (left), F1500W (middle), and F2100W (right) filters. The ranges for strong, moderate, and
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galaxy, making the extended emission in both line and
continuum appear diffuse and smooth across the NLR (see
images in Appendix C). We describe the morphological
comparison of each galaxy in detail in Appendix D.

3.2. Extended MIR Continuum and Line Emission and the
Radio Jet

Figure 2 shows that the line emission morphology is
elongated along the radio jet axis for all galaxies. Except for
MCG-05-23-016, its line emission morphology is partially
resolved along the jet axis. This result may indicate that the
radio jet may be triggering the gas outflow and line emission.
In terms of the dust emission morphology, for most of the
objects, i.e., ESO137-G034, MCG-05-23-016, NGC 5728, and
NGC 7172, the continuum emission is perpendicular to the
radio jet axis. This result may indicate that the dust is
gravitationally bound in a disk/torus structure (Section 4.3).
The relationship between dust properties and survival with
jet properties will be explored in a companion manuscript
(H. Haidar et al. 2025, in preparation).

3.3. Dust Mass and Temperature

We compute the spectral energy distributions (SEDs) within
the three simulated MIRI imaging filters for the entire 1 kpc
FOV (including the core), for the 75-450 pc extended
continuum emission (without the core), and only for the
<75 pc nuclear continuum emission. To perform an analysis
with a consistent spatial scale across the AGN sample, we
define the core as the central 75 pc in radius. Figure 4 shows
the 9-25 um continuum SEDs.

We characterize the 9-25 ym continuum SEDs using a
single-temperature modified blackbody function expressed as

3
F(Mq, 8, To) = ﬂjkh(i) B,(Ty, @
D [0}

where M, is the dust mass, D is the distance to the source, k),
is the dust mass absorption coefficient of 0.29 m* kg~ ' at a
wavelength of \g = 250 um (D. V. Wiebe et al. 2009), [ is the
dust emissive index, and B,(Ty) is the blackbody function at a
characteristic dust temperature Tj.

We have three free model parameters: My, 3, and T4 that we
fit within the 9-25 pym wavelength range using the continuum
SEDs of the MIRI imaging filters F1000W, F1500W, and
F2100W (red dashed lines in Figure 4). The free parameters
are sampled within the range of My = [100, 1000] M.,
8 = [1, 2], and Tq = [50, 200] K using 1000 steps. We
minimize the normalized x? to find the best-fit parameters and
use the first quartile to quantify the uncertainties of each best-
fit parameter.

Figure 4 shows the best-fit modified blackbody function for
the galaxies (i.e., ESO137-G034, NG 3081, NGC 5728, and
NGC7172) with extended continuum emission. Using these
galaxies, we estimate a mean Ty = 132JI; K, My = 728f§? M.,
and B = 1.37)] for the MIR extended continuum emission
within an annulus of 75-450 pc around the AGN.

4. Observational and Theoretical Evidence

We discuss several observational measurements of the
extended MIR emission and put them in the context of AGN
and outflow properties.

4.1. Line Emission Contribution and AGN Properties

One of the key results of Campbell et al. (2025, submitted)
is that the level of emission line contamination varies
significantly from object to object. Specifically, the emission
line contributions at 10 gm within the 39-450 pc radius across
the NLR are 41% + 11%, 0.5% £ 0.5%, 10% + 3%, 6 + 2,
37% =+ 18%, and 2% =+ 0.7% for ESO137-G034, MCG-05-
23-016, NGC 3081, NGC 5506, NGC 5728, and NGC 7172,
respectively. Here, we investigate whether the amount of
emission line contribution is somehow correlated with the
AGN and outflow properties listed in Table 1. Figure 5 shows
the studied correlations. Given the small number of statistics,
we provide tentative trends until a larger AGN sample is used.

Among the possible correlations, we find one between the
level of line emission contribution and the ionized outflow
kinetic energy, E,. A weak correlation is shown between the
line emission contribution and the ionized and warm mass
outflow rates. We find that the AGN properties given by the
bolometric luminosity, Lagy, and Eddington ratio, Agqq, do not
correlate with the level of line emission contribution across the
NLR. Additionally, we find that the line emission contribution
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is not correlated with dust mass or dust temperature across the
NLR. This agrees with the result that the line emission
morphology is spatially correlated with the jet axis (Figure 2,
Section 3.2), which also suggests that line emission contrib-
ution is not correlated with the Eddington ratio or AGN
properties.

These results suggest that the ionized and warm outflow
properties may be related to the level of line emission
contribution across the NLR, rather than the AGN properties.
As the MIR spectra have a higher contribution of emission
lines in the 10 um window (Figure 1), this results in a higher
level of line emission contribution at 10 gm. This may explain
the overestimation of dust emission using a single image from
the interferometric observations. Additionally, the low level of
dust across the NLR may also be explained by the outflow
kinetic energy, which can produce the destruction of dust
grains across the NLR, for example, via kinetic sputtering
(e.g., A. P. Jones 2004).

4.2. The Dust Mass

We estimate a fairly constant dust mass content of 728739 M.,
at a constant dust temperature of 13277 K, within the 75-450 pc
across the NLR for the AGN with extended MIR emission after
line emission removal (Section 3.3). In addition, we found that
the line emission contribution depends on the outflow properties
(Section 4.1). These results may indicate that the dust emission
producing the 5.5-25 ym emission is uncorrelated with the
outflow properties.

Assuming a homogeneous distribution of dust within an
annulus of 75-450 pc and a width of 75 pc with a quarter of
the volume filled with dust (i.e., NLR), we estimate a dust

surface density of ~ 107> M, pc > and a dust density of
~107" cm™’, assuming a typical dust grain mass
mg = 1.26 x 10~>* g (with radius of 0.1 zm and density 3.5 g
ecm* for silicates with chemical composition MgFeSiOy;
J. C. Weingartner & B. T. Draine e.g., 2001; V. Zubko et al.
e.g., 2004). These results are similar to the physical conditions
in the solar neighborhood interstellar medium (ISM),
nge ~ 1.1 x 1072 cm™? and several orders of magnitude
smaller than the typical particle dust density of 10 cm for the
cold ISM with Ty ~ 100 K (D. C. B. Whittet 1992, 2022). The
low density brightness of the dust within the 75450 pc in
comparison with the typical cold ISM in the Galaxy is
compatible with the low Ay /Ny ratio in AGN measured by
R. Maiolino et al. (2001a, 2001b).

