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ABSTRACT
The most massive stars provide an essential source of recycled material for young clusters and
galaxies. While very massive stars (VMS, M>100 M⊙) are relatively rare compared to O stars,
they lose disproportionately large amounts of mass already from the onset of core H-burning.
VMS have optically thick winds with elevated mass-loss rates in comparison to optically thin
standard O-star winds. We compute wind yields and ejected masses on the main sequence, and
we compare enhanced mass-loss rates to standard ones. We calculate solar metallicity wind
yields from MESA stellar evolution models in the range 50 – 500 M⊙ , including a large nuclear
network of 92 isotopes, investigating not only the CNO-cycle, but also the Ne-Na and Mg-Al
cycles. VMS with enhanced winds eject 5-10 times more H-processed elements (N, Ne, Na,
Al) on the main sequence in comparison to standard winds, with possible consequences for
observed anti-correlations, such as C-N and Na-O, in globular clusters. We find that for VMS
95% of the total wind yields is produced on the main sequence, while only ∼ 5% is supplied by
the post-main sequence. This implies that VMS with enhanced winds are the primary source
of 26Al, contrasting previous works where classical Wolf-Rayet winds had been suggested to
be responsible for Galactic 26Al enrichment. Finally, 200 M⊙ stars eject 100 times more of
each heavy element in their winds than 50 M⊙ stars, and even when weighted by an IMF their
wind contribution is still an order of magnitude higher than that of 50 M⊙ stars.

Key words: stars: massive – stars: evolution – stars: abundances – stars: mass loss – stars:
interiors – nuclear reactions, nucleosynthesis, abundances

1 INTRODUCTION

The chemical composition of galaxies relies on the production of
elements in stars, which are subsequently released in stellar winds
and supernovae. This ejected material is then responsible for en-
riching the neighbouring environment with heavier elements. The
evolution of galaxies therefore depends on the main production sites
of various chemical isotopes and the relevant feedback of enriched
material which ultimately affects the metallicity of a given galaxy
or cluster (Tinsley 1980). The origin of elements thereby concerns
the stellar nucleosynthesis, wind ejecta and chemical yields, of a
given population, providing a broad perspective on galactic chemi-
cal evolution (GCE; Kobayashi et al. 2020a).

This rejuvenation of galaxies over generations of stars has led
us to the metal-rich environment of our own Galaxy, with abundant
quantities of carbon (C), oxygen (O), nitrogen (N) and iron (Fe).
These fusion products are key for establishing life in our modern-
day Universe, including the enrichment of our solar system with el-
ements such as radioactive aluminium (26Al). Surveys of the Milky
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Way by COMPTEL (Diehl et al. 1995) and INTEGRAL (Diehl
et al. 2006) found ∼ 3 M⊙ of 26Al which is a radioactive isotope of
Al with a half-life of ∼ 0.7Myr. The observed 26Al was therefore
produced and expelled into our Galaxy recently, likely by massive
stars.

Another intriguing puzzle from the last few decades concerns
the origin of the C-N and Na-O anti-correlations in Globular Clus-
ters (Bastian & Lardo 2018). These hydrogen-burning by-products
have been suggested to either originate from asymptotic giant
branch (AGB) stars (D’Ercole et al. 2010), massive stars (Decressin
et al. 2009), and even supermassive stars (SMS) (Denissenkov &
Hartwick 2014; Gieles et al. 2018). However, it remains to be shown
that SMS are actually formed in Nature. Very massive stars (VMS)
with masses over 100 M⊙ have therefore been proposed as an al-
ternative polluter (Vink 2018) as VMS are actually seen in Nature,
such as in the Arches cluster of the Milky Way and the Tarantula
Nebula of the Large Magellanic Cloud (LMC).

These VMS have been theoretically predicted, and observed,
to have enhanced stellar winds, expelling significant amounts of
mass during their lifetime. Vink et al. (2011) calculated Monte
Carlo simulations of VMS finding an upturn in the mass-loss rates
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of stars above a given transition point where stellar winds change
from being optically thin to optically thick. A similar increase in
the mass-loss rates was observed for the VMS or Hydrogen-rich
Wolf-Rayet class of WNh stars in the LMC by Bestenlehner et al.
(2014). Recent work by Sabhahit et al. (2022) provided a physically-
motivated wind prescription for VMS which adopts enhanced winds
above the Vink & Gräfener (2012) transition point, whilst retaining
standard O-star rates for stars below the transition point. A com-
parison of the observed VMS in both the Galaxy and LMC showed
good agreement with stellar properties such as luminosities (L) and
effective temperatures (Teff). A subsequent study by Higgins et al.
(2022) implemented this new wind prescription for stars with ini-
tial masses ranging from 100 M⊙ to 1000 M⊙ discovering that the
surface Hydrogen (H) abundance could be used to infer the interior
H-burning abundance. This is a result of chemically-homogeneous
evolution (CHE), where even non-rotating stars are fully mixed as a
result of the large convective cores of VMS which comprise ∼ 90%
of the entire star.

With such enhanced winds already at the Zero-Age-Main-
Sequence (ZAMS), VMS could be the main contributors of pro-
cessed material which regenerates their host young cluster. In fact,
while supernovae ejecta likely dominate the contribution of massive
star yields for M ∼ 20 M⊙ , this would only occur after ∼ 5-10Myr,
while the constant source of enriched material from VMS likely
dominates the first 1-5Myr of a given region. For this reason, we
explore the contribution of VMS wind yields at solar metallicity (Z)
for a range of masses, implementing the enhanced wind prescrip-
tion for VMS. We compare the effects of adopting the optically thin
O star winds which have been previously implemented in the lit-
erature for VMS. Ejected masses and net wind yields are provided
for VMS on the main sequence (MS) and we explore the effects
of MS winds on the post-MS. Finally, we examine the contribution
of VMS winds when weighted by an initial mass function (IMF)
as compared to standard O stars. The wind and supernovae yields
of 26Al from massive single stars have been estimated previously
by Limongi & Chieffi (2006, 2018); Martinet et al. (2022), while
the effect of binary interaction has been explored more recently by
Brinkman et al. (2019, 2021).

We present an overview of our model grid at solar metallicity in
Sect. 2, with a description of stellar winds in Sect. 2.2. The results
of our stellar models are shown in Sect. 3, with details of VMS
nucleosynthesis in Sect. 3.2, key features of VMS evolution in Sect.
3.3 and observable surface enrichment in Sect.3.4. We provide the
ejected masses and yield calculations for various isotopes in Sect.
4, with the contribution of MS mass loss discussed in Sect. 4.1,
and a discussion of the impact that MS winds have on the post-MS
following in Sect. 4.2. A comparison of VMS and O star wind yields
is provided in Sect. 5 as a function of their contribution to their host
environment for a given IMF. Finally, we provide our conclusions
in Sect. 6.

2 METHOD

In this section, we provide an overview of our evolutionary models
with the relevant wind prescriptions and nuclear reactions necessary
for estimating wind yields at solar Z. We compare two stellar wind
prescriptions in order to showcase the impact of VMS wind yields on
their environment. In Sect. 4 we describe our method of calculating
ejected masses and net yields for a given initial mass and chemical
isotope.

Isotope Mass fraction Isotope Mass fraction

1H 0.719986 20Ne 1.356E-3
2H 1.440E-5 22Ne 1.097E-4

3He 4.416E-5 23Na 2.9095E-5
4He 0.266 24Mg 4.363E-4
12C 2.380E-3 25Mg 5.756E-5
14N 7.029 E-4 26Mg 6.585E-5
16O 6.535E-3 27Al 5.051E-5
18O 1.475E-5 28Si 5.675E-4
19F 3.475E-7 32S 2.917E-4

Table 1. Initial abundances of chemical isotopes in mass fractions for our
grid of models at Z⊙ .

