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Abstract

New JWST near-infrared imaging of the nearby galaxy NGC 628 from the JWST Cycle 1 program Feedback in
Emerging extrAgalactic Star clusTers (JWST-FEAST) is combined with archival JWST mid-infrared imaging to
calibrate the 21 μm emission as a star formation rate (SFR) indicator at ∼120 pc scales. The Paα (1.8756 μm)
hydrogen recombination emission line targeted by FEAST provides a reference SFR indicator that is relatively
insensitive to dust attenuation, as demonstrated by combining this tracer with Hubble Space Telescope Hα
imaging. Our analysis is restricted to regions that appear compact in nebular line emission and are sufficiently
bright to mitigate effects of both age and stochastic sampling of the stellar initial mass function. We find that the
21 μm emission closely correlates with the nebular line emission, with a power law with exponent= 1.07± 0.01,
in agreement with past results. We calibrate a hybrid SFR indicator using a combination of Hα and 24 μm
(extrapolated from 21 μm) tracers and derive the proportionality constant between the two tracers,
b= 0.095± 0.007, which is ∼3–5 times larger than previous derivations using large regions/entire galaxies.
We model these discrepancies as an increasing contribution to the dust heating by progressively older stellar
populations for increasing spatial scale, in agreement with earlier findings that star formation is hierarchically
distributed in galaxies. Thus, the use of hybrid SFR indicators requires prior knowledge of the mean age of the
stellar populations dominating the dust heating, which makes their application uncertain. Conversely, nonlinear
calibrations of SFRs from L(24) alone are more robust, with a factor 2.5 variation across the entire range of L(24)
luminosities from H II regions to galaxies.

Unified Astronomy Thesaurus concepts: Dust continuum emission (412); Star forming regions (1565); Star
formation (1569)

Materials only available in the online version of record: machine-readable table

1. Introduction

The star formation rate (SFR) is one of two essential
parameters, the other being mass, for tracing the growth of
galaxies across cosmic time. The significance of this parameter
has spurred vast literature dedicated to calibrating SFR

indicators across the full energy spectrum, from X-ray to radio
wavelengths, for use in galaxies and in regions within galaxies
(see Kennicutt & Evans 2012, for a review).
Operationally, the SFR is a luminosity, SFR∝ C× L(λ),

calibrated using models of stellar populations or dust emission
depending on the wavelength of interest (e.g., Kennicutt 1998;
Calzetti 2013; Figueira et al. 2022). The main hurdle is to
ensure that the luminosities used in the calibration are
dominated by emission from sources with the timescales of
interest, ≈100 Myr for galaxies and somewhat shorter for
regions within galaxies. Massive ionizing stars, typically
O-type stars with lifetimes shorter than 10 Myr, offer
convenient tracers of the timescales of interest for SFRs.
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However, outside of the light most obviously associated with
O-type stars (stellar ultraviolet (UV) continuum and the nebular
line and continuum emission from the gas they ionize), most
other wavelengths receive contribution from stellar populations
that live longer than ≈10–100 Myr. One of the difficulties in
deriving reliable SFR indicators is controlling for this
contribution.

This problem becomes more acute when leveraging dust
emission at infrared (IR) wavelengths to measure SFRs, as
there is no direct one-to-one mapping between the UV and
optical stellar photons that heat the dust and the dust emission
in the IR (3 μm). Numerous authors have recognized and
analyzed this problem, as the IR wavelength range provides a
window into the dust-obscured SFR that does not emerge at
shorter wavelengths. Cox et al. (1986), using IR surveys of the
Milky Way, and Helou (1986), using IRAS photometry of
“normal” (not dominated by active galactic nuclei (AGNs))
galaxies, concluded that the dust emission includes contribu-
tions from both a “warm” component, heated by star-forming
regions, and a “cool” component, also termed “cirrus” and
heated by the diffuse interstellar radiation field of the galaxies.
Lonsdale Persson & Helou (1987), using 40–120 μm
photometry of nearby galaxy disks from IRAS data, quantified
the two contributions: more than 50% of the IR emission from
galaxies is heated by the nonionizing stars of the diffuse
interstellar radiation field. Subsequent studies reached similar
conclusions, finding a dependency of warm-to-cool IR
emission ratio on the star-forming-to-diffuse radiation ratio
(e.g., Buat & Deharveng 1988; Rowan-Robinson & Crawford
1989; Sauvage & Thuan 1992; Walterbos & Greenawalt 1996;
Buat & Xu 1996). More recent observations with the Spitzer
Space Telescope and the Herschel Space Observatory have
further confirmed that warmer dust is associated with higher
SFRs in galaxies (e.g., Calzetti et al. 2010; Bendo et al. 2012;
Dale et al. 2012; Smith et al. 2012; Magnelli et al. 2014; Gregg
et al. 2022); in the local Universe, IR emission traces the recent
star formation mainly in galaxies where the ratio of the
unobscured to obscured SFR, SFRunobs/SFRobsc 1/10 (e.g.,
Rieke et al. 2009).

Use of the mid-infrared (∼3–40 μm) emission to trace SFR
presents more challenges than the longer-wavelength emission,
since the dust emission in this wavelength range comprises
several contributions: nonequilibrium emission composed of
continuum emission from stochastically heated small grains
and emission features from radiatively excited vibrational and
bending modes of polycyclic aromatic hydrocarbons (PAHs), as
well as thermal equilibrium emission from hot dust (Greenberg
1968; Sellgren et al. 1983; Leger & Puget 1984; Desert et al.
1990; Draine & Li 2001, 2007; Smith et al. 2007; Galliano et al.
2018). Nonequilibrium emission is heated and excited by
nonionizing UV and optical photons from both the diffuse,
evolved stellar population and the recent star formation in a
galaxy (e.g., Draine et al. 2007; Galliano et al. 2018; Draine
et al. 2021), implying that the reliability of mid-infrared SFR
indicators depends on the relative strength of the heating from
these two stellar population components (Boselli et al. 2004;
Calzetti et al. 2005; Boquien et al. 2016). In local galaxies,
between 30% and 80% of the dust emission at ∼8 μm, which is
dominated by PAH features, is due to heating and excitation by
evolved stellar populations that are unrelated to recent star
formation (Bendo et al. 2008; Crocker et al. 2013; Calapa et al.
2014). Dust emission becomes progressively more dominated by

grains in thermal equilibrium beyond ∼20 μm (Galliano et al.
2018), which has helped establish SFR indicators at these longer
mid-infrared wavelengths, including the 24 μm band of the
MIPS instrument on the Spitzer Space Telescope (Rieke et al.
2004). SFR(24) calibrations have been published by many
authors, both for galaxies (e.g., Wu et al. 2005; Zhu et al. 2008;
Rieke et al. 2009; Kennicutt et al. 2009) and for regions within
galaxies (e.g., Pérez-González et al. 2006; Alonso-Herrero et al.
2006; Calzetti et al. 2007; Kennicutt et al. 2007; Relaño et al.
2007). Limitations in the angular resolution of pre–James Webb
Space Telescope (JWST) space facilities have however con-
strained analyses to ∼0.5–1 kpc regions or larger scales, with the
only exception of Local Group galaxies (e.g., Boquien et al.
2015). Despite limitations, some of these results have established
that the dust emission at 24 μm is partially due to heating by the
diffuse (non-star-forming) stellar population in the galaxy, and a
significant portion is from dust thermally heated by recently
formed stars (Calzetti et al. 2005; Liu et al. 2011; Leroy et al.
2012; Boquien et al. 2016). Recent observations with the JWST
of nearby galaxies confirm this general picture, assigning about
50% of the mid-infrared emission to dust heated by the diffuse
interstellar radiation field (Leroy et al. 2023).
The JWST is offering unprecedented resolution at near- and

mid-infrared wavelengths, thus permitting the analysis of mid-
infrared SFR indicators at the scales of H II regions, i.e., of the
most elemental units of star formation. Our main goal is to
leverage the high spatial resolution afforded by the JWST to
quantify stellar population effects on the dust emission in the
mid-infrared and their impact on the calibration of dust-
emission-based SFR indicators. In this paper, we analyze the
Mid-InfraRed Instrument (MIRI; Rieke et al. 2015) 21 μm dust
emission from the nearby star-forming spiral NGC 628 at
∼100 pc spatial scale, which we combine with recent
observations in the light of the hydrogen recombination line
Paα obtained by the JWST Feedback in Emerging extrA-
galactic Star clusTers (JWST-FEAST) program (A. Adamo
et al. 2024, in preparation). Archival Hubble Space Telescope
(HST) observations provide narrowband imaging centered at
the galaxy’s Hα nebular emission, which we use to correct the
Paα emission line for the effects of dust attenuation. However,
the use of the IR nebular line already provides robustness to the
analysis, since the effects of dust attenuation are much reduced
at ≈2 μm; a dust column density corresponding to AV= 3 mag
reduces the Paα line emission only by a factor of 1.8, while it
depresses the Hα emission by a factor of 9.5. Thus, we will
adopt the nebular Paα line emission as our reference SFR
indicator.
Recently, Belfiore et al. (2023) published a comparison

between several JWST mid-infrared bands, including 21 μm,
and the dust-attenuation-corrected Hα luminosity, L(Hαcorr),
for a sample of ∼20,000 H II regions in 19 galaxies closer than
∼20 Mpc. These authors derive SFR calibrations for the dust
emission captured by the JWST bands at the ∼100 pc scales of
H II regions; they find similarities but also differences relative
to earlier results, which will be discussed later in this paper.
One advantage of the Belfiore et al. (2023) analysis is the sheer
number of H II regions considered, which provides statistical
strength to their results. Our analysis, although concentrated on
a single galaxy, differs in several aspects from the study of
Belfiore et al. (2023): we include a nebular emission line long-
ward of Hα, which helps minimize dust attenuation in the
hydrogen emission; we remove the diffuse emission from the
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galaxy in all tracers, thus mitigating contributions from the
diffuse (non-star-forming) stellar populations; finally, we limit
our analysis to H II regions which are bright enough that the
effects of stochastic sampling of the stellar initial mass function
(IMF) should be minimized.

