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ABSTRACT

Context. Very massive stars (VMS) have masses in excess of 100 M,, and are rare. However, owing to their powerful winds, very
high luminosity, and efficient nucleosynthesis, they are key players of star-forming regions. In particular, their strong ionizing fluxes
impact the surrounding interstellar medium.

Aims. We aim at detecting VMS in local star-forming region from the imprint they leave on the integrated UV and optical light.
Methods. We analyzed a sample of 27 star-forming regions and galaxies in the local Universe. We selected sources with a metallicity
close to 12+log(O/H) = 8.3, which is typical of the Large Magellanic Cloud. We defined empirical criteria to distinguish sources
dominated by VMS and Wolf-Rayet stars (WR), using template spectra of VMS- and WR-dominated regions. We subsequently built
population synthesis models with an updated treatment of VMS. We investigated the successes and failures of these new models in
accounting for the UV-optical spectroscopy of our sample sources.

Results. We show that the UV range alone is not sufficient to distinguish between VMS- and WR-dominated sources because their
spectra are almost identical in this range. The region of the WR bumps in the optical breaks the degeneracy. In particular, the morphol-
ogy of the blue bump at 46404686 A is a key diagnostic. Beyond the prototypical R136 region, which contains VMS, we identify
two galaxies showing clear signatures of VMS. In two other galaxies or regions the presence of VMS can be suspected, as already
discussed in the literature. The stellar population is clearly dominated by WR stars in seven other sources. The most recent BPASS
population synthesis models can neither account for the strong He1l 1640 emission, nor for the shape of the blue bump in VMS-
and WR-dominated sources. Our models that include VMS more realistically reproduce the UV-optical spectra of VMS-dominated
sources.

Conclusions. We conclude that VMS are present in some local star-forming regions, but that separating them from WR-dominated
populations requires optical spectroscopy with a high signal-to-noise ratio. A high equivalent width of He 11 1640 is not a sufficient
condition for identifying VMS. Populations synthesis models need to take VMS into account by incorporating not only evolutionary

tracks, but also dedicated spectral libraries. Finally, we stress that the treatment of WR stars needs to be improved as well.

Key words. stars: massive — galaxies: starburst — galaxies: stellar content

1. Introduction

Massive stars have masses in excess of about 10 My and
share specific properties. They are the main contributors to
the nucleosynthesis of elements from oxygen to iron (e.g.,
Maeder & Meynet 2000; Langer 2012). Through their strong
radiatively driven stellar winds (Castor et al. 1975; Puls et al.
2000), they expel these products in their environment and
actively contribute to the chemical evolution of galaxies. Mas-
sive stars also end their lives in core-collapse supernovae,
which are sometimes associated with gamma-ray bursts, and
they produce neutron stars or stellar black holes. When
bound in binary systems, these remnants may merge and
release gravitational waves (e.g., Abbottetal. 2017). Mas-
sive stars with initial masses higher than 100 My are a sep-
arate category. They are known as very massive stars (VMS;
Vink 2015).

The most massive stars known are members of a few young
massive clusters. Once thought to be a single object with a mass
in excess of 1000 M (Feitzinger et al. 1980; Cassinelli et al.
1981), R136 at the core of the giant HII region 30 Dor in

the Large Magellanic Cloud (LMC) is now resolved into hun-
dreds of massive OB stars. VMS have been observed individu-
ally (Massey & Hunter 1998). Analyses of their UV and optical
spectra with non-LTE atmosphere models have established that
the most massive stars of R136 exceed 100 M. Crowther et al.
(2010) claimed masses between 165 and 320 M, for the four
most luminous objects. These values have since been revised
downward (Bestenlehner et al. 2020; Brands et al. 2022), and
the detection of faint companions by Kalari et al. (2022) estab-
lishes a maximum mass of 200 M, for the most massive star.
Near R136, at a projected distance of 29pc, VFTS 682 is
another VMS with an estimated mass of about 150 M. Astrom-
etry indicates that it is probably a runaway star ejected from
R136 (Banerjee et al. 2012; Renzo et al. 2019). The young clus-
ter NGC 3603 in the Milky Way is also dominated by a few
VMS (Crowther & Dessart 1998; Crowther et al. 2010). Its most
massive components reach 150 M, and one of them is a binary
star (Schnurr et al. 2008). The Arches cluster near the Galac-
tic center hosts a rich population of massive OB stars, some
of which reach masses of 120 M, (Martins et al. 2008). In the
Local Group, M33 hosts the giant HII region NGC 604, in which
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several candidate VMS have been identified by Bruhweiler et al.
(2003).

Very massive stars are characterized by spectra that are dom-
inated by wind features. All of them are classified as WNh
objects, that is, Wolf-Rayet (WR) stars of the WN sequence,
showing signs of hydrogen at their surface (Smith et al. 1996).
WR stars are the descendants of OB stars and are chemi-
cally evolved, showing signs of hydrogen and helium burn-
ing. However, despite their spectral classification, VMS are not
genuine WR stars: most of them are main-sequence objects
(Martins et al. 2008; Bestenlehner et al. 2020; Brands et al.
2022). VMS only look like WR stars because of their strong stel-
lar winds, which cause most lines to appear as either P-Cygni
or emission lines. VMS have higher mass-loss rates than their
lower-mass OB counterparts, but the mass loss is comparable
to that of WR stars (Martins et al. 2008; Grifener & Hamann
2008). The proximity to the Eddington limit favors multi-
ple scattering of photons and thus more efficient momen-
tum transfer, leading to higher mass-loss rates (Grifener et al.
2011; Vink et al. 2011; Sander & Vink 2020; Bestenlehner 2020;
Grifener 2021).

The stronger stellar winds of VMS alter their evolution, as
was shown by Grifener (2021). The winds also lead to specific
spectral features (Grifener & Vink 2015). Martins & Palacios
(2022) showed that consistent evolutionary and atmosphere cal-
culations for VMS lead to synthetic UV and optical spectra that
are comparable to those of known VMS. The authors identi-
fied Helr 1640, N1v 1486, and N1v 1720 as features that are
visible in very massive main-sequence objects, but not in nor-
mal OB stars. These features are also seen in normal WR stars,
but at later stages in the stellar evolution. VMS typically live
2-3 Myr (Yusof et al. 2013; Kohler et al. 2015; Chen et al. 2015;
Martins & Palacios 2022), while WR stars produced by single
stars appear after ~3 Myr and are present up to 5—6 Myr in star-
bursts (up to 8 Myr when binarity is involved), depending on
metallicity (Meynet & Maeder 2003, 2005; Schaerer & Vacca
1998; Eldridge et al. 2017). The equivalent width (EW) of

He1r 1640 in VMS can reach 30 A (Martins & Palacios 2022).
VMS can also display HeIl 4686 and C1v 5801-12 emission.
Crowther et al. (2016) built the integrated UV spectrum of R136
from individual spectra. They showed that the UV flux is domi-
nated by the seven most massive stars. In particular, He I1 1640
is only produced by VMS. Martins & Palacios (2022) confirmed
that VMS can drastically modify the morphology of the UV (and
optical) spectra of young starbursts.

Very massive stars have thus caught attention because some
of the broad and intense emission in star-forming clusters might
be explained when they are included in a model. In particular,
He11 1640 is sometimes stronger than any population synthesis
can predict (Leitherer 2020). Population synthesis models usu-
ally incorporate stars only up to 100 M and thus exclude VMS.
The similarity between the observed integrated spectrum of clus-
ters NGC 3125-A1, NGC 5253-5, and II Zw 40-N on one hand
and the VMS in R136 on the other hand caused Wofford et al.
(2014, 2023), Smith et al. (2016), and Leitherer et al. (2018)
to speculate that these clusters might host unresolved VMS.
Martins & Palacios (2022) showed that including VMS in pop-
ulation synthesis models improved the fit of the UV spec-
trum of NGC 3125-Al. Senchynaetal. (2021) argued that
only VMS could explain the strong EW(HeIl 1640) in their
sample of starburst galaxies. To reach this conclusion, they
relied on an updated version of the population synthesis code
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of Bruzual & Charlot (2003), described in Vidal-Garcia et al.
(2017), and they focused on the EW of Helr 1640. The cur-
rent set of BPASS models (Eldridge et al. 2017) incorporates
a partial treatment of VMS: it includes evolutionary tracks for
masses above 100 My, but the synthetic spectra for this mass
range are the same as those of lower mass stars. We show below
that this affects the appearance of starburst regions. Finally, using
updated population synthesis models (see Sect. 4), Mestric et al.
(2023) showed that the intense Hell 1640 and NIV emission
lines of the lensed starburst cluster Sunburst at z = 2.37
(Dahle et al. 2016; Vanzella et al. 2022) can only be explained if
VMS are included in the modeling. Although less numerous than
expected from a simple extrapolation of the IMF, the VMS in
Sunburst contribute an additional 15% of the Lyman-continuum
photons, which boosts the ionizing power of the population. This
stresses the key role that VMS may have played in the early
Universe, where young stellar population are being uncovered
by the JWST close to the reionization epoch (Castellano et al.
2022; Bunker et al. 2023; Atek et al. 2023).

We investigate the presence of VMS in local star-forming
regions. Our primary goal is to identify star-forming regions or
galaxies in which VMS are present and dominate the integrated
UV and optical light. This also implies separating sources dom-
inated by VMS from those dominated by classical WR stars, as
we show below. We stress that our approach likely misses VMS
in regions in which they are mixed with other populations and in
which their number is not sufficient for them to affect the inte-
grated light. Our investigation of VMS in star-forming regions
therefore leads to conservative results. We describe our sample
selection in Sect. 2. We build an empirical classification scheme
to infer the presence of VMS and distinguish them from WR
stars in Sect. 3. We build population synthesis models including
VMS in Sect. 4, where we discuss the shortcomings of current
models. We discuss our results in Sect. 5. We give our conclu-
sions in Sect. 6.

2. Sample and observational data

The best template spectrum for a region hosting VMS sources is
R136 in the LMC (see Sect. 3). In addition, Martins & Palacios
(2022) calculated VMS models that were tuned to a metallicity
of 1/2.5Z,. Because we rely on both sets of spectra (template
+ synthetic) to identify VMS-hosts, we selected sources with
metallicities 12+1log(O/H) = 8.29 + 0.1, which is appropriate for
the LMC. Our primary criterion to build the sample was the
availability of both UV and optical spectroscopic data because
the two spectral regions are necessary to firmly establish the
presence of VMS, as we show below. We compiled star-forming
regions in the local Universe with a metallicity similar to that of
the LMC.

