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ABSTRACT

Context. Grids of stellar models, computed with the same physical ingredients, allow one to study the impact of a given physics on a
broad range of initial conditions and they are a key ingredient for modeling the evolution of galaxies.

Aims. We present here a grid of single star models for masses between 0.8 and 120 M,,, with and without rotation for a mass fraction
of heavy element Z = 0.006, representative of the Large Magellanic Cloud (LMC).

Methods. We used the GENeva stellar Evolution Code. The evolution was computed until the end of the central carbon-burning phase,
the early asymptotic giant branch phase, or the core helium-flash for massive, intermediate, and low mass stars, respectively.
Results. The outputs of the present stellar models are well framed by the outputs of the two grids obtained by our group for metallic-
ities above and below the one considered here. The models of the present work provide a good fit to the nitrogen surface enrichments
observed during the main sequence for stars in the LMC with initial masses around 15 M. They also reproduce the slope of the
luminosity function of red supergiants of the LMC well, which is a feature that is sensitive to the time-averaged mass loss rate over
the red supergiant phase. The most massive black hole that can be formed from the present models at Z = 0.006 is around 55 M.
No model in the range of mass considered will enter into the pair-instability supernova regime, while the minimal mass to enter the
region of pair pulsation instability is around 60 M, for the rotating models and 85 M, for the nonrotating ones.

Conclusions. The present models are of particular interest for comparisons with observations in the LMC and also in the outer regions
of the Milky Way. We provide public access to numerical tables that can be used for computing interpolated tracks and for population
synthesis studies.
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1. Introduction

Grids of single stellar models (e.g., Heger et al. 2003; Brott et al.
2011; Limongi & Chieffi 2006, 2012, 2018; Bressan et al. 2012;
Chieffi & Limongi 2013; Choi et al. 2016; Hidalgo et al. 2018;
Claret 2019; Szécsi et al. 2020), covering large domains of ini-
tial masses, metallicities, and rotations, and those computed
with exactly the same physics and physical ingredients pro-
vide a global view of the consequences of a given physics
in both low and high mass stars, in metal-poor as well as in
metal-rich regions, and in different phases of evolution. Their
outputs can then be compared with many different observed
features providing insights in the dependence on metallic-
ity of the evolution of stars. Large stellar grids at different
metallicities are also important ingredients of population syn-

* The numerical data of the present grid are directly accessi-
ble on the web page at https://www.unige.ch/sciences/astro/
evolution/fr/base-de-donnees/.

Article published by EDP Sciences

thesis models (e.g., Bruzual & Charlot 2003; Voss et al. 2009;
Leitherer & Ekstrom 2012; Georgy et al. 2014; Pacifici et al.
2015; Vazquez & Leitherer 2017; Leitherer 2019, and references
therein), which are essential to predict the radiative, mechani-
cal, and chemical feedback of stars in galaxies during the whole
cosmic history and to associate an age to systems going from
planetary systems to starbursts.

The present grid complements the grids already published
for metallicities Z = 0.014 (Papers I and II, Ekstrom et al. 2012;
Georgy et al. 2012), Z = 0.002 (Paper III, Georgy et al. 2013),
Z = 0.0004 (Paper IV, Groh et al. 2019), and Z = 0 (Paper V,
Murphy et al. 2021). The physical ingredients used are identi-
cal in all these grids, which only differ by the initial chemical
composition adopted. This paper presents stellar evolutionary
tracks for a chemical composition characterized by a mass frac-
tion of heavy elements Z = 0.006, that is for a metallicity that
is near one of the stars in the Large Magellanic Cloud (LMC).
The models are available under the form of electronic tables and
can be used as input for interpolating tracks for any given initial
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masses between 0.8 and 120 M,,, and for computing isochrones
and synthetic color magnitude diagrams of open clusters using
the SYCLIST code (Georgy et al. 2014). These grids and codes
can be used through a web-interface'.

The paper is organized in the following way: Sect. 2 briefly
recalls the main physical ingredients used. The global features of
the stellar models are discussed in Sect. 3, while a comparison
between the Z = 0.006 models and the Z = 0.002 and 0.014
grids is provided in Sect. 4. Section 5 compares the outputs of the
present grid to the surface abundances of main-sequence (MS)
stars in the LMC and to the red supergiant luminosity function
in the LMC. The main conclusions are given in Sect. 6.

