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ABSTRACT

The effect of supernovae (SNe) on star-formation in the interstellar medium (ISM) depends sen-

sitively 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 Jansky VLA and

ALMA. 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

(WRs, >30M⊙stars), and supernova remnants (SNRs). We find a mass-dependent correlation between

stars and gas clouds, with atleast 45% of WRs and upto 77% of RSGs having no detectable H2 at their

pixel locations. In the sample with H2 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
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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 sub-grid models.

Keywords: Interstellar medium (847) — Stellar feedback (1602) — Massive stars (732) — Supernovae

(1668) — Radio astronomy (1338) — Millimeter astronomy (1061)

1. INTRODUCTION

Feedback from supernovae (SNe) plays a central role

in galaxy evolution. SN explosions drive outflows (e.g.

Strickland & Heckman 2009; Heckman & Thompson

2017; Veilleux et al. 2020), turbulence and the multi-

phase distribution of the interstellar medium (ISM, e.g.

McKee & Ostriker 1977; Joung & Mac Low 2006; Os-

triker & Shetty 2011a; Hill et al. 2012; Kim et al. 2013;

Martizzi et al. 2016; Kannan et al. 2020; Rathjen et al.

2021; Kim et al. 2022), accelerate cosmic rays (e.g. Ack-

ermann et al. 2013; Caprioli & Spitkovsky 2014; Bykov

et al. 2018), and disperse metals synthesized in stars

(see e.g. Walch et al. 2015; Andrews et al. 2017; Telford

et al. 2019; Li & 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 Ostriker & 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 spans several or-

ders of magnitudes, and these affect the spatial scales

and timescales on which SN blastwaves cool and subse-

quently share the thermal energy and momentum with

the ambient gas (Li et al. 2015; Kim & Ostriker 2015a;

Martizzi et al. 2015; Karpov et al. 2020; Koo et al. 2020;

Oku et al. 2022). As a result, the accumulation of ther-

mal 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, depending on the correla-

tion between SN locations and ISM density peaks (Gatto

et al. 2015; Walch et al. 2015; Girichidis et al. 2016; Mar-

tizzi et al. 2016, e.g).

Unfortunately, the locations where stars explode

depend on a number of poorly understood physical

properties of massive stars, such as their evolution-
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ary timescales (e.g., Zapartas et al. 2017; Eldridge

& Stanway 2022), potential for explosion from differ-

ent progenitor masses ≳18 M⊙(Sukhbold et al. 2016),

single/binary-evolution-driven mass-loss (Langer 2012;

Smith 2014), 3D kinematics from interactions in many-

body environments (Oh & Kroupa 2016; Oey et al. 2018)

or kicks from SN explosions in binary systems (Eldridge

et al. 2011; Renzo et al. 2019; Dallas et al. 2022), and

the co-evolution timescales with their parent molecular

clouds (e.g., Kruijssen et al. 2019; Chevance et al. 2020).

While modern high-resolution simulations are increas-

ingly making great strides in capturing many of these

intricate processes and their effects on the ISM (e.g. Kim

& Ostriker 2017; Hu et al. 2017; 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 multi-phase

ISM down to scales (∼100 pc) of individual clouds and

their co-eval stellar associations have become possible

with modern synthesis arrays like the Atacama Large

Millimeter 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.

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, us-

ing the PHANGS survey of nearby galaxies within 20

Mpc (Leroy et al. 2021a). 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 di-

rect confirmation that a significant fraction (if not all)

core-collapse SNe explode in low-density environments

outside of GMCs. The work also greatly benefited from

the cloud-scale resolution that was inaccessible to previ-

ous generation extragalactic CO-surveys (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

(Li et al. 2011), precluding the high spatial resolution
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needed to characterize their environments. While the

mm-wavelengths are short enough that ALMA can still

resolve molecular clouds out to 20 Mpc with longer base-

lines, the ability to observe the atomic (H I) ISM – which

is a significant component by both mass and volume in

star-forming galaxies (Kulkarni & Heiles 1987; Dickey &

Lockman 1990; Walter et al. 2008) – at arcsecond resolu-

tion out to the same distances is unfeasible, at least until

the advent of the next-generation VLA (Murphy et al.

2018) and Square Kilometer Array (SKA). Thus while

studies of the molecular gas around SNe are promising

in the nearby universe, the total 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 popu-

lation of evolved massive stars that will likely explode

within a few Myr. The approach has two major advan-

tages. Firstly, 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 (WRs, Neugent & Massey 2011; Massey

et al. 2021b) that have been meticulously constructed

over decades and are strong candidates for future core-

collapse SNe (see Section 2.2.1). We also have access

to supernova remnants (SNRs, White et al. 2019) which

trace locations of actual explosions that have occurred

in the past. The combination of WRs, RSGs and SNRs

enables a much larger catalog of ‘explosion sites’ than

achievable with a SN catalog while retaining substantial

spatial detail of the environments. Secondly, the proxim-

ity of Local Group galaxies24 offers not only cloud-scale

observations of molecular gas (Engargiola et al. 2003;

Rosolowsky et al. 2007; Miura et al. 2012; Wong et al.

2011; Druard et al. 2014; Caldú-Primo & Schruba 2016),

but also the atomic gas phase (e.g. Braun et al. 2009;

Braun 2012; Koch et al. 2018; 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,

24 While not the focus of this paper, we note that another ad-
vantage in the Local Group is availability of detailed star-
formation histories from observations of resolved stellar popu-
lations (Massey et al. 2006; Cioni et al. 2011; Dalcanton et al.
2012; Nidever et al. 2017; Lazzarini et al. 2022). We use them
briefly in our analyses to obtain useful insight into the distri-
bution of our massive stars in certain sections.

WRs and SNRs that we use, present our new observa-

tions of H I 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 statisti-

cally verify these densities with multi-wavelength 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 feed-

back 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 combina-

tion of datasets for our purposes. At a distance of 0.84

kpc (Freedman et al. 1991), the star-forming dwarf with

a stellar mass of ∼3×109 M⊙(van der Marel et al. 2012)

has a substantial atomic and molecular ISM visible at

sub-cloud scale spatial resolution (e.g. Braun 2012; Dru-

ard et al. 2014; Koch et al. 2018). The galaxy has been

the target of ground and space-based surveys of its stel-

lar 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 fu-

ture, 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, is de-

scribed in the following sections.

2.1. ISM maps

2.1.1. 21 cm Atomic (H I) Map

We use two H I maps of M33, both obtained from

the VLA and using short-spacing observations from the

GBT (Lockman et al. 2012). The coarser 20′′ (80 pc) res-

olution map is the 13-pt mosaic from Koch et al. (2018,

project ID: 14B-088) using C configuration observations,

which has a spectral resolution of ∼0.2 km s−1 and rms

noise of 2.8 K per channel. The data are feathered with

the GBT H I data from Lockman et al. (2012) with a

single dish scaling factor of unity (Koch et al. 2018).

The second map uses new VLA B configuration ob-

servations (project ID: 17B-162) combined with the C

configuration from Koch et al. (2018). We briefly de-

scribe these data here, and refer readers to further de-

tails in E. Koch et al. (in preparation). We use the inner



4 Sarbadhicary et al.

7 pointings from the C-configuration observations and

combine these with new B-configuration observations of

the same pointings. We image the data in 1.2 km s−1

channels with natural weighting which yields a beam

size of 8′′(32 pc). The rms noise per channel is 6.2 K

per 1.2 km s−1 channel. We use the same feathering

approach as described above with the C-configuration

mosaic to incorporate the GBT H I short-spacing infor-

mation.

In this work, we use the integrated intensity (moment

0) maps calculated from both spectral-line data cubes

following the signal masking approach from Koch et al.

(2018). Briefly, we use a minimum 2σ threshold on the

data, and keep only regions that contain a > 4σ peak

and span 10 consecutive spectral channels, as appropri-

ate for the typical H I line widths sampled with 1 km s−1

channel. Following the findings from Koch et al. (2021),

we assume the H I is generally optically thin on these

spatial scales (30–80 pc) and convert to the atomic gas

surface density in M⊙ pc−2 using

ΣHI

M⊙ pc−2
= 0.0196 cos(i)

(
IHI

K km s−1

)
(1)

where i = 55◦ (Koch et al. 2018) is the inclination an-

gle of M33. The noise minimally varies across our field

of interest, and so we adopt a median 3σ completeness

limit of 0.94 M⊙ pc−2. The cubes also provided a map

of the line-width of HI (km/s), which enters our calcu-

lations of the scale height and total gas volume density,

as discussed in Appendix A.

2.1.2. ACA CO(2-1)-traced H2 map

We trace the molecular gas in M33 using ALMA Band

6 12CO(2–1) observations obtained by the 7-m array

in the Atacama Compact Array (ACA; project IDs:
2017.1.00901.S; 2019.1.01182.S). The complete observa-

tions, including CO isotopologues, are explained in de-

tail in E. Koch et al. (in preparation). Briefly, the
12CO(2–1) observations are taken in 15 individually-

observed mosaics that we image separately using a de-

convolution approach similar to the PHANGS-ALMA

imaging pipeline (Leroy et al. 2021b). We then use lin-

ear 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 12′′(∼49 pc).

We note that this matches the resolution of the IRAM

30-m CO(2–1) map (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 (Koch et al. in prep.). However, the ACA

data have a factor of 4 times finer spectral resolution

(0.7 km s−1) and a factor ∼ 2 higher sensitivity (25 mK

per 0.7 km s−1 channel).

We compute the CO(2–1) integrated intensity after

calculating a signal mask with an approach similar to

the “strict” method from Leroy et al. (2021b), which

we note does mildly differ from the approach used for

the H I but has been well-tested for CO emission that

is clumpier with narrower line widths than the H I. As

such, the signal masking approaches used for H I and CO

are appropriate given the expected properties (diffuse,

extended vs. clumpy) of each tracer. We convert the

CO intensity to a mass surface density using,

ΣH2

M⊙ pc−2
= αCOR

−1
21 cos(i)

(
ICO

K km s−1

)
(2)

where we assume αCO = 4.3 M⊙pc
−2(K km s−1)−1Z−1.6

is the empirical conversion factor between CO intensity

and H2 surface density, Z is the metallicity normalized

to the solar value,and R21 = 0.65 is the CO (2-1)/(1-0)

line-ratio (Sun et al. 2018) . We use a constant αCO

prescription for simplicity, assuming Z = 0.6 Z⊙, appro-

priate for the inner 5 kpc of M33 (Rogers et al. 2022)25.

