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Abstract

The effect of supernovae (SNe) on star formation in the interstellar medium (ISM) depends sensitively on where
SNe explode with respect to ISM clouds. Observationally, SN ISM environments characterized by spatially
resolved gas maps can empirically guide the placement of SNe in subgrid models, but unfortunately such
measurements remain scarce, as SNe are rare and often distant. Here we demonstrate a new approach—mapping
the ISM around evolved massive stars that are soon to explode. These provide a substantially larger sample of
“explosion sites” (than just historical SNe) in nearby galaxies that have high-resolution atomic and molecular ISM
maps from the Jansky Very Large Array and Atacama Large Millimeter/submillimeter Array. We demonstrate
this technique in the well-resolved Local Group spiral M33 by analyzing the 50 pc scale projected ISM densities
around red supergiants (RSGs; 8-30 M, stars) Wolf—Rayet stars (W-Rs; >30M, stars), and supernova remnants.
We find a mass-dependent correlation between stars and gas clouds, with at least 45% of W-Rs and up to 77% of
RSGs having no detectable H, at their pixel locations. In the sample with H, detections, we find that more-
massive younger progenitors are coincident with denser gas. We show that the density distributions for stars >15
M., are statistically distinct from random alignment of stars and gas in M33. Our work provides the first
observationally derived estimate of the fraction of the SN-producing stellar population correlated with ISM
density peaks. We demonstrate how this can be compared with galaxy simulations, and advocate similar
comparisons to the community for constraining subgrid models.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Stellar feedback (1602); Massive stars (732);
Supernovae (1668); Radio astronomy (1338); Millimeter astronomy (1061)
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and the multiphase distribution of the interstellar medium
(ISM; e.g., C. F. McKee & J. P. Ostriker 1977; M. K. R. Joung
& M.-M. Mac Low 2006; E. C. Ostriker & R. Shetty 2011;
A. S. Hill et al. 2012; C.-G. Kim et al. 2013; D. Martizzi et al.
2016; R. Kannan et al. 2020; T.-E. Rathjen et al. 2021;
C.-G. Kim et al. 2022), accelerate cosmic rays (e.g., M. Ack-
ermann et al. 2013; D. Caprioli & A. Spitkovsky 2014;
A. M. Bykov et al. 2018), and disperse metals synthesized in
stars (see e.g., S. Walch et al. 2015; B. H. Andrews et al. 2017;
0. G. Telford et al. 2019; M. Li & S. Tonnesen 2020, for
recent simulations and measurements). The balance of these
mechanisms determines the star-forming properties of the ISM
(as shown, e.g., in the recent simulations of E. C. Ostriker &
C.-G. Kim 2022; one of many examples).

Despite its importance, many uncertainties remain in the
physics of SN feedback in simulations, a major one being their
locations with respect to ISM density peaks. Densities and
temperatures in the ISM span several orders of magnitudes,
and these affect the spatial scales and timescales on which SN
blast waves cool and subsequently share the thermal energy
and momentum with the ambient gas (C.-G. Kim & E. C. Ost-
riker 2015a; M. Li et al. 2015; D. Martizzi et al. 2015;
P. I. Karpov et al. 2020; B.-C. Koo et al. 2020; Y. Oku et al.
2022). As a result, the accumulation of thermal energy and
momentum from SNe can significantly vary with the
environments in which they are seeded. Simulations have
confirmed the importance of the SN ambient density, finding
large differences in the global properties of the ISM such as
star formation, outflow rates, and phase distribution, depend-
ing on the correlation between SN locations and ISM density
peaks (e.g., A. Gatto et al. 2015; S. Walch et al. 2015;
P. Girichidis et al. 2016; D. Martizzi et al. 2016).

Unfortunately, the locations where stars explode depend on
a number of poorly understood physical properties of massive
stars, such as their evolutionary timescales (e.g., E. Zapartas
et al. 2017; J. J. Eldridge & E. R. Stanway 2022), potential for
explosion from different progenitor masses 218 M
(T. Sukhbold et al. 2016), single/binary-evolution-driven
mass loss (N. Langer 2012; N. Smith 2014), 3D kinematics
from interactions in many-body environments (S. Oh &
P. Kroupa 2016; M. S. Oey et al. 2018) or kicks from SN
explosions in binary systems (J. J. Eldridge et al. 2011;
M. Renzo et al. 2019; M. M. Dallas et al. 2022), and the
coevolution timescales with their parent molecular clouds
(e.g., J. M. D. Kruijssen et al. 2019; M. Chevance et al. 2020).
While modern high-resolution simulations are increasingly
making great strides in capturing many of these intricate
processes and their effects on the ISM (e.g., C.-Y. Hu et al.
2017; C.-G. Kim & E. C. Ostriker 2017; T. A. Gutcke et al.
2021), a comprehensive set of observations of the diverse
ambient environments of SNe is needed to serve as a useful
guide for simulations, but presently lacking.

In recent years, detailed mapping of the multiphase ISM
down to scales (~100 pc) of individual clouds and their coeval
stellar associations have become possible with modern
synthesis arrays like the Atacama Large Millimeter/submilli-
meter Array (ALMA) and the Karl G.Jansky Very Large
Array (VLA)—effectively opening the window to direct
observations of the cloud-scale ISM around SNe. N. Mayker
Chen et al. (2022, hereafter MC22) studied the molecular gas
environments of 63 historical SNe in 31 galaxies at physical
resolutions spanning 60—150 pc, using the PHANGS survey of
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nearby galaxies within 20 Mpc (A. K. Leroy et al. 2021b).
They found about 15% of stripped-envelope (SE) SNe (Type
IIb, Ib, Ic) and 50% of Type II SNe explode at least 150 pc
away from the sites of giant molecular clouds (GMCs). This
was a direct confirmation that a significant fraction (if not all)
core-collapse SNe (CCSNe) explode in low-density environ-
ments outside of GMCs. The work also greatly benefited from
the cloud-scale resolution that was inaccessible to previous
generation extragalactic CO-surveys (L. Galbany et al. 2017).

The potential to expand such SN location analyses,
however, faces a more fundamental limitation—SNe in
individual galaxies are rare and require observing large
cosmological volumes to obtain a sizable sample (W. Li
et al. 2011), precluding the high spatial resolution needed to
characterize their environments. While the millimeter wave-
lengths are short enough that ALMA can still resolve
molecular clouds out to 20 Mpc with longer baselines, the
ability to observe the atomic (H 1) ISM—which is a significant
component by both mass and volume in star-forming galaxies
(S. R. Kulkarni & C. Heiles 1987; J. M. Dickey & F. J. Lockman
1990; F. Walter et al. 2008)—at arcsecond resolution out to the
same distances is unfeasible, at least until the advent of the next-
generation VLA (E. J. Murphy et al. 2018) and Square Kilometer
Array. Thus, while studies of the molecular gas around SNe are
promising in the nearby Universe, the fofal ISM density at the
scale of individual clouds around SNe restricts our observing
volume to the nearest galaxies, where again, SN counts become
vanishingly small.

Here we propose a novel strategy for uncovering the ISM
distribution near SNe—by focusing instead on the Local
Group galaxies, and their substantial population of evolved
massive stars that will likely explode within a few Myr. The
approach has two major advantages. First, even though SNe
are rare, we have access to high-completeness catalogs of
thousands of evolved massive stars like red supergiants
(RSGs) and Wolf—Rayet stars (W-Rs; K. F. Neugent &
P. Massey 2011; P. Massey et al. 2021b) that have been
meticulously constructed over decades and are strong
candidates for future CCSNe (see Section 2.2.1). We also
have access to supernova remnants (SNRs; R. L. White et al.
2019), which trace locations of actual explosions that have
occurred in the past. The combination of W-Rs, RSGs, and
SNRs enables a much larger catalog of “explosion sites” than
achievable with an SN catalog while retaining substantial
spatial detail of the environments. Second, the proximity of
Local Group galaxies™ offers not only cloud-scale observa-
tions of molecular gas (G. Engargiola et al. 2003; E. Rosolo-
wsky et al. 2007; T. Wong et al. 2011; R. E. Miura et al. 2012;
C. Druard et al. 2014; A. Caldd-Primo & A. Schruba 2016),
but also the atomic gas phase (e.g., R. Braun et al. 2009;
R. Braun 2012; E. W. Koch et al. 2018; N. M. Pingel et al.
2022), with detailed information about kinematics, opacity,
and the cold/warm phases that is not as reliably recovered in
more distant targets.

We carry out our work with published and new datasets of
M33, and organize our paper as follows. In Section 2, we
describe the published catalogs of RSGs, W-Rs, and SNRs that

25 While not the focus of this paper, we note that another advantage in the
Local Group is availability of detailed star formation histories from
observations of resolved stellar populations (P. Massey et al. 2006;
M. R. L. Cioni et al. 2011; J. J. Dalcanton et al. 2012; D. L. Nidever et al.
2017; M. Lazzarini et al. 2022). We use them briefly in our analyses to obtain
useful insight into the distribution of our massive stars in certain sections.
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we use, present our new observations of HI and CO with the
VLA and ALMA, and elaborate on our overall strategy of
observing the ISM around evolved massive stars. Section 3
describes our results, including the relative spatial distribution
of the stars and gas, and the density distributions; we
statistically verify these densities with multiwavelength star
formation maps. Section 4 discusses the implications of the
results, specifically the correlation between stellar age and
ambient ISM density, the significant fraction of massive stars
in the low-density atomic ISM, the need for higher (~pc)
resolution molecular data to identify cavities and substructures
in the ISM around stars, the novelty of our data for the purpose
of validating feedback models, and comparison of our findings
with those in SN environment and SNR interaction studies.

2. Observations and Methodology

We will carry out our analysis in the Local Group dwarf
spiral galaxy, M33, which has the ideal combination of
datasets for our purposes. At a distance of 0.84 kpc
(W. L. Freedman et al. 1991), the star-forming dwarf with a
stellar mass of ~3 x 10° M, (R. P. van der Marel et al. 2012)
has a substantial atomic and molecular ISM visible at sub-
cloud-scale spatial resolution (e.g., R. Braun 2012; C. Druard
et al. 2014; E. W. Koch et al. 2018). The galaxy has been the
target of ground- and space-based surveys of its stellar
population and ISM for decades. We will use these published
datasets to study the spatial correlation of evolved massive
stars that will explode as SNe in future, with the density peaks
in the ISM traced by the cold (atomic+molecular) gas at a
resolution of ~50 pc. The relevant ISM and stellar datasets,
along with their motivation for usage, and measurement
strategy, are described in the following sections.

2.1. ISM Maps
2.1.1. 21 cm Atomic (H1) Map

We use two H1 maps of M33, both obtained from the VLA
and using short-spacing observations from the Green Bank
Telescope (GBT) (F. J. Lockman et al. 2012). The coarser
20”7 (80pc) resolution map is the 13 pt mosaic from
E. W. Koch et al. (2018, project ID: 14B-088) using
C-configuration observations, which has a spectral resolution
of ~0.2 km s and rms noise of 2.8 K per channel. The data
are feathered with the GBT H1 data from F. J. Lockman et al.
(2012) with a single dish scaling factor of unity (E. W. Koch
et al. 2018).

The second map uses new VLA B-configuration observa-
tions (project ID: 17B-162) combined with the C-configuration
from E. W. Koch et al. (2018). We briefly describe these data
here, and refer readers to further details in E. W. Koch et al.
(2026, in preparation). We use the inner seven pointings from
the C-configuration observations and combine these with new
B-configuration observations of the same pointings. We image
the data in 1.2km s~ ' channels with natural weighting, which
yields a beam size of 8” (32 pc). The rms noise per channel is
6.2 K per 1.2km s~ ' channel. We use the same feathering
approach as described above with the C-configuration mosaic
to incorporate the GBT HTI short-spacing information.

In this work, we use the integrated intensity (moment 0)
maps calculated from both spectral-line data cubes following
the signal masking approach from E. W. Koch et al. (2018).
Briefly, we use a minimum 2¢ threshold on the data, and keep
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only regions that contain a >4¢ peak and span 10 consecutive
spectral channels, as appropriate for the typical HI line widths
sampled with 1km s~ ' channel. Following the findings from
E. W. Koch et al. (2021), we assume the HTI is generally
optically thin on these spatial scales (30—80 pc) and convert to
the atomic gas surface density in M., pc~ > using

_ZHL (0196 cos(i)(lHil) 1)
M, pc? Kkms™!

where i = 55° (E. W. Koch et al. 2018) is the inclination angle
of M33. The noise minimally varies across our field of interest,
and so we adopt a median 30 completeness limit of 0.94 M,
pc 2. The cubes also provided a map of the line width of H1
(km s~ "), which enters our calculations of the scale height and
total gas volume density, as discussed in Appendix A.

