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ABSTRACT

Large high-quality samples of H1I regions and their parent giant molecular clouds (GMCs) are now available for local galaxies. It is
therefore possible to investigate the links between the CO and Her luminosity functions and whether massive stars form in GMCs of all
masses. The CO luminosity functions, representing the distribution of GMC masses, are consistently steeper than the Ha luminosity
functions. The CO luminosity function invariably steepens in the outer disk, where fewer massive GMCs are present beyond the median
cloud galactocentric distance. The Ha luminosity function also steepens in the outer disk for most of the galaxies examined. Using
Salpeter, Kroupa, and Chabrier initial mass functions (IMFs) along with stellar mass-luminosity-radius relations, we calculate the
bolometric luminosity and Ha emission from young star clusters. The cluster masses are linked to the GMC mass by assuming that
the cluster mass is a constant fraction (3%) of the parent cloud mass. In particular, results for a fully stochastic IMF are compared to
suggestions that very massive stars only form in massive clusters or clouds. Within the limits of the observations — no small molecular
clouds or low-luminosity H II regions can be detected at the typical ~10 Mpc distance of the sample galaxies — we find no evidence for

a maximum stellar mass that varies with cloud or cluster mass.

Key words. HII regions — ISM: molecules — open clusters and associations: general — galaxies: ISM — galaxies: spiral —

galaxies: star formation

1. Introduction

The large samples of HII regions and giant molecular clouds
(GMCs) now available should tell us something about the stellar
initial mass function (IMF). In particular, is the IMF the same
for large and small GMCs? It is commonly accepted that stars,
and thus H1I regions, form in GMCs. If small GMCs do not
form massive stars, i.e. they do not populate the upper end of the
stellar mass distribution, then this should be visible in the H 11
region luminosity function. This is the main subject of this short
contribution.

As in previous works, we assume that the intrinsic shape of
the GMC mass distribution (or function) is that of a power law
N(m)dm occ m~*dm, with or without truncation at the high-mass
end (Solomon et al. 1987; Rosolowsky et al. 2007; Gratier et al.
2012; Colombo et al. 2014; Braine et al. 2018; Rosolowsky et al.
2021). When the index of the mass (or luminosity) function is
steeper than @ = 2, then most of the mass is in the small entities.
The lifetimes of the massive stars creating H II regions are quite
short so large samples are required to sample all phases (ages) of
young stellar clusters.

While the stellar IMF seems fairly constant in today’s spi-
ral disks, it appears to be increasingly accepted that the IMF
in low-metallicity or extremely dense environments is differ-
ent (Larson 1998; Kroupa 2001; Hopkins 2018). The change is
likely a shift in the characteristic (i.e. average) mass My, of
low-mass stars. This would not change the formation process of
massive stars and hence leave the slope of the high-mass part of
the IMF unchanged (Hopkins 2018). The core Jeans mass would
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increase due to a lower metal (dust) content or to factors inhibit-
ing fragmentation (e.g., tidal forces). Increasing M., means
that a smaller fraction of the gas converted into stars goes into
low-mass stars, raising the luminosity-to-mass ratio (L/M) of the
cluster.

In this work we compare the GMC luminosity function
with the H 1I region luminosity function in local spiral galaxies.
GMCs and H1I regions are respectively traced by the CO(2-1)
and Ha lines. The CO luminosity is generally used as an equiv-
alent of cloud mass. Since the range in H1I region or GMC
luminosity between completeness and a possible truncation at
the high-mass end is often small, considerable attention will be
paid to the fitting.

The lifetime of a GMC gy, that is to say the time during
which it is recognizable as a GMC, is of order 15 Myr (Gratier
et al. 2012; Corbelli et al. 2017; Calzetti et al. 2012; Chevance
et al. 2020; Kobayashi et al. 2017; Demachi et al. 2024). At a
galactic scale, the H; depletion time #gepy = M(H>)/S FR, where
"SFR" is the star formation rate in solar masses per year, is about
2 x 10° yr (Murgia et al. 2002; Leroy et al. 2013). Similarly,
SFR = espM(H;)/tomc SO, averaged over the whole star for-
mation cycle, the fraction of the gas turned into stars is about
€sr = tomc/taept & 1%. Within the gas sufficiently dense to be
identified by cloud-finding algorithms (typically a few times the
rms noise), the efficiency (esr) appears to be higher, some 2—
3% (Murray 2011; Evans et al. 2009), and the difference can
be explained by the fact that roughly half of the gas detected
at galactic scales is not locked into individual clouds because it
is too diffuse and does not emit strongly enough in the CO lines.

Larson (2003) found that the mass of the most massive star
of a cluster increased with the mass of the star cluster roughly

A350, page 1 of 12

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202557853
https://orcid.org/0000-0003-1740-1284
https://orcid.org/0000-0002-5788-2628
mailto:jonathan.braine@u-bordeaux.fr
mailto:edvige.corbelli@inaf.it
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Braine, J., and Corbelli, E.: A&A, 708, A350 (2026)

as M., juqx o< MY For a given €, this suggests that the stellar
mass range in a cluster depends on the GMC mass and indeed
the original study by Larson (1982) found M., ;. = 0.33MOG'§,?C.
For a 10000 M, cloud, the IMF would be truncated at ~20 Mg
in this scenario. A similar scenario, also limiting the production
of high-mass stars in small clusters, was proposed by Weidner
& Kroupa (2006). As a result of either of these scenarios, a
galaxy would have fewer massive stars than predicted by the IMF
because low-mass GMCs would not contribute to the high-mass
star population. On the other hand, if the IMF is stochastically
sampled, then although the birth of a massive star is less likely
in a low mass cluster, they would occasionally form and the over-
all IMF would be preserved (Corbelli et al. 2009; da Silva et al.
2014). The CO and Ha data used here enable us to examine pos-
sible links between cloud mass and the mass of the most massive
star formed because the Ha luminosity of a cluster, particularly a
small cluster, depends strongly on the mass of the most massive
star remaining.

