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ABSTRACT

Context. The evolution of massive stars is not fully understood. The relation between different types of evolved massive stars is not
clear, and the role of factors such as binarity, rotation or magnetism needs to be quantified.
Aims. Several groups make available the results of 1D single stellar evolution calculations in the form of evolutionary tracks and
isochrones. They use different stellar evolution codes for which the input physics and its implementation varies. In this paper, we
aim at comparing the currently available evolutionary tracks for massive stars. We focus on calculations aiming at reproducing the
evolution of Galactic stars. Our main goal is to highlight the uncertainties on the predicted evolutionary paths.
Methods. We compute stellar evolution models with the codes MESA and STAREVOL. We compare our results with those of four
published grids of massive stellar evolution models (Geneva, STERN, Padova and FRANEC codes). We first investigate the effects of
overshooting, mass loss, metallicity, chemical composition. We subsequently focus on rotation. Finally, we compare the predictions
of published evolutionary models with the observed properties of a large sample of Galactic stars.
Results. We find that all models agree well for the main sequence evolution. Large differences in luminosity and temperatures appear
for the post main sequence evolution, especially in the cool part of the Hertzsprung-Russell (HR) diagram. Depending on the physical
ingredients, tracks of different initial masses can overlap, rendering any mass estimate doubtful. For masses between 7 and 20 M�,
we find that the main sequence width is slightly too narrow in the Geneva models including rotation. It is (much) too wide for the
(STERN) FRANEC models. This conclusion is reached from the investigation of the HR diagram and from the evolution of the surface
velocity as a function of surface gravity. An overshooting parameter α between 0.1 and 0.2 in models with rotation is preferred to
reproduce the main sequence width. Determinations of surface abundances of carbon and nitrogen are partly inconsistent and cannot
be used at present to discriminate between the predictions of published tracks. For stars with initial masses larger than about 60 M�,
the FRANEC models with rotation can reproduce the observations of luminous O supergiants and WNh stars, while the Geneva
models remain too hot.
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1. Introduction

Massive stars (M > 8 M�) are born as O and B stars on the
zero age main sequence (ZAMS). After a few million years, they
evolve off the main sequence to become either (red) supergiants
or Wolf-Rayet stars, depending on their initial mass. They may
go through a phase during which they are seen as luminous blue
variables (LBV), blue or yellow supergiants. Beyond this qual-
itative scenario, little is known about the evolution of massive
stars. In particular, the detailed relations between stars of dif-
ferent types is poorly constrained. Very massive and luminous
H-rich WN stars are probably core-H burning objects (Martins
et al. 2008; Crowther et al. 2010). They may become LBVs when
they evolve towards the red part of the Hertzsprung-Russell (HR)
diagram (Smith & Conti 2008). At lower masses (M ∼ 50 M�),
Crowther & Bohannan (1997) and Martins et al. (2007) provided
relations between mid-O supergiants and several types of WN
and WC stars. These evolutionary sequences remain partial, and
do not exist for the entire upper HR diagram.

Stellar evolutionary models have been developed to explain
and predict the physical properties of massive stars. The effective

� STAREVOL and MESA tracks are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/560/A16

temperature and luminosity they predict are used to build tracks
followed by stars of different initial masses in the HR diagram.
These predictions are confronted to observations to test the in-
put physics. Hamann et al. (2006) studied the WN stars in the
Galaxy and concluded that the models of Meynet & Maeder
(2003) are able to account for the global properties of WN stars.
However, some quantitative problems exist, especially regarding
the number of early and late WN stars. Similarly, the ratio of WC
to WN stars provides a test of evolutionary models. According
to the classical scenario, WC stars represent a more advanced
state of evolution than WN stars, simply because of mass loss:
as evolution proceeds, mass is removed by stellar winds and
deeper layers are unveiled. It takes more time to reach deeper
layers, and consequently these layers bear the imprint of the nu-
cleosynthesis occurring at later stages of evolution. Neugent &
Massey (2011) showed that the ratio WC/WN is correctly re-
produced by the models of Meynet & Maeder (2003) at low
metallicity. This is not the case at higher metallicity (see also
Neugent et al. 2012) where evolutionary models predict too few
WC stars. Hunter et al. (2008) studied the nitrogen content of B
stars in the Large Magellanic Cloud and found that single stan-
dard stellar evolutionary models could account for the properties
of roughly two thirds of the sample, the remaining objects be-
ing unexplained by current single star tracks with rotation. The
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Table 1. Main ingredients of the evolutionary models.

