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Abstract

We compare mid-infrared (mid-IR), extinction-corrected Ha, and CO (2-1) emission at 70—160 pc resolution in
the first four PHANGS—-JWST targets. We report correlation strengths, intensity ratios, and power-law fits relating
emission in JWST’s F770W, F1000W, F1130W, and F2100W bands to CO and Ha. At these scales, CO and Ha
each correlate strongly with mid-IR emission, and these correlations are each stronger than the one relating CO to
Ha emission. This reflects that mid-IR emission simultaneously acts as a dust column density tracer, leading to a
good match with the molecular-gas-tracing CO, and as a heating tracer, leading to a good match with the Ha. By
combining mid-IR, CO, and Ha at scales where the overall correlation between cold gas and star formation begins
to break down, we are able to separate these two effects. We model the mid-IR above 1, = 0.5 MJy s~ ' at F770W,
a cut designed to select regions where the molecular gas dominates the interstellar medium (ISM) mass. This bright
emission can be described to first order by a model that combines a CO-tracing component and an Ha-tracing
component. The best-fitting models imply that ~50% of the mid-IR flux arises from molecular gas heated by the
diffuse interstellar radiation field, with the remaining ~50% associated with bright, dusty star-forming regions. We
discuss differences between the F770W, F1000W, and F1130W bands and the continuum-dominated F2100W
band and suggest next steps for using the mid-IR as an ISM tracer.

Unified Astronomy Thesaurus concepts: Disk galaxies (391); Galaxy physics (612); Dust continuum emission
(412); Molecular gas (1073); Infrared astronomy (786); Millimeter astronomy (1061); Interstellar emissions (840);

Leroy et al.

Star formation (1569)

1. Introduction

In our standard picture of dust in galaxies (e.g., Draine &
Li 2007; Draine 2011; Galliano et al. 2018; Hensley &
Draine 2022), mid-IR dust emission arises mostly from small
dust grains that are well mixed with the gaseous phase of the
interstellar medium (ISM). The small grains have high opacity
to UV radiation and are too small to be in equilibrium with the
radiation field. Absorption of individual UV or optical photons
can bring these small grains to high-enough temperatures that
they emit efficiently in the A\ =7-21 pm range of interest to
this paper, a phenomenon known as stochastic heating. The
resulting mid-IR radiation includes strong emission bands
related to stretching and bending modes of molecular bonds
that are generally attributed to polycyclic aromatic hydro-
carbons (PAHs) (e.g., Draine & Li 2007; Smith et al. 2007;
Li 2020). These PAH molecules/grains affect the observed
spectral energy distribution (SED) throughout the mid-IR, and
their abundance (relative to the overall abundance of dust
grains) also depends on the environment (e.g., Lebouteiller
et al. 2007; Thilker et al. 2007; Sandstrom et al. 2010;
Chastenet et al. 2019).

In this picture, we expect that to first order, mid-IR emission
simultaneously reflects the following:

1. The distribution of ISM material, dominated by a
combination of atomic and molecular hydrogen with
which the dust is mixed.

2. The heating of the dust, which in star-forming galaxies is
often dominated locally by UV radiation from the
youngest, most massive stars but also includes a
contribution from the ambient interstellar radiation
field (ISRF).

We also expect important second-order dependencies on the
abundance of dust relative to gas, i.e., the dust-to-gas ratio (D/
G), and on the properties of the dust grains, including the
abundance and physical state of the PAHs. Both D/G and the
PAH abundance relate closely to metallicity (e.g., Galliano
et al. 2018; Li 2020).

The basic dependence of dust emission on ISM column
density and UV heating should produce strong correlations
between mid-IR emission and CO rotational line emission and

between mid-IR emission and recombination line emission,
including Ha. In the inner parts of massive star-forming
galaxies, the bulk of ISM material is often molecular gas.
Emission from low-J CO rotational transitions is our standard
tracer for this molecular material (e.g., Bolatto et al. 2013).
This molecular material is mixed with dust, which will emit in
the mid-IR when exposed to UV radiation. Meanwhile,
hydrogen recombination line emission, including Ha, reflects
where the ionizing photons generated by young stars strike gas
(e.g., Osterbrock & Miller 1989). Therefore, the HII regions
traced out by Ha emission reflect key sources of UV radiation
and ISM heating.

In addition to H II regions with typical sizes of ~10-100 pc
(e.g., Oey et al. 2003; Barnes et al. 2022a, and references
therein), star-forming galaxies also show extended Ha
emission, tracing the diffuse ionized gas (DIG; e.g., Thilker
et al. 2002; Hoopes & Walterbos 2003; Haffner et al. 2009;
Belfiore et al. 2022a). In normal star-forming galaxies, the DIG
appears to be produced mostly by ionizing photons leaking
from H1I regions (e.g., see Belfiore et al. 2022a). Because the
DIG reflects the impact of ionizing UV photons on neutral gas,
its structure may also provide some template for where dust is
heated. However, this is less certain because Ho follows from
ionizing photons impacting neutral gas while mid-IR emission
primarily reflects the heating of dust by softer, non-ionizing
UV photons that can travel through neutral gas.

Likely because of its sensitivity to both dust heating and ISM
column density, mid-IR emission correlates very well with both
recombination line emission (e.g., Calzetti et al. 2007;
Kennicutt et al. 2007) and CO emission (e.g., Regan et al.
2006; Leroy et al. 2013; Chown et al. 2021; Gao et al. 2022;
Leroy 2023) in observations that integrate over large regions or
whole galaxies. Indeed, Whitcomb et al. (2022) combined CO
emission and Spitzer mid-IR spectroscopy to show that
different mid-IR bands exhibit different correlation strengths
with tracers of star formation and CO emission, providing
strong evidence that both heating and column density together
generate the observed mid-IR emission. However, the modest
angular resolution of mid-IR telescopes prior to JWST limited
the physical resolution of such comparisons except in the
nearest galaxies (e.g., Helou et al. 2004; Boquien et al. 2015;
Kim et al. 2021).
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JWST changes this, enabling observations of mid-IR dust
emission from galaxies at 072-1”0 resolution, among the
highest obtained for any ISM tracer. During Cycle 1 of JWST,
the PHANGS-JWST Treasury program (Lee et al. 2023) is
using this capability to produce high 6 =0”1-0”7 resolution
near- and mid-IR images of 19 nearby (d < 22 Mpc), relatively
massive star-forming galaxies. The PHANGS-JWST target
galaxies are also covered by other major observatories, and as a
result, each one has a high-quality ALMA CO (2-1) map from
PHANGS-ALMA (Leroy et al. 2021) and resolved sensitive
VLT/MUSE mapping of the Ho and HB recombination lines
from PHANGS-MUSE (Emsellem et al. 2022).

This combination of data, angular resolution, and proximity
allows us to push the comparison between CO, Ha, and mid-IR
emission to scales of ~70-160 pc so that one resolution
element has about the size of a giant molecular cloud complex
or a giant HII region. Over the last ~15 yr a wide variety of
observations have shown that at these scales, galaxies resolve
into distinct regions with different evolutionary states (e.g.,
Kawamura et al. 2009; Schruba et al. 2010; Corbelli et al.
2017; Grasha et al. 2018; Kreckel et al. 2018; Schinnerer et al.
2019; Kruijssen et al. 2019; Chevance et al. 2020; Kim et al.
2021; Pan et al. 2022; Turner et al. 2022). As a result,
comparisons of mid-IR, CO, and Ha emission at such high
resolution may reveal the separate influence of column density
and heating, allowing us to distinguish the two main drivers of
mid-IR emission variations. The initial PHANGS-JWST
images as well as the Early Release Observations (Pontoppidan
et al. 2022) lend themselves to such an interpretation. In these
observations, mid-IR emission resolves into a filamentary
network that mirrors other maps of the ISM (Barnes et al.
2022b; Meidt et al. 2023; Sandstrom et al. 2023a; Thilker
et al. 2023; Watkins et al. 2023), as well as bright knots of
emission from dust in the immediate vicinity of massive young
stars (Dale et al. 2023; Egorov 2023; Hassani et al. 2023; Kim
et al. 2023).

A basic statistical comparison between mid-IR, He, and CO
emission will highlight the physics behind the mid-IR emission
and will help inform its use as a tool to trace the star formation
rate (SFR; e.g., Jarrett et al. 2013; Catalan-Torrecilla et al.
2015; Janowiecki et al. 2017; Belfiore et al. 2022b) or the ISM
(e.g., Gao et al. 2019, 2022; Chown et al. 2021; Leroy et al.
2021; Whitcomb et al. 2022). Here we take this initial step for
the first four PHANGS-JWST targets. First, in Section 2 we
lay out expectations for how mid-IR, CO, and Ha emission
should relate to one another. Then, in Section 3, we match the
angular resolution and astrometry of mid-IR, CO (2-1), and
extinction-corrected How data to produce a combined database
at matched 1”7 =70-160 pc resolution. In Section 4, we
measure the correlations and fit approximate power laws
relating mid-IR, CO (2-1), and extinction-corrected Haw emis-
sion. Based on these results, in Section 5 we fit the bright
emission in our targets using a simple two-component model,
with one component following the measured CO distribution
and the other following the extinction-corrected Hav distribu-
tion. Then, in Section 6, we examine the ratios of CO-to-mid-
IR and of extinction-corrected Ha-to-mid-IR found by our
statistical analysis and template fitting, and in Section 7, we
briefly discuss how to apply our results to use mid-IR to trace
gas and recent star formation. While the main text focuses on
the relationships among mid-IR, CO, and Ha emission, we
discuss the correlations among the mid-IR bands themselves in
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Appendix B, where we also describe how these correlations can
be used to set or verify the background level of JWST maps
that do not include a large area of empty sky.

In Section 8, we present a detailed summary and discussion
of our results. Readers primarily interested in an overview may
wish to start with that section.

2. Expectations

To frame our analysis, we first report theoretical and
empirically motivated conversions, both among our observa-
bles and between our observables and physical quantities. First,
we discuss the expected contents of our observed mid-IR bands
and note standard ratios among these bands in our targets
(Section 2.1 and see Appendix A). Then we discuss common
conversions between CO, Ha, mid-IR intensity, and the mass
of molecular gas or SFR (Sections 2.2-2.4). We use these
conversions to provide expected relationships between mid-IR,
CO, and Ha emission in Section 2.5, which compare to our
measurements. We also use them to predict the mid-IR
characteristic intensity levels that we expect to be associated
with emission from a molecular ISM heated by a diffuse
radiation field or from dust heated by an HII region
(Section 2.6).

2.1. Mid-infrared Bands and Band Ratios

We consider mid-IR emission from the four MIRI bands
imaged by PHANGS-JWST, F770W (7.7pm), F1000W
(10pm), F1130W (11.3pm), and F2100W (21um). To first
order, the F770W and F1130W bands are expected to be
dominated by emission from strong PAH bands while the
F2100W filter covers mainly continuum emission from dust
(e.g., see spectra in Draine & Li 2007; Smith et al. 2007,
Galliano et al. 2018; Hensley & Draine 2022; Lai &
Armus 2022). As discussed in Section 4.4, the situation with
F1000W appears more ambiguous. Though expected to reflect
primarily continuum, its behavior mirrors the PAH-tracing
bands, suggesting that either (1) weaker PAH features or the
wings of the nearby strong PAH features contribute to the band
or (2) that the small grains contributing the emission mimic
PAHs in many respects. Silicate absorption near 10 ym may
also be important at high column densities, but should make
only a minimal contribution for the column densities that cover
most of the area in our targets.

Our expectations and calculation of the background levels
(Appendices A and B) also make frequent reference to
Spitzer’s 8 yum and 24 ym bands and WISE’s 12 ym band
(Werner et al. 2004; Wright et al. 2010). The 8 um band is
dominated by the same PAH band as F770W, while the 24 ym
band should reflect mainly continuum emission. The very
broad WISE 12 um filter integrates over both PAH features and
the continuum. In SINGS H I regions with mid-IR spectrosc-
opy, Whitcomb et al. (2022) find that <50% of the overall
emission in the WISE 12 ym band arises from PAH features,
but this value might be somewhat higher in more diffuse
regions.

Table 1 reports a series of typical band ratios for the first four
PHANGS-JWST target galaxies, which can be used to
translate between bands. Appendix A describes how we
estimate these ratios from comparing our images to one
another and to previous mid-IR imaging of our targets at 1”7
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Table 1

Typical Observed Band Ratios in the First Four PHANGS-JWST Targets

Band RX, Ry, o
(dex)

F770W 1.0 1.31 b
F1000W 0.38 0.49 0.06
F1130W 1.35 1.76 0.05
F2100W 0.61 0.80 0.11
WISE3 12 pum 1.57 2.06 0.06
WISE4 22 pm 0.80 1.06 0.20
IRAC4 8 um 1.0 1.31 0.04
MIPS24 24 im 0.77 1.0 0.14

Notes. Observed ratios estimated from band—band comparisons in our first four
targets as described in Appendix A and Figure 15. See definitions of R in
Equation (1). Note that R, are scaled versions of R, normalized to Spitzer at
24 pm.

 Robustly estimated scatter in the log of the measured ratio between the listed
band and F770W, measured at 15” resolution (i.e., scatter in the blue points in
Figure 15).

°In Appendix A we use F770W as the reference band so no scatter is defined.

and 15” resolution. We quote the ratios in three ways:

IX
RX — v
24 = | SMIPS24 |’

RY
Ry =R, ()
7?’7.7

where X and Y denote some mid-IR bands, and we work with 7,
in units of MJy sr™'. The two sets of ratios in Table 1, R, and
RY,, are self-consistent results of a single calculation, not
independent. We quote both because F770W is our highest-
resolution image and because a large amount of pre-JWST
work has centered on Spitzer’s MIPS 24 um band. The final
line of Equation (1) simply notes that Table 1 can be used to
express any pair of bands that we consider.

In framing our expectations, we will assume that all bands
can be simply linearly converted to one another, which appears
reasonable to first order based on Appendix A. To second
order, the ratios among these bands do vary, especially in
bright, high-intensity regions like massive H1I regions or the
starburst ring at the center of our target NGC 1365. These ratio
variations offer clues to how the physical properties and
abundance of the dust grains producing mid-IR emission
change as a function of environment. Measuring and interpret-
ing these variations represent a key topic of other papers in this
series (Chastenet 2023a, 2023b; Dale et al. 2023; Egorov 2023;
Sandstrom 2023a). For our work, the most relevant effect will
be that PAHs appear to be selectively destroyed in regions of
intense star formation. This should suppress the PAH-
dominated F770W and F1130W relative to the other bands in
regions of intense extinction-corrected Ha emission. This
effect is indeed present in our data and seen as a secondary
correlation in Sections 4.2, 4.4, and 5.2. Perhaps surprisingly,
F1000W shows almost identical behavior to F770W and
F1130W in this regard, so that to some extent, those three
bands contrast with F2100W in overall behavior (Section 4.4).
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2.2. CO and Molecular Gas

We work with CO (2-1) intensities in units of Kkms™’,
ICO 2-1- For a typlcal Rz] EICO 2,1/[(:0 1—0 = 0.65 (den Brok
et al. 2021; Yajima et al. 2021; Leroy et al. 2022) and a
Galactic CO (1-0)-to-H, conversion factor oy, o = 4.35 M.,
pc_2 (Kkm s_l)_1 (e.g., Bolatto et al. 2013),

Yimol aco1-0 | 0-65)( Icoz-1
— 1 _~6.7

Mg pc*2 O[lé/l(;’\/] 0 R Kkms™!
i\g(H) _~62 Oé;[(\)vlfo (0-65)( Icozfll)’ 2)

107 cm™ aco1-o0 )\ R J\Kkms~
where X, is the molecular gas mass surface density including
a factor of 1.4 to account for helium and heavy elements and N
(H) is the total hydrogen column density, with no helium
included. We phrase Equation (2) in terms of N(H) not

N(H,) = 0.5N(H) because dust emission is frequently normal-
ized to N(H).

2.3. Extinction-corrected Hoy, Ionizing Photons, and SFR

We also work with extinction-corrected Ho intensity in
units® of erg s~ em ™ sr'. We provide reference conversions
adopting the Murphy et al. (2011) conversion from Ha
luminosity to SFR, which is almost identical to the value
advocated by Calzetti et al. (2007). In intensity units,

2SFR _~ 642( ]IHa . ])
ergs 'em 2 sro

M, yr~'kpc~
200 gy 10| — T
s Ipc? ergs~'em =2 sr!