2.1 Stellar models

Stellar models have been calculated using the one-dimensional stel-
lar evolution code MESA (r10398; Paxton et al. 2011, 2013, 2015,
2018, 2019) for a grid of initial masses of 100, 200, 300, 400, and
500 M⊙ . We have also computed comparable models at lower initial
masses of 50 M⊙ and 80 M⊙ . All calculations begin with a pre-main
sequence and then evolve from the ZAMS until core O-exhaustion
(16Oc < 0.00001). We implement a nuclear reaction network which
includes the relevant isotopes for massive star evolution until the end
of core O-burning. This nuclear network comprises the following 92
isotopes: n, 1,2H, 3,4He, 6,7Li, 7,9,10Be, 8,10,11B, 12,13C, 13−16N,
14−19O, 17−20F, 18−23Ne, 21−24Na, 23−27Mg, 25−28Al, 27−33Si,
30−34P, 31−37S, 35−38Cl, 35−41Ar, 39−44K, and 39−44,46,48Ca. Our
stellar models are computed with solar metallicity, where 𝑋 = 0.720,
𝑌 = 0.266 and Z⊙ = 0.014 where the relative composition is adopted
from Asplund et al. (2009), provided in Table 1. We avail of the
OPAL opacity tables from Rogers & Nayfonov (2002), and adopt
nuclear reaction rates from the JINA Reaclib Database (Cyburt et al.
2010).

The mixing-length-theory (MLT) of convection describes the
treatment of convection in our models, where we apply an efficiency
of 𝛼mlt= 1.67 (Arnett et al. 2019). The Schwarzschild criterion
defines the convective boundaries in our models and as such we
do not implement semiconvective mixing. For convective boundary
mixing (CBM), we include the exponential decaying diffusive model
of Freytag et al. (1996) (see also Herwig 2000) with 𝑓ov= 0.03
(corresponding to 𝛼ov≃ 0.3) for the top of convective cores and
shells, and with 𝑓ov= 0.006 for the bottom of convective shells.
Bowman (2020) find a range of 𝛼ov from asteroseismology results
with 𝛼ov up to 0.4, so our value for the top of convective zones
falls in the range of asteroseismology-inferred values. This value
also falls in between the majority of published large grids of stellar
models such as 𝛼ov = 0.1 in Ekström et al. (2012), 𝛼ov = 0.335 in
Brott et al. (2011), and recent studies on CBM (Higgins & Vink
2019; Scott et al. 2021) supporting values for 𝛼ov up to at least 0.5
for stars above 20 M⊙ . For the bottom boundary, a CBM value of
1/5 the value of the top boundary is based on 3D hydrodynamic
simulations (Cristini et al. 2017, 2019; Rizzuti et al. 2022) finding
that CBM is slower at the bottom boundaries due to being stiffer
and therefore harder to penetrate.

In order to evolve such high mass models, without enhanced
winds for comparisons, we apply convection in superadiabatic layers
via the MLT++ prescription which aids convergence of such models
to late evolutionary stages. The temporal resolution of our models
has been set with varcontroltarget = 0.0001, and a correspond-
ing spatial resolution of meshdelta = 0.5.
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(a) Enhanced V11 optically thick winds for VMS
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(b) Standard V01 optically thin O star winds applied to VMS

Figure 1. Time evolution of the surface abundance of H, He, C, N and O as a function of mass, for 300 M⊙ models at Z⊙ . As the star loses mass the time
evolution goes from right to left. We apply the optically-thick, enhanced wind prescription outlined in equation (2) on the left, and the standard optically thin,
O star wind prescription from equation (1) on the right. The white region shows the mass lost over the MS lifetime, while the grey shaded region illustrates the
remaining terminal age main-sequence (TAMS) stellar mass with the black line denoting the TAMS.

2.2 Mass Loss

In this work, we compare 2 stellar wind prescriptions, and explore
their effects on VMS evolution and corresponding wind yields.
Theoretical mass-loss rates of massive stars were calculated by Vink
et al. (2001) as a function of mass, luminosity, effective temperature,
terminal velocity, and metallicity,

log ¤𝑀V01 = − 6.697

+ 2.194 log(𝐿/𝐿⊙/105)
− 1.313 log(𝑀/𝑀⊙/30)
− 1.226 log((𝑣∞/𝑣esc)/2)
+ 0.933 log(𝑇eff/40000)

− 10.92 {log(𝑇eff/40000)}2

+ 0.85 log(𝑍/𝑍⊙)

(1)

as shown in equation (1). These mass-loss rates were calculated with
Monte-Carlo (MC) simulations which trace the number of photons
travelling below the photosphere through the stellar wind, thereby
calculating the radiative acceleration and mass-loss rate. The MC
simulations were calculated for hot (log10 (Teff /K) ≥ 4.0), optically
thin OB stars. This mass-loss recipe has been implemented across
many stellar evolution and population synthesis codes for massive
stars, and in some cases extrapolated to higher masses, which have
been shown to under-predict the stellar winds of VMS, (Vink 2006;
Bestenlehner et al. 2014).

Following this, Vink et al. (2011) computed MC simulations
up to 300 M⊙ finding a ‘kink’ or upturn in the mass-loss rates
at the highest masses. Similarly, the massive star observations in
30 Dor also displayed a ‘kink’ in the mass-loss rates of the most
massive stars (Bestenlehner et al. 2014). This transition point aligns
with the observed spectral transition from O stars with optically
thin winds to Of/WNh stars with optically thick winds. While new

dependencies on L/M were provided by Vink et al. (2011), showing
a strong Γ-dependence on ¤𝑀 , absolute rates were not calculated. As
a result, a recent study by Sabhahit et al. (2022) provided a complete
mass-loss prescription which switches from the optically thin Vink
et al. (2001) rates below the transition point (∼ 77 M⊙ at Z⊙) to the
updated Vink et al. (2011) rates for VMS above the transition point.
Since there are a number of transition stars in the Arches cluster of
the Milky Way and 30 Dor in the Large Magellanic Cloud (LMC),
the absolute rates of both recipes were anchored to the transition
point such that a complete recipe was achievable,

log ¤𝑀V11 = − 8.445

+ 4.77 log(𝐿/𝐿⊙/105)
− 3.99 log(𝑀/𝑀⊙/30)
− 1.226 log((𝑣∞/𝑣esc)/2)
+ 0.761 log(𝑍/𝑍⊙)

(2)

as shown in equation (2). The Sabhahit et al. (2022) study pro-
vided a comparison with observed transition stars and VMS in
the Galaxy and LMC, showing excellent agreement with absolute
mass-loss rates and evolutionary traits. In fact, the self-regulatory
behaviour found in the enhanced wind VMS models, illustrated
in the Hertzsprung-Russell diagram (HRD), demonstrated that ob-
served VMS could be reproduced in a narrow effective temperature
range with a steep drop in luminosity, as a result of the enhanced
wind prescription. We adopt this mass-loss recipe throughout the
paper, hereafter ‘V11’. We compare the updated V11 mass-loss
recipe with the standard O star wind of Vink et al. (2001), hereafter
‘V01’.

Our implementation of V11 winds follows that of Sabhahit
et al. (2022) such that the V01 and V11 prescriptions are connected
at the observed transition point and the maximum mass-loss rate of
the 2 recipes (as a function of L, M, T, Z, and 𝑣∞) is adopted at
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Figure 2. Time evolution of the surface composition during the MS coupled
with the composition of the interior of the star (grey shaded area) at the end
of the MS (both in mass fraction units and using a log-scale) for a model
with an initial mass of 300 M⊙ and the V11 wind prescription (where the
legend details the various isotopes with coloured solid/dashed lines). Given
that mass loss reduces the total mass of the star with time, the time evolution
goes from right to left and the material ejected during the MS corresponds
to the white area (right, non-shaded), with the hydrogen-exhausted stellar
interior shown by the grey shaded region (left). The black solid line illustrates
the TAMS where the surface evolution at core H-exhaustion occurs, and the
central abundances are then shown in the grey region at the same TAMS
point.

each time-step. Therefore stars which are near the transition point,
or evolve beyond the transition point adopt the appropriate mass-
loss rate at all evolutionary stages. In our model grid, all VMS
(M>100 M⊙) lie beyond the transition point and as such apply the
V11 prescription as shown in equation 2 throughout their evolu-
tion. On the other hand, the lower mass model calculated with
Minit = 50 M⊙ evolves below the transition point and applies the
V01 prescription outlined in equation 1 throughout its entire evolu-
tion. Finally, the 80 M⊙ model already begins its evolution near the
transition point (at Z⊙ , Mtrans ∼ 76 M⊙) and as a result switches
between V01 and V11 dependencies in line with the wind physics
discussed in Vink et al. (2011) and Sabhahit et al. (2022).