2.1.2. ACA CO(2-1)-traced H, Map

We trace the molecular gas in M33 using ALMA Band 6
12CO(Z—I) observations obtained by the 7m array in the
Atacama Compact Array (ACA; project IDs: 2017.1.00901.S;
2019.1.01182.S). The complete observations, including CO
isotopologues, are explained in detail in E. W. Koch et al.
(2026, in preparation). Briefly, the 2CO(2-1) observations are
taken in 15 individually observed mosaics that we image
separately using a deconvolution approach similar to the
PHANGS-ALMA imaging pipeline (A. K. Leroy et al. 2021a).
We then use linear mosaicking to combine each individually
observed field into one complete mosaic covering the entire
galaxy (see Figure 1). Because of the northern location of M33
with respect to the ALMA site, the synthesized ACA beam is
highly elongated in some observations (e.g., up to a factor of 3
between the major and minor axes). The map we use here is
convolved to the coarsest common round beam, giving us a
final resolution of 127 (~49 pc). We note that this matches the
resolution of the IRAM 30 m CO(2-1) map (C. Druard et al.
2014), which maps a far larger region of M33. We verified that
we recover consistent fluxes between the maps, demonstrating
that no significant diffuse CO component is filtered out of the
ACA data (E. W. Koch et al. 2026, in preparation). However,
the ACA data have a factor of 4 times finer spectral resolution
(0.7km s~ ') and a factor ~2 higher sensitivity (25 mK per
0.7 km s~ ' channel).

We compute the CO(2-1) integrated intensity after
calculating a signal mask with an approach similar to the
“strict” method from A. K. Leroy et al. (2021a), which we note
does mildly differ from the approach used for the HI but has
been well tested for CO emission that is clumpier with
narrower line widths than the HI. As such, the signal masking
approaches used for HI and CO are appropriate given the
expected properties (diffuse, extended versus clumpy) of each
tracer. We convert the CO intensity to a mass surface density
using

s = acoRs'costi 22— ) @
where we assume aco = 4.3 M,pc 2(K km s~1~1Z=1-6 is the
empirical conversion factor between CO intensity and H,
surface density, Z is the metallicity normalized to the solar
value, and R, = 0.65 is the CO (2-1)/(1-0) line-ratio (J. Sun
et al. 2018). We use a constant oo prescription for simplicity,
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Figure 1. The spatial distribution of red supergiants (RSGs), Wolf-Rayet stars (W-Rs), and supernova remnants (SNRs) with respect to the cold (H, + HI) ISM in
the M33 ACA survey region (shown in the inset plot). Orange circles represent RSGs with log (L/L) > 4.7 (roughly corresponding to 212 M,,). Bluish circles
show W-Rs and green stars show SNRs. H 1 is shown in grayscale with the density range shown in the bottom color bar. Contours of CO (2—1) emission (converted
to H, surface densities) are also shown at levels of 1.9, 7.6, 15.3, and 30.6 M, pc_z, The prominent star-forming regions in the ACA footprint—NGC 604, IC 142,
and NGC 595—are specifically labeled (showing high W-R concentrations). The black box shows a region containing a W-R and SNR with higher-resolution
ALMA data in Figure 6. The map shows the 50 pc scale cold ISM environments where core-collapse SNe (CCSNe) will occur in the future (or have occured in the
case of SNRs). Statistical analysis of these environments and their implications are discussed in Section 3 and 4.



THE ASTROPHYSICAL JOURNAL, 1000:70 (26pp), 2026 March 20

assuming Z = 0.6 Z., appropriate for the inner 5 kpc of M33
(N. S. J. Rogers et al. 2022).26 From our noise cubes, we
obtain a median 30 noise (assuming detection over three
channels) of 0.16 K km s~! and therefore, a median
completeness limit of our H, maps of 1.37 M, pc >

2.1.3. High-resolution ALMA CO(2-1)-traced H, Map

We also make use of a single ALMA field observed around
a W-R and SNR in close proximity (Figure 1, box region) to
highlight the finer substructure in cloud environments of SNe
that can be revealed at much higher resolution. Specifically,
we look at the region around SNR L10-045 from ALMA Band
6 data published in H. Sano et al. (2021, project ID:
2018.1.00378.S). The area observed is a single ALMA 12m
pointing. These data resolve 0/46 (~2 pc) scales in 12CO(2—1)
and so resolve the filamentary structure within this single
GMC. The data we show here are re-processed, using the
ALMA delivered QA2 data from the archive with imaging
using the PHANGS-ALMA pipeline (A. K. Leroy et al.
2021a). We image the data using Brigg’s weighting with
robust=0.5 in 1.2km s~ ' channels. The corresponding rms
is 38 mK per 1.2km s~ ' channel. We signal mask and generate
moment maps using the PHANGS-ALMA pipeline
(A. K. Leroy et al. 2021a); specifically, we use the integrated
intensity map with strict signal masking.

2.2. Stellar Catalogs

To trace the locations where stars will explode in M33, we
use catalogs of W-Rs, RSGs, and SNRs. We briefly describe
the motivation for using such evolved massive stars as tracers
of future supernovae in Section 2.2.1, and details of the
catalogs themselves in the subsequent subsections.

2.2.1. Motivation for Using Evolved Massive Stars

We use evolved massive stars (W-Rs and RSGs) since they
have been observationally confirmed as SN (or potential SN)
progenitors. Of the two, RSGs have been directly identified as
progenitors of Type II SNe, which form the majority category
of CCSNe in flux-limited surveys (S. J. Smartt 2009, 2015).
W-Rs, characterized by strong winds and stripped stellar
envelopes, have been classically considered progenitors of
stripped-envelope (SE) SNe, which form the second dominant
category of CCSNe after Type II (e.g., S. J. Smartt 2009);
although, this has been called into question owing to several
inconsistencies in the properties of W-Rs and SE-SNe (e.g.,
M. R. Drout et al. 2011; N. Smith et al. 2011; J. J. Eldridge
et al. 2013; F. Taddia et al. 2015; O. Graur et al. 2017).”” To
first order, we assert that our W-Rs at least trace the locations
of the most-massive stars in M33, since W-Rs are expected to
be >40 M. (>20 M) based on single (binary) evolution
models (J. J. Eldridge et al. 2017). Additionally, W-Rs and SE-

26 Since aco can vary with metallicity, we also checked our results with a
variable aco prescription, namely one where Z varies with galactocentric
radius based on the measured metallicity gradient in M33 (F. Bresolin 2011).
The difference in Xy, between our variable and constant acq is ~30%—40%,
much smaller than the orders-of-magnitude variation in Ico and Iy;.

27 A small fraction of SE-SNe, however, may still be consistent with W-R-
like progenitors, particularly those associated with long-gamma-ray bursts
(e.g., see P. A. Crowther 2007; S. J. Smartt 2015; A. Roy 2021, and references
therein) and strong circumstellar interaction (e.g., S. D. Van Dyk et al. 2018;
D. Xiang et al. 2019; A. Horesh et al. 2020; E. C. Kool et al. 2021;
A. Gal-Yam et al. 2022; C. Pellegrino et al. 2022)
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SNe appear to evolve in environments with very similar star
formation rates (SFRs; e.g., T. Kangas et al. 2017;
J. R. Maund 2018), so we expect the explosion sites of
W-Rs in the ISM to be similar to that of SE-SNe.

Another major reason for using RSG and W-Rs is because
of their significantly shorter lifetimes than their main-sequence
(OB) counterparts, implying that they are spatially and
temporarily “near” the location of their future SN explosion
sites. The typical durations of OB stars are about 10 times
longer than the post-main-sequence phases where RSGs and
W-Rs manifest (S. Ekstrom et al. 2012). As a result, for the
same velocities, OB stars would travel 10 times farther before
exploding, so their explosion sites have a larger “error” circle
from the present location, compared to RSGs and W-Rs (for
reference, a star moving at a velocity v, will move
(10pc)(vs/10 km s~ ")( /1 Myr)).

2.2.2. Wolf-Rayet Stars

We use the M33 W-R catalog of K. F. Neugent & P. Massey
(2011). That study cataloged 206 W-Rs within 0.32 deg’
(~ 8.5 kpc radius) of M33 using observations from the 4 m
Kitt Peak Mayall telescope and Mosaic CCD. Candidate W-Rs
were identified with crowded-field photometry and image
subtraction with narrowband filter images centered on
CII M650 and He I \M4686 lines (typically seen in W-Rs),
and then spectroscopically confirmed using the Hectospec
instrument on the 6.5m MMT Observatory. Objects were
classified as WN (strong lines of He, N) and WC (strong lines
of He, C), with further subclassification (e.g., WN3-WNS)
based on relative line strengths of He, C, N, and O ionization
states as per convention (P. S. Conti et al. 1988).

The W-R sample is expected to have high completeness
according to K. F. Neugent & P. Massey (2011), who
estimated a 95% completeness based on comparisons with
previous studies in the Local Group (P. Massey & O. John-
son 1998; K. F. Neugent et al. 2018). K. F. Neugent &
P. Massey (2023) further confirmed the high completeness of
the M33 W-Rs; the faintest W-R star in the catalog is still
about ~1 mag brighter than their nominal sensitivity limit. We
also note from calculations in Section 3.1 that even in regions
like NGC 604 that are expected to have high extinction, the
observed number of W-Rs is consistent with expectations from
the underlying star formation history in the region (M. Lazza-
rini et al. 2022). The MMT spectroscopy also ensured high
sample purity, removing cases where previously identified
W-Rs in NGC 604 and NGC 595 (L. Drissen et al. 2008) were
revealed to be O-type stars with W-R-like emission lines from
the spectroscopy of K. F. Neugent & P. Massey (2011).

Of the 206 W-Rs, we restrict our catalog to 119 objects
within the footprint of our CO data (described in Section 2.1).

2.2.3. Red Supergiant Stars

We use the RSG catalog constructed by P. Massey et al.
(2021b) from a UKIRT J — K| band survey of the inner 3 deg2
of M33. Foreground stars were separated from M33 stars using
Gaia proper-motion and parallax measurements, and RSGs
were separated from asymptotic giant branch (AGB) stars and
background galaxies using cuts in J — K, color-space,
constructed to optimize RSG selection based on previous tests
in the Magellanic Clouds (M. Yang et al. 2019; K. F. Neugent
et al. 2020). The final catalog consists of 7088 RSGs, of which
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we use the 812 RSGs inside our CO footprint. Physical
quantities like luminosity and temperature were also reported
by P. Massey et al. (2021b) after correcting for extinction and
reddening, and appear to be in qualitative agreement with
predictions of stellar evolution models (S. Ekstrom
et al. 2012).

2.2.4. Supernova Remnants

As an interesting check, we will also compare densities at
the locations of W-Rs and RSG catalogs with sites of historical
SN explosions (in the last 10°~10° yr) in M33 using the known
SNR population. We use the SNR sample in M33 compiled in
R. L. White et al. (2019), which is the latest and most complete
sample of SNRs in the galaxy. The SNRs were discovered
using optical-line emission data, specifically those with
[ST]/Ha 2 4 (to separate from photoionized nebulae) using
data from 4 m Mayall Telescope and 0.9 m Burrell Schmidt
telescope at KPNO ratios (K. S. Long et al. 2010; J. H. Lee &
M. G. Lee 2014). These candidates were further spectro-
scopically confirmed as SNRs with 6.5 MMT (K. S. Long
et al. 2018), Chandra X-ray observations (K. S. Long et al.
2010), and sensitive JVLA observations at 1.4 and 5 GHz
taken in R. L. White et al. (2019), covering roughly the inner
0.85 deg” (0.35 deg® at 5 GHz) of M33. Of the 215 SNRs in
the sample, we use the 71 inside the footprint of the CO map.

2.2.5. Recording ISM Densities around Stars

With the density maps generated in accordance with
Sections 2.1.1 and 2.1.2, we record the surface densities of
HT and H, (derived from Equations (1) and (2)) at the pixel
location of each star in our W-R, RSG, and SNR catalog,
effectively representing the projected density averaged over a
50 pc diameter region (roughly the point-spread function of the
maps), similar to the methodology in MC22. Our measured
ambient densities on 50 pc scales should also be representative
of the densities at the time of explosion in most regions, since
the turbulent sound-crossing timescale, for a typical
o = 10kms ', is about 5 Myr, longer than the expected time
left for the evolved massive stars to explode (<0.5 Myr for
stars >30 M., and ~0.5-4 Myr for 8-30 M. RSGs;
S. Ekstrom et al. 2012).8

2.3. Galaxy Simulation

In Section 4.4 we will compare our measured ambient
densities (cm~>) around W-Rs and RSGs with the ambient
densities of SNe in a hydrodynamical simulation of a dwarf
starburst galaxy system in N. Lahén et al. (2020). The goal is
to show that our observations of SN environments provide a
simple line of comparison with hydrodynamical simulation of
galaxies for validation of the underlying stellar feedback
models. We pursue a preliminary comparison in this paper
with N. Lahén et al. (2020) as a demonstration of how such
comparisons can take place, with more detailed investigations
to be done in future work.

We provide here a brief summary of the simulation, and
refer the reader to the paper for details. The simulation follows
the merger of two identical gas-rich dwarf galaxies of initial

28 SN blast waves, however, can alter the gas distribution on a much shorter
timescale due to their faster speeds. We return to this point in the discussion in
Section 4.1.
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stellar masses of 2 x 107 M., at a baryonic mass resolution of
~4 M. and subparsec spatial resolution. We chose this
simulation for our example because the high baryonic
resolution (~4 M) leads to well-resolved ISM environments
(U. P. Steinwandel et al. 2020), the starburst system results in a
wide range of ISM densities and SFRs, and because each SN
event can be directly traced back to a single progenitor star.
The simulation was performed using SPHGAL (C.-Y. Hu et al.
2017, and references therein), an improved version of the
smoothed particle hydrodynamics code GADGET-3 (V. Sprin-
gel 2005), which uses a simplified chemical network to model
the nonequilibrium cooling and heating processes within the
ISM including H, formation and carbon chemistry. Stellar
feedback processes driving the multiphase ISM include the
interstellar far-ultraviolet (FUV) radiation field, photoionizing
radiation, CCSNe and winds of AGB stars, all modeled
according to the stochastically sampled initial mass function
(for details, see C.-Y. Hu et al. 2017; N. Lahén et al. 2020).
Massive stars (>4 M,,) are realized as single particles in the
simulation, allowing us to measure the densities around each
SN progenitor right before the explosion.

