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ABSTRACT

Context. In addition to being spectacular objects, very massive stars (VMSs) are suspected to have a tremendous impact on their
environment and on cosmic evolution in general. The nucleosynthesis both during their advanced stages and their final explosion may
contribute greatly to the overall enrichment of the Universe. Their resulting supernovae are candidates for the most superluminous
events possible and their extreme conditions also lead to very important radiative and mechanical feedback effects, from local to
cosmic scale.

Aims. We explore the impact of rotation and metallicity on the evolution of VMSs over cosmic time.

Methods. With the recent implementation of an equation of state in the GENEC stellar evolution code, which is appropriate for
describing the conditions in the central regions of very massive stars in their advanced phases, we present new results on VMS
evolution from Population III to solar metallicity.

Results. Low-metallicity VMS models are highly sensitive to rotation, while the evolution of higher-metallicity models is dominated
by mass-loss effects. The mass loss strongly affects their surface velocity evolution, breaking quickly at high metallicity while reaching
the critical velocity for low-metallicity models. Comparison to observed VMSs in the LMC shows that the mass-loss prescriptions
used for these models are compatible with observed mass-loss rates. In our framework for modeling rotation, our models of VMS
need a high initial velocity in order to reproduce the observed surface velocities. The surface enrichment of these VMSs is difficult
to explain with only one initial composition, and could suggest multiple populations in the R136 cluster. At a metallicity typical of
R136, only our non- or slowly rotating VMS models may produce pair-instability supernovae. The most massive black holes that can
be formed are less massive than about 60 M.

Conclusions. Direct observational constraints on VMS are still scarce. Future observational campaigns will hopefully gather more
pieces of information to guide the theoretical modeling of these objects, whose impacts can be very important. VMS tables are

available at the CDS.
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1. Introduction

Very massive stars (VMSs), often considered as those stars with
an initial mass of greater than 100 M, mostly stimulate interest
in Population III and the early Universe. Indeed, early hydrody-
namical simulations predicted preferential formation of VMSs
for Population III stars (Abel et al. 2002; Bromm et al. 2002).
More recent simulations now predict a more significant fragmen-
tation process (Stacy et al. 2010; Clark et al. 2011; Turk et al.
2009), and wide initial mass distributions (Hirano et al. 2014,
2015). Moreover, the initial mass function (IMF) might even be
redshift dependent for Population III stars (Hirano et al. 2015)
because of the different temperatures of formation sites. How-
ever, there is general agreement on a top-heavy primordial IMF
(Greif et al. 2011; Stacy & Bromm 2013; Hirano et al. 2014,
2015; Susa et al. 2014; Stacy et al. 2016; Jetabkova et al. 2018;
Wollenberg et al. 2020). Population III stars could be a very

* The VMS tables are available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/679/A137

significant source of ionizing photons, making them interest-
ing candidates for drivers of the reionization of the intergalac-
tic medium (Haehnelt et al. 2001; Faucher-Giguere et al. 2008,
2009; Becker & Bolton 2013; Wise et al. 2014; Sibony et al.
2022). Using the present Population III models, Murphy et al.
(2021) showed that including initial masses of up to 500 M,
can increase the total number of ionization by 30% compared to
the case where the upper mass limit is chosen equal to 120 M.
While VMSs have an undeniable impact in the early Universe,
their contribution across cosmic time might be underestimated
even in higher metallicity environments.

One of the most spectacular observations in the early 1980s
was that of the central object R136 of the 30 Doradus Nebulae
in the Large Magellanic Cloud (LMC). Cassinelli et al. (1981)
showed that R136 could potentially be a ~2500 M, star accord-
ing to their spectroscopic analysis. With instruments provid-
ing higher spatial resolution, R136 was then shown to be a
young cluster composed of stars of far lower masses. The stel-
lar upper mass limit was then found to lie around 150 M,
(Weidner & Kroupa 2004; Figer 2005; Oey & Clarke 2005;
Koen 2006). Crowther et al. (2010) used new adaptive optics
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observations combined with more refined non-local thermody-
namic equilibrium (non-LTE) atmosphere code to derive the fun-
damental parameters of these objects. The results of these lat-
ter authors show that for four stars in R136, models suggest
masses in the range of 165-320 M. This was confirmed by
recent studies using new HST data (Bestenlehner et al. 2020;
Brands et al. 2022).

Interestingly, VMSs could also be viable candidates to
explain the self-enrichment of globular clusters (see Vink
2018). For the last decade, one of the main candidate drivers
of this self-enrichment process has been massive AGB stars
(D’Ercole et al. 2010) given their slow winds compared to the
fast line-driven winds of massive O-stars. Indeed, such fast
winds (up to 2000-3000kms~!) are not able to deposit the
enriched material efficiently into the globular clusters as the
winds are too fast to be trapped in their potential well. Alterna-
tives such as rotating massive stars (Decressin et al. 2007), mas-
sive binaries (de Mink et al. 2009; Vanbeveren et al. 2012), red
supergiants (Szécsi et al. 2018), or supermassive stars (SMSs;
Denissenkov & Hartwick 2014) have been proposed and are
discussed in Bastian & Lardo (2018). Interestingly, SMSs have
been proposed as a workaround for the so-called mass—budget
problem (Gieles et al. 2018), but the estimated wind velocities of
roughly 1000 km s are still too fast compared to the estimated
escape velocities (=500kms™!) at the center of young globu-
lar clusters (Gieles et al. 2018). Vink (2018) then proposed that
VMSs, after inflating due to their proximity to the Eddington
limit (Ishii et al. 1999; Grifener et al. 2012; Sanyal et al. 2015),
lose mass through slower winds, satisfying conditions on both
wind velocity for enrichment and mass budget.

Moreover, VMSs have been shown to have a potentially
important impact on chemical enrichment at high metallicity.
Indeed, Martinet et al. (2022) showed that the galactic produc-
tion of the short-lived radioactive isotope 2°Al by the wind-
driven mass loss of massive stars might be increased by up to
150% when including VMS into a Milky Way-like population,
and could then account for a large part of the observed 2°Al
galactic content.