X(Mzams) ~ 2200 Ina ’ 3)
M pe? ! Zsr!

ergs - cm—

where Yspr is the SFR per unit area for a Kroupa IMF
truncated at 100 M. In the second version, Q, refers to the
production rate of hydrogen-ionizing photons with
hv > 13.6 eV and Iy,.

The ionizing photon production rate may be more concretely
related to the recombination line emission than the somewhat
abstract SFR, but we also note that at our resolution and since
we are studying whole galaxies, Ho can more accurately be
thought of as being driven by the number of local ionizations or
recombinations than the production rate. The final expression
provides a reference conversion to the mass surface density of
zero-age main-sequence stars needed to produce that density of
ionizing photons for a fiducial Starburst99 run (Leitherer et al.
1999). See Belfiore et al. (2022a) for more discussion on the
diffuse ionized medium and Belfiore et al. (2022b) and Murphy
et al. (2011) for translations among different SFR tracers.

Throughout this paper, we work with Ha: emission corrected
for the effects of extinction using the Balmer decrement. This
approach combines observations of Ha: and HG with an assumed
wavelength-dependent extinction (e.g., see Osterbrock &
Miller 1989). It has a long history (e.g., Miller & Mathews 1972),
and Balmer decrement-corrected Ha measurements, including

49 Note that it is common to use ergs ' cm 2 arcsec 2 as well. Simply
multiply our values by 2.35 x 10" or subtract 10.63 from the log to make the
conversion.
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from SDSS, SINGS, CALIFA, and MaNGA, underpin much of
our knowledge of extragalactic SFRs, including the calibration of
IR-based SFR tracers (e.g., Brinchmann et al. 2004; Moustakas
et al. 2006, 2010; Kennicutt & Hao 2009; Hao et al. 2011;
Cataldn-Torrecilla et al. 2015; Belfiore et al. 2022b). Although
the Balmer decrement has limitations, particularly in dense, high-
extinction, mixed media (e.g., Melnick 1979; Lequeux et al.
1981; Wong & Blitz 2002), at the moderate >.ggg and moderate
extinction that we study here, we have every expectation that the
Balmer decrement works well. This expectation appears to be
borne out by numerical simulations (Tacchella et al. 2022), and
studying SINGS Prescott et al. (2007) found no evidence for a
substantial highly obscured population pervading normal star-
forming disk galaxies. Indeed, in the brightest regions of
PHANGS-MUSE (Belfiore et al. 2022b; F. Belfiore et al., in
preparation) find good agreement between the estimates of Ha
extinction based on the Balmer decrement and those obtained
from “hybrid” Ha+IR prescriptions calibrated by Calzetti et al.
(2007) to match extinction-corrected Paschen «. Our results in
Section 4.2 comparing the extinction-corrected Hae with JWST
mid-IR emission also find no evidence that the Balmer decrement
significantly underestimates the extinction (see also Hassani et al.
2023, in this Issue).

2.4. Mid-infrared Emission, Column Density, and Star
Formation Rate

Even in the presence of a relatively weak radiation field, dust
in the ISM should produce mid-IR emission, primarily through
stochastic, single-photon heating. The intensity of emission
depends on the column density of dust and the intensity of the
illuminating radiation field. For relatively weak radiation fields,
a reasonable fiducial expectation based on the Draine & Li
(2007) dust models and also following Compiegne et al. (2010)
is

Ly

My o ~ 0.022 Rga( N (H) )

10?0 cm—2
(FE)
0.01 J\ U,
Lgas )
1 Mg, pc?

X (D/_G) 2) 4)
0.01 J\ Uy

where I is the mid-IR intensity at band X, N(H) is the line-of-
sight column density of hydrogen, and ¥, is the gas mass
surface density. The U/U, term expresses the mean local ISRF
illuminating the dust in units of the solar neighborhood Mathis
et al. (1983) field adopted by Draine & Li (2007). The formulae
apply at 24 zim but the factor R5; can be drawn from Table 1 to
express a prediction for any of the mid-IR bands of interest, X.
In Equation (4), the factor D/G is the dust-to-gas mass ratio,
where a value of 0.01 represents a typical result applying the
Draine & Li (2007) model to star-forming massive galaxies
(e.g., Draine et al. 2007; Sandstrom et al. 2013; Aniano et al.
2020). When considering a PAH-dominated band, one should
expand this part of the equation with an additional term
proportional to gpay, the fraction of the dust mass in PAHs.
This allows one to account for variations in the dust
composition that may make PAHs either more or less abundant.

~ 0.020 R%,
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Draine et al. (2007) and Draine & Li (2007) note gpag =~ 0.046
as appropriate for Milky Way-like galaxies, and adding a

factor
% ( dpAH )
0.046
to Equation (4) offers a reasonable first-order approach at, e.g.,
F770W, F1130W, or 8 pm.

For U~ U,, dust emissivity in the mid-IR depends
approximately linearly on U in the Draine & Li (2007) model
(see their Figure 13), reflecting the fact that U sets the rate of
stochastic, single-photon heating.’® Because the mass surface
density of the dust is given by the product X4, = D/G X Ygass
Equation (4) simply predicts that for low-intensity, mid-IR
emission tracks the dust column times the illuminating
radiation field.

The X, in the second line of Equation (4) includes helium,
but N(H) does not. In general, ¥, includes both atomic and
molecular phases of the ISM, but for much of this paper, we
will focus on molecular-gas-rich regions and will approximate
Yoas A Ximol- The ability to generalize a relationship calibrated
in the molecular-gas-dominated ISM to the atomic-gas-
dominated regime will depend on how D/G, gpan, and U
vary as a function of ISM phase or density. This is discussed in
Sandstrom (2023b) and in Section 7.1 of this paper.

The mid-IR is also often used to trace star formation. In
massive star-forming galaxies, dust absorbs and then re-emits
much of the radiation from massive young stars. Some of this
emission emerges in the mid-IR, which indicates the UV
heating of dust grains. Based on observed excellent correlations
between recombination line and mid-IR emission, the mid-IR
has become a widely used SFR indicator. A variety of
calibrations exist in the literature. Almost all of them have a
fundamentally empirical calibration (e.g., see Murphy et al.
2011; Leroy et al. 2012; Kennicutt & Evans 2012;
Calzetti 2013). We note here a common formulation for this
relation for emission at A =24 um:

by
T 2297 x 1073(R3)!

M, yr~'kpc™
Coy ) 1
X s 5
(10‘427 My sr! ©)

where C,4 is an empirically anchored conversion factor that has
units of M. yr '(ergs™")' (e.g., following Kennicutt &
Evans 2012). The fiducial conversion in Equation (5) is the one
suggested for A =24 um by Kennicutt & Evans (2012) and
Jarrett et al. (2013) and shown by Leroy et al. (2019) to match
the integrated-galaxy population synthesis modeling results of
Salim et al. (2016, 2018) well.

In a detailed analysis combining PHANGS-MUSE and
WISE data, Belfiore et al. (2022b) show that Cwiggs ~ Coy
varies as a function of the local conditions in a galaxy disk,
likely reflecting heating due to sources other than star
formation contributing to the mid-IR. They consider mid-IR
in combination with Ho and UV emission, and we note that

%% At low U, this is true for both the PAH-dominated bands like F770W,
F1130W, or 8 um and the slightly longer-wavelength continuum-dominated
bands like F2100W and 24 pm, but as U increases in the Draine & Li (2007)
models, the longer-wavelength continuum bands begin to respond nonlinearly
to U at lower U than the shorter-wavelength PAH bands.
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their maximum C for UV emission is log, Gyisgs ~ —42.7,
similar to Equation (5), but that for regions with significant
heating by old stellar populations or when combining mid-IR
and He, they find even lower log,, Gyisgs ~ —42.9. We will
return to compare to their findings in Section 6.

As above, the factor R5, in Equation (5) translates from the
fiducial 24 um to other bands assuming the fixed band ratios in
Table 1. However, one should bear in mind that these ratios
have been calculated for extended regions of moderate intensity
emission (Appendix A) and that the strongest band ratio
variations observed in other papers in this series are found at
high intensity in star-forming regions (see Section 2.1).

2.5. Implied Predictions for CO and Ho versus Mid-IR

The conversions in above can be equated to express
predictions for the relationships between CO and mid-IR
emission and Ha and mid-IR emission. First, when gas is
mostly molecular and the dust is illuminated by a relatively
weak radiation field, Equations (2) and (4) together yield

X
_ b ~ 0.134 R%, (M)
MJy sr! Kkms™!

() E)29)L) w
Qo 1-0 )\ 0.65/\ 0.01 )\ Uy

so that for this case, which might be thought of as “molecular

IR cirrus,” the mid-IR tracks CO emission with additional

dependence on the CO-to-H, conversion factor, CO 2—-1 to 1-0

line ratio, dust to gas mass ratio, and ISRF. For a PAH-

dominated band, the equation should include an additional
factor X (gp,y/0.046).

Meanwhile, if we consider mid-IR driven only by heating

due to star formation and require consistency between

extinction-corrected Ha  and mid-IR  results, then
Equations (3) and (5) together imply

IX

e ™ 2.16 x 10° R,
y sr

427
o I, 10 A
ergs~'em ™2 sr! Cou

for the case of “mid-IR produced directly by reprocessed light
from young stars.” We caution that while Equation (7) appears
simple, depending only on C,, and R3y, this largely reflects
that Equation (5) combines all of the physics behind the
empirically calibrated mid-IR to SFR conversion into a single
number. Moreover, because C,, for the mid-IR is empirical and
often calibrated against Balmer decrement-corrected Ha or
other recombination line emission, Equation (7) is somewhat
circular. We still find this a useful way to frame the current
field. For a C calibrated based on star-forming regions or
overwhelmingly star-forming galaxies, we might expect
Equation (7) to hold for bright star-forming regions within
our target galaxies.

2.6. Two Physical Definitions of “Bright” Emission

In our analysis we will be interested in “bright” mid-IR
emission, by which we mean emission that we might plausibly
expect to emerge from regions dominated by molecular gas or
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recent star formation. The equations in Section 2.5 allow us to
roughly define two plausible thresholds.

Intensity for molecular-gas-dominated lines of sight: For
metal-rich star-forming galaxies, molecular gas typically makes
up most of the ISM in regions with ¥,,5 2 15 M pc 2 (e.g.,
Bigiel et al. 2008; Leroy et al. 2008; Schruba et al. 2011).
Assuming U ~ (1 — 2)U, and D/G ~ 0.01 then this implies

I¥ 203 — 0.6 Ry, My sr! (8)

Vo~

for “molecular cirrus” with the range affecting a plausible range
of U and D/G, each of which affects the estimate linearly
(Equation (4)).

Intensity for H1l regions: Meanwhile, though there is no
single cutoff between HII region emission and DIG, the 16th
percentile for H1I region surface brightness in Belfiore et al.
(2022a) is log ol ~ 38.9 for Iy, in units of erg st kpcfz,
which translates to log ., ~ —5.2 in our units of
ergs 'cm Zsr . Following Equation (7), this implies

X > 1.4 RS My sr! )

for H Il regions.
We will return to an empirical version of the two thresholds
below.

3. Data

We study the first four PHANGS—-JWST targets: NGC 628,
NGC 1365, NGC 7496, and IC 5332 and compare mid-IR
emission at 7.7 pm, 10 pm, 11.3 pm, and 21 pum obtained as
part of the PHANGS-JWST survey (Lee et al. 2023) to
CO (2-1) observed by ALMA as part of the PHANGS-ALMA
survey (Leroy et al. 2021) and extinction-corrected Ha
obtained as part of the PHANGS-MUSE survey (Emsellem
et al. 2022). For this comparison, we work with all data sets at a
common angular resolution of §=177. This is set by the
resolution of our ALMA CO data for NGC 7496, which is the
coarsest resolution for any data in our sample. Figures 1
through 4 illustrate our data sets at our working resolution, and
Table 2 summarizes the physical properties, distance, and
orientation for each target.

3.1. Data Sets

The mid-IR data were obtained using the MIRI instrument
with the F770W, F1000W, F1130W, and F2100W filters.
Details of the observations and data reduction appear in Lee
et al. (2023). We used the PHANGS-JWST internal release
“version 0.5,” which uses pipeline version 1.7.0 and CRDS
context 0968 and follows the procedure described in
Appendix B to set the background level in the maps to be
self-consistent among the four MIRI bands and to match
previous wide-field observations at 8 um by Spitzer or 12 ym
by WISE.

We compare the mid-IR images to ALMA CO (2-1) maps
obtained as part of the PHANGS—-ALMA survey (Leroy et al.
2021). We use the combined 12-m+7-m+total power data
cubes from the public data release (“v4”). Taking into account
typical CO/Ha and CO-to-MIR ratios, the CO (2-1) data are
significantly less sensitive than the other data in this work
(Section 3.3 and Table 3). Therefore, we construct a special set
of “flat” CO-integrated intensity maps, designed to allow
simple, robust statistical averaging. To do this, after convolving
the CO cube to our working resolution of 1”7, we shift each
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Figure 1. Mid-IR, CO, and extinction-corrected Ho. maps for NGC 0628. These images show our matched 80 pc resolution, matched astrometry data for NGC 628.
The top row shows two of the four analyzed JWST mid-IR images, F770W and F2100W. The bottom row shows the ALMA CO (2-1) image and the VLT/MUSE
extinction-corrected Ha. All images are displayed using an identical arcsinh stretch from 0.5 to 30 MJy s~ after converting all bands to equivalent F770W using the
band ratios in Table 1 for the mid-IR and the median ratios in Table 4 for CO (2-1) and Ha*". We have blanked data outside the common JWST MIRI/MUSE/
ALMA footprint. A scale bar shows 1 kpc at the distance of the galaxy and the 1”7 (FWHM) beam appears in the top-right corner of the image. The blue contour in all
panels shows an F770W contour at 1.5 MJy st~ ", and the red contour shows an Ha contour at an equivalent of F770W intensity 10 MJy st .

spectrum of the cube along its velocity axis, recentering the NGC 0628, 1365, and 7496 we use the low-resolution velocity
spectrum for each line of sight so that v=0kms ' now field derived from the CO as a reference, filling in with a
corresponds to the expected mean local rotation velocity. For predicted local velocity from the rotation curve in the few
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Table 2
Targets

Galaxy logo M, log;o SFR Z at reg i PA days Oom Apm Notes

(logioMo)  (logip™)  (2+loge) O () Mpo) (o) (pc))

NGC 0628 10.3 0.2 8.5 9 21 9.8 80 7300 grand-design spiral

NGC 1365 11.0 1.2 8.5 55 201 19.6 160 50,000 strong bar, AGN (Syl1.8), starburst ring

NGC 7496 10.0 0.4 8.5 36 194 18.7 150 32,000 strong bar, AGN (Sy2)

IC 5332 9.7 —0.4 8.3 27 74 9.0 70 6700 dwarf spiral

Note. Properties adopted from Leroy et al. (2021), which draw orientations from Lang et al. (2020) and distances from Anand et al. (2021a) based on Shaya et al.
(2017), Kourkchi et al. (2020), Anand et al. (2021b). “S-cal” metallicities quoted at r.g drawn from Groves et al. (2023) and see also Kreckel et al. (2019). 6y, gives
the approximate linear beam size for § = 17/7 with no inclination correction. Ay, gives the physical beam area with inclination correction.

regions without detection. For IC 5332, which has lower signal
to noise than the other galaxies in CO, we use an estimated
rotation curve for the reference at all locations. After adjusting
the cube so that all emission is centered in roughly the same
channel, we integrate over a fixed velocity window picked to
encompass all readily detected emission in the disk (év =25,
35, 80, and 55kms ' for IC 5332, NGC 0628, 1365, and
7496). The integration also includes all bright (signal-to-noise
ratio, S/N > 3 in 2 channels) emission in extended line wings,
which effectively captures the broad wings in the centers of
NGC 1365 and NGC 7496.

The resulting “flat” moment maps appear in the bottom-left
corners of Figures 1, 2, 3, and 4. These maps include almost all
of the CO flux in each data cube, similar to the standard
PHANGS-ALMA high-completeness “broad” moment maps.
However, those broad maps use a local velocity window based
on multiresolution signal detection algorithms and do include
empty lines of sight where no signal is detected. The “flat”
maps that we use here have a more even noise distribution
because they use a single fixed velocity window and have no
blank pixels within the region of interest. As a result, they are
moderately noisier in any given pixel than the fiducial
PHANGS-ALMA products but can be averaged spatially in a
simple way to produce results equivalent to spectral stacking
(e.g., Schruba et al. 2011; Ianjamasimanana et al. 2012). Aside
from the higher but more even noise, which can be seen
particularly clearly in the images of NGC 1365 (Figure 2) and
IC 5332 (Figure 4), these maps capture essentially the same
features as the standard PHANGS broad maps (compare to the
atlas images for the same galaxies in Leroy et al. 2021).