Our sample is a mixture of various star-forming regions,
from clusters to star-forming knots within galaxies and entire
starburst galaxies. We stress that by construction, this sample
is not homogeneous in terms of physical properties, except
for the metal content and their nature (star-forming regions).
The sample includes the starburst clusters NGC 3125-Al,
NGC 5253-5, the giant star-forming region Tol§89-A, and six
H1 regions in M101 (NGC 5447, NGC 5455, NGC 5462,
SIP2007-1, HGGK 1054, and HGGK 1216). Three additional
star-forming complexes in NGC 4214, NGC 4670 and Mrk 33
were included. The rest of the sample includes sources from
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Table 1. Sources, position, metallicity, and reference for metallicity.

Source RA Dec 12+log(O/H)  Reference Distance  Reference
metallicity (Mpc) distance

R136 05384240 -690603.36 8.40 (D 0.0496 (12)
NGC 3125-A1 1006 33.70 —29 56 10.40 8.32 2) 11.5-14.84 (13, 14)
NGC 5253-5 133955.63 -313828.34 8.26 3) 3.55 (15)
Tol 89-A 1401 20.09 -33 04 10.70 8.27 @) 14.7 (13)
NGC 5447S 1402 30.60 5416 09.72 8.30 (&) 6.7 (16)
NGC 5455 1403 01.16 5414 29.16 8.30-8.42 %) 6.7 (16)
NGC 5462S 1403 53.13 5422 06.52 8.25 (&) 6.7 (16)
SIP2007-1 1403 31.30 5421 14.80 ~8.5 o) 6.7 (16)
HGGK 1054 1403 34.00 5418 37.06 ~8.4 o) 6.7 (16)
HGGK 1216 1404 11.21 542518.16 8.18 (&) 6.7 (16)
NGC 4214 12153948 3619 35.36 8.30 6) 2.95 a7
NGC 4670 124517.27 2707 32.13 8.17-8.27 @) 19.6 (18)
Mrk 33 1032 31.81 5424 03.51 ~8.3 ®) 154 (19)
J0036-3333 0036 52.68 —333317.24 8.21 ® 89 ©
JO115-0051/SB49 01 1533.82 —0051 31.20 8.20 (10) 31 (10)
J0823+2806 08235496 2806 21.60 8.28 ) 209 ©)
J0942+0928/SB80 09 42 56.74 09 28 16.20 8.24 (11 46 (11
J1105+4444 110508.16 44 44 47.40 8.23 ® 93 )
J1129+2034/SB179 1129 14.15 2034 52.01 8.28-8.30 9, 10) 21-25 9,11
J1132+1411/SB125 11323535 14 1129.83 8.25 ® 76-78 9, 10)
J1157+3220 115731.68 322030.12 8.43 ) 48 &)
J1200+1343 120033.42 13430795 8.26 ©) 300 )
J1215+2038/SB191 12 1518.60 20 38 26.70 8.30 (11 10 (11)
J1304-0333/SB9 1304 32.27 -033322.10 8.30 (10) 20 (10)
J1314+3452/SB153 13144737 3452 59.81 8.26 ® 13-11 9, 10)
J1428+1653 1428 56.41 1653 39.32 8.33 ® 880 ©
J1525+0757 152521.84 0757 20.30 8.33 ) 343 )

Notes. Columns are the source ID, the right ascension, the declination, the metallicity, the reference for the metallicity, the distance, and the

reference for the distance.

References. (1) Dopita et al. (2019); (2) Hadfield & Crowther (2006); (3) Monreal-Ibero et al. (2012); (4) Sidoli et al. (2006); (5) Esteban et al.
(2020); (6) Kobulnicky & Skillman (1996); (7) Kumari et al. (2018); (8) Méndez & Esteban (2000); (9) Berg et al. (2022); (10) Senchyna et al.
(2021); (11) Senchyna et al. (2017); (12) Pietrzynski et al. (2019); (13) Schaerer et al. (1999b); (14) Mould et al. (2000); (15) Tully et al. (2013);
(16) Freedman et al. (2001); (17) Jacobs et al. (2009); (18) Bottinelli et al. (1984); (19) Tully et al. (2016).

the CLASSY HST legacy survey' as well as five sources from
Senchyna et al. (2017, 2021). These sources are usually star-
forming knots in local starburst galaxies, that is, the size of
the star-forming region is smaller than that of the host galaxy.
For two sources, J1200 and J1428, the spectra are those of the
entire galaxy. Our final sample is made of 27 sources. The full
list together with the measured metallicities (obtained from the
direct method), distances, and references is given in Table 1.

For the sources studied by Senchyna et al., we added their
SB number in their ID (i.e., JO115—-0051/SB49 for source SB49
of Senchyna et al.). In the following, we refer to each source
with SDSS IDs by the first four digits of its ID (i.e., J1105 for
J1105+4444). The metallicities of SIP2007 1 and HGGK 1054
were estimated from the position in M101 and the metallicity
gradient determined by Esteban et al. (2020). For the sources of
M101 in NGC 5447 and NGC 5462, we added an “S” identifier
to specify that the source is the most southern knot in the star-
forming complexes of these regions.

The UV and optical data available for the sample sources
come from various telescopes and instruments. They were
retrieved from science archives or by direct contact with the

! https://www.danielleaberg.com/classy
https://archive.stsci.edu/hlsp/classy

principal investigators of the observations. The list of observa-
tions is given in Table 2, which also includes the spectral res-
olution of the data and references to publications making use
of them. The UV HST data were downloaded from the MAST
archive, and we used them without further processing, that is,
we use the reduced data available in the archives. Some of the
ESO data are science-ready data available from the phase 3
archive, and in those cases, we used them without further pro-
cessing. The FORS data for NGC 3125-A1 are raw data that
were reprocessed with the public pipeline in the esoreflex envi-
ronment (Freudling et al. 2013). Standard reduction was per-
formed, and we extracted the optical spectrum at the position
of cluster Al over a region of 10 pixels, corresponding to 1.25”.
Both the UV and optical spectra encompass cluster Al and A2
(see Fig. 2 of Wofford et al. 2023). A1 dominates the integrated
UV light, but A2 contributes about one-third of the optical flux
near 7200 A (Sidoli et al. 2006). The UVES data of NGC5253-5
were processed with the ESO pipeline in the reflex environ-
ment. Two-dimensional data were created, and the spectrum
of cluster 5 was extracted from these data (in a spatial region
of 6 pixels, corresponding to 0.96”). A MUSE data cube is
available in the archive for J1304. We extracted the spectrum
over a 5-pixel region centered on the target, corresponding to
1”". Similarly, we extracted the optical spectrum of R136 from
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Table 2. Observational data.

Target uv Optical
Source ID Reference  Resolution Source ID Reference Resolution

(A) (A)
R136 HST/STIS 12465 (1) 1.2 ESO/MUSE  0104.D-0084 2) 2.3
NGC 3125-Al HST/COS 15828 3) 0.08 ESO/FORS  074.B-0108 4) 15
NGC 5253-5 HST/STIS 8232 5) 1.8 ESO/UVES  073.B-0283 5) 0.2
Tol 89-A HST/STIS 7513 6) 3.1 ESO/UVES  073.B-0238 (6) 0.2
NGC 5447S HST/COS 15126 0.6 GTC/OSIRIS GTCI14-16A 7) 6.52
NGC 5455 HST/COS 15126 0.6 GTC/OSIRIS GTCI14-16A ) 6.52 (B) and 2.46 (V)
NGC 54628 HST/COS 15126 0.6 GTC/OSIRIS GTCI14-16A (7) 6.52 (B) and 2.46 (V)
SIP2007-1 HST/COS 15126 0.6 SDSS ®) 2.5
HGGK 1054 HST/COS 15126 0.6 SDSS ®) 2.5
HGGK 1216 HST/COS 15126 0.6 GTC/OSIRIS GTCI14-16A (7) 6.52 (B) and 2.46 (V)
NGC 4214 HST/STIS 9036 9, 10) 1.2 HST/STIS 15846 0.56
NGC 4670 HST/COS 15193 (11) 0.08 HST/STIS 15846 0.56
Mrk 33 HST/STIS 9036 9, 10) 1.2 SDSS ) 2.5
J0036-3333 HST/COS 13017 (12,13, 14) 0.073 SDSS ®) 2.5
JO115-0051/SB49  HST/COS 15185 (15) 0.073 SDSS (8) 2.5
J0823+2806 HST/COS 13017 (11,12,13) 0.073 SDSS ) 2.5
J0942+0928/SB80  HST/COS 14168 (16) 0.073 SDSS ®) 2.5
J1105+4444 HST/COS 15840 (13) 0.073 SDSS (8) 2.5
J1129+2034/SB179 HST/COS 15840 (12,13) 0.2 SDSS 8) 2.5
J1132+1411/SB125 HST/COS 15840 (12, 13) 0.073 SDSS 8) 2.5
J1157+3220 HST/COS 15840 (12, 13) 0.073 SDSS ) 2.5
J1200+1343 HST/COS 15840 (12, 13) 0.073 SDSS ®) 2.5
J1215+2038/SB191 HST/COS 14168 (16) 0.073 SDSS 8) 2.5
J1304-0333/SB9 HST/COS 15185 (15) 0.073 ESO/MUSE  0104.D-0199 2.3
J1314+3452/SB153 HST/COS 15840 (12, 13) 0.073 SDSS ®) 2.5
J1428+1653 HST/COS 13017 (12,13, 14) 0.2 SDSS 8) 2.5
J1525+0757 HST/COS 13017 (12,13, 14) 0.2 SDSS ) 2.5

Notes. Columns are the source ID, the source of UV data, the program ID and reference, the UV spectral resolution, the source of the optical data,
the program ID and reference, and the optical spectral resolution. For OSIRIS data, the optical spectra are separated into B and V band and have a

different resolution.

References. (1) Crowther et al. (2016); (2) Castro et al. (2018a); (3) Wofford et al. (2023); (4) Hadfield & Crowther (2006); (5) Smith et al.
(2016); (6) Sidoli et al. (2006); (7) Esteban et al. (2020); (8) Eisenstein et al. (2011); (9) Chandar et al. (2003); (10) Chandar et al. (2004),
(11) Hernandez et al. (2020) (12) Bergetal. (2022); (13) James et al. (2022); (14) Heckman et al. (2015); (15) Senchyna et al. (2021);

(16) Senchyna et al. (2017).

the available MUSE data cube using a 30-pixel aperture (see
below).

All spectroscopic data were manually normalized to the con-
tinuum by selecting regions as free as possible of stellar absorp-
tion or emission lines. In the following, we show that this process
was not obvious when signal-to-noise ratio (SNR) was low. This
affected the measurements of equivalent widths (EW).

