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Abstract

The structure and chemistry of the dusty interstellar medium (ISM) are shaped by complex processes that depend
on the local radiation field, gas composition, and dust grain properties. Of particular importance are polycyclic
aromatic hydrocarbons (PAHs), which emit strong vibrational bands in the mid-infrared, and play a key role in the
ISM energy balance. We recently identified global correlations between PAH band and optical line ratios across
three nearby galaxies, suggesting a connection between PAH heating and gas ionization throughout the ISM. In
this work, we perform a census of the PAH heating—gas ionization connection using ~700,000 independent pixels
that probe scales of 40—-150 pc in 19 nearby star-forming galaxies from the PHANGS survey. We find a universal
relation between logPAH(11.3 um/7.7 pum) and log([S 1] /Hc) with a slope of ~0.2 and a scatter of ~0.025 dex.
The only exception is a group of anomalous pixels that show unusually high (11.3 gm/7.7 um) PAH ratios in
regions with old stellar populations and high starlight-to-dust emission ratios. Their mid-infrared spectra resemble
those of elliptical galaxies. Active galactic nucleus hosts show modestly steeper slopes, with a ~10% increase in
PAH(11.3 pm/7.7 pm) in the diffuse gas on kiloparsec scales. This universal relation implies an emerging
simplicity in the complex ISM, with a sequence that is driven by a single varying property: the spectral shape of the
interstellar radiation field. This suggests that other properties, such as gas-phase abundances, gas ionization
parameter, and grain charge distribution, are relatively uniform in all but specific cases.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Warm ionized medium (1788); Interstellar dust
(836); Polycyclic aromatic hydrocarbons (1280); Astrostatistics (1882)
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FWHM of ~0.5-1 ym) and show complex spectral shapes, and
their total emission amounts to <20% of the total infrared
radiation of the Milky Way and other star-forming galaxies
(e.g., J. D. T. Smith et al. 2007). They are believed to arise
from vibrational modes of polycyclic aromatic hydrocarbon
(PAH) molecules excited via stochastic heating by starlight
(K. Sellgren et al. 1983; A. Leger & J. L. Puget 1984;
L. J. Allamandola et al. 1985).

PAHs are a type of hydrocarbon molecule consisting of tens
to hundreds of carbon atoms, arranged in aromatic structures
(see reviews by A. G. G. M. Tielens 2008; A. Li 2020). They
are believed to be ubiquitous in the interstellar medium (ISM)
of star-forming galaxies, constituting ~5% of the dust mass
(e.g., B. T. Draine & A. Li 2007; A. G. G. M. Tielens 2008;
J. Sutter et al. 2024). Their significant emission in the mid-
infrared suggests that they are an important absorber of
starlight (C. Joblin et al. 1992; C. Cecchi-Pestellini et al. 2008;
G. Mulas et al. 2013), and their presence has been linked to the
prominent extinction bump at 2175 A (C. Joblin et al. 1992;
A. Li & B. T. Draine 2001; M. Steglich et al 2010;
K. D. Gordon et al. 2024). As a result, they have been used
as tracers of the integrated star formation rate in local and high-
redshift galaxies (e.g., R. Genzel et al. 1998; D. Lutz et al.
2007; A. Pope et al. 2008; F. Belfiore et al. 2023; A. K. Leroy
et al. 2023; B. Gregg et al. 2024).

PAHs are believed to have a significant impact on the phase
structure of the ISM and on the ion-molecule chemistry
responsible for simple gas-phase species. By providing a large
number of photoelectrons and by being an effective recombi-
nation channel for singly ionized carbon atoms, they dominate
the heating of the neutral gas in the diffuse ISM and the
ionization balance in molecular clouds (e.g., E. L. O. Bakes &
A. G. G. M. Tielens 1994; J. C. Weingartner &
B. T. Draine 2001; V. Le Page et al. 2003). The photoelectric
heating efficiency and ionization balance depend on the charge
and size distribution of PAHs, and thus, mapping these
properties across different environments may help to better
constrain the physical processes taking place in the ISM (see
reviews by A. G. G. M. Tielens 2008; B. T. Draine 2011;
R. S. Klessen & S. C. O. Glover 2016).

Observations of PAH band ratios can constrain the PAH
charge and size distributions. Laboratory measurements and
theoretical calculations show that ionized and neutral PAHs
have different band strengths, with ionized PAHs having
stronger 6.2 and 7.7 um band strengths compared to their 3.3
and 11.3 ym bands, and neutral PAHs having stronger 3.3 and
11.3 pm band strengths (e.g., D. J. DeFrees et al. 1993;
L. J. Allamandola et al. 1999). As a result, numerous studies
have been using the 11.3 um/7.7 um PAH band ratio as a
tracer of the ionized PAH fraction (e.g., S. Hony et al. 2001;
H. Kaneda et al. 2005; N. Flagey et al. 2006; J. D. T. Smith
et al. 2007; F. Galliano et al. 2008; A. M. Diamond-Stanic &
G. H. Rieke 2010; O. Vega et al. 2010; E. Peeters et al. 2017,
T. S. Y. Lai et al. 2022; J. Chastenet et al. 2023a; D. A. Dale
et al. 2023). To constrain the PAH size distribution, studies
have been using short-to-long wavelength PAH band ratios
such as, e.g., 3.3um/7.7 um, 3.3 um/11.3 pm, 6.2 pm/
7.7 pm, and 11.3 pm/17 pm (e.g., J. D. T. Smith et al. 2007;
A. M. Diamond-Stanic & G. H. Rieke 2010; D. A. Sales et al.
2010; J. Chastenet et al. 2023a; D. A. Dale et al. 2023;
T.S.Y. Lai et al. 2023; K. Ujjwal et al. 2024; C. M. Whitcomb
et al. 2024). For a given radiation field, since smaller PAHs
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have smaller heat capacities, single photon absorption raises
their peak temperature to higher values, resulting in an overall
stronger emission in shorter-wavelength bands such as 3.3 ym
and 6.2pum compared to 7.7pum and 113 um (e.g.,
B. T. Draine & A. Li 2001; B. T. Draine 2011; A. Maragkou-
dakis et al. 2020).

The PAH temperature distribution, and thus their mid-
infrared emission spectrum, also depends on the hardness of the
radiation field heating them (e.g., A. Omont 1986; B. T. Draine
et al. 2021; D. Rigopoulou et al. 2021). A harder radiation field
leads to higher PAH temperatures, leading to increased
emission at shorter wavelengths compared to longer ones.
B. T. Draine et al. (2021) modeled the impact of modifying the
spectral shape of the radiation field on the PAH mid-infrared
emission spectrum using various stellar population models and
observed interstellar radiation fields. Adjusting the radiation
field from being dominated by young stars (single stellar
population with an age of 3 Myr) to being dominated by
1-10 Gyr old stars (observed spectrum of M31’s bulge), the
mean energy of photons absorbed by the PAHs decreases from
6.73 to 1.22eV. For the assumed PAH charge and size
distributions, this variation results in an increase of ~20% in
the 11.3 m/7.7 pm band ratio, and a decrease of a factor of
~3 in the 3.3 yum/11.3 pym ratio.

Therefore, the interpretation of PAH band ratios in the
context of PAH charge and size variations must take into
account the impact of the varying radiation field, especially in
extragalactic observations where the radiation field is a
complicated mixture of emission originating from young and
old stars, and possibly from an accreting supermassive black
hole in the galaxy's center. The impact of the varying radiation
field poses a particular challenge when using short-to-long
PAH band variations to constrain the PAH size distribution,
since PAH band ratios are sensitive to both the PAH size
distribution and the shape of the radiation field. Since both
effects change the grain temperature distribution, they are
degenerate with each other in PAH band ratio versus ratio
diagrams (see discussion in F. Galliano et al. 2008; J. Chastenet
et al. 2023a; D. A. Dale et al. 2023; D. Baron et al. 2024,
G. P. Donnelly et al. 2024).

A possible way to break this degeneracy is using other
observables that are sensitive to the spectral shape of the
radiation field, such as atomic lines. Several studies, in
particular using mid-infrared Spitzer IRS spectra, and more
recently using the JWST MIRI-MRS instrument, find sig-
nificant relations between PAH band ratios and the [Ne 1II]
A15.6 pm/[Ne 1]\ 12.8 um ratio (e.g., J. D. T. Smith et al.
2007; D. A. Sales et al. 2010; T. S. Y. Lai et al. 2022; L. Zhang
et al. 2022; D. Rigopoulou et al. 2024), though these have been
typically interpreted as changes in PAH ionization as a function
of the hardness of the ionizing radiation field.

In D. Baron et al. (2024, hereafter B24), we identified tight
galaxy-wide correlations between the PAH band ratios
11.3 um/7.7 pm and 3.3 pm/11.3 um and the optical line
ratios log([O III]/HB), log(IN II]/He), log([S 1I]/He), and
log([O 1]/Hc), using high-resolution multiwavelength images
of the galaxies NGC 628, NGC 1365, and NGC 7496, on
150 pc scales, obtained as part of the PHANGS-MUSE
(E. Emsellem et al. 2022) and PHANGS-JWST (J. C. Lee
et al. 2023) surveys. We showed that the correlations can be
naturally explained in a scenario where the PAHs and the
ionized gas are exposed to different parts of the same radiation
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field that varies spatially across the galaxies. In this scenario,
most of the observed variation of the PAH 11.3 um/7.7 pm
band ratio and a large fraction of the observed PAH 3.3 yum/
11.3 pum variation across nearby galaxies is in fact due to the
varying radiation field, rather than driven by varying PAH size
and charge distributions. Once accounting for the effect of the
varying radiation field, we found a secondary variation of the
PAH 3.3 um/11.3 um band ratio that we attributed to a modest
variation in the PAH size distribution in different galaxies.

In this work, we perform a systematic exploration of the
relation between the PAH 11.3 yum/7.7 pm band ratio and
the optical line ratios across nearby star-forming spiral
galaxies on scales of 40-150 pc.>' We use the 19 PHANGS
galaxies with available high-resolution infrared images from
JWST (. C. Lee et al. 2023) and spatially resolved optical
spectroscopy from the Very Large Telescope (VLT)-MUSE
(E. Emsellem et al. 2022). These galaxies have also been
mapped with the Atacama Large Millimeter/submillimeter
Array (ALMA; A. K. Leroy et al. 2021b) and the Hubble Space
Telescope (HST; J. C. Lee et al. 2022). The combination of
high-resolution imaging probing scales of ~100 pc with the
wealth of multiwavelength information makes this sample ideal
for establishing a census of the relation between PAH heating
and gas ionization throughout the ISM of local star-forming
galaxies. Our goals are: (i) to test whether the PAH band-
optical line ratios relations identified by B24 are universal
across nearby galaxies, (ii) to check whether the relations are
scale-dependent over the range 40-150pc, (iii) to identify
special regions where the correlations break down and use the
multiwavelength information to interpret these anomalous
regions, and (iv) to assess the impact of active galactic nuclei
(AGNs) on these correlations.

The paper is organized as follows. We describe the data we
use in Section 2, and present our results in Section 3. In
Section 4 we describe the emerging picture of PAH heating—
gas ionization connection across nearby galaxies, and we
conclude in Section 5.

2. Data

To study the relation between PAHs and the ionized gas,
we use multiwavelength observations from VLT-MUSE,
JWST NIRCam and MIRI, HST, and ALMA, of the 19
PHANGS-MUSE galaxies (A. K. Leroy et al. 2021b;
E. Emsellem et al. 2022; J. C. Lee et al. 2022, 2023). In
Table 1 we summarize their main properties. They are star-
forming galaxies with stellar masses log(My /M) = 9.5—11
and metallicities 12 + log(O/H) = 8.4-8.7, located close to
the star-forming main sequence in the star formation
rate versus stellar mass diagram. They are all nearby
(D < 20 Mpc) and have modest inclinations (i < 60°).

Between the VLT-MUSE, JWST, and HST observations,
which are the primary products used in this paper, the limiting
angular resolution of VLT-MUSE (Cop ~ 06 — 1/.'2), which
differs from galaxy to galaxy, translates to a spatial resolution
of ~40-120 pc. The analysis in this work is carried out on
standardized multiwavelength images at both the C, resolu-
tion that differs from galaxy to galaxy, and at a uniform 150 pc
resolution for all of the galaxies. In Table 1 we list the effective

3! Here we do not study the PAH 3.3 ym/11.3 pzm band ratio as the 3.3 um
PAH feature requires an accurate subtraction of the stellar continuum, which is
still in progress (see Section 2.1.2).
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angular FWHM that corresponds to a spatial resolution of
150 pc for each of the galaxies.

In Figure 1, we show the main images used in our analysis
for NGC 1566 as an example to showcase the data quality and
completeness. The convolved and resampled images to the Cgy
resolution (and to a greater extent, the 150 pc resolution) have
high signal-to-noise ratios (SNRs) and are highly complete,**
even in the diffuse parts of the galaxies (see completeness
fractions in Table 1). We describe the various PHANGS data
products used in this work in Section 2.1, and the steps we take
to standardize the images from the different instruments to have
common resolution and grid in Section 2.2.

2.1. PHANGS Data Products
2.1.1. MUSE

The PHANGS-MUSE survey mapped the 19 galaxies with
the integral field spectrograph MUSE in the wavelength range
4750-9350 A with a spectral resolution of ~2.5 A (E. Emsel-
lem et al. 2022). The data reduction and analysis pipeline
includes (i) homogenization of individual MUSE pointings to a
single point spread function (PSF), with FWHM labeled as
Cop; (1) fitting the stellar continuum and extraction of stellar
population properties; and (iii) fitting the optical emission lines
to estimate their kinematics and fluxes. These have been done
at both the C,p resolution and at a uniform 150 pc spatial
resolution.