2. Ingredients of the stellar models

The models have been computed with the same physical ingre-
dients as in Ekstrom et al. (2012), but for initial abundances
X = 0738, Y = 0.256 and Z = 0.006. The heavy ele-
ments distribution is solar scaled with the solar abundances from
Asplund et al. (2005) except for the neon which is taken from
Cunha et al. (2006). A fixed value of the overshooting parameter
has been adopted to extend the size of the convective cores dur-
ing the H- and He-burning phases by an amount equal to 10%
the pressure scale height estimated at the Schwarzschild bound-
ary. Such an assumption of a constant overshooting parame-
ter for the entire mass domain is of course questionable, with
studies favoring an overshooting that increases with the stellar
mass above about 9 M (Brott et al. 2011; Castro et al. 2014;
Martinet et al. 2021; Scott et al. 2021). The present grid does not
consider such a variation in the overshooting parameter for the
sake of homogeneity with the physics adopted in the first paper
of this series (Ekstrom et al. 2012). Keeping a constant physics is
indeed required to demonstrate the effects of changing the mass,
the initial composition or the initial rotation rate.

The transport of chemical species and angular momentum,
as well as the impact of rotation on the mass loss rates have
also been taken as in Ekstrom et al. (2012). We recall that the
present rotating models only account for hydrodynamical trans-
port by the shear instability and meridional currents, and do not
take into account the possible impact of internal magnetic fields.
Consequently, the present models exhibit a significant degree of
radial differential rotation in their radiative interior during the
MS phase in contrast to models computed in the framework of
the Tayler-Spruit dynamo (Spruit 2002) for instance, which are
characterized by an almost uniform internal rotation during the
main part of the evolution on the MS.

The mass loss rates have been taken as indicated in Fig. 1
(see also Ekstrom et al. 2012). The dependence on metallicity
has been taken so that M(Z) = (Z/Z>)"" M(Z) except during
the red giant and supergiant phase for which no dependence on
the metallicity has been considered. According to van Loon et al.
(2005) and Groenewegen (2012a,b), the metallicity dependence
for these stars do indeed appear to be weak.

3. The Z=0.006 grid of stellar models

A few characteristics of the models on the zero-age main
sequence (ZAMS) and at the end of the core H-, He- and C-
burning phases are presented in Table A.1. The tracks in the HR
diagram (HRD) are shown in Fig. 2. The comparison of non-

! https://www.unige.ch/sciences/astro/evolution/en/
database/
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Fig. 1. Domains of application of the various mass loss rates prescrip-
tions in the HR diagram. The mass loss rates are from Reimers (1975),
de Jager et al. (1988), Nugis & Lamers (2000), Vinketal. (2001),
Nugis & Lamers (2002), Crowther et al. (2006), Grifener & Hamann
(2008).

rotating and rotating models with vy /v = 0.4 provide some
striking differences. Firstly, as is well known, the tracks of rotat-
ing models show sign of surface nitrogen enrichments on a much
broader mass domain than nonrotating tracks. Let us for instance
look at the least massive model for which the N/C is more than
twice the initial one at the end of the MS phase according to
Table A.1. The least massive model in the nonrotating case is
between 60 and 85 M., while in the rotating case, it is between
1.35 and 1.5 My,. This is of course a direct consequence of rota-
tional mixing. Secondly, in the upper mass range (above or equal
to 40 M), the nonrotating tracks appear to show surprisingly
stronger surface enrichments than rotating ones. At first sight,
we would expect that rotation, favoring internal mixing, would
also favor stronger surface enrichments. For these massive stars,
the mass losses by stellar winds uncover deeper layers whose
composition has been changed either by mixing and/or nuclear
reactions. In the present case, mass loss plays the dominant role
and the rotating models lose less mass than nonrotating ones.
This may appear counter-intuitive, because, at a given position
in the HRD, rotation increases the quantity of mass lost by stellar
winds. Thus, in case where rotation would not affect the shape of
the tracks in the HRD, rotating models would always lose more
mass than nonrotating ones. However, the MS tracks of rotating
models with masses above about 40 M, are bluer than the nonro-
tating ones because of rotational mixing. At a given luminosity, a
shift to the blue part of the HRD results in a decrease in the mass
loss rates, so that rotating models lose less mass and thus show
weaker surface nitrogen enrichments than nonrotating models.
Finally, cepheid loops are more extended in the grid of rotating
stellar models. This is an effect that is not present (or at least not
in such an obvious way) in the grids at Z = 0.002 and 0.014.
These blue loops are very sensitive to details in the physics of
the models (e.g., Walmswell et al. 2015) and thus it is not a real
surprise that these loops can be differently affected by rotation at
various metallicities.
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Fig. 2. Evolutionary tracks for models with an initial mass between 0.8 and 120 M, with a mass fraction of heavy element Z = 0.006. The colors
along the tracks give an indication of the surface nitrogen to hydrogen ratios. The gray band shows the Cepheid instability strip. Left panel:
nonrotating models. Right panel: rotating models with vy /v = 0.4. The initial equatorial velocity on the ZAMS, as well as the time averaged

