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ABSTRACT

Stellar wind mass loss of massive stars is often assumed to depend on their metallicity Z. Therefore, evolutionary models predict that
massive stars in lower-Z environments are able to retain more of their hydrogen-rich layers and evolve into brighter cool supergiants
(cool SGs; Tex < 7kK). Surprisingly, in galaxies in the metallicity range 0.2 < Z/Z, < 1.5, previous studies have not found a
metallicity dependence on the upper luminosity limit L., of cool SGs. Here, we add four galaxies to the sample studied for this
purpose with data from the Hubble Space Telescope and the James Webb Space Telescope (JWST). Observations of the extremely
metal-poor dwarf galaxy IZw 18 from JWST allow us to extend the studied metallicity range down to Z/Z; =~ 1/40. For cool SGs in
all studied galaxies, including I1Zw 18, we find a constant value of Ly, ~ 107 Ly, similar to literature results for 0.2 < Z/Z, < 1.5.
In IZw 18 and the other studied galaxies, the presence of Wolf-Rayet stars has been previously inferred. Although we cannot rule out
that some of them become intermediate-temperature objects, this paints a picture in which evolved stars with L > 10°° L, burn helium
as hot, helium-rich stars down to extremely low metallicity. We argue that metallicity-independent late-phase mass loss would be the
most likely mechanism responsible for this. Regardless of the exact stripping mechanism (winds or, for example, binary interaction),
for the Early Universe our results imply a limitation on black hole masses and a contribution of stars born with M > 30 M, to its
surprisingly strong nitrogen enrichment. We propose a scenario in which single stars at low metallicity emit sufficiently hard ionizing
radiation to produce He It and C1V lines. In this scenario, late-phase metallicity-independent mass loss produces hot, helium-rich stars.
Due to the well-understood metallicity dependence on the radiation-driven winds of hot stars, a window of opportunity would open

below 0.2 Z,, where self-stripped helium-rich stars can exist without dense Wolf-Rayet winds that absorb hard ionizing radiation.
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1. Introduction

At the end of their lives, massive stars in the Early Universe
might or might not retain their hydrogen-rich outer layers. If
they are destined to lose these layers, they are expected to evolve
into hot, helium-rich stars. These stars emit copious amounts
of high-energy photons (Todt et al. 2015; Kubatova et al. 2019),
which would contribute to the ionization of their surround-
ings. This might help explain observed signatures of ioniz-
ing radiation — for example, He Il and C 1V emission observed
in galaxies from low to high redshifts (Stark etal. 2015;
Senchyna et al. 2019; Saxena et al. 2020; Mingozzi et al. 2022,
2024; Hayes et al. 2025). Current stellar population synthesis
models tend to produce too little ionizing radiation, prompting
recent studies to use blackbody models for explaining observa-
tions (Olivier et al. 2022; Cameron et al. 2024). If winds of hot,
helium-rich stars are dense, most of this ionizing radiation can-
not escape (Sander & Vink 2020). Such dense winds can give
rise to strong emission lines in stellar spectra. Stars showing
this emission are classified as Wolf-Rayet (WR) stars, which

* Corresponding author: aschoot@astro.uni-bonn.de

can affect their host galaxy’s spectral appearance (Conti & Vacca
1994) and evolution (Crowther 2007).

It is sometimes assumed that the hydrogen-rich layers of
stars born more massive than ~35 Mg, fall back into a black hole
(BH) after their supernova explosion (Fryer et al. 2012), though
this remains uncertain (Lovegrove & Woosley 2013; Costa et al.
2021). If the fallback scenario is true, loss of hydrogen-rich
layers before the supernova reduces the masses of BHs that
massive stars can produce. Since BH masses can be measured
from gravitational merger events (Abbott et al. 2016), a redshift-
dependence of those masses could be expected if this mass loss
is metallicity dependent. So far no evidence of such a depen-
dence has been found up to a redshift of 1 (Lalleman et al. 2025),
but future high-sensitivity measurements could provide further
insight.

Unfortunately, for galaxies in the Early Universe, detailed
studies of the individual stars and their mass loss remain
impossible. Fortunately, clues can be found by investigating,
for example, red supergiants (RSGs; stars with thick hydro-
gen envelopes) in nearby metal-poor galaxies. In the sample
studied for this purpose, which includes the Large Magel-
lanic Cloud (LMC), the Small Magellanic Cloud (SMC), M 31,
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and the Milky Way (MW), RSGs exist only up to a lumi-
nosity limit of log(L/Ly) = 5.6. This corresponds to an ini-
tial mass of ~30 Mg (almost independently of the metallicity;
Brott et al. 2011; Georgy et al. 2013; Choi et al. 2016). This so-
called Humphreys-Davidson limit seems independent of metal-
licity — at least down to the metallicity of the SMC where Z =
1/57Zs (Humphreys & Davidson 1979, 1994, 2025; Davies et al.
2018; McDonald et al. 2022; de Wit et al. 2024; Bonanos 2025).

In the same galaxies, a multitude of hot WR stars (which
no longer have thick hydrogen envelopes) have been found
to exist at luminosities of log(L/Ls) > 5.6. See for exam-
ple Rate & Crowther (2020) for the MW; Hainich et al. (2014,
2015), Shenar et al. (2016, 2019) for the Magellanic Clouds;
and Sander et al. (2014), Neugent & Massey (2023) for M 31.
Together, the luminosity properties of WR stars and RSGs paint
a picture in which stars with metallicities down to Z = 1/57Z,
and initial masses of Mj,; 2 30 Mg, lose their hydrogen-rich lay-
ers and evolve into WR stars.

Given that wind mass-loss rates of hot stars depend on metal-
licity (Mokiem et al. 2007; Hainich et al. 2015; Backs et al.
2024), this lack of metallicity dependence in the RSG lumi-
nosity limit has been a long-standing puzzle. It could imply
that mass loss of cooler evolved stars is strong at low
metallicity (e.g., Lamers & Fitzpatrick 1988; Yang et al. 2023;
Schootemeijer et al. 2024). It could also be that internal mixing
(Schootemeijer et al. 2019; Higgins & Vink 2020; Gilkis et al.
2021; Sabhahit et al. 2021) and/or binary stripping (Paczynski
1967; Vanbeveren & Conti 1980; Pauli et al. 2022a) play an
important role.

Here, we aim to further investigate the upper luminosity limit
of stars that retain their hydrogen-rich envelopes. We expand
the sample of galaxies studied for this purpose using archival
data from the Hubble Space Telescope (HST) and, importantly,
extend the explored metallicity range down to 1/40Z; with new
observations of I1Zw 18 (Hirschauer et al. 2024; Bortolini et al.
2024) taken with the James Webb Space Telescope (JWST). We
structure our paper as follows. We discuss observational data of
the dwarf galaxies investigated in Sect. 2. In Sect. 3 we discuss
our methods, and in Sect. 4 we show our results. Finally, we
discuss possible caveats and the implications of our results in
Sect. 5 and present our conclusions in Sect. 6.

2. Data of target galaxies

In this study, we used a variety of archival photometry data.
Infrared observations of I Zw 18 were taken with JWST
(see Hirschauer et al. 2024). From these data, Bortolini et al.
(2024) performed point source extraction and aperture photom-
etry using the software package DOLPHOT (Dolphin 2000;
Weisz et al. 2024). Here we used the Bortolini et al. (2024) cata-
log, adopting the same source selection criteria (e.g., for signal-
to-noise) as described there. From this dataset, we used the data
obtained with the F115W and F200W filters. To test our method,
we also used optical HST data of IZw 18 from Aloisi et al.
(2007), who transformed them to V and / magnitudes.

To expand our sample of dwarf galaxies, we searched the
data archives of the ACS Nearby Galaxy Survey Treasury
(ANGST; Dalcanton et al. 2009) and the Legacy ExtraGalac-
tic UV Survey (LEGUS; Sabbi et al. 2018). These HST obser-
vations were reduced with DOLPHOT (Dolphin 2002), and
the source selection criteria are described in the ANGST and
LEGUS papers. From these data archives, we visually selected
galaxies that appear to have well-populated RSG branches:
NGC 300, NGC3109, NGCS55, and Sextans A from ANGST,
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Table 1. Properties of our target galaxies.

Galaxy DM Distance Ay Z Lref!
[mag] [Mpc] [mag] [Zo]
1Zw 18 31.39 18.2 0.1» /409 TW
SMC 18.9779  0.062 0.359 1/59 9, TW
NGC 5253  27.48M 3.1 0.39 1/39 ™
NGC300  27.36% 3.0 0.159 125™  TW
LMC 18.476™  0.050 (notused)  1/29 9
NGC4395 28.15” 43 039 1 ™
M31 244079 0.761 (notused)  1.5” u)

Notes. ': Lref refers to the work (i.e., TW) in which cool SG luminosities
were measured. References: ©: Aloisi et al. (2007) — ?: Izotov & Thuan
(2016), Hirschauer et al. (2024) — 9: from Lebouteiller et al. (2013) and
from oxygen abundances of Skillman & Kennicutt (1993) compared to
log(O/H)» = 8.75 (Bergemann et al. 2021) — ¥: Graczyk et al. (2020)
— ©: Schootemeijer et al. (2021) — : Venn (1999) — 9: Davies et al.
(2018) — ™: Davidge (2007) — ”: Abril-Melgarejo et al. (2024) —
7: Monreal-Ibero et al. (2012) —®: Rizzi et al. (2006) —? Micheva et al.
(2022) — ™: Gazaketal. (2015) — ™: Pietrzyfiskietal. (2019) —
9): Davies et al. (2015), Patrick et al. (2016), Choudhury et al. (2021) —
P): Thim et al. (2004) —9: based on Ass3nm ~ 0.75 (Nandi et al. 2023) and
A, /Ay from Gordon et al. (2003) —": Cedrés & Cepa (2002)—*: Li et al.
(2021) —: based on Zaritsky et al. (1994) and Bergemann et al. (2021)
—®: McDonald et al. (2022).

and NGC 5253, NGC4395, and HolIl from LEGUS. Further
inspection of the data showed that NGC 3109, NGC 55, Sex-
tans A, and Ho II have about an order of magnitude fewer bright
red sources than the other three dwarf galaxies. Also, in terms of
absolute F814W magnitudes, the brightest RSGs in these galax-
ies are dimmer than in NGC 300, NGC 5253, and NGC 4395 (in
case of Sextans A, by 2 magnitudes). This is in line with their rel-
atively small amount of bright main-sequence stars. Therefore,
we discarded these galaxies, as they are less useful for drawing
statistically significant conclusions. The sample of dwarf galax-
ies from ANGST and LEGUS in the end thus includes NGC 300,
NGC 5253, and NGC 4395.