Large homogeneous high-quality samples of Ha and CO
observations of individual clouds and H1I regions in nearby
galaxies have only recently become available. The PHANGS
(Physics at High Angular resolution in Nearby GalaxieS Leroy
et al. 2021) survey has made public the CO and Ha luminosi-
ties for large samples of GMCs (Rosolowsky et al. 2021) and
H 11 regions (Santoro et al. 2022) in the galaxies of their sample.
As the overlap of the CO and Ha samples is small (2 galaxies),
we add data for the Local Group galaxy M33 as outlined below
in Section 2. Section 3 describes how we link cloud masses
to young stellar cluster masses and to populations of individ-
ual stars and their properties, along with the fitting methods.
In Sect. 4, we compare the results of the fits to the HII region
and cloud luminosity functions for the inner and outer parts of
the galactic disks. The distributions of GMC luminosities are
systematically steeper than those of HII regions and Sect. 5
examines possible explanations and particularly whether intro-
ducing a stellar mass limit (Larson 1982; Weidner & Kroupa
2006) helps explain the results.

2. Samples

We selected galaxies with enough data to be suitable for statisti-
cal analyses. On average, the GMC and H 11 region samples have
about 700 GMCs and 1000 H1I regions per galaxy, as described
below. With the exception of M33, the resolutions of the CO
and Ha observations are similar (see Table 2 of Rosolowsky
et al. (2021) and Table 1 of Santoro et al. 2022). However, in
all cases, we use the catalogs produced from the observations by
the observers.

2.1. Molecular clouds

As part of the PHANGS collaboration (e.g., Schinnerer et al.
2019), a large catalogue of GMCs observed with ALMA was
published and made public by Rosolowsky et al. (2021). The cat-
alog presents data for 10 galaxies but we do not include data for
two small galaxies because they have too few clouds (less than
100) to determine a mass function. The eight remaining galax-
ies are large spirals with effective radii between 2.6 and 4.1 kpc
and have between 275 and 1432 clouds (over 5000 for the eight
galaxies, see Table 5 of Rosolowsky et al. 2021).

We added data for the local group spiral M33 (Druard et al.
2014; Corbelli et al. 2017) for which both CO and Ha data are
available. Basic information on the galaxies can be found in
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Table 1 of Rosolowsky et al. (2021) and in Table 1 of Druard
et al. (2014) for M33.

2.2. H Il regions

Also as part of PHANGS, a large (>20 000) catalog of HII
regions observed with MUSE was published and made publicly
available by Santoro et al. (2022). They observed 19 galaxies
with 472-2536 H 11 regions identified per galaxy. Basic informa-
tion on the galaxies can be found in Tables 1 and 2 of Santoro
et al. (2022). The distances and angular and physical resolutions
of the observations are similar to those of Rosolowsky et al.
(2021). However, despite being part of the PHANGS sample as
well, only two galaxies were observed in common between the
catalogs. Adding M33 Ha data from Lin et al. (2017) provides a
third galaxy in common.

By fitting power laws to the distribution of Ha luminosi-
ties for each galaxy, Santoro et al. (2022) found that the spectral
index @ may decrease (flatten) with increasing galaxy-averaged
star formation rate surface density. The range in @ was from 1.52
to 2.04 with formal uncertainties of about 0.1. After identifying
spiral and interarm regions, Santoro et al. (2022) found that « is
steeper in the interarm. They did not find a change in a between
the inner and outer parts of the galaxies, unlike what was found
for GMCs by Gratier et al. (2012) and Rosolowsky (2005), rais-
ing the question of why would (or how could) the H1I region
and GMC distributions be different. We noticed that the spectral
index @ depended on the minimum luminosity deduced by the
powerlaw.py algorithm they used (Alstott et al. 2014), motivating
us to investigate this issue further (see Sect. 3.5).

3. Stellar properties and methods
3.1. The stellar IMF

There are three widely studied IMFs — the original Salpeter
(1955) IMF with the number of stars formed per interval of
mass, n(m) o« m~* and a = 2.35, the Kroupa (2001) disjoint
IMF where a = 1.3 for masses between 0.08 and 0.5 Mg but
a = 2.35 for larger masses, and the Chabrier (2003) IMF which
is lognormal (see their Eq. (17)) up to 1 My and Salpeter for
higher masses. Wherever relevant, we assume stellar masses
range from 0.08 to 100 Mg. In practice, we use this in loga-
rithm so n(m) = dn/dm becomes (per logarithmic mass interval)
dn/d(In(m)) = mdn/dm, yielding
dn/d(In(m)) « m~'3 for the Salpeter (1955) IMF,
dn/d(In(m)) o« m™%3 for M < My, (Kroupa 2001), and

2 2
dn/d(In(m)) « %e((log(m)’l"g(o‘og» @069 for M < 1 Mg
(Chabrier 2003). All of these IMFs have the same (Salpeter) dis-
tribution for stars with masses higher than the limiting values
quoted above.

The distributions are shown in Figure 1. Integrating these
functions from 0.08 to 100 Mg, yields average stellar masses of
0.28, 0.54, and 0.58 for the Salpeter, Kroupa, and Chabrier IMFs,
respectively.

3.2. From stellar masses to luminosities

The zero-age light-to-mass ratios, for a complete sampling, are
respectively 191, 278, and 298 L,/Mg, for the three IMFs assum-
ing a simple scaling of L o M>. Two more complicated but more
realistic mass-luminosity relations (MLR) were also used. The
first has L oc M?3 for M < 0.43 My, L oc M* for 0.43 < M <2 Mo,
Lo M3 for 2 < M <55 Mg, and L «« M for M > 55 M,
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Fig. 1. Initial mass functions used in this work. Black line is for Salpeter,
red is for Kroupa, and green is for the Chabrier IMF. The plot shows the
number of stars per logarithmic mass interval for each mass. Clearly, the
Kroupa and Chabrier IMFs are similar and have significantly fewer low-
mass stars than the Salpeter IMF. The dashed and dotted lines show the
Kroupa IMF using somewhat higher characteristic masses. The effect
of increasing the characteristic mass is that there are fewer low mass
stars so the L/M ratio of the stellar population increases from about 900
Lo/Mgto 1500 Lo/Mo.

approximately following Eker et al. (2015). With this MLR,
the zero-age light-to-mass ratios become 1240, 1790, and 1940,
respectively. The second MLR uses Eker et al. (2018) Table 6
followed by Sternberg et al. (2003) for the higher masses. The
main difference is that this MLR has slightly lower temperatures
and luminosities for the highest masses, yielding zero-age light-
to-mass ratios of 635, 918, and 993 L,/Mg, respectively. Since
this difference between the two MLRs comes from the most
short-lived stars, it decreases greatly over the first megayear. The
reader is referred to the Appendix for the details of the (IMF and)
MLR.