Table 2 shows that some data are taken through slits, some
through fibers, and some through integral field units. The geom-
etry of the area that is covered by the observations is thus not
homogeneous. Table 3 provides information on the spatial extent
of the observations in physical units, using the distances listed in
Table 1 and the observational configuration. The information is
given for both UV and optical observations?. Figure 1 shows that
our sample is mostly made of sources with sizes smaller than
1.5 kpc, with a peak near 50-150 pc. This obviously means that
the sample includes a variety of star-forming complexes, from
single clusters to knots that likely contain several star-forming
entities. More information on the morphology of the sample
sources is given in Appendix A. For the sources that are part
of the CLASSY and Senchyna et al. samples, we refer to the
original publications, where images of the regions covered by
the observations can be found. We stress that the observations
focused on specific regions of the host galaxies even in these

2 For STIS data, the sizes were retrieved from the EXTRSIZE (size of
extraction box) and PLATESC keywords of the headers.
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objects. Only for J1200 and J1428 is the entire galactic light
encompassed in the observational entrance feature.

3. Empirical study and classification

In this section, our goal is to use template spectra of star-forming
regions whose stellar content is known to infer VMS in the
integrated light of unresolved star-forming regions. R136 in the
LMC serves as a template for star-forming regions hosting VMS.
Its massive stellar content is known (see Crowther et al. 2016;
Bestenlehner et al. 2020; Brands et al. 2022 for recent studies):
VMS are present, and given the age of the cluster (1-2 Myr),
no classical WR stars are detected. The integrated UV spectrum
of R136 was presented by Crowther et al. (2016). For the opti-
cal spectrum, MUSE observations of the cluster by Castro et al.
(2018a) are available in the ESO archive (see Table 2). We
extracted the spectrum using a circular region of 30 pixels cen-
tered on R136 to cover the same region as the UV spectrum. The
result is shown in Fig. 2. We stress that R136 is much smaller
by far than any of the sources of our sample, and it is there-
fore not representative of their spatial morphology and potential
multicomponent nature (see Table 3). However, this integrated
spectrum is dominated by OB and VMS stars and thus avoids
contributions from WR stars, which are found on larger scales
in the 30 Dor region. Regardless of its spatial morphology, any
source that displays a UV+optical spectrum similar to that of
R136 is thus very likely dominated by VMS, whether another
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Table 3. Physical size and estimated mass of the sample sources.

Source Size UV Size optical Mass Reference
(pc) (pc) (My) for mass

R136 0.5 0.5 <10*70 (D

NGC 3125-Al 139 and 180 70 x 45 and 90 x 58 10>62 (2)

NGC 5253-5 93x%x1.7 56 x24 <1053 3)

Tol 89-A 20 % 35 171 x 100 10%98 — 10548 4)

NGC 5447S 81 198 x 26 - -

NGC 5455 81 165 %26 - -

NGC 54628 81 133 %26 - -

SIP2007-1 81 97 - -

HGGK 1054 81 97 - -

HGGK 1216 81 117 %26 - -

NGC 4214 5x%3 7x3 - -

NGC 4670 238 47x% 19 - -

Mrk 33 20% 15 224 - -
J0036—3333 1078 1294 10877 (5, COS)
J0115-0051/SB49 376 451 1080 (6, SDSS)
J0823+2806 2530 3040 10847 (5, COS)
J0942+0928/SB80 557 669 10610 (7, SDSS)
J1105+4444 1127 1352 10776 (5, COS)
J1129+2034/SB179 254 and 303 305 and 364 10°75 and 10>2° (5, COS) and (7, SDSS)
J1132+1411/SB125 921 and 945 1105 and 1134 1097 and 109 (5, COS) and (6, SDSS)
J1157+3220 582 698 10733 (5, COS)
J1200+1343 3636 4363 10746 (5, COS)
J1215+2038/SB191 121 145 10%° (7, SDSS)
J1304-0333/SB9 242 97 10505 (6, SDSS)
J1314+3452/SB153 158 and 133 189 and 160 10528 and 10*%3 (5, COS) and (6, SDSS)
J1428+1653 10666 12800 10950 (5, COS)
J1525+0757 4157 4989 10913 (5, COS)

Notes. The sizes are those of the region over which the spectrum is extracted. For SDSS and COS data, we give the diameter (3" and 2.5”) at the
distance of the source. For slit spectra, we give the extraction size times the slit width at the distance of the source. Multiple entries separated by a
slash indicate multiple values of the source distance (see Table 1). Columns 2 and 3 correspond to UV and optical data, respectively. The masses
in Col. 4 are taken from the literature. The labels COS or SDSS for masses refer to masses extracted from an SED fitting of photometry in the
COS or SDSS aperture. Masses without a label are for the entire star-forming region.

References. (1) Crowther et al. (2016); (2) Hadfield & Crowther (2006); (3) Smith et al. (2016); (4) Sidoli et al. (2006); (5) Berg et al. (2022); (6)

Senchyna et al. (2021); (7) Senchyna et al. (2017).

type of object is present or not. The presence of VMS is thus
inferred from the spectral resemblance to R136.

Similarly, a template for star-forming regions that host only
WR (and OB) stars but no VMS would be desirable, and for
which integrated UV and optical spectra are available. Unfor-
tunately, an equivalent of R136 like this does not exist for WR
stars.

The giant HII region NGC 604 in M33 hosts a popu-
lation of massive stars that includes WR stars of the WN
and WC subtypes (Conti & Massey 1981; D’Odorico & Rosa
1981; Drissen et al. 1990, 1993). Most stars have been resolved
spectroscopically (Drissen et al. 2008), and some of them have
been placed in an HR diagram (e.g., Eldridge & Relafio 2011).
Terlevich et al. (1996) and Gonzilez Delgado & Pérez (2000)
presented integrated UV and optical spectra covering most of
the massive-star population. NGC 604 thus appears as an attrac-
tive region to serve as a template for a starburst dominated by
WR stars. However, red supergiants are also present in the region
(Terlevich et al. 1996). Finally, Bruhweiler et al. (2003) reported
stars with masses in excess of 100 M. HST STIS spectra of
these objects revealed Hell 1640 emission, as seen in VMS.

Consequently, NGC 604 hosts a mixture of WR, VMS, and red
supergiants, likely indicating an extended episode of star forma-
tion. NGC 604 is thus a good template for studies of unresolved
star-forming regions, but it is not suited for our purpose: both
WR and VMS are present and contribute to the integrated light,
so that NGC 604 cannot serve as a template for a WR-dominated
population.

We therefore relied on templates of other star-forming
regions in which WR stars are suspected, but not directly probed.
Sources dominated by WR features are common among star-
forming galaxies. Brinchmann et al. (2008) compiled hundreds
of them in the SDSS survey’. At the metallicities of interest
here, the giant H1I region Tol89 in the galaxy NGC 5398 stands
out. It hosts several young massive clusters. Region A in these
clusters shows the optical bumps that are attributed to WR stars
(Durret et al. 1985; Schaerer et al. 1999a). The region is made of
four subclusters, Al to A4. Sidoli et al. (2006) showed that WR
features are present in all clusters except for A3, which is more
reddened than the other sources. The authors showed that clus-
ters Al and A4 mainly host WN stars that produce a strong blue

3 http://www.sdss.org
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Fig. 1. Number of sources as a function of the physical size covered
by their UV (solid blue line) and optical (dashed red line) observational
data.

bump and no red bump?, while cluster A2 contains both WN and
WC stars, the latter driving the observed red bump. Using tem-
plate spectra of individual WN5-6 and WC4 stars and adjusting
the number of WN and WC stars, Sidoli et al. built an empiri-
cal integrated spectrum of the region that was able to reproduce
the morphology of the optical WR bumps in Tol89-A (see their
Figs. 13 and 14). Both UV and optical data are publicly available
for this source, and therefore, we used Tol89-A as a reference for
a population dominated by WR stars. The presence of both WN
and WC stars, the two main classes of WR stars, makes it a good
reference template that shows all features that WR stars of differ-
ent types might exhibit. In the following, we show that Tol89-A
and R136 have different spectral morphologies that can be used
to probe the presence of VMS and WR stars (see also Sect. 4.2).

3.1. Classification scheme

We now define the observational criteria based on which we dis-
tinguished between sources dominated by VMS or WR stars. To
do this, we compare in Fig. 2 the UV spectrum and optical WR
bumps of R136 and Tol89-A, our reference sources for the two
cases.

In the UV range, the spectra of the two sources are remark-
ably similar. In particular, the Hell 1640 emission of R136
is very similar to that of Tol89-A: the equivalent width (EW)
of Hell 1640 is larger than ~3 A (taking the uncertainty into
account) in both sources (see Sect. 3.3 and Table B.2). The line
is broad in both sources. Saxena et al. (2020) defined a full width
at half maximum of 1000 km s~ to separate between stellar and
nebular He 11 1640: with a width of about 1500 km s~!, R136 and
Tol 89-A both fall in the first category. R136 and Tol89-A also
have the same N1V 1486 morphology. N1V 1720 is not covered
by the available observations of these sources and was therefore
not used in our classification. We conclude that the UV range

4 The blue bump is caused by N 111 4640, C 111 4650, and He It 4686,
while the red bump is due to C1v 5801-12.
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Fig. 2. Comparison of the observed spectrum of R136 (black) and
Tol89-A (orange). The ions causing the various emission features are
marked by solid lines. The dotted line indicates nebular Hel 5876
emission.

alone is not sufficient to distinguish between sources dominated
by VMS or WR stars.

In the optical range, clear differences appear in the blue
bump morphology. R136 displays a strong He IT 4686 emission
and has basically no N 111 4640+C 111 4650 emission. In contrast,
Tol89-A has an N 11 4640+ C 11T 4650 feature that is as intense as
He 11 4686. The blue bump is thus a key feature for distinguish-
ing sources dominated by VMS from those in which mostly nor-
mal WR stars are present. We stress that we considered relative
line ratios and not absolute line strengths. Leitherer et al. (2019)
showed that the ratio of He 11 1640 to He 11 4686 is rather con-
stant among WR stars at about 8. Because He1l 1640 is very
similar in R136 and Tol89-A, the same might be expected for
He 11 4686. Figure 2 shows that this is not the case: He Il 4686
is weaker in Tol89-A. This is likely due to the underlying stel-
lar populations and/or nebular continuum emission (see below).
However, it is clear that NI 4640+C 11 4650 is as strong as
He 11 4686 in Tol89-A but is much weaker in R136. This specific
qualitative criterion is used below.