NGC 628 is located at a distance between 8.6 and 10.2 Mpc,
as determined from the tip of the red giant branch (Jang &
Lee 2014; McQuinn et al. 2017; Sabbi et al. 2018; Anand et al.
2021); we adopt 9.3 Mpc in this paper. The relative proximity,
the abundance of H II regions, which yields a global SFR
∼ 3.2 Me yr−1 (Calzetti et al. 2015), and the low inclination
(∼9° from CO and ∼25° from stellar isophotes; Lang et al.
2020; de Vaucouleurs et al. 1991) make this galaxy an
excellent study case for SFR calibrations at small spatial scales.
The oxygen abundance is about solar in the center19 and has a
modest gradient (Berg et al. 2020); the edge of the common
region among the JWST mosaics is about 110″ (∼4.96 kpc)
from the galaxy’s center, implying that the oxygen abundance
has only decreased by 0.14 dex and that metallicity variations
will not enter as a parameter in our analysis.

This paper is organized as follows: Section 2 presents the
data used in this analysis, Section 3 describes the source
identification and photometry, Section 4 presents the main
results, and Section 5 discusses them, also in comparison with
previous results. Conclusions and recommendations on the best
mid-infrared SFR indicators to use are in Section 6.

2. Imaging Data and Processing

The galaxy NGC 628 is one of six targets of the Cycle 1
JWST program #1783 (JWST-FEAST, PI: A. Adamo), which
is obtaining NIRCam (Rieke et al. 2005) and MIRI (Rieke et al.
2015) mosaics in 10 bands, covering the wavelength range
1.1–8 μm. More details on the survey selection and data
processing and mosaicing can be found in A. Adamo et al.
(2024, in preparation). For reference, mosaics used in this
analysis have been processed through the JWST pipeline
version 1.11.4, released at the end of 2023 August. At the
distance of NGC 628, the mosaics’ coverage subtends
∼2 3× 6¢, or 6.2× 16.2 kpc2, from the NW to the SE, with
the center of the galaxy placed at the center of the mosaics. For
this analysis, we employ the short wavelength NIRCam
mosaics in the light of the Paα line emission (λ= 1.8797 μm
at the fiducial redshift z= 0.0021920), using the narrowband
F187N filter, and the two adjacent continuum filters, F150W
and F200W, for stellar background subtraction. We also
employ the long wavelength NIRCam mosaic in the F444W
filter to verify the amount of stellar light contamination at
21 μm. The FWHM of the point-spread function (PSF) for the
short wavelength mosaics, 0 066, subtends 3 pc at the distance
of NGC 628, consistent with the size of an individual star
cluster (Ryon et al. 2015, 2017; Brown & Gnedin 2021). The
exposure times vary along the mosaics, ranging from about
1000 to 2000 s for the narrowband filter and from 200 to 1000 s
for the broadband filters. The flux calibration uses the most
recent updates, “jwst_1126.pmap,” from 2023 September,21

which the FEAST team converts from MJy sr–1 to Jy pixel–1,
where each pixel is 0 04.

The new NIRCam observations described above are joined
by archival sets from both JWST and HST, retrieved from
MAST22 already processed through their respective pipelines.
The MIRI F2100W mosaic, centered at 20.563 μm, is from
program #2107 (PHANGS-JWST, PI: J. Lee), and covers a
smaller region than the FEAST mosaics, ∼2 2× 3 7, but with
the same orientation and centering, thus maximizing overlap.
The pixel scale for the MIRI mosaic is 0.11 pixel−1, the
exposure time is about 300 s, and the MIRI/F2100W PSF
FWHM= 0 674. The mosaic’s flux units are MJy sr–1.
Although the observations were obtained in 2022 July, the
archival image was reprocessed with the more recent pipeline
version 1.11.4.23 The MAST MIRI mosaic is not background
subtracted, but this does not affect our analysis, which adopts a
local background subtraction (Section 3). Archival HST
imaging is from the Wide Field Camera (WFC) of the
Advanced Camera for Surveys (ACS), centered in the light
of the Hα+ [NII] doublet line emission (λ= 0.6562, 0.6577,
and 0.6598 μm at z= 0.00219), in the narrowband F658N, and
in the two adjacent broadband filters F555W and F814W. The
field-of-view (FOV) coverage is limited by the F658N images,
which only comprise two pointings. The ACS pointings have
been mosaiced by the FEAST team and resampled to a pixel
scale of 0 04 pixel−1. Exposure times in the ACS filters range
from ∼3000 to 11,000 s, and the PSF FWHM∼ 0 07. The
ACS images are in units of e− s–1, and calibration to physical
flux is performed by applying the image header keyword
PHOTFLAM. Table 1 lists the telescopes, instruments, and
filters of the mosaics used in this paper, and the programs from
which those data originate. Although none of the images and
mosaics reaches the outskirts of the galaxy, our localized
analysis of line- and dust-emitting regions will not be affected
by this limitation.
Emission line mosaics are used to identify H II regions and

are obtained by subtracting the stellar continuum from the
narrowband images. The stellar continuum for the F187N
(Paα) mosaic is obtained from the interpolation between the

Table 1
Imaging Data Sources

Telescope Instrumenta Filtersb Proposal IDc

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

JWST NIRCam S + L F150W, F187N, F200W,
F444W

1783

JWST MIRI F2100W 2107
HST ACS/WFC F555W, F658N, F814W 9796, 10402

Notes.
a NIRCam S + L = NIRCam, short and long Wavelength Channels (Rieke
et al. 2005); ACS/WFC (Sirianni et al. 2005).
b Filter names.
c Identification of the GO program that obtained the images: JWST/GO-1783
(JWST-FEAST), PI: Adamo; JWST/GO-2107, PI: Lee; HST/GO-9796, PI:
Miller; and HST/GO-10402, PI: Chandar.

19 We adopt a solar oxygen abundance of 12 + log(O/H) = 8.69, Asplund
et al. (2009).
20 From the NASA Extragalactic Database (NED).
21 https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/
nircam-absolute-flux-calibration-and-zeropoints

22 Mikulski Archive for Space Telescopes (MAST) at the Space Telescope
Science Institute; https://archive.stsci.edu/.
23 Tests performed on the F2100W mosaic recently released by the PHANGS-
JWST collaboration (Williams et al. 2024) show that the difference in flux
calibration is negligible relative to the MAST mosaic. The released PHANGS
mosaic was processed through the pipeline version 1.12.3, which is the most
recent available at the time of this writing. We retain the F2100W mosaic
processed with the pipeline version 1.11.4 for this analysis for uniformity with
the available FEAST mosaics.
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F150W and the F200W. Since the F200W filter also contains
Paα line emission, the subtraction is performed iteratively,
using the approach described in Messa et al. (2021); three
iterations are sufficient for convergence to the final continuum-
subtracted image, with a final image that differs from the
previous iteration by 0.1% in flux. The stellar continuum for
the F658N (Hα+ [N II]) image is derived from the interpola-
tion between the F555W and the F814W filter. The F555W
filter contains the [O III] 0.5007 μm emission line, which is
however weak in metal-rich systems including NGC 628 (e.g.,
Berg et al. 2015). A small portion of the F555W FOV is also
covered by one pointing of the Wide Field Camera 3 in the
line-free filter F547M; we use this pointing to measure the
impact of the [O III] emission on both the F555W and the
interpolated stellar continuum for the F658N filter in NGC 628,
verifying that they are at levels of 4% and 1.5%,
respectively, and will, therefore, not affect our analysis. The
optical emission line is further corrected for [N II] contribution,
using a value of [N II]/Hα= 0.4 for the sum of the two [N II]
components from Kennicutt et al. (2008). Both continuum-
subtracted images are then multiplied by the respective filter
widths (0.00875 μm for F658N and 0.024 μm for F187N24)
and corrected for the filter transmission curve at the galaxy’s
redshift (z= 0.00219), in order to derive the final line flux
maps in the light of Hα and Paα.

3. Source Selection, Photometry, and Derived Quantities

Sources are selected by visual inspection, with the following
characteristics: (1) they are located within the common FOV of
the Hα, Paα, and 21 μm mosaics; (2) they are local peaks of
emission in both Paα and 21 μm, with the two peaks located
within ∼0 7 (∼1 F2100W PSF FWHM) of each other; (3) they
are detected with a signal-to-noise ratio (S/N) 5 at 21 μm and
S/N 3 in both Paα and Hα; (4) they appear morphologically
compact in both 21 μm and Paα; (5) photometric apertures
(defined below) of adjacent sources do not overlap by more
than ∼10% of the aperture’s area; and (6) the sky annulus used
for local background subtraction only contains at most a
portion (<10%) of one other source. These criteria are imposed
to ensure the following: (1) the sources are emitting both in
dust and ionized gas and are, therefore, likely to be H II regions
powered by young clusters; (2) we can derive dust-attenuation
corrections for the nebular lines; (3) we only have one major
contributing source to both the line and dust emission within
each aperture; (4) the H II regions are sufficiently young that
the gas is still coincident with the stellar source, thus mitigating
effects of aging (Whitmore et al. 2011); (5) confusion and cross
contamination in the photometry is minimized; and (6) the level
of the local background can be reliably measured. Although
only one 21 μm peak can be present within each aperture, its
shape can be round or elongated. Excluded regions of emission
generally consist of open (shell-like) H II regions and 21 μm
sources without emission line counterparts (likely red stars: red
supergiants or asymptotic giant branch (AGB) stars). With
these criteria, we isolate 143 sources in common between the
Hα, Paα, and 21 μm mosaics (Figure 1).