Our results indicate that most of the estimated dust mass
may be located in several molecular clouds or shocked regions
of less than or equal to tens of parsec scales (i.e., much smaller
than the beam of the observations) covering the NLR for
NGC 3081 and NGC 5728. For these two galaxies, the MIR
extended emission is very compact around the nucleus,
extending along the dust lane for NGC 5728, and along the
S-shape spiral arms parallel to the jet axis for NGC 3081. The
MIR emission is more extended in ESO137-G034, which may
arise from a diffuse dust screen in the NLR galaxy. The result
that the dust may be located in molecular clouds, shocked
regions, and/or diffuse components in the NLR indicates that
the 75450 pc MIR emission is not a dust-filled component
along the entire NLR, but rather a small-volume filling factor
located in molecular clouds and shocked regions within the
NLR. This result is consistent with the poor correlation
between the spatial morphologies of the dust continuum and
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Figure 5. Correlations of the line emission contribution with AGN and outflow properties. The line emission contribution from Campbell et al. (2025, submitted) is
plotted as a function of the AGN luminosity (top left), Eddington ratio (top middle), dust mass (top right), dust temperature (bottom left), mass outflow rate (bottom
middle), and outflow kinetic energy (bottom right). The outflow mass rates using optical [O 1II] emission (blue) and MIR [Ne V] emission (red) are displayed. These

values are shown in Table 1.

line emission tracing outflowing material in these objects
(Section 3.1).

4.3. Dusty Wind versus Disk

Several of our objects have low-surface brightness extended
MIR emission within 75-450 pc scales (Figure 2) with a
Ty = 1327 K and My = 72837 M., (Section 3.3). The dusty
tori of nearby Seyfert galaxies have been measured to have a
median molecular mass of ~6 x 10° M, and a diameter of
~42 pc (S. Garcia-Burillo et al. 2021). These results may
suggest that AGN radiation pressure may not be efficient to lift
dust up to 75-450 pc scales in these relatively low Eddington
ratio objects. This result has physical consequences to explain
the required momentum to carry that mass out by only taking
into account radiative pressure-driven mechanisms and other
physical mechanisms, i.e., dragging effects, dust destruction
mechanisms, anisotropic radiation, photoevaporation, and
efficiency of the radiative-driven mechanism, may need to be
included.

From a theoretical framework, three-dimensional radiation-
dynamical simulations of dusty winds in AGN estimated that
to observe dusty winds with clouds of Ny = 10* and 10**
em 2, Aeaa<0.09 and 0.15 are required, respectively
(M. Venanzi et al. 2020). Ny is the column density of the
cloud, and Ag4q is the Eddington ratio of the AGN for dust-free
gas. The energy balance between AGN radiation and gravity is

given by

)\Edd = %O’TNH = 0.044NH!23 (3)
(Equation (18) by M. Venanzi et al. 2020), where
or = 6.6525 x 1072 cm 2 is the Thomson scattering cross
section, and Np3 is the normalized column density to
Ny/(10% cm™?).

Figure 6 shows the nuclear hydrogen column density as a
function of the Eddington ratio (see A. C. Fabian et al. 2008,
where such diagrams were first discussed in the context of
dusty gas). The nuclear hydrogen column density was
estimated using CO and X-ray observations, and the Eddington
ratios are shown in Table 1. The X-ray observations measure
the column density along the line of sight (LOS) for a given
inclination, which may be different from the column density of
the molecular gas. A comparison of both X-ray and CO
column densities using 45 Seyfert galaxies from the GATOS
sample (A. Alonso-Herrero et al. 2021; S. Garcia-Burillo et al.
2021, 2024) showed that galaxies with high X-ray obscuration,
1og10(N§§*fay [cm~2]) > 22, lie below the 1:1 relation. Thus,
our galaxy sample with log,o(Ny ™ [em~2]) > 22.2 may be
considered as lower limits of the CO column density.
However, this is not always the case. The CO column
densities may be 1-2 orders lower than the X-ray column
density (Figure 6). The CO column densities were estimated
using ALMA CO(2-1) within apertures of ~22-93 pc. The
differences between X-ray and CO column densities may be
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Figure 6. Column density as a function of the Eddington ratio as a proxy of the AGN radiation pressure vs. gravity balance to generate dusty winds. The CO nuclear
column density (left) and X-ray nuclear column density (right), the Eddington ratios, and the outflow mass ratio (color scale) are shown in Table 1. The theoretical
limit (Equation (3)) between gravitationally bounded and IR radiation pressure bounded (dashed line) is taken from M. Venanzi et al. (2020).

caused by several factors. For example, (a) the difference of
the gas and dust traced along the LOS, (b) the size, absorption,
and number of clumps traced by the X-rays, and (c) a deficit of
molecular gas in the core of the galaxy. The deficit of nuclear
molecular gas may underestimate the column density of the
molecular gas lifted by the AGN, but it also may imply that
this molecular gas has already been lifted up by the AGN or
cleared up by some ejection event from the AGN.

We find that most objects in our sample lie within the
gravitationally bounded region. This result implies that the
molecular gas and dust are mainly located on an optically and
geometrically thick disk in which the AGN radiation pressure
may not be enough to lift up the material to generate dusty
winds. This result is unclear for NGC 3081, in which X-ray to
CO column densities vary by 1.79 dex, potentially by a deficit
of CO in the core (V. Ramakrishnan et al. 2019). For MCG-
05-23-016, it was not possible to estimate the CO column
density due to low-quality molecular gas data.