3.3. Populating stellar clusters

The standard procedure to randomly sample the IMF is to calcu-
late the cumulative distribution functions of each IMF, normalize
to unity, draw random numbers uniformly between zero and one,
and then take the star mass associated with that value of the
cumulative distribution function. Stellar clusters are built up to a
given mass. In practice the mass is slightly greater (generally less
than 1%) than the nominal cluster mass because we draw stars
as long as the mass is below the nominal cluster mass. This is
reasonable, as the cluster masses are far below the cloud masses,
so there is still a large reservoir of material left to form stars.
Random sampling results in huge luminosity variations, partic-
ularly before aging, as cluster luminosities can be dominated by
a single star. Drawing a large number of stellar clusters naturally
yields average values of the luminosities close to those calculated
by directly integrating the IMF and applying the MLR. Clusters
are populated once a cluster mass has been chosen, typically 3%
of the cloud mass, and the process is independent of the cluster
or cloud mass. To obtain a GMC mass distribution typical of the
galaxies sampled in this paper, we assume that GMC masses fol-
low a power law with o = 2, unless otherwise stated. This is the
average value for the GMC distribution in PHANGS galaxies,
but we also show results for @ = 1.7 and o = 2.3 to illustrate the
possible effects of changing the slope of the mass distribution.
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Fig. 2. Link between spectral index measured with powerlaw.py and
Ly for the 19 galaxies from data given in Table 2 of Santoro et al.
(2022). Ly is normalized by the completeness limit Leomp to be com-
parable from one galaxy to another.

3.4. “Randomness” of star formation

When populating a stellar cluster by randomly sampled stellar
masses following a given IMF, cluster-to-cluster luminosity vari-
ations (bolometric and Ha) can be quite high, dependent on the
mass of the most massive star. This is illustrated in Fig. A.2 for
1000 simulations of clusters of ~300 Mg. If ~3% of a cloud is
turned into stars, a 300 M, stellar cluster corresponds to an ini-
tial cloud mass of ~10 000 My, which is approximately the lower
limit to what is considered a GMC. Zero-age luminosities of a
300 Mg, cluster vary by more than a factor of 1000, depending
on the presence of a massive star or not, and the dispersion in
luminosities is comparable to the average luminosity, such that
for a sample of 100 clusters, major variations can be present due
to the stochastic sampling of the IMF.

For truly massive clusters, this effect becomes small
although not negligible even for clusters of 10 000 M, of stars,
as many massive stars are present. This fact is taken into account
in our simulations.

3.5. Algorithms

After reproducing the results presented in Figure 2 of Santoro
et al. (2022), we tested the influence of the Ly, parameter and
indeed found that for a given galaxy, increasing Ly, above Leompi
yielded a systematically steeper slope. This is not only true for
the powerlaw.py algorithm but also for the algorithms used by
Rosolowsky et al. (2021) (see their Table 5). Figure 2 shows how
the spectral index of the galaxies depends on L, normalized to
the completeness limit Leompl, both given in their Table 2. When
data have a physical high-end truncation coupled with increasing
incompleteness at low fluxes, this behavior is expected and it
represents one of the difficulties in fitting.

The powerlaw.py (Alstott et al. 2014) algorithm searches for
an “optimal” Ly, without knowledge of Lcomp but it can also
be used with a fixed Lp;,. For each galaxy in the MUSE and
ALMA samples, we ran multiple powerlaw.py fits testing many
values of Ly, bracketing Ly, and Leompr. While the change in
slope was generally large and regular, the relative slopes between
the inner and outer parts changed little. The fact that power-
law.py does not use knowledge of Lcompl, Which depends on the
sensitivity of the observations, is a drawback for experimental
data. Alstott et al. (2014) illustrate the powerlaw.py algorithm
with word occurrence and blackout statistics that do not have a
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Fig. 3. Probability density functions of Ha fluxes from NGC0628,
NGC3627, and M 33, the three galaxies for which both H1I region and
GMC catalogs are available. Results of the powerlaw.py (red line) and
Maschberger & Kroupa (2009) (blue line) fits along with observational
data for NGC0628, NGC3627, and M33 from Santoro et al. (2022)
and Lin et al. (2017) are shown. NGC0628 and NGC3627 are the two
PHANGS galaxies for which both the H 11 region and GMC samples are
available. The Ha data for M33 are from Lin et al. (2017). The adopted
completeness limit for the fits (equivalent of L, in Santoro et al. 2022)
are shown as a dashed green line and given in Table 1 The error bars
are proportional to 1/ v/(N), where N is the number of points in the bin.
When no error bar is plotted, it means N = 1.

sensitivity (completeness) limit, although powerlaw.py allows a
minimum value to be injected. Our approach has been to use an
Luin based on Leompr. We adopted Liyin = 2Lcompl for the Santoro
data and equal to Leomp for the other data.

We tried fitting using a least-squares algorithm to both the
luminosities and their logarithms but this yielded visually inap-
propriate results. The algorithm used by Rosolowsky et al.
(2021) yielded extremely large variations in @ for only modest
changes in Ly, (completeness in their Table 5) so this was not
investigated further.
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Fig. 4. Probability density functions of CO luminosities from
NGC0628, NGC3627m and M 33, the three galaxies for which both
H 11 region and GMC catalogs are available. Results of powerlaw.py (red
line) and Maschberger & Kroupa (2009) fit (blue line) along with obser-
vational data for NGC0628, NGC3627, and M33 from Rosolowsky et al.
(2021) and Corbelli et al. (2017). NGC0628 and NGC3627 are the two
PHANGS galaxies for which both the H1I region and GMC samples
are available. The CO data for M33 are from Druard et al. (2014) and
Corbelli et al. (2017). The adopted completeness limits for the fits are
the first of the limits given in Table 5 of Rosolowsky et al. (2021) and
are shown as a dashed green line and given in Table 2. The error bars
are proportional to 1/ 4/(N), where N is the number of points in the bin.
When no error bar is plotted, it means N = 1.