velocity on the MS is given in the second and third column of Table A.1.
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Fig. 3. Left panel: evolution of the surface equatorial velocity as a func-
tion of time (normalized to the MS lifetime for each mass) for rotating
models of different masses at Z = 0.006. Right panel: same as left panel
but for the ratio of the surface equatorial velocity to the critical velocity.

Figure 3 (left panel) shows the evolution of the surface equa-
torial velocity as a function of time for different initial mass
models. Increasing the initial mass also increases the initial
surface velocity. This comes from the assumption of a con-
stant ratio between the surface rotation and the critical rotation
velocity at the ZAMS. Since the critical velocity at the ZAMS
increases with the initial mass, higher initial rotation velocities
are obtained for more massive stars.

For masses between 1.7 and 20 M, the surface velocity
remains more or less constant during the main part of the MS
evolution. Just at the very beginning of the MS evolution, there
is a rapid drop of the surface velocity due to a redistribution
of angular momentum inside the star by meridional currents
(Denissenkov et al. 1999). After this short phase, since the radius

increases as the star evolves on the MS, local conservation of
angular momentum implies a significant decrease in the surface
velocity. This decrease is however counterbalanced by the trans-
port of angular momentum from the core to the envelope mainly
by the meridional currents. Since for these masses, stellar winds
remain modest, not much angular momentum is removed from
the star and thus the surface velocity decreases only very slowly.

For stars with masses above about 40 M, the surface veloc-
ity exhibits a strong decrease during the MS phase. This is an
effect of the mass lost by stellar winds that becomes more and
more important as the initial mass of the star increases. As a
numerical example, a 40 M, star, observed at the end of the MS
phase with a surface velocity of 100kms~!, may have begun its
MS evolution with a surface velocity around 300 kms~".

Figure 3 (right panel) shows the MS evolution of the ratio of
the surface equatorial velocity to the critical velocity. For initial
masses that suffer little mass losses, this ratio increases as a func-
tion of time. In those cases, the decrease in the critical velocity
when the star inflates is more rapid than the slow decrease in the
surface velocity. For the more massive stars, as indicated above,
mass losses are much larger and the ratio of surface to critical
velocity decreases as a function of time.

4. Effects of metallicity
4.1. Effects of metallicity versus rotation in the HR diagram

Figure 4 compares tracks in the HRD for models with the same
initial mass computed with and without rotation at three different
metallicities. Decreasing the metallicity shifts the tracks to hot-
ter and more luminous parts of the HRD during the MS phase.
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Fig. 4. Comparisons between evolutionary tracks in the HRD at Z =
0.014 (models of Paper I, blue lines), Z = 0.006 (models discussed in
this paper, red lines) and Z = 0.002 (models of Paper III, green lines)
with (solid lines) and without rotation (dotted lines) for 1.7, 9, 15 and
60 M, models.

In general, during the MS, a change in metallicity (between the
three values of Z considered here) has a larger impact on the
tracks than the inclusion of rotation. Only for the most massive
models (illustrated in Fig. 4 with the 60 M models) rotation can
have a larger effect on the tracks than a change in metallicity.
After the MS, the effects of rotation become important, at
least as important as changing the metallicity. For the 9 M mod-
els, rotation significantly increases the luminosity after the MS
phase. For instance, a rotating 9 M, with Z = 0.014 at an effec-
tive temperature Log T.s equal to 4.0 during the first crossing
of the HR gap can be as luminous as a nonrotating 9 M, at a
lower metallicity of Z = 0.002. This of course has a conse-
quence for the properties of Cepheids that are formed in different
metallicity environments and with different angular momentum
contents (e.g., Anderson et al. 2014, 2016, 2020). The 15 M,
models no longer exhibit blue loops after the MS, but show sim-
ilar increases in the luminosity when the metallicity is decreased
or when the effects of rotation are accounted for. It is worthwhile
to discuss the case of the 60 My models in a more detailed way.
First, during the MS, as already mentioned above, the impact of
rotation largely blurs the effects due to a change in metallicity.
The 60 M, tracks are nearly vertical in the HRD during the MS,
which reflects the fact that the stars follow a nearly chemically-
homogeneous evolution. Interestingly, the trend toward homoge-
neous evolution during the MS is the strongest for the Z = 0.014
tracks and then decreases when the metallicity decreases from
Z = 0.014 to 0.006 and 0.002. This results from the com-
bined effects of rotational mixing and mass loss. The charac-
teristic timescale for rotation induced transport of chemicals
is in general shorter when the metallicity decreases, mainly
because stars are more compact at low metallicity, which leads
to less extended radiative envelopes, while gradients of angular
momentum are found to be equally strong or even stronger (see
Maeder & Meynet 2001). Thus, rotational effects tend to favor
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Fig. 5. Evolution of the N/H ratio as a function of the effective tempera-
ture at the surface of rotating models with three different initial masses
at four different initial metallicities.