3 RESULTS

In this section, we present the initial results of our model grid for
VMS masses ranging from 100-500 M⊙ . In particular we focus
on the nucleosynthesis and key characteristics of VMS evolution,
resulting from two sets of models with one set implementing en-
hanced, optically thick, V11 stellar winds, and the other including
the standard, optically thin, V01 winds, as outlined in Sect. 2.

3.1 Effect of stellar winds on VMS

Initially, we compare the effect of applying the enhanced V11 wind
prescription in line with observations of VMS and theoretical pre-
dictions of enhanced mass loss above the transition point, with the
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Figure 3. Time evolution of the surface composition during core He-burning
in log-scale as a function of stellar mass with the interior composition shown
at the end of core He-burning, for a model with an initial mass of 300 M⊙
applying the V11 wind prescription. The He-exhausted core is shown in
the grey shaded region (left) while the ejected material lost during the core
He-burning phase can be seen in white (right).

standard O star winds of V01 in Fig. 1. We show the time evolution
of surface composition (1H, 4He, 12C, 14N and 16O) for a 300 M⊙
star, as a function of total stellar mass, where mass is lost with time
from right to left. By comparing the grey shaded region which il-
lustrates the TAMS mass for each model, we can see that the wind
yields and post-MS evolution are significantly affected by the MS
mass-loss rate. Figure 1 highlights the primary difference for VMS
winds where the final TAMS mass differs by 100 M⊙ . The subse-
quent effect of the additional mass lost by the V11 model during this
MS phase is evident by the increased amounts of He and N ejected
(white region of Fig.1 (b) when compared to the larger white region
in (a)). We explore this further for a wider range of isotopes in Figs.
2 and B1, and discuss the key effects in Sect. 4.1. We present an
overview of the TAMS masses and evolutionary timescales of our
models in Table 2.

3.2 Nucleosynthesis

VMS are extremely efficient nuclear fusion generators, with con-
vective cores which are a significant fraction of their total mass,
and burning timescales of just a few Myrs. Stars with an initial
mass greater than ∼ 8 M⊙ fuse H into He via the CNO-cycle as
opposed to the p+p chain due to their increased central tempera-
tures and relatively lower central densities. The heavier elements
in the CNO-cycle act as catalysts with the net result of converting
H into He. Initially the CN-cycle processes 12C towards 15N by
proton-capture before returning to 12C again via (p,𝛼) reactions.
This CN-cycle reaches equilibrium in ∼ 104 yr with a factor of 10
increase in 14N. Simultaneously, the second CNO-cycle converts
15N into 16O - 17F - 17O before returning to 14N again by (p,𝛼).
Therefore, as a result of the CNO-processing during core H-burning
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𝑀i/M⊙ 𝑀TAMS/M⊙ 𝑀𝛼/M⊙ 𝑀He−TAMS/M⊙ 𝑀CO/M⊙ 𝑀f/M⊙ 𝜏MS/Myr 𝜏He/Myr 𝜏CO/yr ¤𝑀 (Dutch, V01, V11)

100 32.95 29.57 16.20 15.82 15.94 3.12 0.379 6044 V11
200 31.82 29.57 16.16 15.27 15.72 2.76 0.381 6095 V11
300 32.20 28.71 16.05 15.47 15.80 2.62 0.381 6083 V11
400 32.46 28.71 16.03 14.49 15.85 2.54 0.380 6065 V11
500 32.66 29.25 16.15 14.53 15.89 2.48 0.380 6066 V11

100 61.86 46.82 - - - 3.05 - - V01
200 98.37 41.67 - - - 2.46 - - V01
300 132.20 125.846 - - - 2.25 - - V01
400 161.33 156.636 - - - 2.14 - - V01
500 189.33 185.432 - - - 2.07 - - V01

Table 2. Key characteristics of the model grid with masses provided at the ZAMS (Mi), at the end of core H-burning (MTAMS), end of core He-burning
(MHe−TAMS), and final masses (Mf ). We also provide core masses at the end of core H-burning (M𝛼), and at the end of core C-burning (MCO). Evolutionary
timescales are provided for the MS (𝜏MS), core He-burning phase and core CO-burning phase. The mass-loss prescription applied to the model is provided in
the final column (V01,V11), as outlined in Sect.2.2. Note that the V01 models are calculated during the core H-burning phase only.

in massive stars, the initial C and O abundances are depleted at the
expense of producing 14N.

At sufficiently high temperatures (T𝑐 ∼ 5 × 107 K), secondary
reactions can occur during core H-burning. This includes the NeNa-
cycle which processes the 20Ne into 22Ne and 23Na before returning
to 20Ne again. The processed material can result in an observable
increase in 23Na.

In addition, at T > 107 K massive stars produce 26Al via
the MgAl-cycle where 24Mg is converted to 25Al - 25Mg - 26Al
before decaying to 26Mg or proton-captures to 27Si. Interestingly,
the ground state 𝜏1/2 of 26Al, (which makes up ∼ 77% of 26Al
synthesised; Laird et al. 2023) is ∼ 0.7 Myr allowing observations
to trace the production of 26Al as it decays. In fact, COMPTEL has
observed ∼ 3 M⊙ of radioactive 26Al in the Galactic plane of the
Milky Way (Diehl et al. 1995), where massive star-forming regions
are present. Therefore, massive star nucleosynthesis is expected to
be crucial for explaining the presence of such an abundance of 26Al
in our Galaxy (Laird et al. 2023). We note that in our MESA models,
the nuclear reaction network combines the ground and isomeric
state of 26Al, such that our 26Al wind yields could be reduced
by approximately 23% for 𝛾-ray observation comparisons, as the
isomeric component will decay to 26Mg effectively instantaneously
(𝜏1/2 = 6.35 s). We refer to a forthcoming future work for updated
26Al reaction rates and independent ground and isomeric states of
26Al for the precise yields produced of this isotope.

Figure 2 presents the nucleosynthesised material from core
H-burning which would be lost in stellar winds via the V11 pre-
scription. Isotopes are shown in logarithmic-scale and represented
as a function of stellar mass. In this case we display the abundances
of a 300 M⊙ star evolving at solar Z. Each isotope evolves from right
to left as the star synthesises material and loses mass through stellar
winds on the MS. The ejected mass lost during core H-burning can
be seen in white (right), with the H-exhausted stellar interior shown
by the grey shaded region (left). As the star loses mass during the
core H-burning phase (about 90% of the star’s entire lifetime), the
total mass is reduced significantly from 300 M⊙ to ∼30 M⊙ . This
is due to strong stellar winds experienced by the most massive stars
which evolve close to the Eddington limit. With such large convec-
tive cores, these VMS are almost fully mixed, leading to nuclear
fusion-products, like N, being exposed at the stellar surface early
in the evolution. With strong outflows stripping these outer layers,
the contribution of VMS winds on their environment is significant.
Therefore, the white region showcases the stellar wind yields that

are expected for each isotope (with the legend detailing the various
isotopes with coloured solid/dashed lines).

We can see from 220 ≲M / M⊙ ≲ 280 that the C and O abun-
dances are reduced at the expense of increased N due to the CNO-
cycle. We also find an increase in 26Al during this phase as a result of
the MgAl-cycle, as well as increased 23Na and reduced 22Ne due to
the NeNa-cycle. Interestingly, the crossover from H to He enhance-
ment seen at M≈200 M⊙ represents the chemically-homogeneous
nature of these VMS which display surface H abundances which
can be used as a ‘clock’ to infer their core’s evolutionary stage
(Higgins et al. 2022). At this point, the central abundance is already
exposed at the stellar surface, meaning the outer H-rich layers have
been stripped from the star. The increase by a factor of 10 in 14N
at ≈ 280 M⊙ showcases CN-equilibrium which is reached quickly
on the MS, with a comparable increase in 23Na. The abundance of
20Ne remains constant relative to the initial composition due to the
regeneration of 20Ne at the end of the NeNa-cycle.