As such, at sub-SMC metallicities, our sample of galaxies
includes only 1Zw 18. The apparent lack of other metal-poor
galaxies with sufficiently large massive star populations likely
has to do with the positive mass-metallicity correlation in nearby
dwarf galaxies, highlighting the unique nature of IZw 18 (see,
e.g., McQuinn et al. 2020, their Fig. 8).

We did not include the MW, because its individual stars
can suffer from uncertain distances, which would propagate into
uncertain luminosities. However, we included previous stud-
ies that calculated RSGs luminosities in the SMC and LMC
(Davies et al. 2018) and M 31 (McDonald et al. 2022). We com-
pile the properties of the galaxies in our final sample in Table 1.
These include the distance modulus (DM) and distance, the aver-
age visual extinction Ay, and the metallicity. These galaxies
cover a metallicity range of 1/40 < Z/Z, < 1.5.

3. Methods
3.1. Identifying cool supergiants

Often, RSGs are selected with cuts in color-magnitude diagrams
(CMDs). The use of CMD cuts to classify sources in different
target galaxies is hindered by three issues that cause system-
atic shifts: i) different extinction values, ii) different filters (e.g.,
F606W — F814W color instead of F555W — F814W), and iii)
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Fig. 1. Top panels: Extinction-corrected CMDs of SMC sources, based
on IR data (left) and optical VIS data (right). The orange lines indi-
cate the RSG cuts in the IR. The red markers indicate sources classi-
fied as cool SGs, and the blue markers indicate other sources. The four
gray lines represent iso-luminosity lines (Eq. (2)). These iso-luminosity
lines represent log(L/Ly) = 6.0, 5.5, 5.0, and 4.5, where the higher
values are closer toward the top of the plots. At the top of each panel,
gray ticks indicate the temperatures to which they correspond, accord-
ing to the adopted bolometric corrections. In the top left panel, follow-
ing Nally et al. (2024), the arrows parallel to various features indicate
the main sequence (MS), red giant branch, oxygen (O) and carbon (C)
AGB, and the RSGs. Bottom panels: Luminosities calculated in this
work (both in the visual and infrared) as a function of luminosities cal-
culated in earlier work by Davies et al. (2018). The dashed black line
indicates where both luminosities would be identical.

different metallicities, which lead to different effective tempera-
tures. Therefore, we trained a neural network (NN) on SMC data
to identify RSGs, as described below. We began with the source
catalog of Yang et al. (2019), who combined a plethora of pho-
tometric data on evolved SMC stars. From this catalog, we used
2MASS (Skrutskie et al. 2006) and Skymapper (data release 1.1;
Wolf et al. 2018) data (Fig. 1). Specifically, we used cuts in an
IR CMD constructed with 2MASS J and Ky data to identify
RSGs. We adopted the cut separating RSGs and asymptotic giant
branch (AGB) stars from Cioni et al. (2006); we also adopted
Mgs < =5.8 and J — Kg > 0.6 for RSGs (see the top left panel
of Fig. 1).

We applied a 70-30 train-test split to the SMC sample. Next,
we plotted the RSG and non-RSG sources from the training set
in an r — i CMD using the Skymapper data. Then we used the
KERAS TENSORFLOW library (TensorFlow Developers 2022) to
build a NN with two hidden layers of 16 units each. The upper
hidden layer used a “relu” activation function, while the lower
hidden layer and the output layer used a “sigmoid” activation
function. This NN was trained to identify RSGs and non-RSGs
based on their position in the r — i CMD. Here we chose the r
and i filters because they transmit light at similar wavelengths
as the F555W and F814W HST filters, which we consider later
on. We applied the NN to the test data to confirm that it properly

identified RSGs. For the 100 brightest sources in the test sample,
its success rate was 96%.

The trained and tested NN was then used to identify RSGs in
the optical CMDs of NGC 5253, NGC 300, and NGC 4395, com-
piled from optical HST data. We later compare these with mod-
els that have temperatures up to 7 kK, so we extended the color
range in the CMDs down to 0.25. Because this includes not only
RSGs but also yellow supergiants (YSGs), we hereafter refer to
the stars selected by the NN and extended color range as “cool
SGs”. For the purpose of this study, the crucial aspect of the cool
SG selection method is that it includes the highest-luminosity
sources. This is the case, as demonstrated by the CMDs with
highlighted cool SGs (top panels of Fig. 1 and Fig. 2). The cool
SG selection method might perform suboptimally at My,s > —6,
where it appears to include some AGB stars. However, this is
not a concern for our analysis later on, where we include only
sources at log(L/Ly) > 4.6.

Two sources near the log(L/Ly) = 6 line in NGC 4395 were
also initially classified as cool SGs. These sources are bright
enough for astrometric measurements in the Gaia Data Release 3
catalog' (Gaia Collaboration 2023), which indicate that they are
foreground sources (e.g., proper motions in the declination direc-
tion of pmge. = 0.96 £ 0.11 and pmge. = 6.67 £ 0.12, while we
expect proper motions consistent with zero at 4.3 Mpc). Thus,
we do not consider these two sources as bright cool SGs in fur-
ther analyses.

We note that in the optical SMC CMD, we found a few very
red sources (with (r — i)g > 1) classified as cool SGs. Inspec-
tion of the data showed that they are not particularly bright in
the K band, arguing against intrinsically luminous sources suf-
fering from high extinction.

In IZw 18, which has far lower metallicity (~1/40Z;) than
the other galaxies in our sample, no well-defined RSG branch
appears. This is likely a stellar evolution effect, as discussed
in detail later. Because of this, we could not apply the NN to
identify cool SGs in IZw 18. Instead, as an alternative method,
we used evolutionary tracks of 8 Mg with [Fe/H] =—1.7 from
MIST? (Dotter 2016; Choi et al. 2016) to select evolved sources
more massive than 8 Mg (purple lines in the bottom panels of
Fig. 2; these have evolved to near carbon exhaustion). For red-
der sources, we extrapolated the tracks. Again, we excluded
sources bluer than 0.25 mag. As a test, we also applied this MIST
track method to identify cool SGs in NGC 4395, NGC 5253,
and NGC300. Compared to the NN method, we identified
marginally more sources as cool SGs at 4.5 < log(L/Ly) < 5.0,
and, most importantly, we identified the same sources as cool
SGs above log(L/Ly) = 5.0 (our region of interest; Sect4.2).

3.2. Calculating luminosities

To convert the colors and magnitudes from photometric obser-
vations into effective temperatures and luminosities, we used
bolometric correction (BC) tables from MIST (Dotter 2016;
Choi et al. 2016). To begin, we selected effective temperatures in
the range 3 < Ter/kK < 10, a surface gravity of log(gcm ™! s?) =
0, and metallicities that lie closest to the values shown in Table 1
(e.g., [Fe/H] = —0.75 for the SMC). We then fit fifth-order poly-
nomials to obtain 7.g-color relations at the relevant metallicities.
We obtained color-BC relations (e.g., a relation between intrin-
sic F115W — F200W color and BCgygow) in a similar fashion.

! https://gea.esac.esa.int/archive/

2 https://waps.cfa.harvard.edu/MIST/
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We note that for log(g cm™' s?) = 1 we find BCs that are similar
within 0.05 mag.

This allowed us to calculate the luminosity as follows:
log(L/Le) = —0.4(Mabs0 — Mool 0 + BC(color)). 1)
Here, Mawso = my— DM — A, is the intrinsic absolute magnitude
of a source, obtained from the apparent magnitude m, in the red-
dest filter used to construct the CMD, the DM, and the extinction
Ay =Ay-A,/Ay. The values used for DM and Ay are shown in
Table 1; the value for A, /Ay is from Wang & Chen (2019). We
adopted My, o = 4.74 for the solar absolute bolometric magni-
tude.

Similarly, we drew iso-luminosity lines in our CMDs
(Figs. 1, 2). We calculated these using

@)

For IR and visible (VIS) data, we tested our method with
SMC data from Davies et al. (2018), who used photometry to
calculate luminosities of cool SGs in the SMC by integrating
over their spectral energy distributions. The Davies et al. (2018)
catalog provides 2MASS IR photometry. To obtain VIS photom-
etry, we used CDS-xmatch? to cross-correlate the Davies et al.

M s 0(color) = =2.51og(L/Lg) + Mpol,o — BC(color).

3 http://cdsxmatch.u-strasbg.fr/
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(2018) catalog with Yang et al. (2019) catalog, which includes
SkyMapper photometry. Figure 1 shows the correlation between
the luminosity from Davies et al. (2018) and our method. The
black line shows where the values would be equal (i.e., it is not a
linear fit). The standard deviation of the difference in log(L/L)
is 0.05 in the optical and 0.03 in the IR. We conclude that our
method accurately calculates cool SG luminosities, especially
with IR data.

4. Results
4.1. Color-magnitude diagrams

We present optical CMDs of NGC4395, NGC 5253, and
NGC 300 in the top row of Fig. 2. Using the iso-luminosity
lines for navigation, we show that the cool SGs in these galax-
ies are abundant up to log(L/Ls) =~ 5.6, but absent at higher
luminosities. In the bottom left panel of Fig. 2, we show the IR
CMD of 1Zw 18 based on JWST data (Hirschauer et al. 2024,
Bortolini et al. 2024). At the bright end, the IR CMD shows the
same behavior as the higher-metallicity galaxies, with cool SGs
present up to log(L/Ly) ~ 5.6. We discuss these luminosity dis-
tributions in further detail in Sect4.2.