homogeneous evolution at low metallicities?. In contrast, mass
loss by stellar winds is stronger at high metallicity. Stronger
mass loss uncovers deep layers more rapidly and favors thereby
homogeneous evolution at high metallicity. The 60 My models
correspond to a case where the effects of mass loss dominate
over the effects of rotation, resulting in more homogeneous stars
at high metallicity by removing the outer layers.

4.2. Changes in surface chemical composition

Figure 5 shows the variation in the surface N/H ratios for rotat-
ing stars with initial masses between 3 and 15 M and Z between
0.0004 and 0.014. The present Z = 0.006 models are well framed
by the Z equal 0.002 and 0.014 models. As found in previous
works, for a given initial rotation velocity, the nitrogen surface
enrichment reached at a given age increases when the initial
mass increases and the metallicity decreases. Interestingly, the
impact of a change in metallicity on the surface N/H ratio is
larger for lower mass stars, while the impact of a change in the
initial mass on the N/H ratio is larger at higher metallicities.

4.3. Red and blue supergiants at various metallicities

Figure 6 shows the evolution of the effective temperature dur-
ing the core He-burning phase. These plots illustrate how fast a
model crosses the HR gap after the MS and whether or not a blue
loop occurs. The tracks corresponding to the Z = 0.006 models
(red lines) are in general framed by those corresponding to the
Z = 0.014 (blue lines) and Z = 0.002 (green lines) models.

A common feature to all these tracks is that they end their
evolution as red supergiants. Important differences are found in
the time when the model first becomes a red supergiant, the dura-
tion of the red supergiant phase and the presence or absence of

2 Another rotational effect can however favor a stronger chemical mix-
ing at high metallicity: stars are less compact at high metallicity and thus
meridional currents are stronger in the outer layers (the velocity of the
meridional currents varies as the inverse of the density in these external
layers).
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Fig. 6. Evolution of the effective temperature as a function of the mass fraction of helium at the center for 7, 9 and 15 M, models, with (solid lines)
and without (dotted lines) rotation for different metallicities during the core He-burning phase. The blue, red and green lines indicate models with

Z =0.014, 0.006 and 0.002, respectively (same colors as in Fig. 4).

a blue loop. In general, when rotation is included and/or the
metallicity decreases, the fraction of the core He-burning life-
time spent in the blue increases.

In the case of the 7 and 9 M models, the star evolves rapidly
to ared supergiant (RSG) phase after the MS and then a blue loop
may or may not develop. Rotation leads to longer blue loops in this
mass range. Rotation makes larger helium cores, but also smooths
the abundance gradients at the outer border of the H-burning shell.
Larger helium cores tend to decrease the extension of the blue
loops (Lauterborn et al. 1971; Maeder & Meynet 2001). On the
other hand, the smoother variations of the abundances above the
H-burning shell induced by rotation favor a blue loop. Two coun-
teracting effects of rotation are thus at work here and we see that,
in general, the smoothing effect of rotation dominates. Figure 6
also shows that the blue loops for the 7 and 9 M models are more
developed when the metallicity decreases.

For the 15 M models, no blue loops are present, but the begin-
ning of the RSG phase is more and more delayed when the metal-
licity decreases. Let us recall that the crossing of the HR diagram
is triggered by the ignition of the H-burning shell after the core
contracts at the end of the H-burning phase. Some of the energy
extracted from the gravitational reservoir in the core, in addi-
tion to energy released by the H-burning shell, is used to expand
the envelope. Metallicity plays a role in modifying the hydro-
static structure of the models during and after the crossing as it
affects the CNO content in the H-burning shell and the opacity
of the outer layers. A lower metallicity favors core He ignition
at a higher effective temperature. The timescale for crossing the
HR gap from the Terminal Age Main Sequence to the red super-
giant stage depends on many details of the models (see for instance
the discussion in Lauterborn et al. 1971; Maeder & Meynet 2001,
Farrell et al., in prep.). The differences between the behaviors of
the 7, 9 and 15 M, shown in Fig. 6 indicates that lowering the
metallicity has a different impact on the HR crossing for different
initial masses, keeping everything else constant.