The post-MS is displayed in Fig. 3 where He-processed mate-
rial is displayed in the white region (right) leaving the He-exhausted
core in the grey-shaded region (left). As in Fig.2, the evolution of
various isotopes goes from right to left as the star loses mass through
stellar winds, and the elements shown in white will be lost in these
winds while the core in grey retains any further processed material.
We present the continuation of the 300 M⊙ model showcased in
Fig.2, for the core He-burning stage of evolution, which also imple-
ments the enhanced VMS wind of V11. In Fig. 3, we do not include
the already lost MS wind matter, but only include wind yields during
the He-burning phase in white, allowing for a more detailed study of
elements processed during core He-burning. We note that while we
present a 300 M⊙ model for the post-MS, all models which include
the V11 wind result in the same final mass and element structure.
Therefore, our 100 M⊙ model could be discussed interchangeably
here (see Fig. B2).

We find that at the onset of core He-burning (M≈ 26 M⊙),
the N-rich material from the MS is quickly reprocessed into 22Ne
which is enriched by a factor of 1000. This would make 22Ne a
strong spectroscopic observable of early He-burning nucleosynthe-
sis in stripped stars, particularly as it is ∼10 times more abundant
than 20Ne. We also see that as He converts into C and O. Their
abundances increase by a factor of 100 and 1000 respectively (M≈
25 M⊙). We note an increase in 26Mg at the expense of 26Al at the
same point. This demonstrates that classical WR stars do not eject
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Figure 4. Hertzsprung-Russell diagram of the grid of models comprising
initial masses of 100 M⊙ , 200 M⊙ , 300 M⊙ , 400 M⊙ and 500 M⊙ , including
the enhanced wind prescription V11.
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Figure 5. Mass evolution of the grid of models comprising initial masses
of 100 M⊙ , 200 M⊙ , 300 M⊙ , 400 M⊙ and 500 M⊙ , including the wind
prescriptions V11 (solid) and V01 (dashed) during core H-burning only.

meaningful amounts of 26Al before it has decayed to 26Mg, due to
the lack of H remaining.

3.3 Evolution of VMS

We evolve VMS models with initial masses ranging from 100-
500 M⊙ adopting the appropriate enhanced-wind prescription from
Sabhahit et al. (2022) for stars above the transition point. This Γ-
dependent mass loss results in a self-regulatory effect where stars

lose a significant fraction of their total mass on the MS leading
to a drop in luminosity at a constant effective temperature as has
been observed in the Arches cluster of the Milky Way and 30Dor in
the LMC. We extend this Γ-dependent mass loss through the post-
MS stages of evolution in V11 models as the relative dependencies
are consistent with that of WR stars (Sander et al. 2020). This
results in a second drop in luminosity after the onset of core He-
burning, see Fig. 4. Comparisons by Sabhahit et al. (2023) have
shown that the absolute rates of the hydrodynamically-consistent
WR rates by Sander et al. (2020) are in good agreement with the
extension of the V11 rates during core He-burning. The 100 M⊙
model initially evolves to cooler effective temperatures before losing
sufficient mass to evolve quasi-chemically homogeneously, while
stars with an initial mass greater than 200 M⊙ already begin the MS
and evolve chemically homogeneously.

The enhanced wind of V11 models (solid lines) results in
a steep drop in mass with a mass turnover point at 1.6 Myrs as
previously explored in Higgins et al. (2022). We compare the mass
evolution of V11 models and V01 models during core H-burning
in Fig. 5, showcasing the consequences of the weaker wind rate of
V01 designed for O stars below the transition point. We find that
the enhanced wind models converge to a TAMS mass of ∼ 32 M⊙
while models applying the V01 wind have TAMS masses ranging
from 60 M⊙ up to 190 M⊙ . The net yields and ejected mass lost
on the MS are impacted significantly by this change in mass. This
effect can also be seen by comparing Fig. 2 with the reduced winds
in Fig. B1. The TAMS mass in Fig. B1 is 132 M⊙ reducing the
contribution of wind yields substantially.

3.4 Observable surface chemical signatures

The surface evolution of various isotopes shown in Figs. 2 and 3
illustrates the dominant isotopes through each evolutionary stage.
However, we can also showcase the change in surface enrichment
by providing relative surface abundances at particular evolution-
ary times. Therefore, we consider surface abundances at core H-
exhaustion, He-exhaustion and O-exhaustion which represents the
surface properties at the black line of Figs. 2 and 3, as well as the
final surface profile of each model.

We provide surface ratios of 4He, 12C, 14N, 16O, and 22Ne in
mass fractions in Table 3 to compare with abundance ratios which
may be observed in H-burning WNh stars or post-MS WR stars.
As in Ekström et al. (2012), we present ratios of N/C and N/O
abundances, as well as surface 4He, finding that our VMS results
correspond to the same order of magnitude as their M > 60 M⊙
models. We compare our 80-500 M⊙ model ratios of surface N/C
to the observed VMS in the Arches cluster (∼Z⊙), and find an
excellent agreement between our H-exhaustion ratios (N/C ∼ 90-
110) and the sample of WNh stars in Martins et al. (Fig. 8; 2008)
which are observed to have log N/C ∼ 2. We also provide O/He
ratios for later evolutionary stages, comparable to Meynet et al.
(Fig. 10; 1994), and Crowther et al. (2002). The C/He and O/He
ratios at He-exhaustion and O-exhaustion suggest that our 50 M⊙
model best represents the WR stars from Crowther et al. (2002).

We note that the N/C and N/O ratios will be substantially higher
on the MS than the post-MS due to the CNO-cycle, while the Ne/He
and O/He will increase in the post-MS as 14N is processed into
22Ne and 16O is produced during core He-burning. Interestingly,
the surface 4He is almost 100% at the end of core H-burning for
VMS while the 50 M⊙ model is not enriched in 4He at all during core
H-burning. As previously mentioned, this is a result of 2 features of
VMS evolution, the fully mixed interior where a large fraction of
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VMS wind yields 7

𝑀i 𝑌s N/C N/O Ne/He O/He C/N C/He

H-exhaustion

50 2.660E-1 3.393E-1 9.369E-2 4.961E-4 2.458E-2 2.947 6.788E-3
80 8.047E-1 1.108E+2 1.683E+2 6.462E-6 6.146E-5 9.022E-3 9.330E-5
100 9.572E-1 9.403E+1 1.921E+2 1.150E-5 4.518E-5 1.063E-2 9.229E-5
200 9.532E-1 9.526E+1 1.899E+2 1.076E-5 4.591E-5 1.050E-2 9.150E-5
300 9.548E-1 9.479E+1 1.908E+2 1.099E-5 4.561E-5 1.055E-2 9.179E-5
400 9.557E-1 9.451E+1 1.913E+2 1.114E-5 4.543E-5 1.058E-2 9.197E-5
500 9.564E-1 9.429E+1 1.917E+2 1.125E-5 4.530E-5 1.061E-2 9.211E-5

He-exhaustion

50 5.095E-1 9.473 2.427 9.178E-5 4.596E-3 1.056E-1 1.177E-3
80 1.544E-1 ∼0 ∼0 7.725E-2 2.270 8.117E+13 3.083
100 1.980E-1 ∼0 ∼0 6.258E-2 1.399 1.067E+14 2.559
200 2.079E-1 ∼0 ∼0 5.989E-2 1.265 1.147E+14 2.457
300 2.043E-1 ∼0 ∼0 6.084E-2 1.311 1.120E+14 2.493
400 2.020E-1 ∼0 ∼0 6.147E-2 1.343 1.103E+14 2.517
500 2.002E-1 ∼0 ∼0 6.196E-2 1.368 1.092E+14 2.536

O-exhaustion

50 5.195E-1 1.460E+1 2.567 8.903E-5 4.412E-3 6.848E-2 7.757E-4
80 1.369E-1 ∼0 ∼0 8.569E-2 2.781 7.188E+13 3.384
100 1.761E-1 ∼0 ∼0 6.964E-2 1.741 9.492E+13 2.831
200 1.852E-1 ∼0 ∼0 6.667E-2 1.578 1.017E+14 2.723
300 1.818E-1 ∼0 ∼0 6.774E-2 1.636 9.937E+13 2.763
400 1.797E-1 ∼0 ∼0 6.843E-2 1.673 9.794E+13 2.788
500 1.782E-1 ∼0 ∼0 6.896E-2 1.703 9.694E+13 2.807

Table 3. Relative surface abundances in mass fractions for a range of initial masses provided in solar mass units. The surface abundance ratios are provided
from V11 models and are shown for three evolutionary stages.

the star is occupied by the convective core, and strong stellar winds
stripping the exterior envelope. A similar effect can be seen for the
50 M⊙ ratios of N/C and N/O which increase in later burning stages
due to delayed stripping of this earlier-processed material, compared
to VMS which display surface abundances which are representative
of their core abundances.

