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ABSTRACT

This study analyses JWST MIRI/MRS observations of the infrared (IR) polycyclic aromatic hydrocarbon (PAH) bands in the nuclear (~0.4" at
11 wm; ~75 pc) and circumnuclear regions (inner ~kpc) of local active galactic nuclei (AGNs) from the Galactic Activity, Torus, and Outflow
Survey (GATOS). We examine the PAH properties in the circumnuclear regions of AGNs and the projected direction of AGN-outflows and
compare them to those in star-forming regions and the innermost regions of AGNs. This study employs 4.9-28.1 um sub-arcsecond angular
resolution data to investigate the properties of PAHs in three nearby sources (Dp ~ 30—40 Mpc). Our findings are aligned with previous JWST
studies, demonstrating that the central regions of AGNs display a larger fraction of neutral PAH molecules (i.e. elevated 11.3/6.2 and 11.3/7.7 um
PAH ratios) in comparison to star-forming galaxies. We find that AGNs might affect not only the PAH population in the innermost region, but also
in the extended regions up to ~kpc scales. By comparing our observations to PAH diagnostic diagrams, we find that, in general, regions located in
the projected direction of the AGN-outflow occupy similar positions on the PAH diagnostic diagrams as those of the innermost regions of AGNs.
Star-forming regions that are not affected by the AGNs in these galaxies share the same part of the diagram as star-forming galaxies. We also
examined the potential of the PAH-H, diagram to disentangle AGN-versus-star-forming activity. Our results suggest that in Seyfert-like AGNSs,
the illumination and feedback from the AGN might affect the PAH population at nuclear and kpc scales, particularly with respect to the ionisation
state of the PAH grains. However, PAH molecular sizes are rather similar. The carriers of the ionised PAH bands (6.2 and 7.7 um) are less resilient
than those of neutral PAH bands (11.3 um), which might be particularly important for strongly AGN-host coupled systems. Therefore, caution
must be applied when using PAH bands as star-formation rate indicators in these systems even at kpc scales, with the effects of the AGN being
more important for ionised ones.

Key words. techniques: high angular resolution — techniques: spectroscopic — galaxies: active — galaxies: nuclei — galaxies: Seyfert —
infrared: galaxies

1. Introduction the infrared (IR; e.g. Pier & Krolik 1992). In these dusty envi-
ronments, optical wavelengths are also heavily affected by dust
obscuration, making the IR an ideal spectral range to investigate
the inner regions of AGNs (see Ramos Almeida & Ricci 2017
for a review). Luminous quasi-stellar objects (QSOs; log Ly
[erg s™'] 2 10%) are the most powerful AGN, but their key cou-
pling mechanisms remain generally spatially unresolved, except
for nearby sources (e.g. Jarvis et al. 2021; Ramos Almeida et al.
2022). Mid-IR sub-arcsecond angular observations (<0.5”) of
local AGNs (at distances of ~tens of Mpc) enable us to probe
their nuclear and circumnuclear regions (inner ~100 pc scales).
There is also evidence that the circumnuclear dusty material
observed in local AGNs is not different in terms of their charac-

The impact of the energy released by an active galactic nuclei
(AGNSs) in their surrounding environment has been proposed as
a key mechanism for regulating star formation (SF) in their host
galaxies. Overall, AGN feedback is needed in cosmological sim-
ulations to reproduce the observed number of massive galaxies
through the quenching of star formation (e.g. Croton et al. 2006;
Bongiorno et al. 2016). A significant fraction of AGN positive
and/or negative feedback occurs at circumnuclear scales (inner
hundreds of pc) in local active galaxies, where large amounts
of dust and gas are located, surrounding the AGN (Antonucci
1993). ALMA observations detected the molecular dusty torus
in several nearby AGNs and showed that it is part of the galaxy

gas flow cycle (e.g. Garcia-Burillo et al. 2016, 2019, 2021, 2024;
Alonso-Herrero et al. 2018; Imanishi et al. 2018, 2020, and ref-
erences therein).

The dust surrounding the central engine absorbs a signifi-
cant part of AGN radiation and then reprocesses it to emerge in

* Corresponding author; igbernete@gmail . com

teristic properties, such as the temperature, to those in distant and
luminous QSOs (e.g. Bosman et al. 2024). Therefore, the study
of local AGNss can also contribute to our better understanding of
distant AGNs.

Polycyclic aromatic hydrocarbons (PAHs) are particles at
the smaller end of the interstellar medium (ISM) dust distri-
bution. They are ubiquitous in local sources (see e.g. Li 2020

A162, page 1 of 20

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202450086
https://www.aanda.org
http://orcid.org/0000-0002-9627-5281
http://orcid.org/0000-0001-6854-7545
http://orcid.org/0000-0002-6460-3682
http://orcid.org/0000-0001-6794-2519
http://orcid.org/0000-0002-4005-9619
http://orcid.org/0000-0002-2125-4670
http://orcid.org/0000-0003-4949-7217
http://orcid.org/0000-0003-0444-6897
http://orcid.org/0000-0002-9610-0123
http://orcid.org/0000-0003-4937-9077
http://orcid.org/0000-0001-9791-4228
http://orcid.org/0000-0003-2658-7893
http://orcid.org/0000-0002-6353-1111
http://orcid.org/0000-0001-6186-8792
http://orcid.org/0000-0002-4457-5733
http://orcid.org/0000-0003-4975-2046
http://orcid.org/0000-0003-4209-639X
http://orcid.org/0000-0001-7827-5758
http://orcid.org/0000-0001-8353-649X
http://orcid.org/0000-0001-5146-8330
mailto: igbernete@gmail.com
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Garcia-Bernete, 1., et al.: A&A, 691, A162 (2024)

for a review), but also in high-z galaxies (e.g. Spilker et al.
2023). These PAH molecules and dust grains play a key role
by catalysing and enriching the ISM with organic molecules and
in the photoelectric heating of the ISM (Tielens 2005, 2021).
They absorb a significant fraction of UV and optical photons
from (mainly) young stars (e.g. Peeters et al. 2004), as well as
(partially) from old stars when present (e.g. Kaneda et al. 2008;
Li & Draine 2002; Zhang & Ho 2023a; Ogle et al. 2024), result-
ing in their excitation. The excited PAH molecules produce IR
features (the brightest bands are 3.3, 6.2, 7.7, 8.6, 11.3, 12.7, and
17.0 um; e.g. Tielens 2008) through vibrational relaxation (e.g.
Draine & Li 2007). Thus, PAH features are considered excellent
tracers of the star formation activity in star-forming galaxies (e.g.
Rigopoulou et al. 1999; Peeters et al. 2004), but also in AGNs
(e.g. Diamond-Stanic & Rieke 2012). The 3.3, 11.3, 12.7, and
17 wm bands are attributed to neutral PAH molecules, whereas
the 6.2 and 7.7 um bands originate mostly from ionised PAH
molecules (e.g. Allamandola et al. 1989; Draine & Li 2001;
Draine et al. 2021). Using 10-m class ground-based telescopes
and N-band (7.5-13 um) observations, nuclear 11.3um PAH
emission (a few tens of pc) has been detected in local AGNs
(e.g. Honig et al. 2010; Gonzdlez-Martin et al. 2013; Sales et al.
2013; Alonso-Herrero et al. 2014, 2016; Esquejetal. 2014;
Ramos Almeida et al. 2014, 2023; Ruschel-Dutra et al. 2014;
Garcia-Bernete et al. 2015, 2019, 2022a; Martinez-Paredes et al.
2015, 2019; Jensen et al. 2017; Esparza-Arredondo et al. 2018).
However, these works were limited to the 11.3 um PAH fea-
ture, due to the limited wavelength coverage and sensitivity of
ground-based mid-IR observation, which made it impossible to
study the effect of AGNs on the properties of PAH molecules.
Previous observations also show lower equivalent widths
of all the PAH bands in AGNs compared to those observed
in star-forming galaxies (e.g. Alonso-Herrero etal. 2014;
Garcia-Bernete et al. 2017, 2022b). Therefore, it has been
proposed that PAH features appear to be diluted by the
strong AGN continuum (e.g. Alonso-Herrero etal. 2014;
Ramos Almeida et al. 2014) and PAH molecules are destroyed
by the hard radiation field of the AGN (e.g. Roche et al. 1991;
Voit 1992; Siebenmorgen et al. 2004; Garcia-Bernete et al.
2015; Ramos Almeida et al. 2023), or the lack of star-
formation activity toward the center of an AGN (e.g.
Esparza-Arredondo et al. 2018). Using ground-based N-band
observations of the type-2 QSO Mrk 477, Ramos Almeida et al.
(2023) reported the non-detection of PAH features in the cen-
tral ~400pc of the galaxy. Recently, it was proposed that
ionised PAH molecules are preferentially destroyed in AGNs
of moderate luminosity (log Ly, [erg s711 < 10%"), while neu-
tral PAHs are more resilient (e.g. Garcia-Bernete et al. 2022c,d,
and references therein). This is likely related to the fact that
the charge distribution within the ionised PAH molecules may
affect the strength of its carbon skeleton structure'. Ionised PAH
molecules have less stable carbon skeletons as a consequence of
the increased internal Coulomb forces due the gain or lose of
electrons in the molecular system (e.g. Leach 1986; Voit 1992).
To establish the ability of PAHs to trace star-formation activ-
ity in these harsh environments, it is essential to understand
their molecular properties. However, there is limited knowl-
edge on the effect of hardness of the radiation field, out-
flows, and shocks on these molecules (e.g. Smith et al. 2007,
Diamond-Stanic & Rieke 2010; Garcia-Bernete et al. 2022c,d;
Zhang et al. 2022). The relative variations between PAH fea-