Recent results using >40 Seyfert galaxies show that most of
the objects with log,,(N;y ™ [cm~2]) > 22 lie on the grav-
itationally bounded region (i.e., dusty disk) (I. Garcia-Bernete
et al. 2022a; S. Garcia-Burillo et al. 2024). For these objects,
the IR SEDs were better explained by dusty torus models
(M. Nenkova et al. 2008a, 2008b; O. Gonzdlez-Martin et al.
2023) rather than dusty4+wind models (S. F. Honig &
M. Kishimoto 2017). In addition, within the sample of 12
Seyfert galaxies observed by GATOS, >60% of the objects lie
in the gravitational bounded region (A. Alonso-Herrero et al.
2021; S. Garcia-Burillo et al. 2024). Many objects show upper
limits on their column density derived from CO data (S. Gar-
cia-Burillo et al. 2024), indicating a deficit of molecular gas
within the central <50 pc, which locates them at the boundary
of the gravitationally bounded versus IR polar outflows with a
lo statistical significance. From these objects, NGC 3227,
NGC 1365, and NGC 4388 are in the dusty wind region within
1o statistical significance due to the large uncertainties of the
Eddington ratio. Even though these studies favor the gravita-
tional bounded regime, the large uncertainties of these
measurements make it unclear if the Ny — Aggq plot can
reliably distinguish the dusty wind scenario. For the column

10

density, the molecular gas may have already been cleared from
the nuclear region due to a previous ejection event or
inefficient accretion flows, which may produce a false positive,
favoring the dusty wind scenario. For the Eddington ratio, the
black hole mass can have an uncertainty of several orders of
magnitude, resulting in many objects falling within the lo
uncertainty of the boundary between the two regimes. Overall,
the presence of a polar dusty outflow in these sources can be
ruled out at distances of >40 pc from the AGN; however, our
findings indicate that if this component is present, it is very
compact, with a diameter of <40 pc (as sampled here) in
Seyfert galaxies.

4.4. The 9.7 um Silicate Feature

The dusty winds are thought to be optically thin and have a
large covering factor along the polar direction at a radius of
~100 pc (e.g., D. Asmus et al. 2016; D. Asmus 2019). Under
this condition, the dusty winds should not show a 9.7 ym
silicate feature in absorption. According to dusty wind models
(S. F. Honig & M. Kishimoto 2017), these dusty winds must
be silicate-poor, as this dust is launched from the inner region
of the torus, where silicates should be sublimated. We extract
the spectra of the extended MIR emission without the core
(39-450 pc) for the AGN in our sample (Figure 1) and
estimate the silicate feature 797,m = —In(Fo7,m/F), where
Fo7,m and F. are the observed and interpolated continuum
fluxes at 9.7 um. We interpolated the continuum over the
silicate feature within the 7.8—-13 ym wavelength range. We
find that all objects have a silicate feature in absorption in the
range of 79 7,m = 0.32-1.85. The 7.7 um PAH feature affects
the determination of the 9.7 um silicate feature . Specifically,
this feature in the extended spectra causes an overestimation of
the silicate features. Here, we are interested in the 9.7 pm
silicate feature itself rather than in an accurate estimation of it.
The result of measuring the 9.7 um silicate feature is already
important to discuss in the context of the polar winds. We note
that NGC 3081 and MCG-05-23-016 have the shallowest
feature, and in combination with the 7.7 um PAH feature,
makes it a tentative detection. The MIR spectra of NGC 3081
using CanariCam on the 10.4m Gran Telescopio Canarias
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(0. Gonzalez-Martin et al. 2013) and of MCG-05-23-016
using MRS /JWST (D. Esparza-Arredondo et al. 2025) show a
shallow 9.7 um silicate feature confirming the detection. This
result indicates that the observed extended continuum emission
arises from a dust component in the host galaxy for ESO137-
G034 and NGC 5728, and from a dust lane for NGC 3081 and
NGC 7172. This silicate feature is present in the extended
emission for the point-like dominated sources, MCG-05-23-
016 and NGC 5506, due to the extended emission of the
central PSF. For MCG-05-23-016 and NGC 5506, the core
and extended SEDs show different shapes at the longest
wavelength, which indicates that there may be an extended
cold dust component. This component may be the
extended emission along the dust lane direction observed at
the 11.2 um narrowband image, which is also observed by
I. Garcia-Bernete et al. (2016). The detection of silicate
absorption rules out that the dust emission observed in several
of our objects arises from dusty winds in the NLR.

4.5. IR Polarization

If the dusty winds are optically thin, this is an excellent
condition to obtain the polarization signature of aligned dust
grains at IR and submillimeter wavelengths. If dust grains are
driven away by the AGN radiation pressure, the long axis of
the grains will align along the direction of the AGN radiation.
This dust alignment mechanism is known as the “k-RAT”
alignment (A. Lazarian & T. Hoang 2007). In case k-RAT is
important in AGN, the observational signature by polarization
absorption will produce an azimuthal pattern (E-vector) with
the position angle of polarization perpendicular to the radial
direction to the AGN along the dusty wind with polarization
levels of a few percent in the ~1-10 yum wavelength range.
The observational signature due to polarized thermal emission
will be a radial pattern (E-vector) pointing to the AGN along
the dusty wind at levels of a few percent at wavelengths
~10-1000 pm. However, there is no observational evidence of
the k-RAT alignment mechanism in any astrophysical object
(including star formation regions, AGB stars) (e.g., R. Tazaki
et al. 2017; C. L. H. Hull et al. 2022; V. J. M. Le Gouellec
et al. 2023), favoring that dust grains are aligned by magnetic
fields (B-fields) in the ISM (i.e., “B-RAT” alignment
mechanism). In case B-RAT is important, the long axis of
the dust grains will align perpendicular to the local B-field
orientation. Thus, the polarization angle due to B-RAT is
perpendicular to that from k-RAT.

The 1-5pum wavelength regime is dominated by dust
scattering in the NLR or magnetically aligned dust grains
parallel to the dust lane of the galaxy (C. Brindle et al.
1990a, 1990b, 1990c; C. Packham et al. 1997; J. P. Simpson
et al. 2002; M. Watanabe et al. 2003; E. Lopez-Rodriguez
et al. 2015, 2017). MIR (7-12 um ) polarimetric observations
show (a) unpolarized cores in all radio-quiet AGN, and (b)
scattering or magnetically aligned dust grains in the NLR as
dominant polarization mechanisms (E. Lopez-Rodriguez et al.
2018a). These observations were performed using CanariCam
on the 10.4m Gran Telescopio Canarias with an angular
resolution of 0”3. These observations showed extended IR
polarization at scales of ~25-90 pc along the NLR in
NGC 1068 and NGC4151 (E. Lopez-Rodriguez et al.
2016, 2018a). For NGC 4151, the position angle (PA) of
polarization is roughly perpendicular to the radio jet axis with
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polarization levels of ~1%. For NGC 1068, the PA of
polarization was measured to be uniform at ~44° and with
high polarization levels, ~7%, at ~10-40 pc north of the
AGN. For both objects, the polarization extends beyond the
NLR, indicating that dichroic absorption by magnetically
aligned dust grains in the host galaxy is the main polarization
mechanism. These results suggested that an extended dust
component irradiated by the AGN, reradiating at 7-15 ym and
magnetically aligned by the local B-field in the galaxy, is
present. IR (1-12 um) polarization rules out the presence of
dust associated with dusty winds in the NLR at 10-100 pc
scales.