From our noise cubes, we obtain a median 3σ noise

(assuming detection over 3 channels) of 0.16 K km s−1,

and therefore a median completeness limit of our H2

maps of 1.37 M⊙ pc−2.

2.1.3. High-resolution ALMA CO(2–1)-traced H2 map

We also make use of a single ALMA field observed

around a WR and SNR in close proximity (Figure 1, box

region) to highlight the finer substructure in cloud en-

vironments 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

Sano et al. (2021, project ID: 2018.1.00378.S). The area

observed is a single ALMA 12-m 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 de-

livered QA2 data from the archive with imaging using

the PHANGS-ALMA pipeline (Leroy et al. 2021b). We

25 Since αCO can vary with metallicity, we also checked our results
with a variable αCO prescription, namely one where Z varies
with galactocentric radius based on the measured metallicity
gradient in M33 (Bresolin 2011). The difference in ΣH2

be-
tween our variable and constant αCO is ∼30-40%, much smaller
than the orders of magnitude variation in ICO and IHI.
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image the data using Brigg’s weighting with robust=0.5

in 1.2 km s−1 channels. The corresponding rms is 38

mK per 1.2 km s−1 channel. We signal mask and gener-

ate moment maps using the PHANGS-ALMA pipeline

(Leroy et al. 2021b); 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 WRs, 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 (WRs and RSGs) since

they have been observationally confirmed as SN (or po-

tential SN) progenitors. Of the two, RSGs have been

directly identified as progenitors of Type II SNe, which

form the majority category of core-collapse SNe in flux-

limited surveys (Smartt 2009, 2015). WRs, charac-

terized by strong winds and stripped stellar envelopes,

have been classically considered progenitors of stripped-

envelope (SE) SNe, which form the second dominant cat-

egory of core-collapse (CC) SNe after Type II (Smartt

2009, e.g.), although this has been called into ques-

tion owing to several inconsistencies in the properties

of WRs and SE-SNe (e.g. Eldridge et al. 2013; Drout

et al. 2011; Taddia et al. 2015; Smith et al. 2011; Graur

et al. 2017)26. To first order, we assert that our WRs

at least trace the locations of the most massive stars

in M33, since WRs are expected to be >40 M⊙(>20

M⊙) based on single (binary) evolution models (Eldridge

et al. 2017a). Additionally, WRs and SE-SNe appear to

evolve in environments with very similar star-formation

rates (e.g., Kangas et al. 2017; Maund 2018), so we ex-

pect the explosion sites of WRs in the ISM to be similar

to that of SE-SNe.

Another major reason for using RSG and WRs is be-

cause 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-

26 A small fraction of SE-SNe however, may still be consistent
with WR-like progenitors, particularly those associated with
long-gamma-ray bursts (e.g. see Crowther 2007; Smartt 2015;
Roy 2021, and references therein) and strong circumstellar in-
teraction (e.g. Van Dyk et al. 2018; Xiang et al. 2019; Horesh
et al. 2020; Gal-Yam et al. 2022; Kool et al. 2021; Pellegrino
et al. 2022)

sequence phases where RSGs and WRs manifest (Ek-

ström et al. 2012). As a result, for the same velocities,

OB stars would travel 10 times farther before explod-

ing, so their explosion sites have a larger ‘error’ circle

from the present location, compared to RSGs and WRs

(for reference, a star moving at a velocity v∗ will move

(10pc)(v∗/10km/s)(t∗/1Myr).

2.2.2. Wolf-Rayet Stars

We use the M33 WR catalog of Neugent & Massey

(2011). The study cataloged 206 WRs within 0.32 deg2

(∼ 8.5 kpc radius) of M33 using observations from the

4m Kitt Peak Mayall telescope and Mosaic CCD. Can-

didate WRs were identified with crowded-field photome-

try and image subtraction with narrowband filter images

centered on C III λ4650 and He II λ4686 lines (typically

seen in WRs), and then spectroscopically confirmed us-

ing the 6.5 m MMT Hectospec instrument. Objects were

classified as WN (strong lines of He, N) and WC (strong

lines of He, C), with further subclassification (e.g. WN3-

WN8) based on relative line strengths of He, C, N and

O ionization states as per convention (Conti et al. 1988).

The WR sample is expected to have high completeness

according to Neugent & Massey (2011), who estimated a

95% completeness based on comparisons with previous

studies in the Local Group (Massey & Johnson 1998;

Neugent et al. 2018). Neugent & Massey (2023) further

confirmed the high completeness of the M33 WRs; the

faintest WR 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 WRs are consistent with expec-

tations from the underlying star-formation history in the

region (Lazzarini et al. 2022). The MMT spectroscopy

also ensured high sample purity, removing cases where
previously-identified WRs in NGC 604 and NGC 595

(Drissen et al. 2008) were revealed to be O-type stars

with WR-like emission lines from the spectroscopy of

Neugent & Massey (2011).

Of the 206 WRs, 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 Massey et al.

(2021b) from a UKIRT J −Ks band survey of the inner

3 deg2 of M33. Foreground stars were separated from

M33 stars using Gaia proper motion and parallax mea-

surements, and RSGs were separated from asymptotic

giant branch (AGB) stars and background galaxies us-

ing cuts in J − Ks colorspace, constructed to optimize

RSG selection based on previous tests in the Magellanic
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Clouds (Yang et al. 2019; Neugent et al. 2020). The fi-

nal catalog consists of 7088 RSGs, of which we use the

812 RSGs inside our CO footprint. Physical quantities

like luminosity and temperature were also reported by

Massey et al. (2021b) after correcting for extinction and

reddening, and appear to be in qualitative agreement

with predictions of stellar evolution models (Ekström

et al. 2012).

2.2.4. Supernova Remnants

As an interesting check, we will also compare densities

at the locations of WRs and RSG catalogs with sites of

historical SN explosions (in the last 104-105 yrs) in M33

using the known SNR population. We use the SNR sam-

ple in M33 compiled in 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 [S II]/Hα ≳ 4 (to separate

from photoionized nebulae) using data from 4m Mayall

Telescope and 0.9m Burrell Schmidt telescope at KPNO

ratios (Long et al. 2010; Lee & Lee 2014). These candi-

dates were further spectroscopically confirmed as SNRs

with 6.5 MMT (Long et al. 2018), Chandra X-ray ob-

servations (Long et al. 2010) and sensitive JVLA obser-

vations at 1.4 and 5 GHz taken in White et al. (2019),

covering roughly the inner 0.85 deg2 (0.35 deg2 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

Section 2.1.1 and 2.1.2, we record the surface densities

of H I and H2 (derived from Eqs 1 and 2) at the pixel

location of each star in our WR, RSG and SNR cata-

log, effectively representing the projected density aver-

aged over a 50 pc diameter region (roughly the PSF 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 explo-

sion in most regions, since the turbulent sound-crossing

timescale, for a typical σ = 10 km/s, is about 5 Myrs,

longer than the expected time left for the evolved mas-

sive stars to explode (<0.5 Myrs for stars >30 M⊙, and

∼0.5-4 Myrs for 8-30 M⊙RSGs, Ekström et al. 2012).27

2.3. Galaxy simulation

In Section 4.4 we will compare our measured ambi-

ent densities (cm−3) around WRs and RSGs with the

27 SN blastwaves 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.

ambient densities of SNe in a hydrodynamical simula-

tion of a dwarf starburst galaxy system in 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 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 simu-

lation follows the merger of two identical gas-rich dwarf

galaxies of initial stellar masses of 2 × 107 M⊙, at a

baryonic mass resolution of ∼ 4 M⊙ and sub-pc spa-

tial resolution. We chose this simulation for our ex-

ample because the high baryonic resolution (∼4 M⊙)

leads to well-resolved ISM environments (Steinwandel

et al. 2020), the starburst system results in a wide range

of ISM densities and star formation rates, and because

each SN event can be directly traced back to a single

progenitor star. The simulation was performed using

SPHGal (Hu et al. 2017, and references therein), an im-

proved version of the smoothed particle hydrodynamics

code GADGET-3 (Springel 2005), which uses a sim-

plified chemical network to model the non-equilibrium

cooling and heating processes within the ISM includ-

ing H2 formation and carbon chemistry. Stellar feed-

back processes driving the multiphase ISM include the

interstellar far-ultraviolet radiation field, photoionizing

radiation, core-collapse supernovae and winds of asymp-

totic giant branch stars, all modelled according to the

stochastically sampled IMF (for details see Hu et al.

2017; 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” am-

bient densities of SNe in the simulation with the obser-

vations. 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 simula-

tion with observations, we obtain the column-averaged

densities by projecting the gas distribution in each sim-

ulation snapshot onto a grid along the z-axis, at a reso-

lution 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 in-

tervals, and the SN densities are measured in the pixels

that correspond to the locations of the evolved massive
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Figure 1. The spatial distribution of red supergiants (RSGs), Wolf-Rayet stars (WRs) and supernova remnants (SNRs) with
respect to the cold (H2 + H I) 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 ≳12M⊙). Bluish circles show WRs and green stars show SNRs. H I is
shown in grey-scale with the density range shown in the bottom colorbar. Contours of CO (2-1) emission (converted to H2

surface densities) are also shown at levels of 1.9, 7.6, 15.3 and 30.6 M⊙ pc−2. The prominent star-forming regions in the ACA
footprint – NGC 604, IC 142 and NGC 595 – are specifically labelled (showing high WR concentrations). The black box shows
a region containing a WR and SNR with higher-resolution ALMA data in Figure 6. The map shows the 50 pc-scale cold ISM
environments where core-collapse SNe 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.
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stars (8–50 M⊙) in the snapshot prior to the SN explo-

sion, i.e. up to 1 Myr earlier. We record densities for all

SN progenitors produced during the pre-starburst phase

spanning 70-140 Myrs in the simulation when the two

galaxies are relatively quiescent and consistent with the

specific star-formation rate of M33 (see Fig. 5 in 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 com-

pare with the RSG and WR stars.