4.4. Internal structures and lifetimes

Figure 7 shows the evolution of the convective core during the
H-burning phase for various stellar models as a function of time.
In the case of the nonrotating 7, 15 and 60 M, models, Fig. 7
shows that a change in metallicity has no significant impact on
the MS lifetime. This is no longer the case for the 1.7 My models.
The 1.7 My model with Z = 0.002 exhibits a MS lifetime that is
shortened by 50% with respect to the MS lifetime of the corre-

1000
My

500

: ‘ - 0 1 2 3 i
! dt [Myr] . t [Myr]
Fig. 7. Evolution of the convective core mass as a function of time dur-
ing the MS phase for rotating (solid lines) and nonrotating (dotted lines)
models, with 1.7, 7, 15 and 60 M,,. The blue, red and green lines indi-
cate models with Z = 0.014, 0.006 and 0.002, respectively (same colors
as in Fig. 4).

sponding Z = 0.014 model. This is related to the fact that the
luminosity is more affected by a change in metallicity for lower
initial masses. For instance, changing the metallicity from 0.014
to 0.002 increases the luminosity by 60% for a 1.7 M, model,
while the corresponding increase in luminosity is only of about
20% for the 7 My model. A higher luminosity then reduces the
MS lifetime.

Rotational mixing increases the MS lifetime by continuously
bringing fresh H-fuel in the core. An increase in the luminosity is
however expected for rotating models because of the transport of
helium in the envelope that globally decreases the opacity there.
However, this occurs relatively late in the evolution, that is when
the gradients of helium at the border of the core are sufficient®

3 The diffusion velocity depends on the abundance gradient of the spe-
cific element considered (see for instance Eq. (3) in Meynet et al. 2004).
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Fig. 8. Left panel: ratio of the MS lifetimes between Z = 0.006 rotating
and non rotating models (red), and between rotating Z = 0.006 and
Z = 0.014 models (blue) as a function of the initial mass. Right panel:
lifetimes of the core H- and He-burning phases as a function of the
initial mass for various metallicities.
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Fig. 9. Left panel: variation of the final mass as a function of the ini-
tial mass for rotating (solid lines) and nonrotating (dotted lines) stellar
models for various metallicities. The dot along each line indicates the
probable maximum black hole mass that can be formed. Right panel:
variation of the final Carbon-Oxygen core mass. The regions in light
gray and in dark gray correspond to the domains where respectively
pair pulsation instability and pair instability supernovae are expected to
occur (e.g. Chatzopoulos & Wheeler 2012; Woosley 2017).

and thus the addition of the fuel overcomes the effect linked to
the luminosity increase. Rotation also slightly decreases the cen-
tral temperature and density and thus slows down the pace of the
nuclear burning.

Figure 8 shows different lifetime ratios (left panel) and the
lifetimes during the core H- and He-burning as a function of
the initial mass for different metallicities. On average rotation
increases the MS lifetime by about 20-25% for masses between
1.7 and 120 M, and by 3-7% for lower initial masses (see the
red line in the left panel of Fig. 8). In the low mass domain,
magnetic braking removes a lot of angular momentum and thus
considerably reduces the impact of rotational mixing over the
whole MS phase. Comparing the MS lifetimes of the rotating
Z = 0.006 models to those for the metallicity Z = 0.014 (blue
line in the left panel of Fig. 8), we see that shorter main sequence
lifetimes are obtained for initial masses below about 8 M, for the
lower metallicity models. This is mainly an effect of opacity. In
less massive stars, the opacity of the outer layers becomes less
and less dominated by free electron scattering (as in the upper
mass range), and more dominated by the opacity due to heavy
elements. As a consequence, for these stars, when the metallic-
ity decreases, the luminosity increases (see for instance Fig. 1 in
Mowlavi et al. 1998) and this tends to shorten the MS lifetimes
when compared to those of more metal rich stars. This effect
is also obtained comparing nonrotating models (see for instance
Fig. 5 in Mowlavi et al. 1998).