At submillimeter wavelengths, 860 pm ALMA polarization
observations with a resolution of 0”707 (4.2 pc) resolved the
polarized thermal emission of the dusty torus of NGC 1068
(E. Lopez-Rodriguez et al. 2020). The polarization is
dominated by magnetically aligned dust grains with a B-field
orientation parallel, 109° + 2°, to the equatorial axis of the
torus and with a polarization level of 3.7% =+ 0.5%. These
observations also found a highly polarized, >5%, component
with a position angle of ~0° east of north (E-vector) extending
up to ~30 pc north above the dusty torus. The high
polarization and the spectral index of this component
(S. Garcia-Burillo et al. 2019) indicated that the polarization
is due to synchrotron polarized emission with a toroidal B-field
perpendicular to the radio jet axis. Thus, resolved thermal
polarized emission from dust grains at parsec scales has not
found the signature of dusty winds, neither by magnetically
nor radiatively aligned dust grains. Further, emission line
polarization associated with molecular outflows is required to
characterize the correlation between velocity fields and
magnetic fields in outflows.

5. Conclusions

We have presented an analysis of the physical properties of
the MIR extended emission in a sample of six Seyfert galaxies
using JWST/MIR MRS IFU observations from the GATOS
survey. These galaxies are nearby, 35.4 =+ 4.6 Mpc, have
similar luminosities, log;o(Lvoi [erg s~']) = 44.0 + 0.3, and
a wide range of outflow rates, Moolﬁt =0.003 — 0.52 M yr ',
column densities, loglO(NIf*ray [cm2])=22.2-24.3, and
Eddington ratios, Apgq = 0.005-0.06. These galaxies were
selected from a Cycle 1 JWST GO Program curated with
objects that showed prior extended MIR emission using IR
interferometric and single-dish telescope observations. In our
companion manuscript, Campbell et al. (2025, submitted)
estimated that the extended MIR emission is highly con-
taminated by line emission contribution ranging from a few
percent up to 60% across the NLR. Building on these results,
we quantified the physical properties of the MIR extended
emission. Our main results are:

1. Our morphological comparison, using the Pearson
correlation coefficient, showed that the continuum
images (i.e., line emission subtracted) are weakly
correlated (p < 0.6) with the emission line images
within the 39-450 pc radius. These results suggest that
the dust continuum emission is not spatially correlated
with the distribution of line emission from the warm gas
associated with outflows in the NLR.
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2. We computed the SEDs of the extended MIR continuum
emission within the 75-450 pc in radius and fitted a
modified blackbody function. We estimate that the
extended MIR continuum component is characterized
with Ty = 1327 K, My = 72839 M, and 3 = 1.3%01.
We also show that all SEDs show silicate features.

3. We find that the line emission morphology is elongated
along the radio jet axis, while the 10 pm continuum dust
emission is preferentially oriented perpendicular to the
radio axis.

4. We find a correlation between the level of line emission
contribution and the outflow kinetic energy. A weak
correlation is shown between the line emission contrib-
ution and the mass outflow rate, M,,,. We find that the
AGN properties given by the bolometric luminosity,
Lagn, and Eddington ratio, Aggqq, do not correlate with
the level of line emission contribution across the NLR.
These results indicate that the outflow properties define
the level of line emission contribution across the NLR
rather than the AGN properties.

We argued that the weak correlation between line and
continuum emission morphologies, the correlation between line
emission and outflow kinetic energy, and the additional observed
silicate features, dust polarization of the MIR continuum
component, are incompatible with dust being directly associated
with dusty winds in the 39-450 pc radius across the NLR. In
addition, our objects favor the gravitational bound regime (i.e., a
dusty disk) proposed by three-dimensional radiation-dynamical
simulations of dusty winds in AGN.

Our results put constraints on the extension of the MIR
emission associated with dusty winds to be at scales <20 pc,
which coincides with the median diameter, ~42 pc, of the
molecular and dusty torus (S. Garcia-Burillo et al. 2021). Note
that the bulk of the dust mass is better traced at submillimeter
wavelengths (E. Lopez-Rodriguez et al. 2018b; A. Alonso-Herr-
ero et al. 2021; R. Nikutta et al. 2021a, 2021b). This locates the
potential dusty wind in the funnel of the torus width (e.g.,
V. Gamez Rosas et al. 2022). To physically characterize a dusty
component and associate it with a wind, high-angular resolution
(<0:1) and 1-1000 um IFU observations are required, which is
beyond the capabilities of the JWST except for a few nearby,
<10 Mpc, AGN. Alternatively, the use of the Aperture Masking
Interferometer on board JWST is a very promising observing
mode, which can provide 1-10 parsec-scale resolution in nearby
AGN (E. Lopez-Rodriguez et al. 2025).

Our observations suggest that the extended 39-450 MIR
emission arises from dust in molecular clouds or shocked regions
across the NLR. In addition, we estimated that the extended MIR
emission component has a fairly constant dust temperature and
mass, and it is uncorrelated with AGN and outflow properties.
This result favors the idea that the dust component is not spatially
correlated with the warm outflows in the NLR. However, a
statistical sample spanning a wide range of AGN and outflow
properties is required to confirm these results. This work calls for
a reassessment of many observational and theoretical studies of
the extended IR emission in AGN.
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Appendix A
Data Reduction

JWST Program #1670 uses MRS IFU spectroscopy in four
wavelength channels: chl (4.9-7.65 pum), ch2 (7.51-11.71 pm),
ch3 (11.55-18.02 pm), and ch4 (17.71-28.1um) with a spectral
resolution of R ~ 3700-1300 (A. Labiano et al. 2021). The pixel
sizes are 07196, 07196, 07245, and 07273 for chl, ch2, ch3,
and ch4, respectively. The full width at half-maximums
(FWHMs) are 0735, 0741, 0”76, and 0”9 in chl, ch2, ch3, and
ch4, thus the PSFs of MRS are undersampled from a factor of
~2 at ~5 um to a factor of ~1.1 at 25 um (see Figure 12 by
I. Argyriou et al. 2023). The FOVs are 372 x 372,4"0 x 47,
5”2 x 6”1, and 6”76 x 7”6 for chl, ch2, ch3, and ch4,
respectively. We take a flux calibration uncertainty of 5.6%
for the MRS observations (I. Argyriou et al. 2023). Further
details about this mode can be found in I. Argyriou et al. (2023)
and J. Rigby et al. (2023).

