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ABSTRACT

Very massive stars (VMS) play a fundamental role in astrophysics. Their powerful stellar winds, which dictate their evolution, super-
novae, and fate as black holes (BHs), are a key uncertainty, as evidence suggests their mass-loss rates may exceed standard predictions.
To address this, we investigated the effect of enhanced winds on the single and binary VMS evolution by implementing new stellar
wind prescriptions in the stellar evolution code PARSEC v2.0 and in the binary population synthesis code SEVN. Our updated models
are sensitive to the Eddington parameter (I'.) and the luminosity-to-mass ratio. We used them to simulate the VMS evolution from
100-600 M, at the metallicity of the Large Magellanic Cloud (LMC) to model the VMS population in the Tarantula Nebula. Our
results show that I'.-enhanced single-star tracks agree better with the observed VMS properties in the Tarantula Nebula than the
standard wind models. When the most massive star in the region, R136al, is explained via a single-star evolution, a lower limit on
the initial mass of >300 My, is required, regardless of the wind recipe used. We also show that binary stellar mergers offer another
suitable formation channel that might lower the required initial mass limit by ~100 M. The choice of the wind treatment profoundly
impacts the BH populations. Stronger winds yield smaller BHs, which inhibits the formation of objects above the lower edge of the
pair-instability mass gap (~50 My). For merging binary BHs, enhanced-wind models predict more primary BHs above 30 M, and
enable secondary BHs between 30—40 solar masses, which is a range not found with standard stellar winds at the metallicity of the
LMC. This study highlights the crucial role of stellar wind physics and binary interactions in the evolution of VMS and resulting BH

populations. It offers predictions that are relevant for interpreting VMS observations and gravitational-wave sources.
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1. Introduction

Stellar winds are one of the most influential drivers of the evolu-
tion of very massive stars (VMS), which are defined as stars with
initial masses >100 Mg. Their strong winds enrich the surround-
ing interstellar medium (ISM) chemically, inject energy into the
environment, and ionize the surrounding matter. Stellar winds
also play a key role in forming Wolf-Rayet stars (WR), which
are peculiar evolved massive stars with thick winds and strong
emission line spectra. Stellar winds, which are driven by radi-
ation pressure, regulate the mass loss over the stellar lifetime.
These winds directly influence the initial-to-final mass relation
of stars, which links the mass at the zero-age main-sequence
(ZAMS) with the final remnant mass.

A variety of mass-loss prescriptions for massive stars
have been developed, including those by Castor et al. (1975),
de Jageretal. (1988), Nugis & Lamers (2000), Vink et al.
(2000, 2001, 2011), Grifener & Hamann (2008), Grifener et al.
(2011), which are widely used in stellar evolution models. An

* Corresponding author: kendallgale.shepherd@sissa.it

accurate determination of the mass-loss rates of VMSs remains
a major open question in astrophysics, however, particularly
in regimes near the Eddington limit, where theoretical uncer-
tainties are significant and observational constraints are few. In
recent years, considerable effort has been made to constrain the
relation between the initial and remnant masses of VMSs bet-
ter. Driven by new observational data and advances in hydro-
dynamical modeling, updated mass-loss prescriptions are being
introduced regularly (e.g., Bestenlehner 2020; Sabhahit et al.
2022; Bjorklund et al. 2023; Gormaz-Matamala et al. 2024). As
aresult, it is essential to implement and test these theoretical pre-
scriptions in stellar evolution models to evaluate their impact on
the structure and fate of VMSs.

The Tarantula Nebula (30 Doradus cluster) in the Large
Magellanic Cloud (LMC) is a treasure trove of massive stars
because it hosts the most massive single stars ever observed.
Several of these stars have a M >100Mg (Crowther et al.
2010; Bestenlehner et al. 2020; Brands et al. 2022; Shenar et al.
2023, hereafter, C10, B20, and B22, respectively). Obser-
vations showed that the effective temperatures of VMSs
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in the Tarantula Nebula fall within a relatively narrow
range, 4.6 Slog (Teq [K]) $4.74 (C10; Bestenlehner et al. 2014;
Schneider et al. 2018; B22; Crowther et al. 2016). A similar
trend was observed in the Arches cluster, where VMSs lie in
the range 4.5 <log (Tes) < 4.6 (Martins et al. 2008).

While this tight temperature distribution might be attributed
to a recent burst of star formation, it poses a challenge to stan-
dard stellar evolution models, which predict that VMSs should
undergo significant radius growth toward the end of the main
sequence (MS). This envelope inflation occurs while the star is
still in hydrostatic and thermal equilibrium, and it is driven by
opacity effects in the outer layers, which are distinct from the
post-MS expansion phase (Sabhahit & Vink 2025). This infla-
tion would shift models to cooler effective temperatures than
are currently observed in the Tarantula cluster and cause them
to evolve toward large radii and lower T.g, potentially crossing
the Humphreys-Davidson (HD) limit (Humphreys & Davidson
1979). This contradicts observations. Accurate inflation mod-
eling remains highly uncertain and model dependent, however.
Recent work suggested that the radial extension of VMS may
originate from the simplified treatments of the stellar atmosphere
in 1D evolution codes (Josiek et al. 2025).

Alternatively, revised and enhanced mass loss of VMSs
remains a valid explanation to prevent this inflation and to repro-
duce the observed properties of VMSs more accurately to fix
the discrepancy. A potential solution, proposed by Sabhabhit et al.
(2022), involves higher stellar wind mass-loss rates in a way that
balances the effects of mass loss and envelope inflation, thereby
allowing stars to maintain nearly constant effective temperatures
during the MS. Because the evolution of VMSs in close proxim-
ity to the Eddington limit can be uncertain, even small changes
in the mass-loss rate can significantly affect their evolutionary
properties. Thus, adjusting the wind prescription in this regime
might reconcile theoretical models with the observations.

Winds are not the only source of uncertainty in the
VMS evolution, however. Binary interactions can be con-
sequential in shaping the evolution and final outcomes of
VMSs, which are frequently found in binary or multiple sys-
tems (Mason et al. 2009; Sana et al. 2013). About 70% of the
massive stars exist in binary systems that will interact and
exchange mass within their lifetime (Smith 2014, and ref-
erences therein). They have a preference for massive com-
panions (Kobulnicky & Fryer 2007). In this scenario, stellar
winds play a pivotal role. For instance, a higher mass-loss
rate can prevent a star from expanding to the red supergiant
(RSG) stage (Smith 2014; Josiek et al. 2024), thus avoiding
eventual mass-transfer episodes. Products of binary interactions
have also been proposed as an explanation for various stellar
objects, such as luminous blue variable stars (Gallagher 1989;
Justham et al. 2014; Smith & Tombleson 2015) and long-lived
blue supergiants (BSGs) (e.g., for the progenitor of SN1987A,
Podsiadlowski et al. 1990; Menon & Heger 2017). Moreover,
binary interactions can alter the physical appearance of stars;
Roche-lobe overflow (RLOF) can strip a massive star of nearly
its entire hydrogen envelope, making it resemble a WR star
(Vanbeveren & Conti 1980; Petrovic et al. 2005). In some cases,
stars in binary systems may even collide and merge to form
a more massive star that continues the stellar evolution and
can appear similar to a star that is born with a higher ZAMS
mass (Portegies Zwart & McMillan 2002; Freitag et al. 2006;
Costa et al. 2022). These wind-driven and binary interaction pro-
cesses not only shape the evolution and final masses of VMSs,
but also influence the formation of compact object binaries.
In particular, binary systems with massive stars can ultimately
evolve into black hole (BH) binaries, which may merge within
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a Hubble time and produce gravitational-wave signals that are
detectable by current observatories (Abbott et al. 2016).

We introduce newly implemented wind prescriptions in the
PARSEC v2.0 stellar evolution code, which are designed to cap-
ture the enhanced mass-loss behavior of VMSs near the Edding-
ton limit, following Sabhabhit et al. (2022). The prescriptions were
not previously included in the code and enable us to explore how
stronger wind dependencies affect the evolution of VMSs. As a
testbed, we focus on the Tarantula Nebula in the LMC, whose
rich population of massive stars, especially in the R136 cluster,
offers valuable observational constraints. We compute the stellar
evolution tracks for single stars across a wide initial mass range
(100—600 M,,) at the LMC metallicity. For the first time, we inte-
grate these updated tracks into the binary population synthesis
code SEVN. This allows us to systematically explore the effect of
stronger winds on the single and binary evolution of VMS, includ-
ing their remnant masses and the formation pathways of merg-
ing BHs. Our aim was to address key uncertainties in the mass-
loss behavior of VMSs, to evaluate whether the models can repro-
duce the observed stellar properties in the Tarantula Nebula, and to
assess their implications for the population of gravitational-wave
sources at LMC-like metallicity.

The paper is organized as follows. We describe the observa-
tional data, the input physics of our stellar tracks, and the setup of
our binary population synthesis simulations in Sect. 2. In Sect. 3
we present the single stellar evolution models with the new wind
implementation. We discuss their evolution on the Hertzsprung-
Russell diagram (HRD) in Sect. 3.1, their chemical evolution
in Sect. 3.2, and the pre-supernova (pre-SN) and BH masses
in Sect. 3.3. In Sect. 4 we explore the effects of strengthened
winds on binary stellar evolution. In Sect. 4.1 we discuss stel-
lar wind accretion in binaries, and we describe stellar mergers
in Sect. 4.2 and the resulting BH mass distribution in Sect. 4.3.
Then, in Sect. 5, we discuss the implications, applicability, and
uncertainties of our models and results. Finally, our results are
summarized in Sect. 6.

2. Methods
2.1. Observational data

The primary focus of this study is on VMS, and we therefore
focused our analysis on R136, a concentration of stars in the
NGC 2070 star cluster located in the Tarantula Nebula. Initial
studies suggested that the central object in R136 is a single
star with a mass >1000 Mg, (Cassinelli et al. 1981; Savage et al.
1983). Follow-up studies showed, however, that the central region
is instead comprised of distinct stellar sources (Weigelt & Baier
1985; Lattanzi et al. 1994). Even as individual stars, the central
region still hosts the most massive stars known to date, with cur-
rent mass estimates of ~150—300 Mg (C10). In particular, it hosts
three stars (R136al, R136a2, and R136a3) with masses above
~150 M, cataloged as WNh type, that is, rare WR of nitrogen
type (WN) that show hydrogen lines in their spectra, and are likely
still undergoing core-hydrogen burning (Massey & Hunter 1998;
de Koter et al. 1998; Smith & Conti 2008).