STERN1 Geneva2 FRANEC3 Padova4 MESA5 STAREVOL5

Initial metallicity (Z) 0.0088 0.0140 0.01345 0.0170 0.014 0.0134
Mixing length parameter (l/HP) 1.5 1.6 / 1.0† 2.3 1.68 2.0 1.63
Overshoot parameter (d/HP) 0.335 0.1 0.2 ∼0.5 f = 0.0/0.01/0.02‡ 0.0/0.1/0.2
Rotation 0−550 km s−1 Ω/Ωcrit = 0.4 300 km s−1 0 0/200 km s−1 0/220 km s−1

Magnetic field Spruit-Taylor no no no no no
Solar mixture AGS056 AGS05 AGSS097 GN938 GN93 AGSS09

with C, N, O, with Ne enhanced
Mg, Si, Fe modified (Cunha et al. 2006)

References. 1) Brott et al. (2011a); 2) Ekström et al. (2012); 3) Chieffi & Limongi (2013); 4) Bertelli et al. (2009); 5) this work. Heavy elements
solar mixture: 6) Asplund et al. (2005); 7) Asplund et al. (2009); 8) Grevesse et al. (1993). † For stars with initial mass <40 M�, the mixing
length parameter is l/HP = 1.6. For more massive stars, it is defined with respect to the local density scale height and l/Hρ = 1.0. ‡ In MESA the
overshooting is implemented as a decreasing exponential with parameter f (see text).

results were confirmed by the calculations of Brott et al. (2011b).
Nonetheless, Maeder et al. (2009) cautioned that many parame-
ters could affect the surface abundances and that they needed to
be considered.

Indeed, evolutionary calculations rely on various prescrip-
tions to describe the physical processes driving the evolution,
and these prescriptions may vary from code to code. The most
important ingredients/processes to be considered are convec-
tion and its related properties (such as overshooting), mass loss
(Chiosi & Maeder 1986), chemical composition (and the rela-
tive abundance of the various species considered in the mod-
els) and of course initial mass. Rotation is another key ingredi-
ent, since it affects the internal structure, the physical properties
(temperature, luminosity), the surface chemical appearance and
the lifetimes of stars (Maeder & Meynet 2000b). Several pre-
scriptions usually exist to treat a given physical process in evo-
lutionary codes. As a consequence, the outputs depend on the
input physics. Since evolutionary calculations are a crucial tool
to link the observed properties of stars to their physical state and
evolution, it is important to understand the limitations and un-
certainties associated with evolutionary models.

In this paper, we present a comparison of various predictions
of the evolution of massive stars computed with different codes.
Our goal is to highlight the uncertainties in the outputs of evolu-
tionary calculations, especially concerning the HR diagram. We
focus on calculations for Galactic stars. In Sect. 2 we describe
the different codes and models we have used in our comparisons.
We then present a study of the uncertainties associated with the
assumptions in the input physics (Sect. 3). In the same section,
we also compare the evolutionary tracks predicted by the differ-
ent codes. In Sect. 4 we confront the predictions of published
grids of models to the observed properties of massive stars in
the Galaxy. We highlight the limitations of each grid. Finally,
we summarize our main conclusions in Sect. 5.

2. Stellar evolution models

To achieve our goal of comparing stellar evolution tracks of mas-
sive stars, we have used four databases of stellar evolution tracks
presented in Bertelli et al. (2009), Brott et al. (2011a), Ekström
et al. (2012), Chieffi & Limongi (2013) and we computed mod-
els using the STAREVOL code (Decressin et al. 2009) and the
MESA code (Paxton et al. 2011, 2013). We recall here the main
ingredients and physical parameters used in each case since they
may differ largely and these differences appear to affect the

evolutionary tracks. Table 1 summarizes the main inputs for each
code.