We will compare both the “local” and “average” ambient
densities of SNe in the simulation with the observations. Here,
“local” refers to the density immediately surrounding the SN
particles, which we obtain from the weighted average density
of the 100 closest gas particles. However, the local densities of
stars in observations are not directly measurable. To better
compare the simulation with observations, we obtain the
column-averaged densities by projecting the gas distribution in
each simulation snapshot onto a grid along the z-axis, at a
resolution of 50 pc per pixel similar to our observation, and
then dividing the surface densities by a scale height of 100 pc.
The gas density maps are recorded in 1 Myr intervals, and the
SN densities are measured in the pixels that correspond to the
locations of the evolved massive stars (8-50 M) in the
snapshot prior to the SN explosion, i.e., up to 1 Myr earlier.
We record densities for all SN progenitors produced during the
pre-starburst phase spanning 70-140 Myr in the simulation
when the two galaxies are relatively quiescent and consistent
with the specific SFR of M33 (see Figure 5 in N. Lahén et al.
2020). We expect this phase to be a better match to M33,
which is currently not undergoing a starburst. We divide these
SN progenitors into those with initial stellar mass of 8-30 M,
and >30 M, to directly compare with the RSG and W-R stars.

3. Analysis

With the datasets described in Section 2, we quantify
differences in the ISM properties of the different populations
by comparing the spatial distributions of RSGs, W-Rs, and
SNRs with respect to the HI and H, distribution within the
ACA area (Figure 1). Surface densities of H, and HT at the
pixel locations of stars are summarized in Table 1 and shown
in Figures 2 and 3.

3.1. Spatial Distribution of Stars and Gas

The relative distribution of the cold (H, + HI) ISM and
stars at ~50 pc spatial resolution is shown in detail in Figure 1,
and the corresponding density ranges are summarized in
Table 1. Locations of the stars and SNRs are shown as colored
circles/stars, and the HI and H, distributions are shown as
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Table 1
Surface Densities of Detectable H, and H T around Different Categories of Stars, and the Corresponding Fraction of Stars with H,/HI Nondetections, as Measured in
Section 3.2
Category N (CHy)med (CHa)16-84 I (CH1)med (CHr)i6-84 oL (Ztot)med (Ztot)16-84 St
Mope®) (Mo pe) Mo pe™) (Mo pe) Mope®)  (Mope)
M33 6.8 2.5-20.5 0.75 7.5 3.6-124 0.11 8.9 4.5-18.0 0.17
W-Rs 119 15.5 3.8-33.8 0.45 9.7 5.0-14.0 0.08 16.7 6.5-39.8 0.13
RSGs (all) 812 6.7 2.4-18.9 0.72 6.8 3.5-114 0.11 8.5 4.5-17.7 0.18
RSGs (>15 M.,) 98 11.6 4.8-30.5 0.56 8.4 4.8-13.5 0.09 11.2 5.4-26.2 0.12
RSGs (12-15 M) 178 6.4 24-175 0.68 6.6 3.2-11.3 0.1 9.2 4.3-18.9 0.18
RSGs (<12 M.,) 536 4.7 2.1-18.2 0.77 6.5 34-11.1 0.12 7.9 4.3-153 0.18
SNRs 71 7.4 4.5-33.8 0.68 8.8 5.9-13.8 0.04 10.8 6.4-18.3 0.04

Note. The first row are values for all pixels in M33, and subsequent rows denote pixel values of stars in the different categories considered in the paper. Columns
from left to right: category of star, sample size (N), the median gas surface density ((X)meq), the 16th—-84th percentile range of surface densities ((2)6_s4), and
nondetection fractions (f"") of H,, H1, and the total (H, + HI) gas column, respectively. All median and percentile calculations are calculated for values higher

than the respective completeness limits.

grayscale and contours, respectively, in units of surface
density.

The H1 distribution fills most of the survey area in Figure 1
compared to H,, and shows the characteristic frothy structure
typically seen in nearby galaxies (e.g., S. Stanimirovic et al.
1999; F. Walter et al. 2008; N. M. Pingel et al. 2022). In
comparison, the H, contours are clumpier, coinciding with
dense molecular clouds in active star-forming regions. The
detailed structure of the HI and H, of M33 will be covered in a
forthcoming publication (E. W. Koch et al. 2026, in
preparation). We note that M33 is about an order of magnitude
lower in stellar mass and average molecular surface density
compared to the population of nearby, star-forming galaxies in
PHANGS analyzed by MC22 (A. K. Leroy et al. 2021b). Our
work is therefore complementary to MC22 in that it probes SN
environment densities in a lower-mass dwarf spiral galaxy.

While the stars generally follow the gas distribution, we
note the stark contrast in the relative spatial distribution of the
gas and W-Rs, compared to SNRs and RSGs. Dense
concentrations of W-Rs in Figure 1 are particularly prominent
in major star-forming regions such as NGC 604, NGC 595,
and IC 142, as well as the numerous H II regions interspersed
in the southern arm. This W-R distribution is a result of the
abundant young (<10 Myr) stellar populations in these
regions. For example, the total stellar mass formed in the last
~10 Myr in NGC 604 is (1.06°%]) x 105 M, based on the
PHATTER survey (M. Lazzarini et al. 2022; note that maps
measure star formation histories in ~100 pc sized cells). The
production rate of W-Rs is roughly 1.3 W-R per 10* M,
(J. J. Eldridge et al. 2017; T. Z. Dorn-Wallenstein &
E. M. Levesque 2018), which gives an expected number of
W-Rs in NGC 604 to be 14f8, consistent with the 11 observed
in the region. In contrast, the 10 Myr stellar mass of IC 142 is
about 7 times lower, so only about two W-Rs are expected in
the region, consistent with Figure 1. NGC 595, on the other
hand, has the same number of W-Rs as NGC 604 but with a
factor of 2 smaller stellar mass, likely due to a more complex
dependence on the underlying metallicity and star formation
history (L. Drissen et al. 1993). This tendency of W-Rs to
concentrate in actively star-forming regions is likely due to
their higher zero-age main-sequence (ZAMS) masses
(>30 M.) and leads to a stronger correlation of the W-R
population with dense molecular gas compared to RSGs
(28-30 M) and SNRs, which we discuss in more detail in
Section 3.3.1.

3.2. ISM Densities at the Location of Stars

We now compare the surface density distributions®’ of gas
tracers at the locations of different categories of stars in
Figure 2. We also list their median, 16th—84th percentile range
(corresponding to a 1o interval), and fraction of nondetections
(i.e., pixel values below the gas surface density completeness
limit) in Table 1. The median and percentiles are estimated
only using values above the completeness limits.

To visualize the distributions, we plot the cumulative
distribution function (CDF) of H, and HTI surface densities
for W-Rs, RSGs, and SNRs in Figures 2 and 3. The CDF
captures the same information as a standard histogram or
kernel density estimation without the need to adopt bins or a
smoothing kernel. It allows for easy comparison between our
samples, which have very different overall sample size. The
CDFs flatten to 1 at the highest pixel value of the maps, i.e.,
100% of the pixels are below that maximum value. On the
other end, the CDFs flatten to a limiting fraction value as they
reach the completeness limits of the maps (vertical dashed
lines). One should read this limiting value as the fraction of
that object sample without a detection in the associated gas
type. This limiting value is quite high for the H, distribution of
M33 (~75%), reflecting the fact that the molecular gas is
concentrated into individual dense clouds, and as a result, CO
emission covers only a small fraction of the total area in M33
(Figure 1). On the other hand, atomic (HI) gas has a much
larger filling fraction, and nearly 90% of the pixels have some
HT detection.

Notably, we find W-Rs coincident with H, column densities
on average 3 times higher than that of all pixels in M33 and
those containing RSGs, and almost 2 times higher than pixels
with SNRs (Table 1). Only 4% of the RSG pixels and 8.5%
SNR pixels have densities >20 M., pc 2 (typical for molecular
clouds in M33; E. Rosolowsky et al. 2007) while 21% of the
W-R pixels are above that value. Also, only 45% of the W-Rs
are located in H, column densities below our detection limit (
ie., <1.4 M. pc?), compared to 68% and 72% for RSGs and
SNRs, respectively (we will frequently refer to this as the
“nondetection” fraction).

These results suggest that W-Rs are much more closely
associated with dense gas than the bulk RSG and SNR

2 The density measurements will be made publicly available after acceptance
and publication of the manuscript. Please feel free to contact us if you would
like to use the dataset beforehand.
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Figure 2. Cumulative distribution functions (CDFs) showing H,, H 1, and total (H, + H I) surface densities. Distributions are shown for the locations of W-Rs (blue
lines), SNRs (green lines), and RSGs (red lines), while gray histograms denote the distribution of densities of the full M33 region, representing what would be
expected for a random distribution. Vertical dashed lines denote the completeness limit of each dataset. Colored circles show the median of the distribution above the
completeness limit. The distributions show a higher probability of more-massive stars (e.g., the W-Rs) to evolve in denser gas.

(The data used to create this figure are available.)

population, which is consistent with the idea that W-Rs arise
from more-massive progenitors that have shorter lifetimes, and
thus more likely to be found near their birth clouds. A
significant fraction of W-Rs, however (~45%), appear outside
any detectable molecular gas, which has important implica-
tions for feedback that will be discussed later in Section 4.

Unlike H,, most of our stars are evolving in pixels with
some detectable atomic gas. The majority of the pixels in our
ACA region have HI detections down to densities ~0.94 M,
pcf2. Of the 45% of W-Rs (53) without a significant H,
detection, 83% (44 out of 53) are in pixels with detectable
atomic gas. The statistics are also similar for RSGs and SNRs:
about 85% RSGs with H, nondetections (499 out of 587) and
94% SNRs with H, nondetections (45 out of 48) are in pixels
with detectable atomic gas. About ~10% of the stars in all
categories are HI nondetections, but as shown with more
sensitive low-resolution H I data from E. W. Koch et al. (2018)
in Appendix D, there is still some atomic gas at the locations
of these stars, just with surface densities below our sensitivity
limit of Sy < 1 Mg, pe 2.

The resulting foral surface density of neutral gas
(Xur + Xy,), which would be of interest in simulations, is
shown in the bottom-left panel of Figure 2, clearly showing a
mix of the HI and H, distribution properties. Almost 80%-—
90% of stars in the three categories are evolving in column
densities 22 M, pc 2, but W-Rs are still found in
environments almost twice as dense as RSGs and SNRs that
have lower-mass progenitors than W-Rs.

The correlation between progenitor mass and ISM densities
is more explicitly shown in Figure 3. Here, again we show the
HI and H, CDFs similar to Figure 2 but only for RSGs,
divided into three luminosity (and therefore roughly progenitor
mass) bins: log(L/Ly.) = 4.2 — 4.7, log(L/L.) =4.7 — 5,
and log(L/L.) > 5. Based on comparison with stellar
evolution models shown in Figure 8 of P. Massey et al.
(2021b), these ranges roughly correspond to ZAMS masses of
8-12M,, 12-15M,, and >15M,. From here on, we will refer
to these RSGs by their mass ranges. The lower limit of

log(L/L.) = 4.2 also helps to avoid contamination from
bright AGB stars. We find that, similar to the results in
Figure 2, a greater fraction of higher-mass RSGs are evolving
in denser H, and HI gas, with the differences in HI gas
distributions being less pronounced than H,. Notably, only
56% of RSGs >15M, have H, nondetections, compared to the
77% of 8-12M.RSGs having H, nondetections. This is
similar to how W-Rs have a smaller fraction of H,
nondetections than the full RSG sample.

3.2.1. Statistical Significance of the Distributions

Figures 2 and 3 suggest systematic differences between the
gas distributions found at the locations of different evolved
stars. But are these differences statistically significant?

We first check this with the two-sample Kolmogorov—
Smirnov (K-S) statistic, which tests the similarity between two
unequal-sized distributions by measuring the maximum
distance between the sample CDFs. While the K-S test has
weak sensitivity to differences at the tails of distributions, it is
quite sensitive to the difference in medians. We compare the
HI and H, surface density CDFs of W-Rs, the three
subcategories of RSGs, and SNRs with that of the bulk H,
and H 1 distribution of M33 using the K-S test. We implement
this using scipy.stats package, and use the two-sided p-
value returned by the test to assess whether the null hypothesis
(that the locations of massive stars are drawn from the bulk H,
and HT distribution) can be rejected. We use the standard
threshold of p < 0.05 to reject the null hypothesis. The K-S
statistic and p-values are listed in Table 2.