The red bump is caused by CI1v 5801-12. In R136, the
two components are narrow and resolved in moderate-resolution
spectra. In Tol89-A, the two components of the doublet are
broadened in the dense stellar atmosphere and merge into a sin-
gle broad feature. A broad emission is thus characteristic of WR
stars, while a relatively weak doublet indicates VMS.

The spectroscopic characteristics of VMS hosts just
described are also observed in individual VMS at LMC metal-
licity. Hainich et al. (2014) studied the properties of WN stars
in the LMC. Apart from the stars in R136, their most lumi-
nous and most massive stars (e.g., BAT99-77 and BAT99-
116) do show a weak NI 4640+C1II 4650 component with
a relatively strong Hell 4686. Because the intensity of the
N1 4640+Cm 4650 emission is partly rooted in the ini-
tial amount of carbon and nitrogen, it is weaker in the LMC
than in the Galaxy. Smith et al. (1996) showed that the ratio
of He1r 4686 to N1II 4640+C 111 4650 in WN stars increased
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with galactocentric radius in the Galaxy, and thus increased
at lower metallicity (see their Fig. 11). Crowther et al. (2023)
reported line luminosities at 4630 A (including N v 4603-20 and
NI 4634-41) and in HeIl 4686 for Galactic and LMC stars.
The 4630/4686 luminosity ratio decreases from 0.58 +0.32 in
the Galaxy to 0.07 £ 0.03 in the LMC for WNS5-7h stars, which
is the typical spectral type of VMS. The morphology of the blue
bump of VMS in R136, that is, a strong HeIr 4686 and weak
N 11 4640+C 111 4650 emission, is thus representative of VMS at
LMC metallicity.

Very massive stars are spectroscopically classified as WNh
stars because they contain a significant fraction of hydro-
gen in their atmosphere (Crowther et al. 2010; Hainich et al.
2014; Bestenlehner et al. 2020). In R136, the analysis of
Bestenlehner et al. (2020) indicates a hydrogen mass fraction of
about 50% for the three most massive stars. This translates into
the presence of a broad stellar He emission, as shown in Fig. 3.
This line could thus be a diagnostic of VMS. However, even if
classical WN stars have less or no hydrogen in their atmosphere,
the analysis of Hainich et al. (2014) indicates that a significant
number of LMC WR stars still contains hydrogen. The pres-
ence of He in classical WR stars is thus possible. In addition,
as shown in Fig. 3, starburst regions often produce very intense
nebular emission, which hinders the identification of any poten-
tial underlying stellar emission. In the case of Tol89-A, any stel-
lar emission, if present, would be weak. It thus appears difficult
to use Ha as an unambiguous diagnostic of VMS versus WR
stars.

In view of these comparisons, we defined the following ten-
tative method for distinguishing between star-forming regions
whose UV and optical is dominated by VMS, normal WR stars,
or none of them at a LMC-like metallicity:

— VMS: He11 1640 is observed in emission, is broad, and has
an EW >3 A. The blue bump shows broad He I1 4686 emis-
sion, but no or very weak NI 4640+C1II 4650 emission.
The red bump is absent or weak, and when present, a double
peak is a clear sign of VMS.

— WR stars: HeIl 1640 is present in emission and is broad.
The blue bump is present, and the blue component is
clearly detected. N1IT 4640+C 111 4650 can be as strong as
He 11 4686. He 11 4686 is broad. When present, the red bump
shows a broad profile.

— no VMS and no WR stars: He 1 1640 is weak, in absorption,
or undetected, and the optical bumps are not detected.

The criterion for the EW of He 1T 1640 relies on the measurement
for R136 and also takes results of the analysis of population syn-
thesis models into account that we present in the next sections:
the current generation of population synthesis models without
VMS do not produce EW(He 11 1640) > 3 A.

3.2. Empirical classification of VMS and WR-hosting spectra

We then proceeded with our classification scheme to tag our
sample sources. The result of our classification is given in
Table 4. In Appendix C we show the spectrum of all sources,
grouped according to their classification. We are able to classify
13 sources as VMS, WR, or no VMS and no WR. In addition
to R136, 2 sources clearly show evidence for VMS (J1129 and
J1200). Six sources are likely dominated by WR stars, and an
additional one source (J1314) is a candidate for the WR clas-
sification. Four sources do not host VMS or WR stars. For the
13 remaining sources, we are unable to provide a clear classifi-
cation. In all of these cases, Hell 1640 is detected. When the
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Fig. 3. Same as Fig. 2 for the Ha line. Nebular emission is indicated by
vertical dotted lines.

other diagnostic lines are detected but do not lead to a clear
classification, the tag “unknown” is used. When all diagnostics
including He 11 1640 are too weak or the SNR is too low, we use
the questionmark as a tag. Two out of these 13 unclear sources
(NGC 3125-A1 and J1215) likely host VMS or WR stars, but
the strength of NIII 4640+C 11 4650 relative to He Il 4686 is
intermediate and does not allow us to separate VMS and WR.

Beyond R136, the two galaxies with clear evidence
for VMS are J1129, previously studied by Senchyna et al.
(2021), who suggested the possible presence of VMS in this
galaxy, and J1200, a compact star-forming galaxy from the
CLASSY sample (Berg et al. 2022). We discuss their properties
below.

We classify NGC 5253-5 as an “unknown” source based on
the narrow width of He Il 1640. Smith et al. (2016) argued that
this cluster hosts VMS based on the presence of Hell 1640,
OV 1371 and the similarity of the UV spectrum to that of R136.
The optical spectrum does not show any N 1T 4640+C 111 4650
emission, which would be in line with our VMS classifi-
cation scheme. However, the morphology of Hell 1640 is
rather different compared to other VMS sources, which have
broader lines. The full width at half maximum of Hell 1640
is about 600kms~! in NGC 5253-5, but reaches 1400 kms™!
in the average spectrum of the VMS sources presented below.
Hence we refrain from assigning the VMS tag to this source.
Hadfield & Crowther (2006) used template spectra of LMC
WNS5-6 and WC4 stars to reproduce the optical bumps observed
in NGC 3125-A1. They showed that their combination of spectra
was also able to produce He 11 1640. Alternatively, Wofford et al.
(2014) argued that the intense Hell 1640 emission can be
matched if VMS are present in the cluster. In our case, we are
unable to firmly distinguish between these two possibilities. The
N1 4640+C 11 4650 component of the blue bump is present,
but much weaker than the He 11 4686 emission. The red bump is
present and is broad, but relatively weak. Hence VMS, WR, or
a combination of both may explain the observed spectral mor-

phology.
A159, page 7 of 26



Martins, F., et al.: A&A 678, A159 (2023)

Table 4. Classification of the sample sources according to the presence of VMS, WR stars, or none of them.

Source He1 1640 Helr 1640 Hel1 4686 N1 4640+C114650  Ci1v 5801-12 Other Classification Literature
emission EW>3A  broad

R136 Yes Yes Yes ‘Weak/absent Weak/double peak VMS

NGC 3125-A1 Yes Yes Yes Medium Weak N1v 1486 VMS or WR WR (1), VMS (2)

NGC 5253-5 Yes No Yes ‘Weak/absent Weak Narrow HeIr 1640 Unknown VMS (3)

Tol 89-A Yes Yes Yes Medium Broad/strong WR WR (4)

NGC 5447S Yes No ? ‘Weak/absent ? He 11 1640 central abs. ?

NGC 5455 Yes No Yes Medium Broad/strong N1v 1720 WR

NGC 5462S No No No ? ? None

SIP2007-1 Yes No Yes Strong ? N1v 1486 & N1V 1720 WR

HGGK 1054 Yes No Yes Strong ? N1V 1486 & N1V 1720 WR

HGGK 1216 Yes No No Weak/absent Absent nebular He 11 4686 ? Unknown

NGC 4214 Yes Yes Yes Absent - Weak He 11 4686 Unknown

NGC 4670 Yes No No Absent - Unknown

Mrk 33 No No ? ‘Weak/absent Weak/absent None

J0036-3333 No No No Absent Absent None

JO115-0051/SB49 Yes No Yes Medium Broad/strong N1v 1486 & N1V 1720 WR VMS? (5)

J0823+2806 Yes No ? Absent ? He 11 1640 central abs. Unknown

J0942+0928/SB80 Yes No Yes Medium? ? ?

J1105+4444 Yes No No Absent Weak/absent ?

J1129+2034/SB179 Yes Yes Yes ‘Weak/absent ? N1v 1720 VMS VMS? (5)

J1132+1411/SB125 Yes No No ‘Weak/absent ? Weak HeIr 1640, central abs. None VMS? (5)

J1200+1343 Yes Yes Yes Weak/absent ? N1v 1486 VMS

J1215+2038/SB191 Yes Yes Yes Medium Weak N1v 1720 VMS or WR VMS? (5)

J1304-0333/SB9 Yes No Yes Strong Broad/strong Weak N1v 1720 WR VMS? (5)

J1314+3452/SB153 Yes No ? Medium Broad Weak N1v 1486, N1v 1720 WR? VMS? (5)

J1428+1653 Yes No No Absent ? ?

J1525+0757 Yes Yes No Absent Weak ?

Notes. See Sect. 3.2 for the definition of the various classes. Columns are source name and classification from this study and the literature.
References. (1) Hadfield & Crowther (2006); (2) Wofford et al. (2014); (3) Smith et al. (2016); (4) Sidoli et al. (2006); (5) Senchyna et al. (2021).
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Fig. 4. Comparison between the average spectrum of VMS and WR
sources in red and black, respectively, excluding the template sources
R136 and Tol 89-A. Nebular lines are marked by gray areas. The region
above 1690 A in the red spectrum comes from J1129 alone because this
region is not available for J1200.

Figure 4 shows the average spectrum of the sources classified
as VMS (two objects) and WR (five objects). The template R136
and Tol 89-A are not included in the average spectra. The mor-
phology of the UV lines is rather similar, and He 11 1640 is slightly
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stronger in the VMS sources. In the optical range, the spec-
tra are relatively noisy. WR sources show N 111 4640+C 111 4650
emission, but this feature is somewhat weaker in VMS sources.
However, the low SNR and the presence of [Fe III] 4658 nebular
emission complicates the comparison. The He IT 4686 line has a
similar strength in both types of sources. The red bump has a broad
emission profile in WR sources. For VMS sources, no broad emis-
sion is detected despite the low SNR. The narrow C IV double peak
is not detected either. Clearly, a higher SNR is required to prop-
erly investigate the morphologies of the optical bumps in VMS-
and WR-dominated sources.