4 YIELDS AND EJECTED MASSES

In this section we provide calculations of ejected masses and net
wind yields for V11 models until core O-exhaustion (Table 5),
as well as a comparison of MS ejected masses for both sets of
models, applying V11 and V01 winds (Table 4). We discuss the key
variations in ejected isotopes when implementing enhanced VMS
winds or O-star winds, with consequences for galactic chemical
evolution (GCE). Since most of the ejecta are lost during core H-
burning, the key differences in ejected (element) masses will occur
as a result of the MS mass-loss prescription.

We adapt the relations from Hirschi et al. (2005) for our yield
calculations. The net stellar wind yield calculated for a star of initial
mass, 𝑚, and isotope, 𝑖, is defined as:

𝑚wind
𝑖 =

∫ 𝜏 (𝑚)

0
¤𝑀 (𝑚, 𝑡) [𝑋𝑆

𝑖 (𝑚, 𝑡) − 𝑋0
𝑖 ] 𝑑𝑡 (3)

where ¤𝑀 is the mass-loss rate, 𝑋𝑆
𝑖

is the surface abundance of a
given isotope, and 𝑋0

𝑖
is the initial abundance of a given isotope

(see Table 1), integrated from the ZAMS until 𝜏(𝑚), the final age
of the star. We also calculate ejected masses (EM) of each isotope,

𝑖, by using:

𝐸𝑀𝑖𝑚 =

∫ 𝜏 (𝑚)

0
¤𝑀 𝑋𝑆

𝑖 (𝑚, 𝑡) 𝑑𝑡. (4)

We find that all V11 models reach O-exhaustion with the same final
mass (∼ 16 M⊙) and structure, and assume that they all collapse
to form black holes without a supernova. Therefore, we implement
the above wind yield equations such that the ejected masses and net
yields are all attributed to stellar winds.

We present the complete table of ejected masses (top) and
net yields (bottom) in solar mass units for our V11 model grid
in Table 5. We find that with increased initial mass, more 1H,
4He and 14N are expelled, as would be expected. However, we
find that the ejected masses of 12C, 16O, and 22Ne are relatively
constant with initial mass since they are post-MS products. This
demonstrates the dominant role that MS mass loss plays on the entire
evolution of VMS, including their total yields. Furthermore, we can
see from the increasing 4He ejecta that much of the element is lost
in the MS before converting into 12C in the post-MS. Hence, the H-
processed elements will produce the majority of stellar wind yields.
Interestingly, we see an increase in the amount of 20Ne, 23Na, 26Al
and 27Al ejected with higher initial masses, suggesting that the most
massive stars may be responsible for polluting their environments
with these trace elements. This is important for comparisons with
𝛾-ray observations, and globular clusters which show enrichment
of 23Na and 27Al (Bastian & Lardo 2018).

The net wind yields, useful for GCE calculations, are provided
in the lower section of Table 5. Negative values show that the net
element mass has been processed into another element, for example
1H yields are negative at the expense of 4He. Similarly, for Minit
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𝑀i/M⊙ ¤𝑀 1H 4He 12C 14N 16O 20Ne 22Ne 23Na 26Mg 26Al 27Al 28Si

100 V11 27.418 38.339 0.033 0.422 0.118 0.105 0.002 0.013 4.88E-3 2.271E-3 3.454E-3 0.039
200 V11 67.603 97.182 0.041 1.234 0.148 0.261 0.003 0.038 0.011 7.391E-3 0.009 0.097
300 V11 115.623 146.385 0.045 2.046 0.167 0.416 0.004 0.060 0.017 0.013 0.015 0.154
400 V11 166.382 192.622 0.050 2.846 0.196 0.571 0.005 0.082 0.023 0.018 0.021 0.221
500 V11 222.696 239.014 0.065 3.649 0.264 0.736 0.007 0.104 0.029 0.023 0.026 0.272

100 V01 22.805 12.598 0.030 0.166 0.117 0.058 2.248E-3 4.339E-3 3.170E-3 4.005E-4 1.491E-3 0.021
200 V01 46.798 52.162 0.037 0.682 0.140 0.158 3.008E-3 0.020 7.549E-3 3.313E-3 5.328E-3 0.058
300 V01 68.392 94.944 0.040 1.221 0.150 0.258 3.795E-3 0.038 0.011 6.796E-3 9.865E-3 0.096
400 V01 91.733 140.717 0.045 1.794 0.164 0.366 4.867E-3 0.056 0.014 0.011 0.015 0.137
500 V01 119.558 186.017 0.056 2.380 0.197 0.480 6.361E-3 0.075 0.018 0.015 0.020 0.180

Table 4. Ejected masses calculated with equation (4) for V11 and V01 models during core H-burning only. Initial masses and ejected masses are provided in
solar mass units.

Figure 6. An IMF-weighted contribution of the logarithmic stellar wind
ejected masses shown for models including the V11 wind prescription. The
IMF included here adopts the Salpeter (1955) relation where 𝑀−2.35.

> 200 M⊙ the additional NeNa and MgAl-cycles produce 23Na at
the cost of 20Ne and 26Al at the expense of 24Mg. In fact, in-
creased 20Ne abundances also demonstrates evidence of previously
processed 23Na. Moreover, at these high initial masses the stars
evolve chemically-homogeneously, so stars with Minit > 200 M⊙
show that 14N produces a net positive yield as a result of processing
16O during the CNO-cycle, while the 100 M⊙ model which is not
fully-mixed retains a positive yield in both elements.

We also provide an IMF-weighted contribution of our stellar
wind yields in Fig. 6. We adopt the relation from Salpeter (1955)
for our VMS study, where 𝑀−2.35. We compare the IMF-weighted
ejected masses applied in Fig. 6 with a top-heavy IMF in Fig. B4
finding similar results. Figure B3 comparatively shows the stellar
wind yields divided by initial mass as a function of the initial mass
of models implementing the V11 wind prescription. This enables a
direct comparison of the relative wind yield for each stellar mass.

4.1 Main sequence

In Table 4 we explore the effects of MS mass loss on ejected masses
of key isotopes. As previously discussed, the MS winds dominate
the total yields, therefore we compare 2 sets of models with differing

mass-loss rates on the MS (V11, top and V01, bottom). The ejected
masses can easily be converted into the net wind yields, seen in
Table 5, using the relation:

𝑚wind
𝑖 = 𝐸𝑀𝑖𝑚 − 𝑋𝑖 (𝑀𝑖 − 𝑀 𝑓 ) (5)

where the product of the mass lost and initial abundance, provided
in Table 1, is removed from the ejected mass of a given isotope. We
only compare here the ejected masses of V11 and V01 models, since
the mass is directly impacted by the wind prescriptions discussed.
The most significant differences noted in Table 4 are of course
1H and 4He, where V11 models eject almost twice the amount
of 4He compared to V01 models, see also Fig.1. Moreover, the
V11 models have higher ejected masses of 14N, due to the surface
exposed fusion-products in V11 models. Interestingly, the ejected
26Al differs considerably with V11 producing up to 10 times more
than V01 models. The difference in CNO masses highlights that
V01 models do not reveal these core-processed materials early in
the evolution. Moreover, the trace elements such as 20Ne, 23Na
and 26Al are significantly impacted by the wind prescription with
reduced ejected masses for V01 models. We note that the most
significant impact on 26Al ejecta occurs at Minit = 100 M⊙ where
V01 models predict a much lower value than V11 models. This
suggests that previous studies of VMS could have under-predicted
the contribution of VMS in the enrichment of 26Al as a result of
wind-driving physics.