2.1. STERN stellar evolution code (Brott et al. 2011a)

We first make use of the grid of stellar evolution models
published by Brott et al. (2011a). The computations have been
performed with the code fully described in Heger et al. (2000).
In the following, we will refer to this code as the STERN code.

Solar reference chemical composition. Brott et al. (2011a)
adopt tailored reference chemical abundances for their models
of LMC, SMC and Galactic massive stars based on the solar
abundances of Asplund et al. (2005) with a modification of
the C, N, O, Mg, Si and Fe abundances. This results in unusual
chemical mixtures described in Tables 1 and 2 of their paper.
Their adopted values for the metal mass fraction Z is 0.0088,
0.0047 and 0.0021 for the Galaxy, the LMC and the SMC
respectively. The Galactic metallicity is about half the value
used by the other codes (see below). The initial helium content
is Y = 0.264. The OPAL radiative opacities of Iglesias & Rogers
(1996) are used in the calculations.

Convection. They use the Ledoux criterion1 to determine the
extension of the convective regions, and model convection
according to the mixing length theory with αMLT = 1.5. The
mixing length is the length over which a displaced element
conserves its properties, and the mixing length parameter
αMLT, is the ratio of the mixing length to the local pressure
scale height HP. The zones which are stable according to the
Ledoux criterion but unstable according to the Schwarzschild
criterion are considered to be semi-convective. Semi-convection
is included as in Langer et al. (1983) with αsc = 1. Finally Brott
et al. calibrate an additional classical overshooting parameter
to adjust the evolution of the rotation velocity as a function
of surface gravity of a 16 M� model at LMC metallicity (see
Sect. 4.1). This parameter is applied to their entire grid and
results in an extension of the convective cores beyond the limit
defined by the Ledoux criterion by dover = 0.335Hp.

1 For a plasma described by a general equation of state, the Ledoux
stability criterion is given by ∇rad < ∇ad +

φ

δ
∇μ with δ = − ln ρ

ln T and φ =
ln ρ
ln μ , μ being the mean molecular weight. When there are no chemical
gradients, ∇μ = 0 and the Schwarzschild stability criterion is recovered:
∇rad < ∇ad.
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Table 2. Properties of the 20 M� model computed with different codes, without rotation, and evaluated at four different evolutionary phases.

Phase STERN2 Geneva FRANEC Padova MESA STAREVOL

Xc = 0.5

Teff(K) 33 522 33 758 33 709 32 538 33 011 33 365
log L

L� 4.764 4.733 4.736 4.747 4.745 4.733
age (Myr) 3.598 3.745 4.079 4.279 4.073 3.963

TAMS3

Teff(K) 24 630 29 297 28 094 25 972 28 733 27 902
log L

L� 5.096 5.001 5.036 5.045 5.007 4.995
age (Myr) 8.173 7.819 9.085 9.100 8.598 8.535

ZAHeMS

Teff(K) 5388 24 014 27 382 15 657 23 200 24 259
log L

L� 4.987 5.025 5.012 5.044 5.042 5.015
age (Myr) 8.185 7.828 9.088 9.111 8.610 8.541

TAHeMS3

Teff(K) − 3753 3817 3550 3702 3462
log L

L� − 5.050 5.206 5.090 5.049 5.027
age (Myr) − 8.713 9.690 9.820 9.530 9.748

Notes. When the central H mass fraction is 0.5 (Xc = 0.5); at the terminal age main sequence (TAMS); at the zero age helium burning main
sequence (ZAHeMS); at the terminal age helium burning main sequence (TAHeMS). (2) For the STERN grid, the data available stop at the
beginning of the core He burning phase. (3) The TAMS and TAHeMS are defined as the points where the mass fraction of H (resp. He) is lower
than 10−5.