We compare both mid-IR and CO emission to extinction-
corrected Ha emission from the PHANGS-MUSE survey
(Emsellem et al. 2022). In this work, we primarily use maps of
Ha emission corrected for internal extinction using the Balmer
decrement method contrasting H3 and Ha. These maps were
produced from the “convolved and optimized” maps
PHANGS-MUSE internal data release 2.2 (see Emsellem
et al. 2022) and have been described in Belfiore et al.
(2022a, 2022b) and Pessa et al. (2021, 2022).

3.2. Matched-resolution Database

We use kernels produced following the method of Aniano
et al. (2011) and the preflight estimates of the JWST PSFs to
convolve all of our data to share a common Gaussian PSF with
FWHM 6 =1"7. Table 2 gives the corresponding physical
beam size for each target, which ranges from 70 to 160 pc.
After convolution, we reproject all data onto a common

astrometric grid centered at the galaxy center with 0”83-wide
pixels, i.e., 4 pixels per PSF area.

Both NGC 1365 and NGC 7496 have a bright active galactic
nucleus (AGN) in the inner galaxy, which leads to diffraction
spikes that extend well into the surrounding galaxy disks.
Following Hassani et al. (2023) we use an image of the PSF
centered at the bright peak to identify the diffraction spikes. We
convolve this mask to the working resolution of our data and
drop pixels where diffraction spikes are expected to cover >1%
of the area from our analysis.

After this processing, we build a database consisting of
pixel-by-pixel measurements of the intensities of CO (2-1),
extinction-corrected Ha, mid-IR emission at 7.7 um (F770W),
10 pm (F1000W), 11.3 gm (F1130W), and 21 pgm (F2100W).
We correct all intensities by a factor of cos i to the values
expected had we observed the galaxies face on. We draw
inclinations from Lang et al. (2020) and Leroy et al. (2021).

We mostly utilize intensities in our expectations and analysis,
it can also be of interest to compute the flux, luminosity, mass, or
SFR of an individual resolution element. For our common
angular resolution of # =177, to convert from intensity to flux
per beam, the beam area is ~7.4 x 10°"" sr. To allow easy
conversion from inclination-corrected surface density to mass or
SFR within a resolution element, Table 2 also quotes the physical
beam size Apeam = 7(0d)? (41In2)~' (cosi)~! for each target.

3.3. Typical Uncertainties

Table 3 provides characteristic noise levels for our 6 =1"7
images. We quote a single value for each band estimated before
any inclination correction is applied. We give single,
approximate values per band because we work with early
versions of the data and our images lack significant “empty
sky.” Given that we have convolved the data to significantly
coarser-than-native resolution, we view an empirical estimate
as more appropriate than an aggressive extrapolation of the
native resolution pipeline noise estimate.

To derive these estimates, we use a version of the procedure
described in Appendix B. We consider the low-intensity region
of each galaxy. As shown in Sandstrom (2023b), even these
faint regions still often have significant real emission from the
galaxy, which could masquerade as noise. To account for this,
we scale another band by the typical band ratio and subtract
that scaled image from the original then measure the noise in
the difference, e.g., considering IF7"W — RT[FIS0W - After
running a broad median filter across the difference image, we
solve for the implied rms noise, taking into account both the
measured band ratio and the noise ratio expected based on the
pipeline noise estimates. That is, we measure the noise in the
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Table 3
Characteristic Noise at 1”7 Expressed in Different Units

Band Expected o/c”" o7 017 ol o921 oty

Mly st 1 My st~ ! at F770W) (ergs Tem Zsr ) (K km s~ M, pc?)
F770W 1.0 0.025 0.025 0.63 x 1077 0.027 0.18
F1000W 1.1 £0.1 0.028 0.072 1.7 x 1077 0.076 0.51
F1130W 1.35+0.1 0.033 0.025 0.59 x 1077 0.027 0.18
F2100W 25402 0.063 0.10 29 %1077 0.031 0.21
CO (2-1)* 1.0 6.7
Ho® 0.035 x 1077

Notes. Approximate characteristic noises for our data before any inclination correction for our sample at our working resolution of § = 1”7. Columns: Expected
/o’ "—approximate ratio of pipeline noise estimate at this band to that at F770W at their native resolutions; ¢ ,—noise on the scale of intensity in that band; o] 7—

noise scaled to units of 7.7 ym via RX for comparison; oF's—noise in equivalent extinction-corrected Ha units assuming the data set wide median ratio; o

gas

co2-1__

noise in CO (2-1) units assuming the data set wide median ratio; and o7 —noise in gas surface density units assuming data-set-wide median CO-to-mid-IR ratio and a

typical CO-to-H, conversion factor (Equation (2)).

4 Median noise across all four “flat” integrated intensity (i.e., moment 0) maps (Section 3.1) used for this analysis. Varies moderately from target to target.
b Typical noise in the MUSE NGC 1365 and NGC 7496 Ha maps at 6 ~ 150 pc. The extinction correction introduces additional uncertainty but does not affect

detection.

difference image and use this, with an appropriate scaling, to
estimate the noise in the original images.

In order to compare the sensitivity of different bands to gas
column or recent star formation, Table 3 also re-expresses the
noise in the bands scaled in several different ways. We first
express the relative sensitivity of all bands to “typical” dust
emission by scaling by the band ratios in Table 1 onto a
common F770W intensity scale, o{7. Then we adopt the
median CO-to-mid-IR and Ha-to-mid-IR ratios found in
Section 4 to express the mid-IR noises in equivalent Iy, Ico,
and Y, units. In Section 6, we will use these to comment on
the sensitivity of the JWST images to recent star formation and
gas column density.

In addition to the noise levels quoted in Table 3, there is an
overall <0.1 MlJysr ' uncertainty in the level of the
background in the MIRI images. Realistically, based on a
visual inspection of the images at high stretch, this background
level clearly varies across the images at a fraction of this level.
To assess this quantitatively, we note that the medium-scale
median filter level in the difference images mentioned above
imply an rms variation ~ +0.04—0.07 MlJysr ' in the
background level. Comparing to Table 3 highlights that at
our working resolution the uncertainty in the background is
often as important as the statistical noise.

3.4. Data Selection

We focus our analysis on regions with an inclination-
corrected F770W intensity above 0.5 MJy st '. We target this
level because based on the calculations in Section 2.6, we
expect that where molecular gas makes up most of the ISM
along a line of sight it will likely produce at least this level of
emission, even if it is only weakly illuminated. The threshold
for emission associated with H I regions is even higher, so we
expect this selection to capture most of the area in our targets
where either dust mixed with molecular gas or dust heated by
H1I regions contributes. This level is also high enough that
uncertainty in the background level and the statistical noise,
which both have a maximum magnitude ~+0.1 MJy sr™ ", are
only secondary concerns for the mid-IR.

Table 4 reports the fractions of flux in each band and area
within the PHANGS-JWST footprint associated with this

“bright” emission. In our three more massive targets, this
selection captures >90% of mid-IR band, CO (2-1), and Ho
flux, though only a much lower ~50% fraction of the area. This
partially reflects that PHANGS—-JWST specifically targets the
regions of active star formation in our target galaxies. In less
molecular-gas-dominated, less actively star-forming regions,
lower intensity emission from dust mixed with atomic or CO-
dark gas will contribute larger fractions of the flux (Section 2
and see Sandstrom 2023a). In our sample, the lower surface
density IC 5332 exemplifies this case, and our selection
captures only about half of the total flux and about 20% of
the area (see Figure 4).

We also exclude the bright center of NGC 1365, defined by a
cut of IF"W > 30 MJysr~' from most of our statistical
analysis. This region hosts an AGN, forms stars at a rate of
order ~10 M., yr ', and represents a distinct regime from our
other targets in terms of gas surface density, star formation
intensity, and dust properties. We focus this paper on normal
galaxy disks and leave the contrast between disk and starburst
environments for future work, but note that several other papers
in this Issue focus specifically on this rich region in NGC 1365
(Liu et al. 2023; Schinnerer et al. 2023; Whitmore et al. 2023).
For the correlations, we do plot the data from this higher
intensity region but indicate the region excluded from statistical
analysis by shading.

When analyzing CO (2-1) as a function of extinction-
corrected Hoy, we focus on an intensity range defined by scaling
our bright emission definitions by the typical Ha®" to mid-IR
ratio (Table 4) and then adopting the same limits used for the
mid-IR.

4. Correlations and Power-law Fits

In Table 4 and Figures 5-10, we report the results of using
our database to analyze the relationships between CO (2—1) and
mid-IR emission, extinction-corrected Ha and mid-IR emis-
sion, and CO (2-1) and extinction-corrected How emission. We
assess each relationship in the following ways:

1. We measure the Spearman rank correlation between each
variable pair.
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Figure 2. Mid-IR, CO, and extinction-corrected Ho maps for NGC 1365. As Figure 1 but for NGC 1365 at 160 pc resolution. As in that figure, the arcsinh stretch runs
from 0.5 to 30 My st ", and all bands are expressed in equivalent F770W intensity. As there, the blue shows an F770W contour at 1.5 MJy sr~', and the red shows an
Ho contour at equivalent to 10 MJy sr~'. Note the region blanked due to PSF effects at the galaxy center and also note that the bright region with I, > 30 MJy sr™ ' is

excluded from most of our statistical analysis.

2. For each variable pair, we calculate the median log,,y/x
and use the median absolute deviation to robustly
estimate the scatter in this quantity.

. We bin the dependent variable y as a function of the
independent variable x and fit a power law to the data for
each variable pair. Within each bin, we calculate the
median and 16%-84% range for the dependent variable.

. We estimate a power law intended to describe the
underlying trend in the data by fitting a line in log—log
space (Equation (10)) to the binned data.

When comparing to CO (2-1) or Ha, we treat mid-IR
intensity as our independent variable (i.e., the x-axis), and when
comparing CO (2-1) to Ha, we treat Ha as the independent
variable. We do so because, partially by construction, mid-IR
emission is detected at good S/N throughout our region of
interest. By contrast, the CO (2—1) emission is both noisier and
not detected everywhere. As discussed in Section 3.1, we have
constructed CO (2—1) data products that allow us to stack low
signal-to-noise data to access the underlying relationship. To
leverage this, when binning or conducting our statistical
analysis, we make no distinction between detections and
nondetections. By stacking in this way, we expect our binned
median values, typical ratios, and power-law fits to access the
underlying relationship well, but this does mean that the
measured scatter and correlation strengths in the CO (2-1)
results reflect significant contributions from statistical noise. A
full modeling of the noise budget and scatter lies beyond the
scope of this first results paper but will be a goal of analyzing
the full PHANGS-JWST data set. Ha emission is detected

10

everywhere in our maps, and we therefore treat Ha as the
independent variable when comparing to CO (2-1). When
comparing Ho to mid-IR emission we treat Ha as the
dependent (y-axis) variable for symmetry with the CO versus
mid-IR comparison.

With the mid-IR as the independent variable, the power laws
that we fit have the form

log;Ico = mco-mr 10go X + bco—mr

logo Ita = MHa—MIR longuX + DHa—MIR, (10)

where Ico is CO (2-1) intensity in units of K km s Iy, is
extinction-corrected Hov in units of erg s~ cm ™2 st~ ' and IX is
mid-IR intensity at band X, e.g., F770W or F2100W. We use
an analogous form to relate CO (2-1) to extinction-corrected
Ha:

(1)

where the main difference is the offset of 5.0, which recenters
the fit near the middle of the distribution. This minimizes
covariance in the quoted slope and intercept but will not
otherwise affect the fit (e.g., see Barlow 1989; Press et al.
2002). In units of MJy sr™ ', the mid-IR distribution is already
naturally centered close to unity so we do not carry out any
similar shift for Equation (10). We summarize the full set of fit
slopes in Figure 10.

For the figures, we do construct and plot bins across the full
intensity range and show all data points. However, we restrict
our calculation of correlation coefficients, ratios, and power-

logyyIco = mco-—na10go(Ina) + 5.0 + bco-—Has
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Figure 3. Mid-IR, CO, and extinction-corrected Ho maps for NGC 7496. As Figure 1 but for NGC 7496 at 150 pc resolution. As in that figure, the arcsinh stretch runs

1

from 0.5 to 30 MJy sr™ ', and all bands are expressed in equivalent F770W intensity. As there, the blue shows an F770W contour at 1.5 MJy st~ ', and the red shows an
Ho contour at equivalent to 10 MJy st~ . Note the region blanked due to PSF effects at the galaxy center.
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Table 4
Correlation, Ratio, and Fitting Results
Quantity Variable(s) All Data IC 5332 NGC 0628 NGC 1365 NGC 7496
Fraction Associated with “Bright” Emission
(Entries Report Fraction of Flux at the Indicated Band or Area Selected for Our Analysis)
Flux F770W 0.94 0.44 0.97 0.95% 0.90
Flux F1000W 0.93 0.46 0.97 0.94° 0.90
Flux F1130W 0.93 0.46 0.97 0.94% 0.91
Flux F2100W 0.96 0.49 0.98 0.98* 0.95
Flux CO (2-1) 0.97 0.68 0.97 0.98" 0.96
Flux Ha 0.96 0.55 0.98 0.99° 0.96
Area 0.60 0.17 0.87 0.60% 0.54
Rank Correlations
(Entries Report Rank Correlation Coefficient Relating Indicated Variable Pair)
Rank correlation CO (2-1) versus Ha 0.47 0.12 0.47 0.41 0.57
Rank correlation CO (2-1) versus F770W 0.63 0.20 0.70 0.52 0.72
Rank correlation CO (2-1) versus F1000W 0.62 0.19 0.70 0.52 0.71
Rank correlation CO (2-1) versus F1130W 0.63 0.21 0.71 0.53 0.72
Rank correlation CO (2-1) versus F2100W 0.61 0.17 0.71 0.50 0.66
Rank correlation Ha versus F770W 0.78 0.63 0.74 0.80 0.85
Rank correlation Ha versus F1000W 0.74 0.65 0.67 0.75 0.83
Rank correlation Ha versus F1130W 0.74 0.54 0.71 0.76 0.81
Rank correlation Ha versus F2100W 0.75 0.63 0.72 0.73 0.78
Median Ratios for Bright Emission
(Entries Report Median log;,y/x and Scatter for Indicated Ratio)
log,oy/x CO (2-1)/Ha 5.63 £ 0.59 5.42 +0.66 5.63 +0.55 5.76 + 0.64 5.46 + 0.60
log,oy/x CO (2-1)/F770W 0.04 £0.33 0.10 £0.36 0.03 +0.29 0.14 +0.40 —0.11 £0.30
log,oy/x CO (2-1)/F1000W 0.44 +0.32 0.51 +£0.37 0.44 +0.28 0.53 +0.38 0.28 +0.29
log,ov/x CO (2-1)/F1130W —0.10 £0.32 —0.03 £0.36 —0.11 £0.28 —0.03 £0.39 —0.25 £ 0.29
log,oy/x CO (2-1)/F2100W 0.30 £ 0.34 0.31 £0.41 0.32 +0.29 0.37 +0.43 0.09 +0.33
log,oy/x Ha /F770W —5.60 +£0.43 —5.39 £ 048 —5.62 £042 —5.62 £ 041 —5.57 £ 0.47
log,oy/x Ha /F1000W —5.21 £047 —4.97 £0.52 —522 +047 —523+£045 —5.20 £0.51
log;oy/x Ha /F1130W —5.76 £ 0.45 —5.51 £0.50 —5.77 £ 0.44 —5.79 £ 0.44 —5.73 £0.51
log,oy/x Ha /F2100W —5.34 £ 044 —5.13 £ 0.46 —5.33 £042 —5.38 £0.44 —5.36 £ 0.50
Power-law Fits to Binned Data
(Entries Report Slope m and Intercept b in Equations (10) and (11))

m, b CO (2-1) versus Ha" 0.47, 0.30 0.56, — 0.29 0.39, 0.40 0.50, 0.29 0.51, 0.12
m, b CO (2-1) versus F770W 1.10, —0.07 0.80, —0.08 0.84, 0.05 1.25, —0.10 1.08, —0.17
m, b CO (2-1) versus F1000W 1.22, 0.37 0.71, 0.19 0.92, 0.39 1.33, 0.39 1.16, 0.27
m, b CO (2-1) versus F1130W 1.21, —0.28 0.97, —0.21 0.93, —0.11 1.33, —0.34 1.16, —0.36
m, b CO (2-1) versus F2100W 0.74, 0.24 0.22, — 0.08 0.61, 0.32 0.95, 0.20 0.79, 0.05
m, b Ha versus F770W 1.51, -5.72 1.98, —5.39 1.67, —5.80 1.43, —5.68 1.53, —5.68
m, b Ha versus F1000W 1.51, =5.14 1.96, —4.64 1.72, —=5.13 1.44, -5.19 1.66, —5.07
m, b Ha versus F1130W 1.55, —5.97 2.20, —5.70 1.71, —6.03 1.47, —5.98 1.71, —6.00
m, b Ha versus F2100W 1.29, —5.35 1.66, —5.04 1.35, —=5.34 1.24, —5.42 1.29, —5.34

Notes. See Section 5. Ha refers to extinction-corrected Ha in units of erg s~' em ™2 sr~'. CO (2-1) intensity has units of K km s~'. All mid-IR intensities have units

of MJy sr ",

# Fraction of flux and area above the lower threshold. In NGC 1365, we also exclude bright emission from the center of the galaxy from our analysis.
® Note the definition for the intercept location for CO (2-1) versus Hov in Equation (11).

law fits to the range of “bright” emission defined in Section 3.4,
motivated in Section 2.6, and indicated by the white back-
ground in Figures 5-9. Also note that Figures 6, 8, and 9
illustrate the motivation for excluding the highest intensity
emission: In our current sample, only the starburst ring in

NGC 1365 contributes emission, and this region often exhibits
a distinct behavior from the rest of the data set.