The results are summarized in Table 2. For H,, we find that the
W-Rs have the largest difference between its CDF and the bulk
M33 H,, and the null hypothesis can be rejected with high
confidence, at a significance level p < 0.05. A similar result is
also found for the RSGs >15 M., but not for RSGs <15 M, and
SNRs, which appear at least marginally consistent with having
been drawn from the same parent population as the overall
distribution within our field of view. For HI, the W-Rs and SNRs
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Figure 3. CDFs showing H,, H 1, and total gas surface densities (as in Figure 2). Here, only the RSGs are plotted, dividing them into three luminosity bins, roughly
tracing mass ranges of 8—12 M, (peach lines), 12-15 M, (orange lines), and >15 M, (red lines). Gray histograms denote the distributions for the full M33 region.
Colored circles show the median of the distribution above the completeness limit. The data behind Figure 2 can also be used to reproduce this figure.

Table 2
Summary of K-S Statistic Tests for Different Star Categories, Specifically
Comparing Their H, and H I Distributions with the Bulk Distribution of M33
as Described in Section 3.2.1

Category K-S (Hp) P K-SHI) P
W-Rs 0.33 9.2 x 1072 0.20 1.6 x 10™
RSGs (all) 0.03 0.37 0.06 34 x 1073
RSGs

- (>15 Mp) 0.22 1.5 x 10™ 0.11 0.17

- (12-15 M) 0.08 0.24 0.08 0.15

— (<12 Mp) 0.04 0.22 0.09 4.3 x 10*
SNRs 0.12 0.24 0.25 3.0 x 10*

Note. Columns from left to right: name of stellar category, K-S statistic for H,
surface density distribution, p-value for H, K-S test, K-S statistic for HI
surface density distribution, and p-value for H1 K-S test. Boldfaced numbers
emphasize p-values less than or equal to 0.05.

have the largest CDF difference, and the null hypothesis is
rejected at the 0.05 level. The HI CDF of high-mass RSGs,
similar to H,, has the largest difference of the three RSG
categories with the bulk distribution, but it is not statistically
significant in this case. The HI of low-mass RSGs on the other
hand appear to have a statistically significant difference, but
smaller than the high-mass ones. A close inspection of Figure 3
shows that the low-mass RSGs are exploding in slightly lower
densities than both the bulk HI and H, of M33. We also re-
checked this with the Anderson—Darling (A-D) test, which is
more sensitive to the tails of the distributions. We find that the
above cases where p < 0.05 with the K-S test also have p < 0.05
with the A-D test. The A-D test returns two cases implying
statistical significance at p < 0.05 where the K-S test does not:
the H, CDFs of the 12-15 M.RSGs, and SNRs.

These results provide an initial quantitative support (which we
investigate further in Section 3.3) that higher-mass progenitors
(as traced by W-Rs and RSGs > 15 M_,) are indeed evolving in
denser H, pixels than the lower-mass stars (RSGs < 15 M.,), and
their densities are not just random sampling from the bulk
distribution of M33. The same holds for the HI densities of
W-Rs, though the difference between the HI densities of RSGs
> 15M, and M33 is not statistically significant. Visually, these

results relate back to the spatial distributions in Figure 1, where
we see W-Rs appear more frequently within H, clouds marked
by the contours, and sometimes well within GMCs like in NGC
604 and NGC 595, compared to the RSGs.

3.3. Comparison with the General Stellar Population

Are the above distributions therefore a consequence of the
progenitor properties of W-Rs, RSGs, and SNRs? We test this by
creating mock populations of these stars from different star
formation tracer maps and comparing their density distributions
with what is observed. The primary goal is not to determine the
age distribution of RSGs, W-Rs, and SNRs (which has been done
elsewhere), but rather to determine the degree to which their
observed ISM distribution is astrophysical in nature, as opposed
to a random alignment. This will also assess the stochasticity of
the CDFs due to the finite sample sizes.

To create the mock populations, we use maps of tracers of
star formation on different timescales. The probability (p;) of a
star occurring in pixel i is weighted by the pixel luminosity in
the tracer map (listed below) with respect to the total map
luminosity, i.e., p; = L;/ S°L;*°. For each category, we generate
populations from four different tracers as follows:

1. Ho+24 pm. The Ha emission line traces stellar
populations younger than 10 Myr, with a mean age of
3Myr (R. C. Kennicutt & N. J. Evans 2012). We use
MIPS 24 pm maps (S. Verley et al. 2007) to correct
the continuum-subtracted Ha map of M33 from
C. G. Hoopes & R. A. M. Walterbos (2000) for
extinction.”’ All maps are convolved and regridded to

30 Note that by definition, we are drawing stars in a light-weighted manner,
not mass-weighted, meaning the drawn populations are biased toward younger
ages instead of sampling the underlying star formation history, which requires
more detailed modeling. Thus, in general, we are tracing progressively lower-
mass/older stellar populations as we go from Ha to FUV to near-IR light, but
the resulting stars have a light-weighted mass range, which may not accurately
reflect the specific mass range of our RSGs, W-Rs, and SNRs.

31 The native maps in emission measure (EM, cm ¢ pc) units were converted
to flux density (Sy., ergs s7! em™? arcsec™®) units using the relation
EM = 4.858 x 10T Sy, (https://www.astronomy.ohio-state.edu/pogge.1/
Ast871/Notes/Rayleighs.pdf), where we assume temperature 7, = T/ 10°K = 1.


https://www.astronomy.ohio-state.edu/pogge.1/Ast871/Notes/Rayleighs.pdf)
https://www.astronomy.ohio-state.edu/pogge.1/Ast871/Notes/Rayleighs.pdf)
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the ACA 127 resolution. We follow the extinction-
correction prescriptions in F. Belfiore et al. (2023) to
carry this out (see Appendix B for details).

2. FUV+24 pm. Stars younger than 100 Myr account for
about 90% of UV emission, with a mean light-weighted
age of about 10Myr (R. C. Kennicutt &
N. J. Evans 2012). We use GALEX FUV maps (A. Gil
de Paz et al. 2007), both convolved and regridded to the
ACA 127 resolution, and extinction-corrected using
MIPS 24 pm using the prescriptions in F. Belfiore
et al. (2023), as discussed in the Appendix B.

3. Near-IR. A population tracing the bulk stellar mass of the
disk, which we can treat as a more realistic “random”
population, i.e., stars follow the actual light profile of the
galaxy. Analyses of resolved stellar populations in
nearby galaxies have shown that near-IR bands are
primarily dominated by red-giant and AGB stars in
stellar populations with ages up to a few Gyr (Z2M;
J. J. Dalcanton et al. 2012); although some contribution
from evolved massive stars such as RSGs, red core-He-
burning, and high-mass AGB stars is also expected
(J. Melbourne et al. 2012; J. Melbourne &
M. L. Boyer 2013). We use the bulk stellar mass map
computed from the Wide-field Infrared Survey Explorer
(WISE) W1 band (3.4 pum) of M33 to trace locations of
stars for this case (A. K. Leroy et al. 2019). We refer the
reader to Appendix A for details of the conversion from
W1 band map to stellar mass. We use the common
astrometric and beam-matched 7.5”maps assembled in
the zOMGs survey (A. K. Leroy et al. 2019) and
convolve to the 12”resolution and pixel scale of the
ACA map.

4. Random. A completely random population, assuming
each pixel has the same probability of hosting a star (i.e.,
p; = 1/>°L). This is the simplest control case—the
positions of stars in our map cannot be 100% random,
since they will follow the galactic substructure, but this
gives a basic “control” sample for comparison to the
other populations.

The spatial distribution of the mock stars is shown in
Figure 4. Stars drawn from “FUV” and “Ha” maps (iii and iv)
show more concentration along the star-forming and HII
regions, with a small fraction appearing in the intercloud and
inter-arm regions. As expected, the concentration of stars in
HII regions is much higher when drawn from the Ha maps
than the FUV maps. In contrast, stars drawn from “Random”
and “near-IR” are nearly uniformly distributed throughout the
ACA region, with the near-IR population slightly more
weighted toward the M33 center. However, even some of
these random/near-IR stars fall within H, contours, which
demonstrates how a fraction (seen by the limiting fractions in
Figure 5) of our samples could appear to be associated with
molecular clouds by chance alignment at our 50 pc scales even
if they are not physically associated.

For each tracer (i-iv) and star category (W-Rs, RSGs, and
SNRs), we generate 500 mock populations each of size N
(where N is the observed sample size of the star category
given in Table 1). We then compare the median and 5th-95th
percentile range of H, density of these randomly drawn
stellar populations from each tracer to the observed RSG,
W-R, and SNR distributions. Note that we only compare with
H,, since the differences between the H1 or H1 +H, CDFs of
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the three categories are less prominent than H, alone.
Figure 5 shows the comparison of the H, CDFs between our
randomly drawn mock populations and the observed stars.
The shaded region (20) indicates the variance due to repeat
sampling, with larger variance seen for smaller samples. The
CDFs of the mock populations behave similar to the
observed ones, flattening to 1 at the maximum pixel values,
and to a limiting value at pixel values approaching the
completeness limit of the CO map.

We find in Figure 5 that the H, CDF of the W-Rs is most
consistent with the mock CDFs drawn from the Ha maps, and
in tension with the other tracers. This is consistent with the
results in Section 3.2.1 and Table 2, which showed that the H,
CDF of the W-Rs is statistically different from the bulk M33
H, distribution. The mock CDFs also reproduce a fraction of
stars with no detectable H,, similar to the W-Rs. This indicates
that H, distributions of W-Rs and the general <10 Myr stellar
population in M33 are statistically similar, with a substantial
fraction not coincident with molecular gas. The mock CDFs in
Figure 5 do indicate that stars drawn from Ha+24pm are
associated with slightly denser H, than the W-Rs. In fact, as
shown in Appendix B and Figure 12, CDFs of stars drawn
from Ha without 24 um correction are more consistent with the
W-R CDF, although both these cases are consistent with W-Rs
within the shaded error regions. We return to this point in
Section 4.

In contrast to W-Rs, the H, CDFs of the RSGs are more
consistent with the FUV and near-IR-drawn populations.
Specifically, the >15 M. RSGs are best reproduced by the
FUYV light, while 12-15 M, RSGs are reproduced partly by the
near-IR light and partly by purely random sampling. This is
consistent with the fact that FUV emission is weighted by
younger stars than those contributing to 3.4 pm emission, and
further supports that lower-mass stars are less likely to be
associated with H,. Interestingly, the 12-15 M bracket is
more consistent with random /near-IR than the younger (FUV/
Ha) tracers. We expect 12-15 M, stars to have ages of
~10-20 Myr (S. Ekstrém et al. 2012), while the dominant
contribution at A > 1 um is from old stellar populations with
light-weighted ages approaching a few Gyr (assuming star
formation histories typical of local Universe galaxies; see
C. Conroy 2013). This likely implies that by the time <15
M, stars are evolving well beyond the main sequence, they are
almost unassociated with H, gas, and any spatial correlation
with H, is statistically indistinguishable from that of the bulk
older stellar population. The tension between the >15
M~ RSGs and Ha in contrast with the W-Rs is likely due to
W-Rs having higher progenitor masses than RSGs. Stellar
evolution models predict that at higher masses (and metalli-
cities), the effects of binarity, rotation, and mass loss limits the
production of cool RSGs with respect to W-Rs (J. J. Eldridge
et al. 2017; P. Massey et al. 2021a).

Overall, the analysis in this section drives home two
important points—that the density distributions of our stars in
Figure 2 and 3 are indeed statistically unique and not just due
to chance alignment with the ISM (consistent with
Section 3.2.1), and that their observed density distributions
are astrophysical in nature, consistent with the densities in
which their general progenitor populations would also be
evolving, with some stochasticity due to finite sample sizes.
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Randomly
-drawn

Figure 4. Distribution of mock stars (purple) randomly drawn from different stellar population tracers—uniform random (top left), 3.4 pm near-IR tracing bulk
stellar mass (top right), the 24 pm corrected far-ultraviolet (FUV) tracing the <100 Myr star formation (bottom left), and 24 pm corrected Ha tracing the <10 Myr
star formation (bottom right). Each map shows a population of N = 500 randomly drawn stars. The maps are themselves shown in grayscale. Orange contours denote
H, clouds with densities >4.3 M., pc 2 from the ACA survey. The figure visualizes where stars from different progenitor populations occur, with their
corresponding densities shown in Figure 5.

3.3.1. Density Distribution around the SNRs similar to the lower-mass RSGs (9-15 M) than the W-Rs or
high-mass RSGs. Notably, the SNRs are inconsistent with

The analysis in the above sections provides some context for being drawn purely from the Ha-emitting population.
understanding the HI and H, CDFs of SNRs. We see from These results are overall consistent with the primarily
Figures 2-5 that the HI and H, CDFs of SNRs are more low progenitor masses of SNRs, indicated by the surrounding
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Figure 5. Cumulative density histograms of the observed and modeled populations of RSGs, W-Rs, and SNRs from Section 3.3. Solid gray curves in each panel
denote the bulk H, cumulative distribution in M33 within the ACA area. Solid colored lines denote the H, surface density distribution of the star category. The
colored shaded region shows the 5th-95th percentile region of the mock populations drawn according to Section 3.3.

star formation histories>> (Z. G. Jennings et al. 2014;
M. Diaz-Rodriguez et al. 2018; B. Koplitz et al. 2023). The
progenitor mass distribution peaks at ~10 M, with a small
tail toward 30-40 M. According to B. Koplitz et al. (2023),

32 Note that “progenitor masses” derived this way are a statistical translation
of the age distribution of stars around the SNRs into a single stellar mass. They
are not a direct measurement of the progenitor mass, which is difficult to
obtain except for young ejecta-dominated SNRs, or ones with light echoes.
The masses can have uncertainties exceeding a factor of 2 depending on the
stellar age distribution. However, this still remains the only way to obtain
reasonable estimates of progenitor masses of individual extragalactic SNRs.
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about 40% of the SNRs have masses <8 M., which may
indicate SNe Ia or delayed CCSN origins (E. Zapartas et al.
2017). We do find in Appendix C and Figure 13 that a 40%
Type Ia contribution (assuming they are drawn from the near-
IR map) produces a slightly better match to the observed H,
CDF of SNRs in Figure 5. In contrast, all of the W-Rs come
from high-mass (>30 M) progenitors, so they are more likely
than the general SNR population to be near dense H, gas.