We use the survey-derived (DR2.2) surface brightness maps
of the following emission lines: the Balmer lines Ho and Hf,
and the collisionally excited lines [O II]JA 5007, [O 1] 6300,
[NTA 6584, and [ST]AN6717 + 6731 (O], [O1], [N1I],
and [S 1] hereafter). We estimate the dust reddening of the line-
emitting gas using the observed Ha and Hf3 surface brightness
maps via E(B — V) = 2.33 x log [(Ha/HfB)eps/2.86] mag.
This assumes case-B recombination with the J. A. Cardelli
et al. (1989) extinction curve. We use maps of the light-
weighted age of the stellar population derived from stellar
population synthesis modeling of the continuum (I. Pessa et al.
2023).

Throughout the paper, optical line ratios are presented as Af)
ratios (line-integrated fluxes).

2.1.2. JWST

The PHANGS-JWST Cycle 1 Treasury program imaged the
19 galaxies using eight filters covering the wavelength range
2-21 pm and probing scales of ~5-50 pc (J. C. Lee et al.
2023). The filters include the four NIRCam bands F200W,
F300M, F335M, and F360M, tracing emission at 2, 3, 3.35,
and 3.6 um, and the four MIRI bands F770W, F1000W,
F1130W, and F2100W, centered on the wavelengths 7.7, 10,
11.3, and 21 um. We use the images from the first PHANGS-
JWST public data release described in T. G. Williams et al.
(2024).

We perform 30 SNR cuts to the images in all four MIRI
bands of the galaxies. J. Sutter et al. (2024) identified large-
enough empty sky regions in the galaxies NGC 1087,
NGC 1385, NGC 1433, NGC 1512, NGC 1566, and
NGC 7496. They determined the 1o noise level from the
standard deviation of these empty sky regions. At their

32 We consider a measurement of a line or band ratio significant when both the
numerator and denominator are detected at SNR > 3.
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log f(Ha)
log F200W [M])y sr™1] [ergs~tcm™2pixel 1] log F770W [M)ysr—1] log F2100W [M)y sr~1]
-1 0 1 7 -16 5 0 1 0 1

DEC [deg]
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log [SII]/Ha 10% F1130W/F770W counts counts
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= Ke06
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Figure 1. An example of the main observables used in this work for NGC 1566. The first row, from left to right: surface brightness maps in the F200W JWST-
NIRCam filter tracing starlight, Ho emission tracing warm ionized gas, F770W JWST-MIRI filter tracing 7.7 ym PAH emission, and F2100W JWST-MIRI filter
tracing hot dust grains. The second row, from left to right, shows the log([S II]/Ha) ratio, the JWST-MIRI logF1130W /F770W band ratio, and the 2D distribution of
all of the pixels (Npix = 36,018) in the two line diagnostic diagrams log([O III]/Hf) vs. log([N IT]/Ha) and log([O IIT]/H3) vs. log([S 1T]/Ha), which are used to
identify the main source of ionizing radiation. The separating criteria by L. J. Kewley et al. (2001, Ke01; dashed) and G. Kauffmann et al. (2003, Ka03; dotted) are
used to separate ionization by young massive stars from AGNSs, and the criterion by L. J. Kewley et al. (2006, Ke06; solid) is used to separate low-ionization nuclear
emission-line regions (LINERs) from Seyferts. All of the maps are presented at the C,p, resolution and pixel size of 08.

Table 1
Galaxy Sample
(eY] ) 3) ) (5) (6) ) (©)] ()] (10) (11)
Galaxy D i SFR log M AGN? Copt Scale (Cope) Npix(Copt) FWHM (150 pc) Npix (150 pc)
(Mpc) (deg) M, yr’l) (log M,,) (arcsec) (pc) (arcsec)

IC 5332 9 26.9 0.4 9.7 0.87 38 25,606 (0.36) 343 1446 (0.70)
NGC 0628 9.8 8.9 1.7 10.3 0.92 44 55,716 (0.70) 3.15 4088 (0.76)
NGC 1087 15.9 429 1.3 9.9 0.92 71 21,429 (0.97) 1.94 4279 (0.99)
NGC 1300 19 31.8 1.2 10.6 0.89 82 53,724 (0.52) 1.62 13,528 (0.76)
NGC 1365 19.6 55.4 17 11 yes 1.15 109 34,591 (0.77) 1.57 17,739 (0.81)
NGC 1385 17.2 44 2.1 10 0.77 64 45,062 (0.62) 1.79 6408 (0.68)
NGC 1433 18.6 28.9 1.1 10.9 0.91 82 51,748 (0.48) 1.66 13,061 (0.76)
NGC 1512 18.8 425 1.3 10.7 1.25 114 17,844 (0.58) 1.64 10,022 (0.77)
NGC 1566 17.7 29.5 4.6 10.8 yes 0.8 69 43,724 (0.82) 1.74 11,030 (0.87)
NGC 1672 19.4 43.6 7.6 10.7 yes 0.96 90 46,145 (0.70) 1.59 15,118 (0.72)
NGC 2835 12.2 41.3 1.3 10 1.15 68 19,166 (0.76) 2.53 3405 (0.87)
NGC 3351 10 45.1 1.3 10.4 1.05 51 25,607 (0.83) 3.09 2845 (0.99)
NGC 3627 11.3 57.3 39 10.8 1.05 58 25,759 (0.91) 2.73 3834 (0.93)
NGC 4254 13.1 344 3.1 10.4 0.89 57 49,844 (0.86) 2.36 6686 (0.87)
NGC 4303 17 23.5 54 10.5 yes 0.78 64 41,265 (0.94) 1.81 4662 (0.98)
NGC 4321 15.2 38.5 35 10.8 1.16 85 17,598 (0.87) 2.03 4459 (0.88)
NGC 4535 15.8 447 2.2 10.5 0.56 43 102,341 (0.80) 1.95 5070 (0.96)
NGC 5068 5.2 35.7 0.3 9.4 1.04 26 32,884 (0.60) 5.94 1026 (0.74)
NGC 7496 18.7 35.9 2.2 10 yes 0.89 81 19,580 (0.63) 1.65 4926 (0.71)

Note. (1)—(5) Galaxy properties from J. C. Lee et al. (2023): name, distance (E. Kourkchi & R. B. Tully 2017; E. J. Shaya et al. 2017; G. S. Anand et al.
2021a, 2021b), inclination (P. Lang et al. 2020; A. K. Leroy et al. 2021b), star formation rate (A. K. Leroy et al. 2021b), and stellar mass (A. K. Leroy et al. 2021b).
(6) Indicator of AGN presence from the M. P. Véron-Cetty & P. Véron (2010) catalog (only Seyfert nuclei are considered AGNs). (7) Angular resolution of the MUSE
data products. (8) Physical scale probed by Cp,. (9) Number of independent pixels in the standardized multiwavelength images at the C,, resolution, and fraction of
pixels with both logPAH(11.3/7.7) band and optical log([S II]/Hc) line ratios. (10) Adopted angular resolution for the 150 pc scale products. (11) Number of
independent pixels in the standardized multiwavelength images at a 150 pc resolution, and fraction of pixels with both logPAH(11.3/7.7) band and optical
log([S I1]/Ha) line ratios.
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common Gaussian resolution of 0.9 for the different bands, the
30 limits are 0.09, 0.11, 0.13, and 0.29 Mly sr_l, for the
F770W, F1000W, F1130W, and F2100W bands, respec-
tively.” Since these 3¢ thresholds were derived at an angular
resolution of 0.9, for each galaxy in the sample with images at
either the angular resolution C,py or the spatial resolution
150 pc, we scale the 3¢ thresholds according to the square root
of the ratio of kernel areas. At these relatively large angular
scales, we expect the noise to be approximately correlated with
the same angular response as the (convolved) PSF. At smaller
scales, the spatial correlation of the noise can differ from the
PSF (e.g., T. G. Williams et al. 2024).

We use the F770W and F1130W broadband filters to trace
the emission of the 7.7 and 11.3 yum PAH features. Different
letters published in the PHANGS-JWST Cycle 1 Focus Issue**
suggest that these bands are generally dominated by PAH
emission, with a contamination of about about 10%—-30% from
the hot dust continuum (e.g., F. Belfiore et al. 2023; J. Chast-
enet et al. 2023a; D. A. Dale et al. 2023; A. K. Leroy et al.
2023; K. M. Sandstrom et al. 2023a, 2023b), with the exact
fraction depending on the definition of continuum (see, e.g.,
C. M. Whitcomb et al. 2023). The same works suggest that the
F1000W band is probably dominated by PAH emission rather
than by hot dust continuum, showing stronger correlations with
the F770W and F1130W band fluxes than with the F2100W
band flux. Silicate 9.7 ym absorption can in principle affect the
F1130W band. However, we expect the Silicate 9.7 um
absorption to be negligible in the large majority of the pixels,
as 99% of them show Ay < 3 mag (see, e.g., J. D. T. Smith
et al. 2007).

We use the prescription by J. Sutter et al. (2024) to subtract the
starlight contribution from the F770W filter and define the
7.7 pm PAH flux to be F770Wpay = F770W — 0.13 x F200W.
The prescription is based on an extensive set of CIGALE
(M. Boquien et al. 2019) spectral energy distribution (SED)
models that have varying stellar ages, star formation histories,
and assumptions about the dust properties affecting its mid-
infrared emission. In the dust-rich ISM, the correction is very
small, with F770Wpap/F770W of 99%. In the diffuse gas,
F770Wpan/F770W ranges between 67% and 90% in most
pixels, and reaches a minimum of ~25% in pixels that
correspond to star formation deserts in a few of the galaxies,
where the stellar radiation to PAH ratio is at its maximum. In
Section 3.3 we study these extreme regions, and using HST
+JWST SEDs, we verify the validity of the prescription and the
detection of PAHs even in the most extreme environments.
Regions with F770Wpap/F770W < 20% are not detected in the
images, presumably due to the depth of the MIRI F770W images
and our 30 SNR cuts.

A similar starlight subtraction can in principle be applied to the
F1130W filter, with F1130Wpa = F1130W — 0.067 x F200W.
In practice, we find that in 95% of the pixels of all galaxies
combined, F1130Wpy/F1130W > 93%. In the small minority
of pixels that trace extreme environments, F1130Wp,y/F1130W
can reach ~70%, and there, we subtract the expected starlight
contribution (Section 3.3). However, as we discuss in Section 3.3,

33 J. Sutter et al. (2024) estimated the 3o limits for the F770W, F1130W, and
F2100W bands. We applied the same method to estimate the limit for the
F1000W band.

3 https: / /iopscience.iop.org/collections /204 1-8205_PHANGS-JWST-First-
Results
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in these pixels, the main contaminant to the F1130Wp,y is the hot
dust continuum rather than the starlight.

We define the PAH 11.3-7.7 um flux ratio, hereafter
logPAH(11.3/7.7), to be log(F1130W /F770Wpap). Following
several recent studies of the PAH-to-total dust mass fraction
in nearby galaxies (e.g., J. Chastenet et al. 2023b; O. V. Egorov
et al. 2023; J. Sutter et al. 2024), we also define Rpay =
(F770Wpan + F1130W)/F2100W. In addition, we use the
following two band ratios to trace the stars-to-dust emission:
F200W/F770W and F200W/F2100W, where the former is
more closely related to the stars-to-PAH emission ratio, while
the latter is more closely related to the stars-to-hot-dust
emission ratio.

Distinct from to B24, here we do not use the PAH 3.3 ym/
11.3 ym band ratio since the 3.3 um PAH feature requires
accurate modeling and subtraction of the stellar continuum
emission, which is still a work in progress. In the first three
PHANGS galaxies studied in B24, we estimated the 3.3 um
PAH feature using the prescription by K. M. Sandstrom et al.
(2023a). However, a follow-up work on the full sample of 19
PHANGS-JWST Cycle 1 galaxies suggests more diverse
shapes of the stellar continuum at 3.3 ym, as well as
nonnegligible starlight extinction in a fraction of the pixels,
which require modifications to the K. M. Sandstrom et al.
(2023a) prescription (Koziol et al. 2024, in preparation). The
analysis of the variation of the PAH 3.3 um/11.3 um band
ratio with the optical line ratios will therefore be presented in a
future study.

Throughout the paper, JWST band ratios are presented as f,,
ratios. This is different conversion from the Af) ratios used for
the optical line ratios (Section 2.1.1).

2.1.3. HST

The PHANGS-HST survey mapped 41 galaxies, including
our 19 targets, using high-resolution (~0.08) imaging in
ultraviolet and optical wavelengths (J. C. Lee et al. 2022). The
galaxies have been observed with five broadband filters:
F275W, F336W, F438W, F555W, and F814W.% At this stage,
the reduction pipeline does not include a flux anchoring step to
ensure accurate background levels in the images. As a result,
the image reduction pipeline, which subtracts a global back-
ground taken within the field, may result in negative values for
pixels with fluxes that approach the background level. In this
work, we only use the HST data to produce HST+JWST
stacked SEDs in specific regions that show high stellar-to-dust
emission ratios using the filters F336W, F438W, F555W, and
F814W (Section 3.3). These regions show high-SNR fluxes in
the filters F438W, F555W, and F814W, with no negative
values. As for the F336W filter, about 10%—-20% of the pixels
in these regions show negative or undetected flux values.
However, including them in the stacks is not expected to have a
significant impact on our conclusions, as discussed in
Section 3.3. We do not include fluxes measured with the
F275W filter, as it shows a large number of negative (or
undetected) fluxes in the regions of interest.

2.1.4. ALMA

The 19 galaxies are part of the PHANGS-ALMA survey that
uses ALMA to map the CO J = 2 — 1 line emission at a

35 The galaxies NGC 628, NGC 1300, and NGC 1672 were observed with the
F435W filter instead of the F438W.
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resolution of ~1” across nearby galaxies (A. K. Leroy et al.
2021a, 2021b). Out of the different products available in the
survey (using “strict,” “broad,” and ‘“flat” masks; see
A. K. Leroy et al. 2021a, 2023), we use the “flat” moment-0
maps described in A. K. Leroy et al. (2023), where a single
fixed velocity window centered around the velocity at that
position in the galaxy is used when estimating the integrated
CO flux from every sight line.

