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Abstract

JWST observations of polycyclic aromatic hydrocarbon (PAH) emission provide some of the deepest and highest
resolution views of the cold interstellar medium (ISM) in nearby galaxies. If PAHs are well mixed with the atomic
and molecular gas and illuminated by the average diffuse interstellar radiation field, PAH emission may provide an
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approximately linear, high-resolution, high-sensitivity tracer of diffuse gas surface density. We present a pilot
study that explores using PAH emission in this way based on Mid-Infrared Instrument observations of IC 5332,
NGC 628, NGC 1365, and NGC 7496 from the Physics at High Angular resolution in Nearby GalaxieS-JWST
Treasury. Using scaling relationships calibrated in Leroy et al., scaled F1130W provides 10—40 pc resolution and
3o sensitivity of Mg~ 2 M, pc 2. We characterize the surface densities of structures seen at <7 M, pc 2 in our
targets, where we expect the gas to be H I-dominated. We highlight the existence of filaments, interarm emission,
and holes in the diffuse ISM at these low surface densities. Below ~10 M, pc~? for NGC 628, NGC 1365, and
NGC 7496 the gas distribution shows a “Swiss cheese”-like topology due to holes and bubbles pervading the
relatively smooth distribution of the diffuse ISM. Comparing to recent galaxy simulations, we observe similar
topology for the low-surface-density gas, though with notable variations between simulations with different setups
and resolution. Such a comparison of high-resolution, low-surface-density gas with simulations is not possible with
existing atomic and molecular gas maps, highlighting the unique power of JWST maps of PAH emission.

Unified Astronomy Thesaurus concepts: Polycyclic aromatic hydrocarbons (1280); Interstellar atomic gas (833);
Interstellar medium (847); Astronomical simulations (1857)

1. Introduction

With currently available radio telescopes, observations of
galaxies outside the Local Group do not have sufficient
resolution and sensitivity to characterize the structure and
column densities of the atomic-gas-dominated diffuse inter-
stellar medium (ISM) on scales of less than hundreds of
parsecs. Observations in the Milky Way show that at small
spatial scales this phase of the ISM has structure and
characteristics that reflect the interaction of turbulence, feed-
back, galactic dynamics, magnetic fields, gas-phase transitions,
and more (Ehlerovd & Palou§ 2005; Kalberla & Kerp 2009;
Suad et al. 2014; Li et al. 2021; Soler et al. 2022). The insights
provided by studying the diffuse ISM in the Milky Way and
Local Group at high resolution inform our understanding of
key processes in ISM physics, but are limited by distance
ambiguities in the Milky Way and the mainly nonrepresentative
sample of galaxies available in the Local Group (i.e., a nearly
quiescent massive spiral, two dwarf spirals, and several low-
mass dwarf irregulars). It is therefore of great interest to
characterize the properties of the diffuse ISM at <100 pc
resolution in other massive star-forming galaxies, but until the
Square Kilometer Array or the next-generation Very Large
Array (ngVLA) are operational this is not possible directly with
H121 cm observations.

One approach to studying the diffuse ISM is to use dust as a
tracer of gas. With a known dust-to-gas ratio (D/G), assumed
to apply across ISM phases, a measured dust surface density
can be converted to a gas surface density (e.g., Bot et al. 2007;
Draine et al. 2007; Peretto & Fuller 2009; Leroy et al. 2011;
Eales et al. 2012; Roman-Duval et al. 2014; Scoville et al.
2014; Groves et al. 2015). Such a technique does not generally
overcome the resolution limitations, however, since most
tracers of the dust surface density are observed at coarse
resolution. For instance, far-IR images of galaxies from the
Herschel Space Observatory (~117 at 160 pm) still have
resolution lower than what can be achieved with Very Large
Array (VLA) HI observations.

Observations of polycyclic aromatic hydrocarbon (PAH)
emission from the JWST open up new pathways to probe the
diffuse ISM at <100 pc scales in nearby galaxies because of
their high angular resolution and sensitivity. Tracing gas with
PAH emission should be possible if (i) dust and PAHs are
mixed with gas with approximately constant ratios of D/G and
PAH-to-dust (also known as “PAH fraction”; Draine &
Li 2007), and (ii) the PAHs are illuminated by an approxi-
mately constant or known radiation field intensity and

spectrum. Because PAHs experience single-photon heating
over a wide range of radiation field intensities (Li &
Draine 2001), their resulting emission intensity varies linearly
with the incident radiation field. If that radiation field is known
(or can be calibrated locally), the PAH emission then linearly
traces the PAH surface density, which could then be related to
gas mass with a PAH-to-gas ratio, as described above.
Variations in the PAH fraction and PAH-to-gas ratio are active
areas of research (including Leroy et al. 2023; Chastenet et al.
2023; Egorov et al. 2023, in this Issue). Outside the vicinity of
H 1I regions, PAH abundance appears to be relatively constant
in the cold atomic and molecular ISM, though dependent on
metallicity (Chastenet et al. 2023). Future work using JWST
observations will be critical to characterizing the PAH fraction
across a variety of galactic environments.

For the radiation field, the diffuse ISM in particular is
expected to be dominated by the average diffuse interstellar
radiation field (ISRF), which we will refer to as the diffuse
ISRF. In the Milky Way, the diffuse ISRF is found to be
powered predominantly by B stars (Mathis et al. 1983) and
does not vary strongly on small scales (though it does change
radially in the Galaxy). The diffuse ISRF dominates dust
heating outside the sphere of influence of star-forming regions
(~100 pc in the Magellanic Clouds; Lawton et al. 2010) and
outside the shielding interiors of dense clouds. By isolating
PAH emission in regions where dust heating is dominated by
the diffuse ISRF we can hope to construct a tracer for gas
column based on the PAH emission.