A secondary effect could be that some of the SNRs have
cleared out H, within their current shock radius, though this is
difficult to confirm at our 50 pc resolution, which is larger than
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the mean diameters of M33 SNRs (J. H. Lee &
M. G. Lee 2014; R. L. White et al. 2019). As mentioned in
Section 4.3, we have ongoing ~pc-scale ALMA observations
of M33, which we will use in future papers to better confirm
the fate of the gas within the SNR volume.

4. Where Do Stars Explode in the ISM?—The General
Picture

In this section, we weave the above results into a general
picture of where stars are exploding and the physical
mechanisms driving these trends, the implications for subgrid
models of feedback in hydrodynamical simulations, and
comparison with existing literature on SNe and SNR
environments.

4.1. Correlation between ISM Density and Progenitor Age

One of the major implications of our results is that there is a
clear progenitor age/mass dependence on the ISM densities
where stars explode. W-Rs, which are the most massive (and
shortest-lived) of the three categories, have the highest sample
fraction (55%) evolving in dense, molecular gas-rich environ-
ments. More luminous (and thus more massive and shorter-
lived) RSGs also have a higher fraction (44%) of stars
evolving in dense, molecular-gas-dominated environments
than less-luminous RSGs. The progenitor mass distribution
of SNRs peaks at 10 M., (Section 3.3), which is much lower
than W-Rs, and there may be some Type Ia SNRs with lower-
mass progenitors. We therefore see a larger sample fraction of
SNRs with nondetections than W-Rs (Figures 2 and 3). Similar
trends are also observed for these stars in relation to age-
sensitive stellar population tracers, as discussed in Section 3.3.

The simplest physical interpretation of this trend is that
more-massive stars have shorter lifetimes and are, thus, more
likely to explode close to their birth clouds, or before the
clouds have been dissipated. We caution, however, that this
fraction of stars correlated with dense gas at our 50 pc
resolution should be treated as an upper limit to the actual
number of stars that will interact with dense gas. While the H,
cloud densities on these spatial scales may not be significantly
modified by turbulence before our W-Rs and RSGs explode
(Section 2.2.1), they may get modified in regions of high gas
density and dense stellar clustering (e.g., NGC 604) by
powerful pre-SN feedback and frequent SN episodes. Thus,
some of the massive progenitors in such dense regions may
explode in evacuated regions (which can be better examined
with higher-resolution CO data, as discussed in Section 4.3),
while others might still end up interacting with dense gas
(indeed, many SNRs have been observed to be interacting with
dense molecular gas; see Section 4.5).

We can also express the surface density distributions in
units of volume densities to make them more accessible to
simulations. In contrast to surface densities, however, which
are directly measured from the line fluxes, volume densities
require some assumption about the line-of-sight distribution of
gas and, thus, are somewhat model-dependent. Any line of
sight through the turbulent ISM disk of a star-forming galaxy
will coincide with bubbles and inhomogeneities that are not
captured in projection, but simulations have shown such disks
evolve to an equilibrium state where the gravitational
pressure of dark matter, stars, and gas is balanced by
thermal and turbulent pressure primarily from stellar
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Figure 6. CDFs of the average cold (H I + H,) gas volume densities for W-Rs,
SNRs, and RSGs, derived according to Appendix A. The gray CDF denotes
the bulk cold density distribution in M33. See Section 4.1 for details.
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feedback (E. C. Ostriker et al. 2010; C.-G. Kim et al. 2011;
E. C. Ostriker & R. Shetty 2011). Assuming such an
equilibrium in M33, we derive HI and H, scale heights and
volume densities in our ACA region in Appendix A in each
pixel given the locally measured stellar mass, gas surface
densities, and velocity dispersions. These should be treated as
densities averaged over 50 pc beams.

Figure 6 shows the volume densities of three star categories.
All stars have average ambient densities between 0.1 and
50cm . The general trends from Figures 2 and 3 are still
noticeable. W-Rs once again evolve in the highest range of
densities compared to the SNRs and RSGs. In Figure 7, we
show the average densities for W-Rs and RSGs, specifically
the median and the 16th—84th percentile range versus their
approximate range of single stellar progenitor masses. We also
subdivide the RSG sample into the three mass bins of 8-12 M.,
12-15 M, and >15M, as described in Section 3.2. While each
category evolves in an order-of-magnitude range of densities,
one can clearly see a systematic increase in average densities
around the stars with higher progenitor mass.

4.2. Significant Fraction of Future SNe Outside Molecular
Clouds

4.2.1. General Statistics

Another key implication from Figures 2 and 3 and
Section 3.2 is that a significant fraction of future CCSNe will
occur in low-density intercloud regions, dominated by atomic
gas. Only about 30%—40% of the RSGs are in pixels that
contain Hj, and the rest are in H I-dominated pixels. A similar
fraction of low-density environments is also inferred for SNRs,
which in M33 are somewhat dominated by lower-mass (~10
M.,) progenitors (M. Diaz-Rodriguez et al. 2018; B. Koplitz
et al. 2023). The results are consistent with MC22, who also
showed that almost 50% of Type II SNe (primarily arising
from red and yellow supergiant stars) were not coincident with
detectable molecular clouds.

We note, however, that the shocks from future SN
explosions of these stars in the intercloud region can still
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Figure 7. Average cold (HI + H;) gas volume density, sampled at 48 pc
resolution, vs. progenitor mass range of RSGs and W-R stars. The gray
shading indicates the 16th—-84th percentile range. This gives a rough idea of
the progressively increasing density expected around massive stars with
younger ages.

travel tens of parsecs and interact with nearby H, gas clouds.
This association can be seen somewhat by eye in Figure 1,
where many SNRs are not coincident with, but are near, a
molecular cloud. In terms of feedback, the ability of SNe to
disperse dense gas reduces with distance from the molecular
cloud (P. Hennebelle & O. Iffrig 2014; O. Iffrig & P. Henne-
belle 2015); although, the edge interaction can still accelerate
cosmic rays (H. Sano & Y. Fukui 2021) and/or compress gas
potentially to star-forming densities (G. Cosentino et al. 2022),
but with a lower angular filling fraction than a fully embedded
spherical shock.

We therefore assess the H, nondetection fraction around
stars as a function of a search radius (called “aperture radius,”
following the nomenclature of MC22) in Figure 8. Specifi-
cally, we plot the sample fraction containing no detectable H,
pixels within circles of increasing radii from the central star.
To distinguish from the H, distribution of stars uncorrelated
with molecular clouds, we also show in Figure 8 the aperture
nondetection fraction for the “Random” population introduced
in Section 3.3.

Figure 8 highlights the importance of spatial resolution for
characterizing the physical association of SNe with molecular
gas (a point we will return to in Section 4.3). The sample
fractions of nondetection are the highest for each category at
the ACA map pixel scale (~4 pc), and then slowly decrease as
we increase the aperture radius. At 2300 pc, every star has
some detectable H, pixel. Figure 8 also reaffirms that the
distribution of nondetection fraction versus aperture radius is
different from the case of stars randomly aligned with respect
to molecular clouds. Similarly, MC22 showed in their Figure 2
and Table 2 that their H, detection fraction around CCSNe
increases from 60% at 150 pc resolution to 94% at 1kpc
resolution. Coincidentally, this result bears similarity to the
findings that CO and star formation are strongly spatially
correlated on large scales, but becomes de-correlated on the
scales of individual GMCs (e.g., A. Schruba et al. 2010;
J. M. D. Kruijssen et al. 2019).

We then compare the sample fractions of nondetection
versus radii in Figure 8 with the typical cooling radius
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Figure 8. Fraction of stars in the samples of W-Rs, RSGs, and SNRs without
any detectable pixels of H, (traced by CO 2-1) within an aperture of given
search radius. For comparison with stars uncorrelated with molecular gas, we
also show the nondetection fraction of a mock population drawn randomly in
the ACA area (the “Random” case from Figures 4 and 5 ) with thin solid and
dashed lines, with solid showing the median, and dashed showing the 5th and
95 percentile bounds. The shaded region denotes the cooling radii for a
supernova shock evolving in density = 1 cm™> and metallicity = 0.6 Z. fora
uniform ISM (dark shaded region) and inhomogeneous ISM (light shaded
region; Equation (3)). The horizontal scales show the maximum projected
distance that a star would travel within its lifetime (vertical ticks) for
velocities = 1, 10, and 100 km s~!. Note that the vertical positioning of the
scales are arbitrary.

expected from a 10°' erg SN explosion in atomic gas
(n=1cm™>). The SNR cooling radius is an important
resolution criterion in ISM simulations to identify whether
SN feedback is implemented primarily in the form of thermal
energy or momentum (P. F. Hopkins et al. 2013; D. Martizzi
et al. 2015; C.-G. Kim & E. C. Ostriker 2015b). By the time
the SNR has expanded to its cooling radius, which typically
marks the end of the adiabatic Sedov-Taylor stage, it has
deposited 2>50% of its final momentum into the surrounding
gas, and has begun quickly radiating away thermal energy.
C.-G. Kim & E. C. Ostriker (2015b) expressed the cooling
radius (R.; or the shell formation radius) fitted to numerical
simulations of SNRs from 10°' erg SN explosions as

(22 pc)(Z% + 0.042)~0061, ~043

R. = (homogenous ISM) 3
‘ (30 pc)(Z2 + 0.042)~0.061,, =046

(inhomogenous ISM)

where Z is the ISM metallicity in units of Z., and
n, = n/lcm > is the average gas number density (which is
characteristic of the median densities inferred from Figure 6).
The metallicity dependence is taken from J.-G. Kim et al.
(2023). The cooling radius is larger in an inhomogeneous ISM
as the SNR forward shock escapes more quickly through the
larger volume-filling low-density channels. We assume a
typical atomic gas density of 1 cm > at Z=0.6 Z., which
gives R. = 23.4pc (homogenous) and R, = 319pc
(inhomogeneous), shown as gray shaded regions in Figure 8.
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We find that 10%—-20% W-Rs, 21%-34% SNRs, and 30%—
50% RSGs have no detectable H, within the typical cooling
radii shown in Figure 8. In other words, the blast waves from
the explosions of these stars in the intercloud media, assuming
typical ISM densities of ~1 cm ™, are unlikely to affect nearby
molecular gas before the onset of significant thermal energy
losses in the shock. They may of course still interact if the
intercloud densities are much smaller (e.g., R, =~ 63-170 pc for
the homogeneous case with n; = 0.1-0.01 at Z = 0.6 Z.)).

4.2.2. Long Lifetimes, Runaways, Cloud Dispersal?

While the H, nondetection fraction of RSGs and SNR
progenitors could be explained by them simply drifting away
from their birth clouds over their long lifetimes (up to
~40 Myr), it is intriguing why a substantial fraction of W-Rs
have no detectable H, despite their much shorter single stellar
ages of a few Myr (J. J. Eldridge et al. 2017; T. Z. Dorn-
Wallenstein & E. M. Levesque 2018). Since we do not have
detailed 3D kinematic information for the W-Rs (see
K. F. Neugent & P. Massey 2014, for a discussion of the
complexities of radial velocity measurements of W-Rs), we
make use of the separation information in Figure 8 and some
published observations to assess possible scenarios.

One possibility is that these W-Rs had escaped their birth
clouds at high velocities acquired from either dynamical
interactions or SNe (believed to be the cause of runaway OB
stars; M. S. Fujii & S. Portegies Zwart 2011). We assume the
separation between the W-R and natal cloud is d = v,ty,, where
vy is the relative velocity between the W-R and the cloud, and #,,
is the age of the W-R progenitor. In a single stellar population at
LMC-like metallicity, W-Rs have an average age of #,, = 4 Myr,
while in a 100% binary population, #,, = 10 Myr, with the
majority being within 16 Myr (J. J. Eldridge et al. 2017;
T. Z. Dorn-Wallenstein & E. M. Levesque 2018). Therefore,
the 20% of W-Rs in Figure 8 that have no detectable H, within at
least 32 pc (the assumed cooling radius in the homogenous case
in Section 4.2.1) would need v, > 8kms™' if they were single
stars, and v, > 3.2kms ™' if they were in an interacting binary
system.” The 5% W-Rs in Figure 8 that are even more remote
(with no detectable H, within >100 pc) would require
Vg > 25km s ! (single) and v, > 10 km 5! (binary). These
velocities are not unlike those predicted by models of
walkaway and runaway stars produced by dynamical ejections
and SN (e.g., S. Oh & P. Kroupa 2016; M. Renzo et al. 2019;
J. Dorigo Jones et al. 2020). Such runaways have been
considered in simulations as a way to boost outflows in low-
mass galaxies (e.g., E. P. Andersson et al. 2020; U. P. Steinw-
andel et al. 2020). A nontrivial number of runaway OB stars
are known to exist in the Galaxy and Magellanic Clouds,
though the estimated fraction of the total population varies in
the literature (e.g., A. Blaauw 1961; W. J. de Wit et al. 2005;
V. V. Gvaramadze et al. 2012; J. B. Lamb et al. 2016).
Therefore, it is not implausible that the H, nondetection W-Rs
are a result of them being displaced from their birth locations
at some walkaway /runaway-star-like velocity.