To explore the evolution of VMSs throughout cosmic his-
tory, and as a follow-up to the work done by Yusof et al. (2013),
we computed a grid of both rotating and nonrotating VMSs
from Population III stars to solar-metallicity stars with GENEC
(Eggenberger et al. 2008). In the present work, we take advan-
tage of the improvements made compared to Yusof et al. (2013)
models, such as the improvement of angular momentum con-
servation (Ekstrom et al. 2012), the use of another convective
criterion (Kaiser et al. 2020), a revised overshooting parameter
(Martinet et al. 2021), and the introduction in this work of an
equation of state accounting for the pair-creation production.

The paper is organized as follows: in Sect. 2, we describe
the physical ingredients used to compute the present models for
VMSs. The effect of different physics on VMS evolution is dis-
cussed in Sect. 3. Comparison with previous models is discussed
in Sect. 4. Comparison between our models and observed VMS
in the LMC is discussed in Sect. 5. In Sect. 6, we discuss the
potential impact of different physics on the final fate of VMSs,
and present the main conclusions of this work.

2. Ingredients of the stellar models

The present models were computed with the 1D stellar evo-
lution code GENEC (Eggenberger et al. 2008). These models
differ mainly in three points with respect to the physics used
in the grids by Ekstrom etal. (2012) and Yusof et al. (2022).
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First, we adopted the Ledoux criterion for convection instead
of Schwarzschild and an overshoot of 0.2 H), instead of 0.1 H,.
These changes were made because there are some indications
that the Ledoux criterion might be more appropriate for repro-
ducing some observed properties of massive stars (Georgy et al.
2014; Kaiser et al. 2020), and that an increase in the over-
shoot parameter is needed for stars with masses of greater than
8 M (Martinet et al. 2021; Scott et al. 2021). The third change
is that our VMS models have been computed with an equa-
tion of state accounting for electron—positron pair production
(Timmes & Swesty 2000). The other ingredients are the same
as in Ekstrom et al. (2012) and Yusof et al. (2022). However, to
make the paper more self-consistent, let us reiterate the prescrip-
tions used for rotation and mass loss. We considered here the
physics of shellular rotating models as described in Zahn (1992).
For the vertical shear diffusion coefficient, we used the expres-
sion by Maeder (1997) and the expression of the horizontal shear
diffusion coefficient by Zahn (1992).

The radiative mass-loss rate adopted on the main-sequence
(MS) is from Vinketal. (2001); the domains not covered
by this prescription (see Fig. 1 of Eggenbergeretal. 2021)
use the de Jager et al. (1988) rates. Grifener & Hamann (2008)
prescriptions are used in their domain of application, while
Nugis & Lamers (2000) prescriptions are used everywhere else
for the Wolf-Rayet phase'. For consistency, we retained the same
prescriptions as for the overall grids published so far, although
more recent prescriptions are now available (see the review of
Vink 2022, and Fig. 8). In Sect. 6.1, we propose a more in-depth
discussion on new mass-loss prescriptions and the relevance of the
prescriptions used in this work. The radiative mass-loss-rate cor-
rection factor described in Maeder & Meynet (2000) is applied for
rotating models. The dependence on metallicity is taken such that
M(2) = (Z/Z5)"" M(Z), except during the red supergiant (RSG)
phase, for which no dependence on the metallicity is used. This
is done according to van Loon et al. (2005) and Groenewegen
(2012a,b), who show that the metallicity dependence appears to
be weak for the mass-loss rates of these stars.

We computed stellar models with initial masses of 180, 250,
and 300 My, for Z = 0.000, Z = 10~°, Z = 0.006, and Z = 0.014
metallicities, with no rotation and a rotation rate of V/V, = 0.4,
where V, is the critical velocity®. The nuclear network allows us
to follow the abundance variation of 30 isotopes>.

3. The grid of VMS stellar models

Table 1 presents the initial parameters and various physical quan-
tities of the models presented in this paper at different evolution-
ary stages. We define the beginning of a phase when 1% of the
central burning element has been consumed and the end of a
phase when the mass fraction of the main fuel at the center is
lower than 1073,

Figure 1 presents the Hertzsprung-Russell diagram (HRD)
of the higher-metallicity models, at Z = 0.014 and Z = 0.006.
The nonrotating models are displayed in solid lines, while the
rotating ones are in dashed lines. Starting with the 180 M at

! The Wolf-Rayet phase in GENEC is assumed to begin when the model
has an effective temperature of higher than 10000 K and a surface mass
fraction of hydrogen of below 0.3.

2 The critical velocity is the velocity at which the centrifugal force at
the equator balances the gravity there. Its expression is taken as indi-
cated by expression (6) in Ekstrom et al. (2008).

3 These isotopes are 'H, 3*He, '21314C, 415N, 1617180 I8.19F
20'21*22Ne, 23Na, 24’25'26Mg, 26,27AL 2{§Si7 325’ 36Ar, 40Ca’ 44Ti, 48CI', SZFG,
and >®Ni.
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Table 1. Properties of the stellar models at different stages of their evolution.