3. ANALYSIS

With the datasets described in Section 2, we quantify

differences in the ISM properties of the different popu-

lations by comparing the spatial distributions of RSGs,

WRs and SNRs with respect to the H I and H2 distribu-

tion within the ACA area (Figure 1). Surface densities

of H2 and H I at the pixel locations of stars are summa-

rized in Table 1 and shown in Figures 2 and 3.

3.1. Spatial distribution of stars and gas

The relative distribution of the cold (H2 + H I) ISM

and stars at ∼50 pc spatial resolution is shown in de-

tail 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 H I

and H2 distributions are shown as greyscale and con-

tours (respectively) in units of surface density.

The H I distribution fills most of the survey area in

Figure 1 compared to H2, and shows the characteristic

frothy structure typically seen in nearby galaxies (e.g

Stanimirovic et al. 1999; Walter et al. 2008; Pingel et al.

2022). In comparison, the H2 contours are clumpier,

coinciding with dense molecular clouds in active star-
forming regions. The detailed structure of the H I and

H2 of M33 will be covered in a forthcoming publica-

tion (Koch et al, in prep). 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 (Leroy et al. 2021a). Our work is therefore com-

plementary 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 dis-

tribution of the gas and WRs, compared to SNRs and

RSGs. Dense concentrations of WRs in Figure 1 are par-

ticularly prominent in major star-forming regions such

as NGC 604, NGC 595, and IC 142, as well as the nu-

merous H II regions interspersed in the southern arm.

This WR distribution is a result of the abundant young

(<10 Myr) stellar populations in these regions. For ex-

ample, the total stellar mass formed in the last ∼10

Myrs in NGC 604 is
(
1.06+0.67

−0.42

)
× 105 M⊙ based on the

PHATTER survey (Lazzarini et al. 2022, note that maps

measure star formation histories in ∼100-pc-sized cells).

The production rate of WRs is roughly 1.3 WR per 104

M⊙(Eldridge et al. 2017b; Dorn-Wallenstein & Levesque

2018a), which gives an expected number of WRs in NGC

604 to be 14+8
−6, 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 2 WRs are ex-

pected in the region, consistent with Figure 1. NGC

595 on the other hand has the same number of WRs

as NGC 604 but with a factor of 2 smaller stellar mass,

likely due to a more complex dependence on the underly-

ing metallicity and star-formation history (Drissen et al.

1993). This tendency of WRs to concentrate in actively

star-forming regions is likely due to their higher zero-age

main-sequence masses (>30 M⊙) and leads to a stronger

correlation of the WR population with dense molecular

gas compared to RSGs (≳8-30 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 distributions28

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 1σ interval), and

fraction of non-detections (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 H2 and H I surface den-

sities for WRs, RSGs and SNRs in Figures 2 and 3. The

CDF captures the same information as a standard his-

togram or kernel density estimation without the need to

adopt bins or a smoothing kernel. It allows easy com-

parison 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 be-

low 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 associ-

ated gas type. This limiting value is quite high for the

H2 distribution of M33 (∼ 75%), reflecting the fact that

28 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.



Where do stars explode? 9

100 101 102

H2 [M  pc 2]

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n 

of
 sa

m
pl

e 
< 

H
Molecular gas surface density

M33
RSG
SNRs
WR

100 101 102

HI [M  pc 2]

0.0

0.2

0.4

0.6

0.8

1.0

Atomic gas surface density

100 101 102

tot [M  pc 2]

0.0

0.2

0.4

0.6

0.8

1.0

Total (H2+HI) surface density

Figure 2. Cumulative distribution functions showing H2, H I, and total (H2 + H I) surface densities. Distributions are shown
for the locations of WRs (blue lines), SNRs (green lines) and RSGs (red lines), while grey 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 WRs) to evolve in denser gas.
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Figure 3. Cumulative distribution functions showing H2, H I and total gas surface densities (as in Figure 2). Here only the
RSGs are plotted, dividing them into 3 luminosity bins, roughly tracing mass ranges of 8-12 M⊙(peach lines), 12-15 M⊙(orange
lines) and >15 M⊙(red lines). Grey histograms denote the distributions for the full M33 region. Colored circles show the median
of the distribution above the completeness limit.

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 (H I) gas has a much larger filling

fraction, and nearly 90% of the pixels have some H I

detection.

Notably, we find WRs coincident with H2 column den-

sities 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, Rosolowsky

et al. 2007) while 21% of the WR pixels are above that



10 Sarbadhicary et al.

value. Also, only 45% of the WRs are located in H2 col-

umn densities below our detection limit (i.e. < 1.4 M⊙
pc−2), compared to 68% and 72% for RSGs and SNRs

respectively (we will frequently refer to this as the ‘non-

detection’ fraction).

These results suggest that WRs are much more closely

associated with dense gas than the bulk RSG and SNR

population, which is consistent with the idea that WRs

arise from more massive progenitors that have shorter

lifetimes, and thus more likely to be found near their

birth clouds. A significant fraction of WRs however

(∼45%), appear outside any detectable molecular gas,

which has important implications for feedback that will

be discussed later in Section 4.

Unlike H2, most of our stars are evolving in pixels

with some detectable atomic gas. The majority of the

pixels in our ACA region have H I detections down to

densities ∼0.94 M⊙ pc−2. Of the 45% of WRs (53)

without a significant H2 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 H2 non-detections (499 out of 587) and 94% SNRs

with H2 non-detections (45 out of 48) are in pixels with

detectable atomic gas. About ∼10% of the stars in all

categories are H I non-detections, but as shown with

more sensitive low-resolution H I data from 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 ΣHI ≲ 1 M⊙ pc−2.

The resulting total surface density of neutral gas

(ΣHI +ΣH2), which would be of interest in simulations,

is shown in the bottom left panel of Figure 2, clearly

showing a mix of the H I and H2 distribution proper-

ties. Almost 80-90% of stars in the three categories are

evolving in column densities ≳2 M⊙ pc−2, but WRs

are still found in environments almost twice as dense as

RSGs and SNRs that have lower-mass progenitors than

WRs.

The correlation between progenitor mass and ISM

densities is more explicity shown in Figure 3. Here again

we show the H I and H2 CDFs similar to Figure 2 but

only for RSGs, divided into three luminosity (and there-

fore roughly progenitor mass) bins: log(L/L⊙) = 4.2 −
4.7, log(L/L⊙) = 4.7−5, and log(L/L⊙) > 5. Based on

comparison with stellar evolution models shown in Fig-

ure 8 of Massey et al. (2021b), these ranges roughly cor-

respond to zero-age main-sequence 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 H2 and H I gas, with the

differences in H I gas distributions being less pronounced

than H2. Notably, only 56% of RSGs > 15M⊙ have H2

non-detections, compared to the 77% of 8−12M⊙ RSGs

having H2 non-detections. This is similar to how WRs

have a smaller fraction of H2 non-detections 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 sig-

nificant?

We first check this with the two-sample Kolmogorov-

Smirnov (KS) Statistic, which tests the similarity be-

tween two unequal-sized distributions by measuring the

maximum distance between the sample CDFs. While

the KS test has weak sensitivity to differences at the

tails of distributions, it is quite sensitive to the differ-

ence in medians. We compare the H I and H2 surface

density CDFs of WRs, the three subcategories of RSGs,

and SNRs with that of the bulk H2 and H I distribu-

tion of M33 using the KS test. We implement this using

scipy.stats package, and use the two-sided p-value re-

turned by the test to assess whether the null hypothesis,

that the locations of massive stars are drawn from the

bulk H2 and H I distribution, can be rejected. We use

the standard threshold of p < 0.05 to reject the null

hypothesis. The KS-statistic and p-values are listed in

Table 2.

The results are summarized in Table 2. For H2, we

find that the WRs have the largest difference between

its CDF and the bulk M33 H2, 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 hav-

ing been drawn from the same parent population as the

overall distribution within our field of view. For H I, the

WRs and SNRs have the largest CDF difference, and

the null hypothesis is rejected at the 0.05 level. The

H I CDF of high-mass RSGs, similar to H2, have the

largest difference of the three RSG categories with the

bulk distribution, but it is not statistically significant in

this case. The H I 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 H I and

H2 of M33. We also re-checked this with the Anderson-

Darling (AD) test, which is more sensitive to the tails

of the distributions. We find that the above cases where
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Table 1. Surface densities of detectable H2 and H I around different categories of stars, and the corresponding fraction of
stars with H2/HI non-detections, as measured in Section 3.2. 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 (⟨Σ⟩med), the 16th-84th percentile range of surface densities (⟨Σ⟩16−84),
and non-detection fractions (fnon) of H2, H I and the total (H2 + H I) gas column respectively. All median and percentile
calculations are calculated for values higher than the respective completeness limits.

Category N ⟨ΣH2⟩med ⟨ΣH2⟩16−84 fnon
H2

⟨ΣHI⟩med ⟨ΣHI⟩16−84 fnon
HI ⟨Σtot⟩med ⟨Σtot⟩16−84 fnon

tot

(M⊙ pc−2) (M⊙ pc−2) (M⊙ pc−2) (M⊙ pc−2) (M⊙ pc−2) (M⊙ pc−2)

M33 – 6.8 2.5–20.5 0.75 7.5 3.6–12.4 0.11 8.9 4.5–18.0 0.17

WRs 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 3.5–11.4 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 2.4–17.5 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 3.4–11.1 0.12 7.9 4.3–15.3 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

Table 2. Summary of KS statistic tests for different star
categories, specifically comparing their H2 and H I distri-
butions with the bulk distribution of M33 as described in
Section 3.2.1. Columns from left to right: Name of stellar
category, KS Statistic for H2 surface density distribution,
p-value for H2 KS test, KS Statistic for H I surface den-
sity distribution, and p-value for H I KS test. Boldfaced
numbers emphasize p-values less than or equal to 0.05.

