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ABSTRACT

We analyze JWST MIRI/MRS IFU observations of three Seyferts and showcase the intriguing polycyclic
aromatic hydrocarbon (PAH) emission characteristics in regions of ∼ 500 pc scales over or around their active
galactic nuclei (AGN). Combining the model predictions and the measurements of PAH features and other
infrared emission lines, we find that the central regions containing a high fraction of neutral PAHs with small
sizes, e.g., those in ESO137-G034, are in highly heated environments, due to collisional shock heating, with
hard and moderately intense radiation fields. Such environments are proposed to be associated with inhibited
growth or preferential erosion of PAHs, decreasing the average PAH size and the overall abundance of PAHs.
We additionally find that the central regions containing a high fraction of ionized PAHs with large sizes, e.g.,
those in MCG-05-23-016, are likely experiencing severe photo-ionization because of the radiative effects from
the radiative shock precursor besides the AGN. The severe photo-ionization can contribute to the ionization of
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all PAHs and further destruction of small PAHs. Overall, different Seyferts, even different regions in the same
galaxy, e.g., those in NGC 3081, can contain PAH populations of different properties. Specifically, Seyferts that
exhibit similar PAH characteristics to ESO137-G034 and MCG-05-23-016 also tend to have similar emission
line properties to them, suggesting that the explanations for PAH characteristics of ESO137-G034 and MCG-
05-23-016 may also apply generally. These results have promising application in the era of JWST, especially in
diagnosing different (i.e., radiative, and kinetic) AGN feedback modes.

Keywords: galaxies: active galactic nucleus — galaxies: ISM — infrared: ISM — galaxies: star formation

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs; e.g., Duley &
Williams 1981; Leger & Puget 1984; Allamandola et al.
1985; and see review Tielens 2008) produce a series of
prominent emission features in the mid-infrared (MIR) spec-
tra of star-forming galaxies and AGN. The main PAH fea-
tures at 6.2, 7.7, 8.6, 11.3, and 12.7 µm together can account
for up to 20% of their total IR emission (Smith et al. 2007;
Xie et al. 2018; and see review Li 2020). PAH emission
is proposed to be an effective estimator of the intensity of
the ultraviolet (UV) radiation field, and hence the strength of
recent star formation activity (e.g., Rigopoulou et al. 1999;
Förster Schreiber et al. 2004; Peeters et al. 2004). This is
because PAH emission arises following the vibrational exci-
tation of PAHs after absorbing a single UV photon primar-
ily from young stars (e.g., Allamandola et al. 1989; Tielens
2005), albeit partially from evolved stars (e.g., Bendo et al.
2020; Zhang & Ho 2023b). Accordingly, PAH emission has
been widely calibrated as an indicator of star formation rate
for different galaxy environments (e.g., Calzetti et al. 2005,
2007; Wu et al. 2005; Treyer et al. 2010; Shipley et al. 2016;
Maragkoudakis et al. 2018; Xie & Ho 2019; Belfiore et al.
2023; Ronayne et al. 2024), and also as an indicator of molec-
ular gas content (e.g., Cortzen et al. 2019; Gao et al. 2019;
Alonso-Herrero et al. 2020; Chown et al. 2021; Leroy et al.
2023; Whitcomb et al. 2023; Zhang & Ho 2023a; Shivaei &
Boogaard 2024).

From observational studies in the Spitzer era (see review
Li 2020), the relative intensity of individual PAH features
has also been found to vary greatly across different galaxy
environments, and such variability has not been fully ex-
plained in theory yet (e.g., Genzel et al. 1998; Draine & Li
2007; Farrah et al. 2007; Smith et al. 2007; Gordon et al.
2008; Kaneda et al. 2008; O’Dowd et al. 2009; Diamond-
Stanic & Rieke 2010; Hunt et al. 2010; Sales et al. 2010;
Lebouteiller et al. 2011; Maragkoudakis et al. 2018, 2022;
Draine et al. 2021; Rigopoulou et al. 2021, 2024; Zhang et al.
2021, 2022; Garcı́a-Bernete et al. 2022a,b; Xie & Ho 2022).
In particular, PAH features are generally weak and/or are di-
luted, especially for PAH features at short wavelengths (i.e.,
PAH 6.2, and 7.7 µm features), around AGN (e.g., Smith
et al. 2007; O’Dowd et al. 2009; Sales et al. 2010; Alonso-
Herrero et al. 2014; Ramos Almeida et al. 2014; Garcı́a-

Bernete et al. 2015) and in low-metallicity star-forming re-
gions (e.g., Gordon et al. 2008; Hunt et al. 2010; Lebouteiller
et al. 2011; Maragkoudakis et al. 2018). In addition, while
PAHs can survive in AGN periphery when with the shielding
effect provided by molecular gas of high column densities
(e.g., Alonso-Herrero et al. 2014, 2020; Garcı́a-Bernete et
al. 2022a), such a trend, i.e., weak PAH emission, is more
significant around AGN than in low-metallicity regions at
given hardness of the radiation field (e.g., Hunt et al. 2010;
Lebouteiller et al. 2011). This result hints that more than ra-
diative effects, e.g., mechanical effects by shocks, are oper-
ating on PAHs around AGN (e.g., Diamond-Stanic & Rieke
2010; Garcı́a-Bernete et al. 2022a, 2024c; Zhang et al. 2022).

Along with observational evidence, most of the above stud-
ies also provide specific explanations for the unique PAH
characteristics around AGN. Therein, the selective erosion
and destruction of smaller PAHs in the harsh environment
around AGN are usually taken as the primary reason (e.g.,
Smith et al. 2007; O’Dowd et al. 2009; Diamond-Stanic &
Rieke 2010; Sales et al. 2010; Garcı́a-Bernete et al. 2022a;
Xie & Ho 2022; Zhang et al. 2022; Ramos Almeida et al.
2023). Moreover, such erosion and destruction are mostly at-
tributed to the radiative effects of extreme-UV or X-ray pho-
tons in AGN periphery (Aitken & Roche 1985; Voit 1992),
while the mechanical effects from low velocity shocks could
also play a role under specific situations (e.g., Diamond-
Stanic & Rieke 2010; Zhang et al. 2022; Donnan et al.
2023a). Additionally, different obscuration levels of the en-
vironment (e.g., Alonso-Herrero et al. 2014, 2020; Garcı́a-
Bernete et al. 2022a, 2024c; Donnan et al. 2023b) and dif-
ferent spectral energy distribution (SED) shapes of the ra-
diation field (e.g., O’Dowd et al. 2009; Draine et al. 2021;
Rigopoulou et al. 2021; Donnelly et al. 2024) that PAHs are
immersed in can contribute to the unique PAH characteristics
around AGN as well.

Although aforementioned mechanisms are able to explain
the PAH characteristics of different AGN samples, a com-
prehensive understanding of the PAH characteristics under
different conditions around AGN is still lacking. This is
partly because these explanations essentially rely on the the-
oretical calculation of PAH emission and other emission
line diagnostics tracing the underlying physics (e.g., [Ne III]
15.5 µm/[Ne II] 12.8 µm as an indicator of radiation field
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Figure 1. Illustration of coverages of the JWST/MRS observations (white dashed rectangles for channel 1 field of view) and relative positions
of the 3′′×3′′ apertures (colored rectangles with corresponding numbers) of our targets, with HST/WFC3 F673N or F606W (MCG-05-23-016)
band imaging as the background. A scale bar of 500 pc is in the top-right and a compass is in the bottom-right of each panel.

hardness; Thornley et al. 2000), while the limited spatial
and spectral resolutions of previous observations hamper
the leverage of those powerful emission line diagnostics.
With spectrographs of excellent spatial/spectral resolution,
sensitivity, and wavelength coverage, the newly available
James Webb Space Telescope (JWST; Gardner et al. 2023;
Rigby et al. 2023) now provides an unprecedented opportu-
nity to achieve a more comprehensive understanding of the
PAH characteristics around AGN (e.g., Garcı́a-Bernete et al.
2022b, 2024b,c; Lai et al. 2022, 2023; Donnan et al. 2023a,b,
2024; Zhang & Ho 2023c).