Previous generations of IR telescopes did not have the
resolution to separate out the diffuse-ISRF-powered PAH
emission spatially outside the Local Group. At the typical
~100-1000 pc spatial resolution of Spitzer in nearby galaxies
(D ~ 10 Mpc), the sphere of influence of individual star-forming
regions is not resolved, leaving the measurement of the fraction of
PAH emission being powered by the diffuse ISRF reliant on
modeling. However, IR spectral energy distribution (SED)
modeling of the mid- to far-IR emission from galaxies suggests
that a substantial fraction of the dust and PAH emission in
galaxies arises from diffuse ISRF heating (e.g., Draine et al. 2007;
Aniano et al. 2012, 2020; Galliano et al. 2018).

The idea of tracing diffuse ISM gas with PAH emission has a
long heritage from studies of the high-latitude “cirrus” emission
in the Milky Way. Observations with IRAS found that the
PAH-dominated broadband emission at 12 um was well
correlated with HI at high Galactic latitudes (Boulanger et al.
1985; Puget et al. 1985; Boulanger & Perault 1988).


http://astrothesaurus.org/uat/1280
http://astrothesaurus.org/uat/833
http://astrothesaurus.org/uat/847
http://astrothesaurus.org/uat/1857
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Table 1
Galaxy Properties

F770W  F1130W

Target Distance log M SFR o 12 +log(O/H) i R, Tcoa_1’ Icoa_1
(Mpc) (Mc) M yrh (dex) ©) (kpc) MJy st~ (K kms™)™h

IC 5332 9.0 9.7 0.4 8.30 27 3.6 0.79, 1.07

NGC 628 9.8 10.3 1.7 8.53 9 39 0.93, 1.29

NGC 1365 19.6 11.0 17 8.67 55 2.8 0.72, 1.07

NGC 7496 18.7 10.0 2.2 8.51 36 3.8 1.29, 1.78

Note. Properties adopted following Lee et al. (2023), which draws distances from Anand et al. (2021); stellar masses (log M), star formation rates (SFR,), and
effective radius (R,) values from Leroy et al. (2021); inclinations (i) from Lang et al. (2020); and metallicities (12+log(O/H)) from Groves et al. (2023). Gas-phase

metallicities are presented in the S-cal system (Pilyugin & Grebel 2016) estimated at the effective radius, R,. The

(2023).

Observations with the AROME balloon experiment mapped
the 3.3 um PAH feature specifically and found it to be well
correlated with the 12 pm emission from IRAS and H I (Giard
et al. 1988, 1994). COBE/DIRBE observations from 3.5 to
240 pm allowed measurement of the mean spectrum of the H I-
correlated high-latitude “cirrus” dust emission, which includes
prominent PAH features (Dwek et al. 1997). Using Spitzer and
Herschel observations, Compiegne et al. (2010) found that
IRAC 8 pm emission linearly scaled with a combination of
PAH abundance, ISM column density, and the intensity of the
ISRF, as would be expected for grains undergoing single-
photon heating. At this point, the association of PAH emission
with diffuse HI at high latitudes in the Milky Way is well
enough understood that it is a key constraint on essentially all
dust models (see recent summary in Hensley et al. 2022).

In this Letter, we present a case study for using PAH emission
observed with JWST to trace low-surface-density gas at 10—40 pc
resolution in nearby §a1axies. We show maps of the diffuse ISM
at Mg, <7 Mg pc 7, where we expect the gas to be primarily
atomic (Krumholz et al. 2009; Sternberg et al. 2014; Bialy &
Sternberg 2016). We identify low-surface-density gas structures in
interarm regions, bubbles, and the outskirts of galaxies that are
detected at high signal-to-noise ratio (S/N) and resolution in the
JWST maps. While for this study we extrapolate a simple scaling
determined in the H)-dominated regions of the galaxy, in future
work more detailed modeling will be needed to address the
uncertainties inherent in the PAH emission to gas surface density
conversion. It is clear, however, from these early JWST
observations that the gas surface density sensitivity of Mid-
Infrared Instrument (MIRI) observations in nearby galaxies far
exceeds that of existing millimeter and radio observations.

We proceed as follows. In Section 2 we briefly describe the
JWST-MIRI observations. We describe using PAH emission as a
gas tracer in Section 3. In Section 4 we present maps of the gas
surface in our target galaxies. We characterize the topology of the
diffuse ISM using the genus statistic (Coles 1988; Koch et al.
2019) in Section 5. In Section 6 we discuss the implications of
these findings for PAH emission as a gas tracer and highlight the
utility of the extremely high-resolution view of the atomic ISM
available from JWST that will not be equaled before the ngVLA
or Square Kilometer Array come online.