In our work, we use the CO flux maps obtained for
resolutions ~1” and 150 pc only in Section 3.3 to interpret a
small subset of the pixels, identified in ~4 of the galaxies,
representing extreme environments with very high stellar-to-
PAH emission ratios and anomalous logPAH(11.3/7.7) ratios.
Our conclusions remain unchanged when using other products
instead (“broad” masks).

2.1.5. Environmental Masks

To compare between the PAH band-optical line ratios
relations across different environments, we use (i) all of the
identified nebulae presented in the PHANGS-MUSE nebular
catalog (F. Santoro et al. 2022; B. Groves et al. 2023), and (ii)
the environmental maps by M. Querejeta et al. (2021), that
distinguish between different large-scale features, such as
centers, bars, spiral arms, and more.

2.2. Convolution and Resampling

The different data products used in this work are obtained
from different instruments, each with a different PSF shape and
size. In this Section we describe our approach to standardize
the images to have the same grid and angular resolution.

For the JWST surface brightness maps, we generate kernels
to convolve from the JWST images taken in one band (with the
NIRCam/MIRI PSFs) to Gaussian PSFs at a specified
resolution using the code JWST_KERNELS,’® implementing
the approach described in G. Aniano et al. (2011), using the
WebbPSF library.*” In all but a single case, the FWHM values
of the Gaussian PSFs are larger than the thresholds defined as
“safe” by G. Aniano et al. (2011) for the NIRCam and MIRI
bands (see Table 2 in T. G. Williams et al. 2024 for the
FWHMs corresponding to the “safe” and “very safe” thresholds
for the different bands). The exception is NGC 4535, with
Copt = 056, which is at a higher resolution than the F2100W
band. For this galaxy only, we convolve the F2100W filter to a
resolution of 0.777 instead of 0.56. Importantly, F2100W is
used in a supporting capacity at the Cp, resolution. For the
three primary JWST bands used in the work, F200W, F770W,
and F1130W, the FWHMs are below the “very safe” threshold,
for all of the galaxies in the sample.

For the HST images, we first convert the flux units to
MlJy sr~'. We then convolve the HST images assuming that the
original HST images have a Gaussian PSF with an angular
resolution of ~0.08 (depends slightly on the specific band).
Since we convolve images with angular resolutions of ~0"08 to
~0'9 (Copy) or ~2”7 (150 pe), the simplifying assumption of a
Gaussian PSF for the HST images is sufficiently accurate for
our purposes.

The ALMA moment-0 maps are available both at their native
resolution (~17% and at a 150 pc spatial resolution (see

36 hitps: //github.com/francbelf/jwst_kernels
37 https:/ /stsci.app.box.com/v /jwst-simulated-psf-library
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A. K. Leroy et al. 2021a), which we use as is. As for the
environmental maps, the nebular catalogs were derived from
the same MUSE cubes, and thus match in angular resolution,
and the centers/bars masks represent large-scale features
derived from a coarser resolution Spitzer map, and thus do
not require a convolution.

Having the convolved images, we project them onto the
world coordinate system (WCS) of the MUSE observations
using REPROJECT.EXACT by ASTROPY (T. Robitaille et al.
2020; Astropy Collaboration et al. 2022). To obtain indepen-
dent pixels, we downsample the grid to have one pixel per
resolution element of Cg, or 150 pe in all of the images. For
example, for a C,p, resolution of 0’89, and the MUSE pixel size
of 072, every 4 x 4 pixel element matrix will be downsampled
to a single pixel. For the different surface brightness maps, the
downsampling is performed by taking the average (while
excluding null values when present) over all of the pixels. For
the environmental maps, where the pixel value is a number
representing a class, a majority vote is performed.*®

In Table 1 we list the number of independent pixels available
for each galaxy using the C,p or 150 pc products, which have
both MUSE and JWST observations (the FOVs are only
partially overlapping). We also list the fraction of the pixels
that have both logPAH(11.3/7.7) band and optical
log([S I]/Ha) line ratios measured. Since the MUSE maps
are highly complete, the fraction closely represents the 7.7 and
11.3 um PAH detection fractions, which are the result of our
adopted 30 masking.™

3. Results

Our goal is to establish whether the PAH band—optical line
ratios correlations are universal across nearby star-forming
galaxies, and identify regions in parameter space where they
may break. We start with an unsupervised exploration of the
full PHANGS data set using the dimensionality reduction
algorithm PCA (Section 3.1). This visualization allows for a
quick and efficient exploration of the feature space, where we
can examine how different features relate one to another, and
importantly, quickly identify groups that show anomalous
behavior. We then examine the PAH band-optical line ratio
correlations in the 19 galaxies individually on 40-150 pc scales
in Section 3.2. In Section 3.3 we study a group of pixels that
show anomalously high logPAH(11.3/7.7) ratios primarily in
four of the PHANGS galaxies. These pixels do not show the
PAH band-optical line ratios correlations seen across galaxies.
Finally, in Section 3.4, we focus on the AGN hosts within the
PHANGS sample, that show somewhat steeper PAH band—
optical line ratios correlations, and try to identify the reason for
this increased steepness.

Throughout this Section, we use the C,, products when
studying individual galaxies separately and the 150 pc products
when combining different galaxies within the same analysis.

B A pixel can be associated with several different classes in the masks, e.g.,
center and bar. When combining different pixels into a single pixel at the
angular resolution, in cases with equal numbers of “0” and “1,” we adopt a
value of “1” as the combined pixel value.

3 The two bands have comparable sensitivities, with F1130W resulting in
slightly larger fraction (~10%) of masked-out pixels.
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Table 2
Features Used in Unsupervised Exploration with PCA and Their Correlation Coefficients with the First Four Eigenvectors
Feature Description p(PCA-1)  p(PCA-2) p(PCA-3) p(PCA-4)
log Age [yr] Light-weighted age of the stellar population 0.38 0.28 —0.23 —0.04
log([O 1I]/HPB) Optical line diagnostic of the shape of the radiation field, gas 0.74 0.02 0.22 0.23
temperature, metallicity, and more

log(IN 1I]/Hev) ” 0.89 —0.05 0.16 0.10
log([S 1I]/Ha) ” 0.83 —0.35 0.15 0.01
log([O0 1]/Ha) " 0.72 —-0.42 0.23 0.13
E(B — V) [mag] Reddening toward the line-emitting gas —0.28 0.17 0.36 0.73
log(Ha/f (7.7 pm PAH))* Ha to 7.7 pm PAH emission —0.64 0.57 —0.40 0.25
log(Ha/F2100W)?* Ha to hot dust continuum emission —-0.77 0.28 -0.43 0.30
log(F2100W /F770W) 21 to 7 ym mid-infrared color 0.04 0.71 0.40 —0.21
log(F2100W / f (7.7 pm PAH)) Hot dust continuum to PAH emission 0.38 0.76 0.15 —-0.23
log(f(11.3 um PAH)/f (7.7 um PAH))  Ratio sensitive to PAH ionization, size, and temperature 0.85 0.03 —0.10 0.09
log(F200W /F770W) Stellar to PAH emission ratio 0.81 0.21 —-0.39 —0.15
log(F200W /F2100W) Stellar to hot dust continuum emission ratio —-0.77 —-0.03 0.51 0.09
log(F1130W /F1000W) PAH to hot dust (or silicate) emission ratio —0.32 —0.61 0.11 —0.07
log Rpan PAH to small grain dust mass fraction —0.09 —-0.79 —-0.17 0.30

Notes. The listed correlation coefficients are the Spearman’s rank correlation coefficients. F770W represents the total surface brightness of the JWST-MIRI F770W
filter, and f(7.7 um PAH) represents the F770W filter after subtraction of the expected starlight contribution at 7.7 pm.
 The units of these ratios consist of the ratio of the MUSE surface brightness given in the PHANGS-MUSE products to the JWST surface brightness given in the

PHANGS-JWST products: log[(erg s~ cm~2 pixel~!)/(MJy sr~1)].

3.1. Unsupervised Exploration with PCA

Principal Component Analysis (PCA; I. T. Jolliffe 2002) is a
linear decomposition of a data set into orthogonal components,
also called the principal components. They are constructed
such that each successive component accounts for the
maximum possible variance in the data that remains after
accounting for the variance explained by the preceding
components. After the decomposition, each object in the data
set can be represented as a point in the space defined by the
orthogonal principal components. PCA can be used to perform a
dimensionality reduction of a complex data set by selecting
only a handful of leading components to represent each object.
In particular, selecting only the two leading components and
representing objects as points in this 2D space, the data set can
be easily visualized while retaining most of the possible
variance observed in the features. PCA is a simple and powerful
technique, and its formulation through orthogonal components
and their explained variance makes its output less challenging
to interpret. In B24 we used the nonlinear dimensionality
reduction algorithm UMAP, and found that the data can, to first
order, be represented as a 1D sequence (the identified groups
formed a continuous sequence in most of the features). We
therefore use the simpler PCA technique in this work.

We apply PCA to a set of 15 features from 108,403 spatially
independent pixels. Since our goal is to study the PAH band-
optical line ratios correlation, we consider features we believe
may show connection either to the heating of PAHs or the
ionization of the ionized gas. We list these features in Table 2.
The set of features included in the analysis is by no means
exhaustive. We do not include ALMA CO observations since the
maps have comparatively lower sensitivity, so including the CO
flux would require us to exclude a significant number of pixels
from the diffuse regions of the galaxies from the analysis. For a
similar reason, we do not include the PAH 3.3 um feature
(see B24). We do not normalize or rescale the features, as they
all have comparable dynamical ranges (~1 dex).

The top-left panel of Figure 2 shows the fraction of
explained variance of the 15 principal components, which by
construction, decreases from one component to the next. The
first component accounts for 41% of the total variance, while
the second for 17%, the third for 1.1%, and the fourth for
0.78%. In Table 2 we list the Spearman’s rank correlation
coefficients between our adopted features and the four leading
principal components. The inset in the panel displays the data
set in the space defined by the first two principal components.

In the remaining panels of Figure 2, we color-code this 2D
distribution by various features of interest. Inspection of the
correlation coefficients in Table 2 and the color gradients in the
different panels reveals the following. (1) The first principal
component, PCA-1, is roughly aligned with the PAH-ionized gas
correlation sequence, with both logPAH(11.3/7.7) and the
optical line ratios changing primarily along its direction (x-axis).
This is not surprising, given that the correlation was known
prior to the application of PCA (B24), and given that we use
five individual features (logPAH(11.3/7.7), log([O OI]/HpG),
log(IN II]/He), log([S II]/He), and log([O I]/Hca)) that
encode a single 1D sequence. This increases the relative weight
of this sequence when constructing the principal components. (2)
The second principal component, PCA-2, is roughly aligned with
the PAH-to-total dust mass fraction, traced by Rpay (y-axis),
though it shows some continuous variation with PCA-3 as well
(see Appendix A for details). This is also not surprising given
that this information is encoded in several features considered in
the analysis.

The bottom row of Figure 2 reveals a group of pixels with
unusually high logPAH(11.3/7.7) ratios, occupying the upper-
right corner of the 2D distribution. In the large majority of
pixels, the logPAH(11.3/7.7) ratio reaches a maximum of
~0.4 dex (see Section 3.2 for additional details), while this
group shows ratios of ~0.6—0.7 dex. This group does not seem
to follow the typical PAH band-optical line ratios correlations,
showing high, but not unusually high, optical line ratios. Their
low Ha/F2100W ratios suggest that they originate in diffuse
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Figure 2. Two-dimensional visualization by PCA of the optical-infrared feature space spanned by ~ 100,000,150 pc scale pixels from the 19 PHANGS galaxies. The
top-left panel shows the result of the PCA decomposition applied to 108,403 spatially independent pixels that trace different optical and infrared features measured
over a 150 pc scale. The bars represent the fraction of explained variance by each of the principal components, with the first component accounting for 41% of the full
variance, and the second for 17%. Together, they account for 58% of the total variance in the data. The inset in the top-left panel shows the location of the pixels in the
2D plane spanned by these first two orthogonal principal components. In the rest of the panels, the distribution of the pixels in this 2D plane is color-coded by different
features of interest, where it can be seen that the first principal component (x-axis) aligns roughly with the logPAH(11.3/7.7) vs. optical line sequence, and the second
component (y-axis) aligns roughly with the PAH-to-total dust mass fraction, Rpay. In the bottom row, we mark a group of pixels that show anomalously high logPAH
(11.3/7.7) ratios of ~0.7 dex (typical logPAH(11.3/7.7) ratios show a maximum of ~0.4 dex; see Section 3.2). The same group of pixels originates from regions
dominated by old stellar populations, a very high stellar-to-mid-infrared emission ratio (suggesting old and bright populations), and a relatively low PAH-to-hot dust

ratio. We study this anomalous group in Section 3.3.

regions. Inspection of the bottom panels of Figure 2 shows that
these pixels correspond to regions with old stellar populations
(light-weighted mean age of ~10 Gyr); high stellar-to-mid-
infrared emission ratio, suggesting bright stellar emission with
respect to dust; and with relatively lower PAH-to-hot dust ratio.
These properties resemble those observed in the bulge of M31
(e.g., B. Groves et al. 2012; B. T. Draine et al. 2014). We study
these regions in detail in Section 3.3.

Inspection of the color gradients in Figure 2 further reveals a
diagonal stripe in the bottom-left corner of the distribution that
does not follow the same color gradient trends seen in the rest
of the distribution, particularly in the optical line ratios

log([S II]/Ha) and log([O I]/Hca). It is characterized by a
younger stellar population (log Age/yr ~ 9). In Appendix A
we compare the properties of this group to a control group with
the same stellar population age, and find that this group stands
out in its high dust mid-infrared continuum emission (traced by
F2100W) and exceptionally bright PAH emission (traced by
F770W) with respect to the stellar emission (traced by F200W).
Inspection of optical line diagnostic diagrams shows that the
group has comparable optical line ratios to those of the control
group. Since this group follows the typical PAH-ionized gas
correlations seen in the rest of the population, we do not study
it further here.
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In Appendix A we present the 2D distribution of the pixels
in the space defined by the third and fourth PCA components.
These components approximately align with the F2100W/
F200W ratio, tracing hot dust to stellar emission, and E
(B — V), the dust reddening of the line-emitting gas.