I Hereafter we will use the term carbon skeleton structure as the back-
bone of the PAH molecule.
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tures indicate different physical conditions (see e.g. Li 2020 for
a review). Recent works have already shown the potential of
James Webb Space Telescope (JWST; Gardner et al. 2023) and
Mid-Infrared Instrument (MIRI; Rieke et al. 2015; Wright et al.
2015) Medium Resolution Spectrograph (MRS) to study the
properties and composition of PAHs and dusty material in the
innermost regions of AGNs (e.g. Garcia-Bernete et al. 2022d,
2024a,b; Laietal. 2022, 2023; Donnan et al. 2023, 2024a;
Zhang & Ho 2023b). Using PAH band ratios, these works also
showed that AGNs have a significant impact on the PAH proper-
ties in the inner ~100 pc.

Previous spatially resolved maps of the Spitzer PAH proper-
ties examining the superwind in M 82 demonstrated that the PAH
population might favour larger molecules, probably resulting
from preferential destruction of smaller PAHs by X-rays and/or
shocks (e.g. Beirdoetal. 2015; Li 2020). Also, JWST/MRS
observations of NGC 7469 show tentative evidence that the
PAH population in its outflow regions might be affected by
the AGN, having a larger faction of neutral PAH molecules
(Garcia-Bernete et al. 2022d). However, the orientation of its
nuclear outflow and the weak geometrical coupling between the
AGN outflow and the host are not favourable for a definitive
study.

In this paper, we report the first detailed characterisation of
the PAH properties in the outflow regions of three local AGNs
(NGC 5506, NGC 5728 and NGC 7172) with Dp < 40Mpc. In
particular, we examine the PAH survival conditions in the cir-
cumnuclear regions of AGNs with sources showing different
degrees of coupling between its outflow and host galaxy disk.
We also compare the observed PAH ratios with model grids
(Rigopoulou et al. 2021, 2024). Our results indicate that PAH
depletion of the less resilient hydrocarbon populations (ionised
ones) may occur in Seyfert-like AGNs even at kiloparsec scales.

The paper is organised as follows. Sections 2 and 3 describe
the targets selection, observations, and data reduction. Section 4
gives an overview of the distribution of the molecular and
ionised gas and the hardness of the radiation field present in the
circumnuclear region. In Sect. 5, we study the impact of in AGN
outflows on PAH molecules and explore the potential of the PAH
bands as a tool for tracing AGN feedback. Finally, in Sect. 6 we
summarise the main conclusions of this work.

2. Targets and observations

The galaxies studied are part of the Galactic Activity,
Torus, and Outflow Survey (GATOS; Garcia-Burillo et al. 2021;
Alonso-Herrero et al. 2021; Garcia-Bernete et al. 2024a), whose
main goal is to understand the properties of the dusty molec-
ular tori and their connection to their host galaxies in local
AGNSs. The parent sample was selected from the 70th Month
Swift/BAT AGN catalog, which is flux-limited in the ultra-
hard 14-195keV X-rays band (Baumgartner et al. 2013). We
refer to Garcia-Burillo et al. (2021) for details on the GATOS
sample selection from the parent sample. The present study
employs MIRI/MRS and ALMA observations of a sub-sample
of obscured type 1.9/2 AGNs from the GATOS sample. These
data are part of the JWST Cycle 1 GO proposal ID 1670 (PI: T.
Shimizu and R. Davies). Garcia-Bernete et al. (2024a) presented
a first analysis of these observations, primarily focusing on dirty
water ices and silicate features. The molecular gas and ionised
phases of the outflow of NGC 5728 and NGC 7172 are stud-
ied in detail in Davies et al. (2024) and Hermosa Muiioz et al.
(2024a). The sub-sample selected for this pilot study cover two
orders of magnitude in the observed ionised outflow rate on
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Table 1. Main properties of the AGNs used in this work.

Name AGN D log My, logNy™ logLi™ gy icone AGN-host
type  (Mpc) (Moyr™)  (em?)  (ergs)) (deg) (deg)  coupling
NGC5506 1.9 27 0.210 224 4431 76 10  Relatively weak
NGC5728 1.9 39 0.090 24.2 44.23 40 49 Strong
NGC7172 2 37 0.005 22.9 44.23 88 Relatively weak

Notes. The spectral types were taken from Véron-Cetty & Véron (2006). The luminosity distance and spatial scale were calculated using a cosmol-
ogy withHy = 70km s~ Mpc~!, Q,, = 0.3, and Q, = 0.7. The ionised mass outflow rates are from Davies et al. (2020). The intrinsic L;4_;95ev and

X-ray
NH

were taken from Ricci et al. (2017). Bolometric luminosities are obtained from the 14—-195 keV X-ray intrinsic luminosities by multiplying

by a factor of 7.42 as in Garcia-Bernete et al. (2019). The inclinations of the disk and ionisation cones are from Fischer et al. (2013), Shimizu et al.

(2019) and Alonso-Herrero et al. (2023).

~150pc scales (~0.005-0.21 Mg yr™'). The AGN bolometric
luminosity and distances are rather similar (see Table 1). The
targets have been selected to have different degrees of outflow-
host galaxy coupling from very strong to weak (see e.g. Fig. 4
in Ramos Almeida et al. 2022). For instance, NGC 5728 has
strong coupling (igix ~ 40° and ipjcone ~ 49°; Shimizu et al.
2019) while NGC5606 (igisx ~ 76° and ipicone 10°%;
Fischer et al. 2013) and NGC 7172 have a relatively weaker cou-
pling. Although there is no NLR modelling for NGC 7172, the
fitted value of the inclination for the molecular gas disk is iz ~
88° (Alonso-Herrero et al. 2023), although the galaxy on a larger
scale appears to be at a lower inclination, and the ionised outflow
is perpendicular to the disk (e.g. Hermosa Mufioz et al. 2024a).
Even if the geometrical coupling is relatively weak compared
to NGC 5728, signatures of AGN feedback has been found in
NGC 5506 and NGC 7172 (see e.g. Alonso-Herrero et al. 2023;
Esposito et al. 2024; Hermosa Muioz et al. 2024a for further
details). For our targets, we assume that the NLR (i.e. ioni-
sation cones) are co-spatial with the main AGN ionised out-
flow, which is a reasonable assumption given that outflow sig-
natures (i.e. high velocity and velocity dispersion) have been
reported in the NLR region of these sources in individual studies
(Fischer et al. 2013; Durré & Mould 2018; Shimizu et al. 2019;
Alonso-Herrero et al. 2023; Esposito et al. 2024; Davies et al.
2024; Hermosa Muiioz et al. 2024a). The main properties of the
galaxies studied here are summarised in Table 1. We refer to
Appendix C for further information on the individual objects.

3. Data reduction
3.1. JWST/MIRI-MRS integral field spectroscopy

We used mid-IR (4.9-28.1 um) MIRI MRS integral-field spec-
troscopy data. The MRS has a spectral resolution of R ~3700—
1300 (Labiano et al. 2021) and comprises four wavelength chan-
nels: chl (4.9-7.65um), ch2 (7.51-11.71 um), ch3 (11.55-
18.02 um), and ch4 (17.71-28.1 wm). These channels are further
sub-divided into three sub-bands (short, medium, and long). The
field of view is larger for longer wavelengths: chl (3”72 x 3"/7),
ch2 (470x4'7), ch3 (5”2x6”1), and ch4 (6”76 x776). The
spaxel size is ranging from 0”713 to 0”/35. We refer to Rieke et al.
(2015) and Wrightetal. (2015) for further details (see also
Argyriou et al. 2023). We primarily followed the standard MRS
pipeline procedure (e.g. Labiano etal. 2016, and references
therein) to reduce the data using the pipeline release 1.11.4 and
the calibration context 1130. Some hot and cold pixels are not
identified by the current pipeline version, so we added an extra
step before creating the data cubes to mask them. The data reduc-
tion is described in detail in Garcia-Bernete et al. (2022d, 2024a)
and Pereira-Santaella et al. (2022). The nuclear spectra from the

different sub-channels were extracted assuming they are point
sources (~0.4” at 11 um; see Garcia-Bernete et al. 2024a for fur-
ther details).