Category KS (H2) p KS (H I) p

WRs 0.33 9.2× 10−12 0.20 1.6× 10−4

RSGs (all) 0.03 0.37 0.06 3.4× 10−3

RSGs

– (> 15 M⊙) 0.22 1.5× 10−4 0.11 0.17

– (12− 15 M⊙) 0.08 0.24 0.08 0.15

– (< 12 M⊙) 0.04 0.22 0.09 4.3× 10−4

SNRs 0.12 0.24 0.25 3.0× 10−4

p < 0.05 with the KS test also have p < 0.05 with the

AD test. The AD test returns two cases implying sta-

tistical significance at p < 0.05 where the KS test does

not: the H2 CDFs of the 12-15 M⊙RSGs, and SNRs.

These results provide an initial quantitative support

(which we investigate further in the next Section 3.3)

that higher mass progenitors (as traced by WRs and

RSGs >15 M⊙) are indeed evolving in denser H2 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 H I den-

sities of WRs, though the difference between the H I

densities of RSGs > 15M⊙and M33 is not statistically

significant. Visually, these results relate back to the spa-

tial distributions in Figure 1, where we see WRs appear

more frequently within H2 clouds marked by the con-

tours, and sometimes well within giant molecular clouds

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 WRs, RSGs and SNRs?

We test this by creating mock populations of these stars

from different star-formation tracer maps and compar-

ing their density distributions with what is observed.

The primary goal is not to determine the age distribu-

tion of RSGs, WRs and SNRs (which has been done

elsewhere), but rather to determine the degree to which

their observed ISM distribution is astrophysical in na-

ture, 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 trac-

ers of star-formation on different timecales. The proba-

bility (pi) of a star occurring in pixel i is weighted by the

pixel luminosity in the tracer map (listed below) with re-

spect to the total map luminosity, i.e., pi = Li/
∑

Li
29.

29 Note that by definition we are drawing stars in a light-weighted
manner, not mass-weighted, meaning the drawn populations
are biased towards younger ages instead of sampling the un-
derlying star-formation history, which requires more detailed
modeling. Thus, in general, we are tracing progressively lower
mass/older stellar populations as we go from Hα 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, WRs and SNRs.
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Random

Randomly
-drawn
stars

   H2
contours

Near-IR

FUV H

Figure 4. Distribution of mock stars (purple) randomly drawn from different stellar population tracers – uniform random (top
left), 3.4 µm near-IR tracing bulk stellar mass (top right), the 24 µm-corrected far-ultraviolet (FUV) tracing the < 100 Myr
star-formation (bottom left) and 24 µm-corrected Hα 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 grey-scale. Orange contours denote H2 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.
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Figure 5. Cumulative density histograms of the observed and modeled populations of RSGs, WRs, and SNRs from Section 3.3.
Solid grey curves in each panel denote the bulk H2 cumulative distribution in M33 within the ACA area. Solid colored lines
denote the H2 surface density distribution of the star category. Colored shaded region shows the 5th-95th percentile region of
the mock populations drawn according to Section 3.3.
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For each category, we generate populations from four

different tracers as follows:

1. Hα+24µm – The Hα emission line traces stellar

populations younger than 10 Myr, with a mean

age of 3 Myr (Kennicutt & Evans 2012). We use

MIPS 24 µm maps (Verley et al. 2007) to cor-

rect the continuum-subtracted Hα map of M33

from Hoopes & Walterbos (2000) for extinction30.

All maps are convolved and regridded to the ACA

12′′resolution. We follow the extinction-correction

prescriptions in Belfiore et al. (2023) to carry this

out (see Appendix B for details).

2. FUV+24µm – Stars younger than 100 Myr ac-

count for about 90% of UV emission, with a mean

light-weighted age of about 10 Myr (Kennicutt &

Evans 2012). We use GALEX FUV maps (Gil

de Paz et al. 2007); both convolved and regrid-

ded to the ACA 12′′resolution, and extinction-

corrected using MIPS 24 µm using the prescrip-

tions in Belfiore et al. (2023), as discussed in the

Appendix B.

3. Near-IR – A population tracing the bulk stel-

lar mass of the disk, which we can treat as a

more realistic ‘random’ population, i.e., stars fol-

low the actual light profile of the galaxy. Analy-

ses of resolved stellar populations in nearby galax-

ies have shown that near-IR bands are primar-

ily dominated by red-giant and asymptotic-giant

branch (AGB) stars in stellar populations with

ages up to a few Gyrs (≳2M⊙; Dalcanton et al.

2012), although some contribution from evolved

massive stars such as RSGs, red core-He-burning

and high-mass AGB stars are also expected (Mel-

bourne et al. 2012; Melbourne & Boyer 2013). We

use the bulk stellar mass map computed from the

WISE W1 band (3.4 µm) of M33 to trace locations

of stars for this case (Leroy et al. 2019). We refer

the reader to Appendix A for details of the conver-

sion from W1 band map to stellar mass. We use

the common astrometric and beam-matched 7.5′′

maps assembled in the z0MGs survey (Leroy et al.

2019) and convolve to the 12′′ resolution and pixel

scale of the ACA map.

30 The native maps in emission measure (EM, cm−6 pc)
units were converted to flux density (SHα, ergs s−1

cm−2 arcsec−2) units using the relation EM = 4.858 ×
1017T 0.9

4 SHα (https://www.astronomy.ohio-state.edu/pogge.
1/Ast871/Notes/Rayleighs.pdf), where we assume tempera-
ture T4 = T/104K = 1.

4. Random – A completely random population, as-

suming each pixel has the same probability of host-

ing a star (i.e. pi = 1/
∑

Li). 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 ‘con-

trol’ sample for comparison to the other popula-

tions.

The spatial distribution of the mock stars is shown in

Figure 4. Stars drawn from “FUV” and “Hα” maps (iii

and iv) show more concentration along the star-forming

and H II regions, with a small fraction appearing in the

inter-cloud and inter-arm regions. As expected, the con-

centration of stars in H II regions is much higher when

drawn from the Hα maps than the FUV maps. In con-

trast, stars drawn from “Random” and “near-IR” are

nearly uniformly distributed throughout the ACA re-

gion, with the near-IR population slightly more weighted

towards the M33 center. However, even some of these

random/near-IR stars fall within H2 contours, which

demonstrates how a fraction (seen by the limiting frac-

tions 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 asso-

ciated.

For each tracer (i–iv) and star category (WRs, 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 me-

dian, 5th and 95th percentile range of H2 density of these

randomly drawn stellar populations from each tracer to

the observed RSG, WR and SNR distributions. Note

that we only compare with H2, since the differences

between the H I or H I +H2 CDFs of the three cate-

gories are less prominent than H2 alone. Figure 5 shows

the comparison of the H2 CDFs between our randomly

drawn mock populations and the observed stars. The

shaded (2σ) indicates the variance due to repeat sam-

pling, with larger variance seen for smaller samples. The

CDFs of the mock populations behave similar to the ob-

served 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 H2 CDF of the WRs is

most consistent with the mock CDFs drawn from the

Hα 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 H2 CDF of the WRs is statisti-

cally different from the bulk M33 H2 distribution. The

mock CDFs also reproduce a fraction of stars with no

detectable H2, similar to the WRs. This indicates that

H2 distributions of WRs and the general <10 Myr stel-

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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lar 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 Hα+24µm are associated with slightly denser H2

than the WRs. In fact, as shown in Appendix B and

Figure 12, CDFs of stars drawn from Hα without 24µm

correction are more consistent with the WR CDF, al-

though both these cases are consistent with WRs within

the shaded error regions. We return to this point in Sec-

tion 4.

In contrast to WRs, the H2 CDFs of the RSGs are

more consistent with the FUV and near-IR-drawn pop-

ulations. Specifically, the >15 M⊙ RSGs are best-

reproduced by the FUV 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 3.4µm emission, and further

supports that lower mass stars are less likely to be asso-

ciated with H2. Interestingly, the 12–15 M⊙ bracket is

more consistent with random/near-IR than the younger

(FUV/Hα) tracers. We expect 12–15 M⊙ stars to have

ages of ∼10-20 Myrs (Ekström et al. 2012), while the

dominant contribution at λ > 1 µm is from old stellar

populations with light-weighted ages approaching a few

Gyrs (assuming star-formation histories typical of local

universe galaxies, see Conroy 2013). This likely implies

that by the time <15 M⊙ stars are evolving well be-

yond the main sequence, they are almost unassociated

with H2 gas, and any spatial correlation with H2 is sta-

tistically indistinguishable from that of the bulk older

stellar population. The tension between the >15 M⊙
RSGs and Hα in contrast with the WRs is likely due to

WRs having higher progenitor masses than RSGs. Stel-

lar evolution models predict that at higher masses (and

metallicities), the effects of binarity, rotation and mass-

loss limits the production of cool RSGs with respect to

WRs (Eldridge et al. 2017b; 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 (con-

sistent with Section 3.2.1), and that their observed den-

sity distributions are astrophysical in nature, consistent

with the densities in which their general progenitor pop-

ulations would also be evolving, with some stochasticity

due to finite sample sizes.

3.3.1. Density distribution around the SNRs

The analysis in the above sections provides some con-

text for understanding the H I and H2 CDFs of SNRs.

We see from Figures 2–5 that the H I and H2 CDFs of

SNRs are more similar to the lower mass RSGs (9-15

M⊙) than the WRs or high-mass RSGs. Notably, the

SNRs are inconsistent with being drawn purely from the

Hα-emitting population.

These results are overall consistent with the primarily

low progenitor masses of SNRs, indicated by the sur-

rounding star-formation histories31(Jennings et al. 2014;

Dı́az-Rodŕıguez et al. 2018; Koplitz et al. 2023). The

progenitor mass distribution peaks at ∼10 M⊙, with a

small tail towards 30–40 M⊙. According to Koplitz et al.

(2023), about 40% of the SNRs having masses <8 M⊙,

which may indicate SNe Ia or delayed core-collapse SN

origins (Zapartas et al. 2017). We do find in Appendix

C and Figure 13 that a 40% Type Ia contribution (as-

suming they are drawn from the near-IR map) produces

a slightly better match to the observed H2 CDF of SNRs

in Figure 5. In contrast, all the WRs come from high-

mass (>30 M⊙) progenitors, so they are more likely than

the general SNR population to be near dense H2 gas.