3.3. UV and optical emission line strengths

We now examine the behavior of the main emission lines that
were used for the classification in a quantitative manner. To
do this, we measured the EW of Hen 1640, the blue bump,
He 11 4686, and the red bump using the wavelength ranges listed
in Table B.1. The EW of the N 11 4640+C 111 4650 component
can be obtained from EW(He 11 4686) and EW (blue bump).

The EW measurements have a number of uncertainties. The
main source is the low SNR in some sources. This causes dif-
ficulties in identifying the continuum, and thus in the normal-
ization of the spectra. Spectral resolution introduces some bias
because we work in relatively narrow wavelength ranges in
which only a few data points are available. The nebular lines,
especially in the blue bump, are a problem. Although they are
sometimes clearly identified ([Felrr] 4658, [Ar1v] 4711 see
Fig. 4) their contribution to the observed flux is difficult to con-
strain given the low spectral resolution of most data. This is also
true of nebular He I1 4686 when it is present. We thus estimate
that our EW measurements should be taken with a +1 A uncer-
tainty on average.
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Fig. 5. Comparison between the EW of various lines. Top panel: EW(Hell 1640) vs. EW(NII 4640+C11 4650). Bottom left panel:
EW(N 111 4640+C 11 4650) vs. EW(C1Vv 5801-12). Bottom right panel: EW (N 11 4640+C 111 4650) vs. EW(He 11 4686). Circles show the sample
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is R136. The typical uncertainties on EW measurements are shown by the black cross. The green, orange, and yellow crosses correspond to the
measurements on the average spectra shown in Figs. C.1-C.3, respectively.

With these limitations in mind, we plot EW(He1 1640)
as a function of EW(N1II 4640+C1I 4650) in the top panel
of Fig. 5. Given our classification scheme, these two features
should allow us to separate the different types of sources.
In practice, this is only partly true. Sources dominated by
WR stars are located in the rightmost part of the diagram, at
EW(N 11 4640+C 1 4650) > 2A and EW(He1r 1640)>1.5 A.
The VMS sources (green symbols) are located in the left part of
the region covered by WR sources, with a clear overlap given
the EW uncertainties. They have the same EW(He 11 1640) as
R136 and a somewhat stronger NII 4640+C1I 4650 emis-

sion, although noise is high (see Fig. C.1). The sources for
which a VMS or WR classification is unclear (yellow points)
lie above the VMS and WR sources. The sources in which nei-
ther VMS nor WR stars are identified (black symbols) are found
in the lower left corner. Finally, sources classified as unknown
or tagged with a questionmark lie in between the VMS or WR
sources on one side and the sources without VMS or WR on the
other side. Better spectra (higher SNR and spectral resolution)
would clearly help to refine the position of each source in this
diagram. The EWs of the average spectra shown in Figs. C.1-C.3
are quite clearly separated in the top panel of Fig. 5. In particular,
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the green and orange crosses, corresponding to the average VMS
and WR sources, respectively, do not overlap.

In the bottom left panel of Fig. 5 we show the relation
between EW(N 11 4640+C 11 4650) and EW(C1v 5801-12). The
WR sources have the largest EW(N 11T 4640+C 111 4650) and
show a range of EW(C1v 5801-12) that reaches the highest
observed values. This is consistent with WC stars that have a
strong C1v 5801-12 emission. The WR sources with a small
EW(C1v 5801-12) are likely dominated by WN stars that lack
the red bump feature. The sources without an indication of WR
or VMS are located in the lower left corner of the distribution
of sources. The VMS sources lie in between them and the WR
sources, with little to no N 111 4640+C 111 4650 and C1v 5801-
12 emission. Here again the EWs of the average VMS and WR
spectra are well separated.

The bottom right panel of Fig. 5 shows EW(NII
4640+C 1 4650) versus EW(He 1l 4686). Almost all sources
follow a relation of larger EW(N 11T 4640+C 111 4650) for larger
EW(He 11 4686), with a sequence that extends from sources with-
out VMS or WR to all sources classified as VMS, WR, or uncer-
tain between VMS and WR. In this diagram, the position of
the average VMS and WR sources (green and orange crosses)
overlap partly. The reason is the low SNR of some of the opti-
cal spectra. For instance, J1314 shows an N 111 4640+C 11 4650
component, but its spectrum has an absorption feature short of
4650 A (see Fig. C.2). This affects the EW measurement, which
is about 3 A, similar to that of J1129 and J1200, the two VMS
sources without a clear detection of N 11T 4640+C 11 4650 emis-
sion. In the bottom right panel of Fig. 5, R136 stands out as
a unique object with the largest EW(He 1 4686) and almost
no NI 4640+C111 4650 emission. It may indeed be a pecu-
liar object. It is also the only resolved object of our sample for
which the detailed stellar content is known, however. The com-
panion sources (see the morphologies in Appendix A) could add
an additional stellar continuum that would dilute the blue bump
features and reduce their EWs. Detailed knowledge and a char-
acterization of the stellar population at high spatial resolution is
thus necessary to alleviate potential issues due to crowding.

This analysis of the EWs of several diagnostic lines we
selected for our classification scheme indicates that the differ-
ent types of sources can be reasonably well separated based on
these features. We return to Fig. 5 in the next section when we
discuss population synthesis models.

4. Population synthesis models and comparisons
with observations

We built population synthesis spectra of star-forming bursts
using the same method as in Martins & Palacios (2022, see their
Appendix B). For stars with masses below 100 M, we used the
single-star BPASS models of Eldridge et al. (2017) for a metal-
licity Z = 0.006. To add the contribution of VMS to these pop-
ulations, we relied on the models of Martins & Palacios (2022).
The number of VMS was adopted from a Salpeter initial mass
function (IMF), which we extended to 200 M,. VMS are only
present at ages younger than 2.5 Myr. For a constant star forma-
tion (CSF in the following), we simply added the contribution
of individual bursts. We considered star formation up to 50 Myr.
After 50 Myr, massive stars have disappeared and the UV spectra
of population synthesis models are almost unchanged. In the fol-
lowing, we refer to our population synthesis models that include
VMS as the “VMS models”.

A159, page 10 of 26

1.6 14|’
1.4 12|
1.2 E
1E 1 E E
.8 F 1 3 os8F 3
E LUAE R : \Hen 7 : [av
o bt 1 MY s ,_4yHell P A L\
1460 1480 1500 1640 1660 1700 1720
g T 3 BT
f :'i E Nmcm Eld E
LRVl R 3
15 Hell 1 E 3
E E cv E
0.8 I Ll ) S I—, PP
4650 4700 5800 5850
115 ———
2r 1.4 ]
1.1 E o ]
F [ 1_2 - -
1E 3 b 1E :
,_)955...|....|.E l'...l.lﬂ".‘.l' 03:.. |LINI.V. ]

7100

8800

8550
AlR]

Fig. 6. Comparison of the normalized observed spectrum of R136 in
black with population synthesis models including VMS in color. The
pink, red, and cyan models correspond to an age of 1, 1.5, and 2 Myr,
respectively. The main stellar lines are labeled. The gray dotted lines
are interstellar features.

We compared our models to the BPASS collection’ that
includes binaries because binarity is the main specificity of the
BPASS project (Eldridge et al. 2017). We considered models
with an upper mass limit of 300 My. We discuss the difference
in the treatment of VMS between BPASS and our approach. The
BPASS models that include binaries and stars up to 300 M, were
also chosen because they predict the strongest emission lines of
all the BPASS collection. In addition, we considered the mod-
els of Schaerer & Vacca (1998), which predict the intensity and
EWs of a number of lines in young stellar populations, but not
the detailed spectra. We refer to them as the SV98 models.

We compare these models with the properties of our sample
sources both in terms of spectra and EWs. The latter were calcu-
lated in the same wavelength ranges for the models and observa-
tions (see Appendix B).

4.1. R136 as a sanity check

We first investigated whether our models were able to reproduce
the integrated light of R136. The observed spectrum is shown
in Fig. 6, together with population synthesis models including
VMS up to 200 M. We highlight the UV spectrum and sev-
eral prominent optical lines that are formed in dense stellar
winds. Overall, the agreement is good, especially for the 1.5 Myr
model. In the UV, it reproduces the region near N1V 1486 and
He1r 1640 reasonably well. For the latter, the line morphology
does not match perfectly. The blue absorption and central emis-
sion in the theoretical profile is too strong, but narrower than
observed. This may be caused by an underestimate of the ter-
minal wind velocity, as also seen in the blueward extension of
the C1v 1550 profile. Overall, this results in a slight underes-
timate of EW(He II 1640): 2.7 A versus 3.8 A for the observed
value (see also Fig. 5). The remaining part of the UV spectrum

> We used the models of the release 2.2, https://bpass.auckland.
ac.nz/
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Fig. 7. Observed UV and optical spectra of Tol89-A in black compared to various models including VMS. Left panel: burst of star formation for
ages 1 and 2 Myr in blue and red, respectively. Right panel: CSF models for ages 3, 4, 5, 6, 8, and 10 Myr in blue, cyan, green, gold, orange, red,

and purple.

is well accounted for, in particular, O v 1371. The blue and red
bumps in the optical range are very well reproduced by the
1.5Myr model. We note their sensitivity to age because they
can become much stronger or weaker than observed in 0.5 Myr.
The blue bump is mainly caused by He Il 4686 emission, and
N1 4640 is extremely weak, if present at all for the consid-
ered ages. The HeII lines at 5412 A are reproduced qualitatively,
and the N1V doublet near 7120 A is predicted in emission, as
observed. NV 1240 appears as a strong feature in our model,
but the observed spectrum is severely affected by Lya, and the
exact shape of the line profile is very uncertain. Our models also
predict a strong stellar Ha emission. The 1 and 1.5 Myr mod-
els bracket the observed line profile (on top of which a narrow
nebular component is seen). Interstellar lines are not included in
our modeling, and the absorption part of N vV 1240 is incorrectly
corrected for the broad Lya absorption.

We conclude that our VMS models are able to qualitatively
and most of the time also quantitatively reproduce the main spec-
troscopic stellar features of R136 as a whole. This is also shown
in Fig. B.1 with the solid red line. It represents our burst models
at different ages, starting from 0 Myr near the (0, 0) coordinates.
Each open triangles then corresponds to an increase in age by
0.5 Myr, so that the model at 1.5 Myr is the fourth triangle of
the sequence. This point lies close to the position of R136 in all
figures. None of the other models shown in Fig. B.1 is able to
explain the properties of R136.