Leveraging capabilities of the Medium Resolution Spec-
trograph (MRS; Wells et al. 2015; Labiano et al. 2021; Ar-
gyriou et al. 2023) on the Mid-Infrared Instrument (MIRI;
Rieke et al. 2015; Wright et al. 2015, 2023) onboard JWST,
this letter showcases the diversity of PAH characteristics
within the central kpc scale regions of three nearby Seyfert
galaxies. The goal of this letter is combining the analysis of
PAH features (Section 3) and other emission line diagnos-
tics (Section 4), to shed light on the underlying mechanisms
responsible for the varying PAH characteristics of the three
targets (Section 5).

2. DATA AND MEASUREMENTS

2.1. Targets and Analysis

This letter is part of a series studying in total of six
type 1.9/2 Seyferts with JWST MIRI/MRS integral field unit
(IFU) spectral observations obtained by the JWST cycle 1
GO program (#1670; PI: Shimizu, T. Taro). The six targets
are all included in the Galactic Activity, Torus, and Outflow
Survey (GATOS; Garcı́a-Burillo et al. 2021, 2024; Alonso-
Herrero et al. 2021; Garcı́a-Bernete et al. 2024a; Zhang et al.
2024)1. The full GATOS sample is a nearly complete selec-

1 https://gatos.myportfolio.com

tion of AGN with luminosities L14−150 keV > 1042 erg s−1

at distances of ∼ 10−40 Mpc from the 70 Month Swift-BAT
All sky Hard X-ray Survey (Baumgartner et al. 2013). This
sample is also largely unbiased to obscuration/absorption
even up to column densities of NH ≈ 1024 cm−2, from
which the six targets of GO program #1670 are further se-
lected based on their outflow properties. A first analysis of
the data set of this program, focussed on silicate features and
water ice at small scales, is presented by Garcı́a-Bernete et al.
(2024a), followed by analyses focused on different aspects
of one or more of the six targets (e.g., Davies et al. 2024;
Esparza-Arredondo et al. 2024; Garcı́a-Bernete et al. 2024c;
Hermosa Muñoz et al. 2024; Zhang et al. 2024, and Delany
et al. in prep., Haidar et al. in prep.).

In particular, to ascertain the properties of PAH popula-
tions in the projected directions of AGN-driven outflows,
Garcı́a-Bernete et al. (2024c; Paper I hereafter) studied three
targets with the strongest PAH emission and the most ex-
tended outflow regions among the six. Based on the spatially
resolved analysis of PAH properties in different regions of
the three targets, Paper I revealed that the AGN affects not
only the PAH population in the innermost regions but also in
the extended outflow regions up to kpc scales. Specifically,
whereas star-forming regions in the three targets are still lo-
cated in the same zone of the diagram as the average values
of star-forming galaxies, the outflow regions of these AGN
occupy similar positions on the PAH diagrams as their in-
nermost (∼ 75 pc) regions and AGN in the literature, which
show a larger fraction of neutral PAH molecules.

In this letter, we focus on the remaining three targets,
which exhibit relatively weak PAH emission without signif-
icantly extended outflow regions and cover a considerable
range of AGN strength. The goal of this work is to shed light
on the specific mechanisms that could be responsible for the
variation of PAH properties around different AGN. To this
end, this letter combines the analysis of both observational

https://gatos.myportfolio.com
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measurements and theoretical models of not only PAH fea-
tures but also other infrared emission lines, which is among
the first attempts of such work in the era of JWST. Given
the relatively weak PAH emission of the three targets studied
here, after some testing work, we choose to proceed the anal-
ysis with the MRS spectra extracted with a series of 3′′ × 3′′

apertures (see Figure 1, ∼ 500 pc in physical scale for each,
well beyond the nuclear regions studied by Garcı́a-Bernete
et al. 2024c), rather than the spatially resolved MRS spectra.
These apertures are simply selected to match the field of view
of MRS IFU units.

Table 1. Properties of the Targets

Galaxy Type z DL log NH log Lbol
Lbol
LEdd

Ṁout

(-) (-) (-) (Mpc) [cm−2] [erg s−1] (-) (M⊙ yr−1)

(1) (2) (3) (4) (5) (6) (7) (8)

NGC 3081 (R)SAB0/a(r) 0.00798 34 23.9 44.1 0.02 0.03

ESO137-G034 SAB0/a 0.00914 35 24.3 43.4 0.01 0.33

MCG-05-23-016 S0 0.00849 35 22.2 44.3 0.06 0.04

NOTE—Column (1): Target name. Column (2): Target host type from NASA/IPAC Extragalactic Database (NED),
with (r) and (R) indicating inner and outer ring, respectively. Column (3): Redshift taken from NED. Column (4):
Luminosity distance taken from NED using redshift independent estimates or peculiar velocity corrections (Theureau
et al. 2007). Column (5): Hydrogen column density based on modeling 0.3-150 keV X-ray spectrum (Davies et al.
2015; Ricci et al. 2017). Columns (6) & (7): Bolometric AGN luminosity derived from intrinsic X-ray luminosity,
and corresponding Eddington ratio (Davies et al. 2015; Caglar et al. 2020). Column (8): Ionized gas mass outflow
rate within a r = 0.′′9 aperture derived from the [Ne V] 14.322 µm emission line (Zhang et al. 2024).

Table 1 provides a brief summary of the three targets
studied here, and more details about the sample and obser-
vations are presented in Garcı́a-Bernete et al. (2024a) and
Zhang et al. (2024). We primarily follow the standard JWST
MIRI/MRS pipeline (release version 1.11.4) to reduce the
raw data (Labiano et al. 2016; Bushouse et al. 2023), with
the data reduction and extra steps detailed in Garcı́a-Bernete
et al. (2024a). We use the same configuration (calibration
context 1130) of the pipeline stages as in Garcı́a-Bernete et
al. (2022a) and Pereira-Santaella et al. (2022). We also ap-
ply an extra JWST pipeline step (i.e., residual fringe)
not implemented in the standard JWST pipeline to correct
the low-frequency fringe residuals (Law et al. 2023), which
remain after applying the standard fringe removal and could
have a significant influence on weak spectral features (Ar-
gyriou et al. 2020; Gasman et al. 2023). Finally, we apply
another extra step to mask some hot and cold pixels that are
not identified by the standard pipeline before creating the 3D
spectra data cubes.

2.2. PAH and Emission Line Measurements

The following analysis is mainly based on the first three
MRS channels (i.e., channel 1, 2, and 3; λ ≈ 5 − 18µm).
These three channels cover most commonly used PAH fea-
tures and emission lines relevant for this study except for the
[O IV] 25.89 µm emission line, which was extracted from the
MRS channel 4 spectral data cube. All the slices from the

spectral data cubes of the first three channels are convolved
to the same angular resolution before the extraction of spectra
and measurements for all targets (see more details in Zhang
et al. 2024). The extracted spectra are stitched to the chan-
nel 3 spectra, based on the median values of the overlapping
portion of different band spectra. An extra 10 % uncertainty
according to the scaling factors is included in quadrature sum
during the PAH decomposition as detailed below.