3.2. ALMA data

Observations of the CO(3-2) emission line at 345.796 GHz emis-
sion line for the GATOS sample were obtained using ALMA
band 7. We refer the reader to Garcia-Burillo et al. (2021) for
further details on the ALMA data. The data were obtained as
part of programmes #2017.1.00082.S (PI: S. Garcia-Burillo),
#2018.1.00113.S (PI: S. Garcia-Burillo) and #2019.1.00618.S
(PI: A. Alonso-Herrero). For this work, we used the fully
reduced CO(3-2) maps of NGC5506 and NGC7172 from
Garcia-Burillo et al. (2021) and Alonso-Herrero et al. (2023).
The ALMA CO(3-2) data for NGC 5728 were obtained in the
compact configuration of the array (C43-4). In total, two tracks
were observed using observations on February 27 and 29, 2020.
We used a single pointing with a field of view (FoV) of 17”. The
data were processed using the standard pipeline data reduction
routine and CASA (version 5.6.1-8; McMullin et al. 2007). The
continuum in each of the four spectral windows was identified
and subtracted by the pipeline before imaging the CO(3-2) line.

4. Mid-infrared circumnuclear emission

4.1. Distribution of the circumnuclear molecular and ionised
gas

To study the distribution of the circumnuclear molecular and
ionised gas, we produced emission features maps using a
local continuum and 3o signal-to-noise cut’>. For the emis-
sion lines, we used the ALUCINE tool (Peralta de Arriba et al.
2023) with a single Gaussian fit spaxel-by-spaxel covering
the entire cube. In the case of the broad PAH features, we
first fitted a local continuum that we then subtracted from the
observed spectra and integrated the residual data in a spec-
tral range centred in the peak of the bands. We used the
6.0-6.5um and 11.05-11.6 um for the 6.2 and 11.3 um PAH
features, respectively (see Garcia-Bernete et al. 2022d for fur-
ther details). We follow the same methodology as presented in
Hernén-Caballero & Hatziminaoglou (2011). We also degraded
the maps to the coarser angular resolution when comparing
directly (e.g. ratio maps). To do so, we first convolve the higher
angular resolution maps with a Gaussian to match the size of
the PSF star at the wavelength of the lower angular resolu-
tion map. In particular, we employed observations of calibra-

2 We use the continuum to estimate the AGN position for each sub-
channel.
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Fig. 1. JWST/MRS emission line maps. From left to right: NGC 5506, NCG 5728 and NGC 7172. Top panels: 11.3 um PAH feature intensity map.
Central panels: H, S(1) at 17.03 pm intensity map. Bottom panels: [NeII] 12.81 um intensity map. The black contours are the CO(3-2) emission
from ALMA on a logarithmic scale. The first and last contours lie at 30~ and the peak flux, respectively. North is up and east is to the left, and
offsets are measured relative to the AGN. Orange solid circle and white ellipse correspond to the JWST and ALMA beams, respectively.

tion point sources (HD-163466 and IRAS 05248-7007, Pro- In Fig. 1, we show the 11.3 um PAH feature (top panels)
gram IDs 1050 and 1049, PIs: B. Vandenbussche and M. Migo and H, 0-0 S(1) 17.03 um (bottom panels) intensity map for
Mueller) to measure the FWHM of the PSF for each spectral NGC 5728, NGC 7172, and NGC 5506 (from left to right pan-
channel. Then, we resampled the pixel size of the shorter wave- els). In general, the 11.3 pum PAH maps reveal a good correspon-
length map to match that of longer wavelength one for each dence with the morphology of the cold molecular gas (black con-
pair. tours in Fig. 1) traced by ALMA CO (3-2). Performing a spaxel-
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Fig. 2. JWST/MRS emission line maps. From left to right: NGC 5506, NCG 5728 and NGC 7172. Top panels: [SIV]10.51 um intensity map.
Magenta solid lines represent the radio jet axis (from Thean et al. 2000; Kinney et al. 2000; Shimizu et al. 2019). Bottom panels: [Fe II] 5.34 um
intensity map. The black contours are the CO(3-2) emission from ALMA (same as in Fig. 1). North is up and east is to the left, and offsets are
measured relative to the AGN. Orange solid circle and white ellipse correspond to the JWST and ALMA beams, respectively.

by-spaxel analysis, NGC 5506 and NGC 7172 show a tight cor-
relation between the 11.3 pum PAH band and CO (3-2) emission
(see Table 2). For NGC 5728, there is also a remarkably good
agreement between the CO(3-2) molecular gas and the 11.3um
PAH emission in the inner circumnuclear structure. However,
within various circumnuclear regions of NGC 5728, cold and
warm molecular gas emission is present in zones where the
emission of PAHs and low ionisation potential (IP) lines such
as [Nell] is weak (see central bottom panel of Fig. 1; see also
Davies et al. 2024). The PAH emission might also be excited by
the ISM radiation field from old stars (e.g. Kaneda et al. 2008;
Ogle et al. 2024), however, the observed weak [NeII] emission
(see bottom panels of Fig. 1) suggests that in these regions there
are cold molecular gas clumps, which are not (yet) actively form-
ing stars.

Although there is a good relationship between CO(3-2) cold
molecular gas and the 11.3um PAH emission in the central
region of NGC 5728, they are not well correlated when consider-
ing the entire FoV (see Table 2). Similarly, the H, 0-0 S(1) warm
molecular gas and the 11.3 pum PAH emission show a poor cor-
relation in NGC 5728, while these are tight for NGC 5506 and
NGC 7172 (see Table 2).

Table 2. Pearson’s correlation coefficients.

Galaxy PAH11.3um PAH11.3um H, S(1)
vs. H, S(1)  vs.CO (3-2) vs.CO (3-2)
NGC5506  0.79 (249) 0.61 (311) 0.76 (1049)
NGC5728  0.36(1725)  0.24 (1424)  0.79 (1393)
NGC7172  0.73 (630) 0.88 (818) 0.87 (1014)

Notes. Values in parentheses correspond to the number of spaxels con-
sidered in the correlation. In bold, we indicate relatively strong correla-
tions (i.e. p > 0.7).

The cold molecular gas from ALMA and the warm phase
traced by the H, 0-0 S(1) show an excellent correlation in the
three galaxies studied here (see Table 2; see also Davies et al.
2024 for a comparison with CO(2-1) for NGC 5728). However,
some H, 0-0 S(1) excess with respect to the cold molecular gas
emission can be found in the same direction of the ionisation
cones, which is probably related to shocks in the outflow direc-
tion (e.g. Kristensen et al. 2023, and references therein).

The ionisation cone region as probed by the high-excitation
line emission ([SIV] 10.51 um; top panels of Fig. 2) extends out
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to ~1 kpc in NGC 5728, and at least hundreds of pc in NGC 5506
and NGC 7172 (also Esposito et al. 2024; Hermosa Muiioz et al.
2024a; Zhang et al. 2024a; Delaney, in prep.). NGC 5728 shows
extended [SIV]10.51 um emission, which is in agreement with
previous works (e.g. Shimizu et al. 2019; Davies et al. 2024,
and references therein). NGC 7172 and NGC 5506 show a more
compact [SIV] emission as probed by the FoV of the observa-
tions, but still elongated in the direction of the ionised outflow
of these sources (e.g. Fischer et al. 2013; Alonso-Herrero et al.
2023; Espositoetal. 2024; Hermosa Mufioz et al. 2024a).
Furthermore, two (NGCS5728 and NGC7172) of the three
galaxies have radio emission with the same orientation as the
ionised cone (see Fig. 2 and Appendix C for further details on
the individual objects). The position angle of the extended radio
emission in NGC 5506 is ~70° (Schmitt et al. 2001), which has
a similar morphology to that of the [SIV] map presented in
Fig. 2. Depending on the geometrical coupling, these relatively
low luminosity radio jets can inject additional mechanical
energy to the ISM of the galaxy disks (e.g. Combes et al.
2013; Garcia-Burilloetal. 2014; Morgantietal. 2015;
Bellocchi et al. 2019; Garcia-Bernete et al. 2021; Venturi et al.
2021; Peraltade Arribaetal. 2023; Audibertetal. 2023;
Ogle et al. 2024; Speranzaetal. 2024). The [Fell]5.34um
intensity maps (bottom panels of Fig. 2) are a good tracer of
shock and star-forming activity (e.g. Spinoglio et al. 2002;
Allen et al. 2008). These maps show that shocks are likely oper-
ating in the outer edges of the ionisation cones in NGC 5728 and
NGC 5506, where [Fe II] emission is detected beyond the central
cold molecular gas emission. However, the similar morphology
of the circumnuclear cold molecular gas and [Fe II] emission in
NGC 7172 suggests that the [Fe II] emission in this source could
be mainly related to star-forming activity. However, this might
be not the case for the nuclear region, where [Fe II] emission is
strong while there is a deficit of CO (3-2).