IZw 18 is the most challenging of our target galaxies to study
because it is the most distant. Therefore, we used optical data
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Fig. 3. Luminosity distributions of observed sources (red lines) and
sources in the theoretical population (light blue lines) in six differ-
ent galaxies. The observed SMC and LMC sources are taken from
Davies et al. (2018); for the remaining sources the luminosities are
derived in this work. At the right side of each panel, we list the number
of observed and model population sources with log(L/L) > 5.6, along
with the associated Poisson probability of having this many or fewer
observed sources (given the theoretically predicted number).

from Aloisi et al. (2007) to perform an independent measure-
ment of the luminosities of cool SGs in IZw 18 (lower central
panel of Fig. 2). With the optical data, we find that the brightest
RSG has a luminosity of log(L/Ly) = 5.59. With the IR data,
we obtained almost the same luminosity for the brightest RSG
(log(L/Ls) = 5.57) — a difference of only 0.02 dex. We find this
result encouraging.

4.2. Luminosity distributions

In Fig. 3, we show the observed luminosity distributions (red
lines) of cool SGs in the galaxies discussed in the previous
section. For IZw 18, we consider the luminosities based on the
IR observations from JWST. Additionally, we include the LMC
and the SMC, for which we obtain the cool SG luminosities
directly from Davies et al. (2018).

For each galaxy, we compare this observed luminosity distri-
bution with a model population from BoOST (Bonn Optimized
Stellar Tracks; Szécsi et al. 2022). These BoOST models include
moderate rotation and metallicity-dependent mass loss (rates
from Nieuwenhuijzen & de Jager (1990), scaling with the iron
abundance as (Xge/Xre0)" following Vink et al. (2001)). They
are an extension of the massive star model grid of Brott et al.
(2011). We picked the closest-metallicity models for galax-
ies that have no models tailored for them: SMC models for
NGC 5253, LMC models for NGC 300, and MW models for
NGC4395. We then drew random ages and initial masses, where
the probability for the initial mass is dictated by the Salpeter ini-
tial mass function (IMF) (p o« Mi;iz‘”; Salpeter 1955). We dis-
carded models with T.¢ > 7kK as well as models with a stellar
lifetime shorter than the drawn age. To reduce statistical noise,
we assigned each drawn stellar model a weight of 0.05. We con-
tinued to draw random models until we had the same number as
observed in the luminosity range 5.0 < log(L/Ly) < 54 (e.g.,
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Fig. 4. Third brightest cool SG in various galaxies as a function of
galaxy metallicity. The data points with the labels HST, JWST, SMC IR,
and SMC VIS are from this work. The data points labeled Davies+18
and McDon+22 come from Davies et al. (2018)’s work on the SMC and
LMC, and McDonald et al. (2022)’s work on M 31, respectively. We
note that IZw 18 and the SMC have multiple data points that are similar
within 0.02 dex. The light blue horizontal lines show the third bright-
est cool SG in individual simulations. We performed 20 simulations
per galaxy, and visualize the number density of simulation outcomes
with violin plots. The gray ticks indicate the time-averaged cool SG
luminosities of BoOST SMC models with three different initial masses,
which are similar across the shown metallicity range.

if 20 such sources were observed, we kept drawing until we
obtained 400 theoretical models, each with a statistical weight
of 0.05). We tabulate numbers of observed and predicted cool
SGs in Table A.1. Here, we also provide a minimum star forma-
tion rate (SFR) per galaxy based on its number of observed cool
SGs (“minimum” because stars can also burn helium as hotter
objects). See Appendix A.1 for details.

Comparing the observed and theoretical luminosity distri-
butions, we find very good agreement below log(L/Ly) = 5.4
(except for IZw 18). Above log(L/Ls) = 5.6, the theoretical dis-
tributions contain far more models than observed. The theoret-
ical upper luminosity limits are, in practice, set by the adopted
mass-loss rates, which are lower at low metallicity. Therefore,
the tension with the (nearly constant) observed upper luminosity
limit significantly increases with decreasing metallicity. At the
right side of each panel of Fig. 3, we list the Poisson probabil-
ity ppois to draw as many or fewer cool SGs as observed above
log(L/Ly) = 5.6, given the number expected from the theoret-
ical population. For all galaxies, these Poisson probabilities lie
below 1077, meaning that the absence of observed cool SGs with
log(L/Ly) > 5.6 cannot plausibly be explained by chance.

We discuss the case of IZw 18 in more detail. This is the
only galaxy where the observed and theoretical luminosity dis-
tributions do not match at the low-luminosity end. The number
of observed cool SGs in the range 4.6 < log(L/Ls) < 5.0 (cor-
responding to M, = 15My) is about five times lower than the
models predict. We suspect this to be a stellar evolution effect.
In this scenario, stars born with ~15 M, spend a lower fraction
of their helium-burning lifetime as cool SGs than do stars with
initial masses of ~25 Mg (which have log(L/Ls) ~ 5.4 during
helium burning). In fact, such a stellar evolution effect is present
in the BOoST models, but manifesting at higher luminosity
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(causing the bump around log(L/Ly) ~ 5.8 in the bottom right
panel of Fig. 3). We discuss uncertainties in stellar evolution
models in Sect. 5.2. Due to these uncertainties, we used BoOST
models to test a scenario where all I Zw 18 stars spend a constant
7% of their helium-burning lifetime as cool SGs. This resulted
in a model population harboring approximately ten cool SGs
with log(L/Lo) > 5.6 and an associated ppois = 10~ for draw-
ing none. As such, in this test there is less spectacular differ-
ence between the luminosity distributions of observed and model
populations of bright cool SGs in IZw 18. Still, the absence of
observed cool SGs with log(L/Lg) > 5.6 remains highly unlikely
by chance.

4.3. Trend with metallicity

After calculating luminosity distributions of cool SGs in differ-
ent galaxies, we now investigate possible trends with metallicity.
To do so, we consider the third brightest observed cool SG in
each galaxy and plot it against the metallicity of its galaxy. We
chose to take the third brightest object because one uncertain
object can significantly scatter the upper luminosity limit (see,
e.g., the cases of McDonald et al. (2022) in M31 and the rapidly-
changing object WOH G64 (Levesque et al. 2009; Davies et al.
2018; Ohnaka et al. 2024; Munoz-Sanchez et al. 2024) in the
LMC). Our conclusions would be the same when considering the
brightest cool SG instead of the third brightest. We note that we
included only RSGs from literature studies of the SMC, LMC,
and M 31. Including YSGs would move the observed data point
slightly upward in the LMC, where Humphreys et al. (2023)
found three YSGs with log(L/Ls) = 5.7. No such bright YSGs
were found in the SMC (Neugent et al. 2010), M31 (Drout et al.
2009), and our Fig. 2, where they would lie directly above the
dashed gray line and be easily observable.

The observed metallicity dependence — or lack thereof —
in the cool SG upper luminosity limit is shown in Fig. 4. The
average luminosity of the third brightest cool SG in our sample
galaxies is log(L/Ly) = 5.46 with a standard deviation of only
0.06.

For comparison, we also consider theoretical cool SG pop-
ulations based on BoOST models. Similar to that described in
Sect. 4.2, for each galaxy we drew cool SGs until we had as
many in the range 5.0 < log(L/Ly) < 5.4 as observed (the
only difference here is that each non-rejected model has a sta-
tistical weight of 1). Then, we identified the third brightest cool
SG (orange lines in Fig. 4). We repeated this 20 times for each
galaxy and indicate the probability density of the blue lines with
violin plots. The NGC 5253 simulations tend to have brighter
cool SGs than the SMC simulations because NGC 5253 con-
tains more dim cool SGs. The same models are used for these
galaxies. Other than that, the model populations show a clear
trend, where brighter RSGs are expected to be present in more
metal-poor galaxies. This evidently conflicts with our observa-
tional results, which lack bright cool SGs (log(L/Ly) = 5.6).
We discuss the astrophysical implications of this at the end of
Sect. 5.4.

5. Discussion
5.1. Sensitivity to warm supergiants in | Zw 18

Above, we found no cool SGs with log(L/Ly) > 5.6 or Teg <
7kK in IZw 18. For hotter stars at such luminosities, we are not
able to calculate the luminosities as accurately, but they might
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Fig. 5. Similar to the bottom left panel of Fig. 2, but showing only the
infrared data of IZw 18 and zoomed in on the bluer side of the CMD.
Here, we show iso-luminosity lines extending to bluer colors. The tem-
perature ranges associated with the color intervals bordered by the ver-
tical black lines are listed in the plot. The green hatching highlights the
empty region associated with Ty < 20kK and log(L/L) > 5.6. The red
ticks indicate the absolute F200W magnitudes at which Bortolini et al.
(2024) find a completeness (feomp) of 20%, 50%, 80%, and 95% in
the densest region of I1Zw 18, R1. With black crosses we show typi-
cal observational errors from Bortolini et al. (2024) at absolute F115W
magnitudes of —8, —7, and —6, also estimated for R1.

still appear in the CMD - if they exist. We investigate this further
in this section.

In Fig. 5, we show the blue side of the IR CMD of IZw 18.
We also indicate regimes associated with different temperatures
and luminosities based on the MIST BCs. This figure shows
that also at bluer colors (F115W — F200W > —0.15; temper-
atures of ~20kK and below), the CMD locus associated with
log(L/Ly) = 5.6 remains more or less empty (only a few border
cases appear). The CMD implies the presence of about 25 less-
luminous warm SGs with 5.0 < log(L/Ls) < 5.6. In this part of
the CMD, the completeness is still expected to be on the order
of 50% (Fig. 5; see also Sect. 5.3.2 for further discussions on
completeness). We refrain from making quantitative statements
for bluer sources (hotter than ~20kK) as their inferred luminos-
ity becomes increasingly sensitive to color. At the same time,
errors and completeness progressively worsen with decreasing
brightness in the F200W filter. This analysis shows that the
CMD of 1 Zw 18 lacks a sizable population of bright warm SGs
(log(L/Lg) > 5.6; 7 < Tes /KK < 20).