2. Observations

We observed NGC 628, NGC 1365, NGC 7496, and IC 5332
with the MIRI imager between 2022 July 6 to August 13 using the
F770W, F1000W, F1130W, and F2100W filters. Table 1 lists the
relevant properties of our targets. F770W and F1130W are both

F770W F1130W
Icoa-1 Ico,2—1

values are taken from Leroy et al.

centered specifically on strong PAH features at 7.7 and 11.3 um.
Because of the relatively narrow widths of these filters (A ~ 2.2
and 0.7 pum for F770W and F1130W, respectively), which are
comparable or smaller than the widths of the 7.7 and 11.3 pum
PAH features themselves, the fluxes in our targets are generally
dominated by PAHs for typical radiation field intensities, with
only a minimal contribution from the underlying hot dust
continuum (see models from Draine & Li 2007, for example).
Stellar continuum is only an important contribution to the F770W
and F1130W bands toward specific mid-IR bright stars or low-
ISM, high-stellar-surface-density regions like the nucleus of
NGC 628 (Hoyer et al. 2023), which do not make up a significant
fraction of the sight lines in our maps. Given the dominance of
PAH emission at the F770W and F1130W filters in our targets,
we do not attempt any removal of the hot dust continuum using
F1000W (which may also include a strong or dominant
contribution from PAH emission) or F2100W.

The observations and data reduction for the Physics at High
Angular resolution in Nearby GalaxieS (PHANGS) MIRI
images are described in Lee et al. (2023). Validation of the
background levels of the images, which is of particular
importance for studying faint emission, follows the methods
described in Appendices A and B of Leroy et al. (2023). Noise
levels in the native resolution F770W and F1130W maps are
~0.1-0.2 MJy sr ",

3. Tracing the Diffuse Interstellar Medium with Polycyclic
Aromatic Hydrocarbon Emission

3.1. Our Approach and Caveats

As discussed above, tracing gas surface density with PAH
emission involves several assumptions: (i) a PAH-to-gas ratio
(which can be separated into D/G and PAH fraction
components), and (ii) a radiation field intensity and spectrum
(in the regime where PAHs experience single-photon heating
so the scaling with radiation field intensity is linear). In this
Letter, we make two main assumptions that allow us use PAH
emission to estimate the gas column density. These assump-
tions are likely too simplistic and should be greatly improved in
future work, but they let us perform a pilot study for this
approach to tracing gas.

First, we assume that the PAH emission to gas surface
density ratio does not vary with cold gas phase. We can then
pick regions where we know the gas surface density to
empirically estimate this ratio. For this purpose, we select
regions that are likely to be H,-dominated where we also have
an estimate of the H, surface density based on Atacama Large
Millimeter /submillimeter Array (ALMA) '?CO J=(2-1)
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Figure 1. IC 5332 gas surface density from scaled F1130W emission. A single black contour highlights the brightness level where the F1130W emission implies
Ygas =T Mg pc_2. This figure and the subsequent figures for NGC 628, 1365, and 7496 (Figures 2, 3, and 4) are all shown with the same color bar. We show a 500 pc

scale bar for reference.

maps. To do this, we convert the CO emission to gas surface
density with an assumed CO-to-H, conversion factor and find
the ratio with PAH emission.

The second assumption we make is that the diffuse ISRF
responsible for heating the dust is approximately constant
outside the vicinity of star-forming regions. This allows us to
apply the PAH emission to gas surface density ratio measured
for the molecular gas to the rest of the ISM.

In practice, we adopt the median ratio of PAH emission to
CO (2-1) emission measured by Leroy et al. (2023) for
moderate mid-IR intensities ~0.5-30 MJy sr ' and 177~
70-160 pc resolution in each target. Over this range of mid-IR
intensities, the PAH tracing F770W and F1130W emission
correlates strongly with CO, and an approximately linear
relationship relates the PAH emission to CO emission.** These
PAH emission to CO ratios resemble those expected for typical
diffuse ISRF values in inner-galaxy regions (U ~ few Univp ),
PAH fractions (gpan ~ 4%—5%), and dust-to-gas ratios (D/G

4 The relationship between CO emission and PAH emission is not exactly
linear. We adopt the median ratio for simplicity. If we had chosen to evaluation
the power-law fits of CO to PAH emission in Leroy et al. (2023) at ~1 MJy
s ! instead, the ratio of PAH emission to CO emission would be ~20%-50%
higher. However, at this low surface brightness, HI could already make
important contributions to the total gas surface density.

*> Uniup is the ISRF intensity normalized to the Mathis et al. (1983) solar
neighborhood ISRF.

~ 0.01; see their Equations (4) and (6)). But we emphasize that
the value we adopt is fundamentally empirical and anchored to
the ALMA CO (2-1) data, not derived from models.

At the high resolution of our data we expect this median
PAH to CO emission ratio to capture mostly diffuse ISM
emission. Massive star-forming regions with high radiation
fields are certainly present and associated with bright PAH and
continuum emission (e.g., Chastenet et al. 2023; Egorov et al.
2023; Hassani et al. 2023), but as Figures 1 through 4 show,
such bright regions do not make up most of the area in our
maps and typically only dominate the dust heating on scales of
~100 pc (e.g., Lawton et al. 2010).

Adopting these two assumptions and this empirical ratio of
PAH emission to CO emission, we calibrate a relationship
between PAH emission and gas surface density. Then we
extrapolate this scaling to the diffuse ISM, where we expect the
gas to be predominantly atomic. We note that we do not mask
star-forming regions in our resulting maps, but our focus on
low-surface-density gas (or, equivalently, low-surface-bright-
ness PAH emission) means such regions are generally not
included in the diffuse gas we consider.