It is also possible that the parent clouds of W-Rs were
quickly destroyed by pre-SN and prior-SN feedback. Mole-
cular clouds have been estimated to disperse on 1-5Myr

3 We use “>” because the actual velocity needed to produce the projected
separation may be larger if the velocity vector is not in the plane of sky; in
addition; the W-R may not have originated in the nearest H,-detected pixel,
but farther out.
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timescales after emergence of massive stars, based both on
observations of GMCs and Ha-emitting stellar populations of
nearby galaxies (e.g., M. Chevance et al. 2020) as well as
detailed high-resolution simulations of turbulent molecular
clouds (e.g., M. Y. Grudi¢ et al. 2022). Nearly 79% of the
W-Rs with H, nondetection (i.e., 42 out of 53 W-Rs) are
coincident with known OB associations according to
K. F. Neugent & P. Massey (2011), who cross-matched their
W-R sample with the OB associations of R. M. Humphreys &
A. Sandage (1980). The H, detected W-R population also has
a similar (~80%) fraction of W-Rs coincident with OB
associations (50 out of 63 W-Rs). So, it is possible that the
W-R population with H, nondetections is still within its parent
OB association, and since the typical stellar velocity disper-
sions in OB associations are ~4 kms~' (A. M. Mel'nik &
A. K. Dambis 2017; N. J. Wright et al. 2022), these W-Rs may
not have acquired the velocities estimated in the previous
paragraph to produce the observed cloud-star separations in
Figure 8, which leaves the cloud destruction scenario by pre-
SN/prior-SN feedback a more plausible explanation. The
remaining 21% of W-Rs with neither detectable H, nor
identified within any known OB associations may be stronger
candidates for walkaways/runaways.

4.3. Cavities and Substructures on Scales < 50 pc

Although we are finding younger massive progenitors closer
to dense gas, a caveat is the spatial resolution of 50 pc. While
this is higher than extragalactic SN studies (e.g., MC22), the
50 pc beam still only captures a relatively large-scale mean
gaseous environment, and misses substantial structure and
inhomogeneity on smaller scales.

As a case study, we show in Figure 9 a region of M33 (the
black box from Figure 1) containing a GMC, a W-R (J013335.73
+30.3629.1 in K. F. Neugent & P. Massey 2011), and an SNR
(L10-045 in R. L. White et al. 2019), where we also have parsec-
scale CO (2-1) data from the ALMA archive (Section 2.1.3). The
low-resolution ACA image shows the W-R evolving in detectable
H, and close to the peak H, emission of the cloud, but the higher-
resolution image shows the W-R inside a ~10 pc radius cavity.
The peak emission comes from a neighboring cloud complex
likely produced by ongoing cloud collisions (H. Sano &
Y. Fukui 2021). We also see a similar cavity in the Ha image
(bottom-right panel), where the W-R star is surrounded by an Ho
shell of similar extent as the H,. The Ha shell also shows
[Su]/Ha< 0.4, indicating it is photoionization-dominated as
opposed to shock-heated (D. M. Matonick & R. A. Fesen 1997).
This proves that it is a real region of gas deficit, most likely
encased in a photoionized shell sweeping up surrounding
CO-emitting H,. Similar structures have been observed around
W-Rs in the Galaxy (e.g., T. Baug et al. 2019), and Magellanic
Clouds (e.g. E. Tarantino et al. 2024).

A ~10pc radius cavity could have been produced by a
previous SN explosion or pre-SN feedback. In the first of two
possibilities, a 10°" erg SN explosion will sweep up ambient
gas until the shock velocity is reduced to the turbulent velocity
dispersion (o) of the ISM. Based on Equation (20) in
D. Martizzi et al. (2015), the maximum radius of the swept-
up momentum-driven SNR shell is

Rsnr = (12.5 pe) ny 03205033 “)
for an ambient gas with density n, = ng/ 10> cm >, and
turbulent velocity dispersion o5 = ¢/5 km s~!, where we
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Figure 9. Zoomed-in region of the W-R/SNR pair from Figure 1, demonstrating the benefit of CO observations with increasing spatial resolution. Left panel: small
patch of the ACA CO(2-1) + 21 cm map at 12” resolution from Figure 1, more centered on the W-R/SNR pair. Symbols denoting RSGs (orange), SNRs (green),
and W-Rs (purple) are the same as in Figure 1. The black box is the ~(122 pc)? region detailed in the smaller panels. Top-middle panel: the same low-resolution
(1272 48 pc) CO (2-1) map as the left panel, but zoomed in. The W-R and SNR are denoted. Top-right panel: high-resolution 0145~ 18 pc) ALMA CO map of
the same region (Section 2.1.3), showing more detailed substructure of the molecular ISM. The W-R is clearly located in a vacant cavity in the ISM. Bottom-middle
panel: continuum-subtracted [S II]/Ho from narrowband images taken by P. Massey et al. (2007)The color-scale is split at a value of 0.4, commonly used to
distinguish photoionized (bluer) from shock-heated (redder) regions. We clearly see the SNR region as a shock-heated nebula, with the W-R embedded in a more
ionization-dominated region. Bottom-right panel: RGB image showing broadband U (blue), V (green), and narrowband Ha (red) from P. Massey et al. (2006) and
Massey et al. (2007). The W-R star is clearly visible as a hot star, and the SNR nebula is visible below it. The higher-resolution CO map reveals the detailed
substructure around the W-R, particularly its evolution inside a cavity presumably driven by powerful pre-SN feedback.

normalized to 5 km s~ ', which is the average value inside the where Ry is the Stromgern sphere given by
inner 5kpc of M33 (E. W. Koch et al. 2019). Equation (4)
shows that an SN explosion with typical energy output can 30 173
easily produce a 10 pc radius cavity inside molecular gas with Ry = W (6)
typically observed densities and turbulence.
Pre-SN feedback from the W-R and its preceding O-star where ap = 3.023 x 1073 cm® s~' is the case-B

phase could also have also carved out the present-day cavity.
The W-R was not identified as part of any known OB
association by K. F. Neugent & P. Massey (2011), and no
cataloged star cluster is in the cavity (A. Sarajedini &
C. L. Mancone 2007; Z. Fan & R. de Grijs 2014; L. C. Johnson
et al. 2022), so it is likely the W-R star would be the primary ‘ - S
power source.”* The expansion of a D-type ionization front gas with densities n :_10 cm- within 7 ~ 0.4-1 Myr. Th.ese
around OB stars in a uniform ambient medium with density 7, numbers are also consistent with results from more detailed

can be expressed (as in T. Hosokawa & S.-i. Inutsuka 2006, numerical simulations (J.-G. Kim et al. 2018, 2021, 2023).
their Equation (36)) as It is also possible that the cavity was produced by strong

stellar winds, given the tyspical mass-loss rates in O-stars bein
7 eV in the range of 107 7—=10"> M, yr ' at velocities >10° km s,
Ru(t) = Rst(l + _L) (5) and around 10°-10"* M., yr ' for W-Rs (N. Smith 2014).
2V3 Ry L. Lancaster et al. (2021a) and L. Lancaster et al. (2021b)
derived the radius of such wind-driven bubbles with the
inclusion of cooling at the wind—shell interface as

recombination coefficient, Qq is the ionizing luminosity
(s 1, and ¢ ~ (11.6 km/s)(T/10*K)*3 is the sound speed
inside the HI region. Based on Equation (5), stars
>30 M., with typical Q, = 10¥-10° s™' (A. Sternberg
et al. 2003) can easily produce ionized bubbles >10 pc inside

34 We also note that no other spectroscopically confirmed O/B star from
P. Massey et al. (2016) is in the vicinity, though completeness of the O-star w1/4
y et al. (2016) Y. though comp Rpmom = (3.55 pc) M, "6

1/4 —1/4,1/2
catalog is still an issue. Vw3 1o ls 7

W
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where M, _¢ = M,,/10°% M, yr ' is the mass-loss rate,
Vi3 = ,/10° km s~ ' is the wind speed, and 7, = 7/10° yr is
the age of the bubble. A massive star with a wind luminosity
M,, ¢ > 10 and v,, 3 > 4 can easily produce a cavity with the
observed extent, assuming same cloud density and driving age.

This cavity around the W-R, which could have easily been
produced by either pre-SN or prior-SN feedback, will have a
significant impact on its future SN explosion. In the absence of
a cavity, the thermal energy of the W-R SN blast wave would
have been efficiently radiated away on 6-12 pc scales
(Equation (3)), limiting the spatial extent of its impact. In
the case of explosion inside a cavity, where we assume the gas
density is now quite low (<1072 cm ), the cooling radius is
about 150 pc, which means the blast wave will easily retain its
total energy until it impacts the surrounding cloud material.
Interaction of the blast wave with the surrounding swept-up
ISM could also trigger massive star formation in the future,
similar to the W-R itself (e.g., G. Cosentino et al. 2022).

The analysis in Figure 9 further highlights the need for
mapping the cold, dense ISM in these galaxies at parsec-scale
resolution in order to unveil the true nondetection fraction of
dense gas around future SNe, and the distribution of high- and
low-density channels of ambient gas around massive stars
through which their future SN blast waves will eventually
evolve. Such small-scale substructures could also be pervading
other peaks of gas density seen in Figure 1 where massive
W-Rs and RSGs are coincident, but smeared out by our 127
resolution.

4.4. Comparison of Observed Densities around SNe with
Simulations

In this section, we compare the observed densities of our
W-Rs and RSGs from Figure 6 (colored histograms) to the
ambient SN densities from a high-resolution (~4 M) simula-
tion of a dwarf starburst galaxy from N. Lahén et al. (2020)
mentioned in Section 2.3. The results of the comparison are
shown in Figure 10. Since our observed densities are derived
from the projected ISM densities divided by a scale height
(Section 4.1 and Appendix A), we obtained average SN
densities in a similar manner from the simulation, as described
in Section 2.3 (solid black histograms). For the sake of
discussion, we show both the local (thin dashed) and averaged
(thick solid) densities around simulated SNe in Figure 10.

One will notice first that the local densities are much lower
than the projected densities. This is a common prediction of
high-resolution galaxy simulations where the majority of stars
explode in low densities carved by photoionization and SN
clustering, and are due to stellar motion away from the birth
clouds (e.g., C.-Y. Hu et al. 2017; N. Lahén et al. 2020;
T.-E. Rathjen et al. 2021; E. P. Andersson et al. 2022).
Unfortunately, the immediate local densities are not measur-
able in observations where we always see the ISM and stars in
projection. In addition, our ISM tracers of HI and H, are
mainly sensitive to gas densities >0.1 cm > (since our main
goal in this paper was to measure the quantity of dense gas
around SNe). In the future, we can include recombination line
and diffuse X-ray maps of galaxies to estimate the proportions
of the ionized and hot ISM gas along the line of sight of stars.

Despite these limitations, Figure 10 shows how observations
of the line-of-sight densities presented in this paper can serve
as a possible quality assurance step in the SN physics of
feedback models. For this particular simulation, we find that
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the ranges of average densities of the simulated and observed
SNe are similar, with values around 0.1-100 cm >, This is an
encouraging sign that the highest-resolution simulations in the
community, where feedback-driven ISM and star formation is
effectively generated from first-principles with little to no
reliance on subgrid models, are converging with observations
on similarly resolved scales.

However, the observations also reveal some subtle differ-
ences with the simulated densities. Most notably, in the right
panels, we find that the bimodal W-R density in the
observations (with one peak at ~ 1 cm™> associated with
primarily atomic densities, and other at ~10 cm > associated
with primarily molecular gas) is absent in the simulated
(>30 M) stars, which instead show a unimodal distribution.
On the other hand, in the left panels, we see that the
distribution of the densities of the lower-mass stars (i.e.,
RSGs) have a similar unimodal shape as the 8-30 M, stars in
the simulations. The peak of the RSG distribution, however,
appears to be lower by a factor of 3 compared to the
simulation. Possible physical explanations for these discre-
pancies could be due to the strength of pre-SN feedback and
degree of SN clustering in simulations (e.g., E. S. Gentry et al.
2017; T. Naab & J. P. Ostriker 2017; M. C. Smith et al. 2018;
T.-E. Rathjen et al. 2021), runaways (e.g., E. P. Andersson
et al. 2020), and choice of numerical models (e.g., C.-Y. Hu
et al. 2022), which can significantly affect the SN environ-
ments. The specific adjustments needed in the feedback
models, however, require more careful scrutiny of all physics
involved in the simulation, and will be addressed in future
work. Some aspects of the simulation-observation comparison
may need to be better tailored to isolate differences due
to feedback alone. E.g., the simulated dwarf galaxy system
is about a factor of 100 lower in stellar mass than M33
(E. Corbelli 2003), and although we only include the pre-
starburst phase where the specific SFR is similar to M33, the
overall ISM phase distribution and porosity could still be quite
different. Inclusion of the warm and hot ISM tracers in the
observations as mentioned earlier can provide a fairer
comparison of the low-density tail with simulations. Higher-
resolution observations (e.g., Figure 9) will better clarify
whether some of the W-Rs near high density peaks are located
in low-density cavities even in projection.