5.2. Comparison with evolutionary models of | Zw 18

In Fig. 6 we show Hertzsprung-Russell diagrams (HRDs) of var-
ious evolutionary models with a metallicity similar to IZw 18’s.
These include the BoOST models used to synthesize theoret-
ical populations of cool SGs. Additionally, we display PAR-
SEC models (Bressan et al. 2012; Tang et al. 2014, Z = 0.0005)
and Geneva models (Groh et al. 2019, Z = 0.0004, with and
without rotation). Finally, we show BPASS single-star models
(Eldridge et al. 2017) with both Z = 0.0001 and Z = 0.001,
since neither is particularly close to 1Zw 18’s metallicity of
Z = 0.0004 and no models with an in-between value have
been computed. We refrain from showing MIST models (Dotter
2016; Choi et al. 2016), because most downloaded in the mass
range 10-150M,, did not evolve through helium burning. For
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Fig. 6. Hertzsprung-Russell diagrams showing evolutionary tracks with a metallicity similar to IZw 18. The gray numbers indicate the initial
masses of the evolutionary models in solar units. The black ticks indicate the model positions at 0.925, 0.935, ..., 0.995 times the age of the final
model, indicating where helium-burning models spend most of their time. The empty region in the CMD of 1Zw 18 associated with bright warm
sources (log(L/Ly) > 5.6 and 7 < Tes/kK < 20; Fig. 5) is highlighted with an empty green box. The area where we found no bright cool SGs is
highlighted with an empty orange box. The areas where we inferred approximately 25 warm and cool SGs are highlighted with filled green and

orange boxes, respectively.

reference, we show the regions of the HRD that appeared unpop-
ulated according to our CMD analysis of warm SGs (Fig. 5)
and our cool SG luminosity measurements (Sect. 4.2). We also
highlight the HRD regions in which we inferred the presence of
~25 SGs (both warm and cool) in the luminosity range 5.0 <
log(L/Ls) < 5.6.

The evolutionary models differ in helium-burning tem-
peratures, where BoOST models are particularly cooler than
others during this phase. We attribute this to differences
in internal mixing assumptions. Overshooting and (semi-
)convection are known to drastically affect post-MS evolu-
tion (see, e.g., Schootemeijer et al. 2019; Higgins & Vink 2020;
Farrell et al. 2022). Also, rotational mixing (Maeder & Meynet
2000; Heger et al. 2000) could affect the evolutionary paths.
In the range 5.0 < log(L/Ly) < 5.4, PARSEC and Geneva
models only predict cool SGs below 7kK to exist after central
helium exhaustion, which lasts less than 0.1% of their stellar
lifetime. Given our inference of at least 20 cool SGs in that
luminosity range, PARSEC and Geneva models predict tens of
thousands of hydrogen- and helium-burning progenitor stars to
exist. This seems unrealistic, given that their combined luminos-
ity would exceed I Zw 18’s total luminosity of around 108 Lo*.

4 Obtained using Eq. (1), using B = 15.98 from de Vaucouleurs et al.
(1991, 1995) and BC = 0, which should be appropriate for its color of
B -V = 0 (Papaderos et al. 2002) in an order-of-magnitude estimate.

Therefore, Geneva and PARSEC models at [Zw 18 metallicity
probably underestimate cool SG lifetime. In contrast, BoOST
models — seemingly correctly — predict longer cool SG life-
times; however, they overpredict the number of bright cool SGs
(Sect. 4.2). In the BPASS models with Z = 0.001, the blue-
ward evolution is caused by strong RSG mass loss, after which
the mass-loss rates become lower, preventing most models from
evolving into stars hotter than ~20kK. At the metallicity of
I1Zw 18 or lower (Z < 0.0004), none of the sets of evolu-
tionary models shown in Fig. 6 become hot enough to be WR
stars. However, observational evidence for WR stars in IZw 18
(Sect5.3.4) exists.

In theory, the absence of cool SGs with log(L/Ls) > 5.6 in
I1Zw 18 could be a stellar evolution effect unrelated to mass loss.
This scenario requires the following initial mass trend: stars with
Mini < 30Mg produce observed cool SGs, while higher-mass
stars retain their hydrogen-rich envelopes but evolve into hotter
stars with temperatures above 20 kK. However, no set of evolu-
tionary models at [ Zw 18 metallicity exhibits this trend. If any-
thing, they show the opposite: brighter helium-burning models
are cooler (see the black ticks in Fig. 6). These models, how-
ever, remain uncertain, as discussed in the previous paragraph.
If they wrongly predict the temperature trend with mass dur-
ing helium burning, we cannot exclude that M;,; 2 30 M, stars
in [Zw 18 retain their hydrogen-rich layers yet burn helium at
Tegr > 20kK.
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5.3. Possible caveats
5.3.1. Variability:

Our results could be affected by intrinsic variability of cool SGs.
Betelgeuse, for example, is known to display V band magnitudes
ranging from 0.2 < V < 1.0 over the last 15 years, even reaching
V =~ 1.7 during the Great Dimming in 2020 (Jadlovsky et al.
2024). Here, we briefly discuss literature results on variability
of the brightest cool SG in the MW, M 31, and the Magellanic
Clouds.

In the MW, we investigate the five brightest sources from
Messineo & Brown (2019) with epoch photometry® in Gaia DR3
(Gaia Collaboration 2023). We find that the standard deviations
of the Grp magnitudes of these five sources are between 0.05
and 0.25 (with 0.13 as both average and median). The Grp band
has a similar central wavelength as the / band and the F814W
band, which are used to construct Fig. 2. In the Ggp band (central
wavelength similar to the V and F555W bands), the variations
were about twice as large as in the Ggp band.

Beyond the MW, Yang et al. (2018) found that the brightest
RSGs in the LMC have a median absolute deviation of about
0.1 mag in the infrared WIS E1 band. Soraisam et al. (2018) cal-
culated the root mean square deviation (RMSD) from the mean
of the R-band magnitude of RSGs in M 31. Analyzing the five
brightest RSGs in their table I, we find RMSD values in the
range of 0.01 mag to 0.37 mag (median: 0.13, average: 0.16).
Looking into the five brightest RSGs in the SMC, we find that
they have a median dispersion (or variance) in the Grp band of
0.08 mag in the Maiz Apelldniz et al. (2023) catalog. For both
the M 31 and the SMC case, we get similar results when includ-
ing more RSGs.

We conclude that the typical variability of the brightest RSGs
in the Magellanic Clouds, M 31, and MW seems to be on the
order of 0.1-0.15mag, with no clear metallicity trend. This
translates into 0.03-0.05 dex in log(L/Ly), which is too small
to significantly affect our results. Furthermore, in the near-IR,
RSG variability is significantly smaller than at optical wave-
lengths (see Wang et al. 2025, for further discussion), which
adds strength to the luminosities determined with JWST data for
the RSG population of IZw 18.

5.3.2. Crowding and completeness in | Zw 18

At ~18 Mpc, IZw 18 is the most distant galaxy in our sample,
making it prone to crowding issues. This could result in an over-
estimated brightness for individual sources, or it could prevent
sources from being detected. Thus, Bortolini et al. (2024) inves-
tigated errors and completeness in their JWST observations,
which are also used in this paper. To do so, they performed arti-
ficial star tests (ASTs). In short, these ASTs randomly placed
one individual artificial star at a time into the image, with the
probability of its spatial positioning following the observed sur-
face brightness. Different magnitudes were explored. For each
artificial star, the image was reprocessed. The study investigated
how often artificial stars of different magnitudes were recovered.
This provided magnitude-dependent completeness fractions and
errors for a few different regions, from the outskirts of IZw 18
to its dense central area.

Here, we consider the completeness fraction in the densest
region, called R1 (see Fig. 1 of Bortolini et al. 2024). It con-
tains the vast majority of the cool SGs for which we derived
log(L/Lo) > 5. Rl is located in the central part of the galaxy’s

3 https://gea.esac.esa.int/archive/
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main body and has an angular size of about 3.5” (correspond-
ing to ~300 pc at the distance of IZw 18). For comparison, the
angular resolution of JWST is about 0.1”; moreover, the cluster
NGC 330 in the SMC would have a projected diameter of ~0.5”
if it were at the distance of [Zw 18.

Bortolini et al. (2024) estimated via ASTs that R1 has a com-
pleteness fraction of 95% or higher (as also indicated in Fig. 5)
for absolute magnitudes of Mpyoow < —9 (corresponding to
log(L/Lg) = 5 for cool SGs). Therefore, despite the high concen-
tration of sources in R1, the ASTs suggest that the brightest cool
SGs can still be recovered. This result is likely a consequence of
how the DOLPHOT software works: it first identifies the bright-
est sources, rarely missing them. We note that for the data of
Bortolini et al. (2024), no sources — which we would otherwise
classify as cool or warm SGs with log(L/Ly) = 5.5 -in1Zw 18
are rejected by quality cuts (see Sect. 3). We also note that in
R1, Annibali et al. (2013) find similar completeness as a func-
tion of absolute / magnitude for the data of Aloisi et al. (2007)
shown in the lower middle panel of Fig. 2. These high estimates
for the completeness fraction would imply that our main result —
the absence of bright cool SGs — is not strongly affected by com-
pleteness issues. As an additional test, we inspected the JWST
image to search for potential unresolved clusters. We find one
region in R1 with diffuse emission, but in the F200W image its
integrated flux is lower than that of the brightest cool SGs in
R1. Therefore, it is not possible that this diffuse emission region
hosts a cool SG brighter than the brightest ones detected. We
find no other candidates for unresolved clusters hosting bright
cool SGs.