The LMC metallicity is estimated to be between a quarter
and half of that of the Sun ([Fe/H]~—0.37 to [Fe/H] ~—-0.41)
(Choudhury et al. 2016, 2021) and stellar modelers frequently
use Z =~ 0.5Zy (i.e., Z=0.006) when simulating stars in
the Tarantula Nebula (Bestenlehner et al. 2014; Schneider et al.
2018; B22; Martinet et al. 2023; Josiek et al. 2024).

We compare our models with data from Schneider et al.
(2018), which comprises more than 400 stars in the 30
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Doradus region, obtained from the VLT-FLAMES Tarantula
Survey (Evansetal. 2011). These data were obtained using
the Hubble Space Telescope and the Multi Unit Spectroscopic
Explorer (MUSE) on the Very Large Telescope (VLT) and con-
tain a compilation of results from Bestenlehner et al. (2014),
Sabin-Sanjulidn et al. (2014, 2017), McEvoy et al. (2015),
Ramirez-Agudelo et al. (2017). We also compare our models
with data from B22 of the central regions of the R136 star clus-
ter taken with the Hubble Space Telescope/STIS (Crowther et al.
2016). The raw spectroscopic data from VLT and HST required
nontrivial steps in data reduction and analysis to obtain effective
temperatures and luminosities. The process involves fitting stel-
lar atmosphere models, which themselves carry uncertainties.
B22 provides the best fit parameters and 1o error bars for the
optical + UV fits of 39 stars with high S/N.

Figure 1 shows the HRD of tracks using the standard
mass-loss recipe from Costa et al. (2025) and stellar data from
Schneider et al. (2018) and B22. The figure shows excellent
agreement between the data and the evolutionary tracks for
stars with ZAMS masses <80 Mg, as the ZAMS and terminal-
age main sequence (TAMS') of the tracks effectively bracket
the observed stars. More massive stars show a different pic-
ture: assuming that these stars are all part of the same star-
burst, the width between the ZAMS and TAMS in the stellar
models is significantly broader than suggested by the data, and,
at the TAMS, the models are cooler than the observed ones
(4.75 <log (T [K]) <4.6). The discrepancy can be alleviated
with very young ages of the cluster (<1 Myr), where stars pop-
ulate only the hotter side of the MS, rapid rotation, or with
increased mass-loss rates, which can suppress the occurrence
of envelope inflation. Such a young age seems unlikely, as
stars would still retain their H envelope and would not yet
appear as WNh. Additionally, various studies have suggested
older stellar ages of 1-2.5 Myr (C10; B20). The VMS observed
are not rapidly rotating (Bestenlehner et al. 2014; B20), and
VMS are not largely affected by moderate rotational mixing
(Yusof et al. 2013). For these reasons, we investigate an alter-
native enhanced wind prescription with increased mass-loss to
explain this observed feature of VMS.

2.2. Bayesian statistical analysis

We used an updated version of the PARAM? code (da Silva et al.
2006; Rodrigues et al. 2014, 2017), which will be soon released
(Bossini et al., in prep.), to fit the observed data with our stellar
tracks (described in the following section). The code exploits
Bayesian statistics, using the observed abundances, effective
temperature, and luminosities (and their uncertainties) to esti-
mate stellar parameters of interest, like age, initial and current
mass, and log g, using theoretical isochrones derived from our
stellar evolutionary tracks. The output of PARAM gives the best
fitting value with its correlated error, that is, the associated cred-
ible intervals that include 68% of the distributions.

2.3. Stellar code and input physics

We present new stellar evolution tracks computed with
the PAdova and TRieste Stellar Evolution Code (PARSEC,
Bressan etal. 2012) v2.0 with new mass-loss implementa-

1" We consider the star has reached the TAMS when the central H abun-
dance reaches Xﬁf“"“l < 107 in mass fraction.
2 https://stev.oapd.inaf.it/cgi-bin/param
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Fig. 1. Hertzsprung-Russel diagram adapted from Costa et al. (2025)
showing stars in the LMC. The green and gray lines show tracks from
Costa et al. (2025), that were computed with Z=0.006 and the stan-
dard mass-loss rate. The purple and red stars show objects from B22
(red stars indicate R136a), and the blue and red dots are taken from
Schneider et al. (2018) (red dots are WNh stars). The dashed pink line
and dash-dotted black line show the ZAMS and TAMS, respectively.
The zoomed-in plot shows the most massive stars, and the gray shaded
region shows the width of the observed temperature range of VMSs in
the LMC.

tions for VMS. PARSEC v2.0° has been described in detail by
Costa et al. (2021, 2025), Nguyen et al. (2022), and PARSEC v1.2
in previous works (Chen et al. 2015; Fu et al. 2018). Below, we
provide a brief summary of the main input physics used in the
code.

The stellar tracks evolve from the pre-main sequence
(PMS) to either the oxygen-burning stage or until entering
the dynamical electron-positron (e*—e~) pair instability (PI)
regime (Heger & Woosley 2002). To determine when the stars
become dynamically unstable, PARSEC uses the criterion of
Stothers (1999), which provides a good approximation for
assessing stellar stability without requiring detailed hydrody-
namical simulations. At each time step, we compute the vol-
umetric pressure-weighted average of the first adiabatic expo-
nent, (I';), and stop the evolution if it goes below 4/3. To be
conservative, we consider the star dynamically unstable when
(I'1)<4/3+0.01 (as suggested from dynamical investigations
by Marchant et al. 2019). This method to identify when the
star enters the PI regime has already been adopted in previ-
ous works (Costa et al. 2021, 2022, 2025; Volpato et al. 2023,
2024). We compute nonrotating* tracks with initial masses
100 < Mzams/Me <600 with a mass step of 10 Mg for tracks
with 100 < Mzams/Mgp <400, and a mass step of 50 Mg above.
We focus on this mass range to investigate the effect of enhanced
stellar winds of VMS near the Eddington limit, since stars with
smaller initial masses do not approach the Eddington limit until
much later in evolution.

Stellar tracks are computed with metallicity Z=0.006 and
Y =0.259 in mass fraction (i.e., [M/H] = —0.404°), to investigate
the massive-star hosting environment of the LMC. We adopt the

3 https://stev.oapd.inaf.it/PARSEC/

4 See Appendix B for rotating tracks.

5> Approximated value from [M/H] = log((Z/X)/0.0207) (Bressan et al.
2012).
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Table 1. Definitions used for different stellar types, adapted from
Josiek et al. (2024).

Type log Tex [K] X}SI

OB >4.0 >0.3 MS
BSG >4.0 >0.3 Post-MS
YSG 3.7-4.0

RSG <37

WR >4.0 <03

WNh >4.0 10°-0.3

WN >4.0 <1073 X3 >Xx3
wWC 4.0-5.25 <1073 XE’ > x§
WO >5.25 <107 XS 2 X2 >X3

Notes. X° indicates the percentage of H, C, N, and O at the stellar sur-
face. BSG, YSG, and RSG stand for blue, yellow, and red supergiant,
respectively.

solar-scaled mixtures from Caffau et al. (2011) and take the solar
metallicity to be Zy =0.01524.

Energy transport via convection is described using the
mixing length theory (Bohm-Vitense 1958). We set the
mixing length parameter aypr=1.74 (as suggested by
Bressan et al. 2012). We test stability against convection using
the Schwarzschild criterion (Schwarzschild 1958).

Core overshooting is included in our calculations, which
allows for convective elements to penetrate into stable regions®.
The overshooting parameter is set to A,y =0.5 in pressure scale
height, Hp, which indicates the maximum distance an overshoot-
ing bubble can travel across the unstable border. Therefore, in
our framework the overshooting length is then /,, ~ 0.54,vHp =
0.25Hp. Overshooting from the convective envelope is also taken
into account, extending from the base of the convective envelope
downward by A¢py = 0.7Hp.

The stellar type is tracked throughout the evolution of the star
and is determined by its burning phases, surface abundances, and
Ter. The definitions of the stellar types referenced in this work
are listed in Table 1.

2.4. Mass-loss descriptions
2.4.1. Standard winds

This section outlines the mass-loss prescriptions implemented
in our models. The standard mass-loss rate for massive stars
(Mzams = 10 M) used in PARSEC v2.0 is the same as that used
in previous works (Chen et al. 2015; Volpato et al. 2023, 2024;
Costa et al. 2025). This recipe is based on the prescription for-
mulated by Vink et al. (2001), which provides the mass-loss rate
as a function of stellar parameters for massive O and B type
stars for a range of metallicities and temperatures. For hot stars
(Teg > 10000 K), the main dependencies are

L2.194zO.85

ML1313 2

where L, M, and Z are the current luminosity, mass, and metallic-
ity of the star. The full equations are given in Vink et al. (2001),
and also include a dependence on Tg and terminal velocity ve.

To account for the increase in mass-loss due to recombi-
nation or ionization of iron at different temperatures (i.e., the
bistability jump), we adjust the mass-loss rate as described

ey

Myinxor «

6 Penetrative overshooting is described in Bressan et al. (1981).
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in Vink et al. (2001). We also account for the increase in
mass-loss rates when the Eddington limit is approached
(Grifener & Hamann 2008) by using a fit to the models of
Vink et al. (2011). The electron scattering Eddington parameter
is calculated as:

Lk
* T dneGM’
where k. is the opacity due to electron scattering, G is the gravi-
tational constant, and c is the speed of light. The mass-loss rates
follow different dependencies for high- and low-I'. regimes. For

the high-T'. regime, the dependencies are given as (Vink et al.
2011)

Mying1 < M°'781";"77 for 0.7 <T, <0.95. 3)

@

For cool RSG and YSG stars (T.¢ < 10000 K) we take the
maximum between the Vink et al. (2001) rates and the rates
provided by de Jager et al. (1988). For WR stars, defined here
as those with relative surface hydrogen abundance <0.3, we

apply the luminosity-dependent mass-loss prescription from
Sander et al. (2019),

M L
Log—=———— =-831+0.68- LogL—, “)
©

M@ yr
which is adjusted to include a metallicity dependence based on
Vink (2015). The combination of the above mass-loss recipes are
referred to as M4y (radiation driven winds) for simplicity and to
keep consistency among other works (Volpato et al. 2023, 2024),
however we acknowledge that other mass-loss mechanisms may
be as work, like in RSGs.