The right panel of Fig. 8§ compares the absolute values of the
lifetimes during the core H- and He-burning phases. Since the
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vertical scale is logarithmic, the differences seen on the left panel
are barely visible. Globally, the ratio of the lifetimes between the
core He and the H-burning lifetimes decreases when the mass
increases. This trend is visible for the different metallicities as
well as for models with and without rotation.

4.5. Core masses

Figure 9 shows the total final masses (left panel) and the final
Carbon-Oxygen (CO, right panel) core masses as a function of
the initial mass for models with and without rotation at different
metallicities. As expected, the present Z = 0.006 models fall
inbetween the 0.002 and 0.014 models.

As is well known, a lower metallicity implies weaker mass
losses by stellar winds that leads to larger final masses. In most
cases, rotation tends to increase the final masses. As seen before,
rotating models spend a larger fraction of their lifetime in the
blue part of the HRD where the mass losses are weaker. For the
most massive stars at Z = 0.014 and Z = 0.006, rotating models
exhibit however lower final masses. This comes from the fact
that rotation makes these models enter the Wolf-Rayet regime at
an earlier stage, so that rotating models spend a larger fraction
of their lifetime in a phase characterized by strong stellar winds.

Concerning the variation of the CO core mass* with the ini-
tial mass, we note that for the Z = 0.014 models (blue lines), the
upper parts of the curves are the same as the final masses. This
simply reflects that, for these models, stellar winds are efficient
enough to produce naked CO cores. Comparing the nonrotating
models at Z = 0.006 (red dotted line) and 0.002 (green dotted
line), we see that very similar curves are obtained. More differ-
ences are found in the case of rotating models. For masses below
60 M, the CO core masses are slightly larger in Z = 0.006 mod-
els than in models with Z = 0.002, while it is the contrary in the
higher mass range where mass loss plays a significant role.

The question of the formation of the most massive black
holes has received some attention recently in particular follow-
ing the gravitational wave detection GW190521 (Abbott et al.
2020; Groh et al. 2020; Farrell et al. 2021). On the left panel of
Fig. 9, a dot along each line indicates the maximum mass a black
hole may have. Actually the values shown do not account for
mass losses that can be induced by pulsational pair instabilities
before the end of the evolution and thus represents some upper
values. The point on the solid green line corresponds to the final
mass of the model that, on the right panel of Fig. 9, is just at
the border between the light and dark gray regions. Models in
the dark gray region are expected to be completely destroyed by
a pair instability supernova and thus will leave no black hole.
We see that the maximum black hole mass that can be obtained
from present models is around 30 My, at Z = 0.014, 55 M,, at
Z = 0.006 and 65 Mg at Z = 0.002. According to Abbott et al.
(2021), the masses of 89 BHs detected through their gravita-
tional wave emission, have been determined. The lowest mass
is 5.0%3 Mo and the largest is 95.3*7%:7 M. About half of the
detected BHs (44) have masses between 5 and 30 M, half (43)
between 30 and 70 M. At the moment 2 have masses above
80 M, clearly in the so called BH mass gap (e.g., Heger et al.
2003) due to the complete destruction of stars undergoing a pair-
instability supernova (PISN). Despite the fact that the evolution
of the stars having given birth to these BHs is affected by close
binary interactions, it is worth noting that mass loss by stellar

4 The CO core mass is defined as the mass inside the layer where
the mass fraction of carbon+oxygen is larger than 0.75 and increases
inward.
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winds, as implemented in the present models, allows the pro-
duction of BHs above 30 M., for metallicities lower than solar.
Indeed, metallicities found in the LMC and SMC are sufficiently
low for stars to retain up to 55-65 M, until the late stages of
their evolution. The exact BH masses that these stars would
produce require detailed simulations of the PISN phase (e.g.,
Farmer et al. 2019; Leung et al. 2019) but final BH masses are
expected to be at least 40 M.

The right panel of Fig. 9 gives a first idea of the ini-
tial masses that at each metallicity will go through a phase
of pulsational pair instability before to collapse to a black
hole and those being completely destroyed by a pair instabil-
ity (Fowler & Hoyle 1964; Rakavy & Shaviv 1967; Barkat et al.
1967; Chatzopoulos & Wheeler 2012; Woosley 2017). We see
that the only models that would explode as a pair instability
supernova would be the rotating models with an initial mass
larger than 100 My and a metallicity Z = 0.002 in agreement
with a previous work done using GENeva stellar Evolution Code
(GENEC) by Yusof et al. (2013).

5. Comparisons with observations

The aim of this section is to illustrate the ability of the
present models to reproduce some observational constraints.
This section will also give the opportunity to compare some out-
puts of the present stellar models with those obtained by other
authors for a similar metallicity.