The brightest cool SGs may cluster together much more than
assumed in the ASTs of Bortolini et al. (2024). This could lead
us to overestimate their individual luminosities. While it is dif-
ficult to rule this out, it is worth mentioning that RSGs in the
LMC and M 31 are more isolated than O stars and WR stars
(Smith & Tombleson 2015; Aadland et al. 2018; Martin et al.
2025). Also, inspecting data from Davies et al. (2018) shows that
RSGs in the SMC and LMC are rather evenly spread out.

In Sect. 4.2, we noticed that, in the range 4.6 < log(L/Ly) <
5, IZw 18 contains about five times fewer cool SGs than the
theoretical population. This could be explained in part by the
declining completeness fraction of the observed sources. How-
ever, since the sources in question have absolute magnitudes
of Mpyow = —8 or brighter, where the completeness is still
expected to be around 80%, a lower completeness fraction can
only partially explain this relatively low number.

5.3.3. Reliability of luminosity measurements

Hirschauer et al. (2024) found that some of their brightest
sources are dusty star candidates, for which they adopted a
threshold of F115W — F444W > 0.5. Dust can cause self-
extinction, which, if severe enough, could cause our method to
underestimate stellar luminosities. To investigate if this poses
a potential problem, we looked at SMC and LMC data from
Davies et al. (2018). In these data, we found no obvious corre-
lation between J — WIS E2 color (which uses filters with cen-
tral wavelengths similar to the F115W and F444W filters®) and
visual extinction Ay. This implies F444W excess does not sig-
nificantly affect Ay values. Moreover, to derive cool SG lumi-
nosities in IZw 18 we used F115W and F200W magnitudes,
which are affected much less by extinction than the V band
(Ap200w/Ayv = 0.08 according to Wang & Chen 2019). In addi-

® http://svo2.cab.inta-csic.es/theory/fps/
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tion, [ Zw 18 contains only a small amount of dust (Cannon et al.
2002), as expected given its low metallicity. We conclude that
self-extinction is unlikely to significantly affect the luminosity
measurements based on IR data from JWST.

Apart from self-extinction, variable extinction within a
galaxy could also affect luminosity measurements. The Ay val-
ues found by Davies et al. (2018) for SMC RSGs have a stan-
dard deviation of 0.15 mag. This corresponds to an uncertainty
of 0.06dex in luminosity (less if measurement errors caused
extra scatter). For the galaxies shown in Fig. 2, this uncertainty
is smaller because longer-wavelength filters were used (where
extinction is smaller; Wang & Chen 2019), particularly for the
IR observations of I Zw 18. If the variable extinction in the galax-
ies shown in Fig. 2 is comparable to the SMC (the total Ay values
are comparable or smaller; see Table 1), we do not expect it to
affect our results.

Furthermore, using JWST IR data, we found that the lumi-
nosity of the brightest (and third brightest) cool SG was within
0.02 dex to that obtained from the optical data of Aloisi et al.
(2007). This result would be unexpected if extinction strongly
affected our measurements, or if unresolved nearby main
sequence stars were to significantly contribute to the flux. Also,
our tests in the SMC (Fig. 1) suggest reasonably high accuracy
in our luminosity measurements. Moreover, in the SMC three
different methods (IR CMD, optical CMD, and the results from
Davies et al. 2018) yielded a luminosity of the third brightest
cool SG within 0.01 dex.

The ASTs by Bortolini et al. (2024) discussed in the previous
section suggest that the errors for sources with Mgygow < —8 are
on the order of 0.001 mag. This is too low to significantly affect
the cool SG luminosities we derived.

5.3.4. Star-formation history of | Zw 18

The SFR in IZw 18 is thought to have varied over time, with a
relatively large number of stars forming recently, but some also
around 1 Gyr ago or earlier (Aloisi et al. 2007; Annibali et al.
2013; Bortolini et al. 2024). The recent starburst in 1Zw 18
may have been triggered by the interaction of its main body
with its component C (Kim et al. 2017; McQuinn et al. 2020;
Bortolini et al. 2024). It is, in principle, possible that a recent
halt in star formation caused the absence of the brightest and
most short-lived cool SGs, although this explanation would
require fine-tuning to reproduce the upper luminosity limit of
log(L/Ly) = 5.6, which is also observed in the other galaxies.
In this context, it is relevant that the presence of WR stars —
which are also thought to be luminous helium-burning stars — has
been inferred from the spectra of I Zw 18. Features of WC (WR
stars with strong carbon lines) and WN (WR stars with strong
nitrogen lines) stars have been reported, and it was deduced that
I1Zw 18 hosts some tens of WR stars in total (Izotov et al. 1997,
Legrand et al. 1997; de Mello et al. 1998; Brown et al. 2002).
The exact number of WR stars in [Zw 18 is quite uncertain. First,
these numbers have been calculated using emission line fluxes
per WR star, which are highly uncertain at IZw 18 metallic-
ity (see also Gonzalez-Tora et al. 2025). Second, these numbers
are based on distances of around 11 Mpc, which would result
in roughly three times fewer WR stars than if a more recent dis-
tance determination of 18 Mpc were adopted (Aloisi et al. 2007).
We can speculate that the WR stars in IZw 18 are more
luminous than log(L/Ly) =~ 5.6, based on the following argu-
ments. First, in the MW and its direct surroundings, the lumi-

Table 2. Overview of the types of stars discussed in this paper.

Name Ter [KK] Comment
Cool SG <7 Includes red and yellow SGs
Warm SG 7 to 20
Intermediate Tz 20 to ~50 too hot to detect in I Zw 18;
too cold for He* ionization
Hot He-rich star =50 has lost its H-rich envelope
WR star >50 a hot He-rich star with winds dense

enough to form emission lines

nosity of the dimmest WR star increases with decreasing metal-
licity (Shenar et al. 2020), where log(Lwr, min/Lo) has a value of
4.9 in the MW, 5.2 in the LMC, and 5.6 in the SMC. Second, a
hot stripped star with log(L/Ls) = 5.1, which does not manifest
itself as a WR star, has been detected in the SMC (Goétberg et al.
2023). This further supports the idea that, at low metallicity, WR
stars must be more luminous to drive winds dense enough to
produce the characteristic WR emission lines. In that scenario,
the WR stars in I Zw 18, with log(L/Lg) > 5.6, can be expected
to have higher initial masses and thus shorter lifetimes than the
brightest observed cool SGs (log(L/Ly) =~ 5.6). From this it
would follow that stars younger than the brightest observed cool
SGs do exist in [Zw 18. In that case, the absence of cool SGs
with log(L/Ls) 2 5.6 in IZw 18 is not due to star formation his-
tory; rather, it results from such luminous helium-burning stars
manifesting as different types of objects such as WR stars. We
note that at the metallicity of I Zw 18, a luminosity gap may well
exist between the brightest cool SG and the dimmest WR star. In
that gap, we would expect evolved stars to be hot, helium-rich
stars or intermediate-temperature objects (see Sect. 5.4.2). For
convenience, we provide definitions of different types of stars
we discussed in Table 2.

5.4. Astrophysical implications of the absence of bright cool
and warm SGs

Above, we found no cool and warm SGs in low-metallicity
galaxies with log(L/Ls) 2 5.6, even though we would expect to
see them based on theoretical arguments. Also, the stellar evo-
lution models analyzed here predict that this absence of bright
cool and warm SGs is not a stellar evolution effect.

Apart from 1Zw 18 (Sect. 5.3.4), WR features have also
been reported in the other galaxies we analyzed, where no
cool SGs above log(L/Ly) = 5.6 were found. NGC 5253 is
said to host on the order of 30 to 40 WR stars (Schaerer et al.
1997; Westmogquette et al. 2013). Schild & Testor (1991) and
Breysacher et al. (1997) derived a similar number of WR stars
for NGC 300. Finally, Brinchmann et al. (2008) reported WR
features in the spectrum of NGC 4395. In the SMC, LMC, and
M 31, many WR stars have been observed as individual sources
(Crowther 2007).

To summarize, in the galaxies considered in this study, there
is i) an absence of bright cool SGs, ii) a presence of WR stars,
and iii) evidence that low-metallicity WR stars are expected to
be luminous. Together, this implies that low-metallicity massive
stars born with M;,; = 30 M, evolve into hot stars (T > 7 kK),
in many cases WR stars. In Sect. 5.4.1 we discuss, from a stellar-
evolution point of view, the most likely cause of this behav-
ior. The implications for stellar populations are discussed in
Sect. 5.4.2.
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5.4.1. Implications for stellar evolution

Late-phase metallicity-independent mass loss. When
Humphreys & Davidson (1979) noticed that cool and warm
SGs in the LMC and MW had a similar upper luminosity limit,
they attributed this to mass loss. Specifically, they proposed that
late-phase metallicity-independent mass loss from luminous
blue variable (LBV) stars is at work. This has been supported
by Davies et al. (2018), who investigated cool SGs in the SMC
and LMC. Red supergiant mass loss could play a similar role
(Yang et al. 2023; Zapartas et al. 2025; Antoniadis et al. 2025).
Metallicity-independent mass loss appears a straightforward
explanation for our results in IZw 18, where we find that
the upper luminosity limit for cool SGs is no different than
anywhere else. Unfortunately, mass-loss rates of evolved stars
are difficult to constrain (Smith 2014), making it challenging to
securely confirm or reject this hypothesis.

Several studies advocate a (near-)independence of these
mass-loss rates on metallicity by mechanisms related to,
for example, helium opacity peaks, pulsations, or turbulence
in extended stellar atmospheres (e.g., Goldman etal. 2017,
Jiang et al. 2018; Davidson 2020; Kee et al. 2021; Cheng et al.
2024; van Loon 2025; Pauli et al. 2026). In this context, it
is interesting to mention that the presence of LBV stars has
been inferred in very low-metallicity galaxies, even at metal-
licities comparable to that of 1Zw 18 (Izotov & Thuan 2009;
Pustilnik et al. 2008; Pustilnik & Perepelitsyna 2025).