The goal of our selection is not to be complete, but to capture
all bright (>5σ) 21 μm sources in the common FOV among the

three mosaics in Hα, Paα, and 21 μm. We elect to accept line
emission sources of any brightness, as faint as 3σ, to ensure we
include dusty HII regions, which are expected to be faint in the
optical and near-infrared bands. We separately search for any
additional source that may be bright in Hα, albeit fainter than
the set limits in the other two tracers (bright, dust-free sources),
finding none. We are missing large numbers of faint sources in
all three Paα, Hα, and 21 μm; however, as will be discussed in
the next section, we will perform a luminosity cut at the faint
end to avoid sources that may be affected by stochastic
(random) sampling of the stellar IMF.
Photometry is performed in all filters (F555W, F658N,

F814W, F150W, F187N, F200W, F444W, and F2100W),
using circular apertures with radius 1 4, which corresponds to
about 63 pc at the distance of the galaxy, and centered on the
centroid of the 21 μm sources. The apertures remain roughly
circular also in the plane of the galaxy, given its low
inclination. The size of the photometric aperture is chosen to
accommodate the mosaics with the broadest PSF, which is
MIRI/F2100W; a radius of 1 4 corresponds to 5σ if the PSF of
this filter is well represented by a Gaussian with
FWHM= 0 674. Growth curves measured on three of the
most isolated sources in the FOV of the 21 μm mosaic indicate
that aperture corrections are about 20%, which we apply to our
photometry. Aperture corrections are negligible for all other
filters, due to their much narrower PSF FWHMs (0 145 for
F444W and 0 07 for all other filters).
We elect to remove the local background from our

measurements because the diffuse backgrounds in the mid-
infrared and in the nebular lines have physically different
origins. As discussed in the Introduction, the diffuse emission
at 21 μm is due to the heating of dust by the UV and optical
light of the general stellar population in the galaxy, while the
diffuse emission in the recombination lines is mostly due to
photon leakage from neighboring H II regions as far as 1 kpc
from the sources, with a lower-level contribution of scattered
light from recombination lines formed elsewhere (e.g.,
Reynolds 1984, 1990; Ferguson et al. 1996; Hoopes et al.
1996; Hoopes & Walterbos 2003; Voges & Walterbos 2006;
Oey et al. 2007; Zhang et al. 2017). Local background removal
also removes the underlying stellar absorption from the nebular
line emission, if the composition of the stellar population
remains roughly uniform across the area of interest for the
photometric measurement. Underlying stellar absorption can be
as large as a few angstroms, depending on the age of the stellar
population (McCall et al. 1985; Calzetti et al. 1997; Rosa-
González et al. 2002; Hopkins et al. 2003; Li et al. 2005),
which would affect the derived emission line intensity for the
fainter regions if not removed. For background removal, we
use an annulus of 0 6 width around each photometric aperture,
to ensure that the background area matches the aperture area in
order to mitigate the background noise contribution to the
photometric measurements. Thus, the total size of the region
used for photometry+ background removal is 2″= 90 pc in
radius. A test of the impact of the background is shown in the
Appendix.
Nebular emission line fluxes are derived from the photometric

measurements using the methodology described in Section 2.
The stellar continuum is subtracted from the 21 μm flux density
by rescaling the measurements in F444W using a recipe similar
to the one by Helou et al. (2004) and Calzetti et al. (2007),
adapted to our case: f (21)dust= f (21)− 0.046f (444), where the

24 https://etc.stsci.edu/etcstatic/users_guide/appendix_b_acs.html; https://
jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/
nircam-filters
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flux densities are in units of Jy. Here we assume the emission in
the F444W to be dominated by stellar continuum, which is
extrapolated to 21 μm adopting a Rayleigh–Jeans functional
shape for the stellar spectrum. We neglect the small dust-
attenuation correction for the stellar emission and the hot dust
emission in the F444W filter. As expected, stellar contribution to
the 21 μm emission is at the level of a few percent. The flux
density at 21 μm is then multiplied by the frequency
(ν= 1.458× 1013 Hz) to convert it to flux per octave, which is
the standard used in SFR measurements. Fluxes are converted to
luminosities, in units of erg s−1, using the adopted galaxy’s
distance. In addition, we derive the equivalent width (EW) of the
Paα emission, expressed as the ratio of the line luminosity to the
luminosity density of the interpolated stellar continuum. The 3σ
detection limits for log[L(Hα)] and log[L(Paα)] are 36.14 and
35.91, respectively (after correction for the foreground MW
extinction, see below), and the 5σ limit for log[L(21)] is 37.70,
with all luminosities in units of erg s−1.

The color excess E(B− V ) associated with the dust
attenuation is derived from the observed line ratio Hα/Paα,
adopting Case B recombination and an intrinsic ratio of 7.82,
which is appropriate for metal-rich sources (Te= 7000 K and

ne= 100 cm−3; Osterbrock & Ferland 2006). For the extinction
curve, we use the extension to JWST filters recently derived by
Fahrion & De Marchi (2023) for 30 Doradus, with κ
(Hα)= 2.53 and κ(Paα)= 0.678; as our sources are all H II
regions, it is likely appropriate to use an extinction curve
derived for the largest H II region in the LMC, adopting
RV= 3.1 as appropriate for the Milky Way and metal-rich
galaxies. The resulting color excess contains a small contrib-
ution from our own Milky Way’s foreground extinction,
E(B− V )MW= 0.06 mag (Schlafly & Finkbeiner 2011).
Table 2 lists for each source its ID, location on the sky in

R.A. (2000) and decl. (2000), observed luminosity in Hα,
Paα, and 21 μm (after stellar continuum subtraction), the EW
of Paα, and the color excess E(B− V ) derived from Hα/Paα.
The observed Hα and Paα luminosities are corrected for
Milky Way foreground extinction, and, therefore, the listed
color excess has E(B− V )MW= 0.06 mag subtracted. The
quantities corrected for foreground Milky Way extinction are
those used from now on. The uncertainty in the distance
produces a systematic offset in all luminosities between
−0.06 and +0.08 in log scale, depending on the adopted
distance.

Figure 1. Top row: the 143 sources emitting in Hα, Paα, and 21 μm are identified with magenta circles on the JWST and HST mosaics in the stellar-continuum-
subtracted HST/ACS/Hα (left), JWST/NIRCam/Paα (center), and JWST/MIRI/F2100W (right), see Section 2. The yellow circle identifies the brightest source in
Hα and Paα, which is however outside the F2100W footprint. The radius of the circle matches the photometric aperture used in this study, 1 4, or ∼63 pc. North is
up, east is left. Bottom row: details of the images above, in the same order (Hα, Paα, 21 μm). The double magenta circle around each region shows the size of the
annulus used for the local background subtraction (0 6). The location of this region is drawn on the top-row Hα image with a red rectangle.
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Table 2
Source Location, Luminosity, and Derived Quantities

ID R.A.(2000), Decl.(2000) log[L(Hα)] log[L(Paα)] log[L(21)] log[EW(Paα)] E(B−V )
(1) (2) (3) (4) (5) (6) (7)