37 https: / /svo.cab.inta-csic.es
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We processed our MIRI MRS observations using the JWST
Calibration pipeline (version 1.11.4) and the calibration context
1130. We followed the standard MRS pipeline procedure by
A. Labiano et al. (2021) and the same configuration of the
pipeline stages described in M. Pereira-Santaella et al. (2022),
I. Garcia-Bernete et al. (2022c, 2024a) to reduce the data. Some
hot and cold pixels are not identified by the current pipeline, so
we added some extra steps as described in I. Garcia-Bernete
et al. (2024a). The data reduction is described in detail in
I. Garcia-Bernete et al. (2022c¢, 2024a), M. Pereira-Santaella
et al. (2022). For each MRS channel, the total exposure (i.e., on-
source) times are 2293 s, 1121s, 4587s, 2198s, 4205 s, and
1110s for ESO137-G034, MCG-05-23-016, NGC 3081,
NGC 5506, NGC 5728, and NGC 7172, respectively.

JWST Program #2064 uses MIRI imaging in three
broadband filters: F1000W (A, = 10.0 um, A\ = 1.80 um),
FIS00W (A\. = 15.0um, AX = 2.92 ym), and F2100W
(Ac = 21.0 pum, A\ = 4.58 pm). The pixel size is 0”11 and the
FOV of the SUB256 array is 28”2 x 18”2. The FWHMs are
0733, 0749, 0767 for F1000W, F1500W, F2100W, respec-
tively. Further details about MIRI can be found at J. Rigby
et al. (2023) and M. Libralato et al. (2024).

For all MIRI imaging observations, the SUB256 array and
the FASTR1 readout pattern were used to avoid saturation
with 50 integrations, five groups, and one frame per
observation within a 4-point dither pattern. For the FI500W
and F2100W bands, background field observations were taken
with the same instrumental configuration and 2-point dither to
remove the thermal background. The data were reduced using
the standard JWST pipeline Python package v10.2 with CRDS
reference files JWST_1097.PMAP. All objects have a total
exposure (on-source) time of 358 s at each MIRI filter. We
take a flux calibration uncertainty’® of 3% for the MIRI
imaging observations.

Appendix B
Extraction of the MIR Extended Emission Using MRS
IFU Data

To estimate the contribution of the continuum and line
emission across the extended MIR emission, we obtain the
emission lines using the MRS observations within the MIRI
imaging filters. As an example of this procedure, Figure 7
illustrates the steps to compute the emission line and
continuum images using NGC 5728 in the F1000W filter.
We perform the following steps:

1. We select the MRS subchannels within the wavelength
range of a given MIRI imaging filter. The wavelength
range of an MIRI imaging filter is given by its
throughput, which we take from the Spanish Virtual
Observatory>® (SVO; C. Rodrigo et al. 2012; C. Rodrigo
& E. Solano 2020). We use the full wavelength range of
the filter down to zero throughout the response in this
analysis. We found flux jumps between subchannels at
spaxels with high intensity within the FOV. These flux
jumps may be due to features in the flat-field and/or
background subtraction. To correct the flux jumps, we

3 JWST MIRI photometric calibration: https://jwst-docs.stsci.edu/jwst-
data-calibration-considerations /jwst-calibration-uncertaintiesWSTCalibration
Uncertainties-MIRI.

39 JWST filter throughputs were obtained from the SVO at http://svo2.cab.inta-
csic.es/svo/theory /fps3/index.php?mode=browse&gname=JWST&asttype=.
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scale adjacent subchannels such that the subchannel with
the higher flux is equal to the subchannel with the lower
flux. We select this approach because it minimizes
morphological artifacts due to overestimated fluxes in
regions with steep flux variations (e.g., spaxels surround-
ing the core).
2. We identify the emission lines in the MRS observations
within the wavelength range of the MIRI imaging filter.
To optimize the emission line identification, we max-
imize the signal-to-noise ratio of the emission lines by
computing the total spectra of the full FOV of the MRS
cube. We identify the most common emission lines
present in AGN reported by S. Satyapal et al. (2021) and
use the atomic line list for atoms and molecules from the
Infrared Space Observatory (ISO) Spectrometer Data
Center.”” We identify the following most prominent
emission lines in the MIRI imaging filters:
a. F1000W: [Ar 1] [8.9914 pm], [Fe viI] [9.5267 um],
H,0-0S(3) [9.6649 pm], and [S1V] [10.5105 pm].
b. F1500W: [Nel] [12.8136 pm], [ArV] [13.1022
pm], [Ne V] [14.3217 pm], [NeII] [15.551 pm], and
H,0-0S(1) [17.0348 pm].

c. F2100W: [Fe11] [17.9360 pm], [S11] [18.7130 pm],
and [Ne V] [24.3175 pm]

3. We extract the emission lines spaxel by spaxel. Note that
emission lines can be composed of multiple components;
however, a multi-component analysis of these lines will
be the subject of upcoming GATOS papers. We identify
a line-free region using the total spectrum computed in
step 2. Specifically, we use the line-free regions of
AN = [9.3, 9.5], [14.0, 14.2], and [21.0, 22.0] um for
F1000W, F1500W, and F2100W, respectively. For each
spaxel, we estimate the standard deviation of the
continuum, o, within the AX wavelength range. Then,
we find the wavelength at the location of the peak line
emission, A\yps, and estimate the adjacent continuum flux,
F., as the mean of the spectrum at +0.1 um from the
peak flux. This ensures we cover broad components, if
present. We set the lower, \;, and upper wavelength, A,
ranges of the emission line when the line flux is equal to
or smaller than 1o, of the adjacent continuum level, i.e.,
F,, < It + lo.. We subtract the continuum flux from
the emission line within the [\, A,] wavelength range.

4. At this stage, we have subcubes of the identified
emission lines within the wavelength range of a given
MIRI imaging filter. We scale the fluxes of the subcubes
across the wavelength range using the throughput curve
of the MIRI imaging filter. Specifically, the area of the
throughput curve is set to unity and resampled to the
wavelength pixel scale of the MRS observations. Then,
we multiply the scaled and resampled throughput curve
by the emission line fluxes at each wavelength. We
compute the image of each emission line by integrating
the flux per spaxel.