Initial parameters End of H-burning

End of He-burning End of C-burning

M ini Vini YMS TH M tot Vsurf Ysurf THe M, tot Vsurf Ysurf TC M, tot Vsurf Ysurf
Z=0.014
180 0.0 0.0 2402 92 0.0 0.89 0.283 48 0.0 0.21 2.752 48 0.0 0.20
250 0.0 0.0 2236 99 0.0 0.99 0.289 44 0.0 0.22 3997 44 0.0 0.22
300 0.0 0.0 2.160 81 0.0 0.98 0.296 39 0.0 0.24 3453 39 0.0 0.23
180 430 110 2.622 87 1.2 0.92 0.285 43 53 0.24 2.688 42 24.5 0.23
250 446 87 2439 69 1.2 0.98 0.310 28 1.7 0.25 5975 28 4.7 0.23
300 455 78 2269 77 0.7 0.98 0.292 37 1.3 0.23 4708 37 5.0 0.22
Z = 0.006
180 0.0 0.0 2384 114 0.0 0.77 0.267 171 0.0 0.25 1.408 71 0.0 0.24
250 0.0 0.0 2.190 154 0.0 0.84 0.250 109 0.0 0.23 0.493 109 0.0 0.22
300 0.0 0.0 2.104 180 0.0 0.89 0.269 91 0.0 0.23 0.553 91 0.0 0.22
180 454 221 2.631 75 24 0.99 0.282 46 4.6 0.28 2.582 45 26.3 0.27
250 481 206 2376 88 0.9 0.99 0.272 56 1.8 0.29 1.430 56 38.3 0.28
300 492 197 2263 96 0.6 0.99 0.27 60 1.0 0.27 1.257 60 9.0 0.25
Z=107
180 0.0 0.0 2.292 180 0.0 0.25 0.24 111 0.0 0.85 1.661 111 0.0 0.85
250 0.0 0.0 2.115 202 0.0 0.49 0.25 153 0.0 0.88 0.356 153 0.0 0.88
300 0.0 0.0 2.036 219 0.0 0.67 - - - - - - - -
180 574 572 2.740 174 101.0 0.71 0.24 173 6.4 0.83 - - - -
250 617 613 2443 240 1120 0.83 0.23 237 5.5 0.90 0.355 237 6.3 0.90
300 648 648 2.330 287 356.0 0.83 0.22 274 0.6 0.90 - - - -
Z =0.000
180 0.0 0.0 2.875 180 0.0 0.25 - - - - - - - -
250 0.0 0.0 3.083 250 0.0 0.25 - - - - - - - -
300 0.0 0.0 3.012 300 0.0 0.25 - - - - - - - -
180 768 782 2.323 176 587.0 0.43 - - - - - - - -

Notes. The first columns present the initial mass M;, in M, the initial surface velocity v, in km.s™

!, and the average surface velocity over the

main sequence vys in km.s~!. For the H-, He-, and C-burning phases, the columns present the durations of the phase Tphase in Millions of years for

H- and He- and in years for C-, the current total mass M, in My, the surface velocity v, in km.s~

at the end of each nuclear burning phase.

Z = 0.014, we can see that the rotating model evolves more to the
blue during the MS because of the rotational mixing; it enters the
Wolf-Rayet (WR) phase at a slightly earlier evolutionary stage.
The rotating model enters the core He-burning phase at a much
higher effective temperature than the nonrotating models. The
evolution through the advanced phases is then very similar due to
the dominant WR mass loss, with the rotating models at slightly
lower luminosity.

If we go to a higher initial mass, the evolution is now highly
dominated by the greater mass loss, with the rotating models
still evolving with slightly lower luminosities. The 300 M, at
Z = 0.014 is the perfect example of mass-loss-dominated evolu-
tion, where both the nonrotating and the rotating models undergo
so much mass loss that their evolution through the HRD is effec-
tively similar.

If we go to lower metallicity, we now have a lower contribu-
tion to the mass loss of the line-driven wind. This means that the
evolution of VMSs will now be more sensitive to the rotational
mixing. Indeed, as we can see for the whole 180-300 M mass
range, the rotating models undergo quasi-chemically homoge-
neous evolution because of the very strong mixing. Rotating stars
reach the WR phase much earlier. This causes the star to undergo
a greater amount of mass loss. The He-burning phase of rotating

!, and the surface mass fraction of helium Yy,

models occurs at much lower luminosities than for the nonrotat-
ing models. The same is true for the more advanced phases.

In summary, we can say that at solar metallicity, the tracks of
the models of 250 and 300 M, nearly always decrease in lumi-
nosity as a result of the very strong mass loss. The effects of rota-
tion become less and less strong when the initial mass increases
because of the dominating effect of mass loss. At the metallicity
Z = 0.006, as well as for the 180 M, model at solar metallic-
ity, that is, for all the models where the mass losses are weaker,
the effects of rotation are important. As is well known, rotating
tracks are bluer on the MS phase. The models enter into the WR
phase earlier on and therefore reach lower luminosities during
the post-MS phases.

Figure 2 shows the HRD of 180 M, nonrotating stellar mod-
els at different metallicities. One of the main effects of metallic-
ity on the surface properties is clearly the cooler effective tem-
perature at higher metallicity (see Fig. 2 bottom right panel).
Indeed, we can see that the beginning of the H-burning phase,
while starting at a roughly similar luminosity, starts at very
different T.g. This is mainly due to the fact that the opac-
ity of the outer layers increases with the metallicity. As the
gradient of the radiative pressure scales with the opacity, this
means that the outer layers receive a stronger radiative support
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Fig. 1. HRD of the nonrotating model (solid lines) and the model rotating at V/V, = 0.4 (dashed lines) at Z = 0.014 (solar) and Z = 0.006 (LMC).
The top, middle, and bottom rows show models with initial masses of 180, 250, and 300 M, respectively. The tracks are color-coded according
to their mass-loss rates. The beginning and the end of the burning phases are indicated by circles and crosses, respectively. The beginning of the

Wolf-Rayet phase is indicated by a light blue circle.

in high-metallicity stars than in low-metallicity ones. This pro-
duces stars with larger radii and lower effective temperatures.
Moreover, a higher metallicity implies more CNO elements in
stars, which in turn implies that lower temperatures are needed
to produce a given amount of energy. Lower temperature means
that the star needs to contract less to allow nuclear reactions to
produce enough energy to compensate the losses at the surface
(see Sect. 4.2 in Farrell et al. 2022). This also contributes to mak-
ing metal-rich stars more extended than metal-poor ones.
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The evolution of the first parts of the MS is similar for the
metallicities considered in Fig. 2, until the effect of the line-
driven wind — which is very sensitive to metallicity — truly begins
to take hold. From then, the higher-metallicity models start to
evolve to the blue because of the large quantities of mass loss,
quickly forming WR stars.

At low metallicity, the star remains more massive, and this
has a strong impact on the evolutionary tracks in the HRD. Dur-
ing the MS phase, tracks cover a larger range both in luminosity
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Fig. 2. HRD for 180 M,, nonrotating models at Z = 0.014, Z = 0.006, Z = 1075, and Z = 0. The tracks are color-coded according to their current
total mass. The MS of the models at Z = 0.014, Z = 0.006, and Z = 107 is plotted in dashed gray in the lower right panel for comparison.

and effective temperature. After the MS phase, as there is still an
important H-rich envelope, the star reaches larger radii.