Internal mixing. It has also been proposed that a combina-
tion of metallicity-dependent mass loss and internal mixing pro-
cesses sets the upper luminosity limit of cool SGs in the Magel-
lanic Clouds and the MW (Higgins & Vink 2020; Sabhabhit et al.
2021; Gilkis et al. 2021; Schootemeijer et al. 2019). However,
this could lead either to metallicity-dependent upper luminosity
limits (Higgins & Vink 2020) or a need to fine-tune the mass-
loss rates to maintain metallicity independence (Sabhahit et al.
2021). For the latter, explaining a constant upper luminosity limit
of cool SGs over the broader metallicity range shown in Fig. 4
(spanning almost 2 dex, compared to the 0.7 dex range they con-
sidered from the SMC to the MW) may be difficult. Gilkis et al.
(2021) found that models with high overshooting values can
explain the observed upper cool SG luminosity limits in the MW,
LMC, and SMC. However, they found that, especially at SMC
metallicity, they predicted too many SGs around 7. ~ 10kK.
This led them to conclude that something was missing in the
physics assumptions in their models.

Rotational mixing could also play a role, in particular
if it is strong enough to induce chemically homogeneous
evolution (CHE; e.g., Brottetal. 2011). Chemically homo-
geneous evolution models remain hot and evolve into hot,
helium-rich stars (potentially with WR-type spectra) rather than
cool SGs. Some of the most hydrogen-poor SMC WR stars
could be consistent with CHE (see, e.g., Martins et al. 2009;
Schootemeijer & Langer 2018; Sharpe et al. 2024; Boco et al.
2025). Therefore, CHE has been invoked to (help) explain the
cool SG upper luminosity limit in the SMC (Ramachandran et al.
2019; Boco et al. 2025). We emphasize that to fully explain
the observed cool SG luminosity limit, all stars above ~30 M
must undergo CHE. However, in the SMC, the properties of
these stars in HRDs (Blaha & Humphreys 1989; Massey et al.
1995; Schootemeijer et al. 2021; Bestenlehner et al. 2025) are
the opposite of what a population CHE models would predict.
The area near the zero-age main sequence in those HRDs, where
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CHE models spend around 90% of their lifetime, is almost com-
pletely void. And at cooler temperatures at which CHE mod-
els spend little to no time, several tens of stars are observed
above the 30M,, track. Another challenge to this CHE sce-
nario is that 90% of massive SMC stars appear to rotate too
slowly to undergo CHE (Boco et al. 2025). Furthermore, CHE
models struggle to simultaneously explain the observed pro-
jected rotation velocity, temperature, and surface abundances of
most SMC WR stars (Hainich et al. 2015; Vink & Harries 2017,
Schootemeijer & Langer 2018; Martins 2023).

Binary interaction. Most massive stars are observed in bina-
ries (Sana et al. 2012, 2025). The luminosity distribution of cool
SGs would be affected by binary interaction if it prevents stars
from evolving into cool SGs. However, a high binary fraction
among all massive stars would then result in a systematic shift
in the cool SG luminosity distribution rather than the observed
drop at log(L/Lg) =~ 5.6. To explain this drop, we see two possi-
bilities. First, the binary fraction could change with initial mass,
where above 30 Mg, it approaches unity, whereas at lower masses
it does not. The second possibility is that the binary fraction is
near unity for all massive stars, but that the outcome of binary
interaction would be different above 30 M, (never cool SGs) and
below 30 Mg, (cool SG production possible).

Whether either of the two explanations works in practice
remains to be seen. Regarding the first explanation, in the
BLOeM sample of massive SMC stars (Shenar et al. 2024), the
binary fraction appears constant and does not increase above
30 Mg, (Britavskiy et al. 2025; Sana et al. 2025; Villasefior et al.
2025; Bestenlehner et al. 2025, Fig. E1 of the latter). These
results are based on nine out of 25 epochs of the survey; we
expect a more definitive result upon its completion. For the
second explanation, at first glance, models of accretor stars
(Schneider et al. 2024) and mergers (Menon et al. 2024) do not
appear to show a sharp transition in the lifetimes of cool SGs
around 30 Mg, It is also worth mentioning that, if binary strip-
ping were the only method capable of removing the outer layers
of evolved massive stars, it would be difficult to explain why
50-60% of WR stars appear to be genuinely single in both the
MW (Deshmukh et al. 2024) and the SMC (Foellmi et al. 2003;
Schootemeijer et al. 2024, see Sect. 7.1 of the latter for a detailed
discussion). Despite these potential challenges, major uncertain-
ties exist in the prevalence of distant and low-mass binary com-
panions, as well as in the physics of mass accretion and merger
processes. This argues against drawing strong conclusions on the
impact of binaries on the observed upper luminosity limit of cool
SGs.

Interpretation and possible implications. All explanations
discussed in this section have their own drawbacks, but, in
our view, metallicity-independent late-phase mass loss would
require the smallest amount of fine-tuning. Therefore, we argue
that metallicity-independent mass loss is the most straightfor-
ward explanation for a metallicity-independent cool SG lumi-
nosity limit (Fig. 4). To solidify this assessment or to disprove it,
we encourage future studies on, for example, binary population
synthesis, mass-loss rates of evolved massive stars at low metal-
licity, or more bias-corrected measurements of binary fractions
of metal-poor WR stars and their hydrogen-burning progenitor
stars.

FRANEC (Limongi & Chieffi 2018) and MIST (Dotter
2016; Choietal. 2016) models adopt late-phase mass loss
of massive stars that is independent of metallicity. If our
interpretation is correct, this assumption is favored over the
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Fig. 7. Diagram illustrating the window of opportunity for the produc-
tion of hard ionizing radiation in our single-star wind-stripping scenario
(highlighted with purple shading). The blue- and red-hatched regions
indicate where dense WR winds and evolution into cool SGs would
prevent the production of hard ionizing radiation, respectively. The val-
ues for minimum WR luminosity (blue line) are taken from Shenar et al.
(2020) and the He star and WR transition in orange are the points where
Sander & Vink (2020) predict the onset of multiple scattering (7 = 1),
below which winds are expected to be weak.

metallicity-dependence of late-phase mass loss in the PARSEC
(Bressan et al. 2012; Tang et al. 2014), Geneva (Georgy et al.
2013; Groh et al. 2019), and Bonn models (Brottet al. 2011;
Schootemeijer et al. 2019; Szécsietal. 2022). Some studies
assume that hydrogen-rich layers of stars with initial masses
above 30 My would end up in their BH remnants (Fryer et al.
2012). If instead their hydrogen-rich layers are shed even at low
metallicity, this would also set a limitation on their final stel-
lar masses before core collapse and, therefore, on BH remnant
masses (see, e.g., Schootemeijer et al. 2024, their Fig. 10).

5.4.2. Implications for He*-ionizing emission from stellar
populations

For real stellar populations, the important question is whether
massive stars evolve into hot, helium-rich stars, rather than
whether, for example, binary or wind stripping is at work. Below
we discuss potential consequences for ionizing radiation and
chemical evolution in galaxies for a scenario in which low-
metallicity stars born more massive than ~30 Mg, evolve into hot,
helium-rich stars.

Previous studies (Szécsi et al. 2015, 2025; Kubdatova et al.
2019) have already proposed that massive stars with IZw 18
metallicity could become hot enough to produce hard ionizing
radiation, while their low metallicity prevents them from launch-
ing dense winds. In their scenario, massive stars undergoing
extremely rapid rotation experience CHE induced by efficient
rotational mixing. Here, we propose a similar scenario, but one
in which wind-stripping, rather than CHE, creates the hot stars
with weak winds that allow hard ionizing radiation to escape
the stellar wind, and thereby lead to emission in, for exam-
ple, Hell and C1v. This wind stripping would be achieved by
late-phase metallicity-independent mass loss (as in models from
Limongi & Chieffi 2018; Pauli et al. 2026, and see Sect. 5.4.1).

We illustrate this scenario in Fig. 7. The figure shows where
we expect single stars to produce hard ionizing radiation as a
function of metallicity and luminosity. Since our findings and
those in the literature imply that cool SGs (which are too cool
to produce hard ionizing photons) exist up to a metallicity-

independent upper luminosity limit, we cross out the area with
log(L/Ly) < 5.6. Furthermore, Sander & Vink (2020) pre-
dict that the onset of optically thick WR winds can dramati-
cally reduce the He*-ionizing flux (by a factor of 10'°; their
Fig. 22). We thus also cross out the part in Fig. 7 where WR
winds are expected for hot, helium-rich stars. Observations show
that the onset of the WR phenomenon is metallicity dependent
(Hainich et al. 2014, 2015; Hamann et al. 2019; Shenar et al.
2020). We adopt the minimum WR luminosity from Shenar et al.
(2020) and extrapolate outside of their considered metallicity
range. It is reassuring that, apart from a slight offset, the result
of this extrapolation is similar to boundary between helium stars
and WR stars in wind models from Sander & Vink (2020). This
metallicity dependence of the onset of WR winds would intro-
duce a window of opportunity for the production of hard ionizing
radiation at log(Z/Z) < 0.75. This is marked with purple shad-
ing in Fig. 7. We provide a rough estimate for the rate at which
He™ ionizing photons could be emitted in this window of oppor-
tunity:

-1
O(He") = max[-2.1-10%' (10g(Z/Z5)+0.75), 0] s~ (%) .3

Equation 3 is scaled to an SFR of 1 M/yr, and it is based on the
IMF of Kroupa (2001) and the models of Sander & Vink (2020).
See Appendix A.1 for details.