For the purpose of this pilot study, these simple assumptions
and this fundamentally empirically approach allow a straight-
forward scaling of PAH emission to gas surface density, but a
number of potential effects will need to be addressed in future
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work to rigorously calibrate PAH emission as a tracer. There is
evidence from measurements of depletion that D/Gs vary with
ISM density (Jenkins 2009; Roman-Duval et al. 2021) by a
factor of up to 2, though this depends on whether the observed
depleted oxygen is incorporated into dust (Whittet 2010;
Choban et al. 2022). Changes in the D/G between ISM phases
at fixed metallicity have also been observed using far-IR, HI,
and CO observations (Roman-Duval et al. 2014; Chiang et al.
2018; Vilchez et al. 2019). From high-spatial-resolution studies
of Local Group galaxies (Chastenet et al. 2019) and the early
PHANGS-JWST targets (Chastenet et al. 2023; Egorov et al.
2023), the PAH fraction appears to be relatively constant in the
atomic and molecular phases, but does drop sharply in HII
regions, and has a metallicity dependence. Milky Way
observations have suggested that PAH abundance can vary
between the warm neutral medium (WNM) and cold neutral
medium (CNM) (Hensley et al. 2022). The diffuse ISRF in
galaxies, judged from the Uy, component in far-IR SED
modeling (e.g., Draine et al. 2007; Aniano et al. 2012), appears
to vary smoothly and primarily radially in highly resolved
Local Group galaxies (Draine et al. 2014; Chastenet et al.
2019). In the Milky Way, the diffuse ISRF varies primarily
radially and is dominated by B stars (Mathis et al. 1983). To
summarize, we expect there are a number of effects that can
alter the PAH emission to gas surface density conversion, not
all of which will be mitigated by our local calibration of the
scaling in each galaxy.

3.2. Polycyclic Aromatic Hydrocarbon Emission to Gas
Surface Density Scaling

We adopt PAH emission to CO ratios for each galaxy from
Leroy et al. (2023). We note that these values are specific to the
four galaxies we target and could change if D/G, gpap, or the
diffuse ISRF intensities vary. The average value across all
galaxies for the ratio of PAH emission to CO (2—1) integrated
intensity are as follows:

F770W _ 1 ICO,Z—] (])
My sr—! Kkms !’
F1130W — 126 ICO,Z*I . (2)
My sr~! Kkms™!

These ratios vary slightly between galaxies. The ratio for
F770W is 0.79, 0.93, 0.72, and 1.29 in IC 5332, NGC 628,
1365, and 7496, respectively. For F1130W, it ranges between
1.07, 1.29, 1.07, and 1.78 for the same galaxies (see Leroy
et al. 2023, Table 3, and Table 1 above). Assuming the Milky
Way CO-to-H, conversion factor, including helium and metals,
ad¥, o = 435 M, pc? (K km s '; Bolatto et al. 2013),
and a CO J=(2-1) to (1-0) line ratio R,; = 0.65 (den Brok
et al. 2021; Leroy et al. 2022), we can convert these ratios into
PAH emission per gas surface density, assuming all gas is
molecular. These values, for the average ratios shown in
Equations (1) and (2), are as follows:

Zgas — 74 % F770W axco1-0 0.65 ) (3)
M, pc? My sr' { agd 1o )\ Rei

Egas —53 % F1130W aco1-0 0.65 . (4)
Mg pC2 Mly sr! Oégl(\))vl_o Ry
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Given that the noise levels are comparable in the F770W and
F1130W maps at native resolution (between 0.1 and 0.2 MJy
srfl), it is clear that our most sensitive tracer is F1130W, so we
proceed in the following to use that as our primary observable.
F1130W’s point-spread function (PSF) has a FWHM of 0”36,
yielding 15.7, 17.1, 34.2, and 32.6 pc resolution at the distances
of IC5332, NGC 628, NGC 1365, and NGC 7496, respec-
tively. We note that at this resolution, which resolves giant
molecular cloud complexes and is significantly smaller than the
expected scale height of the gas disk, correcting for the
inclination of the galaxy introduces an additional assumption
about the extent of the emitting structures along the line of
sight. The appropriate inclination correction may differ
between clouds or a diffuse medium. Therefore, we proceed
in the following without an inclination correction, but note that,
if one were applied, the largest effect would be for NGC 1365,
which has an inclination of i = 55°.

For this pilot study, we use a single scaling factor to convert
PAH emission to gas surface density. Several of the
components in the conversion of PAH emission to gas surface
density are likely to change radially in galaxies. The CO-to-H,
conversion factor likely increases with radius, tracking
decreasing metallicity (Wolfire et al. 2010; Leroy et al. 2011;
Glover & Clark 2012; Bolatto et al. 2013; Madden et al. 2020)
and also can decrease in the centers of galaxies (Sandstrom
et al. 2013), likely due to excitation and optical depth effects
(Teng et al. 2022). Dust-to-gas ratios and PAH fractions may
decrease with metallicity, and therefore radius (we note that the
observed PAH fraction in our targets does vary with
metallicity, but at a relatively minor level given the ~Z
metallicities; Chastenet et al. 2023). The diffuse ISRF also is
likely to vary radially, tracing a combination of the stellar mass
surface density and star formation rate surface density of the
galaxies (Mathis et al. 1983; Wolfire et al. 2003). In future
work, we aim to calibrate a radially dependent PAH-to-gas
surface density tracer by finding diffuse-ISRF-dominated, CO-
bright regions to measure the scaling factor as a function of
radius. We note that some of the factors will likely vary with
opposing radial trends, potentially leading to a less variable
PAH-to-gas conversion than the individual components.

4. Results

In Figures 1 to 4 we show the F1130W emission rescaled to
gas surface density using the scalings quoted above for each
galaxy. In regions without bright CO emission, the diffuse ISM
traced by our scaled PAH maps may include a combination of
(i) CO-bright H, missed due to the current CO map sensitivity,
(i1) a CO-dark H, component, or (iii) a mixture of atomic gas in
the WNM and CNM phases.