Gratier et al. (2012) used an algorithm based on the work
by Maschberger & Kroupa (2009). This was tested on the cur-
rent CO and He data with reasonable results, generally similar
to powerlaw.py for similar Ly;,. Figures 3 and 4 present results
using both the powerlaw.py algorithm and the Maschberger &
Kroupa (2009) technique. The Maschberger—Kroupa power-law
fit uses a truncated power law. The powerlaw.py algorithm has
no truncation.

Using simulated data taken from a power law distribu-
tion (¢ = 1.4,1.5..2.0) with random added noise, both the
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Table 1. Ha results for the PHANGS MUSE galaxies.

GalaXy AMK @ py NH Fmin,Ha/ Rmed AMK,in>Xpy,in NHILin A MK, out > py,out NHIT out
IC5332 1.72£0.033 1.74 £0.020 476 11 000 1.99 025 174,175 258 1.70, 1.73 218
NGC0628 1.66+0.016 1.68+0.017 1421 30002 3.63 026 1.73,1.76 650 1.61, 1.66 771
NGC1087 1.56+0.021 1.60+0.013 588 50476 3.60 0.53 148, 1.66 371 1.76, 1.71 217
NGCI1300 1.68+0.025 1.71 +£0.020 745 20000 793 048 1.68,1.60 398 1.68, 1.62 347
NGC1365 1.68+0.032 1.69+0.027 419 100000 13.78 0.40 1.74,1.76 185 1.64, 1.73 234
NGC1385 1.42+0.020 1.47+0.013 710 26982 353 041 1.29,1.57 438 1.74, 1.63 272
NGC1433 1.86+0.036 1.87+0.035 588 30000 876 0.52 1.88, 1.60 292 1.84, 1.66 296
NGC1512 1.78 £0.042 1.82+0.040 324 30000 755 0.33 1.83,1.61 163 1.74, 1.67 161
NGC1566 1.53+0.014 1.55+0.013 1078 31455 5.64 030 146,159 665 1.68, 1.67 413
NGC1672 156 +0.020 1.60+0.021 694 47592 812 047 1.55,1.62 371 1.57, 1.71 323
NGC2835 1.69+0.030 1.72+0.033 488 52360 3.61 0.32 1.63,1.63 267 1.78, 1.71 221
NGC3351 1.67+0.024 1.71+0.020 670 19 347 399 038 1.66,1.54 355 1.69, 1.61 315
NGC3627 1.45+0.017 150+0.017 833 90250 446 026 1.39, 1.64 433 1.53, 1.72 400
NGC4254 1.50+0.013 1.54+£0.007 1847 57359 491 0.51 1.42,1.58 1106  1.64, 1.68 741
NGC4303 1.51+0.014 1.55+0.009 1613 48167 5.51 0.32  1.45,1.55 961 1.61, 1.66 652
NGC4321 1.64+0.020 1.67+0.014 1005 61501 6.39 047 159,158 560 1.72, 1.69 445
NGC4535 1.50+0.013 1.53+0.010 1260 9067 5.62 030 152,137 629 1.49, 145 631
NGC5068 1.60+0.021 1.62+0.017 930 44785 2.09 0.37 1.58,1.55 471 1.63, 1.66 459
NGC7496 1.59+0.032 1.62+0.017 377 20822 428 047 1.6l,147 213 1.58, 1.57 164
M 33 141 +0.026 1.51+0.018 368 60000 3.98* 0.53 128,145 190 1.52, 1.59 178

Notes. Sample of galaxies observed by Santoro et al. (2022) followed by results from fitting the He flux distribution with the Maschberger &
Kroupa (2009) method and powerlaw.py algorithm (Alstott et al. 2014). Second column is overall slope, where the second number is determined
with powerlaw.py. Third column is the number of HII regions with a flux greater than the value in Col. 4 expressed in units of 1072° ergcm™ sec™!.
Column 4 is designed to be the true completeness limit as explained in the text. Column 5 gives the median galactocentric radius of the HII region
sample for that galaxy in kpc and as a fraction of Rys. The following two columns provide the inner slope with the two methods and the number
of H1I regions. The next two columns are the same but for the outer parts. ¢ Corrected for a distance of 840 kpc. Due to the lower number of H1I
regions, the uncertainties on « are higher when the inner and outer parts are evaluated separately.

powerlaw.py and the Maschberger & Kroupa (2009) algo-
rithms performed well. However, for a given noise level, the
Maschberger & Kroupa (2009) did measurably better in recov-
ering the initial distribution.

4. Hu region and GMC luminosities across galaxy
disks

We calculate the Probability Density Function (PDF) as the num-
ber of objects per bin divided by the bin width. For example,
at 1og(CO luminosity) = 6 and for a bin width of 0.1 dex as in
Fig. 4, the width is 2.3 x 10°, so if 20 objects are present, the PDF
for that luminosity bin is 20/(2.3 X 10°) = 8.7 x 1073 Given that
the PDFs are presented per galaxy, such that the distance to each
region is the same, the shape of a flux PDF or a luminosity PDF
is the same. The slope @ of the fit to the PDF is the spectral
index.

Figure 3 shows the PDF of the HII region He fluxes of
NGC0628, NGC3627, and M33. The powerlaw.py fit is shown
as a red line and the Maschberger & Kroupa (2009) fit is shown
as a blue line. The assumed completeness level (used for both
fits) is indicated with a dashed green line. These galaxies have
been chosen because they are the only PHANGS galaxies for
which both H 11 region and GMC catalogs are available. Figure 4
shows the results for CO luminosities of the same galaxies. It can
be seen that the CO results are based on a significantly smaller
dynamic range (ratio between completeness level and maximum)
than the Ha flux distribution.