We repeat each analysis for each band and for each galaxy
separately as well as all galaxies together. For the most part,
individual galaxies and the combined data exhibit consistent

12
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Figure 4. Mid-IR, CO, and extinction-corrected Ho maps for IC 5332. As Figure 1 but for IC 5332 at 70 pc resolution. Because the galaxy has a lower surface
brightness than the other targets, the arcsinh stretch here runs from 0.25 to 5 MJy st~ ', All bands are expressed in equivalent F770W intensity, the blue shows an
F770W contour now at a lower 0.5 MJy sr™' and the red shows an Ha contour still at 10 MJy sr™ .

slopes for a given variable pair, within Am £+ 0.2. Among
galaxies, IC 5332 shows the most distinct behavior, likely
due to its lower brightness, mass, and metallicity. We
discuss this more in Section 6.3. Among the mid-IR bands,
F770W, F1000W, and F1130W show very similar results.
F2100W exhibits somewhat distinct behavior from the other
three JWST bands, and we discuss these differences more in
Section 4.4. First we focus on the overall results of the
correlation analysis.

13

4.1. CO (2-1) Correlates Well with Mid-IR Emission

In our analysis, all of the mid-IR bands correlate well with
CO (2-1) at 70-160 pc resolution. Given the conventional view
of the mid-IR as a star formation tracer, we emphasize the
impressive agreement between the CO and mid-IR maps at
high physical resolution as one of our key results. Despite the
comparatively high noise level in the CO, CO and mid-IR
typically exhibit correlation coefficients of p ~ 0.62 and show a
clear correlation across a wide range of mid-IR intensities.
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Figure 5. CO (2-1) intensity as a function of mid-IR intensity at 1”7 resolution. Individual points show individual lines of sight from our matched-resolution database
with all four target galaxies plotted together. The points are colored by the mean extinction-corrected Hav intensity averaging all data within 0.1 dex along each axis.
Black and white points and error bars show the median and 16%—84% range in Ico after binning the data by mid-IR intensity. The red line shows the best-fitting
power-law relation fit to the bins (Table 4) over the white region. Additional dotted lines indicate fixed Ico to mid-IR ratios. The white region shows our definition of
“bright” emission (Section 3.4) while the gray-shaded regions are excluded from most statistical analyses either because we expect significant contamination by
emission associated with non-CO-emitting gas (left region) or because only the starburst ring of NGC 1365 contributes data (right region). Each panel gives the slope
(m) and intercept (b), and Table 4 gives the full numerical results. Figure 6 shows individual galaxy results.

CO(2-1) as a function of mid-IR emission shows an
approximately linear slope, i.e., near m~ 1, with slope
mco_mir in the range mco_mr ~ 0.8—1.3 for most cases,
and all four galaxies are in fairly good agreement with one
another (Figures 5, 6, and 10). Treating all galaxies together,
we find a mildly superlinear slope, mco_mmr~ 1.1-1.2 for
F770W, F1000W, and F1130W and a mildly sublinear slope
for F2100W. In the simplest terms, this slope near
mco_mir ~ | implies that these bands not only correlate with
CO, but that the CO and mid-IR actually track one another with
a nearly fixed constant of proportionality.
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Visually, this agrees with the impression of excellent
agreement when one “blinks” the CO and mid-IR maps (e.g.,
Figures 1 through 4). The structure of the low-intensity,
extended emission in the mid-IR map resembles that seen in the
CO map. Observationally, this reflects that the JWST mid-IR
observations have reached the resolution and sensitivity where
they capture the glow of dust in neutral ISM heated by the
ISRF. Physically, the nearly linear slope could reflect that
variations in the dust-to-gas ratio, radiation field, and PAH
abundance are weak compared to overall column density
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Figure 6. CO (2-1) intensity as a function of mid-IR intensity at 177 resolution, separated by galaxy. As Figure 5 but now showing the binned relation for each
individual galaxy (colored points) along with a power-law fit to the binned data for each galaxy (colored lines). The dark gray-shaded curve indicates the 16%—84%
range for the full data set, and the gray line indicates the same best-fitting power law for all data as shown in Figure 5. Each panel gives the slope (m) of the

relationship, and Table 4 gives the full numerical fit values.

variations, so that over a large part of the region mapped by
PHANGS-JWST, the bright mid-IR simply traces the mole-
cular gas. The slightly superlinear slope in the relation for
F770W, F1000W, and F1130W might indicate that either the
dust-to-gas ratio, the PAH abundance, or the radiation field
have a modest correlation with column density (all of these are
reasonable to expect; e.g., Jenkins 2009; Sandstrom et al. 2010;
Roman-Duval et al. 2017; Chastenet et al. 2019). The slightly
sublinear slope for F2100W may reflect that bright star-forming
regions influence the observed CO versus mid-IR correlation
more heavily for this band. We attempt to disentangle these
regions from the cold ISM in Section 5.

Mid-IR emission should depend on the ISRF. We do
note that CO (2-1) brightness may also track the ISRF, U,
because the ISRF should affect molecular gas heating and the
CO (2-1) brightness will reflect the underlying excitation and
temperature of the molecular gas (e.g., Bolatto et al. 2013;
Gong et al. 2020; Liu et al. 2021). This could enhance the
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correlation that we observe, and these temperature and
excitation effects can render the interpretation of both CO
and mid-IR as a simple gas tracer more challenging.

4.2. Extinction-corrected Ho also Correlates Well, Albeit
Nonlinearly, with Mid-IR Emission

In our analysis, extinction-corrected Ho and mid-IR show an
even stronger correlation than CO and mid-IR emission, with
p~0.75. Though the difference in p can probably be ascribed
to the much better S/N in the Ha compared to the CO
(Section 3.3), the fact remains that Ho and mid-IR correlate
very well in our data. Given that both mid-IR emission and Ha
are widely viewed as tracers of massive, recent star formation,
this correlation is expected, and the power-law fits in Table 4
can be applied to predict the extinction-corrected Ha from the
mid-IR intensity with reasonable accuracy.
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Figure 7. Extinction-corrected Ha intensity as a function of mid-IR intensity at 1”7 resolution. As Figure 5 but now showing the relationship between extinction-
corrected Ha intensity and mid-IR intensity with data points colored as in Figure 5 but now based on CO (2-1) intensity. The gray regions show the range of
intensities excluded from statistical analysis and the red line shows the best-fitting power law describing the binned data for all galaxies. Each panel gives the slope (im)
and intercept (b), and Table 4 gives numerical results. Figure 8 shows results for individual galaxies.

Figure 10 and Table 4 show that Ha as a function of mid-IR
emission exhibits a consistently steeper-than-unity slope. For
F770W, F1000W, and F1130 we find myg, ym~ 1.4 — 1.7
with my,_vr~ 1.5 on average. F2100W also shows a
superlinear slope, but a shallower one, my, mmr~ 1.3 on
average (see Section 4.4 for a discussion of the differences).

These slopes with my, mmr >1 have the sense that
extinction-corrected Ha: becomes brighter relative to mid-IR
at high intensities and such a trend appears consistent between
all four systems (Figure 8). Visually, this agrees with the
impression from Figures 1-4 that there is more extended and
low-intensity mid-IR emission compared to Ha emission. That
is, the peaks of the Ha and mid-IR align well, but the mid-IR
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shows a much more significant “diffuse” or extended
component. The existence of such a component is in good
agreement with previous infrared observations of very nearby
galaxies (e.g., Walterbos & Schwering 1987; Calzetti et al.
2005; Leroy et al. 2012; Li et al. 2013; Groves et al. 2012;
Crocker et al. 2013; Calapa et al. 2014; Boquien et al.
2015, 2016; Kim et al. 2021; Kim 2023; Belfiore et al. 2022b;
and clearly visible in Figures 1 through 4). Because the bright
Ha emission tends to be concentrated in the H I regions, this
extended IR emission is associated with low Ha-to-mid-IR
ratios while the most luminous regions show the highest Ha-to-
mid-IR ratios.
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Figure 8. Extinction-corrected Ha intensity as a function of mid-IR intensity at 1”7 resolution, separated by galaxy. As Figure 7 but now showing the binned relation
between extinction-corrected Hor and mid-IR intensity for each individual galaxy and band (colored points) along with a power-law fit to the binned data for each
galaxy (colored lines). The dark gray-shaded curve represents the 16%—-84% range for the full data set and the gray line indicates the best-fitting power law for all data
seen as a red line in Figure 7. The figure legends list the slope (m) for each fit. See Table 4 for the full numerical fit values.

A number of recent studies using PHANGS-MUSE have
shown that Balmer decrement extinctions show a positive
correlation between Ho intensity and Ha extinction, Ay, (see
Belfiore et al. 2022a; Emsellem et al. 2022; Santoro et al.
2022). The same trend of high extinction associated with high
Ha emission or SFR appears to hold for integrated star-forming
galaxies (e.g., Garn & Best 2010; Ly et al. 2012; Dominguez
et al. 2013). As a result, in this data set, the regions with high
I, that show the lowest mid-IR emission relative to Ha also
show the highest Ha extinction, on average.

This result has the same sense as the trend found by Belfiore
et al. (2022b) at coarser resolution for the whole PHANGS—
MUSE sample, that mid-IR emission becomes brighter relative
to other tracers of star formation at low intensities. They
expressed this as a dependence of the mid-IR-to-SFR
coefficient C (Section 2.4, Equation (5)) on specific SFR or
star formation surface density and found that more intensely
star-forming parts of galaxies required a smaller C (i.e., a more
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negative exponent) than more quiescent regions. Here we see
that this result continues to hold line of sight by line of sight on
scales of 70-160 pc.

Note that this behavior differs somewhat from results
focusing directly on star-forming complexes or actively star-
forming galaxy centers by Calzetti et al. (2007). In their work,
the ratio of mid-IR-to-extinction-corrected Pa increases or
remains approximately constant with increasing star formation
activity (they find the equivalent of mp, pr =~ 1.06 for 8 ym
while mp,_Mr &~ 0.81 for 24 um). Any of the “hybrid” tracers
that linearly use the mid-IR with an obscured term also predict
a ratio of mid-IR to extinction-corrected Ho that increases with
extinction. The difference seems naturally explained by our
inclusion of all mid-IR emission in our analysis, including
emission not directly associated with star-forming regions. In
Section 5, we return to this question, attempting to describe the
full mid-IR emission as a combination of “cirrus” emission
associated with gas and emission tracing star-forming regions.



THE ASTROPHYSICAL JOURNAL LETTERS, 944:1L.9 (37pp), 2023 February 20

Leroy et al.

logo Iy at 10um [MJy sr~!]

—-0.50 —0.25 0.00 0.25

0.50

0.75 1.00 1.25 1.50

_.l |

CO (2-1) vs. Ho
m =0.47, b =0.30

2.75+4

2.25 1

1.75 1

1.25 4

0.75

0.25

log;oIco [K kms s~ ']

-0.25

—-0.75

—1.25

== All galaxies, m =0.47
4| * NGC 0628, m =0.47 4
@® NGC 1365, m =0.39
4| B NGC 7496, m =0.50

A 1C5332, m=0.51

(Co@1)vs. Ha) |

1

log o [erg s~

cm~2sr1]

4 3
logo fe lerg s~ em=2 sr7!]

Figure 9. CO (2-1) intensity as a function of extinction-corrected Ho intensity. The left panel follows Figures 5 and 7 but now plotting CO (2-1) intensity as a
function of extinction-corrected Ho intensity color-coded by 10 pm intensity. The right panel similarly follows Figures 6 and 8, showing results for individual
galaxies. Annotations follow the other figures: shading shows regions excluded from statistical analysis, the thick red (left) and black (right) lines show the best-fitting
power law to the binned data for all galaxies, and colored lines show power-law fits for individual galaxies, with m and b giving the slope and intercept of the fits

respectively.

Thus the explanation for our steep Ha versus mid-IR slope
appears to mix at least two effects: (1) the impact of “cirrus”
emission by dust not immediately associated with the star-
forming regions, which preferentially contributes mid-IR to
low-intensity regions and (2) the destruction of PAHs and small
dust grains (for the F770W, F1000W, and F1130W bands),
which we discuss more in Section 4.4 and likely explains the
difference between the F2100W and the other bands.

The overall nonlinear slope of the relationship between
extinction-corrected Ha and the mid-IR intensity also shows
that at these resolutions, the mid-IR cannot be translated into a
local estimate of star formation activity at high precision by a
single factor. Even if one ignores that much of the Ha emission
arises from nonlocal ionizations, i.e., the DIG, the slope of
~1.3-1.5 relating Ha-to-mid-IR emission still leads to a scatter
of 0.4-0.5 dex, implying an FWHM of a full order of
magnitude in the ratio of Ha-to-mid-IR across our data set. Our
power-law fits or the two-component model in Section 5 offer a
better approach, and we expect to produce even sharper
prescriptions using the full PHANGS-JWST survey.

4.3. The CO versus Mid-IR and Ho versus Mid-IR Correlations
Appear Distinct

To help interpret the CO versus mid-IR and Ha versus mid-
IR correlation, we apply an identical analysis of the correlation
of CO (2-1) and extinction-corrected Ha and show the results
in Figure 9 and Table 4.
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The relationship between CO and Ha is weaker, more
scattered, and less linear than that between mid-IR and either
CO or Ha. Over the whole data set, CO and extinction-
corrected Ha show a rank correlation coefficient p~ 0.47,
weaker than either the correlation between CO and mid-IR
emission or Ha and mid-IR emission. The scatter in the CO-to-
Ha ratio is larger than that in either the CO-to-mid-IR ratio or
Ha-to-mid-IR ratio, and the scatter of CO intensity within
individual He intensity bins is larger than that of CO in bins of
mid-IR emission (compare Figures 5 and 9). Finally, the best-
fitting slope of the CO versus Ha relation is very shallow,
Mco—na ~ 0.5.

The shallow slope, high scatter, and weaker correlation
coefficient all indicate that the global scaling between molecular
gas and star formation activity traced by Ha is beginning to break
down at the 70-160 pc scales of our data. For reference, at 1.5 kpc
resolution and comparing extinction-corrected Ha and molecular
gas estimated from CO in the full PHANGS-MUSE sample, Sun
et al. (2022a) and Sun et al. (2022b) find a slope of m ~ 1.1, scatter
about the best-fit power law of ¢ ~ 0.3 dex, and a rank correlation
coefficient of ~0.88 (see also Pessa et al. 2021, 2022). This agrees
with previous work showing a separation of CO and Ha emission
in this sample at similar scales (Kreckel et al. 2018; Schinnerer
et al. 2019; Chevance et al. 2020; Kim et al. 2022; Pan et al. 2022).
It also agrees with the wider literature demonstrating a spatial
separation between tracers of recent massive star formation and
molecular gas at high resolution (including Kawamura et al. 2009;
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Schruba et al. 2010; Leroy et al. 2013; Corbelli et al. 2017; Grasha
et al. 2018; Kruijssen et al. 2019; Turner et al. 2022).”"