Our scenario has a few caveats. First, in some cases,
WR stars might emit more He*-ionizing photons than mod-
els by Sander & Vink (2020) suggest (Sander etal. 2025;
Gonzalez-Tora et al. 2025; Sixtos et al. 2023). Second, our sce-
nario relies on helium-burning massive stars in 1Zw 18 with
log(L/Ly) > 5.6 evolving into hot, helium-rich stars, whereas
we have only shown their absence up to ~20kK. It could be
that some helium-burning stars with M;,; = 30 Mg evolve into
intermediate-temperature objects instead (such cases have been
reported in binary systems: one by Pauli et al. (2022b), and four
dimmer counterparts at log(L/Ly) < 5.0 by Ramachandran et al.
(2023, 2024)). Also, since about 70% of massive stars are
thought to be in binaries (Sana et al. 2012, 2025), binary strip-
ping could produce the majority of hot and luminous helium-rich
stars above log(L/Ly) = 5.6 while also contributing at lower
luminosities (Gotberg et al. 2018; Hovis-Afflerbach et al. 2025).

On the other hand, the number of binary-stripped stars
at low metallicities might be relatively low if low-Z stars
tend to stay compact until the late helium-burning phase
(Hovis-Afflerbach et al. 2025). Also, Sanaetal. (2012) esti-
mated that only 30% of massive stars undergo binary stripping,
whereas Schiirmann & Langer (2024) found that binaries might
be even more likely to merge upon interaction than previously
thought. Therefore, it is plausible that wind stripping is more
important than binary stripping for producing luminous helium-
rich stars at low metallicity. This is corroborated by the case
of the SMC, which hosts five binary WR stars and seven sin-
gle ones (Foellmi et al. 2003; Schootemeijer et al. 2024). More-
over, an advantage of the wind-stripping scenario is that it does
not rely on CHE, which has not been proven to occur in nature
(Sect. 5.4.1).

Popular spectral synthesis tools for stellar populations rely
on the evolutionary models discussed in Sect. 5.2 (BPASS
(Eldridge et al. 2017), and Geneva models in case of Star-
burst99; Leitherer et al. 1999, 2014). As such, these codes are
built on single-star tracks that do not well represent massive stel-
lar evolution at IZw 18 metallicity, and, in fact, entirely over-
estimate the number of cool and/or warm SGs. While BPASS

Al16, page 11 of 16



Schootemeijer, A., et al.:

can account for binary interaction, it does not include the sharp
decrease in wind mass loss below the single-scattering limit
n = 1 that Sander & Vink (2020) predict. BPASS can even
predict lower ionizing photon emission rates at low metallic-
ities than Starburst99 (see below). If all low-metallicity stars
with M;,;; = 30M,; can instead evolve into hot stars with
weak winds, then their predicted emission rates of hard ion-
izing photons from spectral synthesis codes could be signifi-
cantly underestimated. We investigate this below for the case
of IZw 18.

5.4.3. Implications for He*-ionizing emission in | Zw 18

By measuring the integrated narrow-line HelII emission of
I1Zw 18, Kehrig et al. (2015) estimated that its ensemble of ion-
izing sources emits He*-ionizing photons at a rate of Q(He*) =
1.3-10°°s7!. They concluded that an unrealistically large pop-
ulation of WR stars (more than 400) is required to explain this
number. For a weak-wind helium star around log(L/Ls) = 6, a
value close to Q(He™) = 10%s7! is expected (Sander & Vink
2020). Explaining the inferred He*-ionization emission rate in
1Zw 18 would require only about 20 of such stars, which appears
consistent with our findings on the expected number of helium-
burning stars in Sects. 4.2 and 5.1.

We now compare this to the predicted He*-ionizing emission
rate of I Zw 18 from spectral population synthesis codes. Adopt-
ing the recent SFR of 0.6 My/yr from Bortolini et al. (2024),
Starburst99 predicts Q(He') ~ 2.5-10°s™! (Leitherer et al.
1999, their Fig. 82¢), while BPASS predicts Q(He*) ~ 1.5 -
100 s~! (Stanway et al. 2016, their fig 11). For both predictions,
we used the lowest-metallicity underlying models (Z = 0.001)
and note that this metallicity is higher by about a factor of 3
than that of IZw 18. In Starburst99, the He*-ionizing photons
are produced by wind-stripped WR stars born with 85M, or
more (models from Meynet et al. 1994), while in BPASS, they
mostly come from binary-stripped stars and accretor stars under-
going CHE following spin-up triggered by binary mass transfer
(Eldridge et al. 2011; Stanway et al. 2016).

This good agreement between the He*-ionizing emission
rates from observations in 1Zw 18 and the theoretical predic-
tions of BPASS and Starburst99 does not signal a need for extra
emission by weak-wind self-stripped stars (purple shading in
Fig. 7). However, those theoretical values are proportional to
the SFR, which, in the case of Bortolini et al. (2024), is based
on PARSEC models. As seen in Sect. 5.2, these models likely
strongly underestimate cool SG lifetimes at IZw 18 metallic-
ity, which would lead to an overestimated SFR. Similarly, the
value of ~1 Mg/yr from Annibali et al. (2013) is based on evo-
lutionary models from Fagotto et al. (1994) that live as cool
SGs only briefly (i.e., during carbon burning). In Appendix A.1,
we find a minimum SFR of 0.019 My/yr for 1Zw 18, assum-
ing that the 28 observed cool SGs at 5.0 < log(L/Ls) < 5.6
are in a helium-burning phase lasting 7% of their lifetime. If
the true SFR of 1Zw 18 were closer to this value, BPASS and
Starburst99 could underpredict Q(He*) by about a factor 10,
and extra sources of this emission would indeed be required.
According to Eq. (3), the SFR matching the Q(He™) value
from Kehrig et al. (2015) would be ~0.06 My/yr, implying that
a lower SFR can also account for the extreme ionizing pho-
ton conditions in I Zw 18. Future short-wavelength observations
of massive MS stars in IZw 18 may provide a less model-
dependent value of its SFR. This would give vital clues for our
self-stripping scenario, as well as for Starburst99 and BPASS
models.
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5.4.4. Implications for nitrogen abundances in high-redshift
galaxies

Puzzlingly, high nitrogen abundances and [N/O] ratios have
been observed in high-redshift low-metallicity galaxies
(e.g., Bunkeretal. 2023; Cameronetal. 2023; Arellano-
Cérdova et al. 2025). Vink (2023) argues that CNO-processed
winds of very massive stars (M > 100Mg) are a compelling
explanation for these high nitrogen abundances. According to
Vink (2023), alternative explanations have different drawbacks:
AGB (Timmes et al. 1995) stars cannot explain the observed
Na-N anticorrelation; supermassive stars (M > 1000 Mg
Nandal et al. 2024a) and stars undergoing rotationally induced
CHE (Roy et al. 2021; Nandal et al. 2024b, see also Sect. 5.4.1)
have never been directly observed; and stars with M < 100 M,
have too weak winds. If the absence of bright cool SGs above
~30M, at low metallicities is indeed caused by the loss of
their hydrogen-rich layers (either via winds or inefficient binary
mass transfer, including those that are CNO-processed), then
stars above this mass limit could also contribute to the observed
nitrogen enrichment in high-redshift galaxies.

We estimated the potential relative contribution to nitrogen
enrichment from stars in the initial mass range 30...100 Mg
compared to very massive stars. For this purpose we investi-
gated a model with M;,; = 32M, from Schootemeijer et al.
(2019), with semi-convection and overshooting parameters of 1
and 0.33, respectively, that had just completed central hydrogen
burning. We find that it has about 7 M, of hydrogen-rich layers
in CNO equilibrium (i.e., the difference between the masses of
the inner mixing regions at the start and end of core hydrogen-
burning phase). We compared this to a similar model of M;,; =
100 Mg, and find ~28 M, of hydrogen-rich layers in CNO equi-
librium, a proportionality of oc M, . I 18 . Combining this with the
IMF of Kroupa (2001) and mtegratmg, we find that stars born
with 30...100Mg could contribute as much as very massive
stars above Mj,; = 100 Mg if the upper mass limit in nature
were 280 Mg, (in reality, it might be higher or lower and depend
on metallicity). From this rough estimate we conclude that, if
very massive stars can drive nitrogen enrichment in high-redshift
galaxies, stars with M, = 30...100 Mg may also significantly
contribute.

6. Conclusions

In this study, we used archival HST and JWST photometry data
of four dwarf galaxies to derive the luminosity distributions of
their cool SG (T.g/kK < 7) populations. We combined this sam-
ple with cool SGs in the SMC, LMC, and M 31 with known
luminosities. The resulting ensemble of the studied galaxies cov-
ers a metallicity range of 1/40 < Z/Z, < 1.5. The same pic-
ture emerges at all metallicities, both in this work and in liter-
ature studies: cool SGs with log(L/Ly) > 5.6 are absent, while
many cool SGs are observed at lower luminosities. By including
I1Zw 18, our work extends the boundary from Z5/5 to Z/40.

We found that theoretical stellar populations predict that
helium-burning stars with log(L/Ly) > 5.6 should be present.
In 1Zw 18 (Z/Z; ~ 1/40), we investigated whether the absence
of cool SGs at these luminosities could be explained by the most
massive stars evolving into warm SGs (7 < Tg/kK < 20). This
does not seem to be the case, because the locus in the CMD
where such stars would be expected is empty. This implies that
in IZw 18, stars born more massive than ~30 Mg evolve into nei-
ther cool nor warm SGs.
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In the literature, the presence of a multitude of WR stars
has been spectroscopically inferred for all the galaxies investi-
gated, including [Zw 18. Combining this with our findings on
the absence of bright cool and warm SGs and previous studies
in M 31, the MW, and the Magellanic Clouds, a convergent pic-
ture emerges in which, even at extremely low metallicities, stars
above ~30 Mg, evolve into hot stars instead. How hot and helium-
rich these stars tend to be, and how often they display WR fea-
tures, remains to be determined. But it seems likely that they
lose most of their hydrogen-rich outer layers, since all the con-
sidered evolutionary models above 30 M, retaining those layers
manifest as cool or warm SGs.