3.2. PAH-ionized Gas Correlations in Individual Galaxies

In this Section we study the correlation between the logPAH
(11.3/7.7) band ratio and the log([S II]/Ha) optical line ratio
across the individual galaxies. All 19 galaxies show significant
correlations between logPAH(11.3/7.7) and log([N II]/Ha),
log([S IT]/Hev), and log([O I]/Hca), and in cases where the
[O 1] line is significantly detected throughout the field of view,
also with the log([O III]/HG) ratio. The collisionally excited
[O1m], [NII], [S1], and [O1I] lines trace different ionization
potentials, and they peak in different regions within the ionized
(and once reaching the ionization front, the neutral) clouds. In
this work, we focus on the relation with log([S II]/Ha). The
log([S II]/Hev) is sensitive to several properties of the ionized
gas in galaxies such as the metallicity, ionization parameter,
and hardness of the radiation field. Given the observed range in
metallicity in the PHANGS galaxies (e.g., K. Kreckel et al.
2020; T. G. Williams et al. 2022; Brazzini et al. 2024), we
believe that this ratio is mostly tied to the separation of HII
regions and diffuse ionized gas (see F. Belfiore et al. 2022),
meaning it is primarily sensitive to the radiation field hardness.
However, as we show in Section 3.4, its diagnostic power in
separating gas ionized by starlight and by an AGN is limited
compared other line ratios, such as the log([O III]/HQB). In a
future study, we plan to study the relations with all of the
optical line ratios simultaneously, and use photoionization
models to aid with the interpretation of these relations.

In Section 3.1 above, we identified a group of pixels with
anomalous PAH ratios that do not follow the PAH band-
optical line ratios correlation. They are primarily seen in four
galaxies (NGC 1300, NGC 1433, NGC 1512, and NGC 3351),
and their fraction out of all of the pixels of each respective
galaxy is between 10% and 25%. The same pixels show
high stellar-to-mid-infrared emission ratios, generally above
log(F200W /F770W) > 0.4 dex. We use this threshold to filter
out these pixels and exclude them from the analysis in this
Section. We study the properties of these regions separately in
Section 3.3 below. Such pixels are also present in several
additional galaxies (e.g., NGC 1566, NGC 3627, and
NGC 4535), but their fraction is lower, ~2%-5%, and thus
including them does not affect the derived slopes.

In Figure 3 we show the logPAH(11.3/7.7) versus
log([S II]/Ha) relations across the individual PHANGS
galaxies. The relation is clearly detected across each of the
19 galaxies, on scales as small as 40 pc, markedly below the
scale of 150pc probed in our B24 work.** We fit the
measurements with a linear relation for each galaxy as
described below. We divide the log([S I1]/Ha) measurements
into six bins, and estimate the median and median absolute
deviation (MAD) of log([S II]/Ha) and logPAH(11.3/7.7)
within each bin. We then fit the medians with a linear relation,
considering the MADs as uncertainties. We estimate the

40 The only major difference between the relation presented in Figure 13
in B24 and our analysis here is that here we subtract the starlight contribution
from the F770W filter before deriving the logPAH(11.3/7.7) ratio. This makes
the range in logPAH(11.3/7.7) ratios somewhat larger here compared to the
range seen in B24.
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uncertainty of the best-fitting slope and intercept by boot-
strapping the samples to produce the bins for 1000 times,
refitting the relation in every iteration. The best-fitting slopes
are consistent, within the uncertainties, for a number of bins
ranging between 6 and 12. The galaxies in Figure 3 are sorted
according to their best-fitting slope, from the shallowest
(NGC 1087; 8 = 0.16 £ 0.06) to the steepest (NGC 1365;
8 = 0.38 £ 0.08). In Figure 4 we show the Ha surface
brightness maps of the galaxies, ordered by the best-fitting
slope from Figure 3.

We use the M. P. Véron-Cetty & P. Véron (2010) catalog and
the spatially resolved PHANGS-MUSE optical line ratios to
identify PHANGS galaxies with AGNs. Since low-ionization
nuclear emission-line region (LINER)-like optical line ratios can
represent ionization by either an AGN or by hot and evolved stellar
populations (see F. Belfiore et al. 2022 and references therein),
here we use the more stringent AGN definition of Seyfert-like
line ratios in the log([S II]/Ha) versus log([O III]/H/3) line
diagnostic diagram, using the L. J. Kewley et al. (2006) criterion.
Since AGN activity can be manifested as LINER-like optical line
ratios, our choice to focus only on Seyfert-like line ratios has
implications to the shape of the ionizing radiation field and/or the
ionization parameter (see, e.g., photoionization models by
D. Baron & H. Netzer 2019). Among the 19 galaxies, five are
identified as Seyfert AGNs: with NGC 1365, NGC 1566,
NGC 1672, NGC 4303, and NGC 7496. Although NGC 3627
has been considered by various studies to be a Seyfert galaxy, its
classification as a Seyfert is based on the study by L. C. Ho et al.
(1997), which employs a different Seyfert-LINER separation
scheme. Using the L. J. Kewley et al. (2006) criterion, NGC 3627
is classified as an LINER, and we therefore do not consider it as an
AGN in our study. In Figures 3 and 4 we mark the AGN hosts
with blue edges. Of the seven PHANGS galaxies with the steepest
PAH-ionized gas slopes, five are AGN hosts. Figure 5 shows the
distribution of the best-fitting slopes for the PHANGS galaxies,
where AGN hosts show on average steeper slopes. In Section 3.4
below we focus on the AGN hosts and attempt to identify the
reason for the increased steepness.

We do not find a relation between the best-fitting slope value
and the location of the galaxies with respect to the star-forming
main sequence, or with inclination. In addition, we do not find
a relation between the value of the best-fitting slope and the
physical scale at which the relation is probed (C,p in parsecs).
In fact, in Appendix B we repeat the analysis using logPAH
(11.3/7.7) and log([S II]/Hc)) measurements in individual
galaxies over the uniform 150 pc scale. The best-fitting slopes
for the 150 pc scale case are comparable to those derived using
the C,p resolution, though they are somewhat larger, especially
for small g-values (Figure B2). The distribution of the best-
fitting slopes using the 150 pc scale maps is slightly narrower
than that seen at the C,p, resolution (Figure B3). The lack of a
strong dependence of the slope on the scale at which the
relation is probed within 40-150 pc suggests that the process
driving this correlation is in place on scales as small as 40 pc,
and that it does not have a significant spatial variation. This is
in line with our preferred interpretation of the correlation
in B24, suggesting that the PAH band-optical line ratio
sequence is driven by a varying shape of the interstellar
radiation field. The radiation field is a weighted mixture of
emission originating from young massive stars, emission from
hot and evolved stars, and a hard ionizing radiation by the
AGN, with the weights changing spatially.
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Figure 3. The logPAH(11.3/7.7) vs. log([S II]/Ha) relations across individual PHANGS galaxies on scales of 40-120 pc. Each panel shows the 2D distribution of
the logPAH(11.3/7.7) band ratio vs. the log([S II]/Ha) optical line ratio across a single PHANGS galaxy. The gray color-coding represents the number of pixels with
the corresponding PAH and optical line ratios, where the total number of pixels ranges from 9000-80,000, with most galaxies having around 20,000 spatially
independent pixels. The black contours encompass the regions within which the counts are 5, 20, and 50. The relations are obtained using the maps at the Cyp
resolution, and each panel notes the spatial scale in parsecs probed for the galaxy. The red error bars represent six bins in log([S II]/Ha) and their medians and median
absolute deviations (MADs) of the logPAH(11.3/7.7) ratio in the bin. The red solid lines represent the best-fitting linear relations of the bins. The galaxies are ordered
by their best-fitting slope, from the shallowest (NGC 1087) to the steepest (NGC 1365). Galaxies with pixels belonging to the anomalous group identified in
Section 3.1 and studied separately in Section 3.3 are marked with orange edges. These pixels are filtered out and excluded from 2D histograms, contours, and best fits.
Galaxies with known Seyfert nuclei are marked with blue edges.

Putting aside the AGN hosts and the group of pixels with
anomalous PAH ratios, Figures 3 and 5 suggest that the PAH
band-optical line ratio relation is a universal feature across
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nearby star-forming galaxies, with a slope of about 0.2 (0.22 at a
150 pc scale). It suggests a fundamental connection between the
ionized gas and neutral gas, and can be used to place constraints
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Figure 4. Ha maps of the individual PHANGS galaxies ordered by the best-fitting slope from Figure 3. Each panel shows the Ha surface brightness of a single
PHANGS galaxy. The maps are at the Cq, resolution, and each panel shows the spatial scale in parsecs probed for the galaxy. The galaxies are ordered according to
the best-fitting slope of the logPAH(11.3/7.7) vs. log([S 1] /He) relation from Figure 3. Pixels corresponding to regions with high starlight-to-dust flux ratios are
marked with orange. For the four galaxies that have a significant fraction of such pixels (10%-25%; NGC 3351, NGC 1300, NGC 1512, and NGC 1433), they are
excluded from the analysis in Figure 3 and of this Section. For the three galaxies that have lower fractions of such pixels (2%—5%; NGC 4535, NGC 3627, and
NGC 1566), we mark the pixels in this Figure, and also include them in the analysis of this Section. Known AGN hosts are marked with blue edges.

on intrinsic PAH properties and physics (size, charge, temper-
ature) as well as on gas ionization. The scatter around the best-
fitting relations, o[logPAH(11.3/7.7)] ~ 0.025 dex, is quite
uniform across the galaxies and surprisingly small, suggesting
very limited variation in properties that may affect this ratio, such
as the PAH ionization fraction. In Table 3 we list the parameters
of the best-fitting linear relations for the galaxies in the sample,
on the Cyy and the 150 pc scales.
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Figure 3 does suggest some second-order variation in the
observed logPAH(11.3/7.7) versus log([S II]/Ha) relation
when considering individual galaxies. For example, NGC 5068
and NGC 4321 show steeper-than-average slopes (0.26 + 0.05
and 0.33 4 0.07, respectively), with a maximum logPAH(11.3/
7.7) ratio of about 0.4 dex, although they have not been identified
as AGN hosts. At the other side of the range, NGC 1087 and
NGC 4254 show the least steep slopes of 0.16 + 0.06 and
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Table 3
logPAH(11.3/7.7) vs. log([S II]/Ha) Best-fitting Relations

(6] (@) 3 (C) & ©) @) ® ©
Galaxy « I3 y(x = —0.5) o « 8 y(x = —0.5) oy

(Copy) (Copo) (Copy) (Copo) (150 pc) (150 pc) (150 pc) (150 pc)
IC 5332 0.23 £ 0.02 0.20 £ 0.07 0.13 0.037 0.21 £ 0.03 0.19 £+ 0.08 0.12 0.035
NGC 0628 0.30 £ 0.03 023 £ 0.07 0.18 0.038 0.31 £ 0.03 0.26 + 0.06 0.18 0.033
NGC 1087 0.23 £ 0.02 0.16 £ 0.06 0.15 0.017 0.24 £ 0.02 0.19 £+ 0.05 0.14 0.015
NGC 1300 0.26 £ 0.02 0.18 £ 0.06 0.16 0.031 0.27 £ 0.02 0.23 + 0.06 0.16 0.025
NGC 1365 0.35 £ 0.03 0.38 £+ 0.08 0.16 0.039 0.36 £ 0.02 040 £+ 0.07 0.16 0.036
NGC 1385 0.23 £ 0.02 0.19 £ 0.05 0.13 0.019 0.23 £ 0.01 0.19 £ 0.04 0.14 0.016
NGC 1433 0.29 £ 0.02 0.22 £+ 0.06 0.18 0.034 0.31 £ 0.02 0.26 + 0.06 0.18 0.029
NGC 1512 0.28 £ 0.02 0.21 £ 0.06 0.18 0.033 0.29 £ 0.02 0.23 + 0.06 0.17 0.030
NGC 1566 0.30 £ 0.02 0.26 £+ 0.06 0.17 0.030 0.31 £ 0.02 0.28 £+ 0.05 0.17 0.027
NGC 1672 0.32 £ 0.02 0.32 £ 0.07 0.15 0.029 0.32 £ 0.02 0.32 £+ 0.06 0.16 0.026
NGC 2835 0.26 £ 0.02 0.20 £ 0.06 0.16 0.027 0.26 £ 0.02 0.19 £+ 0.06 0.17 0.023
NGC 3351 0.32 £ 0.04 0.17 £ 0.07 0.23 0.038 0.33 £ 0.04 0.19 £+ 0.07 0.23 0.031
NGC 3627 0.30 £ 0.02 021 £ 0.05 0.19 0.026 0.30 £ 0.01 0.23 + 0.04 0.19 0.023
NGC 4254 0.25 £ 0.02 0.16 £ 0.05 0.17 0.027 0.26 £ 0.02 0.18 £+ 0.05 0.17 0.023
NGC 4303 035 £+ 0.03 032 £ 0.06 0.19 0.028 036 £+ 0.02 0.34 £+ 0.05 0.19 0.026
NGC 4321 0.37 £ 0.03 0.26 £ 0.05 0.23 0.032 0.37 £ 0.03 0.26 £ 0.05 0.23 0.028
NGC 4535 0.27 £ 0.02 0.17 £ 0.05 0.18 0.031 0.29 £ 0.02 0.22 + 0.04 0.18 0.023
NGC 5068 0.29 £ 0.02 0.34 £ 0.07 0.12 0.033 0.29 £ 0.02 0.31 £+ 0.06 0.14 0.028
NGC 7496 0.28 £ 0.02 025 £ 0.06 0.16 0.030 029 £+ 0.02 0.26 £ 0.06 0.16 0.026

Note. (1) Galaxy name. (2) and (3) Best-fitting intercept and slope of the logPAH(11.3/7.7) versus log([S II]/H«) relation. (4) logPAH(11.3/7.7) value for
log([S I1]/Ha) = —0.5 of the best-fitting relation. (5) rms scatter in logPAH(11.3/7.7) values around the best-fitting relation. (2)—(5) Best-fitting relation when using
the MUSE C,, resolution. (6)—(9) Best-fitting relation when using the 150 pc resolution.
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Figure 5. Best-fitting slopes of the logPAH(11.3/7.7) vs. log([S II]/Ha)
relations in individual PHANGS galaxies. The best-fitting slopes are obtained
for the Cop resolution maps. The red dashed line represents the best-fitting
slope obtained when combining all of the pixels from all of the galaxies,
dividing into six bins, and fitting the median values. The red horizontal error
bar represents the uncertainty of the derived slope, obtained with bootstrapping
the samples. The subset of the PHANGS galaxies with identified Seyfert nuclei
(NGC 1365, NGC 1566, NGC 1672, NGC 4303, and NGC 7496) are marked
with an empty blue histogram. The rest are marked with a gray histogram.
AGN hosts have, on average, steeper slopes in their PAH-ionized gas relation
than non-AGN hosts. Putting the AGN hosts aside, the Figure shows that there
exists a universal relation between logPAH(11.3/7.7) and log([S II]/Ha)
across nearby galaxies, with a slope of about 0.2.