A secondary effect could be that some of the SNRs

have cleared out H2 within their current shock radius,

though this is difficult to confirm at our 50 pc resolution,

which is larger than the mean diameters of M33 SNRs

(Lee & Lee 2014; White et al. 2019). As mentioned in

Section 4.3, we have ongoing ∼pc-scale ALMA observa-

tions 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 gen-

eral picture of where stars are exploding and the phys-

ical mechanisms driving these trends, the implications

for subgrid models of feedback in hydrodynamical simu-

lations, 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. WRs, which are the

most massive (and shortest-lived) of the three cate-

gories, have the highest sample fraction (55%) evolving

31 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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pled at 48 pc resolution, vs progenitor mass range of red
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of the progressively increasing density expected around mas-
sive stars with younger ages.

in dense, molecular gas-rich environments. More lumi-

nous (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 WRs, and there may be some Type Ia SNRs with

lower mass progenitors. We therefore see a larger sample

fraction of SNRs with non-detections thanWRs (Figures

2, 3). Similar trends are also observed for these stars in

relation to age-sensitive stellar population tracers as dis-

cussed 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 up-

per limit to the actual number of stars that will interact

with dense gas. While the H2 cloud densities on these

spatial scales may not be significanty modified by turbu-

lence before our WRs 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 ex-

amined 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, Section 4.5).

We can also express the surface density distributions

in units of volume densities to make them more ac-

cessible to simulations. In contrast to surface densi-

ties 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 some-

what 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

feedback (Ostriker et al. 2010; Ostriker & Shetty 2011b;

Kim et al. 2011). Assuming such an equilibrium in M33,

we derive H I and H2 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 cate-

gories. All stars have average ambient densities between

0.1− 50 cm−3. The general trends from Figures 2 and 3

are still noticeable. WRs once again evolve in the high-

est range of densities compared to the SNRs and RSGs.

In Figure 7, we show the average densities for WRs and

RSGs, specifically the median and the 16th-84th per-
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centile range vs 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 cate-

gory evolves in an order-of-magnitude range of densities,

one can clearly see a systematic increase in average den-

sities 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, 3 and Section

3.2 is that a significant fraction of future core-collapse

SNe will occur in low-density inter-cloud regions, dom-

inated by atomic gas. Only about 30-40% of the RSGs

are in pixels that contain H2, and the rest in H I-

dominated pixels. A similar fraction of low-density en-

vironments are also inferred for SNRs, which in M33 are

somewhat dominated by lower-mass (∼10 M⊙) progen-

itors (Dı́az-Rodŕıguez et al. 2018; Koplitz et al. 2023).

The results are consistent with MC22, who also showed

that almost 50% 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 ex-

plosions of these stars in the intercloud region can still

travel tens of pc and interact with nearby H2 gas clouds.

This association can be seen somewhat by eye in Fig-

ure 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 dis-

tance from the molecular cloud (Hennebelle & Iffrig

2014; Iffrig & Hennebelle 2015), although the edge in-

teraction can still accelerate cosmic rays (Sano & Fukui

2021) and/or compress gas potentially to star-forming

densities (Cosentino et al. 2022), but with a lower angu-

lar filling fraction than a fully embedded spherical shock.

We therefore assess the H2 non-detection fraction

around stars as a function of a search radius (called

‘aperture radius’, following the nomenclature of MC22)

in Figure 8. Specifically, we plot the sample fraction

containing no detectable H2 pixels within circles of in-

creasing radii from the central star. To distinguish from

the H2 distribution of stars uncorrelated with molecu-

lar clouds, we also show in Figure 8 the aperture non-

detection fraction for the “Random” population intro-

duced in Section 3.3.

Figure 8 highlights the importance of spatial resolu-

tion for characterizing the physical association of SNe

with molecular gas (a point we will return to in Section

4.3). The sample fractions of non-detection are the high-

est for each category at the ACA map pixel scale (∼4

pc), and then slowly decreases as we increase the aper-

ture radius. At ≳300 pc, every star has some detectable

H2 pixel. Figure 8 also reaffirms that the distribution

of non-detection fraction vs 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 H2 detection fraction

around core-collapse SNe increases from 60% at 150 pc

resolution to 94% at 1 kpc 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 indi-

vidual giant molecular clouds (e.g. Schruba et al. 2010;

Kruijssen et al. 2019).

We then compare the sample fractions of non-

detection vs radii in Figure 8 with the typical cooling

radius expected from a 1051 erg SN explosion in atomic

gas (n = 1 cm−3). The SNR cooling radius is an impor-

tant resolution criterion in ISM simulations to identify

whether SN feedback is implemented primarily in the

form of thermal energy or momentum (Hopkins et al.

2013; Martizzi et al. 2015; Kim & 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 ≳50% of its final momen-

tum into the surrounding gas, and has begun quickly

radiating away thermal energy.

Kim & Ostriker (2015b) expressed the cooling radius

(Rc; or the shell formation radius) fitted to numerical

simulations of SNRs from 1051 erg SN explosions as

Rc =



(22 pc)(Z2 + 0.042)−0.061n−0.43
1

(homogenous ISM)

(30 pc)(Z2 + 0.042)−0.061n−0.46
1

(inhomogenous ISM)

(3)

where Z is the ISM metallicity in units of Z⊙ and

n1 = n/1cm−3 is the average gas number density (which

is characteristic of the median densities inferred from

Figure 6). The metallicity dependence is taken from

Kim et al. (2023). The cooling radius is larger in

an inhomogeneous ISM as the SNR forward shock es-

capes more quickly through the larger volume-filling

low-density channels. We assume a typical atomic gas

density of 1 cm−3 at Z = 0.6 Z⊙, which gives Rc = 23.4

pc (homogenous) and Rc = 31.9 pc (inhomogeneous),

shown as grey shaded regions in Figure 8.

We find that 10-20% WRs, 21-34% SNRs, and 30-50%

RSGs have no detectable H2 within the typical cooling

radii shown in Figure 8. In other words, the blastwaves

from the explosions of these stars in the inter-cloud me-
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Figure 8. Fraction of stars in the samples of WRs, RSGs
and SNRs without any detectable pixels of H2 (traced by CO
2-1) within an aperture of given search radius. For compari-
son with stars uncorrelated with molecular gas, we also show
the non-detection fraction of a mock population drawn ran-
domly 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−3 and metallic-
ity = 0.6 Z⊙ for a uniform ISM (dark shaded region) and
inhomogeneous ISM (light shaded region; Eq. 3). The hor-
izontal scales show the maximum projected distance that a
star would travel within its lifetime (vertical ticks) for veloci-
ties = 1, 10 and 100 km/s. Note that the vertical positioning
of the scales are arbitrary.

dia, assuming typical ISM densities of ∼1 cm−3, 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 inter-cloud densities

are much smaller (e.g. Rc ≈ 63 − 170 pc for the ho-

mogeneous case with n1 = 0.1 − 0.01 at Z = 0.6 Z⊙).

4.2.2. Long lifetimes, runaways, cloud dispersal?

While the H2 non-detection fraction of RSGs and SNR

progenitors could be explained by them simply drifting

away from their birth clouds over their long lifetimes

(upto ∼40 Myrs), it is intriguing why a substantial frac-

tion of WRs have no detectable H2 despite their much

shorter single stellar ages of a few Myrs (Eldridge et al.

2017b; Dorn-Wallenstein & Levesque 2018b). Since we

do not have detailed 3D kinematic information for the

WRs (see Neugent &Massey 2014, for a discussion of the

complexities of radial velocity measurements of WRs),

we make use of the separation information in Figure 8

and some published observations to assess possible sce-

narios.

One possibility is that these WRs had escaped their

birth clouds at high velocities acquired from either dy-

namical interactions or supernovae (believed to be the

cause of runaway OB stars; Fujii & Portegies Zwart

2011). We assume the separation between the WR and

natal cloud is d = v∗twr, where v∗ is the relative velocity

between the WR and the cloud, and twr is the age of the

WR progenitor. In a single stellar population at LMC-

like metallicity, WRs have an average age of twr = 4

Myrs, while in a 100% binary population, twr = 10 Myrs,

with the majority being within 16 Myrs (Eldridge et al.

2017b; Dorn-Wallenstein & Levesque 2018b). Therefore,

the 20% of WRs in Figure 8 that have no detectable H2

within atleast 32 pc (the assumed cooling radius in the

homogenous case in Section 4.2.1) would need v∗ > 8

km/s if they were single stars, and v∗ > 3.2 km/s if they

were in an interacting binary system32. The 5% WRs in

Figure 8 that are even more remote (with no detectable

H2 within >100 pc) would require v∗ > 25 km/s (sin-

gle) and v∗ > 10 km/s (binary). These velocities are not

unlike those predicted by models of walkaway and run-

away stars produced by dynamical ejections and super-

nova (e.g., Oh & Kroupa 2016; Renzo et al. 2019; Dorigo

Jones et al. 2020). Such runaways have been considered

in simulations as a way to boost outflows in low-mass

galaxies (e.g. Andersson et al. 2020; Steinwandel et al.

2020). A non-trivial 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. Blaauw 1961; de Wit et al.

2005; Gvaramadze et al. 2012; Lamb et al. 2016). There-

fore it is not implausible that the H2 non-detection WRs

are a result of them being displaced from their birth lo-

cations at some walkaway/runaway-star-like velocity.
It is also possible that the parent clouds of WRs were

quickly destroyed by pre-SN and prior-SN feedback.

Molecular clouds have been estimated to disperse on 1-5

Myr timescales after emergence of massive stars, based

both on observations of giant molecular clouds and

Hα-emitting stellar populations of nearby galaxies (e.g.