4.2 Effect of VMS winds on the post-main sequence

The post-MS evolution of VMS is severely impacted by the MS
winds, dictating both the He-ZAMS mass and structure. From Fig.1
we can see that enhanced winds leave a much lower He-ZAMS
mass than with standard winds. For models implementing the V11
wind (Minit ≥ 100 M⊙), all He-ZAMS masses are ∼ 32 M⊙ with
very similar chemical abundances, as can be seen by comparing the
models with initial masses of 300 M⊙ and 100 M⊙ in Figs. 3 and
B2 respectively.

The ejected masses and net wind yields are also completely
dominated by the MS wind. By comparing Tables 4 and 5 we see that
only 0.021 M⊙ of 20Ne, ∼0.05 M⊙ of 14N and 0.0004 M⊙ of 26Al is
ejected in the post-MS for a 100 M⊙ model. We find similar results
for all initial masses which implement the V11 wind, showcasing
that the MS wind dictates the total ejected masses and wind yields
within∼ 0.1-0.001 M⊙ , or within 1-5%. As a consequence of the MS
wind deciding the He-ZAMS mass, by He-exhaustion the central
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𝑀i/M⊙ 1H 4He 12C 14N 16O 20Ne 22Ne 23Na 26Mg 26Al 27Al 28Si

50 5.698 2.105 0.014 4.85E-3 0.052 0.013 1.04E-3 2.25E-4 5.85E-4 0 3.03E-4 4.60E-3
80 22.131 33.552 4.788 0.268 1.337 0.099 0.195 0.0129 6.113E-3 1.33E-3 3.35E-3 0.036
100 27.617 51.069 3.203 0.476 0.808 0.130 0.135 0.019 6.54E-3 2.68E-3 4.70E-3 0.049
200 67.670 109.516 2.973 1.288 0.767 0.286 0.126 0.043 0.013 7.77E-3 0.011 0.107
300 115.687 158.687 3.061 2.101 0.822 0.444 0.130 0.066 0.019 0.013 0.016 0.165
400 169.343 206.126 3.125 2.903 0.880 0.602 0.134 0.088 0.025 0.018 0.022 0.223
500 222.756 251.503 3.175 3.703 0.935 0.761 0.137 0.109 0.031 0.023 0.028 0.282

50 -5.75E-5 5.99E-7 -7.87E-7 3.64E-8 -1.24E-10 -2.55E-11 -3.01E-11 2.89E-11 -1.16E-12 0 -5.99E-13 -9.08E-12
80 -22.932 16.906 4.675 0.230 0.928 -3.56E-3 0.186 0.0111 1.49E-3 1.33E-3 9.47E-4 -4.69E-5
100 -32.668 28.800 3.051 0.425 0.261 -0.006 0.124 0.016 3.49E-4 2.68E-3 1.49E-3 -9.76E-6
200 -64.112 60.617 2.640 1.176 -0.435 -0.014 0.101 0.038 -7.45E-4 7.77E-3 3.55E-3 1.06E-5
300 -87.268 83.717 2.548 1.927 -1.036 -0.019 0.092 0.057 -1.96E-3 0.013 5.43E-3 2.27E-5
400 -107.453 103.880 2.431 2.667 -1.634 -0.025 0.083 0.077 -3.31E-3 0.018 7.26E-3 3.36E-5
500 -126.185 122.608 2.300 3.406 -2.234 -0.030 0.073 0.095 -4.72E-3 0.023 9.09E-3 4.40E-5

Table 5. Ejected masses (top) and net yields (bottom) calculated with equations (4) and (3) respectively, for V11 models over the complete evolution until core
O-exhaustion. Initial masses, ejected masses, and yields are provided in solar mass units.

and surface abundances, He-wind yields and ejected masses are all
the same regardless of initial mass (see Figs. B2 and 3 for instance).

Interestingly, we find that the relative abundances of 12C and
22Ne increase dramatically during the core He-burning stage (see
Fig. 3, M∼ 25 M⊙) and therefore, 10 times more are ejected during
the post-MS. We highlight that models at core He-exhaustion show
surface enrichment with a factor of 10 increase in 22Ne abundance
compared to 20Ne, regardless of initial mass, suggesting that 22Ne
could be the dominant Ne-isotope observed in WRs. This isotope
may be a key tracer of WR evolution, suggesting that the impact
of VMS on WR studies could be broader than previously expected.
Kobayashi et al. (2011) find that the solar 22Ne/20Ne ratios are in
good agreement with current GCE models for M < 40 M⊙ , which
presents an interesting comparison to the VMS yields of 20Ne and
classical WR yields of 22Ne.

From Fig.1 we can see, by comparing the MS wind effect on the
He abundance that, for the same current mass, for example 150 M⊙ ,
He-rich objects have stripped less of their envelope with low mass-
loss rates (V01, Fig. B1) than objects with the same current mass
which have a lower surface He abundance with higher mass-loss
rates (V11, Fig. 2). Therefore MS stars with𝑌 =0.8-1.0 suggest that
either (i) VMS∼300 M⊙ stars do not exist, or (ii) V01 mass-loss
rates are too low for these objects on the MS, since these surface
abundances can act as a ‘clock’ as described in Higgins et al. (2022).
Due to the large cores and strong winds, the surface evolution of H
and He reveals the core evolution as well.

5 CONTRIBUTION OF VMS COMPARED TO O-STARS

Canonical OB stars in the 8-20 M⊙ range likely end their lives in
various supernovae, ejecting heavy elements into their host galaxy,
leaving a compact remnant. The most massive O stars (30 M⊙<M<

60 M⊙) eject material during their lives through stellar winds,
though mostly in the form of 1H and 4He, with 10−2 to 10−6 M⊙ of
heavier elements like 12C, 14N, and 16O (Hirschi et al. 2005). VMS
can eject substantially higher masses of nuclear-processed elements,
not only due to their enhanced winds, but as a result of stripping
their outer envelope early on the MS, and their CHE nature, even
expose the nuclear-burning core at the surface leading to increased
net yields of elements such as 26Al, 14N, 20Ne and 23Na. With such

high initial masses and strong winds, VMS can dominate the yields
of an entire IMF in their host galaxy or cluster.

Table 5 includes the ejected masses and wind yields of 50 M⊙
and 80 M⊙ stars, demonstrating the magnitude of VMS ejecta com-
pared to O stars. The 50 M⊙ model ejects ∼100 times less of each
isotope (12C, 14N, 16O, 22Ne, 23Na and 28Si) than the 80 M⊙ and
100 M⊙ models. This means that VMS of ∼100 M⊙ would produce
the same wind yields as 100 massive O-stars. Crucially, the wind
contribution of 26Al is zero for a 50 M⊙ star, suggesting that the
wind contribution of the observed 26Al in the Galaxy is dominated
by VMS. Table A1 shows that the net yields of a 50 M⊙ star are
also negligible or negative as opposed to the VMS, relative to their
initial abundances, indicating that O stars do not replenish their host
galaxies in the way that VMS do.

We reiterate that the 50 M⊙ model would represent a standard
O star, while the 80-100 M⊙ models are in the transition region and
show properties of both O stars and VMS. While the 80-100 M⊙
models are not fully mixed (CHE) like that of models with M≥
200 M⊙ , they do experience enhanced winds. As a result, the 80 M⊙
and 100 M⊙ stars eject similar amounts of each isotope (on the same
order as VMS). Interestingly, these models eject more 12C and 16O
than their more massive counterparts. This is because the stars have
lost less mass on the MS, and do not expose their cores during core
H-burning, leaving increased amounts of 4He to be processed into
12C and 16O during the post-MS (now as stripped stars), where large
amounts of these elements are then ejected as they are produced.