The PAH features are decomposed and measured through
multi-component fitting from the first three channel spectra
extracted with the 3′′ × 3′′ apertures after masking all emis-
sion lines (see Figure 2). The multi-component model for
the fitting consists of a series of Drude profiles for individual
PAH features, nine modified blackbodies of fixed tempera-
tures and a black body of 5000 K for the underlying contin-
uum, all subject to dust attenuation by foreground extinction.
Specifically, the Drude profiles with fixed widths are primar-
ily adopted from Draine & Li (2007) with some updates ac-
cording to Donnan et al. (2023a) for fitting MRS spectra. The
temperatures of the modified blackbodies are 35, 40, 50, 65,
90, 135, 200, 300, and 500 K, respectively, in accordance
with previous work (i.e., Smith et al. 2007; Donnan et al.
2023a). We have checked that adopting modified blackbod-
ies of different temperatures among this range and including
more modified blackbodies of higher temperatures does not
change much the measurement of PAH features and therefore
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Figure 2. Top panel: The residual emission line spectrum after subtracting the best-fit model (i.e., the red curve in the middle panel) from the
MIRI/MRS spectrum. From the left to the right, the short lines in the top indicate the positions of [Fe II] 5.34, [Fe VIII] 5.45, [Mg VII] 5.50,
[Mg V] 5.61, H2 S(6), H2 S(5), [Ar II] 6.985, [Na III] 7.32, Pfα, [Ne VI] 7.65, [Fe VII] 7.815, [Ar V] 7.90, H2 S(4), [Ar III] 8.99, [Fe VII] 9.53,
H2 S(3), [S IV] 10.51, H2 S(2), Huα, [Ne II] 12.81, [Ar V] 13.10, [Ne V] 14.32, [Ne III] 15.555, and H2 S(1) emission lines, respectively.
Middle panel: Illustration of the multi-component fitting for PAH measurements (see Section 2.2). The gray curve is the observed MIRI/MRS
spectrum with emission lines masked. The red curve gives the best-fit model with the shaded region indicating the corresponding 1 σ posterior
distribution. The blue curve is the summation of all continuum components (i.e., stellar and dust continuum), and these green curves are Drude
profiles representing individual PAH features. Bottom panel: The residual PAH spectrum (i.e., the black curve) after subtracting all continuum
components (i.e., the blue curve in the middle panel) from the emission line masked MIRI/MRS spectrum. Same as in the middle panel, these
green curves are Drude profiles representing individual PAH features, and the magenta curve is the summation of all green curves, i.e., the
modeled PAH spectrum. From the left to the right, the short lines in the top indicate the positions of PAH complexes around 6.2, 7.7, 8.6, 11.3,
and 12.7 µm, respectively. Note that all x-axes and the y-axis of the middle panel are in logarithmic scale, while y-axes of the top and bottom
panels are in linear scale. The same plots for all apertures studied here are available from Figure A1 in Appendix.

does not affect our conclusions. The 5000K black body is to
mimic the contribution of stellar continuum. The foreground
extinction extinction (i.e., e−τλ ) is fitted based on the opti-
cal depth curve (i.e., τλ) measured by Garcı́a-Bernete et al.
(2024a) for each target with the scaling factor of the optical
depth curve as a free parameter.

The fitting is implemented based on the Bayesian Markov
Chain Monte Carlo procedure emcee in the Python environ-
ment, with the median and standard deviation of the posterior
distribution of each best-fit parameter taken as the final esti-
mate and corresponding uncertainty. The following discus-
sion focuses on the most prominent PAH features at 6.2, 7.7,
and 11.3µm (see Table A1 in Appendix). We have further
checked the robustness of this multi-component fitting proce-
dure in decomposing the continuum-dominant spectra, espe-
cially for that of MCG-05-23-016. Specifically, we generated
a series of mock spectra combining the best-fit PAH spectra
of MCG-05-23-016 with the nuclear dust continuum scaled
by a different factor (i.e., × 0.5−2.0) and artificially changed

extinction (i.e., × 0.2 − 1.5), plus corresponding noise. We
then performed the same multi-component fitting for these
mock spectra. The measured flux of PAH features at 6.2, 7.7,
and 11.3µm for these mock spectra are consistent with the
best-fit PAH flux of MCG-05-23-016 within 8 %. This value
is far below the uncertainty of the best-fit PAH flux of MCG-
05-23-016 obtained from the MCMC fitting procedure, thus
indicating that the multi-component fitting procedure is ro-
bust in decomposing the continuum-dominant spectra.

Apart from PAH features, MIR ionic and molecular emis-
sion lines also provide valuable diagnostics of the physical
conditions around AGN (e.g., Pereira-Santaella et al. 2010,
2017; Sajina et al. 2022; Feltre et al. 2023). The follow-
ing analysis also involves six ionized emission lines, [Ne II]
12.814 µm, [Ne III] 15.555 µm, [Ne V] 14.322 µm, [S IV]
10.511 µm, [O IV] 25.89 µm, and [Fe II] 5.34 µm (see
Table A2), and eight hydrogen emission lines, H2 S(1) −
H2 S(6), Pfα, and Huα (see Table A3). We adopt the
same strategy as in Zhang et al. (2024), which explored ion-
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Figure 3. Diagnostic diagram of PAH band ratios 11.3µm/7.7µm versus 6.2µm/7.7µm for the 3′′ × 3′′ (∼ 500 pc) apertures as illustrated
in Figure 1. The red rectangles, blue star, slategray hexagons represent the measurements of apertures in ESO137-G034, MCG-05-23-016, and
NGC 3081, respectively, where points with a black dot pertain to the innermost aperture (i.e., aperture 1) of each target and other apertures are
number-coded the same as in Figure 1. The gray contours marked by “SF” represent the PAH band ratio distribution of 185 spatially resolved
spaxels in 29 star-forming galaxies measured by Zhang et al. (2022). The open small circles indicate the PAH band ratios of 83 Seyferts with
the measurements of all the three PAH features available from the literature (i.e., Smith et al. 2007; O’Dowd et al. 2009; Diamond-Stanic &
Rieke 2010; Gallimore et al. 2010; Sales et al. 2010; PAH measurements of upper limits are excluded). The filled small circles indicate the PAH
band ratios of 11 low-redshift quasars with all the three PAH features detected by Xie & Ho (2022). The upward and downward small triangles,
respectively, indicate the PAH band ratios of 29 giant H II regions in 3 local group galaxies measured by Lebouteiller et al. (2011) and 14 blue
compact dwarf galaxies (BCDs) measured by Hunt et al. (2010) and Lebouteiller et al. (2011). The gray grids represent model predictions of
PAH band ratios by Rigopoulou et al. (2024), respectively, for neutral (top grid, marked by ‘+’) and 70% ionized (bottom grid, marked by ‘×’)
PAHs of different sizes (i.e., with carbon number NC = 20− 400 from the right boundary to the left boundary of each grid), in the interstellar
radiation field (ISRF; the top boundary of each grid) and the 103× ISRF (the bottom boundary of each grid).

ized gas outflows in central kiloparsec regions of the six
Seyferts, for the fitting of the ionized and hydrogen emis-
sion lines. In brief, we fit these emission lines individually
using a single- and then a double-Gaussian profiles, plus a
local linear continuum based on the Levenberg-Marquardt
least-squares minimization algorithm. Specifically, we have
checked that for apertures studied here, except for [Fe II], a
double-Gaussian profile is required for the fitting of all ion-
ized emission lines involved here because of the potential
outflow components therein. Meanwhile, a single-Gaussian
profile is good enough for the fitting of hydrogen emission
lines in most cases. To get more robust statistics, the spec-
trum containing each emission line is perturbed with a ran-

dom noise at the uncertainty level and then the fitting is re-
peated 100 times. The median and standard deviation of
those 100 fits are taken for the final flux estimate and corre-
sponding uncertainty of each emission line, respectively. Ad-
ditionally, all the flux measurements of these emission lines
are corrected for dust extinction according to the extinction
strength derived from the multi-component full-spectrum fit-
ting described above.