Chevance et al. 2020) as well as detailed high-resolution

simulations of turbulent molecular clouds (e.g. Grudić

et al. 2022). Nearly 79% of the WRs with H2 non-

detection (i.e. 42 out of 53 WRs) are coincident with

known OB associations according to Neugent & Massey

32 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 WR may not have origi-
nated in the nearest H2-detected pixel, but farther out.
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(2011), who cross-matched their WR sample with the

OB associations of Humphreys & Sandage (1980). The

H2 detected WR population also has a similar (∼80%)

fraction of WRs coincident with OB associations (50 out

of 63 WRs). So it is possible that the WR population

with H2 non-detections are still within their parent OB

association, and since the typical stellar velocity disper-

sions in OB associations is ∼4 km/s (Mel’nik & Dambis

2017; Wright et al. 2022), these WRs may not have ac-

quired the velocities estimated in the previous paragraph

to produce the observed cloud-star separations in Fig-

ure 8, which leaves the cloud destruction scenario by

pre-SN/prior-SN feedback a more plausible explanation.

The remaining 21% of WRs with neither detectable H2

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 cap-

tures 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 giant molec-

ular cloud, a WR (J013335.73+30.3629.1 in Neugent

& Massey 2011) and an SNR (L10-045 in White et al.

2019), where we also have pc-scale CO (2-1) data from

the ALMA archive (Section 2.1.3). The low-resolution

ACA image shows the WR evolving in detectable H2

and close to the peak H2 emission of the cloud, but the

higher resolution image shows the WR inside a ∼10 pc

radius cavity. The peak emission comes from a neigh-

boring cloud complex likely produced by ongoing cloud

collisions (Sano & Fukui 2021). We also see a similar

cavity in the Hα image (bottom right panel), where the

WR star is surrounded by an Hα shell of similar extent

as the H2. The Hα shell also shows [S II]/Hα < 0.4,

indicating it is photoionization-dominated as opposed

to shock-heated (Matonick & Fesen 1997). This proves

that it is a real region of gas deficit, most likely en-

cased in a photoionized shell sweeping up surrounding

CO-emitting H2. Similar structures have been observed

around WRs in the Galaxy (e.g., Baug et al. 2019) and

Magellanic Clouds (e.g Tarantino et al. 2024).

A ∼10 pc-radius cavity could have been produced by

a previous SN explosion or pre-SN feedback. In the first

of two possibilities, a 1051 erg SN explosion will sweep

up ambient gas until the shock velocity is reduced to the

turbulent velocity dispersion (σ) of the ISM. Based on

Eq 20 in Martizzi et al. (2015), the maximum radius of

the swept-up momentum-driven SNR shell is,

RSNR = (12.5 pc) n−0.39
2 σ−0.33

5 (4)

for an ambient gas with density n2 = n0/10
2 cm−3, and

turbulent velocity dispersion σ5 = σ/5 km s−1, where

we normalized to 5 km/s which is the average value in-

side the inner 5 kpc of M33 (Koch et al. 2019). Eq (4)

shows that a SN explosion with typical energy output

can easily produce a 10 pc-radius cavity inside molecular

gas with typically observed densities and turbulence.

Pre-SN feedback from the WR and its preceding O-

star phase could also have also carved out the present-

day cavity. The WR was not identified as part of any

known OB association by Neugent & Massey (2011), and

no catalogued star-cluster is in the cavity (Sarajedini

& Mancone 2007; Fan & de Grijs 2014; Johnson et al.

2022), so it is likely the WR star would be the primary

power source33. The expansion of a D-type ionization

front around OB stars in a uniform ambient medium

with density n0 can be expressed as in Hosokawa & In-

utsuka (2006) Eq (36) as

RII(t) = Rst

(
1 +

7

2
√
3

cst

Rst

)4/7

(5)

where Rst is the Stromgern sphere given by

Rst =

(
3Q0

4παBn2
0

)1/3

(6)

where αB = 3.023 × 10−13 cm3 s−1 is the case-B re-

combination coefficient, Q0 is the ionizing luminosity

(s−1), cs ≈ (11.6 km/s)(T/104K)0.5is the sound speed

inside the H II region. Based on Eq (5), stars >30

M⊙with typical Q0 = 1049 − 1050 s−1 (Sternberg et al.

2003) can easily produce ionized bubbles >10 pc inside

gas with densities n0 = 102 cm−3 within t ≈ 0.4 − 1

Myrs. These numbers are also consistent with results

from more detailed numerical simulations (Kim et al.

2018, 2021, 2023).

It is also possible that the cavity was produced by

strong stellar winds, given the typical mass-loss rates in

O-stars being in the range of 10−7 − 10−5 M⊙yr
−1 at

velocities >103 km s−1, and around 10−5−10−4 M⊙yr
−1

for WRs (Smith 2014). Lancaster et al. (2021a) and

Lancaster et al. (2021b) derived the radius of such wind-

driven bubbles with the inclusion of cooling at the wind-

shell interface as,

33 We also note that no other spectroscopically-confirmed O/B
star from Massey et al. (2016) is in the vicinity, though com-
pleteness of the O-star catalog is still an issue.
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Figure 9. Zoom-in region of the Wolf-Rayet/SNR pair from Figure 1, demonstrating the benefit of CO observations with
increasing spatial resolution. (Left) Small patch of the ACA CO(2-1) + 21 cm map at 12′′resolution from Figure 1, more
centered on the WR/SNR pair. Symbols denoting RSGs (orange), SNRs (green) and WRs (purple) are the same as Figure 1.
The black box is the ∼(122 pc)2 region detailed in the smaller panels. (Top middle) Same low-resolution (12′′≈48 pc) CO (2-1)
map as the left panel, but zoomed in. The WR and SNR are denoted. (Top right) High-resolution (0.45′′≈1.8 pc) ALMA CO
map of the same region (Section 2.1.3), showing more detailed substructure of the molecular ISM. The WR is clearly located
in a vacant cavity in the ISM. (Bottom middle) Continuum-subtracted [S II]/Hα from narrowband images taken by Massey et
al 2007. The colorscale 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 WR embedded in a more ionization-dominated
region. (Bottom Right) RGB image showing broadband U (blue), V (green) and narrowband Hα (red) from Massey et al (2006)
and Massey et al (2007). The Wolf-Rayet 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 WR, particularly its evolution inside a cavity presumably
driven by powerful pre-SN feedback.

Rb,mom = (3.55 pc) Ṁ
1/4
w,−6v

1/4
w,3n

−1/4
2 t

1/2
6 (7)

where Ṁw,−6 = Ṁw/10
−6 M⊙yr

−1 is the mass-loss

rate, vw,3 = vw/10
3 km s−1 is the wind speed, and t6 =

t/106 yr is the age of the bubble. A massive star with

a wind luminosity Ṁw,−6 > 10 and vw,3 > 4 can easily

produce cavity with the observed extent, assuming same

cloud density and driving age.

This cavity around the WR, which could have easily

been produced by either pre-SN or prior-SN feedback,

will have a significant impact on its future SN explo-

sion. In the absence of a cavity, the thermal energy of

the WR SN blast wave would have been efficiently radi-

ated away on 6–12 pc scales (Eq 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

(≲10−2 cm−3), 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. Inter-

action of the blastwave with the surrounding swept-up

ISM could also trigger massive star-formation in the fu-

ture, similar to the WR itself(e.g. Cosentino et al. 2022).

The analysis in Figure 9 further highlights the need

for mapping the cold, dense ISM in these galaxies at pc-

scale resolution in order to unveil the true non-detection

fraction of dense gas around future SNe, and the dis-

tribution 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 sub-

structures could also be pervading other peaks of gas
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density seen in Figure 1 where massive WRs and RSGs

are coincident, but smeared out by our 12′′resolution.

4.4. Comparison of observed densities around SNe

with simulations

In this section, we compare the observed densities of

our WRs and RSGs from Figure 6 (colored histograms)

to the ambient SN densities from a high-resolution (∼4

M⊙) simulation of a dwarf starburst galaxy from Lahén

et al. (2020) mentioned in Section 2.3. The results of the

comparison is 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 firstly that the local densities are much

lower than the projected densities. This is a common

prediction of high-resolution galaxy simulations where

majority of stars explode in low densities carved by pho-

toionization and SN clustering, and due to stellar mo-

tion away from the birth clouds (e.g. Hu et al. 2017;

Lahén et al. 2020; Rathjen et al. 2021; Andersson et al.

2022). Unfortunately, the immediate local densities are

not measurable in observations where we always see the

ISM and stars in projection. In addition, our ISM trac-

ers of H I and H2 are mainly sensitive to gas densities

> 0.1 cm−3 (since our main goal in this paper was to

measure the quantity of dense gas around SNe). In fu-

ture we can include recombination line and diffuse X-ray

maps of galaxies to estimate the proportions of the ion-

ized and hot ISM gas along the line of sight of stars.

Despite these limitations, Figure 10 shows how obser-

vations 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 the range of average densities

of the simulated and observed SNe are similar, with val-

ues around 0.1-100 cm−3. This is an encouraging sign

that the highest-resolution simulations in the commu-

nity, where feedback-driven ISM and star-formation is

effectively generated from first-principles with little to

no reliance on subgrid models, are converging with ob-

servations on similarly resolved scales.

However, the observations also reveal some subtle dif-

ferences with the simulated densities. Most notably, on

the right panels, we find that the bimodal WR density

in the observations (with one peak at ∼ 1 cm−3 associ-

ated with primarily atomic densities, and other at ∼ 10

cm−3 associated with primarily molecular gas) is absent

in the simulated (>30 M⊙) stars, which instead show a

unimodal distribution. On the other hand, on the left

panels, we see that the distribution of the densities of

the lower-mass stars (i.e. RSGs) have a similar unimodel

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 phys-

ical explanations for these discrepancies could be due to

the strength of pre-SN feedback and degree of SN clus-

tering in simulations (e.g. Gentry et al. 2017; Naab &

Ostriker 2017; Smith et al. 2018; Rathjen et al. 2021),

runaways (e.g. Andersson et al. 2020) and choice of nu-

merical models (e.g. Hu et al. 2022), which can signifi-

cantly affect the SN environments. The specific adjust-

ments needed in the feedback models however requires

a 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

(Corbelli 2003), and although we only include the pre-

starburst phase where the specific star-formation rate

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 ob-

servations (e.g. Fig 9) will better clarify whether some

of the WRs near high density peaks are located in low-

density cavities even in projection.