The results that the CO versus mid-IR and Ha versus mid-IR
relationships each appear significantly stronger than the CO
versus Ha relationship and that the CO versus Ha relationship
has begun to break down in our data both support the idea that
our observations can distinguish the impacts of column density
and heating on mid-IR emission. Lending further support to
this view, the residuals about the CO versus mid-IR and Ho
versus mid-IR show clear secondary correlations. In Figures 5
and 7, we color the data points by the mean intensity of the
unplotted variable (i.e., Ha in the CO-IR plot, CO in the Ha—
IR plot). Both figures reveal a secondary dependence on this
unplotted variable. That is, for a given CO intensity, the mid-IR
still appears to correlate with Ha and vice versa.

Taken together, the results of our analysis suggest that we
are observing distinct relationships between CO versus mid-IR
and Ha versus mid-IR. These are probably amplified by the
still-present, if weak, correlation between CO and Ha in our
data. Beyond these first results, analysis of the partial
correlation coefficients or principal component analysis
represent logical ways forward. In this paper we adopt a
simple two-component modeling approach as the next step
(Section 5).

4.4. F2100W Shows Moderately Different Behavior and
Appears to be a More Direct Star Formation Tracer than the
Other Mid-IR Bands

To first order, we find consistent results among all four mid-
IR bands and Appendix A shows that a single scaling relating
the bands represents a reasonable description at modest
intensity and modest resolution. In more detail, Table 4 and
Figures 5 through 10 suggest moderately different behavior for
the F2100W 21 yum band compared to the other three
PHANGS-JWST mid-IR bands. Ha versus F2100W shows a
shallower, nearly linear slope of my,_wmr ~ 1.3 compared to
the other bands, which show my,_mr ~ 1.5. Meanwhile
CO (2-1) versus F2100W also shows a shallower slope,
mco_wmir ~ 0.7, compared to mco_mmr ~ 1.2 for the other
bands. These differences hold within each galaxy, as well as
across the whole data set.

The differences between the Ha versus F2100W and Ha
versus F770W that we observe agree well with the results of
Calzetti et al. (2007) studying 8 um and 24 pym in star-forming
regions in SINGS galaxies. They used extinction-corrected
Paschen o« and found that mp, M =~ 1.06 for 8 yum while
Mpo—wir ~ 0.81 for 24 um.s 2 The difference in slopes between
the 8 pm and 24 pm is almost identical to what we observe here
between the F2100W and F770W. However, the values of the

5! The physics behind this breakdown are not the focus of this paper. We note
that star formation relations for individual clouds have been measured using
young stellar objects as near-instantaneous SFR tracers (Gutermuth et al. 2011;
Pokhrel et al. 2021) and refer the reader to those papers for information on
Galactic scaling relations. In nearby galaxies, the observed relationship
between gas structure at the ~50-150 pc scale has been explored by Leroy
et al. (2017), Hirota et al. (2018), Utomo et al. (2018), Kreckel et al. (2018),
Schruba et al. (2019), and Sun et al. (2022a). The interpretation of the observed
breakdown in correspondence between Ha and CO in terms of region
evolution has been discussed by Kawamura et al. (2009), Schruba et al. (2010),
Corbelli et al. (2017), Kruijssen et al. (2019), Chevance et al. (2020), and Kim
et al. (2022). We refer the interested reader to these papers for more extensive
discussion of the physics behind the breakdown.

52 They quote the slopes for mid-IR as a function of Pa. We quote the inverse
here to be consistent with our axis choice.
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Figure 10. Best-fitting power-law slopes comparing mid-IR, CO (2-1), and
extinction-corrected Ha. Each point shows the slope, m, from Equations (10)
and (11), for one variable pair and data set. Colored points show results from
fitting our full combined data set. Overall, the figure shows consistent results
for individual galaxies and the combined data set, with the lower-mass,
lower-metallicity IC 5332 the most consistent outlier. The CO vs. mid-IR
relation shows slopes fairly close to unity (the black line), corresponding to a
linear relation. Meanwhile, the extinction-corrected Ha shows a consistently
steeper slope vs. mid-IR, indicating high Ha-to-mid-IR ratio in bright star-
forming regions. CO (2-1) vs. extinction-corrected Ho shows a much
shallower slope when treating Ha as the independent variable, consistent
with approaching the scale where the CO-Ha correlation breaks down.
Throughout, F2100W shows a moderately different behavior from the other
three mid-IR bands (Section 4.4). See Table 4 for the corresponding
numerical results and Section 4 for discussion.

slopes themselves differ due to differences in experiment
design and sample, with our analysis yielding significantly
steeper slopes. As discussed above, the difference should be
expected, since Calzetti et al. (2007) focuses on star-forming
regions and galaxy centers, while we plot all lines of sight for
our target galaxies.

The simplest explanation of the differences in slopes
between Ha and the mid-IR for different bands is that
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F2100W appears to trace the extinction-corrected Hea, itself a
tracer of recent star formation and heating, more directly than
the other mid-IR bands trace Ha. This is consistent with the
observation that the emission of the PAH-tracing bands,
F770W and F1130W, relative to the dust continuum,
diminishes in bright H1I regions. This result is the main topic
of Chastenet (2023a), Dale et al. (2023), and Egorov (2023) in
this Issue. Previously, many Spitzer and WISE studies of the
Milky Way and the nearest galaxies observed similar effects,
either as a decline in the 8 ym/24 pm (or WISE 124m/22pm)
ratio in H1I regions or as a visible ringlike morphology for the
PAH-tracing band, suggesting that the brightest emission
surrounds the H II region while the 22 ym or 24 ym emission
peaks in the star-forming region (e.g., Helou et al. 2004; Povich
et al. 2007; Bendo et al. 2008; Gordon et al. 2008; Relafio &
Kennicutt 2009; Anderson et al. 2014; Calapa et al. 2014;
Chastenet et al. 2019).

The differing slopes of the CO versus mid-IR relation for
different bands could arise from the same effect. At high mid-
IR intensities, there will be more contribution from bright star-
forming regions to F2100W than to the PAH-tracing bands.
This might mean relatively lower CO-to-F2100W ratios
compared to, e.g., CO-to-F770W ratios in these bright regions,
and help explain why the PAH-tracing bands tend to show
Mco—MIR ™~ 1.2 while the F2100W shows Mco—MIR ™~ 0.7.

This relative suppression of PAH emission compared to
~24 ym emission in star-forming regions is frequently ascribed
to PAH destruction in ionized gas. Given this explanation, it
may be surprising that F1000W appears better matched to
F770W and F1130W than to F2100W. In theory, the F1000W
band should be primarily continuum rather than PAH-
dominated, with the main feature of note being the silicate
absorption band, which we do not expect to be strong at these
column densities (e.g., Draine & Li 2007; Smith et al. 2007).
The closer coupling of FI000W to the two PAH-dominated
bands rather than F2100W is a somewhat surprising result of
the first PHANGS-JWST science. Apparently, either the
smaller, hotter, more easily destroyed dust grains responsible
for 10 yum compared to 21 ym heating mimic PAHs in their
behavior, or alternatively weaker PAH features or the line
wings of the adjacent strong bands contribute significantly to
the band.

This apparent suppression of PAH emission in bright
regions, combined with significant metallicity trends observed
in the PAH abundance (e.g., Engelbracht et al. 2005; Calzetti
et al. 2007; Gordon et al. 2008; Chastenet et al. 2019; Li 2020),
led to a preference for the continuum-dominated 24 pm
emission over 8 um as a star formation tracer during the
Spitzer era (e.g., Calzetti et al. 2007; Murphy et al. 2011;
Kennicutt & Evans 2012; Catalan-Torrecilla et al. 2015).
Despite this, PAH-dominated bands, including the 8 um
emission and the 12 ym emission from WISE still often
yielded good quantitative correspondence with independent
SFR estimates, especially when used as part of “hybrid” tracers
with Ha or UV (e.g., Calzetti et al. 2007; Kennicutt &
Hao 2009; Jarrett et al. 2013, though see also Calzetti et al.
2005).

Finally, we note that we are finding F2100W to be more
linearly associated with extinction-corrected Ho, not only
associated with Ha. The slopes relating Ho to F2100W and
CO (2-1) to F2100W lie about equidistant from unity, and
F2100W still correlates quite well with CO emission, especially
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at low intensities. The overall local correlation of F2100W with
CO still appears excellent and in Section 5 we will find a
substantial CO-associated component to contribute to the
emission. Similarly, the PAH-tracing bands still correlate
exceptionally well with Ha emission; they simply do so
nonlinearly. Indeed a main conclusion of this paper is that all
four of the bands act simultaneously as tracers of recent star
formation and the neutral ISM.

5. Describing Mid-IR Emission with a Two-component
Model

In Section 4 we observe that both CO and extinction-
corrected Ha correlate with mid-IR emission, that the
correlations appear at least partially independent of one another
with distinct slopes, and that the correlation of each band with
the mid-IR is tighter than the correlation of CO and Ha with
one another. This agrees qualitatively with the expectations in
Sections 1 and 2. Mid-IR emission traces both column density
and heating, and column density, primarily traced by CO in our
data, has a different distribution than heating, here traced
by Ha.

To explore this picture more quantitatively, we construct and
then fit a simple model where the bright mid-IR emission
reflects a linear combination of a scaled CO map and a scaled
extinction-corrected Ho map. That is,

[model

MIR ICOIT

ZCXIco+hX Ha »

12)

with ¢ and h being free parameters to be fit with units® of
Mly sr ! (Kkm s_l)_l and Mly sr ! (erg s tem™? sr_l)_l.

Here we obtain a single best-fit ¢ or & to each data set at our
common 1”7 resolution, so that this exercise amounts to using
the CO and Ha as “templates” and solving for the combination
that best matches the observed mid-IR. Physically, this
approach assumes that mid-IR reflects a linear combination
of (1) dust mixed with molecular gas illuminated by some
uniform, presumably low, radiation field, traced by CO, as in
Equation (6), and (2) dust heated by intense radiation fields,
traced by Ha, as in Equation (7). We focus on this simple
linear combination because our selection of bright emission
(Section 3.4) already restricts our analysis to the regions where
we expect molecular gas to make up most of the ISM. Still, this
simple approach remains highly approximate. Among a host of
other second-order concerns, the association of Ha with dust
heating is questionable, and the model ignores any contribution
from atomic or molecular gas not traced by CO. We discuss
ways to improve the model in Section 5.2.

Given c and &, we also record the fraction of the total flux in
the model associated with each component,

model
MIR

_ 271 X IHa
- model ’
MIR

f=

T (13)

where the sum runs over the whole map.

We select the best ¢ and & for each band and galaxy by
minimizing the mean absolute residual for bright emission in
log space. That is, we find the ¢ and % that minimize the
absolute value of the log ratio between the model and the data,

53 . . .
For comparison, one can also re-express ¢ and % in terms of the ratios
measured in Section 4, Ico/Iyir = ¢ and Ino/Ivir = hl.
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ie., Yllog, 1% /™|, over a plausible range of ¢ and h
shown by the grid in Figure 11. For first results, this simple
approach does a reasonable job of maximizing the match
between all bright pixels and the model.

5.1. Results of Model Fitting

Table 5 reports the best-fit ¢ and & and the fractional
contribution of each component to the best-fitting model for
each target, f. and f;,. Figure 11 shows the mean absolute
residual in log,, i versus log,, ¢ space (i.e., the grid of plausible
coefficients) for the full data set. Then, Figures 12 and 13 show
the resulting model mid-IR intensities as a function of the
observed mid-IR intensities using the best-fitting ¢ and & for
each galaxy.

Table 5 and Figures 11 through 13 show that this simple
procedure does a fairly good job of fitting the data. We find
coefficients that clearly minimize the residuals at ~ +0.2 dex.
Figures 12 and 13 show that the resulting models do a good job
of matching the observations over a wide range of intensities.
The color in Figure 12 indicates the relative contribution of the
Ha-tracing component and CO-tracing component in that bin.
As expected, the Ha-tracing component contributes more
emission at the higher mid-IR intensities, while the CO-tracing
component makes up most of the model at lower mid-IR
intensities.

Figure 11 and Table 5 show that the best-fitting coefficients ¢
and h vary from galaxy to galaxy. Following Section 2, we
expect such variations if the ISRF, U; D/G; and mean
extinction vary across galaxies. All of these quantities do vary
from galaxy to galaxy (e.g., Draine et al. 2007; Aniano et al.
2020), so we suggest to interpret these variations as indicative
of real changes in the emissivity and amount of dust in these
galaxies. Supporting this view, in Figure 11 and Table 5 all
galaxies show similar relative ¢ and 4 in all four bands. This
would be expected if the drivers of the variations are local
conditions in the galaxy. For instance, variations in U or D/G
should affect ¢ similarly for all four bands.

The main defect in the model, visible in Figures 12 and 13, is
that it overpredicts F770W, F1000W, and F1130W emission at
high intensity. Figure 13 shows that the overprediction appears
present for all galaxies, and Figure 12 shows that it coincides
with regions where the Ha-tracing component makes up most
of the model. This feature reflects the same relative PAH
emission drop in bright H II regions seen by Chastenet (2023a)
and Egorov (2023) and discussed in Section 4.2 and
Section 4.4. The F2100W model, on the other hand, appears
quite linear across the full intensity range.

Table 5 also reports the flux associated with each component
in the model fit. In almost all cases, f. = f,, meaning that the
model fit assigns about equal flux to the CO component and the
Ha component. Taken at face value, this implies that about half
of the mid-IR flux from our targets arises directly from star-
forming regions traced by Ha, while about half of the flux can
be attributed to emission from dust that is mixed with
molecular gas and heated by the ISRF.

Extended “diffuse” or “cirrus” mid-IR emission not directly
associated with local, recent star formation has been a
longstanding topic of interest. Various studies have attempted
to remove or model the effects of such emission using local
background subtractions (e.g., Calzetti et al. 2005), physical
dust models (e.g., Leroy et al. 2012), Fourier filtering (e.g.,
Kim et al. 2021; Kim 2023), multiwavelength comparisons
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(Crocker et al. 2013; Calapa et al. 2014; Whitcomb et al. 2022),
or scale- (Li et al. 2013; Calzetti 2013; Boquien et al. 2015) or
environment-dependent SFR calibrations (Boquien et al. 2016;
Belfiore et al. 2022b).

Our experiment uses a physically motivated, template-based
approach that leverages JWST’s high resolution to estimate that
in our target regions, ~40%-60% of the mid-IR flux at
7.7-21 pm lies in a component that resembles the CO emission.
This broadly agrees with the magnitude of previous estimates
of the fraction of “diffuse” mid-IR emission™® (e.g., Leroy
et al. 2012; Crocker et al. 2013; Kim et al. 2021; Kim 2023)
and of the scale- or environment-dependent changes in the
prefactor C (Equation (5)) to estimate the SFR (e.g., Boquien
et al. 2015; Belfiore et al. 2022b). In addition to prototyping a
new approach that yields an independent estimate, our data
provide evidence that the “diffuse” mid-IR emission in the star-
forming parts of galaxies has a distribution like that of the
molecular gas. This could be expected theoretically, because
dust mixed with molecular gas will dominate the overall dust
budget in these molecule-rich inner parts of galaxies (see Leroy
et al. 2012). Here we demonstrate using observations that a
large fraction of the dust emission, including 40%—60% of the
21 pm emission often used to trace star formation, appears to
resemble the CO.

Conversely, the strong, nearly linear correlation between
mid-IR and CO emission at a coarser resolution has led to
suggestions that mid-IR can trace molecular gas (e.g., Gao
et al. 2019; Chown et al. 2021; Leroy et al. 2021; Leroy 2023;
Zhang & Ho 2022). Our analysis supports such a potential use
even at a quite high physical resolution. However, the
modeling exercise here suggests that at high resolution,
emission more directly associated with recent star formation
will contribute ~50% of the mid-IR flux. Because the
distributions of recent star formation and neutral gas at these
scales no longer perfectly match, this emission will represent an
important contaminant that may need to be accounted for or
masked out in quantitative gas estimates.

5.2. Logical Next Steps to Model the Mid-IR

Our fits offer a good first-order description of the bright mid-
IR, but several directions for refinement are also immediately
obvious. First, to model the bright F770W, F1000W, and
F1130W emission, the Ha component should include some
nonlinearity to reflect decreased PAH or small-grain emission
in the bright HII regions (see references and discussion in
Section 4.4).