During the post-core He-burning phases, the low-metallicity
models have higher luminosities than the more metal-rich
models. This is a consequence of their larger actual masses.
Their effective temperature is not reaching values as high
as those of the stripped core resulting from the higher-
metallicity models. It is interesting to note that these models
are very close to the Eddington limit and therefore undergo
large mass-loss events for a short time during the advanced
phases.

Figure 3 shows the evolution of the surface rotation for a
180 M, star at low metallicities. At these metallicities, the line-
driven wind is almost negligible, and therefore the transport of
angular momentum from the core spins up the surface. From
here, the surface accelerates up to the critical velocity. From this
point on, works usually assume that some matter will be lost
from the star, forming an equatorial disk (see e.g., Hirschi 2007).
Indeed, at the critical velocity, a small additional force is suffi-
cient to launch the matter into Keplerian orbits around the star.
The disk may lose mass (see e.g., Krticka et al. 2011). The net
result will be a mechanical loss of mass by the star.

Numerically, this induces large problems of angular momen-
tum conservation at the surface that are very difficult to
overcome when so close to the critical velocity. To manage this
problem, we chose to artificially lower the effective velocity
needed to trigger this mechanical mass loss to Qjimi¢/Qerie = 0.8.
While the effects of lowering this limit are minimal in this case
(2% of the total mass is lost by mechanical mass loss) and
tremendously help the computation, it can also be partly jus-
tified by the uncertainties of the mass-loss processes for very
fast rotators. If we consider the case of the Be stars, which are
stars that show a decretion disk likely resulting from their high
rotation, the velocity at which those stars begin to lose mass is
unclear (see the review by Rivinius et al. 2013, and references
therein). Indeed, in addition to the centrifugal force, some other
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Fig. 3. Evolution of the surface angular velocity divided by the criti-
cal angular velocity for 180 M, rotating models initially at V/V, = 0.4
(Q/Qui¢ = 0.58), for Z = 107 and Z = 0. The gray dashed line shows
the numerical limit used to trigger the mechanical mass loss.

forces should be involved to kick the matter into an outward-
expanding disk. This may be momentum given by radiation or
by pulsations. At the very least, it is likely that stars begin to
lose mass well before the critical limit is reached. Therefore,
choosing a subcritical velocity here for triggering the mechan-
ical mass loss is not unrealistic. The star remains at the lower
limit of the surface rotation for triggering the mechanical mass
loss until the end of the MS phase (see Fig. 3). After the MS
phase, the star rapidly expands, the surface rotation becomes
much lower than the limit and the mechanical mass loss stops.
Other processes like line-driven winds or mass loss triggered
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models (right) at Z = 0.006 (top) and Z = 0.014 (bottom).

by the continuum when some outer layers have supra-Eddington
luminosities become dominant.

The zero-metallicity model has a similar evolution on the MS
to the model with Z = 10> because it is not dominated by the
line-driven mass loss. However, the Population III model has not
been pushed further in its evolution due to numerical problems
linked to mechanical mass loss.

3.1. Wolf-Rayet stars from very massive stars

WR stars are classified into different categories according to
their spectral features. As we do not predict the output spectra of
our models, we cannot use the same spectroscopic criteria here
as those used by spectroscopists to classify our models among
the different WR subtypes. Here, we adopted different theoret-
ical criteria for WR classification. The WR phase in GENEC
is assumed to begin when the model has an effective temper-
ature of higher than 10000K and a surface mass fraction of
hydrogen X;H of below 0.3. Assuming the star fulfills these WR
conditions:
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— the WNL phase is defined when X;H > 1075;
— the WNE phase is defined when both X;H < 1075 and the
surface mass fraction of carbon X;zc is smaller than or equal

to that of nitrogen X, N;

— the WCO phase is defined when X.# < 1075 and X, € >

X14N;

- thse WO phase is defined when it is a WCO with log(Teg) >

5.25;

— the WC phase is defined when it is a WCO with log(Te) <

5.25.

It is important to note that these classification criteria may
actually result in differences in classification compared to the
ones based on spectroscopy (see Groh et al. 2014). This is why
the WO/WC criteria have been defined following the work of
Groh et al. (2014).

Figure 4 shows the stacked lifetimes of different spectral
phases of massive stars as a percentage of the total lifetime
of a given star. The lifetimes are displayed for nonrotating
(left panels) and rotating (at V/V. = 0.4; right panels)
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models at Z = 0.006 in the upper panels and Z = 0.014 in the
lower panels. The Z = 0.006 models below 150 M, are from
Eggenberger et al. (2021) and those with Z = 0.014 are from
Ekstrom et al. (2012).

Most of the life of a massive star is spent as an O-type MS
star (we note that the y-axis begins at 60%). The post-MS O-type
star phase represents between 10% and 40% of the total life-
time depending on the initial mass, metallicity, and rotation. In
general, this phase covers a larger fraction of the total lifetime
when the initial mass, the metallicity, and/or the initial rota-
tion are greater. For example, the whole post O-type MS phase
lasts about 27% of the total lifetime of a 250 M nonrotating
Z = 0.006 model. Increasing the metallicity to Z = 0.014 brings
that fraction to about 30%. The rotating models at Z = 0.006
and 0.014 still increase that fraction to 35% and 40%, respec-
tively. Except in the case of the nonrotating Z = 0.006 model,
where the fractions of the total lifetime spent as a B-type, WNL,
and WC are approximately the same, for the other models, the
post O-type MS star phase is only divided in two types of stars,
either WNL (the longest ones covering about two-thirds of the
remaining time) and the WC phase (one-third). This means that
statistically, for single stars in a region with a constant star for-
mation rate (e.g., during the last ten million years or so), there is
in these last cases twice as great a chance of observing a WNL
than a WC.