The exercise here demonstrates a novel and insight-

ful line of comparison between observations and simula-

tions to validate stellar feedback models. The method

of tracking locations of SNe (or their progenitors) and

their ambient gas densities is easily done with multi-

wavelength observations and hydrodynamical simula-

tions of galaxies, as shown here. In upcoming papers,

we will continue such comparisons with simulations with

varying prescriptions of stellar feedback (e.g photoion-

ization, winds, SNe, runaways, Rathjen et al. 2021; An-

dersson et al. 2020; Steinwandel et al. 2023) in order to

better understand which implementation is most consis-

tent with the SNe and ISM observations. We also en-

courage simulators to carry out their own comparisons

using data behind the Figures 2 and 3, which will be

available with the journal publication.

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 star-formation
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Figure 10. Example comparison of the H I + H2 gas volume density (ntot) of RSGs (left panels) and WRs (right) at 50 pc
resolution with the ambient SN densities from a high-resolution hydrodynamical simulation of a dwarf starburst galaxy (Lahén
et al. 2020). Simulated densities were obtained for all SNe during the quiescent, pre-starburst phase between 70-140 Myrs
(See Fig 5 in Lahén et al. 2020), and divided into 8-30 M⊙and > 30M⊙mass ranges to better compare with RSGs and WRs
respectively. The observations, i.e. WRs 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. 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).
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rates around SNe, which show that SE-SNe (Type Ib/c,

Type IIb) are more likely to be near bright H II regions

than Type II or Type Ia SNe (e.g. Kelly et al. 2008;

Anderson & James 2008; Anderson et al. 2012; Galbany

et al. 2016a,b, 2018; Kuncarayakti et al. 2018; Cronin

et al. 2021). The trend has been attributed to an in-

creasing 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 star-

formation rate, in kpc-scale maps of galaxies (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 as-

sociated with star-forming H2 gas than WRs. Similar

to our Figure 5, Figures 10 and 11 in MC22 show that

Type Ib/c’s can be reproduced by distributions drawn

from the H2 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

non-detections similar to our findings in Figures 2 and

3. Zoom-in images of the SNe in Figures 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 Kangas

et al. (2017), who compared the locations of massive

stars (including RSGs and WRs) on Hα images of LMC

and M33, and compared the correlations with that ob-

served for SNe vs Hα observed in nearby galaxies. They

find that WRs and SE-SNe have similar and stronger

spatial correlation with Hα 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

IC443, W44, W28 and W51C, visible in broadened spec-

tral line and continuum emission across the EM spec-

trum (e.g. see 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 unknown

completeness of the highly heterogeneous collection of

Galactic SNRs. To our knowledge, the most systematic

study of interacting SNRs was done by Kilpatrick et al.

(2016), who looked for broadened CO emission towards

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 de-

tected H2 pixel, though it is much lower if we consider

SNRs within H2 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 po-

sitional 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 sen-

sitive high-resolution ALMA observations, where signa-

tures of interaction could be inferred from moment data

and their correlation with optical line/X-ray luminosi-

ties. We leave this for a 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 loca-

tion, and their cold ISM environments. This not only

yields an order-of-magnitude larger sample of ‘explosion

sites’ of stars than possible with a SN survey in the

nearby universe, but also exploits the proximity of Lo-

cal Group galaxies (in our case M33), which has not

only cloud-scale molecular gas maps, but also atomic

gas maps, giving estimates of the H I, H2 and total cold

ISM densities in the 50 pc environments of massive stars.

Specifically, we use published catalogs of evolved mas-

sive stars such as red supergiants (RSGs) and Wolf-

Rayet (WRs) 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 pcs of their

current location. While RSGs plausibly trace locations

of future Type II SNe, WRs to first order trace where

the most massive (>30 M⊙) and youngest stellar pop-

ulations are located and may explode in the future as

stripped-envelope SNe and gamma-ray bursts. We also

include supernova remnants (SNRs), verified by high-

quality multi-wavelength 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 H2 and 21 cm atomic H I in the in-

ner projected ∼ 3 × 5 kpc2 of M33 (E. Koch et al.,
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in prep), complete down to ∼1–2M⊙ pc−2, and at 12′′

resolution (∼50 pc). We then assess the relative cumu-

lative distribution function of their densities, and assess

the physical and statistical nature of these distributions

using multi-wavelength 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 H2, and higher

the mass, higher is the average ambient density.

This is evidenced by 55% of WRs exploding in

pixels with detectable H2, compared to 27-32% for

RSGs and SNRs (Figures 2,3, 7, Table 2), as well

as from statistical differences in the shapes of the

H2 CDFs (Section 3.2.1, 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

WRs, and 56-77% for the RSGs (depending on

mass) are located in pixels with no detectable H2.

This is similar to the result of Mayker Chen et al.

(2022) who found that 50% of Type II SNe ex-

plode outside GMCs at 150-pc resolution. Analy-

sis of the star-molecular cloud separation distances

in Section 4.2.2 indicate that pre-SN and prior-SN

clearing of H2 clouds is the likely cause for most of

the non-detections of WRs. Both pre-SN/prior-SN

clearing, and stellar motion away from birth sites

could be responsible for the H2 non-detections

around the lower-mass RSGs.

3. For the first time, we have measured both molec-

ular and atomic gas densities around SN progen-
itors at 50 pc resolution (Figures 2+3). Unlike

H2, we find that majority of our stars (≳90%) are

located in pixels with detectable atomic gas. Of

the H2 non-detected population, 83-94% of WRs,

RSGs and SNRs are in pixels with detectable H I,

implying that these explosions will more likely oc-

cur in the lower density, atomic-gas dominated in-

tercloud media.

4. We verified that the observed ISM density distri-

butions around WRs and RSGs >15 M⊙are sta-

tistically different from random alignment of stars

with respect to molecular clouds (Section 3.2.1,

3.3), and consistent with ISM densities where stars

of similar ages would be expected to explode (Fig-

ures 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 H2 detection statistics around stars is sen-

sitive to the spatial resolution of the ISM maps,

similar to the conclusion reached by Mayker Chen

et al. (2022). The H2 non-detection fractions de-

crease from 45-77% at 50 pc resolution to 0% at

∼0.6 kpc resolution (Figure 8). At our highest

resolution H2 data (at ∼1.8 pc) around a single

WR 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 observa-

tional 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 exam-

ple comparison is done with the high-resolution

dwarf galaxy system by Lahén et al. (2020) in

Figure 10, showing some subtle differences be-

tween observed and simulated SN density distri-

butions. Future observations at higher resolution,

a wider stellar mass range of galaxies, and com-

parison with simulations more tailored to the ob-

served 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 ΣHI and ΣH2
, the average to-

tal (H I + H2) density (ntot, in units of atoms per cm−3)

can be obtained as

ntot =
1

2µmp

(
ΣHI

hHI
+ 2

ΣH2

hH2

)
, (A1)

where the factor of 2 with ΣH2
accounts for 2 atoms

of H per molecule, µ = 1.4, and mp = 1.6 × 10−24 g.

The underlying assumption is that both gas phases are

uniformly distributed along each column, characterized

by scale heights hHI
and hH2

. While obviously the real

feedback-driven ISM is inhomogeneous and turbulent,

this simple parameterization of the line-of-sight gas gives

an easy-to-interpret average density per pixel as a func-

tion of the observed projected surface density in order

to enable first-order comparisons with simulations.

The scale height of H I (hHI) can be estimated assum-

ing the disk of M33 is in a state of dynamical equilib-

rium, i.e., the gravitational weight of the inner disk due

to stellar and gaseous components is balanced by ther-

mal and turbulent pressure of the diffuse gas driven by

star-formation and stellar feedback (Ostriker et al. 2010;

Ostriker & Shetty 2011b; Shetty & Ostriker 2012). Nu-

merical simulations have verified that within an orbital

time, star-forming disks reach such quasi-steady equi-

librium properties due to self-regulation of star forma-

tion by feedback (e.g., Kim et al. 2011, 2013; Ostriker &

Kim 2022), and the resulting star-formation rates and

related observables are broadly consistent with observa-

tions (e.g., Gallagher et al. 2018; Sun et al. 2020, 2023).

This formalism therefore provides a unique way to ob-

tain 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 quan-

tities such as the gas and stellar mass surface density,

kinematics, and star-formation rates.

For our purpose, we closely follow the arguments in

Utomo et al. (2019) to obtain the scale height, with a

few minor modifications. We assume that the vertical

pressure in the H I gas in M33 is related to its velocity

dispersion and density by

PHI = ρHI σ2
HI . (A2)

In a disk under dynamical equilibrium, the midplane

pressure is given by,

Ptot = fd
πGΣ2

4

(2− fd) +

{
(2− fd)

2 +
32σ2ρsd
π2GΣ2

}1/2


(A3)

in the form given in Eq (35) of Kim et al. (2011). Here

Σ = ΣHI + ΣH2
is the total gas surface density, and

fd is the diffuse gas fraction, i.e., fd = ΣHI/Σ. The

gas velocity dispersion σ is assumed to be equal to σHI .

The total stellar + dark-matter density is ρsd, but since

we are only interested in the inner few kpc of M33, we

can approximate ρsd ≈ ρ∗, i.e., only the stellar density

(Corbelli 2003).

The stellar volume density, ρ∗, can be computed from

a near-IR map of M33. Similar to H I and H2, we as-

sume ρ∗ ≈ Σ∗/2h∗, where h∗ is the stellar scale height

obtained by assuming a flattening ratio between the stel-

lar scale lengths and heights, l∗/h∗ = 7.3 (Kregel et al.
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Figure 11. Variation in the H I, H2, and stellar mass sur-
face densities and H I velocity dispersion (top), scale height
(middle) and total H I + H2 volume density (bottom) versus
deprojected radius of M33. Dashed lines represent the ap-
proximate extents of the ACA region in Figure 1 in radius
units. The dotted line in the top panel represents an ex-
ponential 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.

2002), where we assume the scale length l∗ ≈ 2 kpc

based on photometric observations in M33 (Barker et al.