For completeness, we also compare the spectrum of Tol89-A
with various models that include VMS in Fig. 7. According to
these models, whether they are for a burst of star formation of
CSF, the presence of VMS systematically leads to a ratio of
He1r 4686/N 11 4640+C 111 4650 that is never matched by any
of the models that include VMS. This supports our classification
scheme even more. Models without VMS are discussed in the
next section.

4.2. Successes and limitations of population synthesis

We now discuss how the various models account for the prop-
erties of our sample sources in addition to R136. Figure B.1

compares the models to observed EWs. Focusing first on the
VMS models, they cross the area in which the VMS sources are
found in the EW(He 11 1640) versus EW(N 1 4640+C 111 4650)
diagram, and extend to the position of the uncertain VMS or
WR sources (yellow points). For completeness, we also con-
sidered the effect of nebular continuum emission. This addi-
tional component barely affects the UV range, but slightly dilutes
the stellar spectrum in the optical range. We added nebular
continuum emission following the classical approach described
in Osterbrock & Ferland (2006). We used their emission coef-
ficients for hydrogen and helium, an electron temperature of
10* K, an electron density of 100cm™ , and no escape of ioniz-
ing photons. A detailed description will be presented in Guibert
et al. (in prep.). The top panel of Fig. B.1 shows that although
individual models are shifted to the left, the global shape of the
line joining each series of models remains the same in the range
of EWs of interest. In other words, continuum emission cannot
explain sources that would have been missed by models without
nebular emission.

A direct comparison between VMS models and the spectrum
of the VMS source J1129 is shown in the left panel of Fig. 8. The
models produce emission in He 1 1640 and He 11 4686 without
any obvious feature at 4640 A or in the red bump, as observed.
He 11 1640 is slightly underestimated by the models, although its
exact shape depends on the somewhat uncertain normalization
due to the wiggles on either side of the emission line. He I1 4686
is bracketed by the 10 and 20 Myr CSF models. N1v 1720 is also
well accounted for by these two models: this is an additional con-
straint compared to R136, where this feature is not covered by
the observed spectrum. The right panel of Fig. 8 shows the com-
parison of CSF models for the other VMS source, J1200. The
conclusions are similar, and the models reproduce most features
relatively well. The observed spectrum is rather noisy in the blue
bump region, although broad N 11 4640+C 111 4650 emission can
be excluded.

The BPASS models are confined to the lower left corner
of Fig. B.1: they only account for a few sources in which
we do not detect VMS or WR stars. In most BPASS models,
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Fig. 8. Comparison of the normalized observed spectrum of the VMS sources in black (left: J1129; right: J1200) with CSF models that include
VMS. The model shown in cyan (yellow and red) has an age of 10 (20 and 50) Myr. The gray areas in the bottom left panel mark the position of

the nebular lines of [Fe I11] 4658, He 11 4686, and [Ar 1v] 4711.

He1r 1640 has a negative EW, that is, it is mostly in absorp-
tion. EW(N HI 4640+C 111 4650) remains below 2 A. In the bot-
tom left panel of Fig. B.1, the BPASS models keep an EW of
He 11 4686 below the values measured in VMS or WR sources.
In contrast, they reach the large EW(C 1V 5801-12) seen in some
WR sources. We thus conclude that the BPASS models lack
some ingredients to reproduce the properties of the VMS or WR
sources of our sample. This is directly visible in Fig. 9, where
we compare all types of models (bursts and CSF) with the VMS
source J1129. None of the BPASS models produces enough
He11r 1640 and He 11 4686 emission. The shape of N1v 1720 is
not reproduced either. We recall that we used the BASS models
with an upper mass limit of 300 M, that is, VMS are included
at least partially (see below).

The SV98 models in the top panel of Fig. B.1 show that the
burst models are almost superimposed on the VMS burst models
for ages younger than 1.5 Myr. The SV98 models reach a max-
imum EW(He I 1640) of about 3 A. Because these models did
not specifically include VMS (but see Sect. 4.3), we used this
value as a conservative threshold to classify sources as VMS
(see Sect. 3.1). The main issue regarding the SV98 models is
that EW(N 111 4640+C 111 4650) remains below ~1.5 A, which
is lower than that of all WR sources. Similarly to the BPASS
models, the intensity of the red bump reaches the level that
is observed in WR sources. This indicates a shortcoming in
the modeling of the N1 4640+C 11 4650 feature of the blue
bump.

The bottom panels of Fig. B.1 show the issue faced by popu-
lation synthesis models more clearly: EW(N 11 4640+ C 111 4650)
is almost always underestimated by the models. The most
extreme of our VMS burst models reaches the highest observed
EWWIN1II 4640+C1r 4650) (see Table B.2), but at the same
time, Hell 4686 (and Hell 1640) is much too strong. Both
the BPASS and SV98 models account relatively well for
the red bump, as also shown in Fig. 9, where a broad
C1v 5801-12 emission is sometimes predicted. They fail to pre-
dict strong N1II 4640+C 11 4650 emission, however. Because
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N1 4640+C 111 4650 is produced in WN, WC, and VMS, but a
strong and broad red bump is mainly caused by WC stars, this
indicates a shortcoming in the treatment of WR stars, especially
WN stars, in the population synthesis models.

4.3. Potential improvements

Eldridge et al. (2017) performed quantitative comparisons
between the strength of the blue and red bumps and the
BPASS models for a range of metallicities and ages. Their
results are shown in their Fig. 28. They identified problems
with their models when they compared their results to the
sources of Brinchmann et al. (2008): the latter have EW(blue
bump) > 8 A, which is not reached by any BPASS model. In
addition, Eldridge & Stanway (2009) performed direct spec-
troscopic comparisons between the BPASS spectra and the
observed spectrum of Tol89-A. Their Fig. 7 clearly shows that
the relatively strong NI 4640 emission is not produced by
the BPASS models, which otherwise give a reasonable fit to
all other emission lines. The BPASS models almost all pro-
duce a net Helr 1640 absorption (in the wavelength range we
used to compute the EW), while our VMS models all have a
net emission, even though stars with masses up to 300 M, were
included in the BPASS models. The difference is that our mod-
els include not only evolutionary tracks for VMS, but also dedi-
cated spectra. Although VMS evolutionary tracks are considered
in BPASS, the spectra used for VMS remain the same as those
for normal OB and WR stars. We attribute the lack of significant
He 11 1640 emission of the BPASS models to this limitation. By
accounting for a peculiar type of evolution for very fast rotat-
ing massive stars (quasi-homogeneous evolution; Maeder 1987),
Eldridge & Stanway (2012) were able to boost the He1mr 1640
emission of their BPASS models without VMS up to a maximum
of 2.7A at Z = 0.008 (see their Fig. 2). Although significantly
stronger than their standard models, this increase is insufficient
to reproduce the sources with the largest EW(HeII 1640), and it
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Fig. 9. Comparison of the normalized observed spectrum of J1129 in black with BPASS models. Left panel: burst models at 3, 4, 5, 6, and
8 Myr in blue, green,yellow, orange, and red, respectively. The models include binaries and an upper-mass cutoff of 300 M,, , as implemented in
Eldridge et al. (2017). Right panel: CSF models at an age of 5, 10, 20, and 50 Myr in blue, green, yellow, and red, respectively.

remains below the threshold of 3 A we established for the VMS
classification.

The SV98 models rely on empirical line luminosities of var-
ious types of WR stars, but using values preceding the recent
revision of Crowther et al. (2023). For WN objects, Schaerer
& Vacca defined two classes: WNL from WN6 to WNO9, and
WNE from WN2 to WN4. WNS stars were not considered. They
excluded objects with low H content from the WNL subclass
and excluded H-rich stars in the WNE subclass. Because VMS
appear to be WN5-7h objects (Crowther et al. 2010), they were
thus partly included in the SV98 models. This is reflected in
the sanity checks that Schaerer & Vacca performed: they com-
pared the number of stars inferred from their line luminosities to
the number of stars in 30-Dor, NGC604, and NGC 3603. They
found excellent agreement. These regions all host VMS clas-
sified as WNS5-7h stars. We thus conclude that the predictions
of SV98 already incorporated part of the contribution of VMS,
although not all of it. This explains their position in the top panel
of Fig. B.1 compared to our new models that include VMS.

We showed in Sect. 4.2 that the strength of
N1 4640+Cm 4650 was underpredicted by almost all
population synthesis models, regardless of whether VMS were
included. We describe several potential reasons for this behav-
ior. First, our VMS models are computed for a given chemical
composition (1/2.5 Zy; Martins & Palacios 2022). VMS quickly
reach the CNO equilibrium, so that the nitrogen content at the
stellar surface reflects the initial carbon content. For higher
initial C/H, the N1II 4640 emission would be stronger. Sec-
ond, the models of Martins & Palacios (2022) did not cover
the entire evolution of VMS. The latest phases are missing.
Although very short (a few 103 yr), these phases correspond to
states in which the stars are more chemically processed, with
barely any hydrogen left. The spectroscopic appearance should
thus be similar to that of normal WR stars that show strong
N1 4640+C 11 4650 emission. The impact of these short (but
bright) phases on population synthesis models remains to be
studied. Additionally, the BPASS models consider WR spectra
only when the surface hydrogen mass fraction of the stellar

models is lower than 0.4. The analysis of LMC WN stars by
Hainich et al. (2014) indicated that in about one-third of them
(30 out of 107), Xy is equal to or higher than 0.4. These objects
are also the most luminous (see Fig. 7 of Hainich et al. 2014).
BPASS might therefore underestimate the contribution of these
H-rich WN stars to the optical bumps, and to the N1IT 4640
emission in particular. The PYPOPSTAR models developed
by Millan-Irigoyen et al. (2021) have the same limitation:
According to Molld et al. (2009), WR spectra are used only
for stars with a surface hydrogen mass fraction smaller than
0.3. This leaves out a number of true WR objects in the LMC.
We state again that Eldridge & Stanway (2009) reported an
example for which the BPASS models missed the emission
in NI 4640+C1ix 4650, likely because of the treatment of
WR stars. Finally, Hadfield & Crowther (2006) reproduced the
optical spectrum of NGC3125-A1 using empirical spectra of
normal WR stars. Their approach did not rely on population
synthesis, but on coadding individual spectra of WN5-6 and
WC4 stars until a match to the observed profiles of the blue and
red bumps was found. They succeeded in reproducing the blue
bump. Hence, the treatment of normal WR stars in population
synthesis models appears to be key to solving the problem of
underpredicted N 11T 4640+C 11 4650 emission.