5.1. Surface abundances on the Main-Sequence

Figure 10 shows the values of the N/H surface abundance ratio
normalized to the same surface abundance ratio at the ZAMS, as
a function of the initial mass, at two different stages during the
MS. We recall here that rotational mixing is due to turbulence
induced by various instabilities. These turbulent motions can-
not be followed in one dimensional rotating models so that there
is always one free parameter, which is typically related to the
uncertain modeling of horizontal turbulence in the framework
of the shellular rotation formalism developed by Zahn (1992)
that needs to be adjusted (e.g., Eggenberger et al. 2008). This
parameter is calibrated in order for typical massive stars, at solar
metallicity, with masses between 10 and 20 M,,, showing a time-
averaged surface rotation velocity around 180-200 km s~! on the
MS to reproduce the observed surface enrichments. This cali-
bration, for the present models, is discussed in Ekstrom et al.
(2012). This calibrated value has then been kept constant for
all other metallicities (Georgy et al. 2013; Groh et al. 2019) and
also for the present Z = 0.006 grid. Figure 10 allows to check the
ability of the present rotating models, calibrated at solar metal-
licity, to reproduce the average surface enrichments observed at
the metallicity of the LMC. This figure also compares the present
results for the surface enrichments during the MS phase with
those obtained by Brott et al. (2011).

We first discuss the predictions of the present models. The
trend obtained at the LMC metallicity is qualitatively similar
to the one obtained at solar metallicity by Ekstrom et al. (2012,
see their Fig. 11 and the interested reader is invited to read the
Subsect. 5.4 in this paper for more details). The main difference
is that, for a mass around 15 Mg, for a given value of the ratio
between the surface rotation at the ZAMS and the critical veloc-
ity, the surface enrichment is larger at the LMC metallicity both
in the middle of the MS phase and at the end. At solar metallic-
ity, values for A log(N/H) equal to ~0.32 (X, = 0.35) and ~0.61
(X. = 0.001) are found. The corresponding values at Z = 0.006

GENEC V/V,=04 .z
1.0f — xZos End MS L=
GENEC V/V,=0.4 ~ e
T End MS I'/ e 7]
Brott ct al. V/V,=0.2 RN
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Fig. 10. Values of the surface N/H ratio normalized to the initial one as
a function of the initial mass of the models, in the middle of the MS
(X. = 0.35, red) and at the end of the MS (X, = 0.001, blue). The
shaded squares correspond to the location of the observed values from
Dufton et al. (2018) in this diagram.

are 0.46 and 0.70. We note however that the values for the 30 M
models at Z = 0.006 are lower than at Z = 0.014. This is due
to the fact that, in this mass range, mass loss by stellar winds
also play an important role at Z = 0.014 in changing the surface
abundances by unveiling inner stellar layers.

The red hatched zone in Fig. 10 shows the region where
the slightly enriched stars in the middle of the MS phase are
observed. The blue one shows where the highly enriched stars at
the end of the MS phase are observed. The observations are taken
from Dufton et al. (2018). We see that the present models fit the
averaged surface abundance ratio in the middle of the MS phase
quite well. They also provide a good fit to the observed values
at the end of the MS phase, however slightly below the aver-
aged value. The models by Brott et al. (2011) with initial rota-
tion rates v/vqir = 0.2 and 0.4 show slightly lower and higher
surface enrichments than the present models, respectively (see
dashed and dotted-dashed lines in Fig. 10). This likely is due
to differences in the way of implementing rotational mixing in
the two grids of models. Despite the fact that both grids are cal-
ibrated in a very similar way at solar metallicity, the different
implementations of chemicals and angular momentum transport
do not provide identical results at other metallicities. A detailed
discussion about the reasons of these differences is beyond the
scope of the present paper. Let us just mention here that the mod-
els by Brott et al. (2011) take into account magnetic effects for
the internal transport of angular momentum and that the imple-
mentation of the transport by meridional currents as well as the
way of accounting for the inhibiting effects of chemical compo-
sition gradients differ between the two grids of models.