To fit the GMC distributions, we chose to use the lower
completeness level given by Rosolowsky et al. (2021) in their
Table 5 and reproduced in Table 2. The GMC slopes are clearly

steeper than for the H1I regions. The GMC completeness limit
was originally given by Rosolowsky et al. (2021) as a mass so
it was converted to a CO luminosity using their Eq. (5) for a
solar metallicity. We use the CO luminosities because they are
the observed quantities (whereas the mass requires a conversion
factor) and directly comparable to the Ha luminosities. The fits
were also performed using the masses in the online table with
no significant difference. See Section 5.1 for a discussion of the
effect of a change in N(H,)/Ico.

The fitting results are given in Table 1 for the H1I regions
and Table 2 for the GMC sample. The fits using the powerlaw.py
algorithm (Alstott et al. 2014) and the Maschberger & Kroupa
(2009) procedure are shown as apy and ayg, respectively. The
uncertainties are estimated via the bootstrapping method with
100 random draws for each fit. For the H1I regions, we find
1.47 < apy < 1.87 (average 1.64 and dispersion 0.10) and 1.42 <
amk < 1.86 (average 1.61 and dispersion 0.11). Linking the min-
imum flux used for the fits to the completeness level given in
Table 2 of Santoro et al. (2022) results in a decrease of the disper-
sion from 0.15 to 0.10. For the GMCs, we find 1.65 < a;,y < 2.98
(average 2.09 and dispersion 0.42) and 1.55 < ayk < 3.00 (aver-
age 2.14 and dispersion 0.39). The dispersion in a found by
Rosolowsky et al. (2021) using different methods is consider-
ably higher (1.14 and 0.44 from cols 3 and 6 of their Table 5)
for the eight galaxies with more than 100 GMCs. Our two fitting
methods are in good agreement for both the H 11 regions and the
GMCs, showing that the average spectral index aco > ay,. For
the three galaxies in common, NGC 628 and NGC 3627 in the
PHANGS sample and M33, the slope of the GMC PDF is also
steeper than that of the H1I region PDF, so it is likely a general
feature.
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Table 2. CO results for the PHANGS galaxies.
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GalaXy apmkK a'py ngmMmc Lmin,CO Rmed A MK,in ’apy,in NGMC,in aMK,out,apy,out NGMC,out
NGC0628 1.85+0.040 1.95+0.030 368 149254 3.85 0.27 1.80,1.92 205 1.92,2.00 163
NGC1637 2.05+0.066 2.06+0.055 202 89 552 2.62 039 1.83,1.74 116 2.56, 1.91 86
NGC2903 1.70+0.023 1.77+0.019 642 134328 541 030 1.62,1.78 346 1.83, 1.95 296
NGC3521  2.15,+0.035 2.25+0.027 737 397015 635 0.30 2.08,2.28 476 2.28,2.40 261
NGC3621 3.00+0.145 299+0.131 152 283582 3.58 0.28 2.88,2.10 95 3.31,2.25 57
NGC3627 1.55+0.017 1.65=+0.015 879 119403 4.69 0.28 148, 1.66 457 1.65, 1.83 422
NGC5643 2.10+0.043 2.11+£0.049 399 179104 450 0.53 197, 1.82 244 2.40, 2.00 155
NGC6300 2.31+0.074 2.32+0.067 286 253731 543 0.72 2.04,1.99 167 3.00, 2.20 119

M 33 1.74 £ 0.039 1.95+0.030 449 7000 2.82 037 1.51,1.83 241 2.00, 2.12 208

Notes. PHANGS galaxies observed by Rosolowsky et al. (2021) followed by results from fitting the CO luminosity distribution with the
Maschberger & Kroupa (2009) method and powerlaw.py algorithm (Alstott et al. 2014). Second column is overall slope, where the second number is
determined with powerlaw.py. Third column is the number of GMCs with a flux greater than the value in Col. 4 expressed in units of K km s™! pc?.
Column 4 is designed to be the true completeness limit as explained in the text. Column 5 gives the median galactocentric radius of the GMCs for
that galaxy in kpc and as a fraction of R,s. The following two columns provide the inner slope with the two methods and the number of GMCs.
The next two columns are the same but for the outer parts. Due to the lower number of clouds, the uncertainties on @ are higher when the inner and

outer parts are evaluated separately.

Figure 5 illustrates the slopes and their radial variation. For
each galaxy, with the galaxies that have both GMC and H11
region data at the top, the CO index aco is shown, followed by
the H1I region index ay,. Both fits are presented (triangles) and
the horizontal bar is the average. When only a single triangle
is visible, it simply means the agreement between the methods
was excellent. The horizontal dotted line is a guide and shows a
slope of 1.5, making it clear that the aco are steeper then ay,.
The following columns show how the spectral index, a, varies
between the inner and outer parts. All CO luminosity functions
become steeper, in agreement with previous work. A majority of
the Ha luminosity functions steepen with radius but the trend is
less consistent and has exceptions. Figure 6 illustrates the radial
variation of « in a simpler fashion.

The general features are that (1) the CO luminosity functions
are steeper than the He luminosity functions and (2) the dis-
tribution of CO luminosity steepens systematically in the outer
parts, unlike the distribution of Ha luminosity. This result is
independent of the fitting routine and of any reasonable choice
of parameters so we must now explore possible reasons.

5. Why is aco steeper than ay, ?

Intrinsically, for a given IMF, we expect that a cloud will con-
vert some fraction (2-3%) of its mass into stars and hence create
an H1I region of a luminosity that should depend on the initial
cloud mass. At some point the cloud will be dispersed by super-
novae and winds. Thus one would expect, at least before the first
supernova, that the slopes of the luminosity functions should be
the same.

The GMC samples discussed here have cloud masses well in
excess of 10000 M. The H1I regions are also quite luminous
so we only discuss HII regions with initial stellar masses well
in excess of the mass of an individual massive star, assumed to
be <100 Mg. While there are examples of star formation in low-
mass clouds, in GMCs stars tend to form in dense cores (<pc),
themselves within dense clumps (1-10 pc) within the GMC. The
clouds studied here are GMCs ranging from 10* to over 10° M,
so clusters rather than individual stars are formed, and the mass
reservoir is large even if only 3% of the GMC mass is converted
into stars.
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It appears that the power-law part of the IMF, i.e., beyond
about 2 My(see Fig. 1), is due to different processes and inde-
pendent of whether the lower end follows a Salpeter, Kroupa or
Chabrier distribution. A high local gas density and/or low metal-
licity could push up the characteristic mass (manifested by the
turnover of the Kroupa IMF) but would probably not affect the
high-mass end (see discussions in Larson 1998; Kroupa 2001;
Hopkins 2018). Since the H1I region luminosity is completely
dominated by the high-mass end of the IMF, these changes
should not affect the link between cloud mass and H1I region
luminosity.