Shielding models for H, formation (Krumholz et al. 2009;
Sternberg et al. 2014; Bialy & Sternberg 2016) predict
the transition between H,- or HI-dominated ISM at
S~ 10(Z/Z.)"" M., pc 2. In the models, the transition
point varies with the assumed geometry and role of self-
shielding. In simulations which take into account the
filamentary, turbulent nature of the gas, the column density
of the HI1/H, transition can vary significantly (e.g., Glover &
Mac Low 2007; Glover & Smith 2016). Transitions at ~10 M,
pc % have been measured in the Milky Way (Stanimirovi¢ et al.
2014; Lee et al. 2015). This transition is found at higher surface
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Figure 2. NGC 628 gas surface density from scaled F1130W emission. A single
black contour highlights the brightness level where the F1130W emission implies
Ygas =T M, pc’2.

density in the Magellanic Clouds (Jameson et al. 2016),
following the expected trend with metallicity. Similarly,
Schruba et al. (2018) find a o<(Z/Z.)"! dependence sampling
a range of metallicities in 70 nearby galaxies, primarily on
>100 pc scales.

The galaxies we target are all at approximately solar
metallicity, aside from IC 5332, which has a gradient extending
down to Z~0.5 Z.. We expect therefore that HI/H,
transitions should occur above the noise floor of our maps
Bo~2 Mg pc~?), suggesting that much of the faint emission
we detect should be arising from atomic gas. We select a
threshold ¥4, =7 Mo, pc~? as a conservative choice for where
the gas should become atomic-dominated given the predictions
from shielding models at the relevant metallicities. The black
contour on each image corresponds to this representative value
of Xgue=7 Mg, pc~.

In the four galaxies we see a variety of behavior at low gas
surface densities. The maps of NGC 628 and NGC 1365 cover
only parts of the galaxy disks, and the majority of pixels in
these two maps have surface densities above 7 M., pc 2. In
NGC 7496 the map extends into the outskirts of the disk, so we
can observe the faint, low-surface-density structures in the
outskirts. IC 5332 has low surface density throughout its disk,
and a large fraction of the emission in the map is below 7 M,
pc 2 This is in good agreement with the faint CO emission
observed in this galaxy (Leroy et al. 2021).

Many of the faint structures in all of the targets appear
filamentary. Filaments in the PAH emission are explored in
much greater detail in Thilker et al. (2023) and Meidt et al.
(2023) in this Issue. In some cases, filamentary structures are
observed to have widths comparable to a few resolution
elements, and lengths that are substantially longer. For
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instance, in a few cases in NGC 628, we measure lengths of
up to 400 pc for filamentary structures with ¥4, <7 M, pc 2,
yielding a 10:1 aspect ratio. Many of these filamentary
structures appear as spurs or low-surface-density continuations
of spiral-arm structures. While such morphology may be
expected as a consequence of the spiral structure of the
galaxies, previous HI observations have not had the resolution
to characterize these outside the Local Group. Throughout the
diffuse ISM, structure is evident down to the noise level of the
maps (3o ~2 M, pc?).

At present, comparing our predicted surface densities from
scaled F1130W to measured CO and HT is limited by the
available gas observations. The ALMA CO observations from
the PHANGS survey have noise limits near this surface density
(Leroy et al. 2021; Leroy et al. 2023). More limiting is the
availability and resolution of HI data. NGC 628 was observed
as part of the THINGS survey (Walter et al. 2008) and the
“robust” weighted map has ~6" resolution. NGC 7496 has
recent MeerKAT observations at 12” resolution. Future
observations with higher resolution, higher S/N HI and CO
maps for the PHANGS-JWST targets will be necessary to
measure gas surface densities for comparison to the F1130W
emission at these faint levels.

5. Measuring Diffuse Interstellar Medium Topology with
the Genus Statistic

One of the distinctive features of the faint regions of the
F770W and F1130W maps is the clear presence of holes in the
ISM distribution (see Figures 1 to 4). These holes may be due to
dynamical effects or feedback, topics explored in more detail in
Watkins et al. (2023), Bamnes et al. (2023), and Meidt et al.
(2023). The pervasive emission in the PAH-tracing bands is one
of the reasons these holes appear so clearly in the JWST maps.
To quantify the topology of the faint emission, we use the genus
statistic. The genus statistic is the difference between the number
of connected regions above and below a brightness threshold. A
positive genus corresponds to a topology reflecting compact
regions or sources that are bright compared to the threshold,
surrounded by connected networks of lower brightness regions.
Positive genus topology is referred to as source-dominated or
“meatball”-like. A negative genus is characterized by connected
networks of emission above the threshold level and isolated
holes below the threshold, which are referred to as a hole-
dominated or a “Swiss cheese” topology (Coles 1988). By
computing the genus through a range of intensity values, the
resulting genus curve characterizes variations in the topology.
When the genus curve crosses zero, the topology changes from
“Swiss cheese”-like to “meatball”-like. The genus statistic is a
well-known measure of spatial topology that was developed to
study the topology of the cosmic microwave background
(Coles 1988) and has since been used to quantify the topology
of the turbulent ISM, both in simulations and observations (e.g.,
Kowal & Lazarian 2007; Chepurnov et al. 2008; Burkhart et al.
2010; Koch et al. 2017; Burkhart 2021).