4.2. Hardness of the radiation field

There is evidence that AGNs might have a significant impact
on the PAH molecules located in their nuclear regions (e.g.
Garcia-Bernete et al. 2022d, and references therein). Thus, it is
important to better understand the effect of the radiation fields
on these molecules. The [Ne IlI] 15.55 wm/[Ne II] 12.81 um ratio
is a reliable indicator of the hardness of the radiation field in
the surroundings of massive young stars (e.g. Thornley et al.
2000). This ratio can also be applied in the context of
AGNs (e.g. Groves et al. 2006; Pereira-Santaella et al. 2010;
Garcia-Bernete et al. 2022c¢); however, low IP emission lines
such as [NeII] can be significantly contaminated by the X-ray-
dominated regions in AGNs (e.g. Garcia-Bernete et al. 2017;
Pereira-Santaella et al. 2017). Thus, as a sanity check, we also
used other ratios with higher IP lines, such as [Ne V], and found
similar results.

Top panels of Fig. 3 shows the spatially resolved
[NeIIT]/[NelII] ratio maps of NGC5728, NGC7172, and
NGC 5506 (from left to right). As expected, these maps show a
good correspondence between the location of the ionisation cone
and the higher values of the [Ne III]/[Ne II] ratio map. Lower val-
ues of this ratio (associated with star-forming activity; magenta
contour in top panels of Fig. 3) are found in the galaxy disk of
NGC 7172 (see Hermosa Muiioz et al. 2024a for a detailed dis-
cussion) and NGC 5506 and in three regions in the star-forming
ring of NGC 5728 (see top left panel of Fig. 3). Interestingly,
although the majority of the high [Nelll]/[Nell] value spax-
els of NGC 5728 are mainly located along the main outflow
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axis, it has also high [Ne III]/[Ne II] values in the perpendicular
direction to the jet’. This perpendicular region also shows high-
velocity dispersion values in high IP lines (e.g. [SIV], [Ne III],
[Ne V] 14.32 um, 24.32 um and warm H, lines; see Fig. 4, also
Davies et al. 2024). Previous studies have reported a similar
high-velocity dispersion structure perpendicular to the direction
of the outflow in the presence of a geometrically coupled radio
jet (e.g. Ogle et al. 2024), as demonstrated by using ionised gas
traced by optical lines (Venturi et al. 2021) and cold molecu-
lar gas from ALMA (Audibert et al. 2023). This has been also
found in a sample of low-ionisation nuclear emission-line region
galaxies (LINERs) with no radio jet (e.g. Hermosa Muiioz et al.
2024b). A number of possible effects could account for this high-
velocity dispersion enhancement: (1) jet-induced acceleration of
gas out of the disc plane (e.g. Audibert et al. 2023; Venturi et al.
2021); (2) outflowing torus (e.g. Alonso-Herrero et al. 2018); (3)
broad AGN outflows, which might potentially resemble a spher-
ical bubble. Beam smearing could also affect the velocity dis-
persion, however, this velocity dispersion enhancement has also
been detected in the ALMA observations of NGC 5728 (see e.g.
Fig. 3 of Shimizu et al. 2019). Given the geometrical coupling of
the jet and the host galaxy disk in NGC 5728, the first scenario
is most likely, although a detailed kinematic analysis is needed
to confirm this. We refer to Davies et al. (2024) for further dis-
cussion of the outflow of this galaxy.

5. PAH bands as a tool for tracing AGN feedback

There is consensus that the stretching and bending vibrations
involving the C-H and C-C bonds produce the observed PAH
bands (e.g. Li 2020 for a review). In particular, ionised PAH
molecules are responsible for 6-9 um features, whereas the 3.3,
11.3, and 17 um features originate in neutral PAH molecules
(e.g. Allamandola et al. 1989; Draine & Li 2007; Draine et al.
2021). Therefore, the ratios between the 11.3 um feature and
those related to the charged PAHs (i.e. 6.2 or 7.7um fea-
tures) have been proposed as a good indicator of the PAH
ionisation fraction (e.g. Draine & Li 2001, 2007; Draine et al.
2021; Rigopoulou et al. 2021). The IP of PAH molecules is
small (~few eV; e.g. Wenzel et al. 2020). Previous works using
Spitzer/IRS data found that AGN-dominated galaxies have an
average 11.3/6.2 PAH ratio of ~2, whereas star-forming galax-
ies have an average ratio of 1 (Garcia-Bernete et al. 2022c). This
trend has also been found in the central region of AGNs with
high angular resolution JWST observations of nearby sources
(e.g. Garcia-Bernete et al. 2022d). This indicates that the central
region of AGNs might contain a larger fraction of neutral PAH
molecules compared to star-forming regions. However, investi-
gating a larger sample is needed to firmly confirm this trend.
Here, we investigate how the PAH ionisation fraction
changes spatially in the JWST/MRS FoV for the three galax-
ies. In bottom panels of Fig. 3, we present the spatially resolved
11.3/6.2 PAH maps. These plots show that the fraction of neutral
PAH molecules is similar in the star-forming ring of NGC 5728
compared to those of the inner circumnuclear region (i.e. the
minispiral region, which is extended in the same direction as
the dusty torus; see Alonso-Herrero et al. 2018). The map also
reveals regions where the neutral PAHs generally dominate
along the projected direction of the outflow (Fig. 3). While this
effect is evident for NGC 5728 in Fig. 3, it is not as clear for the

3 We note that Venturi et al. (2021) also reported AGN-dominated
LINER-like excitation in the perpendicular direction to the jet in some
local AGNs using the optical BPT diagram.
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Fig. 3. IWST/MRS spatially resolved maps. From left to right panels: NGC 5506, NCG 5728, and NGC 7172. Top panels: Hardness of the radiation
field maps traced by the [Ne III]/[Ne II] ratios. The colour-coded contours correspond to the average [Ne III]/[Ne II] ratios found in QSO (black
line), Syl (blue line), Sy2 (red line), LINER (green line), and HII (magenta line) regions reported in Pereira-Santaella et al. (2010). Bottom
panels: 11.3/6.2 PAH ratio maps. Dark green contours correspond to the 11.3 um PAH emission. The first contour is at 30~ and the last contour
at 1.5x 10~ erg s™! cm™2. Colour-coded circles correspond to the nuclear PAH ratios. The central regions correspond to the 11.3/6.2 PAH ratios
measured in the nuclear spectra. For NGC 7172, the black circle represent the non-detection of nuclear PAH for this source (see Sect. 5.1 for
further details). North is up and east is to the left, and offsets are measured relative to the AGN.

other two sources (i.e. NGC 5506 and NGC 7172). This is likely
explained by the faint 6.2 um PAH emission present in the pro-
jected direction of their outflows. Thus, extractions in a larger
aperture to increase the signal-to-noise ratio in the faint emis-
sion are needed to confirm the larger fraction of neutral PAH
molecules in these regions (see Sect. 5.1). There is a larger frac-
tion of ionised PAHs (low 11.3/6.2 PAH ratio values) in the “nor-
mal” star-forming regions of NGC 7172 (bottom central panel of
Fig. 3) and NGC 5506 (bottom right panel of Fig. 3) when com-
pared to the circumnuclear emission of NGC 5728. The galaxy
disks of NGC 5506 and NGC 7172 exhibit a similar 11.3/6.2
PAH ratio to the typical value found in star-forming galaxies
(g1; Garcia-Bernete et al. 2022¢). This is consistent with the
JWST/MRS observations of NGC 7469 (Garcia-Bernete et al.
2022d; Zhang & Ho 2023b) and of a sample of luminous IR
galaxies (Rigopoulou et al. 2024), where star-forming regions
shows low 11.3/6.2 PAH ratios (<1; see right bottom panel of
Fig. 1 in Garcia-Bernete et al. 2022d). Conversely, the extended
emission of NGC 5728 exhibits larger values of the 11.3/6.2
PAH ratio, resembling those typically found in AGN-dominated

systems (Garcia-Bernete et al. 2022c,d). In addition, the SF-
like 11.3/6.2 PAH ratios found in the disk of NGC 5506 and
NGC 7172 are in agreement with the relatively low hardness
of the radiation field present in these regions (see top panels of
Fig. 3).

The larger fraction of neutral PAH molecules present in the
extended emission galaxy disk and projected direction of the out-
flow of NGC 5728 could be related with the depletion of ionised
PAH molecules (Garcia-Bernete et al. 2022¢,d) due to the hard
radiation field present in the FoV probed by the MRS (see also
BPT diagram in Shimizu et al. 2019).

Given the nearly face-on geometry of NGC 5728, we cannot
rule out the possibility that UV radiation emitted by an evolved
stellar population in the bulge might contribute to exciting PAH
molecules (e.g. Kaneda et al. 2008; Ogle et al. 2024). Indeed, a
large fraction of neutral PAHs are found in regions with rel-
atively soft radiation fields, similar to those observed in the
bulges of galaxies (Kaneda et al. 2008). However, stellar popula-
tion analyses in local AGNs generally show a significant young
(6-30Myr) stellar population present within the central few
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Fig. 4. JWST/MRS [SIV] 10.51 um velocity dispersion maps. From left to right panels: NGC 5506, NCG 5728 and NGC 7172. The black contours
are the CO(3-2) emission from ALMA (same as in Fig. 1). North is up and east is to the left, and offsets are measured relative to the AGN. Orange
solid circle and white ellipse correspond to the JWST and ALMA beams, respectively.

hundred parsecs (see e.g. Burtscher et al. 2021, which include
two of our targets in their study [NGC 5728 and NGC 7172]).
Thus, it is unlikely that an evolved stellar population is signifi-
cantly contributing to the 11.3 pum PAH emission observed in our
targets.