3. PAH CHARACTERISTICS OF CENTRAL
APERTURES IN TARGET SEYFERTS

Figure 3 shows the most widely used PAH diagram (i.e.,
11.3µm/7.7µm versus 6.2µm/7.7µm) with the PAH mea-
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surements for all 3′′ × 3′′ (∼ 500 pc) apertures in the three
targets, as well as the PAH measurements retrieved from pre-
vious work for the control samples. We find from the PAH
diagram that positions occupied by apertures in the three tar-
gets are overall different from those occupied by spatially
resolved spaxels in star-forming (SF) galaxies.

Compared to the SF spaxels, the apertures of ESO137-
G034 overall exhibit the much larger PAH 11.3µm/7.7µm
band ratios and slightly larger PAH 6.2µm/7.7µm band ra-
tios, while the aperture of MCG-05-23-016 exhibits the much
smaller PAH 6.2µm/7.7µm band ratio and the moderate
PAH 11.3µm/7.7µm band ratio. Moreover, the apertures
of ESO137-G034 and MCG-05-23-016 on the PAH diagram
are close to the loci of low metallicity star-forming systems
(i.e., H II regions and BCDs) and low redshift quasars, re-
spectively. We will specifically discuss the similarity and
difference between these systems in Section 4 to shed more
light on the physical mechanisms that could be responsible
for their PAH characteristics. Meanwhile, the apertures of
NGC 3081 exhibit the PAH band ratios of a wide distribution,
overlapping with those of a large sample of Seyfert galaxies
studied in the era of Spitzer. Overall, apertures of targets
studied here have a wide distribution of PAH band ratios,
covering those of most Seyferts, as well as those of the out-
flow regions and the innermost regions of the three targets
studied in Paper I.

Aperture 3 of NGC 3081 has the PAH band ratios most
similar to those of SF spaxels, which likely is due to the
contribution of a SF blob therein (Ma et al. 2021). Sim-
ilarly, the PAH band ratios of Seyferts that are overlapped
with SF regions on the PAH diagram can also be explained
by the contribution of extended star forming regions around
their active nuclei (e.g., Garcı́a-Bernete et al. 2022a; Zhang
& Ho 2023c). The innermost apertures of the three targets
have the PAH band ratios with large uncertainties, which are
resulted form the uncertainties of their PAH measurements
due to the high continuum levels of their spectra. Despite
the large uncertainties, their PAH band ratios are physically
reasonable considering other emission line diagnostics as de-
tailed in Section 4, especially for ESO137-G034 and MCG-
05-23-016, which have unusual PAH band ratios compared
to most Seyferts.

As depicted by the model grids in Figure 3, the different
ionization states and size distributions of PAHs can basically
explain the distinct PAH characteristics of apertures in the
three targets. Specifically, neutral PAHs produce stronger C-
H modes responsible for the 3.3 and 11.3µm PAH features,
while cationic PAHs produce more C-C modes emitting the
6 − 9 µm PAH features (i.e., higher PAH 11.3µm/7.7µm
ratio for neutral PAHs). Meanwhile, under given excitation
conditions, smaller PAHs, because of their low heat capacity,
reach higher levels of vibrational excitation and hence radiate

at shorter, more energetic wavelengths. Moreover, ionized
PAHs, especially the small ones, are also more vulnerable
to photo-destruction compared to the neutral ones in harsh
environments (e.g., Allain et al. 1996; Holm et al. 2011).
Partially destroyed PAHs with open/irregular structures and
more hydrogen atoms (e.g., catacondensed PAHs) could ex-
hibit higher PAH 11.3µm/7.7µm (Li 2020), while this result
is still on debate as Rigopoulou et al. (2024) recently found
dehydrogenation has little influence on the observed inter-
band relations of PAHs.

According to the model predictions by Rigopoulou et al.
(2024), i.e., the gray grids in Figure 3, the apertures in
NGC 3081 and ESO137-G034 with PAH 11.3µm/7.7µm >

0.4 contain more neutral PAHs with the carbon number, here-
after NC, ≲ 300. As noted, a high fraction of neutral PAHs
can survive around AGN with the shielding effect provided
by molecular gas of high column densities (e.g., Alonso-
Herrero et al. 2014, 2020; Garcı́a-Bernete et al. 2022a). For
these apertures with a high fraction of neutral PAHs, some of
them, especially the three apertures of ESO137-G034, even
contain a quite large fraction of PAHs with NC ≲ 100, as
seen in some low metallicity star-forming systems (i.e., H II
regions and BCDs as the upward and downward small gray
triangles in Figure 3; Hunt et al. 2010; Lebouteiller et al.
2011). This is a surprising result as smaller PAHs should be
more easily affected under such harsh environments. About
this point, we will have further discussion in Section 5.

In addition, the leftmost three apertures of the three targets
in Figure 3 (PAH 6.2µm/7.7µm ≲ 0.2) in theory contain
more ionized PAHs of large sizes with NC ≳ 400, as also
seen in some low-redshift quasars (i.e., small gray circles in
Figure 3; Xie & Ho 2022). In particular, the observed PAH
band ratios of MCG-05-23-016, although with large uncer-
tainties, are significantly beyond the model predictions by
Rigopoulou et al. (2024) for PAHs with NC up to 400, and
are consistent with the theoretical calculation by Draine & Li
(2001) for ionized PAHs with NC more than 1000. There
should be some unique processes (as will be discussed in
Section 4 & 5) that lead to the presence of more ionized PAHs
with large sizes in the central region of MCG-05-23-016.

4. EMISSION LINE DIAGNOSTICS OF CENTRAL
APERTURES IN TARGET SEYFERTS

As noted, MIR ionic and molecular emission lines cov-
ered by JWST MIRI/MRS spectra provide valuable diagnos-
tics, which will help identify the underlying mechanisms re-
sulting in the varying PAH characteristics around the AGN
studied here. Figure 4 presents three diagnostic diagrams
consisting of some mostly used MIR ionized emission line
ratios (e.g., Dale et al. 2006; Armus et al. 2007; Pereira-
Santaella et al. 2010; Feltre et al. 2023), and the distribu-
tions of these line ratios derived from theoretical models
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(a) (b) (c)

Shock AGN H II

Figure 4. Diagnostic diagrams of ionized emission line ratios as (a) [Ne V]/[Ne II] versus [Ne III]/[Ne II], (b) [O IV]/[Ne II] versus
[Ne III]/[Ne II], and (c) [S IV]/[Ne II] versus [Ne III]/[Ne II] for apertures in the three targets with markers the same as in Figure 3. The
reddish, greenish, and purplish contours in each panel correspond to the model calculations for AGN, fast radiative shocks (including the shock
precursor), and H II regions, respectively, with each contour containing 30%, 60%, and 90% of the model results from the inside to the outside,
respectively.

of AGN, fast radiative shocks, and H II regions. The H II
and AGN models are calculated using CLOUDY (Ferland et al.
2017; Chatzikos et al. 2023) by Morisset et al. (2015) and
Pereira-Santaella et al. (2024), respectively. The fast ra-
diative shock models (including the shock precursor, with
the shock velocity v ≈ 100 − 1000 km s−1, the pre-shock
density n ≈ 10 − 104 cm−3, the transverse magnetic field
B ≈ 0.1 − 3µG, and the metallicity Z ≈ 0.3 − 2.5Z⊙)
are calculated using the MAPPINGS V (Sutherland & Do-
pita 2017) by Alarie & Morisset (2019).2