In the rest of this section we consider effects that complicate
this picture, such as
— The conversion from CO luminosity to H, mass may not be
constant.

— The luminosity of a given HII region depends strongly on
the mass of the most massive star such that a cluster containing
1000 Mg, of stars drawn randomly can have a radically different
luminosity depending on whether a truly massive star is “drawn.”
This adds noise to the system and is why it is important to have
many regions.

— H1 regions age quickly in that their population of massive
stars changes significantly over the lifetime of a molecular cloud
(~15 Myr, approximately the lifetime of a O9 or BO star).

— The IMF could vary. An interesting proposal we are aware of
is a link between the mass of the most massive star (M, ;) in
the cluster and the parent molecular cloud mass as proposed by
Larson (1982).

5.1. Variations of N(H») / Ico with galactocentric radius

Metallicities tend to decrease with galactocentric radius, as do
gas temperatures, and both tend to result in an increase of
the N(Hy)/Ico conversion further from galactic centers. The
basis for the N(H,)/Ico factor is clearly presented in Dickman
et al. (1986), and recent discussions of the N(H;)/Ico factor
can be found in Teng et al. (2024), Schinnerer & Leroy (2024),
and Leroy et al. (2025). We made tests by randomly choosing
positions and drawing cloud CO luminosities with a predefined
spectral index (@). We then added a radial N(H,)/Ico gradient
to obtain cloud masses and processed the data like real data. The
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Table 3. Fits of the mock data.

Bol. stochastic Bol. Larson

Ha stochastic  Ha Larson

[(2%] Xpol MK > Xbol,py Xpol, MK sXbol,py QHao MK >XHa,py THao MK >XHa,py
2.3 190,193 2.17,2.18 1.62, 1.66 1.93,1.94
2.0 1.82,1.86 1.96, 1.98 1.58, 1.62 1.79, 1.81
1.7 1.75, 1.80 1.81, 1.86 1.53, 1.58 1.69, 1.72

Notes. As in previous tables, the first fit is with the Maschberger & Kroupa (2009) method and the second is with the powerlaw.py algorithm
(Alstott et al. 2014). First column is the spectral index of the injected GMC or cluster mass distribution. The following columns provide the spectral
indices « of the fits to the bolometric luminosity distribution and the He luminosity distribution for the stochastic and Larson (1982) IMFs. This is

the data used as input to Fig. 10.

Oco  Xgm Xcoin Acoout OHmin OHIout

NGC628 A A B AT A
NGC3627 o= R <

M33 B = i P
NGC1637 - S
NGC2903 ; ; e
NGC3521 T
NGC3621 S B
NGC5643 e e
NGC6300 o

1C5332 AT AT A
NGC1087 A A
NGC1300 A A A
NGC1365 A= = —A—
NGC1385 - A
NGC1433 ™ S
NGC1512 i B
NGC1566 A A
NGC1672 ke R
NGC2835 A= A A
NGC3351 A A
NGC4254 —a— A
NGC4303 b B
NGC4321 A= ez A
NGC4535 . hd
NGC5068 A A A
NGC7496 ke R

Fig. 5. Results of fits to the distribution of He and CO luminosities.
For each galaxy, the name is indicated followed by (1) the whole-galaxy
GMC spectral index; (2) the whole-galaxy Ha spectral index; (3) the
inner and outer GMC spectral index, connected by a line; and (4) the
same but or the Ha luminosities of H1I regions. In each case, the tri-
angles indicate the values obtained from the two independent fitting
methods and the average is shown by the short horizontal line. When
the line goes up, the distribution in the outer part is steeper (relatively
more small objects). A horizontal dashed line at a value of 1.5 is plotted
to allow easy appraisal of the values.

a determined by this procedure is not affected by the N(H»)/Ico
because N(H,)/Ico depends on the radial distance but not on
the cloud luminosity or mass. Therefore, any N(H,)/Ico varia-
tion does not affect @ unless @ depends on the cloud mass or

2.5

slope of luminosity function

Galactocentric distance (kpc)

Fig. 6. Radial variation of spectral indices. This plot portrays the lat-
ter four columns of Fig. 5 in a simpler fashion. The lines start with
the median position of the inner regions (H1I or GMC) and end at the
median position of the outer regions. The marker near the line center
indicates the median galactocentric distance of the whole sample, and
column 5 of Tables 1 and 2 provides the correspondence with the optical
radius R,s. Red lines are GMC indices and black lines show the indices
of the H 11 regions. When the line goes up, the spectral index in the outer
part is higher because the distribution is steeper (relatively more small
objects).

luminosity. A radial variation affects clouds of all masses in the
same way.

5.2. Aging of H Il regions

Similar to the N(H,)/Ico factor, if all masses are affected in the
same way, which would be the case if the IMF is not affected by
the parent cloud mass, then this should not affect ay,. However,
if only massive clouds form truly massive stars, then, because
massive star lifetimes are short, the greatest declines in luminos-
ity (as a fraction of the original ¢ = 0 luminosity) will be for the
H 11 regions created in massive GMCs, as shown in Fig. A.3 for
the three commonly used IMFs.