5. The total contribution of emission lines within the MIRI
imaging filter is estimated by integrating all the emission
line images. We scale the fluxes of the subcubes across
the wavelength range using the throughput curve of the
MIRI imaging filter, as mentioned in step 4.

0 The atomic line list v2.04 can be found at https://www.mpe.mpg.de/ir/
ISO/linelists /index.html.
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Figure 7. Steps to extract the emission lines from the MRS observations and to compute the line emission, line-free, and “MIRI-like” (continuum-+line) images
within an MIRI imaging filter. As an example, we show the MRS observations of NGC 5728 and the F1000W filter. Step 1: Select MRS subchannels within the
wavelength range of a given MIRI imaging filter. Step 2: Identify emission lines within the wavelength range of an MIRI imaging filter. The F1I000W throughput
(orange line), the integrated spectrum (blue line) within the full datacube, and the identified emission lines are shown. Step 3: Extract the emission line per spaxel.
The [S 1V] emission line (blue line), the wavelength at the peak flux, Ay, and the lower, A, and upper, \,, wavelengths at which the emission line flux satisfies
Fy, < F. + lo; (green dashed line), are shown. The continuum-subtracted line (red solid line) is shown. Step 4: Compute emission line images. The integrated
emission lines (e.g., [Ar 111], [Fe viI], H,0-0S(3), and [S 1V]) identified in the F1000W filter of the central 1 kpc of NGC 5728 are shown. Step 5: Compute the total
contribution of the emission lines within the MIRI filter. Step 6: Fit the continuum emission. The spectrum of a single spaxel with the third-order spline curve (black
line) fitted to the continuum emission (red line) with masked emission lines (blue line) and broad lines (e.g., PAH at 11.3 um; green line) is shown. Step 7: Compute
the total contribution of the continuum emission within the MIRI imaging filter. Step 8: Compute the total (continuum+line) MIR emission within the MIRI imaging
filter. For all images, the filter throughput was multiplied by the MRS cube of the line and continuum emission. Contours (white lines) increase in steps of [1, 5, 10,
30, 50, 70]% from the peak flux. The contour at a 10% level (thick white line) from the peak flux is shown for reference. The radio axis (black line), dust lane (blue

line), and stellar bar (red line) are shown.

6. The MRS observations contain many more fainter
emission lines than those identified above; thus, adding
the flux after extracting the lines from step 3 will still
contain residual emission line contamination. To obtain a
line-free spectrum, we fit the continuum emission of the
spectrum per spaxel. We mask the emission lines
identified in step 3 as well as broad features present
within the filter, e.g., the PAH at 11.3 pm in the F1000W
filter. Then, we fit a third-order spline curve to the
continuum spectrum per spaxel.

7. The total contribution of the continuum emission within
the MIRI filter is estimated by integrating the spline
curve per spaxel (black line in step 6 in Figure 7). We
scale the fluxes of the subcubes across the wavelength
range using the throughput curve of the MIRI imaging
filter, as mentioned in step 4. For all filters, the MRS
images have the same morphology as the MIRI images.
We estimate a median flux difference of 3% + 1%
within the central 1 kpc of NGC 3081, NGC 5728, and
NGC 7172 between the direct images and those com-
puted with the MRS observations. Our estimated median
flux difference is within the flux calibration uncertainty
of the MIRI (3%) and MRS (5.6%) observations
(Section 2).

8. Finally, the total (continuum+line) MIR image is
estimated by integrating each spaxel of the MRS cube
within the MIRI imaging filter. We scale the fluxes of the
subcubes across the wavelength range using the
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throughput curve of the MIRI imaging filter,
mentioned in step 4.

as

Appendix C
Comparison with Line Emission Images

In this section, we show the emission line images with
overlaid total MIR emission and continuum contours.

Appendix D
Image Cross-correlation Analysis for Individual Galaxies

The normalized correlation coefficients between line, total
MIR emission, and continuum images for each object and
emission line are shown in Figure 14. These coefficients are
then discussed on an object-by-object basis.

ESO137-G034 has a strong correlation (p = 0.80) with [S IV]
and a lower-end moderate correlation (p = 0.64-0.66) between
the [Ar1il], [Fe vil], and H,0-0S(3) lines and the total MIR
emission images in the F1000W filter. This correlation is mainly
due to the extended and low-surface brightness emission in all
images. In the F1500W filter, the strongest correlations are with
[Ne V] (p = 0.89) and [Ne 11T] (p = 0.81). Both lines have broad
extended emission along the radio jet axis with low-level
surface brightness also covering the full FOV, which makes the
correlation coefficient high in the total MIR emission image.
We measure moderated correlations (p = 0.63-0.76) with the
[Ne 111], H>0-0S(1) and [Ar111] lines (in increment order). Both
[Nemi] and [ArIl] lines have narrow extended (=450 pc)
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Figure 8. Line emission vs. total MIR emission image in the F1000W filter. From left to right and top to bottom, we show the integrated line emission images (color
scale) of [Ar 111], [Fe vII], H,0-0S(3), and [S 1V] for ESO137-G034, MCG-05-23-016, NGC 3081, NGC 5506, NGC 5728, and NGC 7172. Line (white) and total
MIR emission (black) contours increase in steps of [1, 5, 10, 30, 50, 70]% from the peak flux. The contour at a 10% level (thick line) from the peak flux is shown for
reference. The radio jet (black line) and dust lane (blue line) are shown. The integrated flux of the line emission within the 1 kpc FOV is shown at the bottom of each

panel.

emission mostly concentrated along the radio jet. The H,0-0S(1)
line has extended (=450 pc) emission parallel to the dust lane
with another extended (~200 pc) component at a PA of ~ 50°
perpendicular to the radio jet axis (PA = 140°). In the F21000W
filter, the total MIR emission image has a strong correlation

15

with the [Ne V] (p = 0.85) and moderated to poor correlations
with [STI] (p = 0.76) and [Fe1I] (p = 0.58) lines. The [Ne V]
line has a broad and extended emission along the radio jet with
low-level surface brightness also covering the full FOV. This
emission is narrower and less extended for the [S III] and [Fe II]
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Figure 9. Line emission vs. continuum emission image in the F1000W filter. From left to right and top to bottom, we show the integrated line emission images (color
scale) of [Ar 1], [Fe vii], H,0-0S(3), and [S 1v] for ESO137-G034, MCG-05-23-016, NGC 3081, NGC 5506, NGC 5728, and NGC 7172. Line (white) and
continuum (black) contours increase in steps of [1, 5, 10, 30, 50, 70]% from the peak flux. The contour at a 10% level (thick line) from the peak flux is shown for
reference. The radio jet (black line) and dust lane (blue line) are shown. The integrated flux of the line emission within the 1 kpc FOV is shown at the bottom of each

panel.

lines. The extension and orientation of these emission lines are
cospatial with the extended, ~400 pc (2”1), NLR as observed
with [O III] emission lines (P. Ferruit et al. 2000).