5. Discussion
5.1. On Ov 1371 as a VMS indicator

In the first part of this paper, we proposed an empirical
scheme to infer VMS and WR stars in young star-forming
regions. Wofford et al. (2014, 2023) and Smith et al. (2016) used
OV 1371 as a complementary diagnostic for VMS in NGC3125-
Al and NGC5253-5, respectively. This feature requires high ion-
ization in stellar atmospheres and thus high effective tempera-
tures. The earliest O stars display strong OV 1371 profiles, with
a P-Cygni shape in the giant and supergiant luminosity class
(Walborn et al. 1985). In addition, oxygen must be present in
sufficient number for OV 1371 to develop. Because oxygen is
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Fig. 10. UV spectrum of galaxies and/or regions hosting VMS (fop) and
WR (bottom) stars. The gray areas show the position of N1V 1486 and
He 11 1640. The cyan area shows the O v 1371 feature.

depleted in the phases that precede helium burning, its surface
abundance decreases from the main sequence to the WR phases.
OV 1371 is thus present in the earliest phases of stellar evolution
of the most massive stars. VMS fit this category.

Given the required conditions to form OV 1371, some WR
stars can also produce it. Niedzielski & Rochowicz (1994) com-
piled low-resolution International Ultraviolet Explorer spectra of
WN and WC stars and showed that O v 1371 is present in WC5-
9 objects (see their Figs. 4 and 11d). Some WN stars also display
it, although the feature is less common in that category because
the oxygen abundance is lower.

In Fig. 10 we show the UV spectrum of the sources we clas-
sified as VMS hosts (top) and WR hosts (bottom). OV 1371 is
clearly identified in the integrated spectrum of R136, which con-
firms that regions with VMS show this feature. Crowther et al.
(2016) showed that OV 1371 is present both in VMS and
non-VMS stars in R136. Ov 1371 is also present in the
other two VMS sources, J1129 and J1200, but the intensity is
weaker. When we inspect the morphology of the WR-dominated
sources, OV 1371 is detected in most sources. SIP2007-1 and
HGGK 1054 show strong OV lines. At the same time, we recall
that the morophology of their blue bump is close to that of
Tol89-A, indicating the presence of WR stars. NGC 5455 has
both O v 1371 and a broad C1v 5801-12 emission (see Fig. C.2),
which is consistent with WR stars. Based on these empirical
comparisons, we thus refrain from including OV 1371 in our
classification scheme because like other UV lines, it may be
present in both VMS- and WR-dominated sources.

5.2. Comparison with other studies of VMS populations

Senchyna et al. (2021) determined whether population synthe-
sis models can consistently reproduce the stellar and nebular
features of star-forming regions. They relied on the Charlot &
Bruzual models (Plat et al. 2019) that incorporate VMS up to
350 M, based on the evolutionary tracks of Chen et al. (2015).
They did not use dedicated VMS synthetic spectra, but relied
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on the spectral libraries of WR stars of Sander et al. (2012) and
Todt et al. (2015). They ran photoionization models with spec-
tral energy distributions (SEDs) from their population models
as input and investigated whether the predicted nebular lines
reproduced the observed features. By doing this and focusing
on nebular lines alone, they found that the models leading to the
best agreement for nebular lines produced stellar UV lines of the
underlying population that were too weak. Adding stellar UV
lines to the global fit (in addition to nebular lines) improved the
fit of stellar UV lines as expected, but at the cost of increasing the
metallicities. At the same time, the ages were on average 7 Myr
younger than when nebular lines alone were considered. When
stellar lines were included in the study, the WR bumps in the
optical spectrum of the underlying population were too strong
(their Fig. 7). Senchyna et al. concluded that the discrepancy can
be resolved by considering an excess of VMS produced by stel-
lar mergers at young ages. These stars could boost stellar wind
lines and relax the need for a higher metallicity. However, this
hypothesis was not tested.

The source for which the stellar lines in the UV and opti-
cal show the largest discrepancy in the sample of Senchyna et al.
(2021) is SB179, J1129 in our case. Their model underestimates
He1 1640 and at the same time overestimates the WR bumps.
Interestingly, J1129 is one of the two sources that we classify as
VMS. We showed in Fig. 8 that a CSF model at about 20 Myr
leads to a good fit of both the main UV lines and the optical
WR bumps. Another source with large discrepancies in the sam-
ple of Senchyna et al. is SB49, JO115 for us. While Senchyna
et al. were able to reproduce the UV lines, the blue bump was
severely overpredicted and the red bump was simultaneously too
weak. We classify JO115 as a WR source, and we argue that tak-
ing not only the UV but also optical lines into account is equally
important to assess the nature of the populations in star-forming
regions. As discussed in Sects. 4.2 and 4.3, an improvement in
the inclusion of WR stars in population synthesis models will
help us to better characterize the problematic sources in the sam-
ple of Senchyna et al.

At present, only a few studies have claimed that VMS are
present in young stellar populations. Wofford et al. (2014, 2023)
and Smith et al. (2016) argued that the strong He 11 1640 emis-
sion together with OV 1371 was a clear signature of VMS in
NGC 3125-Al1 and NGC 5253-5, respectively. In our study, we
were not able to confirm that VMS dominate the UV spectra of
these two star-forming regions. Leitherer et al. (2018) reported
intense He Il 1640 emission of cluster SSC-N in I Zw 40: its
EW =7.1 A is similar to NGC 3125-A1 (using the measurement
from their Fig. 10). The authors discussed the lack of VMS mod-
els in population synthesis to explain that strong He 1T 1640 is not
reproduced by Starburst99 spectra. Mestric et al. (2023) reported
strong UV lines in the young cluster Sunburst at a redshift z =
2.37. Using an independent age estimate from Chisholm et al.
(2019; 2.9-3.6 Myr), they favored VMS as the likely sources of
these intense UV features. In our study, we were able to firmly
classify only two sources (besides R136) as VMS hosts based
on the spectroscopic similarity to R136. Together with the other
investigations listed above, this indicates that VMS are difficult
to identify. On the other hand, our approach is conservative, and
the presence of VMS in more of the sources studied here is not
excluded. For example, ten sources have unknown or uncertain
classification, half of them because the quality of the spectra is
insufficient (see Table 4).

Some recent work also excluded the presence of VMS.
Mayya et al. (2023) studied the ionizing properties of 32 HII
regions of the ring of the Cartwheel galaxy. They reported that
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Charlot & Bruzual population synthesis models (Plat et al. 2019)
in the WR phase can explain nebular line intensities, especially
He 11 4686. However, they did not detect the blue bump emission
inany of the sources, in spite of the expected presence of WR stars.
They explained this behavior by the relatively low metallicity of
the ring region: their estimate is 12+log(O/H) = 8.19 £ 0.15. They
also investigated whether VMS might be hidden because of the
low metallicity, but concluded that they would have produced suf-
ficiently large EW(He 114686) to be detected if they were present.
They thus concluded that VMS were absent from their sample of
H1I regions.

5.3. Properties of VMS-hosting regions and prospects for
VMS searches at other metallicities

Only very few objects clearly show VMS. It is therefore diffi-
cult to determine the conditions that are required to form these
stars. The three objects that we firmly classify as VMS hosts,
however, share several properties that might be indicative. All
objects are young (as indicated, e.g., by their high HB equivalent
widths; see Table B.2), show a high specific star formation rate
(sSFR ~ (10-300) Gyr™!"), and are compact, at least in the UV
(see Cignoni et al. 2015; Senchyna et al. 2017; Berg et al. 2022).
Furthermore, J1200 was selected by CLASSY as an object with
a high electron density (n, > 400cm™), which is very rare at
low redshifts (Berg et al. 2022). This indicates that intense star
formation occurs over short timescales and in fairly compact
and/or dense regions in these VMS-hosting objects. These con-
ditions could indeed favor the formation of relatively massive
star clusters and VMS within them (e.g., Krause et al. 2020).
On the other hand, we do not know if all objects with sim-
ilar relatively extreme conditions host VMS, that is, whether
these conditions would be sufficient to predict the formation of
VMS. Future work, both observationally and from simulations,
is clearly needed to address these questions.

Our study and most of those recalled above focused on
sources with metallicities close to the metallictiy of the LMC.
As explained in Sect. 2, this is driven by the availability of a
unique template: R136. The nature of the individual sources and
the integrated light of that cluster are both known, and its VMS
content has been studied in detail (Crowther et al. 2010, 2016;
Bestenlehner et al. 2020). There is no reason to think that VMS
exist only at LMC metallicity, however. The brightest mem-
bers of NGC 3603 in the Milky Way easily enter this category,
with initial masses of about 150 M, (Crowther et al. 2010). In
the Arches cluster, the current most massive stars have masses
just above 100 My (Martins et al. 2008). The age of the clus-
ter, 2.5 Myr, likely implies that more massive stars have already
disappeared, however. Conversely, VMS probably form at lower
metallicity as well.

If VMS and WR stars are difficult to separate in the UV, it
is mainly because they show the same strong lines that form in
their winds. These winds are radiation driven, and the associated
mass-loss rates weaken at lower metallicity (Krticka & Kubat
2017; Bjorklund et al. 2021; Sander et al. 2020). The predictions
of Sander & Vink (2020) for classical WR stars indicate that the
onset of VMS winds caused by the proximity to the Eddington
limit is pushed at a higher Eddington factor for lower-Z stars
(see their Fig. 11). If this predictions remains valid for H-rich
WR stars such as VMS, this would imply that the strong emis-
sion lines that are seen in VMS at LMC metallicity would appear
only in the latest phases of low-Z VMS evolution. VMS would
thus be more difficult to identify in the integrated light of young

starbursts because their strong lines would be visible for a shorter
time of their entire evolution.

Unfortunately, the prospect of identifying individual VMS
in low-metallicity galaxies of the Local Group is dim. In
the SMC, the most massive stars reach no more than
about 60 M (Castro et al. 2018b; Ramachandran et al. 2019;
Martins & Palacios 2021). The current star formation rate of the
SMC is about one order of magnitude lower than that of the
LMC, and it is comparable to or higher than that of other Local
Group galaxies (see Fig. 11 of Crowther 2019). If VMS form
preferentially in regions with a high star formation rate (which is
not established), then Local Group galaxies are not the best can-
didates to host them. Advances in the understanding of VMS at
any metallicity will thus likely rely on studies of unresolved star-
forming regions. It is therefore important to properly incorporate
VMS in population synthesis models, and to solve the shortcom-
ings of the integration of normal WR stars in these models. These
improvements will be the topics of subsequent publications.

6. Conclusion

We have studied the presence of very massive stars (M >
100 M) in local star-forming regions. We selected starbursts
with metallicities close to that of the LMC (12+log(O/H) =8.3)
to compare them with templates and populations synthesis mod-
els available at that metallicity. Our sample is composed of
27 star clusters and star-forming regions with HST UV and
optical spectroscopy.