0.17 £ 0.05, respectively, with a maximum logPAH(11.3/7.7)
ratio of about 0.3 dex. NGC 4535 and NGC 0628 show larger
scatter in logPAH(11.3/7.7) around the best-fitting relation.
Finally, looking at different environments within a given galaxy,
we find deviations from the best-fitting relation obtained when
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considering all of the pixels. In particular, pixels that are
identified as centers show higher logPAH(11.3/7.7) ratios on
average in some of the galaxies. Some of these pixels are also
classified as pixels belonging to the anomalous group described
in Section 3.3 below. Additional analysis is required to explain
the second-order variations in slopes and the dependence on the
environment, which we leave to a future study.

3.3. Anomalous PAH Ratios

Our low-dimensional visualization using PCA in Section 3.1
reveals a group of pixels with unusually high logPAH(11.3/7.7)
ratios that do not seem to follow the general PAH-ionized gas
correlation established in Section 3.2. These pixels generally
originate from regions with very old (~10'° yr) stellar populations
and high starlight-to-dust emission as traced by F200W /F770W
(see Figure 2). In this Section, we focus on this group and use
multiwavelength observations, including HST and ALMA, to
interpret the observed PAH band ratios in these regions.

In Figure 6 we demonstrate our method to identify pixels
with anomalous PAH ratios. We find a strong correspondence
between the presence of PAH emission with anomalous band
ratios and bright stellar-to-mid-infrared emission. Galaxies that
show pixels with log(F200W/F770W) > 0.4 dex also show
PAH ratios with unusually high values that are above the
general PAH band-optical line ratio correlations seen across
galaxies. Galaxies that have a small number of pixels with
log(F200W/F770W) > 0.4dex do not show PAHs with
anomalous ratios, even if they are barred galaxies. We therefore
use the stellar-to-mid-infrared emission ratio to define our
sample of pixels with anomalous PAH ratios, using the
following threshold: log(F200W /F770W) > 0.4 dex.*' Among

41 As described later in the Section, there is a continuous variation of
increasing logPAH(11.3/7.7) with log(F200W /F770W), making the selected
threshold of log(F200W/F770W) > 0.4 dex somewhat arbitrary. We find
qualitatively similar results when using thresholds of 0.3 and 0.5 dex instead.
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Figure 6. Identification of regions with anomalous logPAH(11.3/7.7) ratios using the stellar-to-mid-infrared emission ratio F200W /F770W. Each row represents a
single galaxy, where we show two examples of galaxies with a significant fraction of anomalous PAH ratios (NGC 1512 and NGC 3351) and two with far less
(NGC 1365 and NGC 7496). In each row, from left to right: (i) The black-white background shows the Ha surface brightness. The cyan (green) color represents pixels
that are identified as bars (centers) in the environmental maps. (2) Image showing the F200W /F2100W ratio throughout the galaxy. (3) The black-white background
shows the surface brightness of the 7.7 um PAH feature (F770Wp,yy), and the orange points represent all pixels with log(F200W /F770W) > 0.4. (4) logPAH(11.3/7.7)
vs. log([S II]/Ha) relations for pixels below the log(F200W /F770W) = 0.4 threshold (considered “normal”; shown in the grayscale color-coding and the contours),
and pixels above log(F200W /F770W) = 0.4 threshold (orange points). There is a correspondence between the presence of PAHs with anomalous ratios and very
bright stellar-to-mid-infrared emission (log(F200W /F770W) > 0.4). Galaxies having a small number of pixels with log(F200W/F770W) > 0.4 also do not show
PAHs with anomalous ratios, even if they are barred galaxies. We therefore use the threshold log(F200W /F770W) > 0.4 to identify pixels that belong to the anomalous

PAH group.

the 19 PHANGS galaxies in our sample, there are four
sources that show a large fraction of pixels above this
threshold: NGC 1300 (10%), NGC 1433 (21%), NGC 1512
(21%), and NGC 3351 (25%), and we focus on these in this
Section. In all four cases, the logPAH(11.3/7.7) are unusually
high and above the typical correlation with log([S II]/Hc). In
Figure C1 in Appendix C, we show them in the same format
as in Figure 6.
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There are three additional galaxies that show a more modest
fraction of pixels above this threshold: NGC 1566 (2.5%),
NGC 3627 (2.6%), and NGC 4535 (5%). Due to the lower
fraction of pixels with anomalous ratios, these are not included
in the analysis of this Section. In Figure C2 in Appendix C, we
show them in the same format as in Figure 6. For the rest of the
galaxies, the fraction of pixels above the threshold is lower than
5%, and in most cases, below 2%, they do not show pixels that
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are significantly offset from the PAH band-optical line ratio
correlation.

We start by examining the SEDs and spatial distribution of
the pixels in the anomalous group. To aid with the
interpretation, we define a comparison sample that includes
all of the pixels from the same four galaxies that are below the
log(F200W/F770W) = 0.4dex threshold, and are thus
considered “normal,” but with log([S II]/Ha) ratios in the
range observed in the anomalous group (—0.3 to 0.1). The
latter is done to control for variations in the shape of the
ionizing radiation seen in the different regions. We then
produce stacked HST4+JWST SEDs for the comparison and the
anomalous groups, where we divide the anomalous group into
four bins according to their logPAH(11.3/7.7).

In Figure 7, we compare between the two groups in the
logPAH(11.3/7.7) versus log([S II]/Ha) plane (top-left
panel), and compare their optical-infrared SEDs (top-right
panel). The stacked SEDs of both the comparison and the
anomalous group are quite similar to each other in optical-to-
near-infrared wavelengths, and both resemble the SED of an
old stellar population. None of the SEDs show detectable PAH
3.3 ym emission. Above 3 pum, the SEDs show differences of a
factor of a few, with the F770W filter decreasing dramatically
from the comparison sample to the anomalous group, and
throughout different bins of logPAH(11.3/7.7) in the anom-
alous group. As a reference, we show the SED of a 10 Gyr
single stellar population (SSP) model from the G. Bruzual &
S. Charlot (2003) library, to which we apply dust reddening of
E(B — V) = 0.1 mag to match the observed optical-to-near-
infrared SEDs. The reddening is quite modest, and does not
affect wavelengths longer than ~2 pym. The comparison to the
10 Gyr SSP model suggests that the logPAH(11.3/7.7) ratios
observed in the anomalous group are not due to our starlight
subtraction prescription from the F770W filter—the observed
F770W filter in all of the stacks is clearly elevated with respect
to the expected emission at 7.7 um from old stellar populations.

In the bottom row of Figure 7, we show the spatial
distribution of pixels from the comparison and anomalous
groups. The groups show clear differences, where the
comparison pixels are located along the spiral arms of the
galaxies, while the anomalous pixels are located close to
inflowing gas filaments feeding the centers of the galaxies (bar
lanes hereafter). The logPAH(11.3/7.7) ratios observed for the
anomalous group display clear spatial structures with respect to
the bar lanes. They show lower values of logPAH(11.3/
7.7) ~ 0.4-0.5 dex closer to the bar lanes, and higher values of
logPAH(11.3/7.7) ~ 0.6 dex farther from the lanes.

In Appendix C we examine the spatial distribution of the
anomalous pixels with respect to the Ha surface brightness and
CO flux (Figures C3 and C4). The pixels are generally located
in regions with little Ha emission, in the so-called star
formation deserts of the galaxies. Pixels with the highest values
of logPAH(11.3/7.7) ~ 0.6dex are typically located outside
the bar lanes, where the CO emission is weaker. Although the
pixels in the anomalous group show a variation in logPAH
(11.3/7.7) with varying I(CO), the distributions of I(CO) and I
(CO)/f(Ha) are similar between the comparison and the
anomalous groups. In both cases, /(CO) and I(CO)/f(Ha) are
consistent with values seen in the diffuse gas, and cannot be
used to differentiate between pixels that follow and those that
do not follow the PAH band—optical line ratios correlation.
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Next, we attempt to identify the process that drives the range
of observed logPAH(11.3/7.7) ratios in the anomalous group.
Within the anomalous group, logPAH(11.3/7.7) does not vary
significantly with the log([S II]/Ha) ratio. We do not find
significant relations between logPAH(11.3/7.7) and the Ha
surface brightness, CO surface brightness, or I(CO)/f(Ha).
Unfortunately, the CO flux in these regions is not bright
enough to deduce reliable kinematic information, so it is not
clear whether the range in anomalous logPAH(11.3/7.7) ratios
is related to the cold molecular gas velocity or velocity
dispersion. Among the different multiwavelength features
available in these regions, the only significant correlation we
find is with the stellar-to-PAH/dust emission ratios, defined
using F200W/F770W and F200W/F2100W. The former,
F200W /F770W, inversely depends on F770W, so a correlation
with 1ogPAH(11.3/7.7) is expected. The latter is a ratio of the
stellar emission to hot (small grain) dust continuum, and may
represent the ratio of available photons that heat the dust
(F200W) to the dust column density (F2100W).** This is
similar to observations in the bulge of M31 (e.g., B. Groves
et al. 2012; B. T. Draine et al. 2014). In Appendix C we
examine how the correlation depends on our assumptions about
the hot dust continuum emission between 7.7 and 21 pm.

The anomalous pixels trace regions with old and bright
(relative to the dust) stellar populations, resembling the
stellar populations in elliptical galaxies. Spitzer observations
of elliptical galaxies revealed two main types of mid-infrared
spectra: (1) spectra that show no PAH emission, with a
strong emission feature from silicate at 9.7 um, and (2)
spectra with PAH emission, often with unusually strong
11.3 um PAH band compared to the 7.7 um band (e.g.,
H. Kaneda et al. 2005, 2008; A. Bressan et al. 2006;
R. Rampazzo et al. 2013). In Figure 8, we compare the
stacked HST+JWST SED of the pixels with anomalous PAH
ratios to two Spitzer spectra of elliptical galaxies, one
dominated by silicate emission, and the other by PAH
emission. The Spitzer spectra are extracted from CASSIS,*
most recently described in V. Lebouteiller et al. (2011). The
stacked SEDs of the anomalous PAH groups are inconsistent
with spectra that are dominated by silicate emission, since they
show F1000W < F1130W, which is inconsistent with a broad
emission that peaks at ~10 pm. Therefore, our adopted
interpretation is that the regions showing anomalous logPAH
(11.3/7.7) ratios are indeed dominated by PAHs, rather than by
silicate or hot dust continuum emission, and they show an
unusually high 11.3 ym PAH feature compared to the 7.7 pm.
In Section 4 we propose different explanations for the increased
PAH band ratio.

3.4. Small logPAH(11.3/7.7) Enhancement in AGN Hosts

Out of the 19 PHANGS galaxies considered in this study,
five host Seyfert nuclei in their center: NGC 1365, NGC 1566,
NGC 1672, NGC 4303, and NGC 7496. In Section 3.2 we find
that they show on average steeper slopes in their logPAH(11.3/
7.7) versus log([S II]/Ha) relations compared to non-AGN
host galaxies. In this Section, we compare the PAH and ionized
gas properties of the AGN hosts to those of a comparison
sample, with the goal of identifying the reason for the increased

42 We find weaker correlations when considering F200W or F2100W
separately.

a3 https: //cassis.sirtf.com/atlas /query.shtml
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contours represent “normal” pixels from the four galaxies NGC 1300, NGC 1433, NGC 1512, and NGC 3351. The black points represent the comparison sample
(which includes 7557 pixels, out of which a random subset of 400 is shown), and purple-to-yellow color-coding represents the anomalous group (which includes
6404 pixels, out of which a random subset of 800 is shown). The top-right panel shows the HST-+JWST stacked SEDs of the comparison sample (black lines) and a
few groups with anomalous PAH ratios, binned by their logPAH(11.3/7.7). The gray dashed line represents a 10 Gyr SSP model by G. Bruzual & S. Charlot (2003)
with a reddening of E(B — V) = 0.1 mag. The bottom row shows the spatial distribution of pixels from the comparison sample (black points) and pixels from the
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Figure 8. Comparison of the HST+JWST SED of the anomalous PAH group with Spitzer spectra of elliptical galaxies. The orange points and line represents a single
HST+JWST stacked spectrum of pixels showing anomalous PAH ratios. The black dashed line shows the SED of a 10 Gyr SSP model from the G. Bruzual &
S. Charlot (2003) library. The gray lines show Spitzer IRS spectra of two elliptical galaxies: NGC 4564, which is dominated by silicate emission at 9.7 ym, and NGC
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observed SEDs are inconsistent with a silicate emission spectrum, since they show F1000W < F1130W, and for silicate-dominated spectra, we expect
F1000W > FI1130W.

steepness. We focus on two main questions: (1) Are the
observed slopes steeper due to a change in the PAH band ratios
or the log([S II]/Ha) line ratios? (2) Is the AGN radiation
responsible for the change in PAH-to-optical line ratios, and
thus for the steeper slopes?