We find that although the three apertures in ESO137-G034
exhibit the ionized emission line ratios consistent with the
results obtained by AGN models, their highest ionization po-
tential lines (e.g., [Ne V] with the ionization potential, i.e., IP,
of 97.1 eV) are remarkably weak compared to other high ion-
ization potential lines (e.g., [O IV] and [S IV] with the IP of
54.9 eV and 34.8 eV, respectively). For reference, the aper-
tures in NGC 3081, which are also dominated by AGN ex-
citation, exhibit overall strong emission of all the three high
ionization potential lines. Specifically, AGN models calcu-
lated with incident radiation SEDs of lower Eddington ra-
tios and smaller ionization parameters, i.e., U as the indica-
tor of ionization field intensity, exhibit lower [Ne V]/[Ne II]
ratios (Pereira-Santaella et al. 2024). Accordingly, the lower
[Ne V]/[Ne II] ratios reflect the weak accretion nature and
moderately intense radiation field of ESO137-G034. Addi-
tionally, the radiation filed therein is hard given the large
values of the [Ne III]/[Ne II] ratio, which is a canonical in-
dicator of the radiation filed hardness (e.g., Thornley et al.
2000; Groves et al. 2006). Meanwhile, we find that the cen-

2 The SF and shock models are publicly available from the 3MdB and 3MdBs
databases under the ref=‘BOND 2’ and ref=‘Gutkin16’, respectively.

tral region of MCG-05-23-016 is likely also affected by fast
radiative shocks in addition to AGN excitation. However, the
emission lines from the central aperture of MCG-05-23-016
do not show the significant broadening as expected for highly
shocked regions. This suggests that the fast radiative shocks
in MCG-05-23-016 are more likely playing a role in the ra-
diative rather than kinetic manner as detailed later.

Previous studies found that collisional (i.e., kinetic) shock
heating associated with the AGN can contribute to an ex-
cess of infrared molecular hydrogen emission, especially
relative to PAH emission (e.g., Roussel et al. 2007; Ogle
et al. 2010; Guillard et al. 2012). Accordingly, we
present in Figure 5 the diagnostic diagram of H2 S(0 −
3)/PAH7.7 and H2 S(3)/H2 S(1) ratios, the latter of which
provides a good proxy of different gas temperatures with the
H2 S(3)/H2 S(1) ratio ranging from ∼ 0.6− 3 for gas tem-
peratures from ∼ 150−400K (Turner et al. 1977). Note that
H2 S(0− 3) is the summation of H2 S(0) to H2 S(3), which
is converted from the summation of H2 S(1) to H2 S(5)

by dividing by a factor of 0.9 following Lai et al. (2022)
based on the results of Habart et al. (2011). We find that
the H2 S(0− 3)/PAH7.7 ratios for all apertures are greater
than the theoretical threshold that can be generated by photo-
dissociation regions, i.e., log (H2 S(0 − 3)/PAH7.7) =

−1.4 (Guillard et al. 2012). Among apertures in the three
targets, the apertures of ESO137-G034 exhibit the most sig-
nificant excess, while the aperture of MCG-05-23-016 only
exhibits slight excess of infrared H2 emission. The relatively
lower H2 S(0 − 3)/PAH7.7 ratio in the central region of
MCG-05-23-016 is intrinsically due to weak H2 emission
therein, where Pfα and Huα emission is in fact not weak
relative to PAH emission (see Figure A2 in Appendix).

Related to this result, we find that [Fe II]/Pfα and
[Fe II]/Huα ratios, as another empirical diagnostics of col-

https://sites.google.com/site/mexicanmillionmodels/home
http://3mdb.astro.unam.mx:3686/
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PDR

H2 temperature

Figure 5. Diagnostic diagram of H2 S(0 − 3)/PAH7.7 and
H2 S(3)/H2 S(1) ratios for apertures in the three targets with mark-
ers the same as in Figure 3. The horizontal dashed line shows the
upper limit of H2 S(0−3)/PAH7.7 ratio given by the PDR models
adopted by Guillard et al. (2012), and the horizontal arrow indicates
the direction of increasing H2 temperature.

lisional shock heating, of the three targets exhibit the same
trend as their H2 S(0 − 3)/PAH7.7 ratios. Namely, the
apertures of ESO137-G034 and MCG-05-23-016 exhibit the
highest and lowest [Fe II]/Pfα as well as [Fe II]/Huα ratios,
respectively, while the apertures of NGC 3081 exhibits the
values between those of ESO137-G034 and MCG-05-23-016
(see Figure A3). In fact, the intrinsic [Fe II] emission of
MCG-05-23-016 is not weak, and its value is roughly the
same as that of the innermost aperture of NGC 3081 and
greater than those of other apertures of NGC 3081 (see Ta-
ble A2). The aperture of MCG-05-23-016 exhibits the rela-
tively weak evidence of collisional shock heating, but have
the strongest [Ne II] emission and the highest Pfα/H2 S(0 −
3) and Huα/H2 S(0 − 3) ratios among all the 13 apertures
of the three targets (see Figure A2). Meanwhile, the three
apertures of ESO137-G034 have the highest temperatures ac-
cording to their H2 S(3)/H2 S(1) ratios, consistent with its
strongest signature of collisional shock heating. These re-
sults, combining the findings from Figure 4, indicate that the
central region of MCG-05-23-016 is more likely dominated
by photo-ionization from the (fast radiative) shock precursor
in addition to the AGN, i.e., the radiative mode feedback,
rather than the collisional shock excitation, i.e., the kinetic
mode feedback, while the central region of ESO137-G034
is highly heated due to the collisional shock excitation (see
further discussion in Section 5).

We further fit the total flux of six hydrogen rotational lines,
i.e., H2 S(1) − H2 S(6), to provide a more quantitative esti-
mate of the gas temperature in central regions of the three

Figure 6. Fitting results of H2 rotational emission lines assuming a
continuous power-law distribution of temperature T for apertures in
the three targets with markers the same as in Figure 3. The ranges
of the best-fit temperature distribution index n and low end temper-
ature Tl for ESO137-G034 and the other two targets are indicated
above and below the fitting curves, respectively.

targets. Specifically, the flux of H2 rotational lines at en-
ergy level J is related to the column density N(J + 2)

as N(J + 2) ∝ F (J)λ
A , with the N(J) can be fitted as

N(J) ∝
∫ Tu

Tl

g(J)
Z(T ) e

−E(J)/kT T−ndT , assuming a more
realistic power-law distribution of the temperature T (Togi
& Smith 2016; Appleton et al. 2017). We fit for the low
end temperature (Tl) and the power-law index (n) of the
temperature distribution with a fixed high end temperature
Tu = 2000K following Togi & Smith (2016). As shown
in Figure 6, we obtain the highest Tl (i.e., ∼ 335 − 382K)
for the three apertures of ESO137-G034 among all the 13
apertures, while for the other apertures the Tl is lower (i.e.,
∼ 148 − 214K). Moreover, the three apertures of ESO137-
G034 have overall smaller n values (∼ 4.4− 4.9) compared
to the other apertures (∼ 4.7−5.2), indicating an even higher
fraction of hot gas in the central region of ESO137-G034.

The fitted power-law index n and low end temperature Tl,
as well as the derived mass and column density of H2 at
T > 200K based on the best-fit result for each aperture are
listed in Table A4 in Appendix. We obtain from the best-fit
results another important information that the central aper-
ture of MCG-05-23-016 has the lowest column density (i.e.,
1020.35 cm−2) of H2 at T > 200K among the three inner-
most apertures of the three targets. This result is consistent
with the lowest column density (i.e., 1022.2 cm−2) of total H
in MCG-05-23-016 among the three targets (see Table 1).