5.2. Red supergiants

The slope of the observed luminosity function of red super-
giants is an interesting feature to compare the predictions of stel-
lar models to. This slope is affected by the time-averaged mass
loss rate during the red supergiant phase, becoming steeper for
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Fig. 11. Luminosity function of red supergiants in the LMC. The
black histogram shows the observed luminosity function as given
in Davies et al. (2018, and see references therein) and using obser-
vations by Elias et al. (1985), van Loon et al. (2005), Buchanan et al.
(2006), Bonanos etal. (2009, 2010), Neugentetal. (2010, 2012),
Gonzalez-Fernandez et al. (2015), Goldman et al. (2017). The results of
the population synthesis code SYCLIST (Georgy et al. 2014) using the
present models at Z = 0.006 are shown for rotating (blue squares) and
non rotating (red stars) models. The numbers of stars in the models have
been normalized to reproduce the observed number of stars at a lumi-
nosity equal to log L/Ly = 5.0.

stronger mass losses (Meynet et al. 2015). This time-averaged
mass loss rate encompasses both the quiescent low mass loss
rate phase of red supergiants and also the short outbursts dur-
ing which important amounts of mass can be lost and that are
more difficult to catch observationally. Recently, Neugent et al.
(2020) using the models by Ekstrom et al. (2012) at Z = 0.014
concluded that these models provide an excellent fit to the lumi-
nosity function of red supergiants observed in M31. In Fig. 11,
we compare the red supergiant luminosity function obtained by
the present models at Z = 0.006 with the observed one given by
Davies et al. (2018, and see the detailed references for the obser-
vations in the figure caption). The model predictions have been
obtained assuming a constant star formation rate and a Salpeter’s
initial mass function. The predictions have been normalized to
reproduce the observed luminosity function obtained at a lumi-
nosity log L/L, = 5.0. We chose the bin around this luminos-
ity for normalizing the population synthesis models, because
this bin contains a significant number of stars and is in the
middle of the slowly varying part of the luminosity function.
These two features give some confidence about the robustness
of the observed trend in that part of the luminosity function.
Choosing another bin in that same region for the normaliza-
tion would not significantly change the results. The agreement
between the theory and observation is very good for the lumi-
nosity range between 4.7 and 5.15. Above that luminosity, but
below 5.4, models predict significantly more red supergiants
than observed (especially the nonrotating models), while beyond
5.4, the reverse situation occurs. In the last two observed bins
(for logL/Ls > 3), however, the number of stars is very low
(3—4 stars), thus stochastic effects can blur the picture. There is
also one red supergiant at log L/L, = 5.8 (outside the frame of
the figure) that would not be matched by the present model, but
again stochastic effects may be responsible for that too.

On the whole, the comparison shows that the models do a
reasonable job in fitting the observed red supergiant luminos-
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ity function at least in the part where it is well populated. The
agreement is less good, as noted above, in the part where the
luminosity function shows a fast decrease. It is however not pos-
sible at that stage to know whether this disagreement is linked to
a weakness of the models or to some stochastic effects.

6. Conclusions

The present grid of stellar models complements the grids at
Z = 0.014, 0.002, 0.0004 and Z = O (Ekstrom et al. 2012;
Georgy et al. 2012, 2013; Groh et al. 2019; Murphy et al. 2021).
Together these models allow the exploration of the impact of
changing the metallicity, the initial mass and the initial composi-
tion over large domains, keeping the other ingredients of the stel-
lar models constant. The main conclusions of the present work
are indicated below:

— The properties of the Z = 0.006 models fall in general inbe-
tween the properties of the models with Z equal to 0.002 and
0.014.

— The present rotating models can reproduce the averaged sur-
face nitrogen enrichments observed at the surface of B-type
stars in the Large Magellanic Cloud.

— They fit reasonably well the slope of the luminosity function
of the red supergiants in the LMC.

— The present single star models indicate that the most massive
black holes that can be obtained at Z equal to 0.014, 0.006
and 0.002 are around 30, 55 and 65 M, respectively. Only
rotating models at Z = 0.002 and with initial masses larger
than ~100 M, form massive enough carbon-oxygen cores to
enter into the pair instability supernova regime.
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Appendix A: Main properties of the stellar models

Table A.1 presents the main properties of the stellar models on
the ZAMS, at the end of the core H-, He- and C-burning (when
it applies). The first three columns give the initial mass, the ini-
tial rotation velocity at the equator and the time-averaged rota-
tion velocity during the MS. Columns 4 to 9 present respectively
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the duration of the core H-burning phase, the actual mass, the
surface rotation velocity, the surface mass fraction of helium,
and the surface nitrogen to carbon, and nitrogen to oxygen mass
ratios at the end of the core H-burning phase. Columns 10 to 15
and 16 to 21 indicate the same physical quantities as those indi-
cated in columns 4 to 9, but at the end of the core He-burning
phase and at the end of the core C-burning phase, respectively.
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