In contrast to previous work by Martinet et al. (2022) and
Brinkman et al. (2019), we find that the most massive stars are re-
sponsible for ejecting the primary contribution of 26Al due to the
implementation of enhanced winds. Where previous studies have
suggested that evolved, WR stars are responsible for the enrichment
of 26Al, we find that the post-MS stage produces only ≲ 5% of
the total wind yields, and therefore, WR winds are not the domi-
nant polluters of 26Al to their host environments. In fact, Martinet
et al. (2022) adopt the higher mass-loss rates of Nugis & Lamers
(2000), designed for stripped WR stars, in their VMS models when
the surface H abundance falls below 40%, leading to higher 26Al
yields than would be expected for the MS-winds of O stars, (Vink
et al. 2001). We compare our enhanced wind models with the VMS
models of Martinet et al. (2022) finding that our 80 M⊙ model
yields a factor of 10 more 26Al than the 85 M⊙ model from Mar-
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𝑀i/M⊙ 4He 12C 14N 16O 20Ne 22Ne 23Na 26Al

50 3.54E-10 -4.66E-10 2.15E-11 -7.33E-14 -1.51E-14 -1.78E-14 1.71E-14 0
80 4.09E-03 1.13E-03 5.57E-05 2.25E-04 -8.63E-07 4.50E-05 2.69E-06 3.22E-07
100 4.56E-03 4.84E-04 6.74E-05 4.14E-05 -9.51E-07 1.97E-05 2.54E-06 4.25E-07
200 2.57E-03 1.12E-04 4.99E-05 -1.85E-05 -5.95E-07 4.29E-06 1.61E-06 3.30E-07
300 1.65E-03 5.01E-05 3.79E-05 -2.04E-05 -3.73E-07 1.81E-06 1.12E-06 2.56E-07
400 1.18E-03 2.77E-05 3.03E-05 -1.86E-05 -2.84E-07 9.44E-07 8.76E-07 2.05E-07
500 9.13E-04 1.71E-05 2.54E-05 -1.66E-05 -2.23E-07 5.44E-07 7.07E-07 1.71E-07

50 1.25E-03 8.28E-06 2.87E-06 3.08E-05 7.69E-06 6.18E-07 1.33E-07 0
80 8.13E-03 1.16E-03 6.49E-05 3.24E-04 2.40E-05 4.72E-05 3.12E-06 3.22E-07
100 8.09E-03 5.08E-04 7.54E-05 1.28E-04 2.06E-05 2.14E-05 3.01E-06 4.25E-07
200 4.65E-03 1.26E-04 5.47E-05 3.26E-05 1.21E-05 5.35E-06 1.83E-06 3.30E-07
300 3.13E-03 6.02E-05 4.13E-05 1.62E-05 8.73E-06 2.56E-06 1.30E-06 2.56E-07
400 2.35E-03 3.56E-05 3.30E-05 1.00E-05 6.85E-06 1.52E-06 1.00E-06 2.05E-07
500 1.87E-03 2.36E-05 2.76E-05 6.96E-06 5.67E-06 1.02E-06 8.12E-07 1.71E-07

Table 6. IMF-weighted net yields (top) and ejected masses (bottom) calculated with equation (6), for V11 models over the complete evolution until core
O-exhaustion. We adopt the IMF of Schneider et al. (2018) where M−1.90.

tinet et al. (2022), while our 200 M⊙ model ejects 15 times more
26Al than their comparable 180 M⊙ model. Finally, we compare
directly with their 300 M⊙ model finding that our enhanced wind
models yield 4 times more when compared with the implementation
of WR winds on the MS. Interestingly, while binary stellar models
have been suggested to eject more 26Al due to stripping of enriched
material, our single 80 M⊙ model still ejects 10 times more than
the 80 M⊙ primary component from Brinkman et al. (2019, 2021).
These comparisons prove key in reproducing the 26Al-rich material
in our Galaxy, and that the most appropriate wind physics is re-
quired to provide accurate constraints on the chemical yields from
the most massive stars. While our models do not treat the ground
and isomeric state of 26Al separately, the branching ratio of these
states is approximately 77% 26Alg and 23% 26Al∗ in massive stars,
therefore we estimate that our 26Al yields are upper limits, with
a potential uncertainty which is approximately 23%, in contrast to
the orders of magnitude increase in 26Al yields from VMS with
enhanced winds. This inconsequential uncertainty does not signif-
icantly change the overabundance of 26Al ejected by VMS, and in
comparison to lower mass stars and other works which eject factors
of 10 less, the relative uncertainty in our treatment of the ground and
isomeric state does not impact our conclusion that VMS winds are
the primary donors responsible for 26Al-enrichment in the Galaxy
(Vink et al. 2015).

We note that while VMS likely form black holes at the end of
their lives and as such do not produce supernova yields, for lower
mass OB stars ∼ 15 M⊙ a supernova ejecta may also be included
in the yield calculation. In Hirschi et al. (2005) supernova yields
and wind yields are both included, providing a complete overview
of ejected isotopes in this mass range. Due to the supernovae con-
tribution, lower mass (12-25 M⊙) models yield significant amounts
of 4He, 12C and 16O with IMF-weighted values ranging from 10−2

to 10−3. We find that in comparison to our wind yields, the iso-
topes dominated by lower mass supernovae progenitors would be
12C, 16O and 20Ne. GCE models for a range of metallicities from
Kobayashi et al. (2020b), accounting for SNe only, can reproduce
the 16O, 24Mg, and heavier elements of observations from galax-
ies of varied Z. But some elements are overproduced, mainly the
second and third s-process peaks, which depends on the remaining
C abundance prior to the SNe. They find that C, N and 𝛼-elements

may be ejected prior to collapse for massive stars to best reproduce
the galactic evolution trend as observed.

Similarly, Limongi & Chieffi (2018) present IMF-weighted
yields for Z⊙ including the wind and supernovae contribution of
rotating models, where the 13-25 M⊙ models include supernovae
yields while higher mass models only include wind yields. Their
IMF-weighted total yields show that 12C, 16O and 20Ne are in
good agreement with observations, suggesting that SNe dominate
due to the IMF, and therefore the production of specific isotopes
(see also Nomoto et al. 2013). However, 14N and 26Al are under-
produced, and some heavy isotopes are overestimated (for example
Ga, Ge, As, and Rb). The total (wind and supernova) 12C yields of
a 20 M⊙ from Limongi & Chieffi (2003, 2018) are in line with our
50 M⊙ wind yields, but are a factor of 10 lower than our VMS wind
yields, showcasing that individual VMS will eject significantly more
enriched material, though due to their scarcity will not dominate the
12C production of an entire population.

We investigate the contribution of O stars and VMS on the
net yields and ejected masses of their host galaxy, applying an IMF
from Salpeter (1955). We compare with a top-heavy IMF from
Schneider et al. (2018) which was found for the 30Dor region of the
LMC. Since we calculate models of VMS in this work, we compare
with this IMF relation in order to test the effect of VMS on IMF-
weighted ejected masses, however we note that by comparing Figs.
6 and B4, we find little difference in the IMF-weighted yields. We
do not infer an upper mass in our IMF as in Maeder (1992) or Ritter
et al. (2018) since the ‘effective’ upper mass limit as explored by
Vink (2018) relies on a number of uncertain properties such as the
pre-MS accretion rate and mass-loss rate, the ignition of the H core
as a function of the star formation process, and relative to each of
these properties - the host Z content.

Table 6 shows the IMF-weighted wind yields (top), calculated
as,

𝑚IMF
𝑖 = 𝑚wind

𝑖𝑚 × 𝑀−1.9
𝑖 (6)

for stars with initial masses ranging from 50-500 M⊙ . We find that
VMS make a substantial contribution to the net yields, even when
weighted by an IMF. For instance, when compared to the wind yields
of lower mass (12-40 M⊙) stars from Hirschi et al. (2005) we find
that the contribution of VMS winds results in 10 times more ejected
mass of 14N than the wind contribution of O stars (12-60 M⊙). In
fact, the positive 12C and 16O yields of 60-100 M⊙ compared to
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the negative yields of these 12-40 M⊙ stars. Table 6 demonstrates
the predominant effect that VMS have on their host environment
compared to standard O stars in terms of their IMF-weighted yields
(top) and IMF-weighted ejected masses (bottom).