Our AGN sample includes all of the pixels from the five
AGN hosts, regardless of their main source of ionizing
radiation. We build a comparison sample that includes four
galaxies NGC 0628, NGC 1433, NGC 1512, and IC 5332 that
show relatively average slopes (3 ~ 0.22). In both cases, we
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Figure 9. Comparison of the PAH and ionized gas properties in AGN and non-AGN hosts. The left panel shows logPAH(11.3/7.7) vs. log([S II]/Hc) for the AGN
(blue contours) and non-AGN hosts (gray contours; grayscale background). The dashed lines represent the best-fitting relations, where the AGNs show a steeper slope.
The steeper slope is caused by a small increase in logPAH(11.3/7.7) with respect to log([S II]/Ha), for large log([S IT]/Ha) values of ~—0.1. The middle panel
shows logPAH(11.3/7.7) vs. log([O III]/Hf), with the latter being a more sensitive tracer of AGN ionization than the log([S IT]/Hc). In this panel, the increase in
logPAH(11.3/7.7) corresponds to increased log([O III]/HQ). The right panel shows the log([O III]/H/) vs. log([S 1] /Ha) diagnostic diagram. The two separating
criteria are used to separate between star-forming regions and AGNs (L. J. Kewley et al. 2001, KeOl; dashed), and between LINERs and Seyferts (L. J. Kewley
et al. 2006, Ke06; solid). The excess logPAH(11.3/7.7) from the left panel, which corresponds to increased log([O III]/H@) in the middle panel, is consistent with
Seyfert-like line ratios in the right panel. All together, this suggests that the radiation originating from the AGN alters the log([O III]/H/3) and logPAH(11.3/7.7)

ratios.

exclude pixels above the threshold log(F200W /F770W) > 0.4.
In addition to the logPAH(11.3/7.7) and log([S II]/Hc) ratios,
we also use the log([O III]/HQ) ratio, as it is a more sensitive
tracer of the hard ionizing spectrum originating from an AGN.

As a first test, we use the environmental masks and exclude
all pixels identified as bars and/or centers. We find no
difference in the logPAH(11.3/7.7) versus log([S II]/He)
relations before and after excluding the bars and centers,
suggesting that the difference in slopes between AGN and non-
AGN hosts is not related to the presence of bars or due to the
inclusion of the galaxies’ centers.

In Figure 9 we show logPAH(11.3/7.7) versus
log([S II]/Ha) for the AGN and comparison samples, where
the AGN group indeed shows a steeper slope. The steeper slope
is due to a ~0.05 dex increase in logPAH(11.3/7.7) at a fixed
log([S IT]/He) ratio of about ~—0.1. This suggests that
the increased slope is due to a slight increase in the PAH
band ratio, rather than the ionized line ratio log([S II]/Hc). In
the middle panel, we show logPAH(11.3/7.7) versus
log([O II]/HPB) for the AGN and comparison samples. Due
to the higher ionization potential of O™, the log([O III]/HRB)
ratio is a more sensitive tracer of the hard ionizing radiation
originating from AGNs. The panel shows that the increase in
logPAH(11.3/7.7) corresponds to increased log([O III]/Hf).
The distributions in these panels strongly resemble those we
found for the first three PHANGS galaxies (Figures 12 and 13
in B24). In the right panel, we compare the AGN and non-
AGN  groups in the line diagnostic  diagram
log([O ] /HB)-log([S I]/Ha) (J. A. Baldwin et al. 1981;
S. Veilleux & D. E. Osterbrock 1987; L. J. Kewley et al. 2001;
G. Kauffmann et al. 2003). The excess in logPAH(11.3/7.7)
that causes steeper slopes in AGN hosts, which corresponds to
increased log([O IIT]/HB) ratios in the middle panel, corre-
sponds to optical line ratios consistent with Seyfert ionization.
It suggests that the increase in log([O III]/HG) and, probably,
in logPAH(11.3/7.7) is due to an increasing contribution of the
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AGN to the total radiation field affecting the ionized gas
and PAHs.

In Figure 10 we study the spatial distribution of regions
showing elevated logPAH(11.3/7.7) ratios in the AGN
hosts, and compare them to those observed in non-AGN hosts
in the diffuse ionized gas. We focus on regions where
—0.2 < log([S I]/Ha) < 0, which is the range where we
find a difference between AGNs and non-AGNs in Figure 9.
This range corresponds to diffuse ionized gas regions in the
non-AGN hosts. First, comparing the logPAH(11.3/7.7)
distributions in AGN and non-AGN hosts in the range
—0.2 < log([S1I]/Ha) < 0, we find a small logPAH(11.3/
7.7) enhancement in the AGN hosts, of about ~ 0.05 dex,
corresponding to ~10%. Comparing the spatial distribution of
the logPAH(11.3/7.7) ratios in AGN and non-AGN hosts, we
find: (1) The enhanced logPAH(11.3/7.7) ratios are seen on
kiloparsec scales, and (2) In some cases (e.g., NGC 1365 and
NGC 7496), the enhanced ratios may originate from regions
along the AGN ionization cones, as can be seen in the
log([O III]/HB) maps in Figure 11. This suggests a global
impact of the AGNs on the PAH band and optical line ratios,
on kiloparsec scales, and not only in the galaxies’ centers. The
effect is very small, of the order of ~10% in PAH(11.3/7.7),
suggesting that the old stellar population in the bulges is the
dominant heating source of the PAHs.

In Appendix D we compare the HST+JWST stacked SEDs
of AGN and non-AGN hosts, and find that their ultraviolet-
optical stellar continua are comparable, suggesting that the
difference in logPAH(11.3/7.7) is not driven due to a variation
in the stellar population properties. We also confirm that the
variation is not driven by an increased contribution of hot dust
continuum emission to the F1130W filter.

Finally, we emphasize that the analysis in this Section and
our conclusions apply to PAHs and ionized gas in diffuse
regions on kiloparsec scales, as these dominate in number of
pixels considered. On very small scales close to the accreting
black holes, the AGN radiation field may have additional
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contribution of the hard ionizing radiation by the AGN.

impacts on the PAH band ratios (see, e.g., J. J. Jensen et al.
2017; 1. Garcia-Bernete et al. 2022a, 2022b; T. S. Y. Lai et al.
2022; G. P. Donnelly et al. 2024; 1. Garcia-Bernete et al. 2024).
We leave analysis of the galaxy centers to a future work.

4. Discussion

In Figure 12 we outline the emerging picture of PAH band—
optical line ratios correlations across nearby star-forming
galaxies. Typical nearby galaxies show tight correlations
between logPAH(11.3/7.7) and the optical line ratios
log((OI]/HB), log(INI]/Hea), log([SI]/Hex), and
log([O I]/He). These correlations are based on observations
of ~700,000 spatially independent regions in 19 galaxies
probing scales of 40-150 pc. The correlation is a sequence in
ionized gas properties (see B24), where small logPAH(11.3/
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7.7) and optical line ratios are observed in star-forming regions,
with optical line ratios consistent with ionization by young and
massive stars, and large logPAH(11.3/7.7) and optical line
ratios originating in diffuse regions on kiloparsec scales, where
the LINER /LIER-like optical line ratios are consistent with the
ionizing radiation being a combination of radiation leaking
from H II regions and radiation of hot and evolved stars.

The correlation is universal across our sample, with a best-
fitting slope around (8 ~ 0.2 for logPAH(11.3/7.7) versus
log([S 1I]/Hev), and with a scatter of about ~0.025 dex, which
does not vary significantly from galaxy to galaxy. Such a tight
and global correlation may be surprising a priori, as the PAH
mid-infrared and optical line spectra depend on multiple
properties that are expected to vary within the ISM of galaxies.
In particular, the PAH 11.3/7.7 ratio strongly depends on the
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Figure 12. Emerging picture of PAH band-optical line ratios correlations across nearby star-forming galaxies. The left panel depicts a typical nearby star-forming
galaxy, where there is a tight correlation between logPAH(11.3/7.7) and log([S II]/He) ratios on 40-150 pc scales. Similarly tight correlations are observed with
other optical line ratios: log([O III]/H/3), log([N II] /He), and log([O 1]/He). The bottom-left part of the relation is dominated by star-forming regions, where young
massive stars ionize the gas. The top-right part of the relation corresponds to diffuse regions on kiloparsec scales, where a combination of radiation leaking from H II
regions and from hot and evolved stars ionizes the gas, giving rise to LINER /LIER-like optical line ratios. The slope of the relation is 5 ~ 0.2, roughly matching the
expected relation for a varying radiation field that heats the PAHs and ionizes the gas (see B24). The small scatter in the relation, ~0.025 dex, suggests uniform PAH
ionization fraction across different environments and galaxies. The middle panel represents a small group of pixels observed in a handful of galaxies, showing
anomalously high logPAH(11.3/7.7) ratios for a constant log([S II]/He) ratio. Such PAH ratios are observed in regions with old stellar populations and unusually
high starlight-to-dust emission ratio, logF200W /F770W > 0.4 dex. The anomalous ratios are consistent with PAH populations with larger grain sizes, which can be
either the result of processes that change the typical ISM grain population as it streams into the center (destruction via shocks or under-production in grain-grain
collisions), or the result of a varying mixture between two grain populations: those of the typical dusty ISM and those produced in AGB star atmospheres. The right
panel shows a star-forming galaxy with a low-luminosity AGN at its center. The AGN contributes to the total radiation field affecting the PAHs and ionized gas on
kiloparsec scales, resulting in a small enhancement of logPAH(11.3/7.7) ~ 0.05 dex ~ 10%. The AGN has little impact on the log([S II]/Ha) ratio, but a stronger
impact on the log([O IlI]/HQ) ratio, with the two optical line ratios consistent with Seyfert-like ionization in standard line diagnostic diagrams.

PAH ionized fraction, and shows a secondary dependence on The universal and tight relation between the PAH band and
the PAH size distribution. Both of these properties are expected optical line ratios suggests a 1D sequence driven by a single
to be sensitive to the intensity of the interstellar radiation field varying property. The small scatter and minimal galaxy-to-
and the ISM characteristics (e.g., B. T. Draine & A. Li 2001; galaxy variations observed in the relation suggest that other
S. Hony et al. 2001; B. O’Halloran et al. 2006; B. T. Draine & properties are either relatively uniform, or that they do not

A. Li 2007; K. D. Gordon et al. 2008; C. Boersma et al. impact the observed ratios as much as the leading varying
2016, 2018; B. A. Croiset et al. 2016; E. Peeters et al. 2017; ~ Property. In B24 we suggested that the correlation is driven by
A. Maragkoudakis et al. 2020; B. T. Draine et al. 2021; the changing shape of the radiation field, which is a mixture of
C. Knight et al. 2021; A. Ma;agkoudakis et al. 2022 seé the radiation of massive and young stars as well as hot and

. A.G. G. M. Tielens 2008: A. Li 2020). M | evolved stars. We combined PAH models with a large set of
IEZI;VAV% ratci}o Svas alsgesﬁgivnot(z)sc’iepen:i oon ?ﬁe Sp(;ftglc:}?;gé model stellar SEDs to show that the observed slope of the PAH

of the radiation field, which can alter the PAH temperature band-optical hne’ ratios relat'lop roughly matche§ the expected

distribution and thus the relative emission in the different bands value when varying the radiation field from being dominated
b tell lations to being dominated by old stell

(B. T. Draine et al. 2021; D. Rigopoulou et al. 2021). The Y YOUQE Ste. at Popt aUons 1o Serig comillate by 0.¢ s cat

. ; . populations. In this picture, as we increase the contribution of
optical line ratios show a strong dependence on the gas-phase the old stellar population with respect to the young, the ionizing

metallicity, in particular the nitrogen and oxygen abundances, part of the radiation field becomes harder, leading to increased
the shape of the ionizing radiation field, and the ionization electron temperatures, which result in increasing optical line
parameter (e.g., L. S. Pilyugin et al. 2004; Y. C. Liang et al. ratios. At the same time, the non-ionizing ultraviolet radiation

2006; E. Pérez-Montero & T. Contini 2009; R. A. Marino et al. that heats the PAHs becomes softer, leading to colder PAHs
2013; C. C. Steidel et al. 2014, 2016; G. A. Blanc et al. 2015; and increasing logPAH(11.3/7.7) ratios. The total PAH and
F. Vincenzo et al. 2016; N. Byler et al. 2017 and review by optical line fluxes decrease as expected, since younger stellar
L. J. Kewley et al. 2019). populations are much brighter than older ones. On the scales
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probed here, the strength of the interstellar radiation field is not
expected to impact the logPAH(11.3/7.7) ratio (see Figure 19
in B. T. Draine et al. 2021).

An alternative interpretation is that the logPAH(11.3/7.7)
ratio varies primarily due to a change in the PAH charge
distribution, with more ionized PAHs close to star-forming
regions and more neutral PAHs in the diffuse parts of the
galaxies. We prefer the interpretation of the varying shape of
the radiation field, as it is unavoidable—the radiation field is
observed to vary in HST UV-optical images from young to old
stellar populations, with the optical line ratios confirming the
observed variations, and this variation alone can already
account for the observed logPAH(11.3/7.7) ratio variation.
Therefore, a major implication of our adopted interpretation is
that the PAH charge distribution is surprisingly uniform on
scales of 40-150 pc, as it can vary only within the observed
~0.025 dex scatter observed in the logPAH(11.3/7.7) versus
log([S IT]/Ha) relation. For comparison, the three possible
PAH ionization fractions assumed by B. T. Draine et al. (2021,
Figure 9(b)) lead to a much larger variation in logPAH(11.3/
7.7), of ~0.2 dex.