2.4.2. New winds for VMSs

Sabhahit et al. (2022) proposed enhanced mass-loss rates for
VMS transitioning from O-type to WNh stars based on theoreti-
cal and observational evidence, marking a shift from optically
thin to optically thick winds. The proposed rates use the so-
called transition mass-loss rate, which is a model-independent
mass-loss rate that describes the transition from O to WNh
winds. The transition mass-loss rate is given as

Mtrans = fﬂa (5)
Voo

where f is a metallicity dependent correction factor, f=0.6
(Vink & Grifener 2012). One can use the average values of
luminosities and terminal velocities of observed Of/WNh stars
to calculate the I'c s, Which is the location of the upturn in
mass-loss rates. By computing the M5, a model-independent
transition mass-loss rate is obtained in which the winds switch
from optically thin to optically thick when above the transition
point. Sabhahit et al. (2022) empirically obtained the transition
parameters of the Of/WNh stars in the Tarantula Nebula to be
L/Ly= 10031, v, = 2550 kmy/s, log Ty = 4.64, and X = 0.62. For
the LMC, the location of the increase in mass-loss is thus cal-
culated to be I'c rans = 0.42, and the transition mass-loss rate is
log Mans = —5.0 (Sabhahit et al. 2022). The main dependencies
for the enhanced winds of VMS are given as

L4.77 ( 1+ XEI)4.7720.5

Msas,r, o MPPTETT o M3 (6)
. s vy LATIZOT)
Msap v 0c M= (L/M)™"" o Y @)
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where XIS{ is the surface hydrogen abundance (in mass fraction),
included only in the Ms,p, 1, recipe. The Msuy 1/m Tecipe omit-
ting a surface XEI dependence is an extreme case, used to show
that the L/M has a larger effect on the mass-loss rates than the
X]S{, and the Xfl dependence may not be strictly necessary, like
the recipe of Eq. (1). The full recipes are given in Equations (12)
and (13) in Sabhahit et al. (2022). Our models adopt two varia-

tions, which we refer to as Mr, and My m:

M _ max(MVinkQI , MSab, re) for Teff > 10000 K (8)
" ™ \max(Maeragers Msan.r,) for Te < 10000K
. max(MVinkm . MSab, L/M) fOI‘ chf > 10 OOO K
Mym = : : )
max(MdeJager, MSab,L/M) for Teﬁ < 10000 K.

Choosing the maximum of the Vink et al. (2001) and the
Sabhahit et al. (2022) recipes automatically uses the low-I.
recipe (Myino1) below the transition point and switches to the
hlgh -I". recipe of MSab r, and MSab L/m above it. For each wind
recipe, we ran a total of 35 stellar evolution tracks of VMS with
initial masses between 100 and 600 M.

2.4.3. Differences in the wind prescriptions

To illustrate the main differences in the mass-loss treatment,
Figure 2 shows the mass-loss predictions for different recipes
and stellar parameters’. The values were computed for a fixed
Z, Tefr, and vips. All the M values increase with increasing lumi-
nosity. Smaller surface H abundances (at the same metallicity)
decrease the mass-loss rates for the MmGll and MSdb r, predic-
tions, while they do not affect the MmGm or MSab L/M Ones, as
they have no dependence on XS The MSab r. and MSab L/M rates
show a similar trend when XS ~ (.75, but begin to diverge with
decreasing X3.

As the luminosity increases, the Mvyin, surpasses the
Myino1 around log L/L, ~ 7.0, (depending on the XEI) due to
the star approaching the Eddington limit. Similarly, the Mg,
and Mes,p, 1/m Tates are greater than the Myinko; rates only when
log L/L@ > 6.25, (i.e., entering the high-I", reglme) The MSab T.
and MSdb /M rates are always greater than the Myini1 rate at log
luminosities >5.5, but follow a similar trend.

2.5. Binary evolution with sevN

To investigate the influence of different mass-loss on the evo-
lution of binary populations, we used the state-of-the-art pop-
ulation synthesis code Stellar Evolution for N-body (SEVN,
Speraetal. 2015, 2019; Spera & Mapelli 2017; Iorio et al.
2023). SEVN? is a highly flexible tool for population synthesis,
utilizing on-the-fly interpolation of pre-computed stellar evolu-
tion tracks, making it both efficient and adaptable for different
evolutionary scenarios. To study the effect of the new stellar
winds prescriptions on the distributions of the final binary com-
pact objects, we used the TRACKCRUNCHER® tool to adopt the
new stellar evolutionary tracks with different winds to include
in SEVN. For stars with masses Mzams < 100Mg, we use
the stellar models from Costa et al. (2025) with standard stel-
lar winds, while for stars with Mzamys = 100Mg, we use

7 See Fig. 3 of Smith (2014) for an overview including other mass-loss
prescriptions at solar Z.

8 https://gitlab.com/sevncodes/sevn

% https://gitlab.com/sevncodes/trackcruncher
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Fig. 2. Mass-loss rates predicted for different prescriptions as a function
of the mass and luminosity for two Xf[ values, indicated in solid black
and dashed gray. The color indicates the ZAMS mass corresponding to
the ZAMS luminosity. The circle and cross markers show predictions
based on Vink et al. (2001, 2011), respectively, and the square and tri-
angle refer to predictions from Sabhahit et al. (2022). The values were
computed with a fixed log Ty = 4.8, Z=10.006, and v, = 2550 km/s.

the new models presented in this paper. SEVN includes var-
ious prescriptions accounting for both the final supernovae
(SN) type of massive stars, such as core-collapse supernovae
(CCSN), pulsational pair-instability supernovae (PPISN), and
pair-instability supernovae (PISN), and binary stellar evolu-
tion processes (e.g., Roche-lobe overflows, common-envelope
phases, and SN kicks). Wind mass transfer is taken into account
self-consistently, and the mass accretion rate depends on the
wind mass-loss rate of the donor star, the mass of the donor
and accretor, wind velocity, characteristic orbital velocity, effec-
tive radius, semimajor axis, and eccentricity (for more details,
see lorio et al. 2023). In this work, we use the standard SEVN
code configuration, in its version 2, as extensively described by
Torio et al. (2023).

To determine the final fate of massive stars, we employ the
delayed model for CCSN from Fryer et al. (2012), while for the
PPISN and PISN regimes, and direct BH collapse (DBH), we
use the formalism from Spera & Mapelli (2017), Mapelli et al.
(2020). For the treatment of binary stellar evolution processes,
we rely on the fiducial choices by Iorio et al. (2023), such as
common envelope (CE) efficiency @ = 1, mass transfer effi-
ciency fur = 0.5, and the standard treatment for the stability
of mass transfer events is determined as in Hurley et al. (2002),
with the addition that mass transfer is assumed to always be sta-
ble for donor stars with radiative envelopes.

To create our population of binary stars, we generate the ini-
tial conditions as follows. For each binary system, the mass of
the primary star is extracted from a Kroupa (2001) initial mass
function (IMF). We specifically sample masses ranging from 20
to 350 solar masses (M) to focus on the effects of massive star
winds on the spectrum of remnant masses. Thus, we obtain the
mass of the primary star Mzams, 1 as

pdf(Mzams.1) « Myxys  With Mzawms, 1 € [20,350]. (10)

We extract the binary properties following the distributions
presented in Sana et al. (2012). Therefore, the mass ratio g is
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extracted as

pdf(g) o g Mzams.2

5.0
min = max [ ———, 0.1
1 (MZAMS,I )

where Mzawms. 2 is the mass of the secondary star, and it is deter-
mined simply as

with g = € [gmin, 1.0] (1D

ZAMS, 1

12)

13)

Finally, the initial orbital periods P and eccentricities e are sam-
pled as

Mzams,2 = gMzawms, 1-

pdf(P) o« P03, with P = log(P/day) € [0.15,5.5] (14)
and
pdf(e) oc %42, with e € [0,0.9]. (15)

We generated an initial population of 107 binaries at the
ZAMS and used them as initial conditions for all of our simu-
lations. Each population utilizes the same treatments for binary
evolution processes and final fates described above. Such pop-
ulations are then evolved with the three different sets of stellar
tracks computed with the various mass-loss recipes presented in
Sect. 2.4, to study the effect of different stellar winds prescrip-
tions on the evolution of stellar binaries.

3. Results from the single-star evolution
3.1. Evolution on the HRD

Figure 3 shows the HRD of selected tracks computed with the
three different mass-loss recipes at LMC metallicity. The evolu-
tion of the star with Mzams = 150 Mg shows a fairly similar evo-
lution on the MS despite different mass-loss treatments. We find
a similar behavior for stars with initial masses below 150 Mg,
They all increase in luminosity and move to lower Tg, with
the M4, track evolving at slightly higher luminosity than those
using other mass-loss rates. The similar evolution arises because
these models do not enter the high-T'. regime on the MS. There-
fore, they have mass-loss rates similar to the standard rates of
Mg, (before reaching a bistability jump). The greatest differ-
ence occurs after the MS. The Mgy ignites core-helium burning
(CHeB'?) at cooler T, than the other models, as a yellow super-
giant (YSG). Meanwhile, the Mr, and My j\ tracks ignite CHeB
as WN stars, near log T 4.5—4.6.

At larger Mzawms, more significant differences in the evolu-
tionary paths begin to emerge. As can be seen in the compari-
son of 200 and 300 My, stellar tracks, the Mre and ML/M tracks
encompass a narrower Teg range on the MS when compared to
the M,qy tracks. At the start of the MS, the Mr, models show a
slight luminosity decrease and then evolve to cooler T.g. Then,
they become WNhs shortly before reaching the bistability jump
at log T.¢ ~ 4.4, where the mass-loss rate increases and the track
moves to higher Tet. The jump is also experienced by the Mgy,
models here. The evolution of the 200 and 300 Mg tracks is
markedly different when computed with the My rates. These
tracks show a sharp decrease in luminosity early on the MS and
continue to evolve nearly vertically until just before the end of

10 CHeB starts after the TAMS when 1% of the central helium has been
burnt, and lasts until it reaches Xj;, < 107°.
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Fig. 3. Hertzsprung-Russel diagram showing the evolution of stellar
tracks computed with the M,qy, Mr,, and M,y winds in blue, green,
and pink, respectively. The models are shown with ZAMS masses of
300 M, (top), 200 M, (middle), and 150 M (bottom). The data sym-
bols and shaded gray area are the same as in Figure 1. The black crosses
and dots indicate the model location at the TAMS and the start of CHeB.
The diagonal dashed gray lines show constant stellar radii as labeled.

the MS. This vertical evolution is a result of the high mass-
loss rates causing the stellar luminosity to decrease, which has a
self-regulatory effect: it reduces the mass-loss rates (preventing
quickly stripping the star and evolving to hotter T.¢) and sup-
presses envelope inflation (thus preventing the star from becom-
ing cooler). This balance between these two competing effects
could provide a natural way to account for the observed con-
stant temperatures of VMS in the Tarantula Nebula. These My
tracks become WNh stars earlier than the other two tracks, and
spend up to 30% of the MS as WR stars. To provide a complete
picture of the MS evolution, in Table 2, we present the TAMS
masses for several initial masses. For increasing ZAMS mass,
the enhanced wind models have stronger mass-loss rates, result-
ing in a greater divergence from the standard model masses.