1 1:36:47.1993, +15:45:50.101 38.495 ± 0.021 37.971 ± 0.013 39.912 ± 0.040 3.077 ± 0.018 0.498 ± 0.033
2 1:36:47.2742, +15:45:53.541 37.515 ± 0.025 37.053 ± 0.021 38.936 ± 0.044 2.672 ± 0.027 0.581 ± 0.045
3 1:36:46.9416, +15:45:47.061 37.653 ± 0.024 36.979 ± 0.023 38.471 ± 0.052 2.297 ± 0.027 0.295 ± 0.045
4 1:36:47.2880, +15:45:45.781 37.546 ± 0.025 36.984 ± 0.023 38.749 ± 0.046 2.041 ± 0.026 0.447 ± 0.046
5 1:36:47.1133, +15:45:42.021 37.538 ± 0.025 36.918 ± 0.025 38.549 ± 0.050 2.253 ± 0.028 0.368 ± 0.048
6 1:36:47.1881, +15:45:44.061 37.665 ± 0.024 37.058 ± 0.021 38.597 ± 0.049 2.502 ± 0.026 0.386 ± 0.043
7 1:36:45.5063, +15:45:47.464 37.312 ± 0.029 36.949 ± 0.024 38.905 ± 0.045 2.202 ± 0.027 0.716 ± 0.050
8 1:36:45.7113, +15:45:51.463 36.598 ± 0.064 36.260 ± 0.070 38.752 ± 0.046 1.693 ± 0.071 0.750 ± 0.128
9 1:36:45.7668, +15:46:02.023 37.415 ± 0.027 36.752 ± 0.031 38.299 ± 0.058 2.272 ± 0.034 0.311 ± 0.055
10 1:36:45.4842, +15:46:10.344 37.977 ± 0.022 37.471 ± 0.016 39.273 ± 0.042 2.826 ± 0.021 0.523 ± 0.036
11 1:36:45.1019, +15:46:27.784 37.824 ± 0.023 37.069 ± 0.021 38.860 ± 0.045 2.133 ± 0.024 0.188 ± 0.042
12 1:36:45.1241, +15:46:30.264 37.683 ± 0.024 36.991 ± 0.023 38.677 ± 0.048 2.353 ± 0.027 0.271 ± 0.044
13 1:36:45.0189, +15:46:57.944 37.291 ± 0.029 36.784 ± 0.029 38.998 ± 0.044 1.958 ± 0.032 0.521 ± 0.056
14 1:36:44.6032, +15:46:40.344 38.282 ± 0.021 37.663 ± 0.014 39.509 ± 0.041 2.581 ± 0.018 0.370 ± 0.034
15 1:36:44.4757, +15:46:32.505 38.297 ± 0.021 37.849 ± 0.013 39.736 ± 0.041 2.840 ± 0.018 0.601 ± 0.034
16 1:36:43.9159, +15:46:25.625 37.968 ± 0.022 37.423 ± 0.016 39.530 ± 0.041 2.738 ± 0.021 0.470 ± 0.037
17 1:36:44.7529, +15:47:04.344 37.425 ± 0.027 36.715 ± 0.032 38.675 ± 0.048 1.914 ± 0.035 0.248 ± 0.057
18 1:36:43.4227, +15:46:37.865 37.367 ± 0.027 36.683 ± 0.034 38.440 ± 0.053 2.035 ± 0.037 0.282 ± 0.059
19 1:36:43.4227, +15:46:35.145 37.149 ± 0.032 36.357 ± 0.058 38.005 ± 0.076 1.636 ± 0.060 0.138 ± 0.090
20 1:36:44.4246, +15:47:16.815 37.685 ± 0.024 37.054 ± 0.021 38.976 ± 0.044 2.283 ± 0.025 0.354 ± 0.043
21 1:36:44.1142, +15:47:12.015 37.837 ± 0.023 37.368 ± 0.017 39.411 ± 0.041 2.456 ± 0.020 0.573 ± 0.038
22 1:36:44.4080, +15:47:07.695 37.340 ± 0.028 36.668 ± 0.035 38.956 ± 0.044 2.054 ± 0.037 0.299 ± 0.060
23 1:36:43.1499, +15:47:13.696 37.206 ± 0.031 36.716 ± 0.032 38.731 ± 0.047 1.908 ± 0.035 0.545 ± 0.060
24 1:36:42.5291, +15:47:14.816 37.534 ± 0.025 37.013 ± 0.022 39.077 ± 0.043 2.096 ± 0.025 0.502 ± 0.045
25 1:36:43.2441, +15:47:23.696 36.924 ± 0.041 36.251 ± 0.071 38.584 ± 0.049 1.632 ± 0.073 0.298 ± 0.111
26 1:36:42.4737, +15:47:24.416 37.770 ± 0.023 37.052 ± 0.021 38.870 ± 0.045 1.674 ± 0.024 0.236 ± 0.042
27 1:36:42.6676, +15:46:52.256 37.519 ± 0.025 36.729 ± 0.032 38.901 ± 0.045 1.960 ± 0.034 0.139 ± 0.055
28 1:36:42.8284, +15:47:25.936 37.029 ± 0.036 36.121 ± 0.092 38.265 ± 0.060 1.283 ± 0.093 −.020 ± 0.134
29 1:36:42.2562, +15:47:05.387 36.828 ± 0.046 36.588 ± 0.039 38.939 ± 0.044 1.752 ± 0.041 0.883 ± 0.082
30 1:36:42.4580, +15:47:29.811 37.380 ± 0.027 36.708 ± 0.033 38.740 ± 0.047 1.891 ± 0.035 0.298 ± 0.058
31 1:36:45.1181, +15:45:40.597 36.998 ± 0.038 36.355 ± 0.059 38.422 ± 0.054 1.617 ± 0.060 0.337 ± 0.094
32 1:36:44.1704, +15:45:36.118 37.040 ± 0.036 36.239 ± 0.073 38.282 ± 0.059 1.768 ± 0.075 0.124 ± 0.110
33 1:36:42.7075, +15:45:37.799 37.772 ± 0.023 37.324 ± 0.017 39.311 ± 0.042 2.753 ± 0.022 0.601 ± 0.039
34 1:36:41.9427, +15:45:50.759 38.244 ± 0.021 37.687 ± 0.014 39.684 ± 0.041 2.858 ± 0.019 0.454 ± 0.034
35 1:36:44.7911, +15:45:31.877 37.108 ± 0.034 36.195 ± 0.079 38.102 ± 0.069 1.778 ± 0.081 −.026 ± 0.116
36 1:36:41.8264, +15:46:00.039 37.770 ± 0.023 36.998 ± 0.023 38.650 ± 0.048 2.407 ± 0.027 0.164 ± 0.044
37 1:36:43.1452, +15:45:13.719 37.657 ± 0.024 36.990 ± 0.023 38.633 ± 0.048 2.433 ± 0.027 0.304 ± 0.045
38 1:36:43.1064, +15:45:16.679 36.913 ± 0.041 36.557 ± 0.041 38.659 ± 0.048 1.555 ± 0.043 0.725 ± 0.079
39 1:36:44.3256, +15:45:26.198 37.071 ± 0.035 36.401 ± 0.054 38.324 ± 0.057 1.871 ± 0.056 0.301 ± 0.087
40 1:36:43.7384, +15:46:22.118 37.146 ± 0.032 36.752 ± 0.031 39.081 ± 0.043 1.952 ± 0.033 0.674 ± 0.060
41 1:36:42.4748, +15:46:29.559 37.484 ± 0.026 36.831 ± 0.028 38.808 ± 0.046 2.063 ± 0.030 0.325 ± 0.051
42 1:36:42.4083, +15:46:23.879 37.103 ± 0.034 36.548 ± 0.042 38.677 ± 0.048 1.875 ± 0.044 0.457 ± 0.073
43 1:36:41.6823, +15:46:25.399 36.931 ± 0.040 36.062 ± 0.104 38.595 ± 0.049 1.310 ± 0.104 0.032 ± 0.150
44 1:36:42.3972, +15:46:14.119 37.135 ± 0.033 36.618 ± 0.037 38.744 ± 0.047 2.007 ± 0.040 0.508 ± 0.067
45 1:36:42.6022, +15:46:08.199 37.895 ± 0.022 37.320 ± 0.017 39.027 ± 0.043 2.567 ± 0.021 0.430 ± 0.038
46 1:36:41.0837, +15:46:12.279 38.084 ± 0.021 37.419 ± 0.016 39.112 ± 0.043 2.747 ± 0.021 0.308 ± 0.036
47 1:36:40.9618, +15:46:14.279 37.400 ± 0.027 36.667 ± 0.035 38.751 ± 0.046 1.983 ± 0.037 0.216 ± 0.059
48 1:36:39.5210, +15:45:36.919 36.982 ± 0.038 36.435 ± 0.051 38.853 ± 0.045 2.111 ± 0.054 0.467 ± 0.086
49 1:36:39.3603, +15:45:44.679 38.426 ± 0.021 37.918 ± 0.013 39.570 ± 0.041 2.994 ± 0.018 0.520 ± 0.033
50 1:36:39.2272, +15:45:57.319 38.407 ± 0.021 37.808 ± 0.014 39.938 ± 0.040 2.917 ± 0.018 0.398 ± 0.033
51 1:36:39.9920, +15:45:51.639 37.107 ± 0.034 36.463 ± 0.048 38.459 ± 0.053 1.840 ± 0.050 0.336 ± 0.080
52 1:36:39.3381, +15:45:48.359 37.764 ± 0.023 36.989 ± 0.023 38.607 ± 0.049 2.487 ± 0.027 0.159 ± 0.044
53 1:36:38.9834, +15:46:07.718 35.702 ± 0.367 35.751 ± 0.199 38.388 ± 0.055 1.034 ± 0.200 1.272 ± 0.563
54 1:36:41.0172, +15:46:47.079 37.749 ± 0.023 37.092 ± 0.021 39.139 ± 0.043 2.145 ± 0.024 0.319 ± 0.042
55 1:36:41.3775, +15:46:46.679 37.171 ± 0.032 36.355 ± 0.059 38.861 ± 0.045 1.377 ± 0.060 0.104 ± 0.090
56 1:36:41.0228, +15:46:37.159 37.551 ± 0.025 37.136 ± 0.020 39.263 ± 0.042 2.352 ± 0.023 0.645 ± 0.043
57 1:36:40.8953, +15:46:38.919 36.860 ± 0.044 36.553 ± 0.042 38.516 ± 0.051 2.063 ± 0.044 0.791 ± 0.082
58 1:36:40.6182, +15:46:44.279 36.259 ± 0.116 36.055 ± 0.105 38.978 ± 0.044 1.425 ± 0.106 0.930 ± 0.212
59 1:36:40.5018, +15:46:31.079 37.711 ± 0.023 36.986 ± 0.023 39.022 ± 0.043 2.285 ± 0.026 0.227 ± 0.044
60 1:36:41.8430, +15:46:53.799 37.973 ± 0.022 37.250 ± 0.018 39.097 ± 0.043 2.244 ± 0.021 0.231 ± 0.038
61 1:36:41.5271, +15:46:56.839 37.111 ± 0.034 36.842 ± 0.027 38.843 ± 0.045 1.696 ± 0.029 0.843 ± 0.058
62 1:36:41.9982, +15:47:08.359 37.319 ± 0.028 36.506 ± 0.045 38.756 ± 0.046 1.662 ± 0.047 0.108 ± 0.072
63 1:36:40.8953, +15:47:01.319 38.307 ± 0.021 37.709 ± 0.014 39.772 ± 0.041 2.907 ± 0.019 0.398 ± 0.034
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Table 2
(Continued)

ID R.A.(2000), Decl.(2000) log[L(Hα)] log[L(Paα)] log[L(21)] log[EW(Paα)] E(B−V )
(1) (2) (3) (4) (5) (6) (7)