As is well known from previous models of rotating massive
stars (see e.g. Fig. 2 in Georgy et al. 2012), rotational mixing
significantly increases the mass of the star that has a chemical
composition enriched by H-burning products; hence the longer

duration of the WN phase in rotating models than in nonrotating
ones.

3.2. Evolution of the core mass and final fate

The CO core mass is an important quantity that affects the
advanced stages of massive stars and especially their final fate.
This quantity is highly dependent on the initial mass, but also on
rotation and mass-loss events.

Figure 5 shows the evolution of the convective core mass
of VMSs between the beginning and the end of the He-burning
phase for different rotation rates and metallicities. The convec-
tive core at the end of He-burning is a good proxy for the CO
core mass. The figure also shows the actual total mass of the star
at the different evolutionary stages shown on that figure.

We see that for the masses considered in Fig. 5, the total
mass significantly decreases during the core He-burning phase
and causes the convective core to also decrease. We note that
at the metallicity Z = 0.006, the total mass of the nonrotating
models at the beginning of the core He-burning phase increases
with initial mass, and the same is true for the convective core
mass. This trend disappears at the end of the core He-burning
phase. Typically, the total actual mass of the 300 My model is
smaller than that of the 250 M, one. This is a consequence of
the fact that the 300 M, entering into the core He-burning phase
with a higher mass loses mass more rapidly than the 250 M,
model, allowing the model to lose a larger fraction of its mass
by the end of that phase. This reflects the fact that the mass-loss
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Fig. 6. Convective core mass at the end of He-burning as a function
of the initial mass for nonrotating and rotating stars at Z = 0.006 and
Z = 0.014. The models with initial masses lower than 180 M, are from
Ekstrom et al. (2012) for Z = 0.014 and from Eggenberger et al. (2021)
for Z = 0.006, and share the same physics, albeit with the differences
described in Sect. 2. The range of CO core masses from Farmer et al.
(2019) where (P)PISNe can occur is shown as an example to underline
the very different potential final fate of VMSs when considering rotation
and metallicity effects.

rates increase with the luminosity, which itself increases with the
actual mass of the star. There are far fewer differences between
the different initial masses for the rotating models; they begin
their core He-burning phase with a similar actual mass and lose
a similar amount of their mass during that phase. Rotational mix-
ing, as shown above, makes the star enter at an early evolutionary
stage in the WR phase. From that stage, the mass loss scales with
the luminosity and hence the mass, making the models converge
towards similar masses. Indeed, as explained above, by starting
with more mass, the high luminosity will produce stronger mass
losses, and thus causes the model to reach a similar mass to mod-
els starting with a lower mass.

At solar metallicity, the differences between the nonrotating
and rotating models are much smaller than at Z = 0.006. The
strong winds dominate here, leaving little room for the effects of
rotational mixing.

Very often in the literature, the mass of the He core or that
of the CO core at the end of He-burning is used to determine
whether the star will explode as a PISN or PPISNe (see e.g.,
Farmer et al. 2019; Costa et al. 2021). As we show here, the con-
vective core mass at the end of He-burning is a good proxy for
the CO core mass. In Fig. 6, the CO core mass limits given
by Farmer et al. (2019) are indicated. We see that according to
this criterion, the only two models that will explode as a pair-
instability supernova would be the 250 and 300 M nonrotating
models at Z = 0.006. The inferior mass limit would be 200 M,
for entering into the domain of PISNe. The result is different
from that of Yusof et al. (2013; see their Fig. 18). These lat-
ter authors find that for the nonrotating Z = 0.006 model, the
inferior mass limit for the nonrotating models was found to be
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around 300 M. This is likely due to the absence of models of
between 150 and 500 M, in the Yusof et al. (2013) study. Indeed,
we see in the present study that the final mass has a peak for
an initial mass of around 260 My, and so it is likely that the
Yusof et al. (2013) study missed that peak. For rotating mod-
els at Z = 0.006, the 250 and 300 M, models are expected to
undergo PPISNe.

We also note that the models for Z = 0.014 are expected to
avoid both the pulsational pair instability phase and pair insta-
bility explosions for all the models computed here. Therefore, at
least for models up to an initial mass of 300 M. In cases where
those models end their lives as black holes engulfing the whole
mass that the star has retained until the final core collapse, black
hole masses of up to 30-45 M, could be formed. Still higher
mass black holes (up to about 60 M) could be formed from the
nonrotating Z = 0.006 models if the mass loss induced by the
pulsational pair instability were smaller than a few solar masses.

In a paper in preparation, we will present a more in-depth
study of the final fate of VMSs where we will study both core
mass criteria and an average value for the first adiabatic exponent
over the whole mass (see Stothers 1999; Marchant et al. 2019;
Costa et al. 2021). We will discuss whether indeed those models
that should explode as a (P)PISNe according to the core mass
criterion contain a sufficiently large fraction of unstable mass to
trigger the explosion mechanism (Martinet et al., in prep.).

4. Comparison with previous models

Figure 7 presents the evolution of a rotating (V/V, = 0.4) 300 M
model at Z = 0.014 computed with GENEC, from the com-
putations of Yusof et al. (2013), and from this work. The main
differences between these two computations mainly come from
the improvement to the code, namely the treatment of conser-
vation of angular momentum in the envelope (see Ekstrom et al.
2012), and the new EOS we introduce to take into account the
pair-creation effects. As we also show in Sect. 2, these new VMS
models are computed with the Ledoux criterion and an increased
overshoot a,, = 0.2, while the models of Yusof et al. (2013) are
computed with the Schwarzschild criterion and @,, = 0.1. The
left panel of Fig. 7 shows the HRD of these two models, with
the beginning and end of the different burning phases depicted
by circles and crosses.

The beginning of the MS is very similar for both models; how-
ever, slight discrepancies appear at the surface during the rest of
the MS evolution. This is due to the different treatment of the angu-
lar momentum conservation at the surface, combined with the
very high mass-loss rates occurring for such massive stars at solar
metallicity. The larger overshooting parameter does not induce a
meaningful increase in the core size during the MS due to VMS
already having very large convective cores. The total mass of both
models during most of the MS is similar because mass loss dom-
inates its evolution. However, at the end of the H-burning phase,
a large mass loss occurs for both models, leading to larger quanti-
ties lost in the Yusof et al. (2013) models. This leads our models
to be 40% larger in mass at the end of the MS.