The rapid death of the most massive stars implies that a large
sample is necessary and that comparisons must be made over
the full life cycle of an H1I region. Fig. 7 shows how aging
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Fig. 7. Histogram of simulated cluster properties assuming a “stochas-
tic” IMF. Black lines represent the cluster masses, red lines show their
luminosities, and blue lines are for the He luminosity. The zero-age IMF
is shown in the lower panel and with aging as described in the text in
the upper panel. The solid, dashed, and dotted lines show the results for
the different cluster mass functions (@ = 2.3, 2.0, 1.7), following the
color above. Similarly, the red x-axis provides the cluster luminosities
and the blue x-axis represents the He luminosity, both in logarithm. In
the upper panel, two blue lines are shown with slopes of 1.7 and 2.0 to
help guide the eye. We drew three sets of 30 000 clusters for each of the
mass functions and, after checking that they yielded the same results,
they were combined to further reduce any noise so the distributions are
based on 90 000 clusters for each mass function. The Chabrier IMF was
used with the Eker—Sternberg MLR.

affects cluster bolometric and Ha luminosities. Each cluster is
assigned a uniformly random age between 0 and 15 Myr, which
is when the cluster emits less than 1% of the original number
of ionizing photons. The ¢ = O cluster luminosity distribution
is created based on randomly generated stellar masses. Cluster
masses follow the mass distribution indicated: solid, dashed, or
dotted lines for a,; = 2.3, 2.0, or 1.7 respectively. Fig. 7 shows
the = O luminosity function in the lower panel) and with aging
in the upper panel. The Chabrier IMF has been used in this fig-
ure. Fig. 1 and the Appendix show how the IMFs affect cluster
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Fig. 8. Like Figure 7 (zero-age in lower panel, random aging up to
15 Myr in upper panel) but the maximum stellar mass is as proposed by
Larson (1982) (see Sect. 5.3). One of the main differences is the lack
of the broad peak near 10%%erg/s. The peak is due to the presence of
a massive star in a small cluster, which is no longer possible with the
Larson (1982) mass limit. While the cluster mass distribution is indeed
a power law, the cluster luminosity and N,,, function has an « that
increases slowly with the minimal luminosity used in the fit, whether
the Maschberger or powerlaw.py algorithm is used. This is seen as the
curvature not present in the cluster mass distribution and is the result of
the limiting stellar mass.

properties. Briefly, the Kroupa and Chabrier IMFs are extremely
similar whereas the Salpeter IMF has more low-mass stars. For
each age, the cluster luminosity (or number of ionizing photons)
is only integrated up to the most massive star still present (see
bottom panel of Fig. A.3). The resulting luminosity distribution
is then recalculated. The same is done for the number of ioniz-
ing photons. Fig. 7 provides the He luminosity generated by the
ionizing photons, under the simple assumption that each photo-
ionized H atom produces an Ha photon. The Ha fluxes generated
cover the range observed by Santoro et al. (2022) in their Fig. 2.

Randomness has some curious effects. The bottom panel of
Fig. 7 shows the results of simulating 3 x 30 000 (see caption
for details) clusters between 100 and 10 000 M. The slopes of
the IMF were a. = 1.7, 2.0, and 2.3, and the clusters were then
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Fig. 9. Comparison of the distribution of cluster properties for a stochas-
tic IMF (0.08-100 M) with that derived for Larson’s model (Larson
1982) where the maximum stellar mass varies with the parent cloud
mass. As in the previous figures, the cluster mass distribution is a pure
power law with a, = 1.7, 2.0, and 2.3 and M5 = 0.03 M. Cluster
ages are attributed randomly as described in the text. The bolometric
luminosities (bottom) and Ha luminosity (top) were then calculated for
the stellar population at the age of each H 11 region. This figure can be
directly compared with Fig. 8.

binned by luminosity. The randomness in drawing a massive star
implies that the luminosity distribution is quite unlike the mass
distribution. The high luminosity power-law tail is very short.
The difference between the slopes of the mass and of the lumi-
nosity distributions can be seen clearly for the high luminosities.
This changes significantly when allowing for aging. The sim-
ulations were made for three different cluster mass functions,
and each value of a has 90 000 clusters simulated. The results
with aging are shown in the top panel of Fig. 7, and while the
luminosity distribution is not a power law (this can be seen by
the convex shape, particularly around bolometric luminosities
L ~ 10°-10° L), there is a monotonic decrease that is close
to a power-law distribution. The slopes of the bolometric and
Hea luminosity functions are somewhat shallower than the clus-
ter mass function (note the difference between the luminosity
and the mass x-scales).

5.3. Testing an IMF where M...., depends on the cloud mass

We then directly tested the Larson (1982) link M, . =
O.33MOG'§,?C by generating a mock set of cluster masses assum-
ing that 3% of the cloud mass was converted into stars (M s =

0.03 X Mgmc)- The cluster masses range from 100 to 10 000 M.
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Fig. 10. Comparison of the observed GMC spectral index and H 11
region Ha luminosity spectral index with the simulations using the
stochastic and Larson (1982) limited IMFs. The point marked “ave” rep-
resents the average of the galaxies observed in He but not in CO plotted
with the average of the galaxies observed in CO but not Her.
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Fig. 11. Comparison of the Larson (1982), Larson (2003), and Kroupa—
Weidner (Weidner & Kroupa 2004, 2006) maximum stellar masses as in
Weidner & Kroupa (2006) Fig. 1 but recalculated for the range in stellar
masses used here (0.08—-100 M) and a Chabrier IMF. The dashed line
at 100 Mygives the “stochastic” mass limit.

The mass functions take the values a., = 1.7, 2.0, and 2.3.
Because the smaller clouds form lower-mass massive stars, their
Ha luminosity is decreased with respect to large clouds, result-
ing in a larger range of Ha luminosities and hence a shallower
slope, very much like what is observed.

Figure 8 shows the zero-age H1I region bolometric and Ha
luminosity distributions, as in Fig. 7 but with the Larson (1982)
M, jnax. The initial slopes of the luminosity and Ha distributions
are significantly shallower than the parent GMC distribution and
have a slightly convex shape. However, after aging, the slopes
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are no longer significantly shallower than the cluster mass distri-
bution. A comparison between the stochastic (full 0.08-100 Mg
range) and Larson (1982) limited IMFs is shown in Fig. 9 where
it is apparent that the Larson (1982) stellar mass limit yields
luminosity functions that are steeper than the stochastic IMF
covering the full mass range.

The difference in slope is shown in Fig. 10, where the val-
ues for the three galaxies with both measured slopes as well as
the average aco and ay, for the remaining galaxies (excluding
NGC0628, NGC3627, and M33) are plotted. The open squares
represent a¢ and ay, from the simulations given in Table 3 using
the MK fit. The powerlaw.py fit (also provided in Table 3), for
the same minimum value, yields slopes about 2% steeper. These
simulations take aging into account (upper panels of Figures 7
and 8).