Differences in the PAH ratios might be challenging to iden-
tify when using spatially resolved analyses, due to the limited
signal-to-noise of the PAH bands. Thus, in Sect. 5.1, we describe
how we extracted spectra from various targeted regions that sig-
nificantly increase the signal-to-noise ratio (S/N) to search for
differences in the PAH properties.

5.1. PAH properties in the projected direction of AGN
outflows

We compare the relative strengths of the observed PAH bands
of AGN- and SF-dominated regions with model grids gener-
ated using theoretically computed PAH spectra based on den-
sity functional theory (Rigopoulou et al. 2021). In particular,
we examined the 6.2/7.7 and 11.3/7.7 um PAH ratios, which
are sensitive to the molecular size and ionisation stage of PAH
molecules, respectively. We refer to Rigopoulou et al. (2021) for
more details on how these theoretical spectra and grids are con-
structed.

As the first step, we extracted the JWST/MRS spectra from
the nuclear regions of the three sources studied here. We note
that the nuclear spectrum of NGC 7172 is strongly dominated
by the continuum and shows no PAH emission (see Fig. 1 of
Garcia-Bernete et al. 2024a, also Hermosa Muiioz et al. 2024a);
thus, its nuclear region is not included in Fig. 5. The high extinc-
tion values together with the strong continuum might dilute and
attenuate the nuclear PAH emission from the nuclear region,
which might be connected to the dust lane present in NGC 7172
(see Appendix C). To investigate the similarities and differ-
ences in the PAH properties between nuclear regions, and the
projected direction of the outflow, and star-forming zones, we
selected a number of circumnuclear regions in the three targets
(see Appendix A for further details on the extracted apertures).
In Tables A.1 and A.2, we list the measured PAH fluxes in this
work.

A162, page 8 of 20

Left panel of Fig. 5 shows that the nuclear regions (filled
squares) of AGNs tend to have large 11.3/7.7 um PAH ratios
(and similarly for the 11.3/6.2 um PAH ratio) compared to ‘nor-
mal’ SF regions. This suggests that in the nuclear regions of
AGNSs, the PAH emission originates in neutral PAH molecules
with little variation of the molecular sizes*. Our findings show
the same trend than in previous works, which also include
type 1 and 2 AGNs, using JWST/MRS observations (e.g.
Garcia-Bernete et al. 2022d). More recently, using JWST obser-
vations of local luminous infrared galaxies, Rigopoulou et al.
(2024) also found that SF-regions have a larger fraction of
ionised PAH molecules compared to that of AGNs.

There is some scatter seen in the PAH band ratios for the
nuclear regions of AGNs (see left panel of Fig. 5), indicating
that the mean PAH properties might slightly differ from source
to source. However, the nuclear regions of AGNs favour larger
fractions of neutral PAH molecules compared with star-forming
regions (filled stars). Furthermore, SF-dominated regions tend to
cluster in a narrower part of the diagram where the location of
star-forming galaxies using integrated values from Spitzer/IRS
lie (Garcia-Bernete et al. 2022c; grey area in Fig. 5). However,
PAH molecular sizes traced by 6.2/7.7 um PAH ratio are rather
similar.

Star-forming regions located along the projected direction
of the outflow of NGC 5728 (i.e. SF2, SF3, SF4, SF5, SF6,
SF7, SF9, and SF10 in Fig. A.1; average value represented by
a purple filled triangle in Fig. 5, right) show larger values of
the 11.3/7.7um PAH ratio than in ‘normal’ SF regions. We
also find high 11.3/7.7 wum PAH ratios in the projected direc-
tion of the outflow of NGC 5728 (i.e. Outl, Out2, and Out3
in Fig. A.1) and in the perpendicular region of the jet (high-
velocity dispersion region; i.e. D1 and D2 in Fig. A.1). This
high-velocity dispersion region has been interpreted as lateral
turbulence caused by the jet interacting with the host galaxy
(e.g. Venturi et al. 2021). Consequently, the elevated 11.3/7.7 um
(and 11.3/6.2 um) PAH ratio observed in this region is consistent
with this interpretation. The average value of the regions located
in the projected direction of the outflow of NGC 5728 is rep-

4 PAH molecular sizes are estimated by using the 6.2/7.7 um PAH
ratio.



Garcia-Bernete, I, et al.:

Nuclei vs SF

T
_l_NGC7319
N,=400
c
.o |
1.0 -8 Neutral grid .
c
~ 2
~ ]
I N NGC5506 ; .
= 5 . NGC7469 W
& £ : . N,=20
L) | NGC5728 NGCB552 M\
= Avg SF NGC5728
T Avg Disk NGC7172 4 :
E . Avg SF NGC3256
Avg Disk NGC5506 4 Avg'SF NGC7469
Star—forming
galaxies
B Nuclei
0.1bk 4 SF-regions PAH size ]
M 1
0.1

PAH6.2/PAH7.7

A&A, 691, A162 (2024)

QOutflows vs SF

T
N.=400
c
e
1.0 - S Neutral grid .
I C
~ -2 Out NGC7172 i
E L 2 ° (4=0.224 pe) |
< c
& -.IQ Out NGC5506 ° o
Le] L <
> a :
: Avg SF NGC5728
I Avg Disk NGC7172 4 Orion bar
& . Avg SF NGC3256
Avg Disk NGC5506 *Avg SF NGC7469
Star—forming
gaolaxies
@ Outflow—regions
A Affecteq SF-regions
0.1F + SForegions PAH size _
M 1
0.1

PAH6.2/PAH7.7

Fig. 5. PAH diagnostic diagram: relative strengths of the 6.2, 7.7, and 11.3 um PAH features. Left panel: Nuclear regions of AGNs versus star-
forming regions. Filled squares correspond to the nuclear regions of NGC 5728 (purple square) and NGC 5506 (red square). We also plot the
nuclear regions of NGC 6552 (blue square), NGC 7319 (black upper limit) and NGC 7469 (magenta square) from Garcia-Bernete et al. (2022d).
Right panel: Outflow regions of AGNs versus star-forming regions. The red, purple, and green circles correspond to average PAH ratios of the
outflow regions of NGC 5506, NGC 5728 and NGC 7172, respectively. The purple triangle represents the average value of star-forming regions
of NGC 5728 that are affected by the AGN according to their [Ne III]/[Ne II] ratio. For comparison, we plot PDR-like values from the Orion
bar (open brown diamond; see Appendix B for details). The grey shaded region denotes the average location of star-forming galaxies from
Garcia-Bernete et al. (2022c¢) using Spitzer/IRS data and black and magenta filled stars correspond to the average value of star-forming regions of
NGC 3256 (from Rigopoulou et al. 2024) and NGC 7469 (from Garcia-Bernete et al. 2022d). Filled stars correspond to the average star-forming
regions of NGC 5728 (purple star), NGC 7172 (green star) and NGC 5506 (red star). The grey grid corresponds to neutral PAHs ranging from small
PAHs (N¢ = 20; right side of the grid) to large PAH molecules (N¢ = 400; left side of the grid). Dashed grey lines correspond to intermediate
numbers of carbons. The orange grid corresponds to 70% of ionised PAH molecules for the same number of carbons as the neutral grid. Dotted

orange lines correspond to intermediate numbers of carbons. In Fig. A4,

and A.3 we list the measured PAH fluxes.

resented by a purple filled circle in Fig. 5 (see also Fig. A.1).
For NGC 5506 and NGC 7172, we extracted regions along the
projected direction of the outflow (indicated by red and green
circles in Fig. 5; see also Fig. A.1). We find high values of the
11.3/7.7 um PAH ratio in NGC 5506 (filled red circle in Fig. 5)
and NGC 7172 (filled green circle in Fig. 5). These regions are
also located where the AGN feedback appears to be stronger
in these galaxies (e.g. Fischer et al. 2013; Thomas et al. 2017,
Davies et al. 2020; Alonso-Herrero et al. 2023; Esposito et al.
2024; Hermosa Muioz et al. 2024a; Zhang et al. 2024a).

However, the star-forming regions of NGC 5506 (Disk1 and
Disk?2 apertures in Fig. A.1), NGC 5728 (i.e. SF1, SF8, SF11 and
SF12 in Fig. A.1), and NGC 7172 (Disk1 and Disk?2 apertures in
Fig. A.1) are consistent with PAH ratios typically found in star-
forming galaxies (see Fig. A.1). The outflow is located behind
the disk for the southern region of NGC 5506 and the northern
region of NGC 7172; thus, they exhibit PAH ratios that broadly
resemble those of typical star-forming regions (see Appendix A
for further details). The hardness of the radiation field is gener-
ally higher in the regions with elevated 11.3/7.7 um PAH ratio
(also for the 11.3/6.2 um PAH ratio; see Fig. 3). These results
are in agreement with the previously observed trend of a larger
fraction of neutral PAHs being present in the harsh environment
of the active nuclei.