The He-burning phase occurs at higher luminosity and goes
through a slight evolution to the red for the model of this work.
The leading consequence is that the VMS will undergo slightly
larger mass-loss rates during the middle of the He-burning phase
when going to the redder part of the HRD. This reduces the
difference in the actual mass between our model and that of
Yusof et al. (2013) from 40% at the end of the MS phase to 35%
at the end of the core He-burning phase. Interestingly, the evo-
lution from the C-burning phase is slightly different, with the
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Fig. 7. Comparison with previous models. Left: HRD of a rotating 300 M, at Z = 0.014 from the work of Yusof et al. (2013) and from this work.
The beginning of each burning phase (defined as the moment when the central abundance of the element concerned decreases by 1%) and the end
of it (defined as the moment when the central abundance is lower than 107>) are displayed as open circles and crosses, respectively. Right: central
temperature as a function of the central density for the same models. A zoom can be seen in the upper left displaying the region where the model
starts undergoing pair-creation inside the core, leading the model with the new EOS — which takes this effect into account — to contract and expand

rapidly as the pair-creation reduces the radiative pressure.

Yusof et al. (2013) model continuing to higher effective tempera-
tures while model in this work evolves back to the red. To explain
this feature, we need refer to the right panel of Fig. 7 where the
central temperature of the star is depicted as a function of the
central density. Once again, we see that the central conditions are
very similar in early stages, with a slightly higher temperature in
the core in the new model (likely due to the larger overshoot
parameter). The very interesting features appear at the end of the
C-burning phase and are displayed as a zoom in the upper-right
part of the diagram. The oscillations of the central conditions
are a direct effect of the pair production inside the star. Indeed,
while the center is outside of the pair-instability zone, a slightly
off-centered part of the core is crossing this instability region.
The production of a pair inside these parts of the star results in
destabilization of this region of the core*.

5. Comparison with observed VMSs in the LMC

The Tarantula Nebula in the LMC hosts one particular young
cluster, known as R136, that itself hosts very high-mass com-
ponents. Recent work (Bestenlehner et al. 2020; Brands et al.
2022) confirmed these results with new VLT-FLAMES and
HST/STIS optic and spectroscopic measurements and provided
interesting stellar characteristics to the most massive stars
observed. With the new VMS models computed here, we can
confront our results with these new observations. We explore
here the impact of the physics we have included inside our

4 We note that the models here are always by construction at hydro-
static equilibrium. The oscillation seen here is likely due to the fact that
pair-creation removes radiative support and thus triggers contraction.
At its turn, contraction leads to larger nuclear energy production, which
triggers expansion.

models on the observables, and compare the results to those pro-
vided by the most recent observations.

As we show in the previous section, the evolution of VMSs
at high metallicity is dominated by mass loss. The prescriptions
used in our models come from both theoretical and empirical
results obtained from lower mass O-type stars, and are highly
uncertain, especially when getting close to the Eddington limit
(see the review of Vink 2022). In Fig. 8, we confront our mod-
els with the observed mass-loss rates obtained by Brands et al.
(2022) and show their corresponding fit using the prescription
proposed by Bestenlehner et al. (2020). The mass-loss rates are
plotted as a function of the Eddington parameter (with T'egqe = 1
being the Eddington limit). The time-averaged mass loss of our
models over the main sequence is shown by colored rectangles.
The time-averaged mass-loss rates of our nonrotating VMS mod-
els with initial masses equal to or above 180 M, are below the
fitting line by at most 0.3 dex (a factor two). The contrary is true
for our rotating models, which show time-averaged mass-loss
rates of at most about 0.3 dex above the fitting line. At the very
least, this shows that although we did not account for the most
recent developments of the mass-loss rates in the present models,
the fact that the nonrotating and rotating models approximately
frame the fitting curve by Brands et al. (2022) with differences
of at most a factor of 2 is rather encouraging.

Figure 9 presents the HRD of the Tarantula Nebula, a very
active star-forming region in the LMC. The compilation of
Schneider et al. (2018) is displayed in yellow, while the com-
ponents of the R136 cluster obtained by Brands et al. (2022) are
displayed in magenta. The tracks used here are the Z = 0.006
GENEC tracks from Eggenberger et al. (2021) and the VMS
tracks we computed for this work with the new EOS. We can
see that this cluster hosts several high-mass components. If we
look at the evolution of our VMS models, three stars inside this
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Fig. 8. Time-averaged mass-loss rates over the main sequence as a function of the Eddington parameter I'eqq .. The models of 85-120 M, are from
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are displayed in gold. The fit they obtained is displayed in purple. The three most massive components of the cluster (R136a1/2/3) are pinpointed

by arrows.

cluster are above M, = 200 M, (R136a1/2/3). At first glance,
one would favor the nonrotating models for these VMS, cover-
ing a large range of effective temperatures on the MS, while the
rotating models, as we show in Sect. 3, evolve quasi-chemically
homogeneously and stray directly to the bluer part of the HRD
(also true for models rotating at V/V, = 0.2 not shown here), and
are therefore apparently incompatible with the observed effec-
tive temperatures. However, the problem is more complicated:
the VMS undergoes very large mass loss already during the
MS, which means that the star is embedded inside a “nebula”
of very thick wind. When observing such stars, we are in reality
observing this thick wind, and this blurs the determination of the
effective temperature of the surface of the star. Indeed, with the
wind being much cooler than the surface of the star, we obtain
a lower observed effective temperature if we take this effect into
account. We computed corrected effective temperatures and find
that both nonrotating and rotating models are compatible with
the observations (the corrected effective temperatures go down to
35000 K, which is 6000 K below the lowest limit of the observed
T of VMS; see the details of how this correction has been com-
puted in Schaller et al. 1992).