Mass loss. Mass loss is implemented following a combination
of prescriptions or recipes that are specific for each evolutionary
phase of massive stars. Brott et al. (2011a) use Vink et al. (2000,
2001) (ṀV ) for winds of early O and B-type stars. A switch to
Ṁ by Nieuwenhuijzen & de Jager (1990) (ṀNdJ) is operated
at Teff < 22 000 K (bi-stability jump temperature) whenever
ṀV < ṀNdJ . Another switch is operated for the Wolf-Rayet
phase, and Ṁ by Hamann et al. (1995) is adopted as soon as
Ys ≥ 0.7 (Ys is the surface helium abundance). For intermediate
values of Ys, an interpolation between the Vink et al. mass loss
rates and the Wolf-Rayet mass loss rates reduced by a factor
10 is performed. Brott et al. use a metallicity scaling of the
mass loss by a factor (Fesurf/Fe�)0.85 based on the solar iron
abundance from Grevesse et al. (1996) (ε(Fe) = 7.50), which is
higher than that of their models (ε(Fe) = 7.40). For the rotating

models, they also apply the correction factor
(

1
1−V/Vcrit

)0.43
to the

mass loss rate (Vcrit is the critical velocity).

Rotation and rotation-induced mixing. The effects of the
centrifugal acceleration on the stellar structure equations is
considered according to Kippenhahn et al. (1970). The trans-
port of angular momentum and chemical species is treated in a
diffusive way following the formalism by Endal & Sofia (1978)
as described in Heger et al. (2000). Eddington-Sweet circula-
tion, dynamical and secular shear, and axisymmetric (GSF) in-
stabilities contribute to the transport of both angular momentum
and chemical species. The formalism they use relies on two effi-
ciency factors (free parameters): fc = 0.0228 which reduces the
contribution to the rotation-induced hydrodynamical instabilities
in the total diffusion coefficient, and fμ = 0.1 which regulates the
inhibiting effect of chemical gradients on the rotational mixing.

The values of these parameters are calibrated on observations.
They are fully described in Eqs. (53) and (54) of Heger et al.
(2000).

In addition to that, the action of magnetic fields on the trans-
port of angular momentum only is included through the highly
debated Tayler-Spruit dynamo (Spruit 2002) following Petrovic
et al. (2005).

2.2. Geneva stellar evolution code (Ekström et al. 2012)

We also use the grid published by Ekström et al. (2012),
and summarize briefly the main physical ingredients used to
compute the models provided in that paper.

Solar reference chemical composition. It is based on Asplund
et al. (2005) with a modification of the Ne abundance according
to Cunha et al. (2006). Their adopted metals mass fraction is
Z = 0.014 resulting from a solar calibration. The initial helium
content is Y = 0.266. The OPAL radiative opacities of Iglesias
& Rogers (1996) are used.

Convection. They use the Schwarzschild criterion to define
the convective regions. Convection is modelled following the
mixing-length formalism with αMLT = 1.6. For models with
M > 40 M� the mixing length parameter is computed using
the density height scale instead of the pressure height scale with
αMLT = 1 following Maeder (1987).

They also include classical overshoot at the convective
core edge with αover = 0.1. This parameter corresponds to the
ratio between the extension of the convective core beyond the
value resulting from the Schwarzschild criterion to the local
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pressure scale height. dover = 0.1HP is calibrated to reproduce
the width of the main sequence in the mass range 1.35−9 M�.
Semi-convection is not modelled.

Mass loss. Mass loss is implemented following a combination
of prescriptions or recipes chosen to best represent mass loss
of massive stars along their evolution. Ekström et al. use the
stellar winds prescriptions from Vink et al. (2000, 2001) when
log (Teff) > 3.9. A switch to de Jager et al. (1988) mass loss
formulae is operated when the models reach log (Teff) < 3.9
and then to Crowther (2000) as they evolve into the red su-
pergiant phase. For the Wolf-Rayet phases (log (Teff) > 4 and
XS ≤ 0.4 − XS being the surface hydrogen abundance), they use
Nugis & Lamers (2000) or Gräfener & Hamann (2008).

Mass loss rates are scaled according to Maeder & Meynet
(2000a) for the rotating models.

For the most massive models (M > 15 M�), in order to
account for the supra-Eddington mass loss during the red
supergiant phase, they multiply Ṁ by a factor of 3 whenever
the luminosity in the envelope becomes 5 times larger than the
Eddington luminosity.