For comparison, in Fig. 5, we also show the PAH ratios of the
strongly illuminated photodissociation region (PDR) Orion Bar
(open brown diamonds; see Appendix B). We used the extracted
regions on the JWST/MIRI MRS observations presented in
Peeters et al. (2024, see also Chown et al. 2024; Habart et al.
2024; Pasquini et al. 2024 and Elyajouri et al. 2024). The atomic

we show this plot with all the individual regions, and in Tables A.1, A.2,

PDR and dissociation fronts (DF1, DF2, DF3; see Fig. 1 of
Peeters et al. 2024) show values which are broadly in agreement
with the values found for SF-regions in galaxies’. However, the
closest H 1 region (projected distance of ~0.224 pc; Peeters et al.
2024) to the main source of ionising radiation and winds (i.e the
O7V-type star 6' Ori C) have PAH ratios indicating a large frac-
tion of neutral molecules, similar to those observed in the harsh
environments of AGNs.

The geometry of the AGN ionised outflow (and radio jet)
with respect to the host galaxy disk (i.e. coupling) is key to
understanding AGN feedback (e.g. Ramos Almeida et al. 2022,
and references therein). Under the assumption that the majority
of the PAH molecules are located in the galaxy disk, geometri-
cal coupling between the outflow and jet and host galaxy might
play a key role in explaining the effect of the AGN outflow and
radio jet in PAH molecules. Recently, using JWST observations,
Donnan et al. (2024b) found that PAHs are kinematically influ-
enced by the AGN-driven outflow in the type 1 AGN, NGC 7469.
As mentioned above, the geometry derived from NLR modelling
(see Sect. 2 and Appendix C) indicates that the AGN ionised
outflow and the radio jet might be strongly impacting the galaxy
disk in the case of NGC 5728 (see Fig. C.1 in Appendix C) while
the geometrical coupling is relatively weak in NGC 7172 and
NGC 5506 (e.g. Fischer et al. 2013; Alonso-Herrero et al. 2023;

5> Note: the spectra of the Orion bar are extracted in regions with a sub-
pc physical resolution regions, as opposed to scales of approximately
hundreds of pc in the circumnuclear region for the galaxies studied here.
This may explain the slightly different PAH ratios observed in the Orion
bar compared to star-forming regions.
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Davies et al. 2024; Esposito et al. 2024; Hermosa Muiioz et al.
2024a). We further explore the properties of the PAH popu-
lation in regions showing hard radiation fields (see Fig. 3),
which is co-spatial with the projected direction of the outflow of
NGC 5728 (see Davies et al. 2024). In general, selected regions
in projected direction of the outflow have elevated 11.3/7.7
(and 11.3/6.2) PAH and [Ne III]/[Ne II] ratios as found in AGN-
dominated environments (see also Fig. 3).

Based on the 6.2/7.7 um PAH ratios, we find that all extracted
regions typically fall within the range of PAH sizes (i.e. num-
ber of carbon; N.) covered by the grid (20 <N, <400). The only
exceptions are the nuclear regions of NGC 5506 and NGC 5728,
which are located in a region favouring larger PAH molecules
(see e.g. Kerkeni et al. 2022). However, the 6.2 and 7.7 um PAH
features in these two nuclei are extremely weak; thus, we con-
sider the 6.2/7.7 um PAH ratio of NGC 5506 and NGC 5728 as
lower limits.

Our findings indicate that regions located in the projected
direction of the outflow of the AGN presented here generally have
a larger fraction of neutral PAH molecules compared to ‘normal’
SF regions. This is consistent with the tentative evidence found
in the nuclear outflow of NGC 7469 using JWST/MRS data (e.g.
Garcia-Bernete et al. 2022d) and in the outflow of the starburst
M 82 using Spitzer/IRS data (Beirdo et al. 2015). The fraction of
ionised PAHs in the disk regions of NGC 5506 and NGC 7172
(and regions with low [Ne III]/[NeII] values in NGC 5728) are
in agreement with those measured in star-forming dominated
regions. The larger fraction of neutral PAH molecules (11.3/7.7
and 11.3/6.2 pm PAH ratios) in the nuclear regions of AGNs and
the projected direction of their outflows suggests that the AGN
is affecting the PAH emission in these regions. This could be
explained by the potential destruction of the ionised molecules,
which are less resilient than neutral ones to harsh radiation fields
and shocks (see e.g. Garcia-Bernete et al. 2022d; Li et al. 2022).
The ionisation of PAH molecules produces electronic rearrange-
ment and structural changes in the system inducing repulsive
forces within the molecule that might end in a ‘Coulomb explo-
sion’ (Leach 1986; Voit 1992). Previous laboratory works have
found that for the small PAH molecule naphthalene (C;oHg)
Coulomb explosions are important when exposed to >40 eV pho-
tons (Leach et al. 1989). As previously noted, we cannot rule
out that an evolved stellar population in the bulge of NGC 5728
might also contribute to exciting neutral PAH molecules (e.g.
Kaneda et al. 2008; Ogle et al. 2024). However, stellar population
analyses do not seem to favour this scenario for NGC 5728 (see
e.g. Burtscher et al. 2021). We remark that new observations of
local AGNs with JWST will allow for the sample to be enlarged,
which will be crucial for obtaining definitive conclusions and for
enhancing the statistical significance of the findings presented
here.

5.2. PAH-H, diagram

As discussed above the 11.3/6.2 PAH ratio traces AGN-
dominated regions. Here, we further investigate other ratios
involving one of the most AGN-affected PAH bands covered
by MIRI/MRS (i.e. the 6.2um PAH feature). Together with
hard X-rays, high IP lines are powerful tools for unveiling
AGN activity. However, recent JWST NIR-to-MIR observations
of a deeply embedded AGN showed non-detection of high IP
(>100eV) lines (e.g. Garcia-Bernete et al. 2024b). Furthermore,
even ultra-hard X-ray (14-195 keV) Swift/BAT observations are
missing a significant fraction of highly absorbed type 2 sources
(e.g. Ricci et al. 2015; Mateos et al. 2017; Garcia-Bernete et al.
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Fig. 6. Relationship between the 11.3/6.2 PAH ratio and 6.2 um PAH
feature relative to H, S(1) for all the spaxels of the three targets. Blue,
green, and red circles represent values where the 6.2 um PAH/H, S(1)
ratio is greater than 12 (SF-dominated), between 12 and 5, and less than
5 (AGN-dominated), respectively. Squares represent the median value
of each category. Squares, circles and hourglasses symbols correspond
to NGC 5506, NGC 5728, and NGC 7172. The dashed vertical lines rep-
resent the average values of star-forming galaxies, AGNs, and relatively
powerful radio galaxies from Spitzer/IRS observations (Ogle et al. 2010
and Garcia-Bernete et al. 2022c).

2019). It is thus crucial to search for alternative tracers of AGNs.
Our targets with similar bolometric luminosity, but with differ-
ent hydrogen column densities (see Table 1), and ranging from
strong to weak AGN-host coupling allow us to test the diagnostic
power of these tracers.

We investigated the relation of the 6.2 um PAH/H, 0-0 S(1)
ratio. H, rotational lines originate in warm molecular gas and
are excited by UV fluoresence and gas heating by collisional
excitation (e.g. Kaufman et al. 2006). Therefore, the H, emis-
sion depends on the amount of warm molecular gas present,
but also on the UV heating and the possible presence of tur-
bulence and shocks (e.g. Kristensen et al. 2023, and references
therein). Using Spitzer/IRS data, Ogle et al. (2010) found that
PAH/H, is smaller in jet-powered molecular hydrogen emis-
sion galaxies (MOHEGs) with strong jet-ISM interaction com-
pared with ‘normal’ star-forming galaxies (factor of ~300; see
also Nesvadba et al. 2010). The average 11.3/6.2 PAH ratio
(~3) reported by Ogle et al. (2010) for relatively powerful radio
galaxies® is larger than that of AGN’ (~2; Garcia-Bernete et al.
2022c¢). Similarly, Labiano et al. (2013, 2014) also found that the
7.7um PAH band is weaker than the 11.3 um PAH feature in
relatively powerful radio galaxies®. Therefore, 6.2 um PAH/H,
is expected to be small in AGNs with strong host-outflow and
jet coupling. Recently, JWST/MRS observations have revealed
enhanced emission from warm and hot H, in NGC7319
(Pereira-Santaella et al. 2022), which hosts a low-power radio
jet and has extremely faint PAH emission (Garcia-Bernete et al.
2022d).

In Fig. 6, we present all the spaxels for the three galax-
ies at the angular resolution of the H, 0-0 S(1) maps. Figure 6

® Hereafter, we use the terms relatively powerful radio galaxies and
MOHEGs interchangeably.