We find that stellar tracks computed with the Mr, and My m
winds spend more time in the observed T.g region and inflate
less compared to the M,y tracks. Depending on the ZAMS
mass, the tracks with enhanced winds can even evolve verti-
cally down on the MS, due to the balance between mass-loss
rate and envelope inflation. Table 2 lists the cumulative time
spent within the T.¢ range of observed VMS transitioning to the
WNh sequence. Models with M4, spend <1 Myr in the observed
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Table 2. Top table: TAMS mass for each mass-loss rate for a few initial
masses. Bottom table: Time spent in the observed temperature range
log T between 4.75 and 4.6.

Mzams  Muw  Mr, Mym
TAMS mass [Mg]
100 64 63 63
150 92 84 87
200 122 101 73
300 182 129 86
350 210 142 96
400 238 155 108
500 295 179 133
Time spent in Teg lims [Myr]
100 1.53 154 1.51
150 1.05 159 134
200 095 1.64 153
300 091 1.64 1.76
350 0.88 1.64 2.15
400 0.81 1.57 2.08
500 0.63 142 1.86

limits, Mr, models spend ~1.6 Myr within the range, and My
models spend from 1.2—2.1 Myr within the limits.

Given that the R136 cluster is estimated to be between
1-2.5Myr old, and the individual stars in R136a are estimated
to have ages of approximately ~1-1.7Myr (C10; B20; B22),
tracks with M,q,, would be too cool to match the data unless
the stars were very young (<1 Myr). In comparison, the Mr,
and My ;M models spend most of their lives within the observed
ranges. Thus, the Mre and My /M models can better reproduce the
observed VMS properties in the R136 star cluster than the M.,
models.

To further investigate this aspect, we perform a fitting proce-
dure exploiting the PARAM statistical tool (described in Sect. 2.2)
to fit the three most massive stars of the cluster (namely, R136al,
R136a2, and R136a3) with our stellar tracks with initial masses
up to 400 Mg with standard and new winds prescriptions. As
input values, we adopt the current luminosity and effective tem-
perature of stars provided by B22, and choose a fixed metallicity
abundance of [Fe/H] =—-0.404. As output of the fitting proce-
dure, we obtain the stellar parameters listed in Table 3, that is, the
initial mass, the current mass, and the age of the three stars for
each wind recipe. The analysis shows that stellar evolutionary
tracks calculated using the M.,q4, and ML/M wind prescriptions
predict ages for the three stars that are consistently too young. In
contrast, the tracks computed with Mr, yield ages that align very
well with the cluster age reported by other studies (C10; B20;
B22). This analysis emphasizes that Mr, is the most effective
wind prescription for modeling the VMS WNh stars in the R136
cluster in terms of ages, luminosities, and effective temperatures.

Our results establish a strict lower limit on the possible ini-
tial mass for R136al in the single-star scenario, since no mod-
els with an initial mass below 300 M, fit the data within the
uncertainty. These results are in line with other works that esti-
mate the mass of R136al: C10 found the initial mass to be
320:1‘80 Mg, while B22 found My, = 273t§g My, For R136a2, all
of our predictions for the initial mass are in agreement with C10,
who suggested 2401’12 Mg, while our initial mass suggestions
are slightly larger than B20 and B22, who provided an initial
mass of 211*3) M, and 2217]$ Mo, respectively. Finally, all of

Table 3. Best fit of the stellar tracks within the 68% confidence interval

for the massive stars R136al, R136a2, and R136a3.

M M ZAMS M, current Age
Mol Mol  [Myr]
R136al
My 315710 295%1¢ 0.61%013
My, 3897, 20202 1.52%0%
Mym 359730 25475 0.52%03%
R136a2
My 2407C 22570 0.81%012
My, 29672 169*]3  1.58*012
Myy 2607030 201407 0.92404]
R136a3
My 24177 232%7 0.53%03)
My, 28675 180%1%  1.34%02
Mym 2577 220%)7  0.64%058

Notes. Column 1: Mass-loss recipe. Column 2: ZAMS mass of the
model. Column 3: Current mass of the model. Column 4: Current age
of the model.

our derived initial masses for R136a3 are larger than suggested
by other authors, who give 165*3) M, from C10 and 181*3) M,
from B20, and 213*}# M, from B22. The derived initial and
current masses for R136a2 and R136a3 are listed in Table A.1
in Appendix A. This discrepancy arises due to the different
stellar models employed and different treatments for the mass-
loss. C10 used GENEVA tracks (Eggenberger et al. 2008), while
the more recent works used BONN stellar tracks (Brott et al.
2011; Kohler et al. 2015) and the BONNSAI Bayesian tool
(Schneider et al. 2014). Additionally, each work has different
assumptions for the mass-loss: C10 and B22 take wind clump-
ing into account while B20 assumes smooth wind. The offset
between our results and other authors for the initial masses sug-
gests that our mass-loss rates are stronger, thereby requiring a
larger initial mass to reproduce the present-day luminosity.

Our derived stellar ages for R136a show the best agreement
with other estimates from literature for the tracks computed with
the Mr, wind prescription. Specifically, these derived ages are
slightly older than those provided by B22, but remain within
their reported uncertainty. Similarly, our stellar ages are slightly
younger than the age estimates from C10, which also fall within
their uncertainty. In contrast, using the M.4w and My /M prescrip-
tions results in much younger derived ages, less than 1 Myr,
which is inconsistent with the ages reported in other studies.

Figure 4 shows the maximum radii reached during the MS
and the whole lifetime for the different mass-loss rates as a func-
tion of the initial mass. The stellar tracks with ML/M have the
smallest radii, as they lose their outer envelope and large frac-
tions of mass early in the evolution. Consequently, they typically
do not expand during shell-burning phases, unlike other tracks.
Indeed, these tracks with ML/M and Mzams ~ 160-350Mg
have maximum radii reached during the MS and are near their
ZAMS radius, about tens to 100R,. Meanwhile, the stellar
tracks with M4, and Mr, reach their maximum radii in the
post-MS phases. Tracks with M4 and ZAMS masses below
~200M,, generally reach their maximum radii of ~500—1000 R¢
at the start of the CHeB phase. Similarly, tracks with Mr, and
Mzams < 130Mg, reach their maximum radii of ~1000 of Ry
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Fig. 4. Maximum radius reached for each ZAMS mass for tracks com-
puted with different mass-loss rates, indicated by the color and marker.
The solid lines with blue circles, green diamonds, and pink stars show
the maximum radius reached during the evolution for tracks computed
with Mgy, Mre, and ML/M winds, respectively, and the dashed lines
show the maximum radius reached on the MS. The dashed My is
superimposed on the solid line. The solid gray line shows the ZAMS
radius.

at the start of CHeB. For larger masses of both sets, the maxi-
mum radius is reached only during the final phase of evolution,
when the star quickly crosses the HRD in a timescale as short
as just a few years. The M,q,, tracks reach ~700—1000 Ry, in this
stage, while the Mr, tracks similarly reach ~500—1000 R, This
final stage is uncertain, as the timescales are very short and may
depend on the numerical and physical atmosphere details. In
both cases the maximum radius reached on MS and after, show
that: Rmax(ML/M) < Rmax(Ml“c) ~10? Ry < Rmax(Mrdw)- The time
spent at larger radii directly influences the likelihood and type of
binary interactions, as discussed in Sect. 4.1.

3.2. Structure and chemical evolution

Figure 5 shows the Kippenhahn diagrams for three different
mass-loss rates of a Myzams =200 Mg, stellar track. The differ-
ences in the mass-loss rates are most pronounced during the MS,
where stars spend most of their life. As mentioned above, all
of these tracks become WRs on the MS. The ML/M track is the
first to become a WNh at r=1.83 Myr, as the stronger winds
peel off the star’s H envelope faster than the other two wind pre-
scriptions. The enhanced wind strength of Mrc and M /M stellar
tracks result in a smaller H burning region by the end of the
MS, producing smaller He cores, (defined as the mass coordi-
nate where Xy < 107) compared to the case of standard winds.
By the end of the MS, the M,qy star has lost 80 M, of material,
the Mr, one has lost 100 Mg, and the My has lost 130 Mg of
its material due to stellar winds.

In the post-MS phases, tracks with M, tend to expand,
becoming YSGs before igniting CHeB (as shown in Figure 3). In
contrast, the tracks computed with the new winds ignite CHeB
at higher T, typically as WN stars. All 200 My, models have a
small envelope at the start of CHeB. The M, model is the only
one that maintains a He-rich envelope throughout its evolution,
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while the other models lose it and expose their bare cores at the
end of evolution. In general, Mre and ML/M tracks stay hotter
than the M4y, one for the remainder of the evolution.

The stellar wind prescriptions not only affect the structural
evolution of stars described above but also influence the abun-
dances and nucleosynthetic products. Figure 6 shows the evolu-
tion of the surface abundances for the different mass-loss rates
of the same tracks with Mzams = 200 Mg presented in Figure 5.
The M,q, model becomes a WNh star at log Teg ~ 4.4 and
spends the last 10% of its MS as a WNh. This star retains more
of its envelope during the MS and early CHeB phases. The He-
shell burning produces C and O, which are exposed to the surface
before the start of core-carbon burning (CCB). This star ends
evolution as a PISN during CCB, with surface abundances com-
posed of Xﬁe =0.31, Xé =0.39, and Xg = 0.27, making ita WC
star.

The retained envelope of the Mre model sustains the He-
dominated surface and limits the exposure of the inner He shell-
burning products. It becomes a WNh star around log Teg =~ 4.5
and retains a small fraction of H on the surface during the rest
of its evolution. This star ends its evolution with a He dominated
surface, X5, = 0.95, some remnant H, Xj; = 0.04, and trace

amounts of C and O, X(S: ~ 1075 and Xg ~ 1075,

The M. /M track is the first to become a WNh at log Ty = 4.7
and spends the last 15% of its MS as a WNh star. Later, during
the CHeB phase, the star becomes a bare core, where He burn-
ing products are directly exposed on the stellar surface. This
star loses the most mass compared to the other two models.
This significant reduction also affects the core mass, enabling
the star to continue igniting subsequent burning phases until
core oxygen burning, before entering the PI regime and becom-
ing dynamically unstable. The My model ends as a WO star,
with X§ = 0.35, and X5 = 0.51, and low He abundance,
Xpo = 0.11.