64 1:36:41.0061, +15:47:03.399 37.651 ± 0.024 36.945 ± 0.024 38.951 ± 0.044 1.968 ± 0.027 0.253 ± 0.046
65 1:36:41.1447, +15:47:06.359 37.679 ± 0.024 37.192 ± 0.019 39.148 ± 0.043 2.264 ± 0.022 0.548 ± 0.041
66 1:36:40.9673, +15:47:07.959 37.726 ± 0.023 37.216 ± 0.018 39.143 ± 0.043 2.291 ± 0.022 0.517 ± 0.040
67 1:36:38.4733, +15:46:59.558 38.132 ± 0.021 37.402 ± 0.016 39.368 ± 0.042 2.710 ± 0.021 0.220 ± 0.036
68 1:36:38.9001, +15:46:58.358 37.425 ± 0.027 36.703 ± 0.033 38.594 ± 0.049 2.024 ± 0.035 0.231 ± 0.057
69 1:36:38.8226, +15:46:38.438 37.492 ± 0.026 36.672 ± 0.035 38.630 ± 0.049 2.011 ± 0.037 0.099 ± 0.058
70 1:36:40.5960, +15:46:51.559 37.165 ± 0.032 36.517 ± 0.044 38.434 ± 0.053 1.671 ± 0.046 0.331 ± 0.074
71 1:36:41.8153, +15:46:32.519 37.378 ± 0.027 36.562 ± 0.041 38.530 ± 0.051 2.028 ± 0.043 0.104 ± 0.066
72 1:36:38.7670, +15:47:26.598 38.172 ± 0.021 37.617 ± 0.015 39.607 ± 0.041 2.464 ± 0.018 0.457 ± 0.035
73 1:36:39.7979, +15:47:22.439 37.370 ± 0.027 36.736 ± 0.031 38.579 ± 0.050 2.020 ± 0.034 0.350 ± 0.056
74 1:36:39.0552, +15:47:12.598 37.325 ± 0.028 36.477 ± 0.047 38.411 ± 0.054 1.647 ± 0.049 0.062 ± 0.074
75 1:36:37.2039, +15:47:45.797 36.774 ± 0.049 35.811 ± 0.175 37.887 ± 0.087 1.468 ± 0.176 −.060 ± 0.246
76 1:36:38.4011, +15:47:54.678 37.222 ± 0.030 36.481 ± 0.047 38.387 ± 0.055 1.920 ± 0.049 0.206 ± 0.076
77 1:36:39.2823, +15:47:57.398 38.521 ± 0.021 37.959 ± 0.013 39.937 ± 0.040 3.075 ± 0.018 0.448 ± 0.033
78 1:36:39.3711, +15:47:41.479 37.838 ± 0.023 37.082 ± 0.021 39.053 ± 0.043 2.247 ± 0.024 0.185 ± 0.041
79 1:36:36.8158, +15:48:03.076 38.764 ± 0.020 38.300 ± 0.013 40.382 ± 0.040 3.330 ± 0.017 0.580 ± 0.032
80 1:36:37.2924, +15:48:13.957 37.127 ± 0.033 36.851 ± 0.027 38.874 ± 0.045 2.229 ± 0.030 0.834 ± 0.058
81 1:36:38.5341, +15:48:03.078 37.038 ± 0.036 36.261 ± 0.070 37.951 ± 0.081 1.807 ± 0.072 0.157 ± 0.106
82 1:36:40.6958, +15:47:55.079 38.122 ± 0.021 37.526 ± 0.015 39.655 ± 0.041 2.812 ± 0.020 0.401 ± 0.035
83 1:36:40.2080, +15:47:52.919 36.851 ± 0.045 36.127 ± 0.091 38.310 ± 0.058 1.438 ± 0.092 0.229 ± 0.137
84 1:36:41.5937, +15:48:06.359 37.665 ± 0.024 36.990 ± 0.023 38.942 ± 0.044 2.222 ± 0.026 0.294 ± 0.044
85 1:36:40.4740, +15:47:46.359 37.147 ± 0.032 36.300 ± 0.065 38.026 ± 0.074 1.679 ± 0.066 0.062 ± 0.098
86 1:36:40.4020, +15:48:00.999 36.685 ± 0.056 36.826 ± 0.028 39.033 ± 0.043 2.223 ± 0.031 1.396 ± 0.084
87 1:36:36.8767, +15:48:08.596 37.682 ± 0.024 37.067 ± 0.021 38.973 ± 0.044 2.397 ± 0.025 0.375 ± 0.043
88 1:36:37.8356, +15:48:24.517 38.518 ± 0.021 38.199 ± 0.013 40.504 ± 0.040 3.304 ± 0.017 0.775 ± 0.033
89 1:36:37.4919, +15:48:21.957 37.375 ± 0.027 36.810 ± 0.028 38.761 ± 0.046 2.297 ± 0.032 0.444 ± 0.053
90 1:36:37.2758, +15:48:18.277 37.352 ± 0.028 36.669 ± 0.035 38.605 ± 0.049 1.909 ± 0.037 0.283 ± 0.060
91 1:36:39.8255, +15:48:16.278 37.137 ± 0.033 36.430 ± 0.051 38.157 ± 0.065 1.981 ± 0.054 0.252 ± 0.082
92 1:36:40.2745, +15:48:19.239 38.102 ± 0.021 37.386 ± 0.016 39.312 ± 0.042 2.755 ± 0.021 0.239 ± 0.036
93 1:36:40.1913, +15:48:11.879 37.700 ± 0.023 37.244 ± 0.018 39.135 ± 0.043 2.572 ± 0.022 0.590 ± 0.040
94 1:36:39.7978, +15:47:54.199 37.116 ± 0.033 36.353 ± 0.059 38.448 ± 0.053 1.807 ± 0.061 0.175 ± 0.091
95 1:36:42.2311, +15:48:29.479 37.396 ± 0.027 36.668 ± 0.035 38.421 ± 0.054 2.328 ± 0.039 0.223 ± 0.059
96 1:36:42.4750, +15:48:22.199 37.695 ± 0.024 37.088 ± 0.021 38.751 ± 0.046 2.453 ± 0.025 0.387 ± 0.042
97 1:36:42.3309, +15:48:16.999 38.728 ± 0.020 38.318 ± 0.013 40.436 ± 0.040 3.323 ± 0.017 0.652 ± 0.032
98 1:36:42.0703, +15:48:17.239 37.833 ± 0.023 37.239 ± 0.018 39.239 ± 0.042 2.055 ± 0.021 0.404 ± 0.039
99 1:36:42.2588, +15:48:20.759 37.913 ± 0.022 37.425 ± 0.016 39.319 ± 0.042 2.811 ± 0.021 0.547 ± 0.037
100 1:36:40.2634, +15:48:24.519 37.173 ± 0.032 36.531 ± 0.043 38.208 ± 0.063 2.310 ± 0.047 0.339 ± 0.072
101 1:36:40.6292, +15:48:22.839 37.390 ± 0.027 36.741 ± 0.031 38.422 ± 0.054 2.176 ± 0.034 0.330 ± 0.056
102 1:36:41.1059, +15:48:00.759 36.306 ± 0.106 35.986 ± 0.121 37.953 ± 0.081 1.111 ± 0.122 0.774 ± 0.218
103 1:36:39.4930, +15:47:56.838 36.941 ± 0.040 35.993 ± 0.119 38.550 ± 0.050 1.408 ± 0.120 −.060 ± 0.170
104 1:36:40.1525, +15:48:08.519 37.109 ± 0.034 36.728 ± 0.032 38.742 ± 0.047 2.131 ± 0.035 0.692 ± 0.062
105 1:36:40.0583, +15:48:04.039 37.569 ± 0.025 36.900 ± 0.025 38.708 ± 0.047 2.075 ± 0.028 0.304 ± 0.048
106 1:36:42.7244, +15:47:51.359 36.852 ± 0.045 36.470 ± 0.048 38.298 ± 0.058 1.842 ± 0.050 0.691 ± 0.088
107 1:36:43.7332, +15:48:25.718 37.798 ± 0.023 37.515 ± 0.015 39.825 ± 0.041 2.700 ± 0.020 0.824 ± 0.037
108 1:36:43.5254, +15:48:45.078 37.280 ± 0.029 36.622 ± 0.037 38.284 ± 0.059 2.320 ± 0.041 0.318 ± 0.064
109 1:36:43.0349, +15:48:36.118 37.675 ± 0.024 37.039 ± 0.022 38.614 ± 0.049 2.791 ± 0.029 0.347 ± 0.043
110 1:36:42.8575, +15:48:24.198 36.673 ± 0.057 36.406 ± 0.053 38.263 ± 0.060 1.946 ± 0.056 0.846 ± 0.106
111 1:36:41.6158, +15:48:33.959 36.933 ± 0.040 36.637 ± 0.036 38.522 ± 0.051 1.996 ± 0.039 0.807 ± 0.073
112 1:36:43.6002, +15:48:27.558 37.465 ± 0.026 36.829 ± 0.028 38.775 ± 0.046 2.241 ± 0.031 0.348 ± 0.051
113 1:36:43.1956, +15:48:18.678 37.822 ± 0.023 37.400 ± 0.016 39.462 ± 0.041 2.753 ± 0.021 0.637 ± 0.038
114 1:36:43.6223, +15:48:15.638 37.468 ± 0.026 36.966 ± 0.023 38.804 ± 0.046 2.430 ± 0.028 0.529 ± 0.047
115 1:36:44.1433, +15:47:58.118 37.685 ± 0.024 37.233 ± 0.018 39.286 ± 0.042 2.384 ± 0.022 0.596 ± 0.040
116 1:36:44.3705, +15:48:03.157 37.726 ± 0.023 37.513 ± 0.015 39.513 ± 0.041 2.894 ± 0.021 0.919 ± 0.038
117 1:36:43.0736, +15:48:02.118 37.978 ± 0.022 37.569 ± 0.015 39.674 ± 0.041 2.749 ± 0.019 0.654 ± 0.036
118 1:36:43.0126, +15:48:18.838 38.486 ± 0.021 37.796 ± 0.014 39.628 ± 0.041 2.740 ± 0.018 0.274 ± 0.033
119 1:36:43.6611, +15:48:10.918 37.752 ± 0.023 37.050 ± 0.021 39.040 ± 0.043 2.505 ± 0.026 0.258 ± 0.043
120 1:36:43.8606, +15:47:59.398 37.275 ± 0.029 36.688 ± 0.034 38.821 ± 0.045 1.912 ± 0.036 0.413 ± 0.060
121 1:36:42.8685, +15:47:54.518 37.413 ± 0.027 36.841 ± 0.027 38.761 ± 0.046 2.239 ± 0.031 0.433 ± 0.052
122 1:36:42.9516, +15:47:43.718 37.288 ± 0.029 36.684 ± 0.034 38.447 ± 0.053 1.972 ± 0.036 0.391 ± 0.060
123 1:36:41.5604, +15:47:36.919 36.596 ± 0.064 36.481 ± 0.047 38.281 ± 0.059 1.860 ± 0.049 1.051 ± 0.107
124 1:36:38.6730, +15:47:10.186 37.888 ± 0.022 37.163 ± 0.019 38.934 ± 0.044 2.474 ± 0.023 0.227 ± 0.040
125 1:36:37.8638, +15:47:09.145 37.308 ± 0.029 36.656 ± 0.035 38.595 ± 0.049 2.055 ± 0.038 0.326 ± 0.061
126 1:36:38.0523, +15:47:08.666 36.879 ± 0.043 36.354 ± 0.059 38.946 ± 0.044 1.688 ± 0.060 0.497 ± 0.098
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maximum theoretical value of 50% ionizing photons directly
absorbed by dust from the lowest to the highest H II region
luminosities, the slope of the log[Σ(24)] versus log[Σ(Pαcorr)]
relation would change from 1 to ∼1.2, slightly steeper than
observed, but not inconsistent with it. Thus, the observed trend
in Figure 4 can be due to multiple mechanisms at play.