5. DISCUSSION: UNDERLYING MECHANISMS
RESPONSIBLE FOR THE PAH CHARACTERISTICS
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Combining the emission line diagnostics as detailed in
Section 4, we can now discuss the underlying physics that
might contribute to the systematically different PAH charac-
teristics of the three targets studied here.

The hard but moderately intense radiation fields and high
temperatures of the three apertures in ESO137-G034 are
qualitatively similar to low metallicity SF systems. Recently,
Whitcomb et al. (2024) found a steep decline in the strength
of long wavelength PAH features below solar metallicity,
with the short wavelength PAH features carrying an increas-
ingly large fraction of radiation energy. With the help of
newly developed grain models, Whitcomb et al. (2024) found
the data are consistent with an evolving grain size distribu-
tion that shifts to smaller sizes as metallicity declines. They
further attributed such a shift to the inhibited grain growth
decreasing the average PAH size and the overall abundance
of carbonaceous grains in low metallicity environments. The
physical conditions, especially the high temperatures, in the
central apertures of ESO137-G034 are likely to result in the
inhibited grain growth as in low metallicity SF systems, lead-
ing to a high fraction of neutral PAHs with very small sizes.

However, the central regions of all our targets tend to have
supersolar rather than sub-solar metallicity, according to a
rough estimate of the metallicity based on the commonly
used metallicity-sensitive line ratio [O III]/Hβ

[N II]/Hα measured by
Davies et al. (2020) and the metallicity diagnostic calibration
by Kewley et al. (2019). Therefore, if the inhibited grain
growth in the central region of ESO137-G034 is true, we
need other explanations, rather the low metallicity, to account
for the physical conditions in the central region of ESO137-
G034. To ascertain the potential role played by star formation
in affecting the PAH properties in such AGN dominated sys-
tems, dedicated SED modeling is required, which deserves
specific study.

As detailed in Section 4, we also find evidence of extra
heating in ESO137-G034, which could be due to shocks of
low velocities since we do not find significant evidence of
fast radiative shocks therein (see Figure 4). Accordingly,
given the size distribution of astronomical PAHs has a narrow
peak around NC = 150 in normal galaxies (Weingartner &
Draine 2001; Draine & Li 2007) and PAHs will be only par-
tially destroyed in shocks with v < 100 km s−1 (Micelotta
et al. 2010), an alternative explanation for the PAH charac-
teristics of ESO137-G034 is that the PAH size distribution
therein is changed via preferential erosion rather than com-
plete destruction. This explanation is plausible as preferen-
tial erosion can result in a shift of the narrow peak in PAH
size distribution to a location more efficiently radiating short-
wavelength PAH features (i.e., shift toward smaller sizes),
with an overall reduction in the amount of PAHs.

This explanation also applies to the PAH characteristics
of aperture 5 & 6 in NGC 3081 and consistent with their

overall higher PAH 11.3µm/7.7µm ratios as partially de-
stroyed PAHs with irregular structures could exhibit higher
PAH 11.3µm/7.7µm ratios (e.g., Li 2020), though this con-
clusion is still on debate (e.g., Rigopoulou et al. 2024). Fig-
ure 3 shows that some literature Seyferts have PAH proper-
ties similar to those of ESO-137-G034 and aperture 5 & 6 in
NGC 3081, and these Seyferts (i.e., PAH 6.2µm/7.7µm >

0.3 and PAH 11.3µm/7.7µm > 0.6) are mostly from
Diamond-Stanic & Rieke (2010). According to Diamond-
Stanic & Rieke (2010), we find that these Seyferts also ex-
hibit evidence of extra heating (i.e., enhanced H2 emission)
and relatively weaker high ionization line (i.e., [O IV]). Such
emission line properties are similar to those of ESO137-
G034, suggesting the aforementioned explanation for PAH
characteristics of ESO137-G034 also apply to more gen-
eral situations. Low-ionization nuclear emission-line region
galaxies (LINERs), which tend to show enhanced H2 emis-
sion with overall higher PAH 11.3µm/7.7µm ratios (Zhang
et al. 2022), are good targets to further ascertain the effects of
collisional shocks that are associated the kinetic mode AGN
feedback in affecting PAH properties of AGN systems such
as ESO137-G034.

The severe photo-ionization, no matter from the shock pre-
cursor or from the AGN, provide a good explanation for why
the central aperture of MCG-05-23-016 contains more ion-
ized PAHs of very large sizes. Even without the collisional
destruction by shocks, where PAHs with NC < 200 can be
completely destroyed by shocks with velocity ∼ 150 km s−1

(Micelotta et al. 2010), the severe photo-ionization itself can
contribute to the ionization of all PAHs and further photo-
destruction of small PAHs (e.g., Allain et al. 1996; Holm
et al. 2011). Therefore, the extra destruction effects asso-
ciated with the (fast radiative) shock precursor in addition
to that of AGN will naturally result in a higher fraction of
ionized PAHs with large sizes. Moreover, the weak shield-
ing of PAHs by hydrogen around the AGN of MCG-05-23-
016 can further contribute to the modification of PAH proper-
ties, resulting in enhanced photo-ionization and then photo-
destruction of PAHs.

The central kpc regions of more than 30% of the literature
Seyferts in Figure 3 were studied by Garcı́a-Bernete et al.
(2022a) at a spatial resolution of ∼ 6′′. Specifically, we find
based on the measurements by Garcı́a-Bernete et al. (2022a)
that for those Seyfert nuclei exhibiting relatively weak PAH
6.2µm feature (i.e., PAH 6.2µm/7.7µm ≲ 0.2), their ion-
ized emission line ratios are concentrated around the distri-
bution peak of the shock model results (i.e., the green con-
tours in Figure 4).3 This is not the case for those Seyfert

3 PAH measurements of upper limits are excluded from the analysis and the
same for emission line measurements of upper limits.
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nuclei of relatively strong PAH 6.2µm feature. These re-
sults support the scenario that the more ionized PAHs of large
sizes in AGN systems such as MCG-05-23-016 is due to
severe photo-ionization from the (fast radiative) shock pre-
cursor in addition to the AGN. Moreover, as shown in Fig-
ure 3, some low-redshift quasars also exhibit very low ratios
of PAH 6.2µm/7.7µm (i.e., ≲ 0.15; Xie & Ho 2022). These
quasars constitute a good sample to investigate whether the
results obtained here for a single case apply to more extreme
AGN systems, which are dominated by the radiative mode
AGN feedback.

Aperture 2 of NGC 3081 contains more ionized PAHs of
large sizes as well (see Figure 3), while this aperture does
not exhibit similar emission line ratios as the central aperture
of MCG-05-23-016 (see Figure 4). This is plausibly due to
the dilution effect of nuclear line emission, as we find that
some peripheral apertures of smaller sizes overlapping with
aperture 2 of NGC 3081 exhibit similar emission line ratios
as the central aperture of MCG-05-23-016. Aperture 2 of
NGC 3081 also covers the end of the nuclear radio jet found
in this object, an indirect evidence for fast shocks (see Zhang
et al. 2024). Furthermore, in some testing work not shown
here, we find that apertures of smaller sizes in NGC 3081
containing more ionized PAHs of large sizes appear to lie be-
hind regions showing emission line characteristics of fast ra-
diative shocks. This tentative result suggests that the destruc-
tion of small PAHs via fast radiative shocks primarily occurs
in the post-shock regions (see also Donnan et al. 2023a), and
more importantly the modification of PAH properties is more
like a long-duration process. This result worths specific study
while beyond the scope here.