Here we use the implementation of the genus statistic in the
TurbuStat*® package (Koch et al. 2019). We compute the
genus curve for each scaled F1130W image at native resolution
using a set of intensities chosen by percentiles in the images.
We discard all regions smaller than 20 pixels, 4x the F1130W
PSF area, in the images to minimize the effect of noise on the

46 v1.3; turbustat.readthedocs.io.
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Figure 3. NGC 1365 gas surface density from scaled F1130W emission. A single black contour highlights the brightness level where the F1130W emission implies
Ygas =T My, pe~2 In NGC 1365, saturation in the center leads to an artifact where the columns of pixels with saturation show low values. This is evident in the faint

regions of our map.

genus curves, where a connected region includes pixels
adjacent along both the edges and corners. We note that the
zero-crossing point is not strongly affected by the choice of
minimum area (for 1040 pixels). There is no restriction on the
morphology of a region (e.g., round versus elongated).

We additionally impose three masking constraints on the
data when computing the genus:

1. We mask the PSF artifacts from the active galactic nuclei
in NGC 1365 and NGC 7496. We use PSFs generated
with WebbPSF and impose a masking cutoff at 1/1000th
the maximum of the the normalized PSF.

2. Two negative strips remain in the NGC 1365 (vertical
through center; see Figure 3) and NGC 7496 (horizontal
through center; see Figure 4) mosaics after our calibra-
tion. We impose by-hand masks to remove the visible
negative regions.

3. Finally, we apply a radial mask at Ry >0.4 Rys to
provide a consistent basis for comparison between the
four targets. This corresponds to radial cutoffs of 3.2, 5.7,
13.7, and 3.6 kpc in IC 5332, NGC 628, NGC 1365, and
NGC 7496, respectively. This cutoff was chosen based on
the range of Ry, that is well sampled across all four
galaxies, and where diffuse PAH emission is visually
obvious in Figures 1 to 4.

Masks applied to the data will reduce the value of the genus
statistic, roughly proportional to the total area, but will not
change the relative shape within a single closed contour.

Because of the wide dynamic range, we empirically choose
600 thresholds linearly sampled from the 0.0l1th to 98th
percentiles, and 50 logarithmically sampled thresholds from
the 98th to 99.99th percentiles. This ensures we sample the
genus curve well near zero crossings, tracing transitions from
“Swiss cheese” to “meatball” topologies in the faint emission
tail, while still characterizing the high-end intensity tail.

Figure 5 shows the genus curves in the F1130W band*’
computed with a cut Ry, < 0.4 Rys. There is a clear transition
in the topology traced by the 11.3 ym emission that varies by
galaxy. Table 2 provides the zero crossing points from the
genus curves. The genus crossing corresponds to a gas surface
density ~8-10 M. pc *(scaled from Equation (2)) for
NGC 628, NGC 1365, and NGC 7496. This closely matches
the expected H,/H I transition point of ~10 M, pc~~ based on
shielding models at solar metallicity.

The genus zero crossing point in IC 5332 is substantially
lower, at 1.6 M., pc 2 (0.3 My sr '), ~20 significance above
the background level of the map, and thus affected by noise
fluctuations altering the genus curve. A field of Gaussian noise
will produce a similar transition from negative to positive
genus, with a zero crossing at the mean field value
(Coles 1988). The significant detected structure alters the
shape of the genus, as we see in Figure 5, but for the

47 We note the F770W band has a similar topology and the genus analysis
gives similar results, though with lower surface density sensitivity (see
Section 2).
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Figure 4. NGC 7496 gas surface density from scaled F1130W emission. A single black contour highlights the brightness level where the F1130W emission implies
Ygas =T Mg, pe 2 In NGC 7496, saturation in the center leads to an artifact where the columns of pixels with saturation show low values. This is evident in the faint

regions of our map.

10
) oise
10”1 ime /

10’ |

Q

T 10

n 0 — e ———

24 0

2 -10

(O]

o | \ —— NGC749
~10 “Qs —— NGC1365

\\ —— NGC0628

 NZ

—103 T T T
T 10" 10° 10
Gas Surface Density
from 11.3 um (Mo pc™2)

3

Figure 5. Genus curves for the F1130W band, scaled to gas surface density
(Equation (2)). The gray region shows where the noise dominates the statistic
up to 3o significance above the background, which corresponds to ¥y, ~
2 M, pc>. For a consistent comparison, we impose a radial cut at 0.4 R, in
each galaxy, corresponding to 3.2, 5.7, 13.7, and 3.6 kpc in IC 5332, NGC 628,
NGC 1365, and NGC 7496, respectively. The 11.3 pm emission traces a clear
conversion from a “Swiss cheese” (genus < 0) to “meatball” topology
(genus > 0) when going from low to high gas surface density.

Table 2
Genus Zero Crossings
Target Intensity Yyas
Mly st (Mo, pe™?)
IC 5332 0.3 1.6
NGC 628 25 13.0
NGC 1365 1.5 8.0
NGC 7496 1.9 10.1

Note. Zero crossings computed from the genus curves in Figure 5. We scale to
a gas surface density using Equation (4).

sensitivity-limited IC 5332, the genus zero crossing is qualita-
tively consistent with a noise-like field. The diffuse PAH
emission in IC 5332 being sensitivity-limited is a substantially
lower filling fraction in the PAH emission compared to the
other three galaxies (Figure 1). Given that IC 5332 is the only
dwarf spiral in this sample, with a lower stellar mass, star
formation rate, and metallicity relative to the other galaxies,
this lower filling fraction at a common sensitivity limit is
expected (e.g., Jameson et al. 2018 and Chevance et al. 2020,
in the Magellenic Clouds). The genus zero crossing point for
IC 5332 then indicates that the genus is limited to measuring
topology changes for tracers with a high filling fraction (see
Section 6.2).
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6. Discussion