Wang & Heckman (1996) introduced the idea of combining
a tracer of the unattenuated stellar light in the UV/optical with
a tracer of the dust-reprocessed stellar light in the IR to capture
all the light associated with recent star formation. This was later
expanded by several authors to calibrate the UV+ IR as an
SFR indicator (e.g., Buat et al. 1999; Meurer et al. 1999;
Hirashita et al. 2003; Treyer et al. 2010; Hao et al. 2011; Liu
et al. 2011) and by Calzetti et al. (2007), Kennicutt et al.
(2007), and Kennicutt et al. (2009) to combine nebular
emission and IR into SFR tracers. Following the technique
presented in Calzetti et al. (2007), we combine the observed
Hα surface density with the 24 μm surface density to obtain a
linear relation which reproduces the attenuation-corrected Hα
surface density:

bSFR H H 24 , 5corr( ) ( ) ( ) ( ) ( )a aS µ S = S + S

where Σ(Hα) and Σ(24) are the observed quantities and
Σ(Hαcorr) is the attenuation-corrected one. The difference
Σ(Hαcorr) –Σ(Hα) is the fraction of nebular emission absorbed
by dust, which can be related to the fraction of massive starlight
attenuated by dust; Σ(24) is a measure of the emission from the
dust heated by those stars for a simplistic assumption of
foreground dust. The ratio between these two quantities:

b
H H

24
, 6corr( ) ( )

( )
( )a a

=
S - S

S

provides the scaling for the dust emission to be translated to an
SFR (Kennicutt 1998; Kennicutt & Evans 2012). In Figure 6,

we plot b as a function of both Σ(Paαcorr) (Calzetti et al. 2007)
and EW(Paα) (Belfiore et al. 2023), and provide fits for these
quantities using data that are above the stochastic IMF
sampling limit. For the EW(Paα), we determine the lower
limit from the left panel of Figure 3 to be log[EW(Pα)]; 1.8.
In both cases, b is almost independent (within 2σ) of either
variable, Σ(Paαcorr) or EW(Pα), for the censored data. The
quantity b is, therefore, well described by a constant which
corresponds to the median value of the data:

H H 0.095 0.007 24 . 7corr( ) ( ) ( ) ( ) ( )a aS = S +  S

The mostly downward scatter of the points in Figure 6 for
low Pα luminosity or EW is consistent with stochastic IMF
sampling. The quantity Σ(Hα)corr) –Σ(Hα) traces the gas
ionized by the dust-attenuated massive stars while Σ(24)≈Σ
(UV), i.e., the UV emission from those stars (under the
assumed foreground dust geometry). The O-type stars produ-
cing ionizing photons are more sensitive to the effects of
stochastic sampling of the IMF than the B-type stars that
contribute to the UV emission, because they are less numerous.
This also means that high values of Hα emission (or of its dust-
absorbed component) will be less common than low values,
producing the type of downward scatter of points seen in
Figure 6 (resembling Figure 1 of Fumagalli et al. 2011).
Conversely, the independence, within the uncertainties, of b to
both Σ(Paαcorr) and EW(Pα) for values above the stochastic
IMF sampling limit lends support to our choice of a stellar
mass M= 3000 Me to set this limit.

5. Discussion

5.1. Characteristics of the H II Regions

Our aim has been to isolate H II regions or small clusters of
H II regions in NGC 628 which are relatively uniform in terms
of age. We have done this by requiring that the selected 120
pc size regions are dominated by one compact nebular emitting
source. In this section, we further investigate the properties of
these regions.
The EW(Paα) shows a clear trend as a function of the

attenuation-corrected Paα luminosity (left panel of Figure 3),
and the models introduced in the previous section and in
Table 4 attempt to reproduce that trend. The main conclusion
from these models is that, although there are areas where both
the aging model and the decreasing-mass model are consistent
with the data, only the model with constant age and decreasing
H II region mass closely follows the trend marked by the data
(red solid line and model #2 in Table 4). In other words, the
observed trend of EW(Paα) with Paα luminosity is well
accounted for by constant-age H II regions whose intensity (and
mass) is not constant, but varies relative to the intensity (mass)
of the surrounding stellar population. The scatter of about an
order of magnitude in the data relative to the mean trend is
consistent with the observed variations in stellar background
levels across the footprint of the galaxy imaged by MIRI. The
age that best accounts for the data is ≈3 Myr, although
different ages can be accommodated by the scatter in the data;
older ages, for instance, will generate smaller EWs (Table 3
and model #3 in Table 4), and can easily be masked by
younger sources with higher stellar backgrounds. We may also
have cases where multiple ages (multiple clusters) are present
in a single region, but the luminosities of the older-age systems
will be subdominant relative to the youngest ones. The regions

Figure 5. The color excess E(B − V ) for the 111 H II regions with luminosity
above the stochastic IMF sampling limit as a function of the ratio log[Σ(24)/Σ
(Paαcorr)]. Data are shown as black circles with their 1σ uncertainties, and the
median E(B − V ) values for three bins of increasing log[Σ(24)/Σ(Paαcorr) are
shown as filled red circles, with the bin widths shown by horizontal bars. The
bins are centered at log[Σ(24)/Σ(Paαcorr) = 1.44, 1.70, and 2.00, with the
median E(B − V ) = 0.38, 0.50, and 0.52. The bins are of equal size, but the
results are virtually identical for bins of equal numbers of data points per bin.
The case where the data are binned in E(B − V ), for equal number bins and
centered at 0.24, 0.49, and 0.74 mag, are also shown as filled blue circles with
vertical blue bars to show the widths of the bins. The two black lines show the
results for linear fits to the data, performed using the biregression (continuous
line) and the least squares bisector (dotted–dashed line) algorithms.
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that are brighter than the stochastic IMF sampling limit are
likely dominated by sources younger than ∼5 Myr, as
demonstrated by the location of the 6 Myr model (dotted–
dashed green line). Thus, the original selection of Paα compact
regions has netted a sample of truly young H II regions, in
agreement with Whitmore et al. (2011).

Our sample regions display an interesting characteristic: we
do not find luminous Paα regions that have low values of E
(B− V ) (Figure 3, right panel), and the higher the luminosity
the higher the minimum color excess we derive. This trend is
physical, because no selection effect can explain it: low-E
(B− V ), luminous H II regions will be luminous at all
wavelengths and will not be missed by our visual inspection
and our selection criteria. We note that while we cannot find
low-attenuation bright H II regions, fainter regions are found
with a wide range of E(B− V ) values. At faint Paα
luminosities, log(Paαcorr)< 36.5, the values of E(B− V )
appear to bifurcate; at this stage, we cannot establish whether
the bifurcation is due to incompleteness in our visual selection
or other effects. However this will not affect our results, which
concentrate on brighter regions. A trend of higher attenuation
for higher Paα surface brightness was found by Calzetti et al.
(2007) for their 180 ∼0.5 kpc size star-forming regions in a
sample of 23 ∼solar-metallicity local galaxies. Conversely,
Emsellem et al. (2022) do not find a clear correlation between E
(B− V ) and the observed Hα surface brightness in their
PHANGS-MUSE sample, but this result may be affected by the
high sensitivity of the Hα emission to dust attenuation.
Similarly to our result, trends between E(B− V ) and SFR are
also commonly found in galaxies, with explicit relations
published by several authors (e.g., Hopkins et al. 2001;
Calzetti 2001; Garn & Best 2010; Xiao et al. 2012). Although
these relations are often described as a consequence of the
mass–metallicity relation (SFR∝mass and color
excess∝metallicity), Xiao et al. (2012) still find positive E
(B− V )–SFR relations after dividing their sample of star-
forming galaxies in bins of constant metallicity. Figure 3 (right
panel) shows the trends marked by the relation derived by
Calzetti et al. (2007) for their ∼solar-metallicity star-forming
regions and the relation by Garn & Best (2010) for galaxies,
after converting the observed Hα luminosity to attenuation-

corrected Paα luminosity for the latter. For the relation of
Calzetti et al. (2007), both the mean trend (continuous blue
line) and the region enclosing 90% of their data points (dash
blue lines) are shown. The spread in both the data from this
work and the relations from the literature indicates that the
correlation between E(B− V ) and nebular line luminosity
is weak.
We observe a mild trend for increasing E(B− V ) with