Figure 10 shows the values of Vsini obtained by
Bestenlehner et al. (2020) overplotted over the tracks of VMS
models. From the spectroscopic studies, the surface veloci-
ties observed do not differentiate the surface velocity from the
macro-turbulent velocity. This means that the lower limit of
the surface velocity would be when the macro-turbulence is at
its maximum. We take the maximum macro-turbulent veloci-
ties obtained by Simoén-Diaz et al. (2017) for stars close to the
Eddington limit to obtain the lower displayed limit. The upper
limit is obtained from the angle-of-view effects. The theoretical
models (see the continuous lines in Fig. 10) show that the sur-
face velocity decreases rapidly as a function of time as a result
of the large amount of angular momentum taken away by stellar
winds.

To ensure that the theoretical model goes through the region
covered by the error bars given by Bestenlehner et al. (2020) at
this stage of the MS, relatively high rotation rates are required
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already at the ZAMS. In reality, given that — as recalled above —
the Vsini value is a lower limit to the true surface velocity, even
larger initial rotations than those shown for the models in Fig. 10
could be considered.

A 250 M model with a lower rotation rate has been com-
puted to show that the mass loss still dominates the surface
velocity evolution and would not be able to reproduce the high
velocities observed for these VMSs. We might wonder whether
or not assuming a solid body rotation — as a model accounting for
the impact of an internal magnetic field would need to — would
allow us to start from a lower initial rotation rate. This will be
explored in the future. However, we can note that despite the
fact that we considered nonmagnetic models here, since these
stars host a very massive convective core, they have a solid body
rotation in any case in a very large part of the star. We therefore
suspect that including magnetic fields in our models would have
a modest effect here (see discussion in Sect. 6.1).

Figure 11 shows the observed surface enrichment of nitrogen
as a function of the observed surface helium, from Brands et al.
(2022) and Bestenlehner et al. (2020), respectively. The nonro-
tating (in solid lines) and the rotating (in dashed lines) VMS
models are overplotted. Interestingly, the evolution of nitrogen
at the surface is very similar between the nonrotating and rotat-
ing models. This is because the models quickly reach (before the
surface helium fraction reaches 0.4) the maximum quantity of
nitrogen produced from the CNO cycle in these stars. This max-
imum value depends solely on the initial abundances of CNO.
Hence, while the most massive component R136al is well repro-
duced by the models, there is no possibility for these models to
explain the very high enrichment value of nitrogen of the two
other VMSs (R136a2/a3). Understanding these discrepancies is
difficult. A first possibility could be that the initial abundances
and in particular the initial content of CNO elements could be
different in the different stars. We can see that the Z = 0.014
models are able to reproduce such values due to the larger ini-
tial abundances of CNO. Can we imagine that this region can
host populations with different metallicities? This would imply,
in a self-enrichment scenario, multiple stellar generations born
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Fig. 9. HRD of the Tarantula Nebula from the compilation of Schneider et al. (2018; regrouping results from Ramirez-Agudelo et al. 2017,
Sabin-Sanjulidn et al. 2014, 2017; McEvoy et al. 2015; Bestenlehner et al. 2014) and the R136 cluster members from the work of Brands et al.
(2022). The GENEC tracks are overplotted in gray, with color emphasis on the VMS models computed here, and the ZAMS is drawn in dark gray.
The HRD is plotted for nonrotating (left) and rotating (at V/V, = 0.4; right) models. Their effective temperatures are not corrected for the optical
thickness of the wind. The three most massive components of the cluster (R136a1/2/3) are pinpointed by arrows in the right panel.

from material differently enriched in metals by previous gener-
ations of stars. There are massive young clusters that show evi-
dence for multiple generations of stars, such as the Orion neb-
ula cluster with potentially generations with an age separation of
less than 1 Myr (Beccari et al. 2017). The Tarantula nebula is a
much more massive star-forming region than Orion, and is even
more susceptible to having hosted multiple generations. Inter-
estingly, a scenario where the (re)collapse of the cluster allows
the birth of a second generation of stars has been invoked by
Dominguez et al. (2022) to explain the observational character-
istics of the central region of 30 Doradus. A second possibil-
ity to explain the result shown in Fig. 11 is that the error bars
have been underestimated. The error bars should be significantly
increased to allow tracks at a given fixed metallicity to cross
them. This does not appear to be a realistic possibility. Third,
we might wonder whether or not the history of the star (e.g., a
binary interaction or early merger) could be invoked to explain
the discrepancy in nitrogen surface abundances for such similar
values of the surface helium abundance. Modeling of the evolu-
tion of multiple systems is required to answer such a question.

6. Discussion and conclusions
6.1. Impact of changing physical ingredients of the models

Changes of some physical ingredients, such as the criterion for
convection, the overshooting, or the expression for the diffusion
coefficient in rotating models, and a change of the EOS have
non-negligible impacts on the outputs of the stellar models as

discussed in Sect. 4, where we performed a comparison with the
models by Yusof et al. (2013), which also used GENEC as the
stellar evolution code.

For solar metallicity, models are dominated by mass loss,
and therefore most of the differences come from the changes in
angular momentum conservation and the slightly different evo-
lution in the HRD. While nonrotating models are quite similar,
rotating ones lead to final masses of up to 42% larger than pre-
vious models. At Z = 0.006, the differences are smaller due to a
decrease in the occurrence of mass loss. For the rotating models,
the final masses are up to 12% larger than in the models of Yusof
et al. (2013).

We might speculate as to the impact of changing the angu-
lar momentum transport by considering a more efficient pro-
cess, such as the one proposed in the Taylor-Spruit (TS) dynamo
(Spruit 2002; Maeder & Meynet 2004; Eggenberger et al. 2010).
The present VMS rotating models at V/V, = 0.4 are almost rotat-
ing as a solid body at the beginning of the MS due to their very
large convective core. This is also the case for slower rotators
such as the Z = 0.006 180 M, rotating at V/V, 0.2 pre-
sented in Fig. 10. The rotation of the envelope and that of the
core indeed remain coupled up until the end of the MS for mod-
els at Z = 0.006, when the mass loss becomes prevalent. A more
efficient transport such as the TS dynamo would not significantly
change the rotation profile in that case. For models at Z = 0.014,
differential rotation between envelope and core sets in from the
middle of the MS due to higher mass-loss rates. In this case,
a more eflicient transport of angular momentum might produce
stars with faster surface rotation.