For all lines and filters, the continuum emission images are
poorly correlated p < 0.65 with the line emission images of

16

ESO1347-G034. The extended continuum emission is wider
and smoother than the extended line emission. This result
indicates that the extended (~39-450 pc) MIR continuum
emission of ESO1347-G034 cannot be spatially correlated
with any of the multi-phase outflows in the 10-21 um
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Figure 10. Line emission vs. total MIR emission image in the F1500W filter. From left to right and top to bottom, we show the integrated line emission images (color
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Figure 11. Line emission vs. continuum image emission in the F1500W filter. From left to right and top to bottom, we show the integrated line emission images
(color scale) of [Ne I1], [Ar V], [Ne V], [Ne 1], and H,0-0S(1), for ESO137-G034, MCG-05-23-016, NGC 3081, NGC 5506, NGC 5728, and NGC 7172. Line
(white) and total MIR emission (black) contours increase in steps of [1, 5, 10, 30, 50, 70]% from the peak flux. The contour at a 10% level (thick line) from the peak
flux is shown for reference. The radio jet (black line) and dust lane (blue line) are shown. The integrated flux of the line emission within the 1 kpc FOV is shown at
the bottom of each panel.

18



THE ASTROPHYSICAL JOURNAL, 994:206 (24pp), 2025 December 1

Fell
EOWOTE  ES0137:G034
/7 J ‘)/
a 47" \V-
o
O
=) 48"
js}
i
fat 49"
N =5, P
50 Fluxs 220+12 [m]y]
16"35™14.254.05  13.8° 1635™14.254.0° 13.8°
RA (ICRS)
G
/)
=
Flux = 706+39 [m]y]
9h59M29.7929.65  29.58
NGC 5506
-3°12'26"
0
~
O
S 28"
(o]
Q
A
30"
-17°15'09"
10"
2
9] 11"
A 12
13" \
Flix = 1619 [m]y]
14h42m24.023.95 23.8° 23.7° 14h42m24.023.95 23.85 23.7°

RA (ICRS) 31°52'08"
09"
10"

11"

Dec (ICRS)

12"

13" Flux = 105158 [m]y]

22802m02.02.05 01.95 01.8° 01.7%

RA (ICRS)

29.4°%

Lopez-Rodriguez et al.

&

&
Fl “/‘6
ux =

16"35™14.2%4.05 13.8°

9h59m29.729.65 29.55 29.4°

FI
14h42™24.033.95 23.8° 23.7°

Flug ="2520 17T [ mjy/]

22802m02.02.05 01.95 01.8° 01.7%
RA (ICRS)

Figure 12. Line emission vs. total MIR emission image in the F2100W filter. From left to right and top to bottom, we show the integrated line emission images (color
scale) of [Fe 11], [S 111], and [Ne V] for ESO137-G034, MCG-05-23-016, NGC 3081, NGC 5506, NGC 5728, and NGC 7172. Line (white) and total MIR emission
(black) contours increase in steps of [1, 5, 10, 30, 50, 70]% from the peak flux. The contour at a 10% level (thick line) from the peak flux is shown for reference. The
radio jet (black line) and dust lane (blue line) are shown. The integrated flux of the line emission within the 1 kpc FOV is shown at the bottom of each panel.

wavelength range. This galaxy has a long dust lane MCG-05-23-016 has a very strong correlation (p = 0.91)
passing across the nucleus at a PA of ~ 165° (P. Ferruit with [Ar1II] and [S IV], because both the total MIR continuum
et al. 2000). and line emission are point-like sources. As this source is
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Figure 13. Line emission vs. continuum image emission in the F2100W filter. From left to right and top to bottom, we show the integrated line emission images
(color scale) of [Fe 11], [S 111], and [Ne V] for ESO137-G034, MCG-05-23-016, NGC 3081, NGC 5506, NGC 5728, and NGC 7172. Line (white) and total (black)
contours increase in steps of [1, 5, 10, 30, 50, 70]% from the peak flux. The contour at a 10% level (thick line) from the peak flux is shown for reference. The radio jet
(black line) and dust lane (blue line) are shown. The integrated flux of the line emission within the 1 kpc FOV is shown at the bottom of each panel.

unresolved, the continuum emission images have similar with H,0-0S(3) (p = 0.61) and H,0-0S(1) (p = 0.43). The
correlation coefficients to the total MIR emission images in reason is that these line emissions are extended and resolved
all filters. Interestingly, the correlation is poorly correlated along the dust lane orientation (PA ~ 58°). Both H,0-0S(3)
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Figure 14. Normalized correlation coefficients between line, total MIR emission, and continuum images for each object and emission line. The normalized
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F2100W (bottom) filters for each galaxy as shown in the title. The ranges for strong, moderate, and uncorrelated coefficients are displayed.

and H,0-0S(1) lines have an extended component at the 1%
level from the peak flux, mostly located in the eastern region
of the galaxy, with extensions >350 pc from the core.
Extended, ~175 pc (~1"), NLR has been observed using H,,
line emission (M. A. Prieto et al. 2014), N-band imaging
(I. Garcia-Bernete et al. 2016), and O III line emission at a PA
of ~ 40° (P. Ferruit et al. 2000). This galaxy has a dust lane
crossing the nucleus with an extension of ~360 pc (~2") at a
PA of ~ 58° (M. A. Prieto et al. 2014). CO emission has not
been detected within the nucleus, and the extended emission is
not attributed to dust emission (D. J. Rosario et al. 2018). We
find that the MIR extended emission arises from the molecular
gas, H>0-0S(3) (D. Esparza-Arredondo et al. 2025).