6.1. Morphology of the Faint Polycyclic Aromatic
Hydrocarbon Emission

In the regions of our F1130W maps corresponding to gas
surface densities <7 M, pc 2, we see a variety of structures
down to our detection limit of ~2 M, pc 2, including
filaments, clumps, bubbles, interarm spurs, and faint structures
in the outskirts of galaxies. The 10-40 pc scales of PAH
emission and gas column we explore here are comparable only
to previous observations of the Milky Way and Local Group. In
the Milky Way, the 8 um Spitzer/IRAC map from GLIMPSE
similarly showed filamentary structures, pervasive PAH
emission from diffuse gas, and a porous, bubble-filled structure
for the ISM. PAH emission in the Milky Way is observed to be
associated with both molecular and atomic gas phases
(Churchwell et al. 2009).

The external perspective provided by nearby galaxies at
JWST’s resolution may also enable identification of filamen-
tary structures in both molecular- and atomic-dominated gas.
For example, at 10-40 pc resolution, our maps reveal
filamentary structures with aspect ratios of 10:1 or more and
lengths of several 100 pc in both interarm regions (e.g.,
NGC628) and in the outskirts of galaxies (NGC 7496,
IC 5332; see also Thilker et al. 2023; Meidt et al. 2023).
While these filaments are wider (>10—40 pc) and likely
associated with diffuse atomic gas, the filament aspect ratios
are similar to giant molecular filaments identified in the Milky
Way (Ragan et al. 2014; Zucker et al. 2018; Hacar et al. 2022).
These may be similar to giant H1 filaments (Syed et al. 2022),
which have proven difficult to identify even in the Milky Way
due to line-of-sight confusion (Soler et al. 2020).

One exciting possibility with gas tracers at 1040 pc scales
extending to HI-dominated gas is structurally separating the
CNM and WNM. The CNM is dense atomic gas where H,
formation proceeds, and therefore the balance between the
WNM and CNM is central to the regulation of star formation.
With existing HIobservations, separation of the WNM and
CNM outside the Local Group relies on Gaussian decomposi-
tion of HI emission spectra, which is uncertain at low spatial
resolution (Koch et al. 2021). On ~10 pc scales, the WNM and
CNM are expected to have distinct spatial structures: Galactic
studies separating the WNM and CNM phases in the Milky
Way primarily find a diffuse, widespread WNM component
and small-scale CNM filamentary networks (e.g., Clark et al.
2014; Smith et al. 2014; Kalberla & Haud 2018; Marchal et al.
2019; Kalberla et al. 2021). This morphological separation is
limited by the HI resolution and sensitivity restricting these
studies to the Milky Way, but early GASKAP work points to
recovering a pervasive filamentary structure on 10 pc scales in
the Magellanic Clouds (Pingel et al. 2022). Given that different
phases of the neutral medium have different morphologies, the
PAH emission map could allow morphological separation of
CNM/WNM components. The emission morphology sets its
topology, so the genus statistic and related analyses may offer a
new way to characterize ISM phase structure.

6.2. The Transition in InterstellarZMedium Topology at ~10
Mg pe

A striking visual impression of the JWST F1130W (and
other PAH tracing maps) is the clear presence of bubbles
throughout the ISM (see Watkins et al. 2023; Barnes et al. 2023,
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this Issue). These bubbles are clearly visible because they occur
in a pervasive background of PAH emission throughout the
galaxies. The genus statistic allows a quantification of this
visually evident topology. At faint levels in the maps, the genus
statistic is negative, indicating more closed structures below the
threshold than above, or a “Swiss cheese”-like topology. From
our analysis, we found that the PAH emission transitions from a
“Swiss cheese” to a “meatball”-like topology (i.e., sources rather
than holes) at ~10 M, pc 2 in all galaxies where the topology
transition is well measured (NGC 628, 1365, and 7496).
Interestingly, this threshold is close to what is expected for the
HI/H, transition.

Our observation of the topology transition point matches
well with the expectation that the pervasive, relatively smooth
gas distribution in which holes and bubbles are evident is
atomic-dominated. Previous observations of nearby galaxies
have shown that atomic and molecular gas show distinct spatial
distributions. Molecular gas observed in CO emission is found
to be “clumpy,” whereas atomic gas shows smoother distribu-
tions as traced by 21 cm H1I emission on the >100 pc scales
that are representative of the WNM (Leroy et al. 2013).
However, part of this contrast in structure stems from
observational limitations of the 21 cm HI resolution and the
CO sensitivity, and so represents the largest possible difference
in topologies between the phases. Physically one might also
expect this topology transition at ~10 M, pc 2 if it is also
related to gravitational or thermal instability above this column
causing gas to collapse into clumps (Dobbs et al. 2014), which
the genus statistic should measure through a transition in
topology.