7 We note that both samples were fitted using PAHFIT (Smith et al.
2007).

8 Note that the sources studied in Labiano et al. (2013, 2014) are reac-
tivated powerful radio sources, and their radio jets may strongly affect
the ISM of the galaxy.
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Offsets are measured relative to the AGN.

shows a relationship between the 11.3/6.2 PAH ratio and the
6.2 wum PAH/H; 0-0 S(1) ratio. This relation is in part driven by
the 6.2 um PAH feature, which is strongly affected by the AGN,
but also by the enhancement of H, in AGN-shocked regions.
We select regions that are AGN-dominated (red circles) and SF-
dominated (blue circles) in Fig. 6. To do so, we use 6.2 um
PAH/H, 0-0S(1) <5 and 6.2 um PAH/H, 0-0 S(1) > 12, respec-
tively. To define these values, we compare the 6.2 um PAH/H, 0-
0 S(1) ratio map with the spatially resolved [Ne III]/[Ne II] maps
(see Figs. 3 and 7). As this is a visual criterion, we also
included a third classification as intermediate values (5 < 6.2 um
PAH/H, 0-0 S(1) < 12). The AGN-dominated limit is estimated
by using the average value of the 6.2um PAH/H,0-0S(1)
of those spaxels with [Nelll]/[Nell] ratios greater than that
found for Syl in Pereira-Santaella et al. (2010, see top pan-
els of Fig. 3). The 6.2um PAH/H, 0-0 S(1) ratio map of the
three targets studied in this work, colour-coded with these cri-
teria, is shown in Fig. 7. Intermediate values of the 6.2 um
PAH/H, 0-0 S(1) ratio are also found for NGC 7172 where the
MIR ionised outflow of this galaxy has been detected (see
Hermosa Muiloz et al. 2024a for further discussion on the out-
flow of this galaxy). NGC 5728 has the largest area of AGN-
dominated spaxels (red colour), likely related with the fact that
this galaxy shows the strongest outflow-and-jet-host galaxy cou-

pling of the sources studied here. Furthermore, SF-dominated
regions are also revealed in the star-forming ring of NGC 5728
and the disk regions of NGC 7172 and NGC 5506 (see Fig. 7).
This is in good correspondence with the hardness of the radiation
field shown in the top panels of Fig. 3. Ogle et al. (2024) show
a similar plot for M 58 to that presented in Fig. 6, but using the
11.3 um PAH band. Thus, as a sanity check, we also examined
the relation of the 11.3 pum PAH/H, 0-0 S(1) ratio (see Fig. 8) and
found a similar results when using the 11.3 um or 6.2 um PAH.

Finally, we find that PAH/[Ar II] and PAH/[NeII] ratios are
lower in shock-dominated regions, while this ratio increases in
locations where star-forming activity is significant. This together
with the results form PAH/H, diagnostic suggests that shocks
could play a significant role in the PAH-affected regions of
AGNs (see also Zhang et al. 2024b for a pilot study examining
the potential impact of shocks on PAHs).

6. Summary and conclusions

We present a JWST MIRI/MRS study of the IR PAH bands of
the nuclear (~0.4” at 11 um; ~75 pc) and circumnuclear regions
of local AGNs from the Galactic Activity, Torus, and Out-
flow Survey (GATOS). In particular, we have investigated the
PAH properties in AGN-dominated regions along the projected
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direction of the outflow to compare them with those in star-
forming regions and AGN nuclei. Our main results are as
follows:

1. We find that nuclear regions of intermediate-luminosity
AGNs (i.e. Seyfert galaxies) tend to have a larger frac-
tion of neutral molecules (i.e. elevated 11.3/6.2 or 11.3/7.7
PAH ratios), showing the same trend seen in previous works
also using JWST/MRS observations (Garcia-Bernete et al.
2022d).

2. We find that even in Seyfert-like AGNs, illumination and
feedback from the AGN might affect the PAH population
at kpc scales. In particular, the fraction of ionised PAH
molecules is low in the outflow zone compared with that
of star-forming regions. This result could be explained by
the preferential destruction of ionised PAH molecules (i.e.
the carriers of the ionised PAH bands; 6.2 and 7.7 um) in
hard environments, such as those found in the circumnu-
clear regions of AGNs. However, the PAH molecular sizes
are rather similar.

3. We find similar trends for integrated PAH/H, ratios using
high angular resolution spatially resolved maps. In particu-
lar, we find that values of the 6.2 um PAH/H, 0-0 S(1)> 12
correspond to SF-dominated regions, while those regions
with 6.2 um PAH/H; 0-0S(1) <5 are AGN-dominated. The
AGN-dominated limit is estimated by using a standard hard-
ness of the radiation field tracer ([Ne III]/[Ne II] ratios).

All of these results suggest that both AGN feedback and hard
AGN radiation fields present in Seyfert-like AGNs, such as those
studied in this work, can have a significant impact on the PAH
population. This seems to be particularly important for strongly
AGN-host-and-jet coupled systems, for which the effects on
the PAH molecules located in the disk could be maximal (e.g.
NGC 5728). The carriers of the ionised PAH bands (6.2 and
7.7 um) are less resilient than those of neutral PAH bands (e.g.
11.3 um). Thus, caution must be applied when using PAH bands
as star-formation rate indicators in these systems. Furthermore,
PAH bands together with H, and low IP emission lines allow
for AGN feedback to be disentangled from star-forming activ-
ity. This might be especially important for sources where high
IP lines are undetected. Future observations of local obscured
nuclei using, the unprecedented spatial resolution and sensitiv-
ity afforded by the James Webb Space Telescope, will be able to
test the potential diagnostic power of the PAH-H, classification
diagram in buried sources.
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Appendix A: Mid-IR modelling and aperture
selection

We extracted the JWST/MRS spectra from the nuclear regions of
the three sources studied here following the same method as in
Garcia-Bernete et al. (2024a). In addition, we selected a number
of circumnuclear regions in the three targets to investigate sim-
ilarities and differences in the PAH properties between nuclear
regions and outflow and star-forming zones. For the extended
emission, we use apertures ranging of 1”70 and 1”75 diameter (see
Fig. A.1).

To fit the mid-IR continuum and in particular the PAH emis-
sion features of star-forming regions we use a modified version
of PAHFIT (Smith et al. 2007) to work with the higher spectral
resolution JWST data (Donnan et al. 2023). However, PAHFIT
does not produce successful fits for the nuclear regions of the
sources studied here due to the complexity of the dust contin-
uum and the high levels of extinction present. Therefore, we use
a novel technique using a differential extinction model (i.e. the
strength of extinction varies with wavelength) which probes dif-
ferent layers of the dust and produces satisfactory fits to deeply
obscured sources (Donnan et al. 2024a). We note that the newly
developed model is in agreement with PAHFIT for relatively
unobscured sources as star-forming regions. We refer the reader
to Donnan et al. (2024a) for a full description of the model. The
fits for the nuclear regions of NGC 5506 and NGC 5728 are
shown in Fig. A.2. In Fig. A.3 we show an example of a fit for
a SF-dominated region. In Tables A.1, A.2, and A.3, we list the
fluxes of the MIR PAH features for the nuclear, circumnuclear
regions, and Orion Bar, respectively.

We selected a number of circumnuclear regions in
NGC 5506, NGC 5728 and NGC7172. Considering the mor-
phology of the circumnuclear emission of the sources (see Sect.
4), we chose regions including emission along the SF ring
(1”diameter extraction apertures), the outflow (1.5”diameter
extraction apertures) and high-velocity dispersion region (per-
pendicular to the jet; 1.5”diameter extraction apertures) and
galaxy disks of NGC 5506 and NGC 7172 (1.5"” diameter extrac-
tion apertures). Given the geometry of NGC 5506 and NGC 7172
(e.g. Esposito et al. 2024; Hermosa Mufioz et al. 2024a), the
outflow is located behind the disk for the southern region
of NGC5506 (Disk3) and the northern region of NGC 7172
(Disk3). Therefore, these regions show values of their PAH ratios
similar to those of the disk. In Fig. A.4 we present the same PAH
diagram as in Fig. 5 but including all the individual regions.

Appendix B: Orion Bar

For comparison, we also include in our analysis observa-
tions of the Orion Bar, which have been already presented in
Chown et al. (2024), Habart et al. (2024), Peeters et al. (2024),
Pasquini et al. (2024) and Elyajouri et al. (2024)). This was
observed was taken using JWST as part of the Director’s Dis-
cretionary Early Release Science (ERS) Program ID: 1228 (P.I.
O. N. Berné). The extracted spectra consist of a HII, an atomic
PDR and three regions of dissociation fronts (DF1, DF2, DF3)
(see e.g. Fig. 1 of Peeters et al. 2024). In particular, we use the
fully reduced version of the spectra presented in Chown et al.
(2024), which are publicly available in webpage® of the ERS
team PDRs4All. Using these spectra, we measured the PAH
ratios (see Table A.3 using the same method as in Appendix A.