increasing Σ(24)/Σ(Paαcorr) (or, equivalently, L(21)/L(Paαcorr)),
which is preserved when binning either along the x-axis or the y-
axis (Figure 5). Dustier regions are expected to have both higher
E(B− V ) and mid-infrared/line ratio values, but the scatter in
the observed trend is larger than the trend itself. This may be due
to the different nature of the two dust tracers. E(B− V ) traces the
foreground dust absorption in the nebular gas, while the mid-
infrared emission traces the dust emission associated with both
the ionizing photons and the nonionizing stellar continuum and is
generally dominated by the latter. Thus, small variations in
the dust attenuation of the gas and the stellar continuum, as
well as complex geometries for the distribution of the dust
relative to both the gas and the stars, will affect and increase the
scatter of the mid-infrared/line intensity ratio. Furthermore, the
L(21)/L(Paαcorr) can be affected by small variations in the ages
of the regions: over the first 5 Myr of life of an H II region, the
nebular line emission decreases by almost a factor of 7 (Table 3),
while the UV–optical stellar continuum only changes by a factor
of 2.1 at most. This translates into a scatter of 0.5 dex in
log[Σ(24)/Σ(Paαcorr)], perfectly adequate to conceal an intrinsic
relation between this quantity and E(B− V ).
In summary, the 120 pc size regions identified in this work

are consistent with being dominated by young (age≈ 3 Myr
and <5 Myr) line-emitting stellar populations surrounded by
stellar populations that contribute to the continuum but not to
the line emission, and are, therefore, older than the primary
line-emitting population.

5.2. Calibration of L(24) as a Star Formation Rate Tracer in
NGC 628

An H II region powered by an instantaneous-burst stellar
population has, by definition, SFR= 0. While the size of our

Figure 6. The ratio of the nebular hydrogen emission absorbed by dust at Hα and the dust emission at 24 μm as a function of the surface brightness of Paα
(attenuation corrected, left panel) and of the EW(Paα) (right panel). The best linear fits, in log–log scale, and the best constant value fits for regions with luminosity
and EW above the stochastic IMF sampling limit (vertical dotted–dashed black lines) are shown on the plots as continuous and dashed blue lines, respectively; the
value of b in this regime is practically independent of either variable.
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regions, ∼120 pc, is larger than the typical H II region and may
contain more than one such regions, the area is still sufficiently
small that single-age populations may dominate the emission,
as discussed in the previous subsection. Thus, the SFR
calibrations presented here should be taken with caution.

The conversion from surface brightness to luminosity is
trivial in a single galaxy analysis, and this subsection will
revert to luminosities in order to present SFR calibrations. We
assume that the attenuation-corrected Paα luminosity is a tracer
of SFR via:

M L

L

SFR line, yr 5.45 10 H
4.26 10 Pa , 8

1 42

41

( ) ( )
( ) ( )

�: a
a
= ´

= ´

- -

-

appropriate for our choice of stellar IMF (Calzetti et al. 2010),
and with all luminosities expressed in units of erg s−1. With
this, we can rewrite Equation (4) as:

M L

L

SFR 24, yr 3.06 10 24
for 10 24 10 ,

9

1
1.91
3.04 40 0.9318 0.0087

38 41� 1 � 1

( ) ( )
( )

( )

�: = ´-
-
+ - 

and the hybrid optical–IR calibration from Equation (7) as:

M L
L

SFR H 24, yr 5.35 10 H
0.095 0.007 24 . 10

1 42( ) [ ( )
( ) ( )] ( )

�:a a+ = ´
+ 

- -

The equations above assume that the 120 pc regions capture
all the light in each waveband. This is likely a correct
assumption for the mid-infrared (e.g., Lawton 2010), but
incorrect for the nebular emission, as H II regions are known to
leak between one-third and half of the ionizing photons they
produce into the interstellar medium out to about a 1 kpc
distance (Ferguson et al. 1996; Oey et al. 2007; Pellegrini et al.
2012; Della Bruna et al. 2021). Assuming the most extreme
case that about half of the ionizing photons leak out of H II
regions and are not recovered by our 120 pc photometric
apertures, we obtain the following updated coefficients for our
equations: the proportionality factor in Equation (9) changes

from 3.060× 10−40 to 6.120× 10−40 and b in Equation (10)
changes from 0.095± 0.007 to 0.19± 0.01.
The same equations as Equations (9) and (10) expressed for

the 21 μm emission are:

M L

L

SFR 21, yr 2.71 10 21
for 10 21 10 ,

11

1
1.69
2.69 40 0.9318 0.0087

38 41� 1 � 1

( ) ( )
( )

( )

�: = ´-
-
+ - 

and:

M L
L

SFR H 21, yr 5.35 10 H
0.083 0.006 21 . 12

1 42( ) [ ( )
( ) ( )] ( )

�:a a+ = ´
+ 
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5.3. Comparison with Previous Work

The calibration of the 24 μm emission as an SFR indicator
has a long history, with many such calibrations available in the
literature. Although the ones quoted here are mainly from
observations with the Spitzer Space Telescope, the calibration
of monochromatic SFR indicators dates back to the Infrared
Space Observatory (e.g., Roussel et al. 2001; Förster Schreiber
et al. 2004; Boselli et al. 2004). Figure 7 compares the
calibration derived in this work from the MIRI data of a single
galaxy, NGC 628 (Equation (9)), with the H II region
calibrations from Spitzer published by several authors, usually
from samples of several or many galaxies (Pérez-González
et al. 2006; Alonso-Herrero et al. 2006; Calzetti et al. 2007;
Relaño et al. 2007). All calibrations are rescaled to a common
stellar IMF, as discussed in Calzetti et al. (2010). All H II
region calibrations are sublinear in log–log scale, with slopes in
the range 0.768–0.885; for comparison, we find a slope of
0.932. The calibrations are relatively consistent among
themselves, within a factor of ∼2.5, in the luminosity range
spanned by L(24) for H II regions in this work (∼1038–41 erg
s−1). The main exception is the calibration we obtain when
correcting for leakage of ionizing photons out of H II regions;
this pushes the overall relation to higher values than the other

Figure 7. Left: a collection of calibrations between SFR and the luminosity at 24 μm from the Spitzer Space Telescope derived by several authors both for H II regions
and galaxies is shown in comparison with the current calibration for NGC 628 (Equation (9), black solid line; gray solid line for the calibration corrected for ionizing
photon leakage). For H II regions/starbursts (all solid lines): Pérez-González et al. (2006, P06, cyan), Alonso-Herrero et al. (2006, A06, magenta), Calzetti et al. (2007,
C07, blue), and Relaño et al. (2007, R07, red). All relations for H II regions/starbursts are nonlinear, and with a slope < 1 in log–log scale. For star-forming galaxies
(all dash lines): nonlinear and linear relations from Wu et al. (2005, W05 nl, cyan, and W05, blue, respectively,); nonlinear and linear relations from Zhu et al. (2008,
Z08 nl, magenta, and Z08, red, respectively,); and the linear relation from Rieke et al. (2009, R09, black). The horizontal blue and red bars mark the approximate range
of the luminosity of the H II regions and galaxies, respectively. Right: the same as the left panel, but using the SFR normalized by L(24) on the vertical axis, to
emphasize both similarities and disagreements between the different calibrations. All relations for galaxies are extrapolated to much lower luminosities than their
calibration ranges.
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calibrations (solid gray line in Figure 7), making it discrepant
with the other calibrations across most of the 24 μm luminosity
range; however, we consider this calibration as an extreme
case, as stated in the previous subsection. Previous works do
not correct for the effects of leakage of ionizing photons out of
H II regions, but these works, based on Spitzer data, generally
consider physically larger regions (0.5 kpc) than those
analyzed here, and are therefore less affected by leakage.

In the luminosity range of galaxies, L(24) 1040 erg s−1, the
nonlinear H II region calibrations remain consistent among
themselves still within a factor of ∼2.5, except for the one by
Pérez-González et al. (2006; solid cyan line in Figure 7), which
has been derived only for L(24)< 1042 erg s−1 and under-
predicts the SFR above this luminosity value.

Figure 7 also shows published calibrations for galaxies, both
nonlinear (Wu et al. 2005; Zhu et al. 2008) and linear (Wu et al.
2005; Zhu et al. 2008; Rieke et al. 2009), although it should be
noted that the galaxy calibrations are extrapolated to several
orders of magnitude lower luminosities than the range where
they have been derived, typically L(24)∼ 1041–3× 1044 erg
s−1. At low luminosities, the galaxy linear calibrations are more
discrepant than the nonlinear ones with the H II region
calibrations, being a factor of ∼4 lower in predicted SFR
at L(24)∼ 1038 erg s−1. However, both the linear and nonlinear
SFR(24) calibrations for galaxies agree with the H II
region calibration, again within a factor of ∼2.5, for L(24)>
1041.5 erg s−1.

In summary, nonlinear calibrations between SFR and L(24)
remain consistent with each other over most of the luminosity
range of the H II regions and galaxies in the local Universe and
can be used, within an accuracy of ∼2.5×, across the full range
L(24)∼ 1038–44 erg s−1. Linear calibrations, derived for
galaxies, are also consistent with each other, and become
consistent with the nonlinear ones in the regime of galaxy
luminosities. The observed variations in slope and intercept
between different nonlinear calibrations of the SFR–L(24)
relation are briefly discussed in the next subsection.