It is worth noting that in this analysis, we do not include rota-
tion in our tracks, as it was not the focus of the paper. Other
authors, as Sabhahit et al. (2022), find that moderately rotat-
ing models (Q/Qqir = 0.2) with Mzams = 200 Mg become
chemically homogeneous during the MS, however, the evolu-
tion still remains dominated by the mass-loss. To explore this
aspect, in Appendix B, we present and describe the evolution
of selected VMS stellar tracks with new stellar winds and rota-
tion. In agreement with Sabhahit et al. (2022), we find that for
all Mzams = 200 Mg, the evolution is completely dominated by
the mass-loss rather than rotation, even for very rapid rotational
rates (Q/Q¢c = 0.8).

3.3. Pre-SN and single BH masses

Figure 7 shows the pre-SN and remnant masses for all stel-
lar tracks we computed. Pre-SN masses are shown for selected
ZAMS masses in Table 4. All of the pre-SN masses of these
stars are nearly the mass of the He core. As mentioned previ-
ously, lower-mass models (M < 150M) evolve similarly for
the different mass-loss rates used here and result in comparable
pre-SN masses. In contrast, more massive stars show greater dif-
ferences with increasing Mzays. Stellar tracks computed with
Mg, end their evolution with masses roughly half that of their
ZAMS masses, regardless of the initial mass. On the other hand,
models computed with M, end with pre-SN masses ~30-50%
of their ZAMS mass, and M, models end with ~13-40%
of their initial masses. In both cases, the percentage decreases
with increasing ZAMS mass. The largest pre-SN masses for
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Fig. 6. Surface abundances of a Mzams = 200 M, star for three mass-loss rates. The blue, green, and pink shaded bars indicate the time of H, He,

and C burning, respectively.

the three wind recipes are 314 Mg, 184 Mg, and 80 M, for the
Maw, Mr,, and My v winds, respectively, all originating from
the Mzams = 600 Mg models.

We use SEVN version 2.13 to compute the remnant masses
based on the pre-SN properties of the stellar tracks. The mod-
els computed with the M., rate produce a gap in the BH
mass spectrum of 46 My—135 Mg, (originating from stars hav-
ing initial masses ~130 < Mzams/Me <256) in general agree-
ment with other works at LMC metallicity (Spera & Mapelli
2017; Woosley 2017; Farag et al. 2022). The BH mass gap is
the same for models with Mr, (as we use the same prescrip-
tions for the fate, see Sect. 2.5), but the ZAMS masses defining
the gap widens, to 125 < Mzams/Me < 367. The Mre BH masses
predicted above the gap are between ~0.3—0.4 times lighter than
the BH masses of the Myqy rate. The Mj ;v models do not have
any upper limit to the mass gap in this mass range, as all models
above 400 M, die as a PISN and leave no remnant. The ML/M
models are the only ones to produce BHs from stars with ZAMS
masses of ~140-250 My. The maximum BH mass achieved with
the My wind prescription is 46 Mg, at LMC metallicity, which
is significantly lower than predictions from other studies at the
same metallicity (Spera & Mapelli 2017; Giacobbo & Mapelli
2018; Farmer et al. 2019).

4. Results from the binary evolution
4.1. Wind accretion

To understand how binary evolution, particularly with stronger
winds, contributes to forming VMS like those observed in R136,
we first examine the process of wind accretion. This mecha-
nism is crucial, as the stellar wind feedback onto the orbit will
both produce more massive secondary stars and looser binaries,
as discussed in Iorio et al. (2023), thus resulting in differences
in the observed properties of the stars. Enhanced stellar winds
can influence the evolution and interactions of binary systems
by modifying the evolution of each star, affecting key param-
eters such as the maximum stellar radius (Rp,x), the envelope
mass (Menyelope), and the total mass (Mia1). Moreover, stellar
winds can determine whether or not a star expands during the
RSG stage, thereby setting the conditions for binary interac-
tion through mass transfer episodes. Additionally, the presence
or absence of a stellar envelope will impact the likelihood of
CE occurrences. Winds influence all of these processes and ulti-
mately leave their footprint on the final mass of the stars, as dis-
cussed in Sect. 3.3.

Stellar models with enhanced wind mass-loss rates undergo
different evolutionary processes in a binary system, for example,
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Fig. 7. Pre-SN mass (markers) and remnant mass (lines) as a func-
tion of the ZAMS mass for the three mass-loss rates, indicated by the
marker style and color. The horizontal gray lines indicate different fates
(PPISN, PISN, and DBH) based on the final He core mass.

by widening the orbital separation and transferring large
amounts of mass to the companion via stellar winds. For each
star in the binary, we calculate the total mass accreted onto it
Mcc. 1ot which is the cumulative mass gained from its compan-
ion from winds. We calculate the binned average of the accreted
mass, expressed as a percentage of the total initial mass within
the bin (of size 10 M). For each ZAMS mass bin j, the percent-
age (face); 1s calculated as:

Ziesj Macc, tot(i)

o) = 5 s

100 (16)

where S is the set of stars in the mass bin j, Macc, 10t(7) is the total
mass accreted by star i, and Mzams (i) is the ZAMS mass of star
i. This value represents the average fraction of mass that stars
accrete relative to the total initial mass, in a given initial mass
range. Figure 8 shows the (fi.); for the primary and secondary
stars for all binaries that contain at least one BH component at
the end of the simulation and do not merge during stellar evo-
lution. The total accreted material M, (o« goes to zero if a star
leaves a massless remnant (i.e., a PISN or the ejection of the
companion star), which causes the percentages drop near ZAMS
masses ~170-230 M, for the M4y, and Mr, cases. The amount
of mass accreted by the star, in the case of enhanced winds, can
be up to ~3% of its ZAMS mass; in one case, a star of the ML/M
simulation accretes 39 Mg of material from its companion from
just stellar winds alone. In comparison, the greatest amount of
accreted material for the Mr, and M4y, simulations is 24 Mg and
16 Mg, respectively.

The secondary star accretes more mass in general, as the pri-
mary is more massive and, therefore, loses more material, which
is then available to be accreted. The simulation using Mr, has
smaller averaged accretion around Mzams,2 = 120 to 160 Mg
compared to the M.4w one. This is because these binaries have
primaries with ZAMS masses Mzams,1 = 120 to 345 M, where
most stars end evolution as PISN, thus leaving a massless rem-
nant (see Figure 7) where the total accretion goes to zero. The
Mgy simulation with secondary masses of Mzams 2 = 120 to
160M;, also have primaries with Mzams,1 =~ 120 to 348 Mg,
where primaries with masses Mzams, 1 = 250M, do not enter
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Table 4. Pre-SN masses in M, for three different wind recipes.

Mpre_sn [Mo]

M. M . . :
zams [Mo] Mg M, My

100 48.75 52.67 4291

150 75.10 74.99 54.46

200 103.13 93.21 49.33

250 132.44 107.84 51.27

300 160.22 12229 54.96

350 186.10 131.87 58.98

400 212.21 143.23 63.53

500 264.74 164.22 7195

600 291.65 17440 76.19
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Fig. 8. Averaged percentage of the ZAMS mass accreted onto the pri-
mary (left) and secondary (right) per mass bin. The bins are 10 M,, each.
The colors are the same as in Figure 7.

the PISN regime, and thus their accretion onto the secondary is
accounted for. For the ML/M simulation, the absence of PISN
below 350 My, and the infrequency of stellar mergers allow for
consistently high accretion rates in stars with ZAMS masses
above 150 Mg,

4.2. Stellar mergers

Stellar mergers represent a critical outcome of binary evo-
lution, and have been proposed as the origin of VMS
(Portegies Zwart & McMillan 2002). When two stars in a binary
approach one another too closely, gravitational interactions can
lead to a collision or a stellar merger. These mergers can result
in a single, more massive star, exhibiting properties similar to an
isolated star born with a greater ZAMS mass. The stellar radii,
separation, and accretion are the main parameters determining
whether the binary will merge to form a more massive star. To
investigate the viability of stellar mergers being the origin of the
observed VMS in R136, this section presents the characteristics
of stellar mergers predicted by our simulations using different
wind prescriptions, specifically focusing on whether the merged
stars match the observed properties of R136a.

We search our simulations for systems with
Mzams, 1 =250Mg that undergo a stellar merger and con-
tinue their evolution as a more massive star before forming a
BH. When stars merge, their total mass, CO- and He-cores are
summed, and the merger product inherits the phase and percent-
age of life of the more evolved progenitor star (for more details
on the treatment of mergers and the post-merger evolution, see
Iorio et al. 2023). After the collision, the interpolation algorithm
in SEVN finds the new post-merger track self-consistently.
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We select merged objects whose luminosities and effective
temperatures lie within the observational uncertainties of
R136a.

The ZAMS mass distributions capable of reproducing the
observed position of R136al on the HRD, from single stellar
evolution and stellar mergers are shown in Figure 9. Our binary
simulations indicate that systems merging to form more massive
stars that match the position of R136a in the HRD originate from
primary stars with initial masses that vary depending on the wind
prescription used. For the Mg, simulation, the most probable
initial primary mass is 186*3) Mo, in the 68% confidence inter-
val (10). The My, simulations suggest a larger most probable
initial primary mass of 207*% Mo. For the My v simulations,
we find a bimodal distribution around Mzams,1 ~ 150 Mg and
Mzams. 1 ~ 300 Mg. This shape originates from how the single-
star tracks evolve, from which stellar mergers are interpolated.
The first peak comes from primaries with initial masses around
~150 M, that merge to form stars that subsequently evolve simi-
larly to a single star born with a ZAMS mass of ~300 M. These
systems are much more numerous due to the IMF used. These
mergers begin the MS very near to R136al’s location on the
HRD, and spend the first ~1 Myr within or near to the observed
luminosity limits!!. Similarly, the peak around 300 M, arises
from mergers which resemble stars born with ZAMS masses of
~600 M. While these systems are few, they directly traverse
the HRD location of R136al twice in the later stages of the
MS, and spend about ~0.8 Myr within the luminosity limits. The
stars that merge between these two regimes experience a rapid
drop in luminosity, causing them to move quickly away from the
location of R136al. These mergers do not cross the observed
position of the star, making these mergers the least likely to be
observed. Considering the two cases, we split the results into
regimes for stars with Mzams, 1 above and below 200 M. This
consideration yields primary masses of 141*32 M, in the lower
ZAMS mass regime, and 3103; My in the higher ZAMS mass
regime.

The single star models reproducing the observed HRD posi-
tion of R136al suggest initial single star masses over 100 Mg
larger than from binary evolution: the M4y and Mre tracks give
Mzams =315% 1 Mo and Mzays =3897}, Mo, respectively. The
single star result from the My v tracks give 35930 M, as the
most probable initial mass within 1o. These results highlight a
key implication for the initial mass required to form a very mas-
sive object like R136al: if the observed VMS was formed from a
binary stellar merger, lower initial masses, and possibly a lower
upper limit on the IMF, are needed to explain the star’s forma-
tion, compared to the evolution scenario of a single star.