At the faint-intensity end, a general form of the model must
account for mid-IR emission associated with phases of the ISM
other than molecular gas, including diffuse atomic gas or CO-
dark molecular gas (see Sandstrom 2023b). Though only
IC 5332 has significant flux associated with such regions in our
current sample, atomic-gas-dominated regions cover most of
the area in most galaxy disks. A fixed offset in the model may
be a reasonable first approximation given the rough constancy
of the atomic gas layer in inner galaxy disks. Alternatively, this

4 Note when comparing to previous diffuse fraction estimates that CO and Ho
do still overlap to some degree in our data (Section 4.3) and that our approach
will “split” the emission from such a region, assigning some to the CO and
some to the Ha component. Many previous morphological approaches will
assign all emission near a star-forming region to the ‘“compact” or star
formation-tracing component. Our approach might therefore be expected to
yield moderately higher cirrus estimates.
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observed bright mid-IR emission with a linear combination of scaled CO and scaled Ho emission (Equation (12); Section 5). The contours and color image show
goodness of fit using all data as a function of possible log;,c and log,, . All four bands yield a clear minimum, shown by the circle, at physically plausible values
(Section 6), which imply roughly equal flux associated with the CO-tracking and Ha-tracking components. We run a similar minimization for each target galaxy
independently, and the figure shows the resulting best-fitting coefficients for each galaxy. The variations from galaxy to galaxy appear similar from band to band, and
we expect these reflect real physical variations, e.g., in the ISRF, dust-to-gas ratio, and level of extinction, among our targets. Table 5 gives fits for all bands and

targets. Figures 12 and 13 show the model vs. observation for these fits.

approach could be used to isolate non-CO-emitting gas if all
the other components were well understood.

We also note that our analysis treats the DIG and H II regions
together, positing that both types of emission may track dust
reprocessing UV light from recent star formation. This may be
reasonable to first order given that the DIG in our targets shows
a morphology consistent with being created by light leaking
from star-forming regions (Belfiore et al. 2022a). In the future,
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distinguishing the two components when comparing to the
mid-IR should yield more insight into how UV light from
young stars is reprocessed into dust emission.

Finally, we expect that working at even higher resolution
will improve the physical insight gained from the modeling.
For these first results, we used a fixed 1”7, and our physical
resolution for NGC 1365 and NGC 7496 remains fairly coarse
at ~150 pc. At this resolution, there remains significant overlap
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Table 5
Template-fitting Results
Predicted Band Quantity All Data IC 5332 NGC 0628 NGC 1365 NGC 7496
F770W Mean [log;, | 0.204 0.224 0.180 0.221 0.196
F770W c 0.468 0.417 0.525 0.288 0.776
F770W h/10° 1.318 0.741 1.202 1.862 0.871
F770W fe 0.50 0.46 0.51 0.40 0.62
F770W fn 0.50 0.54 0.49 0.60 0.38
F1000W Mean [log;, ";Z‘::ll 0.223 0.245 0.199 0.239 0.213
F1000W c 0.214 0.162 0.234 0.141 0.339
F1000W h/10° 0.447 0.316 0.389 0.692 0.316
F1000W fe 0.58 0.45 0.59 0.47 0.67
F1000W fn 0.42 0.55 0.41 0.53 0.33
F1130W Mean |log,,, ":j‘;‘::ll 0.218 0.230 0.190 0.240 0.213
F1130W c 0.724 0.589 0.794 0.490 1.202
F1130W h/10° 1.660 0912 1.445 2.570 0.977
F1130W fe 0.56 0.50 0.56 0.46 0.70
F1130W Jn 0.44 0.50 0.44 0.54 0.30
F2100W Mean |log;, ";Z‘::ll 0.203 0.230 0.166 0.239 0.211
F2100W c 0.269 0.263 0.282 0.178 0.479
F2100W h/10° 0.676 0.479 0.603 0.977 0.550
F2100W fe 0.55 0.43 0.55 0.49 0.61
F2100W I 0.45 0.57 0.45 0.51 0.39

Notes. Best-fit model coefficients, ¢ and £, to match the observed mid-IR intensity using a linear combination of scaled CO and Ha (Section 5, Equations (12)). c is

the coefficient to scale CO and has units of MlJy st (Kkms™ )7 & is the coefficient to scale extinction-corrected Hor and has units of My sr™

1

(ergs ' em 2 sr™")~!. Following Equation (13), f. and f; report the fraction of the total model flux associated with the CO-tracing component and Ho-tracing

component.

between CO and Ha emission (e.g., see Schinnerer et al. 2019;
Kim et al. 2022; Pan et al. 2022), while at higher resolution we
expect to be able to distinguish the two components even more
sharply. With the full combined PHANGS-JWST, MUSE, and
ALMA sample, we will include a larger sample of nearby
galaxies and include galaxies with higher -resolution ALMA
maps. As a result, we expect to conduct a more extensive
analysis at even higher physical resolutions, 50-100 pc, as the
survey proceeds.

6. CO-to-Mid-IR and Ha to Mid-IR Ratios

We have so far focused on correlations and power-law
slopes, but the CO-to-mid-IR and Ha-to-mid-IR ratios also
carry physical meaning. Figure 14 visualizes the median ratios
that we measure from our data, with associated scatter
(Table 4). We also plot our template-fit coefficients
(Table 5), which have separately assigned flux to the CO-
tracing or Ha-tracing component.

6.1. CO-to-Mid-IR Ratios

We measure typical CO-to-mid-IR ratios (blue points,
Figure 14) of Ico/Ivir ~0.8-2.7 Kkms ™' (MJy st~ ")™". This
agrees broadly with the “rule of thumb” observed for large
parts of galaxies that a CO intensity of 1 Kkms™" corresponds
to about 1 MJy sr™" in the mid-IR (see also Leroy 2023). After
accounting for the mean band ratios in Table 1, the typical
values expressed in units of 7.7 pm intensity, Ico /Imir R5 7 ~
0.8-1.3 Kkms ' MJysr )L

The template-fit coefficients (green points) imply higher CO-
to-mid-IR when we isolate the CO-tracing component. Here the
ratios span c'~14-47 Kkms™! My st _1, i.e., about
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twice the overall ratio, reflecting that only half the mid-IR flux
in the model fit has been assigned to the CO-tracing
component. When placed on a common 7.7 ym intensity scale
yield, the template fits yield ¢ '"R5,~ 1.3-2.7 Kkms '
MJysrH"

For comparison, Equation (6) suggests that for molecular gas
heated by a solar neighborhood radiation field (U=1) and a
typical dust-to-gas ratio:

deo 57K Kms ! MJy st
MIR

-1
| rx [Qcoro |( R \(D/G\( gean \( U
T\ QMW 0.65 )\ 0.01 )\ 0.046 )\ U ’
€O 1-0 : : : 0

(14)

with a prefactor about five times higher than our measured ratio
and ~2.5 times higher than our typical template-fit coefficient.

For the template-fit coefficients, the ISRF factor, U, almost
certainly explains most of the difference from the fiducial
expectation. Studying the whole disk of a local sample of star-
forming galaxies, Aniano et al. (2020) find a typical mean ISRF in
the range U/Ujy ~ 2 — 3. For the one target where we overlap their
study, NGC 0628, they find both the diffuse and mean ISRF to be
U/Uy~2. Given that PHANGS-JWST targets the inner part of
star-forming galaxies and the ISRF tracks star formation activity
and stellar density, it seems very likely that in more diffuse regions
U/UyzZ?2 and plausibly higher. Given this, our reference
comparison line in Figure 14 shows U/U, = 2.5 and this appears
to be both physically reasonable and represent a good description
of the best-fitting coefficients.
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Figure 12. Mid-IR intensity predicted from a linear combination of CO and extinction-corrected Ha as a function of observed mid-IR intensity. As Figures 5 and 7 but
now showing our model constructed from a linear combination of scaled /- and Iy, (Equation (12), Section 5) as a function of the observed mid-IR intensity. We use
the best-fitting coefficients for each individual galaxy (Table 5 and the points in Figure 11) and color the data by the mean fractional contribution of the Ha component
in that bin. That is, in yellow bins, the model assigns more flux to the Ha-tracing component while in dark green regions, the CO-tracing component contributes most
of the flux. The red lines show equality. The shaded regions show the limits of our definition of “bright” emission, which represents the extent of the data fit. See

Figure 13 for individual galaxy fits.

Logically, the difference between our higher ¢ ' and the

lower measured median ratios should stem from the inclusion
of regions of recent star formation and intense heating in the
median ratio. The template fit will assign much of the flux
associated with these regions to the Ha-tracing component, but
they are included in the overall ratio.

6.2. Ho -to-Mid-IR Ratios

We measure extinction-corrected Ha-to-mid-IR ratios of
log,, Ho/Iyir ~ —5.7 to —5.2 (red points, Figure 14) in units
of ergem *s 'sr ' (MJysr")~'. If we adjust these for the
band ratios in Table 1 all bands yield a fairly consistent median
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log,oHa/Iyir R57~ —5.6to —5.4. As with the CO case, the
template-fit coefficients yield higher values, log,, /™! RY, ~
—5.2 to —4.9, with log,h~' R¥; ~ —5.0 on average. This
reflects that these template-fitting values do not include
emission associated with the CO-tracing component.
Following Equations (5) and (7) the normalization of the
Ha-to-mid-IR ratio can be expressed in terms of the coefficient
Cy4 to translate mid-IR to SFR, with log,,Ho/lyir ~ —5.2
expected at 7.7 um for a standard log;, Cos ~ —42.7 often
used for whole galaxies or large parts of galaxies (e.g., see
Kennicutt & Evans 2012; Belfiore et al. 2022b). The line that
goes through the purple points in Figure 14 shows a value two
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Figure 13. Mid-IR intensity predicted from a linear combination of CO and extinction-corrected Ha as a function of observed mid-IR intensity, separated by galaxy.
As Figures 6, 8, and 9 but now showing the mid-IR intensity predicted by our model (Equation (12), Section 5) as a function of observed mid-IR intensity for
individual galaxies. As in those figures, the dark gray region shows results for all galaxies combined with the extent showing the 16th to 84th range. The individual
symbols show median results for individual galaxies and the line indicates one-to-one agreement. Overall, the agreement between prediction and observation appears
excellent for all four galaxies, with the models failure to account for suppression of PAH emission in H II regions leading to mild overpredictions at high F770W,

F1000W, and F1130W intensities.

times lower than this, log,Cos ~ —43.0, implying that two
times higher SFR-to-mid-IR ratio describes the template-fit
values of 7 compared to whole galaxies or large regions. This
result agrees qualitatively with the results of Belfiore et al.
(2022b) for the brightest regions and for the overall literature,
which finds lower C,4 when focusing on the most intense star-
forming regions rather than whole galaxies (e.g., Kennicutt &
Evans 2012; Calzetti 2013).

Our median ratios correspond to somewhat lower SFR-to-
mid-IR ratios, or higher C,4, than this typical value. This
partially reflects our methodology. We plot median ratios, but
the Ha-to-mid-IR relation (Section 4.2) is superlinear with
much of the flux in a set of bright regions. Our approach down-
weights these bright regions and emphasizes the lower intensity
regions, which tend to be dominated by emission associated
with molecular gas (see Figure 12). More generally the lower
overall ratio reflects the fact that averaging over whole
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galaxies, emission from dust associated with molecular gas
and other “diffuse” emission will be averaged in with emission
directly from star-forming regions. This tends to be calibrated
out by SFR conversion recipes at low resolution yielding the
sort of higher C,4 and lower SFR-to-mid-IR ratios that we
observe here.

6.3. The Impact of Metallicity Based on Differences between IC
5332 and the Other Targets

IC 5332 has lower stellar mass and only 0.6 times the
metallicity of our other three targets (Table 2). Consistent with
the general trends for lower stellar mass galaxies to have lower
star formation activity and a lower molecular to atomic gas
fraction (e.g., Saintonge & Catinella 2022), the galaxy shows
overall lower surface brightness in the mid-IR and in CO than
the other three targets. We expect the dust-to-gas ratio, D/G, to
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Figure 14. Summary CO-to-mid-IR and extinction-corrected Ha-to-mid-IR median ratios and template-matching coefficients. Each point in the left panel shows a
CO (2-1) to mid-IR ratio, and each point in the right panel shows an extinction-corrected Ha-to-mid-IR ratio. To allow easy comparisons between bands, all ratios
have been scaled to an F770W intensity scale using the coefficients in Table 1. The blue and red points with error bars show the median ratios and scatter from
Table 4. The green and purple points show results from the model-fitting analysis in Table 5. Gray points show results for individual galaxies. The solid black lines
show conversions based on the equations in Section 2 that describe the template-fitting coefficients reasonably well. For the CO, this is emission from a Draine & Li
(2007) model with D/G = 0.01 and an ISRF U/U, = 2.5. For the Ha, this is an SFR conversion with normalization C,4 = 10~**°. The ratios show consistently lower
ratios than the templates, reflecting that both heating and column density terms contribute to the overall distribution.

correlate linearly with metallicity to first order (e.g., see
Galliano et al. 2018). Therefore we expect D/G to also be ~0.6
times lower in IC 5332 than the other three targets.

Likely reflecting this lower dust abundance, Table 4 and
Figure 8 do show that IC 5332 exhibits a moderately higher
Ha-to-mid-IR ratio than the other galaxies, as one would
expect if the lower dust content leads to lower overall UV
extinction and less IR emission. On the other hand, the CO-to-
mid-IR ratio in IC 5332 closely resembles that in the other three
galaxies, especially for F770W, F1000W, and F1130W. We
note that this is effectively a stacking result because IC 5332 is
only weakly detected in PHANGS—-ALMA. Figure 6 shows
that if we stack our “flat” CO cubes (Section 3.1) as a function
of mid-IR intensity, we observe a linear relationship with a
similar normalization to the other three galaxies. This result
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qualitatively resembles the observation of a good correlation
between PAH and CO emission in the Magellanic Clouds (e.g.,
Sandstrom et al. 2010; Chastenet et al. 2019).

This might appear surprising given IC 5332’s expected
lower D/G compared to the other targets. In theory, a lower D/
G should yield a lower IR emission per gas column
(Equation (4)). The quantitative agreement between IC 5332
and the other galaxies may emerge because the CO-to-H,
conversion factor aco (Equation (2)) also depends on
metallicity (e.g., Glover & Low 2011; Leroy et al. 2011a;
Bolatto et al. 2013; Hu et al. 2021). The sense of that
relationship is that the CO emission per unit H, drops at low
metallicity. Our results suggest that the drop in D/G may
cancel with a rise in aco in IC 5332 to produce a CO versus
mid-IR correlation similar to that found in higher-metallicity
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galaxies. With proper calibration this might offer a mid-IR-
based approach to explore aco variations, something explored
by Gratier et al. (2010) using Local Group Spitzer data.
However, we note that such low surface densities, dust mixed
with HI, or an extended CO-dark phase may also play a role
(see Sandstrom 2023b for more discussion and quantitative
exploration).

7. Applying Our Results

Finally, we briefly discuss how our results can be applied to
use high-resolution mid-IR data to trace the gas distribution or
recent massive star formation. Here, especially, we caution that
these are first results from PHANGS-JWST and that we expect
to substantially refine and improve this work over the course of
the full survey.

7.1. Predicting CO Intensity or Gas Column Density from the
Mid-IR

One main result from our analysis is that the mid-IR traces
the molecular gas surprisingly well. This implies that one can
use the mid-IR to trace gas column density, analogous to the
way that longer-wavelength dust emission has long been used
to trace the ISM in galaxies at low and high redshift
(Israel 1997; Leroy et al. 2011a; Eales et al. 2012; Sandstrom
et al. 2013; Scoville et al. 2014; Shi et al. 2014; Groves et al.
2015; Tacconi et al. 2020).

Using JWST mid-IR observations to trace the ISM
represents an exciting prospect because these observations are
sensitive, high resolution, and relatively phase-agnostic. As
pointed out in Section 3.3 and Table 3, if we simply adopt our
median CO-to-mid-IR ratio, then at matched resolution, our
relatively short integration time JWST observations have
significantly better mass sensitivity, g~ 0.2 M pc? at
F770W, F1130W, or F2100W, than our (also relatively short
integration time) ALMA observations, og,~ 6.7 Mg pc 2.
Second, JWST naturally achieves very high angular resolution.
As an interferometer, ALMA often requires large time
investments to achieve surface brightness sensitivity at high
angular resolution. Mapping a single galaxy in the relatively
bright CO lines at resolution matched to JWST at 11.3 ym,
7.7 pm, or even the 3.3 um PAH feature (see Sandstrom 2023a)
comes with prohibitive cost. Third, none of our expectations
(Section 2) specifically require that mid-IR emission arise from
dust mixed with molecular gas. We have simply focused our
own comparison on CO because we have an independent tracer
of that phase of the ISM. As pointed out and explored by
Sandstrom (2023b) in this Issue, the dust traced by the mid-IR
should have a broader phase sensitivity than just CO-emitting
molecular gas, including both CO-dark gas and atomic gas.