From a stellar-evolution point of view, we argued that the
most straightforward explanation for the metallicity-independent
cool SG upper luminosity limit is metallicity-independent mass
loss during the LBV or cool SG phase. This would limit the
masses of BH descendants from (extremely) low-metallicity
massive stars. Also, our results indicate that low-metallicity mas-
sive stars born with 30 < M;,;/My < 100 may contribute
to explaining the observed high nitrogen abundances in high-
redshift galaxies.

As a possible pathway to produce hard ionizing radiation
at low metallicities, we propose a scenario in which single
stars undergo self-stripping. There, independent of metallicity,
evolved stars above the observed cool SG luminosity limit of
log(L/Le) = 5.6 shed their hydrogen-rich layers and become hot
objects. Since the minimum luminosity for the WR phenomenon
to arise increases with decreasing metallicity, below SMC metal-
licity a window of opportunity opens for hot, helium-rich stars
whose hard ionizing photons avoid absorption in a dense WR
wind. This could help explain the signatures of hard ionizing
photons observed in low-metallicity galaxies, such as He Il and
C1v emission.
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Appendix A: Numbers
A.1. Numbers of stars and estimated star-formation rates

In Table A.1, we compile literature SFRs of the galaxies dis-
cussed in this study. From there, we can estimate the theo-
retically expected number of helium-burning stars based on
the literature SFR (Nyep. ji.spr) in the luminosity range 5.0 <
log(L/Ls) < 5.6 as follows. We first notice that during helium
burning this luminosity range corresponds to initial masses in
the range 16 < Mi,i/Ms < 32. Then we follow the method
described in appendix C of Schootemeijer et al. (2021). There,
the IMF of Kroupa (2001) is integrated to calculate the fraction
of stars born in the initial mass range of interest, and their aver-
age mass. Then, we look up average lifetimes for stellar mod-
els (Schootemeijer et al. 2019) in that mass range, and the typ-
ical fraction of their lifetime they spend burning helium (7%).
With this information we are able to roughly estimate the rela-
tion between the number of helium burning stars in the range
5.0 <log(L/Lg) < 5.6 and the SFR their host galaxy as

1500
(Mo / yr)’

For comparison, per galaxy we also provide the observed
numbers of cool SGs, Ncsg.obs, in the same luminosity range
(Sect. 4.2). In addition to this, we use Eq. A.1 to calculate the
minimum constant SFR, SFR,,;,, associated with the observed
numbers of cool SGs. We emphasize that these are minimum
values, because stars can also burn helium as hotter objects (e.g.,
warm SGs and helium stars), and therefore comparisons with lit-
erature SFRs should be performed prudently.

Finally, for the highest-luminosity end (log(L/Ly) > 5.6),
Table A.1 provides: i), the number of cool SGs we predicted in
Sect4.2 based on BoOST models and the number of dimmer
cool SGes, ii), the observed number of cool SGs (same references
as the other Nsg, obs column), and, iii), a brief note on the num-
ber of WR stars from literature.

While this table is mainly meant for future reference, we
briefly describe a few noticeable features in it. Our values for
SFRyin are usually somewhat below the literature SFRs, as is
to be expected. However, in some cases the values of SFR,
are rather far below the literature SFRs, in particular for IZw 18
and M 31. For IZw, this difference can be attributed to uncer-
tainties in cool SG lifetimes at extremely low metallicity (see
the last paragraph of Sect. 5.4.3). Also, because we inferred
the presence of about as much warm SGs as cool SGs in the
luminosity range 5.0 < log(L/Ls) < 5.6 in IZw 18, it is
likely that it is forming stars at a rate of at least ~0.04 Mg yr~!.
For M 31, the difference could be caused by relatively short
cool SG lifetimes, for example because stars evolve into low-
luminosity WR stars (5.0 < log(L/Ls) < 5.6), warm SGs, or
intermediate-temperature objects. According to McDonald et al.
(2022), their sample is rather complete, which would disqual-
ify completeness issues as a cause for the low number of cool
SGs observed in M 31. Finally, based on the number of cool
SGs at (5.0 < log(L/Ly) < 5.6) in the SMC, we would expect
as much as 32 cool SGs or other helium-burning objects at
log(L/Ls) > 5.6. However, in this luminosity range there are at
most 11 WR stars, and objects with temperatures between those
of cool SGs and main-sequence stars seem to be no more than
a handful in number (Blaha & Humphreys 1989; Massey et al.
1995; Schootemeijer et al. 2021). As such, about half of the
expected helium-burning stars are missing at log(L/Ls) > 5.6.
Possible explanations could have to do with one or more of

NHeB, lit. SFR ~ (A.D)

the following: a recent decrease in SFR on the order of 50%;
a steeper IMF; or stars burning helium at temperatures that over-
lap with the main sequence.

A.2. He*-ionizing photon rates

To estimate the He* ionizing photon production rate in the win-
dow of opportunity indicated by the purple shading in Fig 7, we
consider three different metallicities. For the example below we
take log(Z/Zy) = —1.75. For our calculation we take the follow-
ing steps:

- At log(Z/Zy;) = -1.75, the window of opportunity has
a luminosity range of 5.6 < log(L/Ls) < 6.4. This
corresponds to helium-burning models in the initial mass
range 30 < Miy/Ms < 100 (estimated using models
from Schootemeijer et al. 2019). Their initial-mass-function-
weighted average mass is ~50 M.

— Repeating the procedure described in the first paragraph of
Appendix A.1 (integrating the IMF, looking up lifetimes of
helium-burning models), we estimate that a galaxy with an
SFR of 1 Mg/yr hosts 375 helium-burning stars from this ini-
tial mass range.

— We assume that for evolved massive stars born with at
least 30 My, the helium core makes up half of the ini-
tial mass of the star (in reasonable agreement with models
from Georgy et al. 2013; Schootemeijer et al. 2019). Then,
the total helium-star mass from the initial mass range 30 <
Mip; < 1001s 375-50-0.5 = 9375 M, for an SFR of 1 My/yr.

— We notice that in the helium-star models from
Sander & Vink (2020) that are more massive than 15 M,
the He"-ionizing flux per unit mass is rather constant:
Q(He+) ~ 1047.35 S—l Mal

— Multiplying that with the number of 9375 My, from the pre-
vious step, at log(Z/Zy) = —1.75 we obtain Q(He") =
2.1-10°" s/ (Mg / yr).

We repeat this exercise for log(Z/Z;) = —1.50 (—1.25). There,
the window of opportunity extends to log(L/Ls) = 6.2 (6.0).
As such, it extends to an initial mass range of M, ~ 70 Mg
(50M;), with an average initial mass of ~45 Mg (~40Mp). At
an SFR of 1 Mg/yr, this corresponds to 336 (263) stars, with a
total helium star mass of 7728 My (5250 My). The final result
at log(Z/Zs) = —1.50 (-1.25) that follows is then Q(He")
1.7 - 10" 571/ (Mg /yr) (at log(Z/Zy) = —1.25: Q(He")
1.2-10° s71/ (Mg / yr)).

As such, the correlation between log(Z/Z;) and Q(He") is
not far from linear in the range —1.75 < log(Z/Z;) < -0.75.
Since it is meant to serve as a rough estimate, we present a linear
relation in Eq. 3.

Qo
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Table A.1. Numbers of certain types of stars and SFRs in different galaxies.

Galaxy SFR (lit.)  MNHeB,li. SFR ~ IVeSG, obs SFR i NesG,pred  NesG,obs  INWR, obs

[Moyr '] (5<logl<5.6) (5<logL<5.6) [Moyr™'] (ogL>5.6) (logl>5.6) (logL>5.6)
1Zw 18 0.1-1 150-1500 28 0.019 90 (10) 0 "tens" (estimated, no L provided)
SMC 0.05 75 419 0.027 32 0 11 (3 can be H-burning®)
NGC5253 0.1,0.2 150, 300 71 0.047 52 1 30 to 40 (estimated, no L provided)
LMC 02 300 729) 0.048 21 1 ~80 (half can be H-burning®)
NGC 300 0.08-0.16  120-240 86 0.057 21 0 30 to 40 (estimated, no L provided)
NGC4395 0.03,0.5 45,750 86 0.057 19 0 "WR features"
M 31 0.7 1050 1179 0.078

Notes. The text in Appendix A.1 describes how numbers of cool SG stars and the minimum SFRs are obtained. Explanation of notes in the table:
9: if, instead, a constant cool SG lifetime fraction of 7% of the stellar lifetime is assumed — ?: from Davies et al. (2018) — ©: these stars can be
hydrogen burning because they have temperatures lower than the zero-age main-sequence temperature. — : from McDonald et al. (2022). Lit-
erature SFR references are the following. IZw 18: table 1 of Hirschauer et al. (2024), Bortolini et al. (2024); SMC: Harris & Zaritsky (2004);
N5253: Lépez-Sanchez et al. (2012); LMC: Harris & Zaritsky (2009); N300: Helou et al. (2004), Kang et al. (2025); N4395: Smirnova et al.
(2020), Nandi et al. (2023); M31: Lewis et al. (2015). References for Nwg, obs: Sect. 5.3.4, and Hainich et al. (2014, 2015) for LMC and SMC,

respectively.

A116, page 16 of 16



	Introduction
	Data of target galaxies 
	Methods 
	Identifying cool supergiants
	Calculating luminosities

	Results 
	Color-magnitude diagrams
	Luminosity distributions 
	Trend with metallicity

	Discussion 
	Sensitivity to warm supergiants in I Zw 18 
	Comparison with evolutionary models of I Zw 18 
	Possible caveats
	Variability:
	Crowding and completeness in I Zw 18 
	Reliability of luminosity measurements
	Star-formation history of I Zw 18 

	Astrophysical implications of the absence of bright cool and warm SGs 
	Implications for stellar evolution 
	Implications for He+-ionizing emission from stellar populations 
	Implications for He+-ionizing emission in I Zw 18 
	Implications for nitrogen abundances in high-redshift galaxies


	Conclusions 
	References
	Numbers
	Numbers of stars and estimated star-formation rates 
	He+-ionizing photon rates 