For stellar merger products of systems that match the loca-
tion of R136al in the HRD, the post-merger masses within 1o
are 278*%2 M, for the M4y, simulation, 200*° My, for the Mr,

simulation, and 191*3% M, in the My v simulation. Single stellar
evolution models predict comparable current mass for stars that
occupy the same HRD location, listed in Table 3. This significant
overlap in predicted current masses implies that the current mass
of R136al is not a strong diagnostic for discriminating between
an origin of a single star or a stellar merger product. We provide
and discuss the possible initial and current masses for R136a2
and R136a3 in Appendix A.

Stellar mergers occur while the primary is on the MS 83%
of the time for the M,qy, simulations, and 82% for both the Mr,

' The limits discussed here refer only to the luminosity and effective
temperature (and their 1o uncertainty) of R136al.
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Fig. 9. Possible initial masses of R136al from single star and stel-
lar merger origins. The shaded areas show the primary and secondary
ZAMS masses of stars that merge during evolution and overlap in the
HRD with the observed location of R136al. The blue, green, and pink
show results from M,q, Mr,, and My, respectively. The dashed his-
tograms show the initial mass from single stellar evolution.

and M\ simulations. The M4, simulation is also more likely
to merge during CHeB than the other simulations, as stars with
M4y winds expand more during this phase. On the other hand,
the simulations with stronger winds have more stellar mergers
during H and He-shell burning phases than the M4y, simulation.

The most common stellar merger pathway for all three wind
recipes is by beginning a stable RLOF that circularizes the orbit,
and ends in the merger of the two stars. A RLOF occurs when
the radius of a star becomes equivalent to or larger than the RL
radius and transfers mass until it leads to a merger or a CE
configuration. The RLOF pathway leading directly to a stellar
merger occurs in 66% of all stellar mergers, regardless of the
wind recipe, while the RLOF pathway leading to a CE phase
and then a merger occurs in 3.9% of all stellar mergers.

4.3. Remnant mass spectrum

The masses and formation channels of BHs are linked to the
evolution of the progenitor star; therefore, the properties of pre-
dicted BH populations serve as an indirect test of the stellar and
binary evolution models. BH populations arising as a result of
stellar mergers and from nonmerging binary BHs (BBHs) are
shown in Figure 10. For stars with ZAMS masses below 100 Mg,
we use the same stellar tracks employing standard wind recipes
for all three simulations. Therefore, the BH populations have
similar distributions for lower ZAMS masses and are not shown
in the figure for clarity. From our simulations, we find that the
distribution of single BHs formed via stellar mergers changes
considerably depending on the stellar winds assumed. Simula-
tions with enhanced wind mass loss form fewer massive BHs,
particularly with remnant masses above 100 M. As mentioned
in Sect. 3.1, these stars expand less during evolution due to
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Fig. 10. Black hole number counts for BHs formed from stellar mergers
(left) and nonmerging BBHs (right) for the simulations with M,q,, (top),
Mr, (middle), and My (bottom). The dashed pink lines indicate BH
masses from single stellar evolution.

substantial mass-loss, making them less likely to fill their Roche
Lobe. The enhanced mass-loss also widens the orbit, allowing
the stars to evolve with fewer binary interactions or stellar merg-
ers than in the standard wind case. The extreme winds of the
ML/M simulation erode the stellar mass so much that even the
VMSs that merge during evolution cannot form a BH above
~50 M. This is a stark contrast with the M4y, and Mr, simula-
tions, which generally form more massive BHs (Mgy > 100 M)
after a stellar merger when compared to the resulting BH mass
from single stellar evolution.

The populations of binary BHs that do not merge within a
Hubble time are shown in the right panel of Figure 10. The Mgy
is the only one that can form nonmerging BHs above the PI
mass gap. These BHs arise from binaries that experience sta-
ble mass transfer before the first BH formation. There is a lack
of nonmerging binary BHs from the Mr, simulation with ZAMS
masses 2140 Mg, due to the stars experiencing PISN. Finally,
the My \ simulation forms nonmerging BHs with masses near
the result for single stellar evolution, as they too arise from bina-
ries experiencing episodes of stable mass transfer.

Finally, the BBHs that do merge within a Hubble time
originate primarily from ‘lower-mass’ progenitors (less than
~80 My), so the differences between wind prescriptions are sub-
tle. To highlight the differences in the component masses of
these mergers, Figure 11 shows the primary (Mg, 1) and sec-
ondary (Mpy,2) BH masses of BBHs that merge within a Hub-
ble time. The most common primary BH masses lie between
3 and 9 My, for all mass-loss rates. These BHs originate from
the more numerous lower-mass stars with ZAMS masses in the
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Fig. 11. Primary vs. secondary BH masses for BBHs that merge in
a Hubble time. The contour plot shows the mergers for binaries with
Mgy >20M,, while the distributions show the full mass range of pri-
mary and secondary BH masses on the top and right. The solid blue,
dashed green, and dash-dotted pink lines refer to simulations with stel-
lar tracks computed with the M4, Mre, and ML/M rates, respectively.

range of 20—40 Mg, which are not the focus of this study, and
the contour plot shows only BHs with masses >20 M. More
striking differences appear in the high-mass tail of the distri-
butions: the Mre and ML/M simulations yield many more mas-
sive primaries (Mg, =30 M), with a peak around ~35 M, for
Mr, and at ~45Mg for My \. These systems also produce a
peak in the secondary masses around Mpy, =~ 40 Mg. This is
noteworthy because it suggests the emergence of such peaks in
the high-mass side is not only due to prescriptions employed
for the final fate and the binary stellar evolution processes
(e.g., van Son et al. 2022; Briel et al. 2023; Farrah et al. 2023;
Golomb et al. 2024; Hendriks et al. 2023; Dorozsmai & Toonen
2024; Ugolini et al., in prep.); rather, they result purely from
imposing different stellar wind prescriptions in the stellar tracks.
The binaries with standard winds tend to expand, increasing their
likelihood of interacting and merging during evolution, preclud-
ing them from a BBH configuration. Conversely, the models
with stronger winds remain more compact and are less likely
to merge as stars, thus allowing for the survival of binaries with
larger initial masses that can then form massive merging BHs.
We find that simulations with enhanced winds tend to have pri-
mary and secondary components with similar masses, at vari-
ance with standard wind simulations, which exhibit a broader
distribution of component mass ratios. Additionally, the LIGO-
Virgo-Kagra (LVK) collaboration has detected gravitational-
wave emission from BBH mergers with secondary BH masses
240 Mg (Abbott et al. 2020, 2023, 2024), a mass range only
reproduced with our Mr, and Mj, simulations. Therefore,
to form such massive BHs maintaining this metallicity using
the M,q winds, other formation scenarios are needed, such as
dynamical interaction in a cluster and/or hierarchical BH merg-
ers. Features of the merging BBHs, such as masses, formation
channels, and binary properties, are discussed in further detail in
Appendix C.
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Fig. 12. Number counts of BHs from the simulations with M4, (left), Mr, (center), and My (right). The shaded purple shows the result from
single stellar evolution. The dashed pink, solid blue, and dash-dotted green lines show results from binary evolution of single BHs, binary BHs
that do not merge within a Hubble time, and the resulting BH mass of a BBH merger that merged within a Hubble time, respectively.

Figure 12 shows the BH mass histograms of different BH
populations computed with tracks using different stellar winds.
In all three simulations, the single BHs (formed from either
ejecting or merging with the companion) can partially fill the
BH mass gap from single stars, forming BHs with masses up
to ~90 M. These BHs account for 59%, 58%, and 57% of all
BHs formed from the Mgy, Mr,, and My simulations. The
binary BHs that do not merge in a Hubble time have a maxi-
mum BH mass of 198 M, for the Mgy, case, while for the Mr,
and My sy cases it is 50 M. The nonmerging BBHs account for
35.7% (Myaw), 36.4% (Mr,), and 37.8% (My ) of BHs formed
from the simulations. Interestingly, the Mre and ML/M simula-
tions can fill part of the BH mass gap from single stars with their
merged BH masses, up to ~90 Mg. This is in contrast with the
M, 4, simulation, in which the most massive BH from the merger
of a BBH within a Hubble time is 64 M. These BH mergers
account for 5.7%, 5.9%, and 5.2% of BHs formed in the Mgy,
Mre, and ML/M simulations.

5. Discussion

While our simulations offer interesting insights into the evolu-
tion of massive stars with updated stellar winds and their impli-
cations for the formation of VMS and remnant populations, it is
necessary to acknowledge a few uncertainties and limitations in
the modeling. Here, we outline a few key caveats that should be
considered in this work.

A specific source of uncertainty in single stellar evolution
lies in the validity of the new mass-loss prescriptions in the post-
MS phases. Stars spend most of their lives on the MS and indeed
lose the most mass via stellar winds during this stage, and there-
fore, the post-MS mass-loss rates affect the final mass of the star
far less than MS mass loss, in the VMS regime.

Rotation is another fundamental physical process that is
intricately involved in stellar evolution and mass-loss, and
remains challenging to model comprehensively in population
synthesis studies. Stellar rotation can increase the mixing of
chemical elements, altering the nuclear burning lifetimes and
abundance composition at the surface (Maeder 2009). We ran
models with rotation (see Appendix B), and found that the evo-
lution is more strongly affected by the mass-loss from stel-

lar winds than rotational mixing for moderate rotational rates
(Q/Qqit < 0.6). This is because VMSs have large convec-
tive cores during the MS, and moderate rotation has a negli-
gible effect on VMS evolution (Yusof et al. 2013). In addition,
Bestenlehner et al. (2014) found rotational mixing plays a rel-
atively unimportant role in luminous massive stars with very
strong mass-loss, instead, the mass-loss rate has a strong cor-
relation with the surface He enrichment due to winds stripping
the outer layers.

Uncertainties in the final fate of VMS propagate into uncer-
tainties in the remnant properties. Of these, the edges of the
PI mass gap pose as a source of uncertainty in our predictions.
The conditions that give rise to pair creation depend on the CO
core mass and its composition (C/O), which are affected by evo-
lutionary processes such as mass-loss, convection, overshoot-
ing, and nuclear reactions. Many studies have shown how the
edges of the PI mass gap change when altering major sources
of uncertainty, such as variations in the 2C(a, 7)160 reaction
rates (Farmer et al. 2019, 2020), dredge-up episodes (Costa et al.
2021), pulsation-driven mass-loss (Volpato et al. 2023) with
rotation (Volpato et al. 2024), and other uncertainties in massive
star evolution (Woosley & Heger 2021; Vink et al. 2021). Addi-
tionally, the prescriptions adopted to compute the final remnant
mass are also subject to uncertainty.