When @, = 2 (our canonical case corresponding to the aver-
age of the PHANGS+M33 sample), the difference in slopes
-y, 1s about 0.2 for the Larson mass limit and 0.4 for
the stochastic star formation (see Table 3). The latter value
(stochastic) is closer to the observed values in Figure 10 .

Two options have been examined here: the stochastic and
the Larson (1982) maximum stellar mass. However, Weidner &
Kroupa (2006) also proposed a limiting mass for low-mass clus-
ters and Larson (2003) presented a somewhat modified version
of his 1982 proposal. In Fig. 11, the maximum stellar masses
predicted by the various theories are compared as in Fig. 1 of
Weidner & Kroupa (2006) except that the values have been recal-
culated for an IMF going from 0.08 Mg to 100 My using a
Chabrier IMF (very similar to the Kroupa IMF: see Fig. 1) in
order to make them comparable to our study. The other stellar
mass limits proposed give more discrepant results from stochas-
tic sampling than the Larson (1982) maximum mass, and hence
cannot improve the agreement of the simulated distributions with
the observed spectral indices in Fig. 10.

Intuitively, a stellar mass limit below the top of the IMF
results in more low-luminosity H II regions, resulting in a steeper
slope when fit with a power law. The lower the limit, the stronger
the steepening.

6. Conclusions

The large high-quality samples of HII regions and molecular
clouds now available have been used to look for systematic
radial variations of the luminosity function and constraints on the
IMF of stars. Only galaxies with large numbers of HII regions
and/or molecular clouds were treated here to ensure statistical
robustness.

The CO luminosity function always steepens with galac-
tocentric distance, while the Ha luminosity function usually
steepens with galactocentric distance. As the intersection of the
two samples is quite small (three galaxies), it is difficult to assert
that there is a true difference in behavior. However, the molec-
ular cloud mass distribution is consistently steeper than that of
the H1I region Ha luminosity distribution and this may provide
information on the IMF.

The main IMFs proposed in the literature (Salpeter 1955;
Kroupa 2001; Chabrier 2003) differ in the low-mass end and
hence only affect luminosities marginally due to the lesser mass
stored in low-mass stars in the Chabrier and Kroupa IMFs as
compared to Salpeter. Therefore the flatter HII region lumi-
nosity distribution cannot be due to a change in the low-mass
IMF. Metallicity differences may also affect the IMF but within
this sample the metallicity variation is small. It has also been
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proposed that massive clouds are required to be able to form the
highest-mass stars. Larson (1982, 2003) suggested a maximum

stellar mass of M,y = 0.33 Mg'l‘\‘,fc. In this work, we compare

a fully stochastically sampled IMF with the same IMF with a
mass truncation as proposed in Larson (1982) or Zhou et al.
(2025). Allowing for aging is essential as the highest mass stars
are short-lived.

Contrary to our initial expectations, the difference between
the H 11 region Ha luminosity function and the GMC mass func-
tion is consistent with the fully stochastically sampled IMF with
no link between M, ,,, and GMC mass. This is in agreement
with results obtained using He emission to trace the IMF in
young stellar clusters (e.g. Corbelli et al. 2009; Jung et al. 2023).
The observed scatter in the spectral indices with respect to the
mean values for a stochastically sampled IMF may indicate addi-
tional dependencies on massive star formation such as chemical
composition and environment (Dib 2023). More catalogs of H1I
regions and GMCs should become available in the near future to
extend the work presented here.
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Appendix A: Further characterization of the IMF
and stellar properties

The figures in this section illustrate stellar and star cluster proper-
ties. While our baseline is a Chabrier IMF from 0.08—100M, and
the Eker-Sternberg Mass-Luminosity relation (MLR), the figures
show the differences. Fig. A.1 shows how the luminosity, radius,
effective temperature, and number of ionizing photons vary with
mass for the different MLRs and a Chabrier IMF from 0.08 to
100 Mg.

Fig. A.2 shows 1000 simulated clusters, each with 300Mg, of
stars, to illustrate the importance of the most massive star in a
cluster and how that varies when randomly sampling the IMF.
The top panel shows the distribution of stellar masses for the 3
IMFs examined and how the median mass of the most massive
star varies. The lower panel shows the total cluster luminosity for
the 3 IMFs as a function of the most massive star in the cluster
(Mpuster = 300M) and the solid curve shows the luminosity of
that star. It is apparent that the most massive star generates the
majority of the cluster luminosity in most cases when its mass is
M. jnax > 15Mg.

Fig. A.3 shows how clusters age as a function of time and
choice of IMF. The top panel shows the average cluster mass
fraction remaining as a function of time and (right hand scale)
the stellar lifetime, shown as the mass of the most massive star
in a cluster as a function of time. The lower panel displays how
the mean light-to-mass ratio of a cluster varies with time and
how the number of ionizing photons (right hand scale) decreases
with cluster age.
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Fig. A.1. Mass-luminosity relation used in this work. The black line is
the simple L = M? relation, red is the generalized Eker et al. (2015),
and green the Eker et al. (2018) and Sternberg et al. (2003) MLR. The
dashed lines show the property on the right-hand y-axis (Temperature
and number of ionizing photons).
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Fig. A.2. The top panel shows the distribution of the masses of the most
massive star in each cluster, with the median value indicated, for the
1000 simulated clusters of 300M, each. These median values are close
to the maximal value suggested by Larson (1982). Even for a cluster
with 300M,, of stars, the random sampling effect is huge. The bottom
panel shows the total cluster luminosity as a function of the mass of
the most massive star, for the three IMFs indicated by their color. The
line shows the luminosity of the single most massive star in the cluster.
We can see (1) that the luminosity of a 300M,, cluster can vary by a
factor 1000 and (2) how important the most massive star is for the total
zero-age luminosity as when a very massive star is present, it dominates
the luminosity (and ionizing photon production) of the cluster for its
lifetime.
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Fig. A.3. Time evolution of the stellar population in a cluster. The black
line shows the Salpeter IMF, red for Kroupa, and the green line is for the
Chabrier IMF. The black triangles and dashed lines show the property
on the right-hand y-axis (maximum stellar mass and number of ionizing
photons per My).
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