NGC3081 has moderate to strong correlations
(p = 0.74-0.96) between all line emissions and the total
MIR emission images in all filters. The strongest correlations
are found to be for [Fe VII] (p = 0.88), [Ne IIT] (p = 0.96), and
[Soi] (p = 0.93) in the F1000W, F1500W, and F2100W
filters, respectively. In all cases, the line emission has an
S-shape along the northwest to the southeast direction up to a
distance of ~400 pc from the core. Note that the S-shape
extended emission in the north—south direction is coincident
with the inner parts of two spiral arms as observed in [O III]
and [N 1I] line emissions (P. Ferruit et al. 2000). N- and Q-band
images showed extended emission (I. Garcia-Bernete et al.
2016). In addition, bipolar outflows have been observed in
[O 1], H,, and [N 1I] along the NLR with an S-shape at a PA
of ~120° (J. R. Ruiz et al. 2005; A. Schnorr-Miiller
et al. 2016).

The strong correlations with the total MIR emission images
slightly drop toward the high-end of moderated correlations
(p = 0.75-0.80) for the continuum emission images in the
F1000W filter. The smaller differences between the correlation
coefficients are for the molecular lines H,0-0S(3) and
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H,0-0S(1) in the F1000W and F15000W, respectively. These
lines seem to have a compact (r ~ 100 pc) component parallel
to the dust lane and another extended (r ~ 400 pc) component
at a PA of ~70°. This galaxy has a nuclear bar at a PA of
~ 122° passing through the core with two spiral arms
(R. J. Buta et al. 2004; P. Erwin 2004), while the radio jet is
at a PA of ~ 158° (N. M. Nagar et al. 1999). These results
indicate that the extended MIR continuum emission may arise
from a combination of dust emission from the dust lane and
heated regions in the inner arms irradiated by the radio jet.

NGC5506 has moderate to strong correlations
(p = 0.70-0.92) between all line emissions and the “MIRI-
like” images in all filters, except for the molecular gas
H,0-0S(1) in the F1500W filter, with a poor correlation of
p = 0.63. For all the coronal lines, the emission is extended
mostly in the eastern region up to r ~ 400 pc in the north—
south direction with a compact, » ~ 150 pc, elongated
extension parallel to the radio jet axis. This galaxy has [O III]
an extended, kiloparsec-scale, NLR in the north—south
direction (A. S. Wilson et al. 1985). Q-band extended emission
was also observed (I. Garcia-Bernete et al. 2016). The
molecular gas, H,0-0S(3) and H,0-0S(1), show extended
(r > 500 pc) emission along the east—west direction parallel to
the dust lane axis. The “MIRI-like” images seem to have a
morphology composed of an extended component along the
dust lane and another along the radio jet axis in the F1500W
and F2100W filters. This morphology causes it to be strongly
correlated with the emission lines.

The line and continuum emission images in the F1000W
filter have moderate correlation coefficients (p = 0.65-0.75).
The drop in the correlation indicates that the ~1%-30% flux
from the peak pixel arises from line emission contribution in
the total MIR emission images. The correlation is still
moderate to strong in both the F1500W and the F2100W.
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Previous MIR observations at subarcsecond resolution have
shown an unresolved core at ~10 pum, while a northeast
extension of ~126 (~1") was observed at 11.9 pum (D. Raban
et al. 2008). In addition, the 3.6 cm radio emission shows an
~252 pc (~2") extended and diffuse structure surrounding the
core (A. E. Wehrle & M. Morris 1987). This diffuse emission
is also observed in our line emission images. We suggest
that the extended radio emission is heating the dust in the
host galaxy, producing a cold dust component to emit at the
1%-30% flux level from the peak of the continuum emission
in the F1500W and F2100W filters.

NGC5728 has poor to moderate correlations
(p = 0.50-0.66) in the F1000W filter and moderate
correlations (p = 0.60-0.81) in the F1500W and F2100W
filters between the line emission and the total MIR emission
images. The coronal lines show an extended emission
component parallel to the radio jet axis with a bright spot at
r ~ 250 pc in the northwest region. The molecular lines show a
compact (r < 200 pc) emission component mostly perpend-
icular to the dust lane. The NLR extends ~1.5 kpc (~7”8) at a
PA of ~ 118° (R. A. Schommer et al. 1988; E. Mediavilla &
S. Arribas 1995). In addition, the H,0-0S(3) line has an
elongation in the northwest region highly offset from the radio
jet, while the H,0-0S(1) line has an extended and diffuse
component filling the full FOV (r > 0.5 kpc). The correlation
between the total MIR emission and line emission images may
be produced by the bright northwest spot at r ~ 250 pc and
some of the extended MIR emission in the southeast region
along the radio jet axis.

The correlation coefficients indicate that the continuum and
line emission images are uncorrelated (p = 0.12-0.41) in the
F1000W filter. The continuum images show an unresolved
core with an elongated component along the dust lane axis
(~33° F. Prada & C. M. Gutiérrez 1999) and another along
the stellar bar (~86°; F. Prada & C. M. Gutiérrez 1999). The
extended MIR continuum emission is not spatially correlated
with any of the coronal lines. The correlation coefficient is
similar in the F2100W filter because the MIR continuum
emission is also extended along the radio axis. We suggest that
the increasing MIR continuum emission from F1500W to
F21000W may arise from a cold dust component heated by the
jet interacting with the ISM of the host galaxy.

NGC7172 has moderate to strong correlations
(p = 0.64-0.84) between all line emissions and the “MIRI-
like” images in all filters, except for [NeII] in the FI500W
with an uncorrelated coefficient (p = 0.52). The lines [Ar III],
H,0-0S(3), [Neli], and H,0-0S(1) show extended emission
along the east—west direction, which is parallel to both the
radio and dust lane axes. These lines are correlated with the
extended MIR emission along the same direction measured in
the total MIR emission images. Extended MIR emission was
also detected by I. Garcia-Bernete et al. (2016). The lines
[S1V], [Ne V], [NenI], and [Ne V] show extended emission
along the north—south direction up to ~400 pc above and
below the disk of the galaxy. These lines are correlated with
the slightly elongated emission at a level of ~10% from the
peak emission in the north—south direction. The correlation
coefficients only drop by ~0.05 when compared with the
continuum images in the F1I000W filter. We suggest that the
continuum emission arises from the dust lane of this edge-on
galaxy.
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