Binary evolution modeling propagates the uncertainties
found in single-star models, and adds additional sources and
challenges. The main ones are described in Iorio et al. (2023).
The CE phase is one of the most uncertain processes in binary
stellar evolution, due to the hefty computational challenges
(Ivanova et al. 2013, 2020; MacLeod et al. 2017; Fragos et al.
2019). As a result, hydrodynamical simulations face challenges
in modeling the full CE evolution: simulations may omit key
physical processes, including recombination energy, nuclear
reactions in accreted material, neutrino cooling, and energy
transport mechanisms (Ropke & De Marco 2023). Moreover,
the definition of binding energy and the core mass definition used
can alter the resulting binding energy of the star, affecting binary
interactions and the merger rate density (Sgalletta et al., in prep.).
The mass transfer stability conditions are also uncertain, and can
heavily influence the merger rate densities (Olejak et al. 2021;
Dorozsmai & Toonen 2024). Finally, due to the scale of these
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simulations and the necessary computational efficiency, the pre-
cise tracking of surface abundances from stellar mergers is not
accurately modeled. Therefore, we cannot provide constraints on
the surface chemical compositions of the post-merger products
discussed in Section 4.2. Hydrodynamical simulations following
the evolution of a post-collision star suggested, however, that the
stellar surface would have a higher helium content (Costa et al.
2022). Future works will be dedicated to the hydrodynamic mod-
eling of stellar mergers to trace the surface composition in detail.

Finally, we cannot make conclusive comparisons with the
LVK data by using the newly implemented prescriptions for stel-
lar winds, as our focus on VMSs in the LMC at a single metal-
licity of Z=0.006. Future studies will examine the impact of
these new prescriptions on the evolution of single and binary
stars across different metallicities.

6. Conclusion

We have presented new stellar evolution tracks that were com-
puted with enhanced stellar wind mass-loss rates for VMSs.
We ran single stellar models with 100 < Mzams/Mg < 600 at the
LMC metallicity (Z = 0.006) for the three mass-loss rates we dis-
cussed, based on theoretical and observational studies that sug-
gested that the dependence on the Eddington parameter increases
when VMSs approach the Eddington limit.

We presented the possible evolution of a population of mas-
sive binaries by employing our new stellar models in the SEVN
binary population synthesis code. We investigated stellar merg-
ers as a possible origin of observed VMSs, such as those in
R136a, and compared the implications with the results from sin-
gle stellar evolution. We characterized the different BH popula-
tions and formation channels that arise from altering the wind
prescription. We summarize our main results below.

— The stellar tracks computed with the new winds, Mre and
M4y, inflate less on the MS. They remain hotter and more
compact as a result of the enhanced mass loss than in models
that are computed with the standard rates, M, 4. The tracks
with stronger winds spend more time within the observed
narrow Tq range of observed VMSs in R136a, and they
reproduce their observed properties better.

— Using the statistical tool PARAM, we found that only stel-
lar tracks that are computed with the Mr, wind prescription
can fit the observed features of R136a with stellar age esti-
mates of ~1.3—1.6 Myr. This age determination agrees with
age estimates from other studies.

— The amount of the mass that is retained by stars at the pre-
SN stage varies notably with the adopted wind prescription.
With the M,q,, winds, stars typically retain 48% to 52% of
their ZAMS mass. In contrast, the My, and My models
result in appreciably higher mass loss, and the percentage of
the retained mass depends on the ZAMS mass. For Mre, the
retained mass ranges from 30% to 52%, and it decreases as
the ZAMS mass increases. The M| ;M winds predict the most
extreme mass loss, resulting in stars that only retain 13% to
42% of their ZAMS mass at the pre-SN stage, and it also
decreases with increasing initial mass.

— We investigated the possible origins of the VMS R136al
from single and binary evolution. If binary stellar mergers
are the origin of R136al, then our models suggest a pri-
mary initial upper mass limit of 186 M, (for the M4y, case),
207 Mg, (for the Mr, case), and 141 and 310 M, (for the
My classes 1 and 2). Conversely, when the origin of this
VMS is explained through single stellar evolution, a higher
upper initial mass limit from 315 M, (for the M,q4,, case) to
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390 Mg, (for the enhanced winds) is required. In either case,
we established a strict upper limit on the ZAMS mass for
R136al, which must be <400 M, regardless of the wind pre-
scription.

— From the simulation of binary populations with different
winds, we found unique BH distributions for each wind
recipe. Simulations with enhanced winds are less likely to
merge during the stellar evolution because the inflation is
suppressed on the MS. As a consequence, these systems have
fewer stellar mergers and produce fewer intermediate-mass
BHs (with masses above the PISN gap) than standard stellar
winds.

— For binary BHs that merge within a Hubble time, only the
Mr, and My y simulations were able to have secondaries
with masses >32Mg, in agreement with observed BBH
mergers. Moreover, these two simulations produced many
more primaries with BH masses >30M,, than the Mq,, sim-
ulation.
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Fig. A.1. The possible initial masses of R136a2 from single star and
stellar merger origins. The shaded areas show the primary and sec-
ondary ZAMS masses of stars that merge during evolution and overlap
in the HRD with the observed location of R136a2. The blue, green, and
pink show results from M., Mr,, and My, respectively. The dashed
histograms show the initial mass from single stellar evolution.

Appendix A: Mass estimates for R136a2 and
R136a3

Here we briefly discuss the possible origins of the VMSs R136a2
and R136a3. The initial and current mass derived from single and
binary mergers that match the observed properties of the R136
stars are listed in Table A.1, including mass estimates from liter-
ature. Figure A.1 shows the initial mass distributions for R136a2
from single and binary stellar merger origins. Similarly to our
results of R136al, a single star origin necessitates a ZAMS mass
~ 100 Mg larger than the ZAMS masses from stellar merger ori-
gin. The estimates from a single star origin, both from litera-
ture and from all of our wind recipes, generally suggest ZAMS
masses > 200 M. Even so, the current mass derived is gener-
ally in agreement between single and binary origins, for models
using the same wind prescription.

Finally, the 10 mass estimates from single and binary origins
are shown in Figure A.2 for the best fit to the R136a3 star. As
expected, the stellar merger origin necessitates a primary ZAMS
mass ~100 M, less than needed for a single star origin. We pro-
vide two classes of solutions for the best fit ZAMS masses of
ML/M, for primaries with masses above and below 200 M, as
was done for R136al. Interestingly, both stellar mergers and sin-
gle star current mass estimates from Mr, and My v agree within
the uncertainty of other mass estimates from literature. In con-
trast, those using M, 4 are much larger than other estimates. This
is because the M,qy tracks fit the stars better earlier in the evo-
lution (see Table 3), when they have not lost significant amounts
of mass yet. The M,q,, binaries are more likely to merge earlier
in evolution compared to the enhanced wind simulations, and
therefore also retain more of their initial mass than the enhanced
wind simulations.
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Fig. A.2. The same as Figure A.1 but for R136a3.

Appendix B: Rotating tracks

Stellar rotation is a crucial aspect that influences the evolution
of massive stars; for example, it increases the mixing of chem-
ical elements, altering the nuclear burning lifetimes and surface
abundance composition (Maeder 2009). As such, rotation can
also play a critical role in determining the final fate of the star.

We compute full stellar evolution models for stars with
masses 100 < Mzams/Mg <350. The rotation processes are
described in Costa et al. (2019a,b), Nguyen et al. (2022). Mod-
els are computed with initial rotation rates w=0.4, w=0.6,
and 100 < Mzams/Mp <200 for w=0.8. w is the fraction of
the initial angular velocity to the critical angular velocity,
that is, w=Q,i/Qcric. Our models account for the mass-loss
enhancement due to rotation, following the prescriptions from
Heger et al. (2000), which include a dependency on the ratio
between the surface velocity and the break-up velocity. We take
into account mechanical mass-loss when the stars reach the crit-
ical rotation Georgy et al. (2013).

Figure B.1 shows the HRD of selected tracks computed with
four rotation rates for each mass-loss recipe. For all the wind
prescriptions, models with larger rotation rates evolve at higher
luminosities and remain hotter when on the MS than nonrotating
models. A major consequence of including rotation in the mod-
els is that they spend a greater portion of their evolution within
the range of observed temperatures of VMS.

For the Mg, rate, the MS evolution occurs at higher lumi-
nosity than nonrotating models. The increase is moderate, except
for the 100 M, star with w = 0.8, which evolves almost vertically
up on the MS. This strong increase in luminosity is due to the
enrichment of helium, increasing the mean molecular weight.
The enhanced He can be attributed to the rotating models having
increased rotational mixing, which brings fresh material from
the envelope to the core. The convective cores thus make up a
larger fraction of the total stellar mass, compared to nonrotat-
ing models. By the end of the MS, the surface He abundance
can reach 93 % of the surface mass fraction for w = 0.8, while
for w < 0.6, the surface He mass fraction only reaches 68 - 85 %,
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Table A.1. Mass estimates of R136a from single and binary stellar mergers for the winds described in this work.

R136al R136a2 R136a3

Method and Binarity

M. ZAMS M current M ZAMS M, current M. ZAMS M, current
M4y (Single) 315 f}% 295 ﬂé 240 jg 225 fg 241 fg 232 fg
M4y (Stellar merger) 186 33 278 ' 146 *32 22247 145 *31 221 %3
Mr, (Single) 389 fé4 202 f(l)é 296 *)2 169 f{g 286 f‘z‘s 180 f‘l‘i
Mr, (Stellar merger) 207 tgg 200 féo 160 fig 164 f}ﬁ 162 fgé 171 fﬁ
My (Single) 359 ﬁg 254 fﬁ 260 ’330 201 fg% 257 39 220 jﬂ
My (Stellar merger, Class 1) 141 t%% 185 fﬁ 121 f?g 138 ”_’g 127 38 138 fg
M\ (Stellar merger, Class 2) 310 *3] 204 +23 259 *32 141 %3, 25143 140 *5
Brands et al. (2022) 273 ﬁgg 222 f%g 221 f{g 186 f}g 213 f}% 179 f}?
Bestenlehner et al. (2020) 251 tgg 215 f;‘? 211 fgé 187 f%g 181 f%"f 154 f%g
Crowther et al. (2010) 320 :]‘80 265 fgg 240 fjg 195 fgg 165 fgg 135 f%g

Notes. Column 1: The mass-loss recipe used and the origin of the star. Columns 2 and 3: ZAMS mass and current mass estimate of R136al.
Columns 4 and 5: ZAMS mass and current mass estimate of R136a2. Columns 5 and 6: ZAMS mass and current mass estimate of R136a3. In the
case of a stellar merger, the Mzams shows the mass of the primary star only. For stellar mergers computed with M; ,v, we split the results into two
mass regimes: primary mass below 200 M, (class 1) and above 200 M, (class 2), to account for the bimodal distribution. The last three rows present
comparisons from the literature, all of which assume a single star origin. Crowther et al. (2010) results use the Geneva stellar evolution tracks, and
the results from Bestenlehner et al. (2020) and Brands et al. (2022) both used the stellar models from Brott et al. (2011) and Kohler et al. (2015).

depending on the Mzams. The rotating models of this rate exhibit
enhanced surface C, N, O, and Ne at the surface compared to the
nonrotating models. We find no evidence of chemically homoge-
neous evolution (CHE) for any masses or rotation rates consid-
ered in this work, though we note that the rapidly rotating mod-
els can approach CHE but do not become fully homogeneous.
The 200 M models show less pronounced differences between
rotating and nonrotating models; the greatest distinction is the
increase in luminosity and decreased T.g range experienced by
the stars on the MS.