PAH features are supposed to be powerful diagnostics of
different physical conditions, and should be better leveraged
except for as indicators of star formation rates and molec-
ular gas content. The analysis reported here is among the
first attempts to quantitatively associate PAH characteristics
with underlying physical conditions of different AGN envi-
ronments. Based on our findings, it seems that, PAH charac-
teristics, if well calibrated, have the potential to be powerful
diagnostics of not only AGN activity but also different evolu-
tionary processes associated with AGN. As part of a full set
of diagnostics covering ionized and molecular gas, and more
importantly tracing different evolutionary processes with dis-
tinct time scales, PAH features along with other emission
lines can provide important quantitative information about
the environments and physical conditions in which they are
produced and processed.

Accordingly, combining the PAH characteristics and other
emission line diagnostics covered by JWST spectra, we are
able to have a more comprehensive understanding of differ-
ent feedback effects of AGN activity, which is pivotal for
fully understanding the galaxy formation and evolution. Fur-

ther study, similar to the analysis done here, of a larger sam-
ple and for different AGN systems (e.g., quasars, LINERs,
and Seyferts) could allow us to use PAH characteristics as
diagnostics of different evolutionary processes in galaxies,
which has a promising application in the era of JWST.

6. SUMMARY AND CONCLUSIONS

Leveraging high quality JWST MIRI/MRS IFU observa-
tions, this letter showcases the distinct PAH characteristics
in a sample of three Seyferts, based on the PAH measure-
ments from a series of 3′′ × 3′′ (i.e., ∼ 500 pc) apertures
(Section 2). We find that positions occupied by apertures in
the three targets on the PAH diagram are different from those
occupied by regions in star-forming galaxies. Specifically,
we find larger PAH 11.3µm/7.7µm ratios or smaller PAH
6.2µm/7.7µm ratios for apertures in the three targets, indi-
cating overall more neutral or larger PAHs therein compared
to regions in star-forming galaxies (Section 3). In addition
to the PAH diagram, we also present and discuss other emis-
sion line diagnostics, revealing the existence of extra heat-
ing or potential fast radiative shocks in these targets (Sec-
tion 4). Combining the PAH diagram and the emission line
diagnostics, we further discuss the underlying mechanisms
responsible for the PAH characteristics of the three targets
(Section 5).

The main findings of this work from the observations and
model results can be summarized as follows:

1. The central regions exhibiting relatively strong PAH
6.2µm as well as 11.3µm features (i.e., PAH
6.2µm/7.7µm > 0.3 and PAH 11.3µm/7.7µm >

0.4) contain a high fraction of neutral PAHs with small
sizes. Such PAH characteristics as in ESO137-G034
reflect a shift of PAH size distribution toward small
sizes with an overall reduced amount of PAHs, which
can be explained by inhibited growth or preferential
erosion of PAHs under the specific environments. The
latter can be attributed to the collisional shock heating
associated with the kinetic mode AGN feedback.

2. The central regions exhibiting relatively weak PAH
6.2µm feature (i.e., PAH 6.2µm/7.7µm ≲ 0.2) con-
tain a high fraction of ionized PAHs with large sizes.
Such PAH characteristics as in the central region of
MCG-05-23-016 are plausibly due to the severe photo-
ionization from the (fast radiative) shock precursor in
addition to the AGN under a environment of weak
shielding of PAHs, which can contribute to the ioniza-
tion of all PAHs and further destruction of small PAHs.
These results imply that the effects associated with ra-
diative mode AGN feedback are regulating the PAH
properties in such environments.
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3. The central regions of most Seyferts, including
NGC 3081 studied here, overall have a wide distri-
bution of PAH band ratios, covering the values as in
ESO137-G034 to that of MCG-05-23-016. Specifi-
cally, Seyferts with relatively strong PAH 6.2µm as
well as 11.3µm features and Seyferts with relatively
weak PAH 6.2µm feature have emission line prop-
erties similar to those of ESO137-G034 and MCG-
05-23-016, respectively. This result suggests that the
physical mechanisms used to explain the PAH proper-
ties of ESO137-G034 and MCG-05-23-016 may also
apply generally.

Based on our findings, it is promising to use PAH charac-
teristics, after well calibrated based on further large sample
analysis, in diagnosing different evolutionary processes asso-
ciated with AGN activity.
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APPENDIX

A. MEASUREMENTS AND FIGURES

Tables for measurements of PAH features and emission lines involved in this work, as well as ancillary figures discussed in the
main text.

Table A1. Measurements of PAH Features

Region log f6.2
PAH log f7.7

PAH log f11.3
PAH

(-) [erg/s/cm2] [erg/s/cm2] [erg/s/cm2]

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

ESO137-G034 reg1 −13.05 ± 0.13 −12.61 ± 0.11 −12.82 ± 0.08

ESO137-G034 reg2 −13.33 ± 0.06 −13.03 ± 0.09 −13.12 ± 0.05

ESO137-G034 reg3 −13.24 ± 0.05 −12.75 ± 0.05 −13.10 ± 0.05

MCG-05-23-016 reg1 −13.18 ± 0.37 −11.96 ± 0.18 −12.39 ± 0.24

NGC3081 reg1 −13.16 ± 0.23 −12.57 ± 0.18 −12.91 ± 0.17

NGC3081 reg2 −13.40 ± 0.09 −12.52 ± 0.04 −13.07 ± 0.07

NGC3081 reg3 −13.12 ± 0.07 −12.50 ± 0.06 −13.08 ± 0.06

NGC3081 reg4 −13.18 ± 0.03 −12.47 ± 0.02 −12.94 ± 0.02

NGC3081 reg5 −13.40 ± 0.04 −12.94 ± 0.04 −13.13 ± 0.03

NGC3081 reg6 −13.35 ± 0.06 −12.98 ± 0.09 −13.13 ± 0.08

NGC3081 reg7 −13.32 ± 0.02 −12.78 ± 0.03 −13.14 ± 0.04

NGC3081 reg8 −13.28 ± 0.03 −12.69 ± 0.03 −12.99 ± 0.03

NGC3081 reg9 −13.38 ± 0.03 −12.84 ± 0.04 −13.09 ± 0.03

NOTE—Flux of PAH features.

Table A2. Measurements of Ionized Emission Lines

Region log f[Ne V] log f[Ne III] log f[Ne II] log f[O IV] log f[S IV] log f[Fe II]

(-) [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2]

(1) (2) (3) (4) (5) (6) (7)

ESO137-G034 reg1 −12.72 ± 0.01 −12.32 ± 0.01 −12.75 ± 0.01 −12.18 ± 0.01 −12.37 ± 0.01 −13.31 ± 0.02

ESO137-G034 reg2 −12.96 ± 0.01 −12.48 ± 0.01 −12.91 ± 0.01 −12.39 ± 0.01 −12.58 ± 0.01 −13.34 ± 0.02

ESO137-G034 reg3 −13.12 ± 0.01 −12.61 ± 0.01 −12.98 ± 0.01 −12.58 ± 0.01 −12.73 ± 0.01 −13.36 ± 0.03

MCG-05-23-016 reg1 −12.91 ± 0.01 −12.77 ± 0.01 −12.75 ± 0.01 −12.72 ± 0.02 −13.13 ± 0.03 −14.29 ± 0.05

NGC3081 reg1 −12.56 ± 0.01 −12.48 ± 0.01 −13.04 ± 0.01 −12.19 ± 0.01 −12.54 ± 0.01 −14.28 ± 0.03