The exercise here demonstrates a novel and insightful line
of comparison between observations and simulations to
validate stellar feedback models. The method of tracking
locations of SNe (or their progenitors) and their ambient gas
densities is easily done with multiwavelength observations and
hydrodynamical simulations of galaxies, as shown here. In
upcoming papers, we will continue such comparisons with
simulations with varying prescriptions of stellar feedback (e.g
photoionization, winds, SNe, and runaways; E. P. Andersson
et al. 2020; T.-E. Rathjen et al. 2021; U. P. Steinwandel et al.
2023) in order to better understand which implementation is
most consistent with the SNe and ISM observations. We also
encourage simulators to carry out their own comparisons using
data behind the Figures 2 and 3, which are available.

4.5. Comparison with SN and SNR Studies

While our paper was focused specifically on the ISM
properties and implications for feedback, we note the parallels
of our work with past studies of SFRs around SNe, which
show that SE-SNe (Type Ib/c, Type IIb) are more likely to be
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Example comparison with galaxy simulations
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Figure 10. Example comparison of the HI + H, gas volume density (n,,) of RSGs (left panels) and W-Rs (right panels) at 50 pc resolution with the ambient SN
densities from a high-resolution hydrodynamical simulation of a dwarf starburst galaxy (N. Lahén et al. 2020). Simulated densities were obtained for all SNe during
the quiescent, pre-starburst phase between 70 and 140 Myr (see Figure 5 in N. Lahén et al. 2020), and divided into 8-30 M., and >30M., mass ranges to better
compare with RSGs and W-Rs, respectively. The observations, i.e., W-Rs and RSGs, are shown as colored histograms. The “local” theoretical densities (i.e.,
measured in the immediate region around the SN) are shown in the top panel as thin dashed histograms, while the “average” theoretical densities (measured from 2D-
projected gas maps) are shown in thick histograms. The bottom panel zooms into the observed and the average density histograms, which are more directly
comparable. The plot shows the feasibility of comparing ambient densities of simulations and observations as an independent way to assess the ISM and feedback

physics (see Section 4.4 for a detailed discussion).

near bright HII regions than Type II or Type Ia SNe (e.g.,
P. L. Kelly et al. 2008; J. P. Anderson & P. A. James 2008;
J. P. Anderson et al. 2012; L. Galbany et al. 2016a, 2016b, 2018;
H. Kuncarayakti et al. 2018; S. A. Cronin et al. 2021). The trend
has been attributed to an increasing progenitor mass range going
from Type II to SE progenitors, hence, their association with
younger star-forming populations. Similar results were also found
with molecular gas, which correlates with recent SFR, in
kiloparsec-scale maps of galaxies (L. Galbany et al. 2017) as
well as the GMC scale studies of MC22. Our work also shows
that RSGs, which are expected to be progenitors of Type II SNe,
are less closely associated with star-forming H, gas than W-Rs.
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Similar to our Figure 5, Figures 10 and 11 in MC22 show that
Type Ib/c SNe can be reproduced by distributions drawn from
the H, density peaks, while Type II SNe closely follow the stellar
distribution traced by near-IR maps. A large fraction (53%) of
the MC22 sample also has CO nondetections similar to our
findings in Figures 2 and 3. Zoomed-in images of the SNe in
Figure 8 in MC22 display the wide variety of environments
apparent even at 150 pc, with SNe evolving in bright dense gas
peaks, some in regions of lower density, clouds, and general gas
deficit, and some in outright voids in the ISM.

We also note the parallels of our work with T. Kangas et al.
(2017), who compared the locations of massive stars
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(including RSGs and W-Rs) on Ha images of LMC and M33,
and compared the correlations with those observed for SNe
versus Ha observed in nearby galaxies. They found that W-Rs
and SE-SNe have similar and stronger spatial correlation with
Ha emission (and thus recent star formation) compared to
RSGs and Type II SNe.

Overall, it is encouraging that the results with massive star
progenitors and SNe converge, validating the use of these
massive stars as a local analog of SN sites, where we have
substantial detail compared to distant galaxies, allowing us to
deconstruct their environmental details. We believe higher-
resolution studies of both our Local Group stars, and PHANGS
SNe promise to provide even more subtle details involving
high-mass /short-lifetime progenitors.

A final comparison we make is with the statistics of known
SNRs interacting with molecular gas. Many well-studied
interacting SNRs exist in our Galaxy, such as IC 443, W44,
W28, and WS5IC, visible in broadened spectral line and
continuum emission across the EM spectrum (e.g., see P. Slane
et al. 2015, and references therein). These provide the most
direct evidence that SNe interact with molecular clouds. The
exact fraction of interacting SNRs in our Galaxy, however, is
highly uncertain due to the unknown classifications of most
SNRs and the unknown completeness of the highly hetero-
geneous collection of Galactic SNRs. To our knowledge, the
most systematic study of interacting SNRs was done by
C. D. Kilpatrick et al. (2016), who looked for broadened CO
emission toward a subset of SNRs. They found 17/46 SNRs
(~37%), or 7/15 (~47%) if restricted to SNRs with known
CC classification, showing potential evidence of interaction.
This is roughly consistent with our 39% SNRs in a detected H,
pixel, though it is much lower if we consider SNRs within H,
pixels within a cooling radius (66%—80%). While this may
suggest the interacting SNRs in our Galaxy may be an
undercount, we are only going by positional coincidence. It is
possible the SNRs may be in the foreground or background of
the cloud. These SNRs would be interesting targets for follow-
up with more sensitive high-resolution ALMA observations,
where signatures of interaction could be inferred from moment
data and their correlation with optical-line/X-ray luminosities.
We leave this for future work.

5. Conclusion

With ambient density being a decisive parameter for SN
thermal and momentum feedback, we have embarked on a
much-needed detailed observational campaign to map the gas
distribution around SNe by employing a novel and unique
strategy—targeting evolved massive stars that are soon to
explode near their present location, and their cold ISM
environments. This not only yields an order-of-magnitude
larger sample of “explosion sites” of stars than is possible with
an SN survey in the nearby Universe, but also exploits the
proximity of Local Group galaxies (in our case M33), which
not only has cloud-scale molecular gas maps, but also atomic
gas maps, giving estimates of the HI, H,, and total cold ISM
densities in the 50 pc environments of massive stars.

Specifically, we use published catalogs of evolved massive
stars such as RSGs and W-Rs stars that have been connected to
SN explosions. These stars will have lifetimes of roughly
0.1-1 Myr, and thus explode within a few parsecs of their
current location. While RSGs plausibly trace locations of
future Type II SNe, W-Rs to first order trace where the most-
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massive (>30 M) and youngest stellar populations are
located and may explode in the future as stripped-envelope
SNe and gamma-ray bursts. We also include SNRs, verified by
high-quality multiwavelength data, as a tracer of where stars
have already exploded.

To trace the cold ISM, we use new ALMA ACA maps of
CO(2-1)-traced H, and 21 cm atomic HI in the inner projected
~3 x5 kpc2 of M33 (E. W. Koch et al. 2026, in preparation),
complete down to ~1-2 M, pc™2, and at 12”resolution (~50
pc). We then assess the relative CDF of their densities, and
assess the physical and statistical nature of these distributions
using multiwavelength star formation maps.

Our investigation revealed the following about where stars
explode in the ISM:

1. We find a significant fraction of high-mass stars located
in pixels with detectable H,, and higher the mass, the
higher the average ambient density. This is evidenced by
55% of W-Rs exploding in pixels with detectable H,,
compared to 27%-32% for RSGs and SNRs (Figures 2,
3, and 7, and Table 2), as well as from statistical
differences in the shapes of the H, CDFs (Section 3.2.1
and 3.3). This trend is also observed within RSGs: more
luminous RSGs with log(L/L.) > 5, corresponding to
masses >15 M, have a higher fraction of stars (44%)
exploding in denser gas than the bulk RSG population.

2. With our observations, we estimate that ~45% for W-Rs,
and 56%-77% for the RSGs (depending on mass) are
located in pixels with no detectable H,. This is similar to
the result of N. Mayker Chen et al. (2022), who found
that 50% of Type II SNe explode outside GMCs at
150 pc resolution. Analysis of the star-molecular cloud
separation distances in Section 4.2.2 indicate that pre-SN
and prior-SN clearing of H, clouds is the likely cause for
most of the nondetections of W-Rs. Both pre-SN/prior-
SN clearing and stellar motion away from birth sites
could be responsible for the H, nondetections around the
lower-mass RSGs.

3. For the first time, we have measured both molecular and
atomic gas densities around SN progenitors at 50 pc
resolution (Figures 2 and 3). Unlike for H,, we find that
the majority of our stars (Z90%) are located in pixels
with detectable atomic gas. Of the H, nondetected
population, 83%—94% of W-Rs, RSGs, and SNRs are in
pixels with detectable H I, implying that these explosions
will more likely occur in the lower-density, atomic-gas-
dominated intercloud media.

4. We verified that the observed ISM density distributions
around W-Rs and RSGs >15 M, are statistically
different from random alignment of stars with respect
to molecular clouds (Section 3.2.1 and 3.3) and
consistent with ISM densities where stars of similar
ages would be expected to explode (Figures 4 and 5).
Ambient densities of the lower-mass RSGs and SNRs are
marginally different from the bulk densities, and appear
to follow the near-infrared light in M33 tracing bulk
stellar mass.

5. The H, detection statistics around stars is sensitive to the
spatial resolution of the ISM maps, similar to the
conclusion reached by N. Mayker Chen et al. (2022). The
H, nondetection fractions decrease from 45% to 77% at
50 pc resolution to 0% at ~0.6 kpc resolution (Figure 8).
At our highest-resolution H, data (at ~1.8 pc) around a
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single W-R star, we find a 20 pc scale cavity that was not
visible in the 50 pc scale ACA map (Figure 9). These
reveal the importance of pre-SN/prior-SN feedback,
possible evidence of triggered star formation, and the
need for high-resolution ISM maps for revealing such
ISM substructure moving forward.

6. Our measured densities can be a useful observational
anchor on the placement of SNe in ISM subgrid models
in hydrodynamical simulations of galaxies, particularly
to set limits on the fraction that is uncorrelated with
density peaks. An example comparison is done with the
high-resolution dwarf galaxy system by N. Lahén et al.
(2020) in Figure 10, showing some subtle differences
between observed and simulated SN density distribu-
tions. Future observations at higher resolution, a wider
stellar mass range of galaxies, and comparison with
simulations more tailored to the observed galaxy type,
can more specifically constrain the underlying stellar
feedback models, and the necessary adjustments.
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Appendix A
Calculating the Spatially Varying Volume Density

Given measurements of Xy, and X, the average total
(H1+ H,) density (7, in units of atoms cm ) can be obtained as

! (h + 2ZH2 )’
2,um,, I’ZHI th
where the factor of 2 with ¥y, accounts for two atoms of H per
molecule, ¢ = 1.4, and m, = 1.6 x 10-?* g. The underlying
assumption is that both gas phases are uniformly distributed
along each column, characterized by scale heights A1 and Ay,.
While obviously the real feedback-driven ISM is inhomoge-
neous and turbulent, this simple parameterization of the line-
of-sight gas gives an easy-to-interpret average density per
pixel as a function of the observed projected surface density in
order to enable first-order comparisons with simulations.

The scale height of HI (1) can be estimated assuming the
disk of M33 is in a state of dynamical equilibrium, i.e., the
gravitational weight of the inner disk due to stellar and gaseous
components is balanced by thermal and turbulent pressure of
the diffuse gas driven by star formation and stellar feedback
(E. C. Ostriker et al. 2010; E. C. Ostriker & R. Shetty 2011;
R. Shetty & E. C. Ostriker 2012). Numerical simulations have
verified that within an orbital time, star-forming disks reach
such quasi-steady equilibrium properties due to self-regulation
of star formation by feedback (e.g., C.-G. Kim et al.
2011, 2013; E. C. Ostriker & C.-G. Kim 2022), and the
resulting SFRs and related observables are broadly consistent
with observations (e.g., M. J. Gallagher et al. 2018; J. Sun
et al. 2020, 2023). This formalism therefore provides a unique
way to obtain the spatially varying scale height and line-of-
sight volume density of the atomic ISM for a nearly face-on
galaxy like M33, as a function of locally measured quantities
such as the gas and stellar mass surface density, kinematics,
and SFRs.

For our purpose, we closely follow the arguments in
D. Utomo et al. (2019) to obtain the scale height, with a few
minor modifications. We assume that the vertical pressure in
the HT gas in M33 is related to its velocity dispersion and
density by

(AL)

Niot =

Pur = Py O (A2)

In a disk under dynamical equilibrium, the midplane pressure

is given by
320%4 "
T2GY?