Calibrations of hybrid SFR indicators involving nebular lines
and mid-infrared emission were obtained by Calzetti et al.
(2007, who expanded on the calibration by Kennicutt et al.
2007) for galaxy regions ∼500 pc across and by Kennicutt
et al. (2009) for entire galaxies, obtaining b= 0.031± 0.006
and b= 0.020± 0.005, respectively. The samples those authors
analyze are dominated by metal-rich galaxies (∼solar metalli-
city), similar to NGC 628. In both cases, the calibration
parameters these authors obtain are between a factor of 3 and
4.8 lower than the one derived in this work. This discrepancy is
discussed in the next subsection.

Belfiore et al. (2023) derive several calibrations for hybrid
optical+mid-infrared tracers, using JWST mid-infrared obser-
vations in the wavelength range 3.3–21 μm; they determine
that the proportionality factor b in Equation (5) (and in similar
equations with other mid-infrared bands) is a function of
EW(Hα), becoming constant at high EWs. We obtain a similar
result for our uncensored data (Figure 6, right panel), although
we only analyze the data above the stochastic IMF sampling
limit. The median value of b derived by Belfiore et al. (2023)
ranges between 0.031 and 0.051 for L(21), corresponding to
0.035 and 0.058 for L(24), lower than our value of 0.095.
However, at least part of the difference may be due to our
approach of only fitting the censored data. When using those
authors’ high EW(Hα) asymptote, which is ∼0.2 dex above the

median, their background-subtracted regions yield b∼ 0.08–0.09
for L(24), which is closer to our value. The residual difference
could be due to those authors’ use of Hα/Hβ to perform
attenuation corrections, which may be insufficient to recover the
intrinsic value of the nebular line intensity and lead to an
underestimate of b. The sample of Belfiore et al. (2023) includes
galaxies with a range of metallicities, but lower-than-solar
metallicities increase b, since metal-poor regions will have
proportionally fainter L(24), thus metallicity effects cannot cause
the observed discrepancy. Leakage of ionizing photons may or
may not contribute to the difference: the sizes of the regions
analyzed by Belfiore et al. (2023) are reported to be around 100
pc, thus slightly smaller than ours; leakage of ionizing photons
may impact their nebular line photometry a little more than in
our case leading to further underestimation of b. In what follows,
we will include the higher of the two values reported by Belfiore
et al. (2023), corresponding to the median value of their
background-subtracted regions.

5.4. The Role of the Dust-heating Stellar Population in L(24)

As already mentioned in the Introduction, the 24 μm (and
21 μm) emission is due to both stochastic and thermal dust
heating by UV and optical photons, implying that old
stellar populations also contribute to the heating of the dust
(Greenberg 1968; Sellgren et al. 1983; Leger & Puget 1984;
Desert et al. 1990; Draine & Li 2001, 2007; Smith et al. 2007;
Galliano et al. 2018; Draine et al. 2021). In addition, since star
formation is hierarchically clustered in galaxies and larger
spatial scales correspond to older mean ages of the stellar
populations (e.g., Efremov & Elmegreen 1998; de la Fuente
Marcos & de la Fuente Marcos 2009; Elmegreen &
Hunter 2010; Grasha et al. 2017), galaxy regions of increasing
sizes, when locally background subtracted, will capture
increasingly older mixes of stellar populations, all contributing
in different ways to the dust emission.
This concept was used by Li et al. (2013) to model the

decreasing SFR calibration coefficient at 70 μm for increasing
region size: in small galactic regions, one expects the 70 μm
emission to be contributed mainly by recently formed stars,
with the contribution from progressively older stellar popula-
tions increasing for increasing galactic region size; with this
model, the smaller SFR(70) calibration coefficient at larger
scales is an outcome of the smaller fraction of 70 μm emission
due to recent star formation in larger regions.
We expand and further develop the model from Li et al.

(2013), to attempt a description of the trend in b, which
decreases for increasing spatial scale, as stated in the previous
subsection, from ∼0.1 at 120 pc scales (∼0.06 at 100 pc in the
derivation of Belfiore et al. 2023) to ∼0.03 at ∼500 pc scales to
∼0.02 at galaxy scales (Calzetti et al. 2007; Kennicutt et al.
2009). For the purpose of our toy model, we set:

L L LH H H 10 , 13E B V
corr corr

0.4 H( ) ( ) ( ) ( )( ) ( )a a a- = k a- -

and:

L fL fL24 IR 10 , 14E B V
bol

0.4 eff( ) ( ) ( )( )= = k- -

where E(B− V ) is the dust column density of the region, under
the simplistic assumption of foreground dust, κ(Hα) and κeff
are the attenuation curve at Hα and its effective value across
the entire stellar wavelength range, respectively, f is the fraction
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of the bolometric IR emission that is captured at 24 μm,
and Lbol is the stellar bolometric emission. Technically,
Equation (14) should be the integral of the luminosity density
multiplied by the attenuation as a function of wavelength; we
use the central limit theorem to replace this integral with the
bolometric luminosity multiplied by the effective value of the
attenuation. We obtain L(Hαcorr) and Lbol from the Starburst99
models for both an instantaneous-burst and a constant-SFR
population (Leitherer et al. 1999). We adopt f= 0.14 from the
median value of L(24)/L(IR) reported in Calzetti et al. (2010)
for high-SFR galaxies; this median value has a 1σ scatter of at
least 0.1 dex.

We are interested in the ratio of Equation (13) to (14),
meaning that, while we do not know the exact values of
E(B− V ), κ(Hα), and κeff, we can use other information to
constrain the ratios of the attenuation terms in those two
equations. We note that star-forming galaxies have been found
to have AV∼ 1 mag (Kennicutt 1983), corresponding to about
half of the luminosity at the Hα wavelength to be absorbed by
dust. We also know that about one-third to half of the
bolometric luminosity of local galaxies is absorbed by dust and
reemitted in the IR (e.g., Dale et al. 2007). These considera-
tions allow us to adopt:
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1. 15
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With this, the ratio of Equation (13) to (14) simplifies to (see
also Equation (6)):
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which is plotted in Figure 8. The b values derived in this work,
Calzetti et al. (2007), and Kennicutt et al. (2009) mark a
sequence for an increasing duration of star formation with
increasing spatial scale. The value b= 0.095 derived in this
work is consistent with either constant or instantaneous star
formation for a few million years; the b∼ 0.03 from Calzetti
et al. (2007) and b∼ 0.02 from Kennicutt et al. (2009) are
consistent with constant star formation over timescales of a few
hundreds of millions of years and ≈1010 yr, respectively. These
durations are not inconsistent with the spatial scales sampled by
those authors. For comparison, Efremov & Elmegreen (1998)
and Grasha et al. (2017) find that typical age separations for
star clusters are around 10 Myr and 100 Myr over scales of
10–20 pc and 0.5 kpc, respectively, indicating a trend in the
same direction as the one found here. Thus, the decreasing b
values for increasing spatial scale are consistent with the dust
being heated by progressively older stellar populations.

The value b∼ 0.06 from Belfiore et al. (2023) is consistent
with either an instantaneous, ∼3× 106 yr, burst or constant star
formation over ∼107 yr. However, neither option is consistent
with the relatively small EW(Hα), with a mean value∼ 30 Å,
these authors recover. This, together with the small spatial
regions sampled by the authors, which are likely to include a
small number of star clusters per region, reinforces the
possibility that the inclusion of H II regions heavily affected
by stochastic sampling of the IMF has impacted the results of
Belfiore et al. (2023), by their having included low-mass young

objects with Hα suppressed by their relative paucity of massive
stars. Overall, the b value derived by Belfiore et al. (2023) is
out of order relative to the age–size trend, and is highlighted in
Figure 8 with a left-pointing arrow. It is also important to
consider that the results for the larger regions are affected by
the adopted star formation history: instantaneous bursts or even
constant star formation are dramatic simplifications, as present-
day star-forming galaxies show evidence for a decreasing SFR
over cosmic time. Thus the values in Figure 8 that map the
correspondence between region size and duration of star
formation should be considered indicative only, and within the
context of this toy model.
It is tempting to try to interpret the observed variations in the

nonlinear SFR–L(24) relation, specifically slope and intercept,
in light of the model above. However, we do not observe a
systematic trend between region size and change in the slope
and/or intercept for this relation. This may be due to the fact
that the relation includes two effects: (1) the contribution of the
diffuse, stochastically heated dust emission to the L(24)
luminosity discussed above; and (2) the decrease in the mean
dust attenuation for decreasing luminosity, i.e., SFR, discussed
in Section 4. In the hybrid calibration (Equation (5)), the
second effect is captured by the observed L(Hα), while in the
SFR–L(24) calibration this effect is captured by the non-
linearity between the two quantities, as already remarked by
Kennicutt et al. (2009). The two effects are both present and are
not easy to separate, which may explain the lack of a systematic
trend with region size for the SFR–L(24) relation.

Figure 8. The model ratio L(Hαcorr)/[f Lbol], which is approximately equal to
b, as a function of age/duration for the two cases of instantaneous-burst
population (blue line) and constant star formation (red line). The uncertainties
in f, the fraction of L(IR) that is captured at 24 μm (see text), are shown as
magenta lines for the constant-SFR case only. The values of b ∼ L(Hαcorr)/[f
Lbol] derived from the data are shown as representative points on the constant
star formation model with their 1σ uncertainties, for the following results: from
this work (marked “120 pc”), from Belfiore et al. (2023, marked “100 pc,
stoch” and with a left-pointing arrow to remind the reader that the value of b
includes regions that are below the stochastic IMF sampling limit), from
Calzetti et al. (2007, marked “500 pc”), and from Kennicutt et al. (2009, for
whole galaxies, marked “Whole”). The location of the b values along the
horizontal axis is forced to be within the range marked by the constant star
formation model, to show the approximate age range to which each region size
(b value) corresponds. The horizontal black lines span the full age range of the
models at the level of the observational b values. The upward arrow at the
smallest scale indicates the direction of the data if leakage of ionizing photons
in these regions is corrected for.
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