6.3. Comparison to Simulations

High-resolution ISM column density maps from PAHs open
new opportunities for comparing ISM topology between
observations and simulations (Chepurnov et al. 2008; Burkhart
et al. 2010; Koch et al. 2017). We briefly explore this
application with the genus statistic by comparing between two
total neutral gas surface density maps of simulated galaxies, one
from an M51-like galaxy (Tress et al. 2020; Tref et al. 2021) and
an NGC 628-like galaxy (E. Emsellem et al. 2022, in
preparation). Briefly, the NGC 628-like simulation was initi-
alized using known properties of NGC 628 in terms of stellar
mass, gas content and distribution and viewing angles, and run
with the adaptive-mesh refinement RAMSES code (Teyssier 2002)
at a maximum sampling of about 3.7 pc; it includes atomic and
molecular cooling, a UV radiation background, star formation
with a fixed efficiency per freefall time above a given density
threshold, and feedback from Type Ia and Type II SNe, stellar
winds and radiation pressure (more details in E. Emsellem et al.
2022, in preparation). The M51-like simulation was initialized to
have properties similar to M51. Tress et al. (2020) and Tref et al.
(2021) ran simulations both with and without an interacting
companion, but here we just consider the simulation without a
companion, in which the galaxy develops into a flocculent spiral.
The simulation was run with the AREPO moving mesh code
(Springel 2010) and achieves a maximum spatial resolution of
around 0.5 pc. It includes a similar range of physical processes to
the RAMSES calculation, but does not include stellar winds or
radiation pressure. Further details can be found in Tress et al.
(2020). Figure 6 shows the genus curves and gas surface density
maps of the two snapshots, with the contour at the genus zero-
crossing point.
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Flgure 6. Genus curves (top panels) from the gas surface density maps for two simulation snapshots (bottom panels). We show a gray vertical line at ¥4, = 10 M,

pc

2 as visual reference point to compare the two genus curves. The red contour indicates the surface density at the topology change measured by the genus zero

crossing point. Left: M51-like simulation (Tress et al. 2020; Tref3 et al. 2021). Right: NGC628-like simulation (E. Emsellem et al. 2022, in preparation).

We recover the two behaviors we observed using the scaled
PAH emission in Figure 5: (i) the M51-like simulation has a
lower filling fraction of diffuse gas that leads to a lower genus
crossing point around g, ~ 2 M, pc 2, (i) the NGC628-like
simulation has a broad diffuse component and a genus crossing
point at g~ 10 Mg pc?, remarkably similar to the
transition we find for NGC628, 1365, and 7496. These
crossing points remain at similar surface densities after varying
the resolution of the two simulated maps to match the
resolution of the JWST-MIRI data. However, more work
remains to map from variations in the ISM morphology to the
underlying physics contained in the simulations. The small
transition value for the M51-like simulation differs clearly from
our observations and the other simulations. However, this
simulation reaches higher resolution than the observations
(subparsec in dense regions) and the contour structures appear
notably different in Figure 6. This difference suggests that this
approach would require testing the effects of changing
resolution. We will be able to test this effect and others further
by making similar comparisons using a suite of simulations and
the complete PHANGS-JWST sample.

Methods like the genus provide a promising route to improve
our interpretation of the neutral ISM morphology at high
resolution in both observations and simulations: the high-
resolution JWST PAH maps provide new constraints for
simulations to reproduce the low-surface-density morphology,
while close correspondence with topology measures in
simulations can help us better interpret how the topology
varies across the molecular to atomic ISM phases in
observations.
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7. Conclusions

In this Letter, we present a test case for using PAH emission
observed with JWST-MIRI as a high-resolution, high-sensitiv-
ity, cold ISM phase-agnostic tracer of gas. We use scalings
determined in H,-dominated (as traced by CO) but diffuse-
ISRF-heated gas, and apply those to the faint PAH emission in
the F1130W map. With these simplistic assumptions, we trace
gas surface densities down to Xy, ~2 M pc™ ~ at 30 at 1040
pc resolution. This approach is enabled by the high angular
resolution of JWST, which allows ISM gas outside the sphere
of influence of star-forming regions, heated by the diffuse
ISRF, to be isolated to calibrate our gas tracer.

Using these gas maps, we isolate regions at <7 M, pc >
which we expect to be atomic gas dominated. The existing HI
and CO maps are not sensitive or high enough resolution to
determine definitively if the faint PAH emission arises from
atomic gas, CO-bright H, below the detection threshold, or
CO-dark H,. Given the predictions from H, formation models
and the ~solar metallicity of our targets, we expect that gas at
<7 M, pc 2 is primarily atomic.

At these low surface densities, we see a wealth of structures,
from filaments, clumps, interarm emission, bubbles, and faint
galaxy outskirts. These structures are inaccessible at this
resolution in our targets with current HI and CO observations.
We highlight the possibility of using PAH emission to separate
the CNM and WNM gas by its spatial structure, which would
make the WNM/CNM balance an accessible observable in
galaxies outside the Local Group. We also note that the aspect
ratios and lengths of filamentary structures evident at low gas
surface densities in our maps suggest we may be seeing the
equivalent of giant HT filaments in other galaxies.
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We also measure the topology of the PAH emission using
the genus statistic. We find that the PAH emission at faint
levels shows a “Swiss cheese”-like morphology, suggesting
relatively smooth, diffuse emission with holes and bubbles. At
around 10 M, pc™? we find a transition from “Swiss cheese”-
like to “meatball”-like or source-dominated topology. The fact
that this transition occurs at a similar surface density to the
HI1/H, transition agrees with previous observations that H,
tends to have a clumpy distribution while HI is smoother.

This initial investigation shows the potential for using JWST
observations of PAH emission to reveal key aspects of the
structure and phase of ISM gas in nearby galaxies. Future work
that calibrates these relationships with higher resolution and
higher sensitivity HI and CO will be necessary. In addition,
deeper understanding of the variation of D/Gs, PAH fractions,
and ISRF intensity and spectra will be crucial to fully making
use of this new tool.
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