To firmly establish the presence of VMS from integrated
spectra of star-forming regions, we have shown that VMS and
normal WR star must be clearly distinguished. This is not fea-
sible with UV data alone, unless independent constraints on
the age of the populations are available. VMS are present dur-
ing the first 2-3 Myr of a starburst, while WR stars appear
after 3 Myr and are seen at ages up to 5-6 Myr. In both cases,
broad and strong HeIl 1640 emission is observed, sometimes
accompanied by N1v 1486 and N 1v 1720 emission and P-Cygni
lines. The optical WR bumps are well suited to separate VMS-
dominated from WR-dominated sources. In the former, the blue
bump is almost exclusively formed by a broad He 11 4686 emis-
sion, while in the latter, the N 11 4640+C 111 4650 component
is present, sometimes as strongly as He 11 4686. The red bump
can be present in some WR-dominated sources and is broad.
In VMS-dominated sources, it is either absent or present in
the form of a narrow double peak. These spectroscopic charac-
teristics were mainly drawn from the comparison of the inte-
grated spectrum of R136 (in which only VMS are present)
and Tol89-A (in which the presence of WN and WC stars was
inferred).

Based on these empirical spectroscopic criteria, we classified
our sources into VMS-dominated (two objects), WR-dominated
(five objects and one candidate), or hosting no VMS and no
WR (four objects). For two additional objects, VMS or WR
are present, but we cannot favor one type of source over the
other with the current data. For the remainder of the sample,
the data do not lead to a clear classification, partly because the
quality (SNR) of the spectra is insufficient. By construction, our
approach provides a conservative classification of sources host-
ing VMS, and establishing the presence of VMS from integrated
spectra of star-forming regions or galaxies is not trivial because
their lifetimes are short and there are fewer of them than in the
total stellar population.
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We measured the EW of Hell 1640 and of the compo-
nents of the blue and red bumps for all sources. We showed
that sources can be relatively well separated into diagrams when
these measurements are combined (e.g., EW(He 11 1640) versus
EW(N 111 4640+C 111 4650)).

We compared the predictions of populations synthesis mod-
els with the measured EW of the sample sources, with special
emphasis on the BPASS models that include binaries and VMS
up to 300 M. These models are unable to produce significant
He 11 1640 emission (i.e., EW(He 1l 1640) remains below IA),
in contrast to the VMS- or WR-dominated sources, for which
EW(He 11 1640) can reach almost 6 A. We attribute this failure to
the use of synthetic spectra, which are not appropriate for VMS.
Incorporating the stellar models of Martins & Palacios (2022),
we showed that the observed EW(He 11 1640) are well repro-
duced. This stresses the need to use dedicated evolutionary mod-
els, atmosphere models and synthetic spectra for VMS.

In the course of comparing predicted versus observed
EWSs, we found that no model (BPASS, SV98, and our own
models) is able to correctly reproduce the intensity of the
N1II 4640+C 111 4650 emission. At the same time, the red bump
is well accounted for. This highlights shortcomings in the inclu-
sion of WN stars in current population synthesis models.

Further optical spectroscopy is required to investigate the
presence of VMS in several of our sources. In particular, high
SNR data are necessary to better quantify the difference in the
morphology of the blue bump in VMS- and WR-dominated
sources. In spite of these limitations, our finding of two clear
examples of VMS-dominated sources (J1129 and J1200) and
earlier studies revealing the possible presence of VMS in several
other H1I regions or galaxies (Woftord et al. 2014; Smith et al.
2016; Senchyna et al. 2017, 2021; Mestric et al. 2023) showed
that VMS are not an exotic phenomenon and that these stars are
likely present in a fraction of star-forming regions. The condi-
tions under which they appear have to be studied with larger
samples. A wider range of metallicities must clearly be explored,
with potential impact for the study of the first starbursts at very
high redshift. This requires the development of dedicated VMS
models and will be the topic of a subsequent publication.
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Appendix A: Spatial morphology of the sources

We show in Figs. A.1 and A.2 optical images of the sources in
M101, NGC 4214, and NGC 4670. They illustrate the morphol-
ogy of the sources (similar images for the other sample sources
are found in Sidoli et al. (2006), Hadfield & Crowther (2006),
Smith et al. (2016), Senchynaetal. (2017, 2021), Berg et al.
(2022)).
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Fig. A.1. Star-forming regions in M101. The red circle shows the posi-
tion and size of the COS aperture (2.5”). All images are B band from
HST, except for HGGK 1216 (V band). North is up, and east is to the
left.
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Fig. A.2. Observed fields in NGC 4214 (top) and NGC 4670 (bottom).
The red circle is the COS aperture, and the orange rectangle show the
STIS aperture. For the latter, the full silt length is not shown (it is out of
the frame). The left (right) panels show U-band (B-band) images. North
is up, and east is to the left.
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Appendix B: Equivalent widths

The wavelength ranges for the EW calculations are given in
Table B.1. We collect the EW measurements in Table B.2. The
EW of N1i1 4640 + C111 4650 is obtained from the difference
between EW(blue bump) and EW(He 11 4686). To estimate the
EW of Hp associated to models, we ran CLOUDY simulations
with an ionizing parameter logU = —2.0 and an electron density
of 200 cm~3. The input SED was that of our population synthe-
sis models, and we assumed an LMC-type chemical composition
for the gas. Our measurements of nebular EW(Hg) usually agree
with those of Senchyna et al. (2021) for the sources in common.
For EW(He 11 1640), we find lower values on average. We used
the same spectra and wavelength range as Senchyna et al. for
EW(He1l 1640) measurements, and therefore, we attribute the
differences to the choice of the continuum. As stated in Sect. 3.3,
this critically affects the EW values.

Table B.1. Wavelength range for the EW calculations.

Line ID Wavelength range
[A]

He1r 1640 1630-1650

He 11 4686 4670-4710

Blue bump 4615-4710

HB 4850-4875

Red bump 5780-5850

Fig. B.1 shows the comparison between models and obser-
vations for the EW of various lines. The models are discussed in
Sect. 4.2.
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Table B.2. Equivalent widths of models that include VMS, and sources.

Model/Source  EW(blue bump) EW(Hen 4686) EW(red bump) EW(Hel 1640) EW(H,B”E””””)

[A] [A] [A] [A] [A]
burst 0 Myr 2.12 1.70 0.75 0.04 698
burst 0.5 Myr 3.51 2.90 225 0.59 681
burst 1 Myr 7.20 6.16 5.87 1.55 661
burst 1.5 Myr 15.18 13.78 1.45 2.73 613
burst 2 Myr 24.79 21.78 1.62 3.69 536
burst 2.5 Myr 40.02 31.29 1.44 7.57 517
CSF 3 Myr 17.95 14.71 3.05 3.07 560
CSF 5 Myr 11.28 9.23 3.93 1.79 419
CSF 8 Myr 8.28 6.67 2.52 0.72 337
CSF 10 Myr 7.93 6.16 2.15 1.06 301
CSF 20 Myr 4.81 3.90 0.66 0.39 220
CSF 50 Myr 3.03 2.51 0.20 0.78 145
R136 13.56 12.48 1.55 3.81 -
NGC 3125-A1 18.71 12.89 1.27 5.54 108
NGC 5253-5 7.89 4.66 3.05 1.58 322
Tol 89-A 7.68 4.10 6.30 3.89 43
NGC 5447S 3.07 4.07 - 1.66 153
NGC 5455 8.78 5.32 3.47 2.35 231
NGC 54628 -0.18 -0.11 343 0.84 278
S1P2007-1 12.26 6.24 0.10 1.77 139
HGGK 1054 10.41 5.88 1.34 2.04 191
HGGK 1216 2.50 1.76 0.66 0.88 120
NGC 4214 1.43 0.87 - 4.51 -
NGC 4670 - - - 0.24 -
Mrk 33 1.98 1.19 0.89 -0.20 32
J0036-3333 0.44 0.69 2.04 -0.21 -
JO115-sb49 7.38 5.16 7.00 1.64 225
J0823+2806 4.32 2.69 3.24 1.27 82
J0942-sb80 8.30 4.72 5.59 1.17 248
J1105+4444 3.31 2.14 2.73 1.99 103
J1129-sb179 7.47 4.85 2.68 3.68 202
J1132-sb125 5.34 2.717 1.04 0.78 149
J1157+3220 3.80 1.89 3.17 1.64 49
J1200+1343 9.78 6.42 1.87 3.32 223
J1215-sb191 13.46 9.32 1.84 4.71 432
J1304-sb9 13.46 6.76 12.12 1.96 171
J1314-sb153 9.43 6.52 4.73 1.95 304
J1428+1653 1.16 0.31 2.07 2.19 43
J1525+0757 1.35 0.63 1.87 3.85 26

Notes. Positive values correspond to emission, and negative values correspond to absorption. The wavelength ranges over which EWs are calculated
are given in Table B.1. The first 12 lines correspond to models, and the following 15 lines correspond to sample sources. The last column is the
EW of the nebular HB line in the observed spectra or the CLOUDY models. See the text for a discussion.
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Fig. B.1. Same as Fig. 5, now including models. The solid lines and open triangles are models for star formation bursts. The dotted lines and open
squares are models for continuous star formation. The red models include VMS (present study), the blue models are BPASS, and the cyan models
are from Schaerer & Vacca (1998). The pink models are the VMS models that include nebular continuum emission.
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Appendix C: Classification

Figs. C.1 to C.6 shows the UV and optical spectra (blue and red
bumps) of our sample sources. We grouped them according to
the classification results, as described in Sect. 3.

5 J1129/SB179

s J1200 4
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Fig. C.1. Spectra of VMS sources, with the average spectrum in red. The template VMS source R136 is not included in the figure, nor is the
average shown. The main stellar lines are highlighted in gray.
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Fig. C.2. Spectra of WR sources, with the average spectrum in red. The template WR source Tol 89-A is not included in the figure, nor is the
average shown. The main stellar lines are highlighted in gray.
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Fig. C.3. Spectra of VMS or WR sources, with the average spectrum in red. The main stellar lines are highlighted in gray.
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Fig. C.4. Spectra of sources with neither VMS nor WR signatures, with the average spectrum in red. The main stellar lines are highlighted in gray.
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Fig. C.5. Spectra of sources with unknown classification. The main stellar lines are highlighted in gray.
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Fig. C.6. Spectra of sources for which the data do not lead to a classification, that is, the sources with a questionmark in Table 4. The main stellar
lines are highlighted in gray.
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