Practically, what should one do to predict the gas distribution
from the mid-IR? Before giving recommendations, we first
emphasize again that these are early days for these kinds of
observations, and we expect our approach to evolve. That said,
to first order, one can adopt a purely empirical approach to
estimate the gas column density. One can use either our
measured median ratios or our power-law fits (both in Table 4)
to predict /oo from mid-IR emission (the median ratios may be
slightly less accurate, but are also less scale dependent). Then
one can convert to Mg, = Yo from Equation (2), leveraging
the fact that our data selection was designed to pick regions
where most of the gas is likely to be molecular so that we can
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treat the result as a general relation between the total gas
column density and the mid-IR.

We state the result in this way because we expect that the
mid-IR traces the total neutral gas column. Dust is mixed with
all gas, not only with molecular gas (e.g., see Bohlin et al.
1978; Sandstrom et al. 2013; Galliano et al. 2018), and we
assume that to first order that the combination of the dust-to-gas
ratio, PAH abundance, and ISRF strength remains about fixed
for the gas outside star-forming regions. The ambient ISRF is
indeed observed to vary smoothly based on resolved SED
modeling of nearby galaxies (Aniano et al. 2012, 2020; Draine
et al. 2014), though note that it does vary, showing, e.g., radial
variations that track the overall stellar density. The PAH
abundance outside star-forming regions also appears to vary
relatively smoothly (e.g., Chastenet et al. 2019;
Chastenet 2023a, the latter in this Issue), though again showing
large scale variations. And the dust-to-gas ratio also shows
coherent, slowly varying behavior across galaxies, tracking the
metallicity well (e.g., Sandstrom et al. 2013; Draine et al. 2014;
Chiang et al. 2018; Galliano et al. 2018). We note an important
caveat here, that there is good evidence for a density or phase
dependence of the dust-to-gas ratio (e.g., Jenkins 2009;
Roman-Duval et al. 2014; Chiang et al. 2018). This has the
sense that gas with very low densities could have lower dust-to-
gas ratios, but the variations are relatively modest in magnitude
and the dust-to-gas ratio in the dense, cold atomic phase is
likely to more closely resemble that in molecular gas (see
Jenkins 2009; Draine 2011). We leave a detailed treatment of
this effect, along with a deeper investigation of the phase
dependence of the ISRF or gpay, for future work, noting that
even with an associated uncertainty of ~50%, the mid-IR still
represents a powerful new ISM tracer.

In this approach, bright star-forming regions will represent
an important contaminant. One can mask them imprecisely by
clipping on mid-IR brightness, e.g., using the approximate mid-
IR cuts noted in Section 2.6 based on Belfiore et al. (2022a).
Better, one can use a Ho map and the results of this paper to
estimate where local star-forming regions make an important
contribution to the mid-IR (i.e., scale the Ha, perhaps after
decomposition into HII regions, using our results and compare
to the local mid-IR to gauge where local contamination rises
above some user-specified tolerance). The downside of
masking the star-forming regions is that one will then miss
molecular gas associated directly with these regions. To
address this, one could conduct a version of our template-
fitting exercise and attempt to subtract the Ha-tracing
component. With a broader set of JWST targets, it should also
be possible to identify general prescriptions to subtract the Hov.
Though subtracting bright emission or otherwise modeling the
local radiation field to infer the local column density is the most
appealing route forward, it remains to be seen if this approach
can deliver accurate estimates of gas even in the presence of
bright star-forming regions.

Physically, as outlined in Section 2.5 and Equations (4), the
mapping between mid-IR emission and gas surface density
depends on the dust-to-gas ratio and the ISRF, as well as the
PAH abundance, and in the short term, we can hope to take a
more physical and less empirical approach to this topic by
directly estimating all of these quantities. The PHANGS data
sets contain information on the resolved recent star formation,
older stellar content, star formation history, and metallicity of
our targets. The JWST data themselves constrain variations in
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the PAH abundance via the band ratios. In the near future, the
combined PHANGS data sets should allow us to make
predictions for how the ISRF, D/G, and gpay vary across
each of our targets, and use these to calibrate local conversions
from mid-IR to column density. In parallel, we expect our
ability to identify and subtract emission from bright star-
forming regions to improve, and both of these avenues should
lead to higher-quality estimates of the gas column density.

7.2. Predicting Extinction-corrected Ho from the Mid-IR

The classical application of mid-IR emission is to trace star
formation. Extinction-corrected Ha does correlate very well
with mid-IR emission in our data. There remains a great deal of
work to do on this topic with these data. Here we note that from
this work, the power-law fits relating extinction-corrected Hor-
to-mid-IR emission (Table 4) represent our most straightfor-
wardly useful result. They capture the nonlinearity in the
overall Ho versus mid-IR relations well, and the results for the
three massive disk galaxies agree very well (though we clearly
also expect metallicity effects; see Section 6.3). The fits have
been derived for mid-IR intensities of ~0.5-30 MJy sr ' and
physical scales of 50-150 pc, and we expect them to perform
best in this range. After estimating the extinction-corrected Hay,
one can apply Equation (3) to estimate the SFR but should
recall that our analysis used the entire Hoa map and not
explicitly separated the DIG and H I regions (see Belfiore et al.

2022a; Groves et al. 2023).

8. Summary and Discussion

With the goal of diagnosing the physical origins of mid-IR
emission and exploring its use as a tracer of both the ISM and
recent star formation, we present first results from a direct
comparison of mid-IR emission from PHANGS-JWST (Lee
et al. 2023), extinction-corrected Ho emission from PHANGS—
MUSE (Emsellem et al. 2022), and CO (2-1) emission from
PHANGS-ALMA (Leroy et al. 2021). The extinction-
corrected Ha traces recombinations that follow from ioniza-
tions by photons produced overwhelmingly by young, massive
stars. The CO (2-1) emission traces molecular gas, which
makes up most of the ISM by mass in most of the regions
targeted by PHANGS-JWST. Mid-IR emission from small
grains stochastically heated by single photons should relate
closely to both Ha and CO emission because it is expected to
depend on both the distribution of dust, which tends to be well
mixed with gas, and on the heating of the grains by UV light
from stars (Section 2).

To test these expectations, we construct a matched-resolution
database that spans the overlap of the PHANGS-JWST, VLT/
MUSE, and ALMA data sets in the first four PHANGS-JWST
target galaxies (Table 2). We record the 7.7 um (F770W),
10 pm (F1000W), 11.3 pm (F1130W), 21 pm (F2100W),
CO (2-1), and extinction-corrected Hev intensity at each point
at 177 =70-160 pc resolution (Section 3.2). Using this
database, we conduct a statistical analysis of the relationship
between mid-IR, CO, and Ha. We focus this analysis on
regions of “bright” mid-IR emission, which we define via an
F770W intensity cut at 0.5 MJysr—', a level chosen to select
regions where we expect the mid-IR to reflect either mostly
emission from dust mixed with molecular gas or H1I regions
(Sections 2.6, 3.4). Such regions account for >95% of the flux
and ~60% of the area across our whole data set (Table 4). For
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most analyses, we also exclude the starburst ring in NGC 1365
because it appears to represent a physically distinct regime. Our
results can thus be thought of as primarily describing the
molecular gas-dominated, actively star-forming parts of normal
galaxy disks.

We measure correlation strengths, calculate ratios, and fit
power-law relationships among mid-IR, CO, and Ha emission.
Table 4 reports these results in detail. Our findings include the
following:

1. CO(2-1) emission observed by ALMA and mid-IR
emission observed by JWST show a strong correlation
for all mid-IR bands (Section 4.1, Table 4, and Figures 5
and 6). Despite the relatively high noise in the CO data,
we find high rank correlation coefficients and a clear
correlation that spans more than an order of magnitude in
mid-IR intensity (Figures 5, 9; Table 4). This quantitative
result matches the visual impression that the extended
emission in the mid-IR maps looks like the ALMA CO
maps (Figures 1 through 4). The best-fit power-law
relationships have slopes, mco_wmr in the range of
~0.7-1.3 (Table 4, Figures 6, 10). The shallower slopes
are associated with the continuum-dominated F2100W
band and the steeper slopes associated with the PAH-
tracing bands, which may be suppressed within active
star-forming regions (see Section 4.4). For a given band,
the average relationship between CO and mid-IR appears
quite similar among all four targets (Figure 9).

Strong correlations between mid-IR emission and CO have
been observed at coarser resolution, often in the context of
analyses focused on studying star formation scaling relations
(e.g., Regan et al. 2006; Kennicutt et al. 2007; Bigiel et al.
2008; Schruba et al. 2011; Leroy et al. 2013; Leroy 2023), and
the coincidence of the brightest CO and mid-IR peaks is a key
result of Kim et al. (2021), Kim (2023) and Hassani et al.
(2023). Whitcomb et al. (2022) also recently demonstrated that
in mid-IR spectroscopy of SINGS HII regions, a broad set of
continuum and mid-IR spectral features related to dust correlate
well with CO. The strength of these observed low-resolution
scaling relations has even led to proposals that galaxy-
integrated or low-resolution mid-IR emission can be used as
an empirically calibrated molecular gas tracer (Gao et al.
2019, 2022; Chown et al. 2021; Leroy et al. 2021; Leroy 2023).
Almost all of these studies have either worked at relatively
coarse scales or focused selectively on bright emission peaks or
star-forming regions. Here we demonstrate that a strong
relationship between CO and mid-IR emission holds across
the full area of the first four PHANGS-JWST targets even at
relatively high 70-160 pc resolution.

Mid-IR emission is often utilized as a tracer of recent star
formation (e.g., Calzetti et al. 2005, 2007; Kennicutt &
Evans 2012), not molecular gas. We also compare the
PHANGS-JWST mid-IR maps to VLT/MUSE maps of Ha
emission corrected for extinction via the Balmer decrement and
find that:

2. Extinction-corrected Ho emission observed by VLT/
MUSE also shows a very strong but steeper-than-linear
correlation with all mid-IR bands observed by PHANGS—
JWST (Section 4.2, Table 4, Figures 7 and 8). At our
70-160 pc resolution the rank correlation coefficient
relating Ha-to-mid-IR emission is >0.75 for all four
PHANGS-JWST mid-IR bands (Table 4). The slope of
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the power-law fits relating extinction-corrected Ha-to-
mid-IR tend to be steeper and further from linear
compared to those that we found for CO,
Mya—MR =~ 1.5 on average (Table 4, Figures 7, 8, and
10). Put another way, the ratio of extinction-corrected
Ha-to-mid-IR emission becomes higher in regions with
more recent massive star formation. Other work on
PHANGS-MUSE has shown that the extinction affecting
Ha, Ap,, correlates with the Ha intensity (Emsellem
et al. 2022; Belfiore et al. 2022a, 2022b; Groves
et al. 2023). Taking these results together, the brightest
regions have both high extinction and relatively fainter
mid-IR emission compared to extinction-corrected Ho.

Over the last few decades, the mid-IR has become a standard
SFR tracer (e.g., Kennicutt & Evans 2012; Calzetti 2013). Our
observations of a very strong correlation between mid-IR and
extinction-corrected Ha supports this, echoing results obtained
by Belfiore et al. (2022b) at coarser resolution using the whole
PHANGS-MUSE survey and in good agreement with the
good, quantitative correspondence between the Ha and
F2100W peaks seen in this Issue by Hassani et al. (2023).
However, while the Ho and mid-IR correlate well, the mid-IR
also shows a much more significant “diffuse” or extended
component, which drives the steep Ha versus IR slope. The
existence of such a component has been noted many times (see
Walterbos & Schwering 1987; Calzetti et al. 2005; Leroy et al.
2012; Li et al. 2013; Groves et al. 2012; Crocker et al. 2013;
Calapa et al. 2014; Boquien et al. 2015, 2016; Kim et al. 2021;
Kim 2023; Belfiore et al. 2022b) and is clearly visible in
Figures 1 through 4. Because the bright Ha emission tends to
be concentrated in the H IT regions, this extended IR emission is
associated with low Ha-to-mid-IR ratios while the most
luminous regions show the highest Ha-to-mid-IR ratios.

Partially as a result of this extended component, establishing
a general quantitative conversion of mid-IR emission into an
SFR estimate as a function of scale and environment remains
an important and complex topic (e.g., Murphy et al. 2011;
Leroy et al. 2012; Crocker et al. 2013; Calapa et al. 2014;
Boquien et al. 2014, 2015, 2016; Catalan-Torrecilla et al. 2015;
Belfiore et al. 2022b), one that appears likely to see even more
attention with JWST operational. Qualitatively, our results
suggest that the finding by Belfiore et al. (2022b) that the
calibration of mid-IR-based SFR tracers depends on the local
specific star formation and star formation surface density holds
down to the scale of individual regions, reflecting a spatially
varying contribution of extended “cirrus” emission. Quantita-
tively, the fits that we provide in Table 4 offer a way to predict
the extinction-corrected Ha from the mid-IR at our
1”77 =60-170 pc resolution, though we expect these results
to be superseded by work with the full PHANGS-JWST
survey.

Of course, due to the basic link between molecular gas, dust,
and star formation, all of these quantities will scale together at
coarse resolution. JWST’s critical new capability is its
resolution. When applied to nearby galaxies, this resolution
allows us to break targets apart into individual regions. A series
of observational studies over the last 15 years have shown that
at sufficient resolution, the distributions of clusters, clouds, and
HTI regions spatially separate, and the ratios of gas and star
formation tracers show wide variations, consistent with finding
regions in distinct evolutionary states (Kawamura et al. 2009;
Schruba et al. 2010; Leroy et al. 2013; Corbelli et al. 2017;
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Grasha et al. 2018; Kreckel et al. 2018; Schinnerer et al. 2019;
Kruijssen et al. 2019; Chevance et al. 2020; Kim et al. 2021;
Pan et al. 2022; Turner et al. 2022). PHANGS-ALMA and
PHANGS-MUSE reach this resolution in our data and:

3. We observe a weaker, shallower correlation between CO
and extinction-corrected Ha than we find relating either
CO versus mid-IR emission or Ha versus mid-IR
emission (Section 4.3, Table 4, Figures 9, 10). Rather
than a single relationship reflecting an underlying star
formation scaling relation, at these scales the data suggest
that separate relationships link CO-to-mid-IR and Ha-to-
mid-IR. The large scatter, shallow slope in CO versus Ha
when binning by He, and comparatively weak correlation
coefficient relating the two bands all indicate that our
observations have reached the scale where the global
scaling between molecular gas and recent star formation
begins to break down. Despite this, the correlations
between mid-IR and CO and mid-IR and extinction-
corrected Ha both remain strong. Moreover, the residuals
about the CO versus mid-IR relation correlate with Hey,
while the residuals about the Ha versus mid-IR emission
correlate with CO. Together, these results point to the
existence of separate correlations linking mid-IR to CO
and mid-IR to Ha.

Because the mid-IR emission depends on both UV heating
and dust column density (Section 2), these separate relation-
ships could be expected when we reach scales where we can
resolve galaxies into distinct regions, some with intense heating
and some with high column density. To test this idea, we
implement a simple model and find:

4. The observed bright mid-IR data can be described well
by a two-component model in which the mid-IR reflects a
scaled version of the CO (2-1) map added to a scaled
version of the extinction-corrected Ha map (Section 5,
Table 5, Figures 11, 12, and 13). On average, this simple
model can describe the bright emission from our targets
within £0.2 dex, and the model appears to work well for
all four target galaxies (Figures 12 and 13, Table 5). We
solve for the coefficients ¢ and h used to scale the
CO (2-1) and Ha maps and find a clear set of best-fitting
parameters (Figure 11) that have physically plausible
values (Section 6). The best-fitting coefficients vary from
galaxy to galaxy in a consistent way across the different
mid-IR bands, suggesting that ¢ and h reflect local
physical conditions in the galaxy.

This simple model views the mid-IR as the combination of
(1) a component driven mostly by stochastic, single-photon
heating of dust mixed with molecular gas and bathed in the
ISRF and (2) a component driven by dust immediately
associated with intense radiation fields in H1I regions. In some
sense, this resembles a resolved version to the dust population
synthesis model by Draine et al. (2007), which models
integrated dust SEDs as a combination of intensely heated
emission from photodissociation regions and dust bathed in a
uniform ISRF. The combined sensitivity to heating and many
phases of the ISM also suggests that the mid-IR may
qualitatively resemble C 1I fine-structure line emission in
tracing both heating by star formation and multiple ISM
phases. Fortunately, the resolution of the combined PHANGS
data sets appears able to break this degeneracy, a conclusion
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also reached by Whitcomb et al. (2022), who found SINGS
mid-IR spectroscopy of H II regions to break apart into distinct
gas- or star-formation-tracing behavior even at slightly coarser
scales than we observe.