° https://pdrs4all.org/seps/
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Appendix C: Notes on individual objects
C.1. NGC5728

NGC5728 is a type 2 AGN also classified as Compton-thick
AGN (Véron-Cetty & Véron 20006). It has a circumnuclear stel-
lar ring (~800pc; e.g. Schommer et al. 1988; Durré & Mould
2018; Shimizu et al. 2019 and references therein) and large stel-
lar bar (~11 Kpc; Schommer et al. 1988; Durré & Mould 2018).
NGC 5728 also presents ionisation cones detected in [OIII]
and Ha (~1.5kpc; PA~120) at both sizes of the nucleus (e.g.
Schommer et al. 1988; Arribas & Mediavilla 1993; Wilson et al.
1993; Durré & Mould 2018; Shimizu et al. 2019). In the same
orientation, 6 and 20 cm radio observations show a compact
radio core with one-sided which is related to the emission of a
radio jet (Schommer et al. 1988; Durré & Mould 2018). Figure
C.1 shows a sketch summarising the geometry model derived by
Shimizu et al. (2019). Note that the position angle of the cone
has been updated to that used in Davies et al. (2024) (i.e. posi-
tion angle of -60° with an opening angle of +30°. The 3D scheme
show the strong geometrical coupling between the AGN outflow
(and jet) and the host galaxy disk.

NGC 5728 has a star-foming ring of ~1kpc size, showing
several bright [Ne II] clumps (see Davies et al. 2024). The high
IP (e.g. [Ne V] and [S V]) emission line maps show the promi-
nent ionisation cones in the galaxy (see Fig. 2). This region coin-
cides with outflow located in the SE to NW direction (see Fig.
2; also Durré & Mould 2018; Shimizu et al. 2019). We also note
that MIRI/MRS velocity dispersion maps of [Ne III], [Ne V] and
[S V] reveal a high-velocity dispersion region in an almost per-
pendicular region of the main axis of the outflow (see Fig. 4;
also Davies et al. 2024). Durré & Mould (2018) has also pro-
posed the presence of a nuclear bar in the optical ratios. The
[Fe II] intensity map shows the presence of shocks operating in
the ionisation cones orientation (see Fig. 2).

C.2. NGC5506

NGC 5506 is classified as a narrow-line Sy 1 or type2 AGN
(see Nagar et al. 2002 for further discussion). Moreover, the host
galaxy disk is close to edge-on (igizx ~ 76°; Fischer et al. 2013)
and, thus, dust in the galaxy disk might be responsible for a sig-
nificant part of the nuclear obscuration. The NLR bicone emis-
sion is extended over a few kpc and elongated in the north-
south direction (Wilson et al. 1985; Fischer et al. 2013). Also,
VLA radio observations show a compact nucleus and a radio
jet is extended along PA~70° and i~82° (Kinney et al. 2000). In
Fischer et al. (2013, their Fig. 21), the authors showed the geom-
etry of NGC 5506 derived from the NLR modeling (similarly as
in Fig. C.1).

C.3. NGC7172

NGC 7172 hosts a type 2 AGN with a prominent dust lane (e.g.
Smaji¢ et al. 2012 and references therein). A two-sided ionisa-
tion cones with broad opening angle (~120°) is detected by using
optical integral field spectroscopy (e.g. Thomas et al. 2017).
ALMA CO(3-2) observations showed the presence of a cold
molecular gas ring (~500-700 pc), which is not only rotating but
also outflowing (e.g. Alonso-Herrero et al. 2023). VLA obser-
vations detected a nuclear point-like emission and faint radio
emission elongated to the northeast and southwest of the nucleus
(e.g. Thean et al. 2000). This faint radio emission located in the
same orientation as the ionised cone, which suggest that might
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Fig. A.1. Maps showing the selected apertures. From left to right panels: NGC 5506, NCG 5728 and NGC 7172. Top panels: 6.2 um PAH feature
intensity map. The white contours are the 11.3 um PAH emission on a logarithmic scale (same values as in bottom panels of Fig. 3). Bottom panels:
[NeII] 12.81 um intensity map. North is up and east is to the left, and offsets are measured relative to the AGN. Black circles correspond with the
extracted apertures.

Table A.1. Nuclear PAH measurements. Fluxes and errors are in units of 107'* erg s™! cm™2.

Galaxy PAHA6.2um PAHA7.7um PAHA8.6um PAHA11.3um PAHA17.0um

M 2 3) 4) &) (6)
NGC 5506 <135 88.30 0.13 49.53 <84.70
NGC 5728 <3.47 26.82 1.22 12.32 <19.63
NGC7172

be related with a low power radio jet (e.g. Alonso-Herrero et al.
2023).

A162, page 16 of 20



Garcia-Bernete, 1, et al.: A&A, 691, A162 (2024)

Table A.2. Circumnuclear PAH measurements. Fluxes are in units of 107'# erg s™' cm™2.

Region PAHA6.2um PAHA7.7um PAHA8.6um PAHAI1.3um PAHA12.7um PAHA17.0um
(D (2 3) 4 (&) (6) @)
NGC 5728-SF1 5.65 17.66 3.90 5.33 3.59 2.12
NGC 5728-SF2 1.61 2.72 0.54 2.09 1.35 0.97
NGC 5728-SF3 1.28 4.48 0.97 3.85 2.44 1.70
NGC 5728-SF4 4.16 11.18 2.12 432 2.80 2.10
NGC 5728-SF5 4.56 14.67 2.93 5.94 3.81 2.39
NGC 5728-SF6 2.46 7.36 1.36 3.85 2.52 1.43
NGC 5728-SF7 1.91 6.41 1.46 3.36 1.87 1.49
NGC 5728-SF8 2.41 8.79 1.70 2.80 2.61 1.93
NGC 5728-SF9 1.99 5.97 1.38 4.02 2.25 1.83
NGC 5728-SF10 1.94 5.49 1.18 2.86 1.99 1.02
NGC 5728-SF11 2.50 8.63 1.97 2.73 2.06 1.30
NGC 5728-SF12 371 13.13 2.83 4.61 3.51 1.91
NGC 5728-D1 2.68 6.82 1.84 3.38 231 3.62
NGC 5728-D2 2.24 7.26 1.46 434 2.62 2.42
NGC 5728-Outl 1.82 5.16 1.10 3.57 2.19 1.76
NGC 5728-Out2 2.08 7.56 1.53 4.54 278 3.38
NGC 5728-Out3 3.80 9.83 2.09 541 3.14 2.25
NGC 5506-Disk1 54.85 214.01 54.65 5337 3177 20.35
NGC 5506-Disk2 45.80 194.97 41.07 57.03 45.37 19.79
NGC 5506-Disk3 4.11 19.53 5.33 5.45 15.13 8.84
NGC 5506-Out 4.82 27.47 7.11 13.38 17.99 4.06
NGC 7172-Disk1 4256 204.19 23.89 57.62 39.74 11.40
NGC 7172-Disk2 34.76 172.98 22.45 50.80 40.38 17.48
NGC 7172-Disk3 13.62 58.86 8.33 20.16 9.43 3.01
NGC 7172-Out 7.79 46.91 5.15 29.53 12.39 1.39

Table A.3. PAH ratios of Orion from the measurements described in Appendix B.

Region 6.2/7.7um 11.3/7.7um Ref.
PAH ratio PAH ratio
(D @) 3 “)
Orion H1Iregion 0.35+0.05  0.63+0.05  This work
(d=0.224 pc to ' Ori C)
Orion atomic PDR 0.34+0.05 0.31+0.03  This work
Orion dissociation front 1 0.38+0.07 0.29+0.03  This work
Orion dissociation front 2 0.37+0.06 0.35+0.04  This work
Orion dissociation front 3 0.33+0.04 0.33+0.03  This work
NGC 6552 (AGN) 0.22+0.03 0.43+0.05  Garcia-Bernete et al. 2022d
NGC 7319 (AGN) [0.22-0.31] <1.75 Garcia-Bernete et al. 2022d
NGC 7469 (AGN) 0.31+0.04 0.53+0.05  Garcia-Bernete et al. 2022d

Average SF regions of NGC 3256 0.30+0.02  0.29+0.02  Rigopoulou et al. 2024
Average SF-ring of NGC 7469 0.29+0.06  0.23+0.05  Garcia-Bernete et al. 2022d
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Fig. A.2. Mid-IR spectral modelling of the nuclear regions of NGC 5506
(top panel) and NGC 5728 (bottom panel). The JWST/MRS rest-frame
spectra and model fits correspond to the black and red solid lines. We
show the continuum (brown solid lines) and the fitted PAH features
(orange solid lines). Note that NGC 7172 does not show nuclear PAH
emission and, thus, it is not included in this plot.
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Fig. A.3. Example of the mid-IR spectral modelling of a SF-dominated
region of NGC 5728. The JWST/MRS rest-frame spectra and model fits
correspond to the black and red solid lines. We show the continuum
(brown solid lines) and the fitted PAH features (orange solid lines).
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Fig. A.4. Same as Fig. 5, but including all the individual regions. In Tables A.1, A.2, and A.3 we list the measured PAH fluxes.
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Fig. C.1. 3D scheme for the geometry of NGC 5728 derived from the
NLR modeling by Shimizu et al. (2019). Note that the position angle
of the cone has been updated to that used in Davies et al. (2024). The
bicone indicates the AGN outflow (blue and redshifted velocities). The
green line represents the jet axis. The purple line correspond to the per-
pendicular direction of the jet-axis (i.e. high velocity dispersion region
in Fig. 4). North is up and east is left.
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