Visualizing the optical-infrared feature space with PCA, we
identify a group of pixels where the PAH band—optical line ratios
relation breaks down (depicted in the middle panel of Figure 12).
We identify these pixels primarily in 4 out of the 19 galaxies,
where they constitute 10%—-25% of the spatially independent
pixels within each galaxy. In the other galaxies, their fraction
ranges from 5% to less than 2%. These regions show unusually
high logPAH(11.3/7.7) ratios, with up to ~0.4 dex increase with
respect to the expected ratio from the universal PAH band—
optical line ratios correlation. The anomalous PAH ratios are
found in regions with old (~10'°Gyr) stellar populations and
high starlight-to-dust mid-infrared emission ratios of
log(F200W /F770W) > 0.4 dex. They originate in the so-called
“star formation deserts” of the galaxies, which show very little
Ha emission. The unusual PAHs are detected close to the CO-
traced bar lanes that are likely associated with strong radial
streaming motions, which may suggest that shocks produced by
the inflowing gas may play a role. However, the highest logPAH
(11.3/7.7) values are farther away from the bar lanes, in regions
with fainter CO emission. The PAH band ratios show a clear
dependence on the stellar-to-dust emission ratio F200W/
F2100W, which may trace the ratio of stellar photons that heat
the dust to the dust column density. Our stacked HST+JWST
SEDs in these regions suggest that they are regions with peculiar
PAH spectra rather than spectra that are dominated by silicate
9.7 pm emission or by hot dust continuum emission.

The elevated logPAH(11.3/7.7) ratios may be caused by a
change in the PAH size distribution, where compared to the
size distribution in the typical ISM, the smallest PAHs are
missing (e.g., J. D. T. Smith et al. 2007; A. M. Diamond-Stanic
& G. H. Rieke 2010; B. T. Draine et al. 2021; D. Rigopoulou
et al. 2021). Smaller PAHs can be absent either because they
have been destroyed by shocks, which destroy smaller grains
more efficiently than larger ones (e.g., E. R. Micelotta et al.
2010), or because shattering of larger grains, which is believed
to be a formation channel of the small grains, is occurring at a
slower rate (e.g., H. Hirashita & H. Yan 2009; H. Hirash-
ita 2010). Another possible explanation is that the pixels
corresponding to the anomalous group trace two PAH
populations projected onto the same line of sight: (i) typical
PAHs seen throughout the ISM, flowing along the bar lanes
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onto the centers, and (ii) PAHs with larger average sizes that
are located in the bulges of these galaxies, which are dominated
by the old stellar population. Indeed, mid-infrared observations
in elliptical galaxies with old stellar populations reveal
unusually high PAH 11.3/7.7 yum band ratios (see, e.g.,
H. Kaneda et al. 2005, 2008; A. Bressan et al. 2006; O. Vega
et al. 2010; R. Rampazzo et al. 2013). In this case, the high
starlight-to-dust emission ratio may suggest an increased
contribution of the second population to the PAH bands, thus
increasing the logPAH(11.3/7.7) ratio.

An alternative interpretation is that the elevated logPAH
(11.3/7.7) ratios correspond to regions with more neutral
PAHs, but we find this unlikely as we do not find any
difference in CO/Ha ratios in this group compared to those
observed in typical diffuse regions. In addition, the regions
showing the highest logPAH(11.3/7.7) ratios correspond to
regions with the lowest gas and dust surface density, where less
shielding is taking place. Distinguishing between the different
scenarios requires spatially resolved mid-infrared spectra that
include the various PAH transitions, shock-tracing emission
lines such as the rotational H,, and lines tracing the kinematics
of the gas as it transitions from the bar lanes to the gas and
dust disk.

The unusual PAH 11.3/7.7 ratio may be connected to two
presumably separate observational peculiarities of PAHs from
the Spitzer era: unusually high PAH 11.3/7.7 ratios in low-
luminosity AGNs and in elliptical galaxies (e.g., H. Kaneda
et al. 2005, 2008; J. D. T. Smith et al. 2007; F. Galliano et al.
2008; A. M. Diamond-Stanic & G. H. Rieke 2010; O. Vega
et al. 2010; L. Zhang et al. 2022). Various explanations have
been put forward to explain these peculiarities, such as (i) a
hard AGN spectrum directly modifying the PAH grain size
distribution and even serving as the main excitation source for
PAH emission, (ii) destruction of the smaller PAH grains in
shocks, and (iii) an increase in the fraction of neutral-to-
charged PAHs. The common property in all three cases—
anomalous PAH ratios in the PHANGS galaxies, in low-
luminosity AGN hosts, and in elliptical galaxies—is the
presence of old stellar populations and unusually high
starlight-to-dust emission ratios. As discussed in Section 3.4,
the presence of a low-luminosity AGN has a small impact on
the observed PAH 11.3/7.7 ratio in our case, altering logPAH
(11.3/7.7) by ~0.05 dex (~10%). This is compared to a factor
of 2-10 difference observed in Spitzer IRS spectra by
J. D. T. Smith et al. (2007) and in the anomalous PAH ratio
group in this work. We therefore suggest that the peculiar PAH
11.3/7.7 ratios observed in AGNs in the Spitzer era may be
connected to the stellar population in the bulges of these hosts,
rather than the AGN itself, grouping all of these peculiarities
into a single group. Testing this hypothesis requires re-analysis
of the Spitzer IRS spectra and the inclusion of new JWST
MIRI-MRS spectra, where the presence of a low-luminosity
AGN and of a bright and old stellar population can be
disentangled for a large statistical sample.

Five of the 19 PHANGS galaxies host an AGN in their
center. These five galaxies show steeper slopes in their logPAH
(11.3/7.7) versus log([S II]/Ha) relations, which is the result
of a slight (~0.05 dex, corresponding to ~10%) enhancement
of the logPAH(11.3/7.7) ratio for —0.2 < log([S II]/Ha) < 0
(depicted in the right panel of Figure 12). The regions showing
the enhancement also show Seyfert-like log([O III]/HS3)
versus log([S II]/Ha) line ratios in standard line diagnostic
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diagrams. They are distributed on kiloparsec scales, and in
some cases, may originate in the AGN ionization cones. This
suggests that the AGN drives the slight logPAH(11.3/7.7)
enhancement. The enhancement can be due to the contribution
of the AGN to the total radiation field on kiloparsec scales,
which can potentially alter the PAH temperature distribution
and thus the relative emission in the different bands (e.g.,
J. D. T. Smith et al. 2007; G. P. Donnelly et al. 2024); or a
slight change in the PAH size distribution due to interaction of
AGN-driven winds with diffuse gas clouds (e.g., A. M. Diam-
ond-Stanic & G. H. Rieke 2010; L. Zhang et al. 2022).
Regardless of the physical process responsible for the change,
we highlight that it has a minor impact on the observed PAH
ratios, of the order of 10%, which is in stark contrast to the
large impact observed in some other AGN hosts by Spitzer
(e.g., J. D. T. Smith et al. 2007; A. M. Diamond-Stanic &
G. H. Rieke 2010; L. Zhang et al. 2022). It is the combination
of spatially resolved optical spectroscopy and mid-infrared
imaging over unprecedentedly small scales of 40-150 pc that
allows us to isolate such a minor effect for the first time.

The near-infrared coverage of JWST allows us to measure
the 3.3 ym PAH feature throughout the galaxies, which can be
used to place additional constraints on the PAH size variation
and temperature distribution. The PAH 3.3 ym/11.3 um band
ratio and its relation to the optical line ratios can be used to (i)
confirm our interpretation that the PAH band—optical line ratio
relation is driven by the varying radiation field (left panel of
Figure 12), and (ii) refine our interpretation about the slight
increase in slopes seen in AGN hosts (right panel of Figure 12).
At this stage, it is unclear whether the 3.3 um PAH feature is
detected in pixels showing unusual PAH 11.3/7.7 ratios
(Koziol et al. 2024, in preparation). An analysis of the variation
of the PAH 3.3 yum/11.3 um band ratio with varying optical
line ratios will be presented in a future study.

5. Summary

In this paper, we use the PHANGS survey to establish a
census of the relation between PAH heating and gas ionization
across nearby star-forming galaxies. We particularly focus on
the PAH band ratio 11.3 um/7.7 um versus log([S II]/He)
relation, though strong correlations are seen with other optical
line ratios as well. We use the 19 PHANGS galaxies with high-
resolution JWST and MUSE-VLT observations, and at the
limiting angular resolution of MUSE-VLT (0.56-1"2), we have
~700,000 spatially independent pixels probing PAH and
optical line emission on scales of 40—150 pc. Our results and
their implications are summarized below. They are also
depicted in Figure 12.

(I) There is a universal relation between PAH 11.3 um/
7.7 pm and log([S II]/Ha) across star-forming galaxies on
40-150 pc scales (Section 3.2 and Figures 3 and 5). For each
galaxy, we use images convolved to the MUSE optimal angular
resolution that translates to different scales in the range
40-120 pc per source, as well as images convolved to a
uniform spatial resolution of 150 pc. We fit linear relations
between 1ogPAH(11.3/7.7) and log([S II]/Ha) to all of the
spatially independent pixels of each galaxy separately. The
best-fitting slopes are 0.16-0.38 for the MUSE optimal
resolution, and 0.19-0.40 for the 150 pc resolution. There is
no significant dependence of the slope on the spatial scale
probed, and the correlation is well detected on scales as small
as 40 pc. Among the seven galaxies with the steepest slopes,
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five are systems with identified Seyfert nuclei. Putting aside
anomalous regions with unusually high starlight-to-dust
emission ratios (see below) and AGN hosts, nearby star-
forming galaxies show a universal relation with a slope of
B ~ 0.2 and a scatter of ~0.025 dex around the best-fitting
relation.

PAH band and optical line ratios depend on multiple
properties that are expected to vary in the ISM of star-forming
galaxies (PAH charge and size, gas-phase abundances,
ionization parameter, and spectral shape of the interstellar
radiation field). The universal relation identified between
logPAH(11.3/7.7) and log([S II]/Hc) suggests a 1D sequence
that is driven by the variation of a single leading property. The
small and uniform scatter suggests that other properties are
either relatively uniform on these scales, or that they have a
smaller impact on the observed PAH band and optical line
ratios. Our interpretation is that the relation is driven by the
changing interstellar radiation field, which is a mixture of
radiation originating from young massive stars and radiation of
hot and evolved stars. The expected slope in this scenario
roughly matches the observed 3 ~ 0.2 slope. This interpreta-
tion implies that the PAH ionization fraction is surprisingly
uniform on 40-150 pc scales, accounting for a variation in
logPAH(11.3/7.7) of ~0.025 dex. For comparison, the three
examples of PAH ionization fractions examined by
B. T. Draine et al. (2021), where they note that it would not
be surprising if even larger variations are observed, result in a
much larger variation of ~0.2 dex.

(ID) Regions with old stellar populations and high starlight-to-
dust emission ratios do not follow the universal relation,
showing unusually high PAH 11.3 ym/7.7 pm ratios resembling
those observed in elliptical galaxies (Section 3.3 and Figure 7).
We use PCA to visualize the optical-infrared feature space, and
identify a group of anomalous pixels showing unusually high
PAH ratios (~x2) that do not follow the universal PAH band—
optical line ratios correlation. These pixels constitute 10%—25%
of the pixels in four of the PHANGS galaxies, and a smaller
fraction of 5% to <2% in the rest. They trace regions with old
stellar populations (~10Gyr) and high stellar-to-mid-infrared
dust emission (logF200W/F770W > 0.4 dex), in the so-called
“star formation deserts.” The PAH emission is detected close to
or along CO-traced bar lanes that feed the centers of these
galaxies, that are associated with strong radial gas motions. The
unusually high PAH ratios show a clear spatial variation with
respect to where the filaments meet the gas and dust discs, which
may suggest that shocks play a role in shaping the properties of
the mid-infrared-emitting population. The ratios also show a
strong dependence on the stellar-to-small grain continuum
emission ratio F200W/F2100W. The HST+JWST stacked
SEDs of these regions are inconsistent with the emission being
powered by silicate emission or purely by small grain continuum
emission. Instead, the SEDs resemble mid-infrared spectra of
PAHs with peculiar ratios observed in elliptical galaxies. A
possible explanation for the unusually high PAH ratios is a
change in the observed PAH size distribution, where the typical
grain population in the dusty ISM is altered due to processes
such as shocks or grain shattering. Alternatively, an increased
contribution to the mid-infrared emission by a second population
of (larger) grains that is associated with evolved stellar
populations, typically seen in early-type galaxies, may account
for the observed ratios.
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(ITIT) AGN hosts in our sample show slightly steeper PAH
11.3 um/7.7 pm versus log([S II1/Ha) relations that are the
result of a small (~10%) increase in the PAH 11.3 um/7.7 pm
ratio in regions exposed to AGN radiation on kiloparsec scales
(Section 3.4 and Figure 9). Out of the 19 galaxies in our
sample, five host AGNs with identified Seyfert nuclei. These
sources show steeper PAH band-optical line ratios relations
with § of 0.25-0.38, which are the result of a small increase in
the PAH 11.3 ym/7.7 pum ratio for high log([S II]/Ha) ratios
in the range —0.2 to 0. The regions showing elevated PAH
ratios show log([O III]/HB) versus log([S II]/Ha) ratios
consistent with Seyferts in standard line diagnostic diagrams,
suggesting that the AGN contributes to the total radiation field
that ionizes the gas, and possibly to PAH heating. The regions
are identified on kiloparsec scales, and in some cases, display a
cone-like morphology resembling AGN ionization cones. The
effect of the AGN on the PAH ratio is very small, of the order
of 10%, in contrast to other AGN hosts where PAH ratios are
observed to vary significantly. It is the combination of high
angular resolution imaging with observations across the
electromagnetic spectrum that allows us to identify such a
relatively minor effect. The emerging picture is that there is a
strong connection between PAH heating and gas ionization
across different environments in the ISM of star-forming
galaxies (Figure 12). The tight relation between logPAH(11.3/
7.7) and log([S 1I]/Ha) is driven by the varying radiation field,
while other properties, such as the PAH ionized fraction,
remain relatively uniform on 40-150 pc scales. This implies
that the logPAH(11.3/7.7) versus optical line ratios diagrams
can potentially be used to probe the interstellar radiation field in
a unique way—while optical line ratios diagrams are only
sensitive to the spectral shape of the ionizing radiation field,
PAHs are sensitive to the shape of the non-ionizing ultraviolet
radiation field. Combining the 11.3 ym/7.7 ym PAH ratio with
optical line ratios may therefore place novel constraints on the
ionizing+non-ionizing spectra of young and old stars. We plan
to explore this possibility in a future work.
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Appendix A
Additional Information about the PCA Visualization