We find that our VMS models still contribute 10 times more
mass than a 50 M⊙ star when weighted by an IMF, since they lose
∼90% of their mass over their lifetime they can contribute significant
amounts of mass back into their host galaxy, we refer back to the
total ejected masses of Table 5. Furthermore, while the 50 M⊙ stars
may be ∼ 100 times more abundant, they eject ∼10 times less mass
of 4He, 12C and 16O than the IMF-weighted VMS, suggesting that
VMS ejecta are a significant provider of enriched material to their
environments. Interestingly, the transition point model with Minit =
80 M⊙ ejects more 12C than the 100-500 M⊙ stars. We also note
that while the contribution of SNe ejecta of lower mass stars will
play a role at t > 6Myr, for young clusters, the ejected masses and
net yields will be dominated by winds from VMS for t≈ 0-4Myr.

6 CONCLUSIONS

The stellar wind contribution of VMS is investigated in this work,
with enhanced mass-loss rates appropriate for stars which are ob-
served to have optically thick winds. We have provided a comparison
of the resulting ejected masses and net wind yields when implement-
ing these enhanced winds with the previously adopted standard O
star winds. We present the nucleosynthesis of VMS throughout their
evolution, from core H-burning until core O-exhaustion, calculated
with a large nuclear network comprising 92 isotopes. The dominant
effects are explored during the MS evolution, with consequences
for the post-MS. We consider the impact of stellar winds in lower
Z environments for a subset of models. Finally, we evaluate the
contribution of VMS winds compared with standard O stars, with
IMF-weighted yields and a comparison of ejected masses for M=

50 M⊙ and M > 100 M⊙ .
On the MS, 95% of the total wind yields are produced, com-

pared to just 5% of the total wind yields which are ejected on the
post-MS. This showcases the dominance of MS winds of VMS when
compared to evolved stars. We compare the effects of enhanced, op-
tically thick winds as opposed to standard, optically thin winds on
the MS and find that VMS with enhanced winds eject up to 10 times
more H-burning products of 14N, 20Ne, 23Na, and 26Al than VMS
with standard winds.

During the entire evolution of VMS, enhanced winds yield
10 times more 14N than M≲ 50 M⊙ O stars, but more importantly
they yield positive amounts of 4He 12C, and 22Ne, relative to their
initial abundances when compared to O stars which do not replenish
their environments via stellar winds. In fact, single stars with initial
masses below 50 M⊙ do not eject any 26Al, but VMS eject 10−2 to
10−3 of 26Al and are likely responsible for the significant mass of
26Al observed in our Galaxy.

Moreover, we show that a 100 M⊙ star with enhanced winds
ejects 100 times more 12C, 16O, and 28Si, than a 50 M⊙ star. We
also find that the ejected masses of 20Ne, 23Na and 26Al increase
with increasing initial mass. This suggests that the presence of H-
products such as 20Ne, 23Na and 27Al, seen in globular clusters
(Gratton et al. 2004; Bastian & Lardo 2018) steers towards VMS.
Although our models are computed for Z⊙ , whilst globular clus-
ters typically have low Z ([Fe/H] = -1.5), there is no reason the
nucleosynthetic production of Na or Al would be affected. Whether
this material is ejected in sufficient quantities to explain the ob-
served anti-correlations in globular clusters remains to be seen.

While mass-loss rates are expected to be reduced at lower Z, and
VMS would normally not be considered to be sufficiently numerous
to pollute globular clusters with sufficient material, we have shown
here that the total mass loss is an order of magnitude higher than
previously considered. Therefore, for more definitive answers on the
role of VMS as polluters in globular clusters we need to consider
VMS models with appropriate mass-loss scalings, such as the recent
low-Z mass-loss framework of Sabhahit et al. (2023). Interestingly,
we discover that the intermediate mass range of transition stars with
Minit = 80-100 M⊙ eject more 12C and 16O than higher mass stars
as they do not experience CHE, or do not lose a significant amount
of 4He before it is processed on the post-MS. Additionally, we show
that VMS (M≥ 100 M⊙) produce the same He-ZAMS mass and
surface composition regardless of initial mass, when implementing
enhanced stellar winds.

Finally, when weighted by an IMF, uncovering the realistic
contribution of VMS, we find that a 100 M⊙ with enhanced winds
still ejects 10 times more 4He, 12C, 14N, 16O and 20,22Ne, than
a 50 M⊙ star. Our conclusions reflect the significant impact that
VMS winds have on their host galaxy or young cluster. The vast
amount of mass lost already on the MS illustrates the presiding
role that VMS winds have in replenishing their environments with
reprocessed material, such as 4He, 12C, 14N, and 16O. In fact,
adopting the appropriate wind prescription for VMS in both stellar
evolution calculations and GCE simulations is crucial for providing
accurate yields and ejected masses, as well as impacting many other
stellar and galactic properties as highlighted throughout this work.
We find that by adopting enhanced winds or standard O star winds,
that the ejected masses and post-MS stellar masses can differ by
≳ 100 M⊙ . Finally, the winds of VMS prove to be the dominant
source of 26Al, with 10-100 times more mass ejected by VMS than
O stars or evolved WR stars, in a given population showcasing that
VMS may be responsible for the enrichment of observed 26Al in
the Galaxy and should be considered in future work.
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VMS wind yields 13

𝑀i/M⊙ 4He 12C 14N 16O 20Ne 22Ne 23Na 24Mg 26Mg 26Al 27Al 28Si

50 5.86E-7 -7.66E-7 3.55E-8 -1.23E-10 -2.55E-11 -2.91E-11 2.78E-11 -7.65E-12 -1.15E-12 0 -5.99E-13 -9.08E-12
80 5.57 -3.84E-2 1.63E-1 -1.35E-1 -1.06E-3 -2.80E-3 4.13E-3 2.66E-6 3.65E-4 7.09E-4 1.88E-4 1.16E-6
100 2.06E+1 -8.77E-2 3.81E-1 -3.18E-1 -4.05E-3 -6.34E-3 1.14E-2 1.69E-5 -5.13E-5 2.27E-3 9.00E-4 5.95E-6
200 5.28E+1 -2.60E-1 1.13 -9.45E-1 -1.14E-2 -1.87E-2 3.30E-2 5.04E-5 -1.01E-3 7.39E-3 2.90E-3 1.82E-5
300 7.58E+1 -4.35E-1 1.88 -1.57 -1.72E-2 -3.09E-2 5.28E-2 8.16E-5 -2.22E-03 1.27E-2 4.73E-3 2.85E-5
400 9.59E+1 -6.08E-1 2.62 -2.18 -2.26E-2 -4.29E-2 7.17E-2 1.13E-4 -3.56E-3 1.79E-2 6.52E-3 3.84E-5
500 1.15E+2 -7.81E-1 3.36 -2.80 -2.77E-2 -5.46E-2 9.03E-2 1.46E-4 -4.97E-3 2.30E-2 8.33E-3 4.80E-5

Table A1. Net yields calculated with equation (3) for V11 models during core H-burning only. Initial masses and yields are provided in solar mass units.
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Figure B2. Time evolution of the surface composition during core He-
burning for a 100 M⊙ model at Z⊙ . Isotopes are shown in log-scale as a
function of stellar mass with the interior composition shown at the end of
core He-burning (grey shaded region), as in Fig. 3, applying the V11 wind
prescription.
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Figure B3. Stellar wind yields presented logarithmically as a fraction of
initial mass and shown as a function of initial mass for models applying the
V11 wind prescription.
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Figure B4. IMF-weighted wind ejected masses as a function of initial mass, as shown in Fig. 6 but with an IMF adopted from Schneider et al. (2018) where
𝑀−1.90.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stad2537/7257592 by M

ichigan State U
niversity Library user on 21 Septem

ber 2023


	Introduction
	Method
	Stellar models
	Mass Loss

	Results
	Effect of stellar winds on VMS
	Nucleosynthesis
	Evolution of VMS
	Observable surface chemical signatures

	Yields and ejected masses
	Main sequence
	Effect of VMS winds on the post-main sequence

	Contribution of VMS compared to O-stars
	Conclusions
	Main Sequence net yields
	Additional figures