(A3)

in the form given in Equation (35) of C.-G. Kim et al. (2011).
Here ¥ = Yy + X, is the total gas surface density, and f; is
the diffuse gas fraction, i.e., f; = Zy/%Z. The gas velocity
dispersion o is assumed to be equal to oy, The total

G2

Ptot :f;i 4

l(2 —fa) + {(2 — )+
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stellar + dark-matter density is pg, but since we are only
interested in the inner few kiloparsecs of M33, we can
approximate pgq =~ py, le., only the stellar density
(E. Corbelli 2003).

The stellar volume density, p, can be computed from a
near-IR map of M33. Similar to HI and H,, we assume
s = Xy /2h,, where h, is the stellar scale height obtained by
assuming a flattening ratio between the stellar scale lengths
and heights, /. /hy, = 7.3 (M. Kregel et al. 2002), where we
assume the scale length [, =~ 2 kpc based on photometric
observations in M33 (M. K. Barker et al. 2007), and also in
Figure 11. This gives h, = 0.27 kpc. We compute X, from the
WISE W1 (3.4 um) map following the conversion given in
A. K. Leroy et al. (2019)

——EEL—-21330(4149)(—£33f1—}
M., pc? 0.5 )\ MJy sr~!

where M/L is the mass-to-light ratio in the 3.4 pm range. The
M/L is expected to correlate with the underlying age of the
stellar population and, thus, vary across the galaxy (E. R. Sta-
nway & J. J. Eldridge 2018). We account for this based on the

empirical relation with the specific SFR given in Equation (24)
in A. K. Leroy et al. (2019) as

(A4)

0.5 ifQ<a
M/L=105+b(Q —a) ifa<Q<ec. (AS)
0.2 ifQ>c

Here Q = log,,(Lryv/Lw1) is the ratio between the FUV and
W1 luminosities, roughly equivalent to the specific SFR,
a = -2.5,b = —-0.167, and ¢ = —0.7. Both FUV and W1
maps were convolved to the resolution and pixel scale of the
ACA map before the conversions were applied. Within the
ACA region, the M/L is mostly 0.2 M, /L., consistent with
observations of galaxies with similar specific SFRs as M33
(A. K. Leroy et al. 2019).

With the above quantities in place and assuming
pu1 = Xu1/2hy 1, we obtain the scale height Ay by equating
Equation (A2) and (A3), giving

(A6)

providing a spatially varying H1 scale height as a function of
the local measured atomic, molecular, and stellar mass surface
densities, and the atomic line-width maps. We have verified
from simulations of E. C. Ostriker & C.-G. Kim (2022) that
these scale height equations provide a reasonable estimate
(within 10%-20%) of the average density at 50 pc resolution.
Further accuracy can be obtained in future work by including
the mass of hot gas from X-ray observations.

The molecular scale height, hy,, however, is less trivially
obtained as the gas is primarily locked in gravitationally bound
clouds that are not necessarily in pressure equilibrium with the
disk, and equations of hydrostatic balance (similar to
Equation (A3)) have been shown to overestimate the actual
scale height of the clumpy molecular disk (S. M. R. Jeffreson
et al. 2022). For simplicity, we assume hy, = 50 pc, which is
consistent with measurements made in the Milky Way (e.g.,
A. Marasco et al. 2017). This may be slightly smaller than the
expected value for M33, which has a much smaller stellar mass
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Figure 11. Variation in the H I, H,, and stellar mass surface densities and H 1
velocity dispersion (top panel), scale height (middle panel), and total H1 + H,
volume density (bottom panel) vs. deprojected radius of M33. Dashed lines
represent the approximate extents of the ACA region in Figure 1 in radius
units. The dotted line in the top panel represents an exponential disk model,
assumed in the text. Shaded regions represent the 16th—84th percentile range,
while solid lines represent the median. See Appendix A for details.

(and thus smaller gravitational potential) than the Milky Way.
We found that ny, obtained by assuming iy, = 50 pc is on
average only about 40% larger than the limiting case of
hy, = hy1. This is much smaller than the orders-of-magnitude
variation in densities expected across the disk in the ACA
region, so we believe hy, = 50 pc is a reasonable value for
M33. Figure 11 shows the variation in the relevant quantities
in the above equations as a function of deprojected radius of
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M33 (note that the calculations in the paper are pixel-by-pixel,
not radial; we just show these quantities versus radius to give a
succinct idea of their variation). Deprojection is done
assuming the center of M33 is at R.A. (2000) = 01":33™:50%
89657, decl. (2000) = +30°:39":36.630403, an inclination
angle 55°, and position angle of 200° (E. W. Koch et al. 2018).
The profiles are plotted in radial bins of Ar = 100 pc. Within
each bin, for the stellar and gas mass densities, we estimate the
median and 16th, and 84th percentile density, multiply by the
area covered by the detected pixels to get the total mass, and
divide this mass by the total area inside the Ar to get the radial
surface density. For the volume density and scale height, we
show their median and 16th—84th percentile range of their
pixel values within each Ar.

In particular, we highlight the profiles of the scale height
and total volume density in Figure 11. The HI scale height as
shown in the middle panel increases with distance from the
center because Y ,, which provides the dominant contribution
to the gravitational potential of the disk within 5 kpc, drops
with radius as ~e~'"/%, while the diffuse gas properties that
provide outward pressure (i.e., Xy, oy remain relatively
flat. The scatter in the scale height is primarily due to region-
to-region variation in Xy;, Xy,, L4, and oy, which we are
able to capture with this above approach (as opposed to
assuming a constant value throughout the disk). The final panel
in Figure 11 shows the total resulting volume density
(assuming hy, = 50 pc) versus deprojected radius from
Equation (A1). The scatter in density folds in the scatter from
the above quantities, but overall, the density decreases with
distance from the center. The density within 1 kpc of the center
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has particularly large scatter and is higher than at outer radii
due to more significant contribution from molecular gas
(whose surface density also drops off exponentially with
radius, as can be seen in the top panel). Both the scale height
and the density values are roughly consistent with values in the
Milky Way (J. M. Dickey & F. J. Lockman 1990) and other
edge-on galaxies (e.g., N. N. Patra 2019; T. H. Randriamamp-
andry et al. 2021; Y. Zheng et al. 2022), as well as simulations
of the multiphase ISM in realistic galaxy environments (e.g.,
A. S. Hill et al. 2012; P. F. Hopkins et al. 2012; C.-G. Kim &
E. C. Ostriker 2017).

Appendix B
Extinction-corrected FUV and Ha Maps

We extinction-corrected the FUV and Ha maps using MIPS
24 pm, as prescribed in F. Belfiore et al. (2023, hereafter B23).
We first convolve and regrid all maps to 127 resolution and
1”pixel scale as the ACA maps, and convert them to units of
luminosity. We then convert them to units of hybrid SFR as
given in Equation (4) as

SFRpuv+24 = CruvLrov + Cop’Y Logs (B1)
where SFRgyv 24 is the 24 pum corrected FUV-based SFR in
units of M., yr', Lpyy is the FUV luminosity in erg s~ ', and
Lo, is the 24 pm MIPS luminosity in erg s ',
Cruv = 104342 (erg sfl)(M@ yr7])71 given in Table 2
of B23 and derived in A. K. Leroy et al. (2019), and CZIZUV is
the 24 um correction factor for FUV. Similarly for Ha, we
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Figure 12. The H, surface density CDFs similar to Figure 5 (the dashed line represents median, the shaded region represents the 95% interval), except showing the
different 24 pum extinction corrections for FUV (left panel) and He (right panel) as discussed in Appendix B. “Only FUV /Ha” refers to the maps without extinction
correction, “Const” C5YV-H? refers to a constant value of the extinction-correction coefficient, and “Variable” C5YV-H refers to the coefficient scaled by the WISE
W1-band maps according to F. Belfiore et al. (2023) to account for dust heating by old stellar populations. For simplicity, since the focus is on the differences
between the prescriptions, we only show the high-mass RSGs on the FUV panel and W-Rs on the Ha panel, since these were most consistent with the respective

wavelengths in Figure 5.
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follow Equation (5) in B23 as

SFRyua 124 = Co Lo + CHi" Loy (B2)

where the terms carry the same meaning as above, except for
Ha maps. We use Cy,, = 1074126 (erg sfl)(M@ yrfl)f1 as
given in Table 2 of B23, derived in D. Calzetti et al. (2007).

The correction factors Chy " and C5* were adjusted by B23
to more accurately account for dust heating by lower-mass
stellar populations. We use the calibration form of Equation
(7) in B23

log Cinax
log Gy =1 + alog @ — 10g Oma)  if @ < Omax
log Cinax if O > Omax
(B3)

where the subscript i refers to Ha or FUV, and Q refers to the
quantities log(Lgyv/Lwi) and log(Ly./Lwi), as already
defined in Equation (AS). Based on Table 3 in B23, for Ha,
we adopt a; = 045, log Cpnax = —42.88, and log
Omax = —1.52. Similarly, for FUV, we adopt a; = 0.23, log
Cmax = —42.73, and logQnax = 0.6. We note that B23
estimated these scaling relations for log Ci, in the WISE W4
(22 pum) band, which was different from measurements in
MIPS 24 ;m by 0.08 dex. As a result, we add 0.08 to log Ci,
in Equation (B3) since we are working with MIPS
24 pm maps.

Figure 12 shows that CDFs exhibit small variations, mostly
within error bars of each other, for the different prescriptions
discussed above. Including the 24 pm correction, the median
fraction of the Ha-drawn star sample occurring in detectable
H, is higher by 8%, and the fraction of FUV-drawn stars
occurring in Hj is higher by 7%, compared to the maps without
24 pm correction. The higher fraction is due to the infrared
capturing more obscured regions in M33, which are expected
to be associated with denser gas and younger, more obscured
stellar populations. Interestingly, the W-R population in
Figure 12 is more consistent with the Ha-population without
extinction correction. This indicates that the spatial distribu-
tion of W-Rs is similar to the unobscured, ionizing OB stars,
and reinforces that we are not missing a significant fraction
(<7%) of W-Rs in highly obscured gas clouds. For
completeness, we also show the CDFs for FUV and Ha maps
with a constant correction factor, as has been traditionally used
in the literature. For this purpose, we used the constant values
given in Table 2 of B23, specifically C5{* = 10-#>78 (D. Calzetti
et al. 2007) and CLyY = 1074283 (C.-N. Hao et al. 2011;
A. K. Leroy et al. 2019). The difference in the corresponding
CDFs lies in between the no-extinction and variable coefficient
cases, as can be seen in Figure 12.

As explained in Section 3.3, these differences are not
consequential to the main science result, that the densities of
the observed RSG and W-R population are not randomly
drawn, and are roughly consistent with their progenitor
population.

Appendix C
The Contribution of Type Ia SNe in the SNR Densities

We assess how the observed CDF of H, densities of SNRs
in the last row of Figure 5 compares with model CDFs of H,
densities drawn from a combination of SF-tracer maps that
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Figure 13. The H, surface density CDFs for mock population of stars drawn
from near-IR and FUV maps meant to replicate SNRs with some combination
of CCSNe and Type Ia SNe. This combination is represented by the “Ia
fraction,” the fraction of the population drawn from near-IR (the rest are drawn
from FUV). See Appendix C for details.

represents some proportion of SNe Ia (with low-mass
progenitors) and CCSNe (with high-mass progenitors) in the
sample. We know from B. Koplitz et al. (2023) that the Type
Ia fraction is potentially 40% of the SNRs in the ACA region
based on star formation histories. We repeat the experiment in
Section 3.3 and Figure 5 for SNRs, except now assuming that
some fraction of each randomly drawn sample of SNRs comes
from the near-IR map (representing old progenitors of Type Ia
SNe) and the rest are from the FUV map (representing the
massive progenitors of CCSNe).

The results are shown in Figure 13. While all three models
are consistent with each other within the shaded error regions,
we do find the median model CDF of H, densities, where we
draw 40% of the sample from the near-IR to represent Type Ia
SNe, is slightly more consistent with the observed CDF
(purple) than the two extreme scenarios, i.e., all SNRs are
Type Ia (i.e., drawn from near-IR) or all are core-collapse
(drawn from FUV). This points to some Type Ia contribution
to the observed H, density CDF of SNRs. Revisiting this
experiment with the full M33 SNR population (which we can
utilize once the full CO map of M33 is available) will help
reduce the shaded error region, and put stronger constraints on
the Ia contribution to the observed H, densities.

Appendix D
Lower-resolution HI Data

Figure 14 shows the same result as the middle panel of
Figure 2, but with the lower-resolution C-configuration
(~217~86 pc) HI data from E. W. Koch et al. (2018). The
increased surface brightness sensitivity of the lower-resolution
data leads to a lower fraction of nondetections in the three
categories of stars, specifically 2%, 3%, and 0% for W-Rs,
RSGs, and SNRs, respectively. This provides a minor, but
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Figure 14. The same as Figure 2, but using the lower-resolution
C-configuration H 1 data.

important, point to note for atomic gas densities measured by
interferometry. The higher-resolution B+C+D configuration
VLA data have higher rms noise than the C4+D data, so the
fraction of nondetections around stars is higher in B4C+D
than C+D. Thus, the 10% of stars in Figure 2 that we claim are
HT nondetections are not completely devoid of any HI, but
rather may still have lower-density HI along the line of sight
below the BCD data sensitivity.
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