As rotation is expected to increase mass-loss rates, it is
interesting to note the unexpected trend that the final masses
of rotating models with M4, rates tend to have larger final
masses than nonrotating models (see Table B.1). This feature
arises because nonrotating models evolve to cooler g, Where
they encounter the bistability jump and have enhanced mass-
loss rates. If any rotating model crosses the bi-stability jump to
experience stronger winds, it does so for a shorter time than the
nonrotating models, resulting in less total mass lost due to the
bistability jump. Overall, the evolution of tracks with M4, rates
are more strongly effected by stellar winds than the affects of
rotation, with the exception of Mzams < 100 Mg with w=0.8.

The models computed with Mr, rates are shown in the cen-
tral panel of Figure B.1. The 100 Mgy models show the same
differences in evolution as the M4, models, including the con-
sequence of encountering the bistability jump has on the final
mass. Compared to the M.qy case, the Mre 200 M, models show
even less variation in the HRD evolution for rotating models.
Indeed, these models evolve through the same burning phases
and end evolution with nearly identical final masses and surface
compositions, composed of X5 =0.95 - 0.98, X3 ~ 1072, and
XEI ~ 1073 in mass fraction. For these stars, the evolution is
entirely dominated by the stellar winds and rotation plays a sub-
dominant role in the evolution.

For the ML/M models with Mzams = 100 Mg, rotation begins
to change the evolution on the HRD appreciably. Like the Mgy
and M, rates, rotating models with My show a steep increase
in luminosity at nearly constant Tg at the start of the MS, and the

evolution is nearly vertical for w >0.6. The w=0.6 and w =0.8
models have their surface composition dominated by He earlier
in the MS compared to the w=0.0 and w=0.4 models, caus-
ing the steeper increase in luminosity. The increased rotation
strengthens the mass-loss, and models with w > 0.6 become WR
stars midway through the MS. By the end of the MS, these mod-
els have already lost 10 - 15 My more material than the w <0.4
models. By the end of evolution, the rapidly rotating model ends
with only 1/2 of the mass of the nonrotating model. On the other
hand, the 200 My model is overall less influenced by rotation
than it is by stellar winds, similar to the Mre models. The final
masses of rotating and nonrotating models are comparable.

The initial rotation rate at which rotation dominates the evo-
lution depends on the wind prescription, initial mass, and rota-
tion rate. Overall, we found that rotation becomes the dominant
factor affecting the evolution on the MS only when w >0.6 for
M,qy, and My for stars born with Mzams < 150 M. For these
stars, the variability of when rotational effects become domi-
nant underscores the need for careful selection of wind models.
It highlights the complex interplay between the stellar winds,
rotation rates, and ZAMS masses. For more massive stars, with
Mzams =200Mg and all wind prescriptions, mass-loss influ-
ences both the HRD evolution and final masses significantly
more than rotation does, for the cases explored in this work.
This result is in agreement with other works (e.g., Sabhahit et al.
2022), as rotation has a negligible effect on the evolution of VMS
(Yusof et al. 2013). A more thorough investigation of the impact
of rotation will be conducted in future works.

Appendix C: Merging binary BH formation channels

Having characterized the overall population and formation sce-
narios of the BHs produced in our simulations in Sections 4.2
and 4.3, we now focus on a particularly interesting subset:
the BBHs that experience a gravitational-wave-emitting merger
within a Hubble time. Their formation and properties are a direct
consequence of the binary evolution explored in the previous

A126, page 17 of 19



Shepherd, K. G., et al.:

A&A, 701, A126 (2025)

w = 0.0 w=04 ——w=06 - w=0.8
70 T T T T T T T T T T T T T 1 T 70
I T 10! Ry 102 Ry 103 Ry 7
*
1 16.8
&
17 200 Mg L * 16.6
S
1F ' l T 16.4
= \\ f‘\*-’*; T .
v s 4 F N [1,." 416.2
100 Mo %, 100 Mo % . 1L \190 Mo 9%,
6.0r e 0 Maw L L0 My, ] e Lt M g0
P .f. Lo % A A T A .f. 1 o % A 1 A ‘7 ; A “..’f':" [ .f‘ L % ‘7
5.0 4.5 4.0 5.0 4.5 4.0 55 5.0 4.5 4.0
log Terr [K] log Tesr [K] log Terr [K]

Fjg. B.1. HRD for the different rotation rates as indicated by line color and style. The left, center, and right panels refer to the M, Mre, and
M )\ rates, respectively. The gray-shaded region indicates the observed temperature range in the Tarantula Nebula. Data of stars in 30 Doradus

are shown in colored symbols, following the same notation as Figure 1.

Table B.1. Pre-SN masses in M, for three different rotation rates.

w
Mzaus 0.0 0.4 0.6 0.8
Mrdw
100 48.75 50.36 54.69 51.40
150 75.10 78.66 82.50 77.27
200 103.13 106.77 111.15 104.71
250 132.44 133.78 140.28 132.57
300 160.22 160.98 165.32 -
350 186.10 187.60 190.34 -
M.
100 52.67 54.89 56.19 61.12
150 74.99 76.58 77.12 79.14
200 93.21 91.78 94.29 94.75
250 107.84 107.14 109.63 -
300 122.29 122.25 121.88 -
350 131.87 131.59 131.50 -
Mym
100 4291 43.83 30.87 21.18
150 54.46 42.87 40.75 39.27
200 49.33 45.17 44.18 43.98
250 51.27 48.49 47.63 -
300 54.96 52.26 51.34 -
350 58.98 56.36 55.62 -

sections, which are also relevant to the formation of VMS in

dense environments, like that of the Tarantula Nebula.

Binary BHs that coalesce in a Hubble time are the main
source of gravitational waves and can provide valuable insights
into binary evolution processes. Understanding how these sys-
tems form and evolve requires tracing their history through pos-
sible formation channels (e.g., Spera et al. 2022). This section
details the properties and formational channels of these BHs pre-
dicted by our simulations.
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In all simulations, the most common formation channel is
the so-called ’channel I’, following the definitions given by
Broekgaarden et al. (2022), Iorio et al. (2023): the progenitors
undergo stable mass transfer before the first BH is formed, and
after, evolve through at least one common envelope phase. This
occurs in 91% of BBH mergers, regardless of the wind prescrip-
tion. The second most common channel, occurring in 6% of all
BBH mergers, is channel IV, in which the progenitors undergo at
least one CE phase before the first BH is formed, and the com-
panion star has been stripped of its envelope before the BH for-
mation.

The frequency of different formation channels is generally
very similar for all three simulations, as the majority of merging
BBHs originate from progenitors with smaller ZAMS masses,
whose evolution is not affected by the enhanced mass-loss treat-
ment presented in this work. The high-mass end of the BBH
mergers (with Mpy,; > 30Mg) can arise from VMS progeni-
tors, however, as described in Sect 4.3, which influences the evo-
lutionary pathway to BBH coalescence. For BBH mergers with
a primary mass Mgy,1 > 30 Mg, a common formation channel
is channel II. In this channel, the binary system evolves only
through stable mass transfer episodes, and occurs in 82%, 47%,
and 70% of BBH mergers with Mgy, Mr,, and My )y, simula-
tions, respectively. The most common pathway for Mr, is chan-
nel IV, with exactly one CE episode. The Mr, goes through chan-
nel IV 48% of the time, while M,qy, and My )y experience it just
1.5% and 15% of the time. Finally, there is the possibility that the
binaries do not experience any mass transfer episodes, deemed
channel 0. This channel arises in 13%, 2%, and 12% of the mas-
sive BBH mergers for the M,qy, Mr,, and My )y cases.

Very massive primaries (Mzams > 140Mg) in merging
binaries computed with M4y tend to form with moderately mas-
sive secondaries (27 < Mzams 2/Me < 47), minor eccentric orbits
(e€[0.01, 0.26]), and in close systems, a€[5.8Ry, 35.9Ry].
Meanwhile, for the simulations with Mrc the semi-major axes
ae[7.6Ry, 63.0Ry] are slightly larger, and the orbits are more
circularized (e € [0.01, 0.13]). This simulation resulted in a larger
population of doubly massive merging systems than the Mg,
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simulations. For the doubly massive systems computed with
ML/M have close systems a€[14.3Ry, 60.3Ry], and a wider
variety of eccentricities, e € [0.006, 0.38]. These simulations can
produce many doubly massive merging systems, partly due to
the remnant masses (see Figure 7).

The most massive primary BHs in the BBH merger popula-
tion across all three simulations is Mpy | ~ 46 i: Mg, originating
from progenitor stars with ZAMS masses of 115 Mg, 108 Mg,
and 210 My, for the M4y, Mr,, and My winds, respectively.
The Mr, and My ;v simulations produce up to an order of mag-
nitude more BH primaries with Mgy > 35M; than the Mg
simulation (see Figure 11). They also yield significantly more
massive secondaries, with Mgy, ~41.9 M and 41.7 M, origi-
nating from ZAMS masses of 147 My and 145 Mg. In contrast,
that M4, simulation produces only a few mergers with sec-
ondary BHs above 16 Mg, and none above 32 M. These dif-
ferences arise because the stronger winds in the Mre and ML/M
prescriptions increase mass-loss and reduce stellar radii, lower-
ing the likelihood of binary interactions and stellar mergers (see
section 4.2), thereby increasing the number of BBH systems that
can later coalesce.
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