Figure 2 in the main text reveals a group of pixels that form a
diagonal stripe in the bottom-left corner of the 2D distribution
in the first two principal components. The group does not
follow the color gradient trends seen for the rest of the pixels,
especially in the optical line ratios log([SII]/Ha) and
log([O1]/He). Its pixels trace primarily younger stellar
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Figure A1l. Observed optical and mid-infrared properties of the diagonal group that does not follow the color gradients seen in Figure 2. The top-left panel shows the
2D distribution of the data set in the space defined by the first two principal components (gray). Pixels that correspond to younger stellar populations are marked with
blue markers, where we isolate the diagonal group as pixels that fall below the orange line. The stellar ages of the diagonal group (light blue) and of the control group
(dark blue) are similar to each other. The next two panels in the top row show the distribution of pixels from the diagonal group and the control group in the
log([S IT]/Hev) and log([O 1]/He) line diagnostic diagrams. The bottom panels show the distribution of all of the pixels (gray), pixels from the diagonal group (light
blue), and pixels from the control group (dark blue) in several JWST colors, as indicated by the labels.

populations with log Age/yr < 9. Figure Al presents the
optical and infrared properties of this group. We identify pixels
in this group (hereafter diagonal group) using their location
with the principal components space (orange dashed line) and
build a control group of pixels with similarly younger stellar
ages logAge/yr < 9. Comparing the diagonal and control
groups, we find comparable stellar ages and locations in the
log([S I]/Ha) and log([O I]/Ha) line diagnostic diagrams.
The diagonal group stands out in its JWST mid-infrared
emission with respect to its stellar emission. It shows
higher F2100W/F200W ratios compared to the control
group and to the entire data set. It shows significantly higher
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F770W /F200W ratios compared to the control group and the
rest of the population. Figure Al therefore suggests that this
group is characterized by brighter dust continuum mid-infrared
emission, and exceptionally bright PAH 7.7 ym emission, with
respect to the stellar emission at 2 pm.

Figure A2 shows the 2D distribution of the 150 pc scale data
set of the 19 PHANGS galaxies in the space defined by the
third and fourth principal components. They account for 1.1%
and 0.78% of the total variance. The color gradients in
F2100W /F200W and Rpay approximately align with PCA-3.
The dust reddening toward the optical line-emitting gas, E
(B — V), aligns with PCA-4.
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Figure A2. Distribution of the ~100,000 150 pc scale pixels from the 19 PHANGS galaxies in the space defined by the third and fourth PCA components. The top-left
panel shows the result of the PCA decomposition applied to 108,403 spatially independent pixels that trace different optical and infrared features measured over a
150 pc scale. The bars represent the fraction of explained variance by each of the principal components. The third component accounts for 1.1% of the total variance,
while the fourth accounts for 0.78%. The inset shows the location of the pixels in the 2D plane spanned by these third and fourth components. In the rest of the panels,
the distribution of the pixels in this 2D plane is color-coded by different features of interest.

Appendix B
logPAH(11.3/7.7) versus log([S II]/Ho) Relations in
Individual Galaxies on a Uniform 150 pc Scale

This Appendix summarizes the resulting best-fitting slopes
of the logPAH(11.3/7.7) versus log([S II]/Ha) relations on a
uniform scale of 150 pc for all of the galaxies. Figure B1 shows
the logPAH(11.3/7.7) versus log([S II]/Ha) relations in
individual galaxies where the PAH and optical lines ratios
are derived using the 150 pc scale maps. Figure B2 compares
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between the best-fitting slopes derived for the 150 pc scale
products and those derived at the C,p resolution. The best-
fitting slopes for the 150 pc resolution are comparable to those
obtained for the C,p resolution, in particular within the
estimated uncertainties, though they tend to be larger than the
Cop-based slopes, especially for low [-values. Figure B3
compares the distribution of the best-fitting slopes for the two
resolution cases. The distribution of best-fitting slopes on a
150 pc scale is somewhat narrower than the distribution on the
smaller scales probed by Cop.
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Figure B1. The logPAH(11.3/7.7) vs. log([S II]/Ha) relations across individual PHANGS galaxies on a uniform scale of 150 pc. Each panel shows the 2D
distribution of the logPAH(11.3/7.7) band ratio vs. the log([S II]/Ha) optical line ratio across a single PHANGS galaxy. The gray color-coding represents the
number of pixels with the corresponding PAH log([S II]/Ha) ratios. The black contours encompass the regions within which the counts are 5, 20, and 50. The light-
blue error bars represent six bins in log([S II]/H«) and their medians and median absolute deviations of the logPAH(11.3/7.7) ratio in the bin. The red solid lines
represent the best-fitting linear relations between logPAH(11.3/7.7) and log([S II]/Ha).
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fitting slopes of the logPAH(11.3/7.7) vs. log([S II]/Ha) relation for a single
galaxy, once using the C,p resolution maps and once with the 150 pc scale
maps. The points are color-coded according the scale, in parsecs, that the Cop
resolution probes. We marked AGN host galaxies, which are systems with
identified Seyfert nuclei, with blue edges. The error bar in the bottom right of
the panel represents the typical uncertainty of the derived slopes. The best-
fitting slopes for the 150 pc resolution are comparable to those obtained for the
Cope resolution, in particular within the estimated uncertainties, though they
tend to be larger than the C,,-based slopes, especially for low (3-values.
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Appendix C
Anomalous PAH Ratios: Supporting Figures

Figure C1 demonstrates our method to identify pixels with
anomalous PAH ratios using the stellar-to-mid-infrared emis-
sion ratio F200W /F770W. The Figure focuses on the four
galaxies where a significant number of pixels with anomalous
PAH ratios has been identified. In Figure C2 we show the three
galaxies with the more modest fraction of anomalous pixels.

In Figure C3 we show the spatial distribution of a sample of
anomalous pixels superimposed on the Ha surface brightness
of the galaxies. In Figure C4 we show their distribution
superimposed in the CO moment-0 maps.

To better quantify the relation between logPAH(11.3/7.7)
and log(F200W /F2100W), we need to assess the impact of hot
dust continuum contamination in the F1130W filter. The JWST
broadband observations do not allow us to disentangle between
the PAH 11.3 um emission and the mid-infrared continuum
emission by hot grains within the F1130W filter. We therefore
examine two limiting cases: (1) There is no contamination of
hot dust continuum to the F1130W filter, and it is dominated by
PAH 11.3 yum emission (which we implicitly assume through-
out the paper), and (2) The F1000W filter is completely
dominated by the hot dust continuum, with the continuum
increasing linearly between 10 and 21 um. We consider the
latter to be the worst-case scenario that results in the largest
contamination of the F1130W filter by hot dust emission.
Throughout the rest of this Appendix, we refer to “(2)” as the
“aggressive hot dust subtraction.”

In Figure C5 we show the relation between logPAH(11.3/7.7)
and log(F200W /F2100W) for the two limiting cases. In the left
panel, we show the relation using the standard logPAH(11.3/7.7)
assumed throughout the paper. In the middle panel, we use the
F1000W and F2100W fluxes to predict the hot dust continuum
flux at 11.3 ym, assuming a linear continuum in f,, units. We then
estimate 10gPAH(11.3/7.7) by subtracting from F1130W the
estimated contribution from the hot dust continuum. For
completeness, we also subtract the expected stellar contribution
to the 11.3 um flux in both cases, though we find it to be
negligible. We also extrapolate the linear continuum to subtract
the expected hot dust contribution to the F770W filter, and show
the result in the right panel. Significant correlations between
logPAH(11.3/7.7) and log(F200W /F2100W) are observed when
no hot dust continuum emission is subtracted, and when
subtracting the emission from only F1130W. The correlation
disappears when extrapolating the linear relation to subtract the
hot dust continuum from F770W. We note, however, that even in
luminous infrared galaxies where the hot dust continuum
emission dominates the mid-infrared, the continuum between
7.7 pm and 21 pm is sublinear (e.g., T. S. Y. Lai et al. 2022). The
Figure therefore illustrates the importance of obtaining spatially
resolved mid-infrared spectroscopy to properly interpret the
anomalous band ratios in these regions.
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Figure C1. Anomalous logPAH(11.3/7.7) regions in four galaxies identified using the stellar-to-mid-infrared emission ratio F200W /F770W. Each row represents a
single galaxy, where we show the four galaxies where a significant number of pixels with anomalous PAH ratios have been identified. In each row, from left to right:
(1) The black-white background shows the Ha surface brightness. The cyan (green) color represents pixels that are identified as bars (centers) in the environmental
maps. (2) Image showing the F200W /F2100W ratio throughout the galaxy. (3) The black-white background shows the surface brightness of the F770Wp,y filter, and
the orange points represent all pixels with log(F200W /F770W) > 0.4. (4) logPAH(11.3/7.7) vs. log([S II]/H«) relations for pixels below the log(F200W/
F770W) = 0.4 threshold (considered “normal”; shown in the grayscale color-coding and the contours), and pixels above log(F200W /F770W) = 0.4 threshold (orange
points). We therefore choose the threshold log(F200W /F770W) > 0.4 to identify pixels that belong to the anomalous PAH group.
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Figure C2. Anomalous logPAH(11.3/7.7) regions in three galaxies showing more modest fractions of pixels above the log(F200W /F770W) > 0.4 threshold. Similar

to Figure CI1.
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Figure C3. Ha maps of the four galaxies that show anomalous PAH ratios. The panels shows the Ho surface brightness in the four galaxies showing anomalous PAH
ratios. Empty circles are centered around a random subset of pixels with anomalous PAH ratios, with edge colors corresponding to those of Figure 7. Pixels showing
anomalous PAH ratios are located in regions showing very little Ha emission.
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CO moment 0 [Kkm sec™1] CO moment 0 [Kkm sec™1]

Figure C4. CO maps of the four galaxies that show anomalous PAH ratios. The panels show the CO moment-0 flux maps in the four galaxies showing anomalous
PAH ratios. Empty circles are centered around a random subset of pixels with anomalous PAH ratios, with edge colors corresponding to those of Figure 7. Pixels
showing anomalous PAH ratios are located near the bar lanes traced by CO emission, but do not spatially coincide with them.
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Figure C5. Relation between logPAH(11.3/7.7) and the stellar-to-dust emission ratio log(F200W /F2100W). The distribution of logPAH(11.3/7.7) vs. log(F200W /
F2100W) for the comparison sample (black contours) and the anomalous PAH ratios sample (orange contours and background color). The contours encompass the
regions where the counts are 2, 10, and 50. The left panel shows the relation using the standard logPAH(11.3/7.7) assumed throughout the paper. The middle panel
shows the relation when performing an aggressive subtraction of hot dust continuum from the F1130W filter before estimating the band ratio. The right panel shows
the relation when assuming that the hot dust continuum is linear in f,, between 7.7 ym and 21 pum, and subtracting its continuum from both F770W and F1130W.

Appendix D
Comparison of StackedI;-II)ST+JWST SEDs in AGN and then subtracted from the F770W and F1130W filters before
Non-AGN Hosts estimating logPAH(11.3/7.7).

First, the Figure shows that the AGN and non-AGN stacks
have comparable stellar continua in ultraviolet-optical wave-
lengths, suggesting that the increase in logPAH(11.3/7.7)
ratios is not due to a variation in the stellar population
properties. Using the aggressive hot dust subtraction as the
worst-case scenario, the stacked SEDs suggest that the modest
increase in logPAH(11.3/7.7) observed in AGN hosts is not
due to an increased contribution of hot dust continuum

Figure D1 compares the stacked HST+JWST SEDs of
pixels from AGN and non-AGN groups. In both cases, we
focus on pixels from the diffuse gas, with log([S II]/He) ratios
in the range [—0.2, 0]. Pixels from regions with unusually high
starlight-to-dust emission ratios are filtered out. We consider
the two limiting cases examined in Appendix C above. (1)
There is negligible contamination to the F770W and F1130W
filters from hot dust continuum emission, and the ratio logPAH

(11.3/7.7) can be estimated in the same way as we have done emission to the F1130W filter, but rgther due to a small
throughout the paper. (2) The hot dust continuum emission is change in the PAH fluxes. Indeed, applying the aggressive hot
linear in f, between 7.7 ym and 21 um, and dominates the dust continuum subtraction, we find an increase of ~0.05 dex
filters F1000W and F2100W. In the latter case, which we call in logPAH(11.3/7.7) between non-AGN and AGN hosts, and a
the “aggressive hot dust subtraction,” the continuum is smooth variation as a function of log([O III]/H3) within the

modeled with the observed F1000W and F2100W filters, and AGN group.
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s ] 1
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Figure D1. Stacked HST+JWST SEDs of AGN and non-AGN hosts. The panels compare the stacked SEDs of pixels in AGN hosts (blue to green colors) to a control
sample of pixels with similar log([S II]/Ha) ratios in the range [—0.2, 0] (black colors). The gray dashed line represents a 10 Gyr SSP model by G. Bruzual &
S. Charlot (2003) with a reddening of E(B — V) = 0.1 mag. For the pixels in AGN hosts, we focus on regions with log([O III]/HS3) > 0 and consider four bins in
log([O III]/HPB), shown with different colors. The left panel shows the stacked SEDs without any hot dust continuum subtraction, while the right panel shows the
result of subtracting a hot dust continuum under the assumption that the continuum is linear in f,, units between 7.7 pim and 21 pm, and that the F1000W and F2100W
filters are completely dominated by continuum, rather than PAH, emission.
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