2007), and also in Figure 11. This gives h∗ = 0.27 kpc.

We compute Σ∗ from the WISE W1 (3.4 µm) map fol-

lowing the conversion given in Leroy et al. (2019)

Σ∗

M⊙pc−2
≈ 330

(
M/L

0.5

)(
I3.4µm

MJy sr−1

)
, (A4)

where M/L is the mass-to-light ratio in the 3.4 µm

range. The M/L is expected to correlate with the un-

derlying age of the stellar population, and thus vary

across the galaxy (Stanway & Eldridge 2018). We ac-

count for this based on the empirical relation with the

specific star-formation rate given in Eq (24) in Leroy

et al. (2019) as

M/L =


0.5 if Q < a

0.5 + b(Q− a) if a < Q < c

0.2 if Q > c

(A5)

Here Q = log10(LFUV/LW1) is the ratio between the

FUV and W1 luminosities, roughy equivalent to the spe-

cific star-formation rate, a = −2.5, b = −0.167 and

c = −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 obser-

vations of galaxies with similar specific star-formation

rates as M33 (Leroy et al. 2019).

With the above quantities in place and assuming

ρHI = ΣHI/2hHI , we obtain the scale height hHI by

equating Eq (A2) and (A3), giving

hHI =
1

2

ΣHIσ
2
HI

Ptot
(A6)

providing a spatially-varying H I scale height as a func-

tion of the local measured atomic, molecular and stellar

mass surface densities, and the atomic line-width maps.

We have verified from simulations of Ostriker & Kim

(2022) that these scale height equation provide a rea-

sonable 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, hH2
, 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 hy-

drostatic balance (similar to Eq (A3)) have been shown

to over-estimate the actual scale height of the clumpy

molecular disk (Jeffreson et al. 2022). For simplicity, we
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assume hH2
= 50 pc, which is consistent with measure-

ments made in the Milky Way (e.g. Marasco et al. 2017).

This may be slightly smaller than the expected value for

M33, which has a much smaller stellar mass (and thus

smaller gravitational potential) than the Milky Way. We

found that ntot obtained by assuming hH2
= 50 pc is on

average only about 40% larger than the limiting case

of hH2
= hHI . This is much smaller than the orders of

magnitude variation in densities expected across the disk

in the ACA region, so we believe hH2 = 50 pc is a reason-

able value for M33. Figures 11 shows the variation in the

relevant quantities in the above equations as a function

of deprojected radius of M33 (note that the calculations

in the paper are pixel-by-pixel, not radial; we just show

these quantities vs radius to give a succinct idea of their

variation). Deprojection is done assuming the center of

M33 is at RA(2000) = 01h:33m:50.89657s, Dec(2000)=

+30◦:39′:36.630403′′, an inclination angle 55◦, and po-

sition angle of 200◦ (Koch et al. 2018). The profiles are

plotted in radial bins of ∆r = 100 pc. Within each bin,

for the stellar and gas mass densities, we estimate a me-

dian, 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 ∆r 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 ∆r.

In particular, we highlight the profiles of the scale

height and total volume density in Figure 11. The H I

scale height as shown in the middle panel increases with

distance from the center because Σ∗, which provides the

dominant contribution to the gravitational potential of

the disk within 5 kpc, drops with radius as ∼e−r/l∗ ,

while the diffuse gas properties that provide outward

pressure (i.e., ΣHI , σHI) remain relatively flat. The

scatter in the scale height is primarily due to region-

to-region variation in ΣHI , ΣH2 , Σ∗, and σHI , 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 re-

sulting volume density (assuming hH2=50 pc) vs depro-

jected radius from Eq (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 has particularly large

scatter and is higher than at outer radii due to more

significant contribution from molecular gas (whose sur-

face density also drops off exponentially with radius as

seen in the top panel). Both the scale height and the

density values are roughly consistent with values in the

Milky Way (Dickey & Lockman 1990) and other edge-

on galaxies (e.g., Patra 2019; Randriamampandry et al.

2021; Zheng et al. 2022), as well as simulations of the

multiphase ISM in realistic galaxy environments (e.g.,

Hill et al. 2012; Hopkins et al. 2012; Kim & Ostriker

2017).

B. EXTINCTION-CORRECTED FUV AND Hα

MAPS

We extinction-corrected the FUV and Hα maps us-

ing MIPS 24 µm, as prescribed in Belfiore et al. (2023)

(hereafter B23). We first convolve and regrid all maps

to 12′′resolution and 1′′ pixel scale as the ACA maps,

and convert them to units of luminosity. We then con-

vert them to units of hybrid star-formation rate as given

in Eq (4) as

SFRFUV+24 = CFUVLFUV + CFUV
24 L24 (B7)

where SFRFUV+24 is the 24µm corrected FUV-based

star-formation rate in units of M⊙yr
−1, LFUV is the

FUV luminosity in erg s−1 and L24 is the 24µm MIPS

luminosity in erg s−1, CFUV = 10−43.42 (erg s−1)(M⊙
yr−1)−1 given in Table 2 of B23 and derived in Leroy

et al. (2019), and CFUV
24 is the 24µm correction factor

for FUV. Similarly for Hα we follow Eq (5) in B23 as

SFRHα+24 = CHαLHα + CHα
24 L24 (B8)

where the terms carry the same meaning as above, ex-

cept for Hα maps. We use CHα = 10−41.26 (erg s−1)(M⊙
yr−1)−1 as given in Table 2 of B23, derived in Calzetti

et al. (2007).

The correction factors CFUV
24 and CHα

24 were adjusted

by B23 to more accurately account for dust heating by

lower-mass stellar populations. We use the calibration

form of Eq 7 in B23

log Ci
24 =


log Cmax

+ a1(log Q− log Qmax) if Q < Qmax

log Cmax if Q > Qmax

(B9)

where the subscript i refers to Hα or FUV, and Q refers

to the quantities log(LFUV /LW1) and log(LHα/LW1),

as already defined in Eq A5. Based on Table 3 in B23,

for Hα, we adopt a1 = 0.45, log Cmax = −42.88, and

log Qmax = −1.52. Similarly, for FUV, we adopt a1 =

0.23, log Cmax = −42.73, and log Qmax = 0.6. We note

that B23 estimated these scaling relations for log Ci
24 in

the WISE W4 (22 µm) band, which was different from

measurements in MIPS 24 µm by 0.08 dex. As a result,

we add 0.08 to log Ci
24 in Eq B9 since we are working

with MIPS 24µm maps.

Figure 12 shows that CDFs exhibit small variations,

mostly within error-bars of each other, for the different
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Figure 12. The H2 surface density CDFs similar to Figure 5 (dashed line represents median, shaded region represents 95%
interval), except showing the different 24 µm extinction-corrections for FUV (left) and Hα (right) as discussed in Section
B. “Only FUV/Hα” refers to the maps without extinction correction, “Const” CFUV,Hα

24 refers to a constant value of the
extinction-correction coefficient, and “Variable” CFUV,Hα

24 refers to the coefficient scaled by the WISE W1-band maps according
to Belfiore et al (2023) to account for dust-heating by old stellar populations. For simplicity, since the focus is on differences
between the prescriptions, we only show the high-mass RSGs on the FUV panel and WRs on the Hα panel, since these were
most consistent with the respective wavelengths in Figure 5.

prescriptions discussed above. Including the 24µm cor-

rection, the median fraction of the Hα-drawn star sam-

ple occurring in detectable H2 is higher by 8% and the

fraction of FUV-drawn stars occurring in H2 is higher

by 7%, compared to the maps without 24 µm correction.

The higher fraction is due to the infra-red capturing

more obscured regions in M33, which are expected to be

associated with denser gas and younger, more obscured

stellar populations. Interestingly, the WR population

in Figure 12 is more consistent with the Hα-population

without extinction correction. This indicates that the

spatial distribution of WRs is similar to the unobscured,

ionizing OB stars, and reinforces that we are not missing

a significant fraction (≲7%) of WRs in highly obscured

gas clouds. For completeness, we also show the CDFs

for FUV and Hα 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 CHα
24 = 10−42.78 (Calzetti et al. 2007)

and CFUV
24 = 10−42.83 (Hao et al. 2011; Leroy et al.

2019). The difference in the corresponding CDFs lies in

between the no-extinction and variable coefficient cases

as seen in Figure 12.

As explained in Section 3.3, these differences are not

consequential to the main science result, that the den-

sities of the observed RSG and WR population are not
randomly drawn, and are roughly consistent with their

progenitor population.

C. THE CONTRIBUTION OF TYPE IA SNE IN

THE SNR DENSITIES

We assess how the observed CDF of H2 densities of

SNRs in the last row of Figure 5 compares with model

CDFs of H2 densities drawn from a combination of SF-

tracer maps that represents some proportion of SNe Ia

(with low-mass progenitors) and core-collapse SNe (with

high mass progenitors) in the sample. We know from

Koplitz et al. (2023) that the Type Ia fraction is po-

tentially 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 assum-

ing that some fraction of each randomly-drawn sam-

ple of SNRs comes from the near-IR map (represent-
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Figure 14. Same as Figure 2, but using the lower resolution
C-configuration H I data.

ing old progenitors of Type Ia SNe) and the rest from

the FUV map (representing the massive progenitors of

core-collapse SNe).

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

H2 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 H2 density CDF of SNRs. Revisiting this ex-

periment 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 H2

densities.

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

(∼21′′∼86 pc) H I data from Koch et al. (2018). The

increased surface brightness sensitivity of the lower reso-

lution data leads to a lower fraction of non-detections in

the 3 categories of stars, specifically 2%, 3% and 0% for

WRs, RSGs and SNRs respectively. This provides a mi-

nor, but an important point to note for atomic gas densi-

ties measured by interferometry. The higher-resolution

B+C+D configuration VLA data has higher RMS noise

than the C+D data, so the fraction of non-detections

around stars is higher in B+C+D than C+D. Thus,

the 10% of stars in Fig 2 that we claim are H I non-

detections are not completely devoid of any H I, but

rather may still have lower density H I along the line of

sight below the BCD data sensitivity.
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