~
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Fig. 10. Evolution of the surface velocity of VMS models. An addi-
tional model with slower initial rotation rate has been computed for
this plot. The observed velocities of the three most massive components
of R136 are overplotted (R136a2 and R136a3 have similar velocities
obtained). The uncertainties on the velocity are taken from the maxi-
mum macro-turbulent velocity observed for stars close to the Eddington
limit (Simén-Diaz et al. 2017) for the lower limit, and from the maxi-
mum velocities obtained from the angle-of-view effect for the upper
limit.

Very massive stars are highly sensitive to mass loss,
especially at high metallicities. We chose for this work to
keep the same physical ingredients as those used for all the
grids published so far (Ekstrom et al. 2012; Georgy et al. 2013;
Groh et al. 2019; Murphy et al. 2021; Eggenberger et al. 2021;
Yusof et al. 2022). Doing so allows us to discuss how vary-
ing the initial mass, metallicity, and rotation impact the out-
puts. While the mass-loss prescription scheme we use here
is used in many recent grids for massive stars (see e.g.,
Fragos et al. 2023; Simaz Bunzel et al. 2023; Jiang et al. 2023;
Brinkman et al. 2023; Song & Liu 2023), recent works pre-
sented new predictions for mass loss in massive stars (such as
Bjorklund et al. 2023; Gormaz-Matamala et al. 2023; Yang et al.
2023). Bjorklund et al. (2023) predict that the mass-loss rates
of O-stars are lower by about a factor of three than the rates
typically used in stellar-evolution calculations; however, differ-
ences decrease with increasing luminosity and temperature (i.e.,
smaller differences for VMSs and their high luminosity). More-
over, these latter authors find that the remaining key uncertainty
regarding these predictions concerns unsteady mass loss for very
high-luminosity stars close to the Eddington limit, which is a
major mass-loss component due to VMSs being very close to the
Eddington limit (as we show in Fig. 8). For RSG mass-loss rates,
Massey et al. (2023) discussed the relevance of the prescriptions
used in this work by comparing the predicted and observed lumi-
nosity function of red supergiants, finding good agreement. Still,
Yang et al. (2023) present a new prescription for RSG mass-loss
rates from a large spectroscopic survey in the Small Magellanic
Cloud, finding that it may provide a more accurate relation at the
cool and luminous region of the HR diagram at low metallicity
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Fig. 11. Surface enrichment of nitrogen over hydrogen as a function of
surface helium. The observed values of [N/H] are from Brands et al.
(2022), and the surface helium fraction is from Bestenlehner et al.
(2020).

compared to previous studies. The mass-loss-rate prescriptions
we use at Z = 0.006, although not considering the effects dis-
cussed in Bestenlehner et al. (2020), provide a time-averaged
mass-loss rate during the main sequence that is underestimated
by a factor of up to 2 for the nonrotating models and overesti-
mated by a factor of up to 2 for the rotating models. The scatter is
reasonably small when compared to the scatter of the individual
mass-loss-rate determinations used to establish the fitting mass-
loss-rate prescription. However, it is uncertain how our current
prescriptions reproduce the mass-loss rate at solar metallicity,
and whether or not we under- or overestimate the quantity of
mass lost by solar metallicity VMSs (Bestenlehner et al. 2014;
Vink 2022). For the low metallicity case, while they undergo
almost no mass loss during the MS, their mass loss close to
the Eddington limit is very uncertain and might have an impor-
tant impact on their evolution in the later stages (Sander & Vink
2020).

Studying the impact of recent mass-loss-rate prescriptions on
VMSs is crucial (see Sabhahit et al. 2022, 2023; Higgins et al.
2023), but updating important physics such as chemical mixing
and transport of angular momentum is equally necessary. There-
fore, new generations of stellar models should not only update
the mass-loss rates but also the physics of many other physical
ingredients. This is beyond the aim of the present work and will
be the topic of future works.

6.2. Synthesis of the main results and future perspectives

We computed a grid of VMSs from Population III to solar
metallicity with and without rotation. We showed that the low-
metallicity models are highly sensitive to rotation, while the
evolution of higher-metallicity models is dominated by mass-
loss effects. The mass loss strongly affects surface velocity evo-
lution, quickly at high metallicity, while reaching the critical
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velocity for low-metallicity models. Our comparison to observed
VMSs in the LMC shows that the mass-loss prescriptions used
for these nonrotating and rotating models lead to slight under-
or over-estimations compared to the observed mass-loss rates.
According to the treatment of rotation in our models, observed
VMSs need a high initial velocity to be able to account for
their observed surface velocity. The surface enrichment of these
observed VMSs is difficult to explain with only one initial com-
position and this suggests the possible existence of multiple pop-
ulations in the R136 cluster or perhaps a more complex scenario
involving multiple star interactions.

The tremendous dependence of the evolution of VMSs on
the input physics in the models will clearly have a crucial impact
on the final fate and the nature of the remnants that such stars
can produce. As shown in multiple studies (Woosley & Heger
2021; Costa et al. 2021; Marchant & Moriya 2020; Farmer et al.
2019), the final fate of VMSs is strongly linked to the CO core
mass at the end of He-burning. The present work provides a
new illustration of the fact that rotation, mass loss, and other
physics inputs play an important role in the CO core mass value,
and could be essential to our understanding of the final fate and
the maximum mass of the remnants produced by VMSs. A first
discussion shows that at a metallicity typical of R136, only the
non- or slowly rotating VMS models may produce pair insta-
bility supernovae. The most massive black holes that could be
formed then are expected to be less massive than about 60 M. In
a dedicated follow-up paper, we discuss the impact of the differ-
ent physics introduced here on the final fate of the stars. Thanks
to the addition of an equation of state following the pair pro-
duction inside the star, we can now track the evolution of the
pair-instability inside VMSs. This will allow us to determine,
for the whole grid of models, which ones are either undergoing
core collapse, pulsational pair-instability supernovae, or direct
collapse through pair instability.
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