Taking our fitting results at face value, we calculate the
fraction of flux associated with each model component and
find that:

5. On average, the model implies that about half of the mid-
IR emission in each band comes from the CO-tracing
component, while about half comes from the Ha-tracing
component (Section 5 and Table 5). This appears to hold
for all four bands and all four targets. Typically, the high-
intensity mid-IR emission comes mostly from the Ha-
tracing component, while the lower intensity emission
stems more from the CO-tracing component (Figure 12).

If we associate the CO-tracing component with “cirrus” or
“background” emission, these results sit in broad agreement
with previous estimates of the magnitude of mid-IR cirrus
based on physical dust modeling, Fourier filtering, or inferring
scale- or environment-dependent changes to SFR calibrations
(e.g., Leroy et al. 2012; Li et al. 2013; Calzetti 2013; Boquien
et al. 2015; Kim et al. 2021; Kim 2023; Belfiore et al. 2022b).
Here we provide evidence that the “cirrus” in fact traces the
neutral gas distribution.

6. The CO-to-IR and extinction-corrected Ha-to-IR ratios
that we measure agree with physical expectations and
previous work (Section 6, Figure 14, Section 2).
Specifically, the CO-scaling coefficient ¢ in our model
agrees well with predictions from the Draine & Li (2007)
model for a reasonable dust-to-gas ratio D/G ~ 0.01 and
ISRF, U ~ 2U,. Meanwhile, the coefficient % to scale Ha
agrees well with SFR calibrations derived for bright H1I
regions. The CO-to-mid-IR and Ha-to-mid-IR ratios
measured when using all data, i.e., not separating the
emission using a model fit, are lower (i.e., they have more
mid-IR), in line with previous work, and imply that a
mixture of heating and column density contributes to the
overall ratios.

7. Putting our results together, we discuss how mid-IR
emission can be used to estimate gas column density or
trace recent star formation in our data (Section 7). We
also note current shortcomings and next steps that
leverage the combined PHANGS-JWST, VLT/MUSE,
and ALMA data.

In discussing these results, we have referred to “mid-IR”
emission in general, no distinguishing our four bands. To first
order, all four bands do show similar behavior and correlate
with one another (see Section 2.1 and Appendix A). In more
detail, the 21 um (F2100W) emission shows distinct behavior
from the other three bands. Its relationship with extinction-
corrected Ha is more nearly linear and its relation with CO
emission is shallower (Section 4.4). Overall, the sense of this
relationship is that the 21 pm emission appears more directly
related to Ha than the other mid-IR bands. It still mirrors the
structure of the CO at low intensity and shows evidence for a
substantial component tracing dust mixed with molecular gas,
but it appears less suppressed in the brightest Ha-emitting
regions than the other three bands. This agrees well with
previous results and other papers in this Issue showing the
suppression of PAH emission in bright H II regions (e.g., Helou
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et al. 2004; Povich et al. 2007; Bendo et al. 2008; Gordon et al.
2008; Relafio & Kennicutt 2009; Calapa et al. 2014; Anderson
et al. 2014; Chastenet et al. 2019; Chastenet 2023a; Dale et al.
2023; Egorov 2023). The degree to which the 10 gm band
tracks the two PAH-dominated bands is a somewhat unex-
pected outcome in the first results from PHANGS-JWST.

Overall, our first analysis demonstrates the power of the
combined JWST-MUSE-ALMA data set, shows the strength
of mid-IR emission as both an ISM tracer and a star formation
tracer, takes first steps toward realizing this potential, and
suggests a path forward. As a closing note, we particularly
highlight the power of the mid-IR maps to trace ISM structure
in a quantitative way at a resolution and sensitivity that
compares very favorably even to ALMA. In this Issue, the
potential of this approach is already illustrated by studies
identifying filamentary structure (Meidt et al. 2023; Thilker
et al. 2023), feedback and dynamically driven shells (Barnes
et al. 2022b; Watkins et al. 2023), and even digging in to faint
structures associated with atomic gas (Sandstrom 2023b). Here
we have provided first steps to make the mid-IR-based ISM
maps quantitative. We have also discussed that to make more
progress in this direction, we will need to both (1) deal with
contamination by emission associated directly with recent star
formation and (2) calibrate normalization terms that vary with
the local ISRF and dust-to-gas ratio. This is eminently possible
given the information in the combined PHANGS surveys.
Then, as seen in Sandstrom (2023a, 2023b), the potential for
such maps to reach very high physical resolution and mass
sensitivity is outstanding.
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Appendix A
Typical Mid-infrared Band Ratios in the First Four
PHANGS-JWST Targets

The main text focuses on the correlations between mid-IR
emission and other tracers of gas and recent star formation.
This appendix reports the basic scaling of mid-IR bands with
one another in the first four PHANGS-JWST galaxies.
Section 2.1 for a short description of the bands considered and
Table 1 for some key numerical results.

Figure 15 plots intensity versus intensity for a series of mid-
IR band pairs, and Figure 16 shows the corresponding
histograms of band ratios. The comparison includes Spitzer
8um and 24 ym data, which are available for IC 5332,
NGC 0628, and NGC 1365 but not for NGC 7496, and WISE
12 pym data, which are available for all targets.

At 177 we conduct this comparison using the database
constructed in Section 3. We also build two new databases, one
at 15" resolution and one at 4” resolution, following the same
method adopted in the main paper: We convolve all data to the
same resolution, place them on the same astrometric grid, and
then sample the data with two pixels per FWHM of the PSF. At
15" we are able to include Spitzer data at 8 yum and 24 pm, at
1”7 we only consider the JWST data, and we use the 4” data
set to compare IRAC 8 pm and JWST F770W emission at the
highest “safe” resolution allowed by the Aniano et al. (2011)
convolution kernels.

We compare each pair of mid-IR bands. Figure 15 shows a
subset of these comparisons that demonstrate our key results:

1. To first order, all of the mid-IR bands dominated by dust
emission track one another in our images. That is, in
Figure 15 all band pairs show correlations. The full
spread of the points somewhat masks how tight the
correlations actually are, which is more visible from the
16%—-84% range shown as error bars on the bins.
Quantitatively, the median Spearman rank correlation
considering all mid-IR band pairs and galaxies is 0.95,
indicating a nearly monotonic relationship between all
mid-IR band pairs across our sample. The ~10% of cases
with rank correlation <0.8 can be attributed to low signal
to noise or artifacts in either the JWST or compar-
ison data.

2. Also to first order, the bands in Figure 15 all show
approximately linear relations at the moderate intensities
plotted here. This implies that these are characteristic
band ratios that can be used to translate results between
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Figure 15. Comparison among intensities in different mid-IR bands at matched resolution in the first four PHANGS-JWST target galaxies. Each panel compares a
different mid-IR band and F770W. For pairs of JWST MIRI bands, the pink points and red bins show the comparison at the § = 1’7 resolution used in the main text
of this paper. For all bands, the blue points and bins show comparisons after convolution of all data to a common Gaussian beam with FWHM 6 = 15”. The bins show
the median and 16%—84% range for the y-axis band when binned by F770W intensity quantity. The dashed black lines show linear fits to the bins for the 15” data,
which also describe the 177 data well. The fits appear overall consistent with passing through the origin, indicating a self-consistent overall background level among
all data and good agreement with previous mapping that covered wider areas at coarser resolution. The slopes of these lines are the fiducial band ratios that we adopt in
the main text (Table 1), and the scatter in the blue points sets the reported scatter in that table. The scatter among the best-fitting intercepts informs our estimate that the
JWST MIRI background levels are currently uncertain by ~+0.1 MJy sr™'. The overall consistency and linearity motivate our suggested approach to background
level adjustment or validation in Appendix B.

bands. Note that unlike the plots in the main text, these F770W and one relative to MIPS 24 ym, but in both
are linear—linear plots, so that the lines fitted to the bins cases the fits are the ones shown in Figure 15.

indicate that approximately fixed ratios describe the data 3. The fit relationships are all broadly consistent with going
fairly well. We use these fitted slopes to calculate the through the origin, implying that the backgrounds of the
median band ratios in Table 1. That table specifically MIRI images are in overall good agreement with one
quotes the slopes derived at 15" resolution when another and with previous mid-IR mapping. More
comparing other bands to F770W and using data for all concretely, if we consider all galaxies and all band pairs,

then the median intercept for all binned fits is
0.05MlJy s~ " with a scatter of ~+0.08 MJysr~' from
band pair to band pair. Based on this, we suggest that a
reasonable estimate of the overall uncertainty in the
current background level of the PHANGS-JWST MIRI
images is ~£0.1 MJysr .

available galaxies. These are the blue data in Figure 15
and the quoted ratios correspond to the slopes of the
dashed black lines, which go through the dark blue bins.
The quoted error is the log scatter in the ratios at this 15"
resolution. We present the ratios on a scale relative to
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Figure 16. Histograms of band ratios among different mid-IR bands at matched resolution in the first four PHANGS-JWST target galaxies. As Figure 15 but now
showing the histogram of log;, of the band ratio indicated in the figure. Light blue histograms show results for individual data at 15” resolution, pink histograms show
JWST band ratios at 1”67 resolution, and the purple histogram (only comparing IRAC 8 pm and F770W) shows results at 4” resolution. The dashed black line shows
the adopted typical ratio R for each band ratio (Table 1, Section 2.1), and the square dark points show the bins from Figure 15.

Although these characteristic ratios are useful, we caution
that in this Issue Chastenet (2023a, 2023b), Dale et al. (2023),
Egorov (2023), and Sandstrom (2023a) demonstrate clear local
variations in the observed band ratios, which trace changes in
the underlying dust properties (in good agreement with
previous work; e.g., Galliano et al. 2018; Chastenet et al.
2019; Li 2020).

The ratios we quote have been calculated at relatively low
resolution and focused on relatively low-intensity regions,
which averages over some of these variations and contributes to
the relatively uniform band ratios in Figures 15 and 16. Even
so, ratio variations are clearly evident in our plots, particularly
the change in ratios of PAH-tracing bands to the continuum-
dominated F2100W or 24 ym between diffuse and star-forming
regions, are also evident. We discuss these in the main text,
e.g., Section 4.4, and they also appear in Figures 15 and 16 as a
modest population of points scattering to high F2100W at fixed
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F770W in Figure 15 and the “wing” of the F2100W /F770W or
MIPS 24 ym/F770W histogram toward high values in
Figure 16. In addition to local variations, the global mid-IR
color of galaxies is also known to correlate with global galaxy
properties (e.g., Dale et al. 2009), and we would expect these
band ratios to show more scatter if we studied a more diverse
sample. The ratios we quote here are characteristic ratios for the
inner disks of our four targets, all relatively massive main-
sequence, star-forming disk galaxies.

Appendix B
A Method to Validate or Anchor Mid-IR Backgrounds in
the Absence of Empty Sky

PHANGS-JWST targets the area of active star formation in
galaxies that often have diffuse, low-activity emission extend-
ing well beyond the field of view of the MIRI imager. As a
result, in some cases the images contain little or no area that
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can be confidently identified as containing only foreground and
background emission. That is, the PHANGS—-JWST images
often lack “empty sky.” We expect this challenge to be
widespread for JWST given that the NIRCam and MIRI
imagers have fields of view of 1’-2/, insufficient to cover the
full area of many of the nearest galaxies or Milky Way
structures. Even as the pipeline and data-processing strategy
mature, validation of the background level in images
“crowded” by dust emission will be an important quality
assurance step for many studies.

Validating the background level or even defining some
empirical background to subtract off any residual foreground,
background, or instrumental contribution to the intensity can be
important for many science applications. For example, both the
absolute mid-IR intensity and band ratios from faint, extended
dust structures can be crucial to understand the diffuse ISM
(e.g., see Sandstrom 2023b in this Issue). Aperture photometry
techniques, which address this problem locally, are inappropri-
ate for this problem, rendering the overall background level of
the image important.

Figure 15 and Appendix A suggest one simple, empirical
approach to address this problem:

1. The approximately linear correlation among the bands
tracing mid-IR dust emission can be used to establish or
validate a common background system internal to
crowded JWST images. Figure 15 and Appendix A
show that at moderate resolution and moderate intensity,
mid-IR at one band emission correlates approximately
linearly with mid-IR at most other bands. Though not
shown, we also found similar correlations when convol-
ving the MIRI data to share the native ~0”7 resolution of
JWST at F2100W. When fitting linear relationships to
each mid-IR band pair (i.e., I, o =magl, g+ bap), One
derives the slope, m,p, which reflects the typical band
ratio (i.e., (L /L), Table 1), and an intercept, bz, which
can be most naturally interpreted as the offset in
background level between the two bands in units of
I, 4. In the simplest case, each band should have a single
background level offset that brings it into best agreement
with the other bands. To solve for this offset, one could
conduct a full minimization of this matrix. In practice, for
our initial PHANGS-JWST processing, we identified
F770W as our reference band because of its high quality
and good signal to noise. Then we solved for the offset
value needed to bring the other bands into agreement with
F770W. In the case where the bands are all self-
consistently background-subtracted already, this exercise
should yield intercepts near O for all band pairs.
Otherwise, this can be used to place all bands on a
common background scale. Note that this does not
independently verify that this shared scale is indeed
anchored to the correct value, only that the backgrounds
between the bands are self-consistent.

2. Wide-area maps at related but not identical bands,
especially the widely available WISE3, can be used to set
or check the absolute background level. The first part of
this exercise leaves a single degree of freedom, the
absolute background level. Figure 15 and Appendix A
also show a strong, linear correlation between the JWST
dust-tracing mid-IR bands and previous mid-IR mapping.
For example, see the strong correlations of F770W with
Spitzer 8um, WISE 12um, and Spitzer 24 pm emission.
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These maps by previous facilities lack the resolution
achieved by JWST but they do typically cover a much
larger area, with clear regions of empty sky or otherwise
well-established background levels. They are also widely
available. WISE maps are available for the whole sky,
and the sensitive WISE 12 yum (WISE Band 3) has a
bandpass that integrates over a large part of the mid-IR
spectral range (see Wright et al. 2010). Bespoke data
products exist for the Milky Way (e.g., Meisner &
Finkbeiner 2014) and many nearby galaxies (e.g., Jarrett
et al. 2019; Leroy et al. 2019) but for many purposes, the
observatory-provided images or the unWISE reproces-
sing (Lang 2014) will work just as well. Spitzer was even
more sensitive than WISE and because of its fast
mapping speed, it covered many galaxies during its cold
mission (e.g., Kennicutt et al. 2003; Armus et al. 2009;
Dale et al. 2009; Bendo et al. 2012, and many others).
Spitzer maps at either 8 pm and 24 pm should represent a
sensitive, reliable anchor to validate JWST background
levels. Once all of the JWST bands have been placed on a
common scale, one can compare either a high-quality
JWST reference band or all of the JWST bands together
to the wide-area previous maps to establish an absolute
background level for the JWST images. For the initial
PHANGS-JWST analysis, we made a matched-resolu-
tion comparison between our reference band, F770W,
and either Spitzer 8 um (IRAC channel 4) or WISE3 at
0 = 15", preferring Spitzer when available. Similar to the
comparisons above, we binned the F770W data as a
function of the reference band, Spitzer 8 um or WISE 12
pum. Then we fit a line to the binned results after
identifying a low-intensity regime where the relationship
looked linear. The typical range fit was typically
I,u~0.2-1.5 MJysr—' at 15” for the Spitzer or WISE
data (see Figure 15).

In addition to validating or setting the background level of
the data and establishing characteristic band ratios, we note that
this approach can be used to check the noise levels in crowded
data against expectations. Once the relative background levels
and characteristic band ratios are reasonably established, one
can measure the scatter in the difference between scaled
versions of the various maps in low-intensity regions. This
measured scatter represents an estimate of the noise summed in
quadrature between the two bands (i.e., one can measure o4z
from the residual image of I,4 — magl,p, With msp the slope
from point 1 above, and expect o4z ~ /03 + migoy). This
formally yields an upper limit because astronomical signal may
contribute to the scatter, but it should still be among the most
direct ways to empirically estimate the noise from very
crowded regions and so validate expectations from the pipeline
processing and theoretical expectations.

Appendix C
Histograms of Ratios among CO, Ha, and Mid-IR
Emission

For completeness, Figure 17 shows the distribution of ratios
among mid-IR, CO, and Ha emission for individual lines of
sight that meet our selection criteria. The median and 16%—
84% range of these ratios are reported in Table 4 and Figure 14.
The two-dimensional distribution of the data corresponding to
these ratios appears in Figures 5 through 9.
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