NGC3081 reg2 −13.12 ± 0.01 −13.02 ± 0.01 −13.64 ± 0.01 −12.69 ± 0.01 −13.16 ± 0.01 −14.77 ± 0.06

NGC3081 reg3 −13.29 ± 0.01 −13.29 ± 0.01 −13.72 ± 0.01 −12.95 ± 0.01 −13.38 ± 0.01 −14.74 ± 0.03

NGC3081 reg4 −13.27 ± 0.02 −13.24 ± 0.01 −13.71 ± 0.01 −12.91 ± 0.02 −13.37 ± 0.01 −14.72 ± 0.10

Table A2 continued
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Table A2 (continued)

Region log f[Ne V] log f[Ne III] log f[Ne II] log f[O IV] log f[S IV] log f[Fe II]

(-) [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2]

(1) (2) (3) (4) (5) (6) (7)

NGC3081 reg5 −13.77 ± 0.01 −13.57 ± 0.01 −14.09 ± 0.02 −13.39 ± 0.04 −13.78 ± 0.01 −14.84 ± 0.26

NGC3081 reg6 −13.07 ± 0.01 −13.01 ± 0.01 −13.63 ± 0.01 −12.71 ± 0.01 −13.03 ± 0.01 −14.50 ± 0.09

NGC3081 reg7 −13.23 ± 0.01 −13.26 ± 0.01 −13.90 ± 0.02 −12.89 ± 0.01 −13.23 ± 0.01 −14.84 ± 0.15

NGC3081 reg8 −13.24 ± 0.01 −13.24 ± 0.01 −13.85 ± 0.02 −12.85 ± 0.01 −13.22 ± 0.01 −14.85 ± 0.14

NGC3081 reg9 −13.77 ± 0.02 −13.56 ± 0.01 −14.08 ± 0.01 −13.29 ± 0.01 −13.70 ± 0.01 −14.97 ± 0.04

NOTE—Flux of ionized emission lines.

Table A3. Measurements of Hydrogen Rotational Emission Lines

Region log fH2 S(1) log fH2 S(2) log fH2 S(3) log fH2 S(4) log fH2 S(5) log fH2 S(6) log fPfα log fHuα

(-) [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2] [erg/s/cm2]

(1) (2) (3) (4) (5) (6) (7) (8) (9)

ESO137-G034 reg1 −13.77 ± 0.07 −13.76 ± 0.02 −13.21 ± 0.01 −13.72 ± 0.01 −13.35 ± 0.01 −14.00 ± 0.01 −14.15 ± 0.03 −14.55 ± 0.04

ESO137-G034 reg2 −14.01 ± 0.03 −14.05 ± 0.02 −13.49 ± 0.01 −13.99 ± 0.01 −13.61 ± 0.01 −14.20 ± 0.01 −14.35 ± 0.03 −14.74 ± 0.04

ESO137-G034 reg3 −13.95 ± 0.02 −14.00 ± 0.01 −13.44 ± 0.01 −13.95 ± 0.01 −13.56 ± 0.01 −14.20 ± 0.01 −14.43 ± 0.04 −14.93 ± 0.04

MCG-05-23-016 reg1 −13.85 ± 0.06 −14.15 ± 0.05 −13.70 ± 0.01 −14.23 ± 0.03 −13.92 ± 0.03 −14.50 ± 0.29 −14.02 ± 0.08 −14.50 ± 0.18

NGC3081 reg1 −13.63 ± 0.01 −13.91 ± 0.02 −13.54 ± 0.01 −14.00 ± 0.01 −13.70 ± 0.01 −14.37 ± 0.02 −14.40 ± 0.03 −14.88 ± 0.18

NGC3081 reg2 −14.00 ± 0.01 −14.33 ± 0.01 −14.06 ± 0.01 −14.54 ± 0.01 −14.26 ± 0.01 −15.00 ± 0.04 −15.06 ± 0.07 −15.48 ± 1.84

NGC3081 reg3 −14.13 ± 0.01 −14.47 ± 0.01 −14.32 ± 0.01 −14.72 ± 0.02 −14.39 ± 0.02 −15.17 ± 0.06 −15.03 ± 0.05 −15.54 ± 0.06

NGC3081 reg4 −13.90 ± 0.01 −14.25 ± 0.01 −14.06 ± 0.01 −14.53 ± 0.01 −14.21 ± 0.01 −14.96 ± 0.03 −15.02 ± 0.05 −15.54 ± 0.04

NGC3081 reg5 −14.10 ± 0.02 −14.51 ± 0.02 −14.23 ± 0.02 −14.78 ± 0.03 −14.39 ± 0.02 −15.09 ± 0.05 −15.52 ± 0.12 −16.10 ± 0.13

NGC3081 reg6 −14.12 ± 0.01 −14.43 ± 0.01 −14.11 ± 0.02 −14.64 ± 0.02 −14.29 ± 0.01 −14.98 ± 0.07 −15.01 ± 0.04 −15.38 ± 0.07

NGC3081 reg7 −14.22 ± 0.02 −14.60 ± 0.02 −14.34 ± 0.03 −14.88 ± 0.03 −14.53 ± 0.02 −15.29 ± 0.09 −15.17 ± 0.03 −15.56 ± 0.09

NGC3081 reg8 −14.03 ± 0.01 −14.38 ± 0.01 −14.11 ± 0.02 −14.65 ± 0.02 −14.33 ± 0.02 −15.12 ± 0.05 −15.16 ± 0.03 −15.65 ± 0.28

NGC3081 reg9 −14.23 ± 0.01 −14.58 ± 0.01 −14.34 ± 0.01 −14.85 ± 0.03 −14.54 ± 0.01 −15.37 ± 0.08 −15.56 ± 0.09 −15.72 ± 1.25

NOTE—Flux of hydrogen emission lines.

Table A4. Parameters Fitted from H2 Rotational Lines

Region n Tl log MH2 log NH2

(-) (-) (K) [M⊙] [cm−2]

(1) (2) (3) (4) (5)

ESO137-G034 reg1 4.9 382 6.42 20.82

ESO137-G034 reg2 4.4 335 5.99 20.38

ESO137-G034 reg3 4.6 337 6.06 20.46

MCG-05-23-016 reg1 4.7 209 5.96 20.35

NGC3081 reg1 4.8 214 6.18 20.59

Table A4 continued
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Table A4 (continued)

Region n Tl log MH2 log NH2

(-) (-) (K) [M⊙] [cm−2]

(1) (2) (3) (4) (5)

NGC3081 reg2 5.1 201 5.80 20.22

NGC3081 reg3 5.0 170 5.57 19.98

NGC3081 reg4 5.1 180 5.84 20.26

NGC3081 reg5 4.9 148 5.57 19.98

NGC3081 reg6 4.9 196 5.66 20.07

NGC3081 reg7 5.1 177 5.53 19.94

NGC3081 reg8 5.2 197 5.78 20.19

NGC3081 reg9 5.2 191 5.56 19.98

NOTE—Column (2) & (3): The power-law index n and low tem-
perature end Tl fitted from H2 rotational lines. Column (4) &
(5): The derived mass and column density of H2 at T > 200K
for each aperture.
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Figure A1. The same as Figure 2 but for all apertures studied here.
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(a) (b)

Figure A2. The correlation normalized by PAH 7.7µm emission between H2 rotational emission and (a) atomic hydrogen Pfα emission and
(b) atomic hydrogen Huα emission, respectively, with markers the same as in Figure 3.

(a) (b)

Figure A3. Diagnostic diagram of (a) [Fe II]/Pfα and (b) [Fe II]/Huα versus H2 S(3)/H2 S(1) for apertures in the three targets with markers
the same as in Figure 3.
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