Rotation and rotation-induced mixing. The modification of
the stellar structure equations by the centrifugal acceleration is
taken into account following Meynet & Maeder (1997). The
transport of angular momentum and of nuclides due to merid-
ional circulation and turbulent shear is self-consistently included
following the formalism by Zahn (1992) and Maeder & Zahn
(1998). The prescriptions used for the turbulent diffusion coef-
ficients are from Zahn (1992) for the horizontal component and
from Maeder (1997) for the vertical component. Convective re-
gions are assumed to rotate as solid-bodies. No additional trans-
port due to the presence of magnetic fields is included.

2.3. FRANEC stellar evolution code (Chieffi & Limongi 2013)

Chieffi & Limongi (2013) reported on the inclusion of rotation
in the FRANEC code and have computed a grid of massive
stellar evolution models with and without rotation.

Solar reference chemical composition. The models are com-
puted using the heavy element solar mixture from Asplund et al.
(2009). The initial global metallicity and helium content are
Z = 0.01345 and Y = 0.265. The associated opacities are from
OPAL for radiative opacities.

Convection. Convection is treated following the MLT formalism
and convective limits are defined using the Schwarzschild crite-
rion except for the H burning shell appearing at the beginning
of the core He burning phase, for which the Ledoux criterion is
applied (see Limongi et al. 2003). The mixing length parameter
adopted is not given, but should be of α = Λ/Hp = 2.3
according to Straniero et al. (1997). Classical overshooting is
included with a value of dover = 0.2Hp.

Mass loss. They use the mass loss prescriptions of Vink et al.
(2000, 2001) for the blue supergiant phase, switching to de Jager
et al. (1988) when log (Teff) < 3.9, and Nugis & Lamers (2000)
for the WR phase. The mass loss during the red supergiant
phase is enhanced according to van Loon et al. (2005). Mass
loss of rotating models is also enhanced as in the STERN code,
following Heger et al. (2000).

Rotation and rotation-induced mixing. The modification of
the stellar structure equations by the centrifugal acceleration and
the transport of angular momentum and of nuclides are the same
as in the Geneva code.

The impact of the mean molecular weight gradients on the
transport of both angular momentum and nuclides is regulated
by the use of a free parameter fμ defined by ∇adopted

μ = fμ × ∇μ.
Chieffi & Limongi adopted fμ = 0.03. This value is cali-
brated to ensure that at solar metallicity, the stars in the mass
range 15−20 M� settling on the main sequence with an equato-
rial velocity of 300 km s−1 will increase their surface nitrogen
abundance by a factor of ≈3 by the time they reach the TAMS.

Convective regions are assumed to rotate as solid-bodies.
No additional transport due to the presence of magnetic

fields is included.

2.4. Padova stellar evolutionary code (Bertelli et al. 2009)

The evolutionary models for massive stars computed with the
Padova code are described in Bertelli et al. (2009). Additional
information regarding the code can be found in Bono et al.
(2000) and Pietrinferni et al. (2004, 2006). Rotation is not
included in the grid of Bertelli et al. (2009).

Solar reference chemical composition. The metals mass
fraction adopted for their solar-metallicity models is Z = 0.017.
We used the models with Y = 0.26 (several values are available).
The OPAL radiative opacities of Iglesias & Rogers (1996) are
used. A global scaling of the relative element mass fractions
is made compared to the mixture of Grevesse et al. (1993)
on which the OPAL tables are based. For very high temper-
atures (log T > 8.7), the opacities of Weiss et al. (1990) are used.

Convection. They adopt the formalism of the mixing length the-
ory with αMLT = 1.68, calibrated on solar models. Stability is
set by the Schwarzschild criterion. Overshooting is taken into
account with a free parameter corresponding to the ratio of the
true extent of the convection core to the convection core radius
defined by the Schwarzschild criterion. The notable difference
in the Padova code is that this parameter expresses the extent of
overshooting across (and not above) the border of the convec-
tive core (as set by the Schwarzschild criterion). A value of 0.5
for the overshooting parameter is adopted. Overshooting below
the convective envelopes is also accounted for with a parameter
equal to 0.7.

Semi-convection is considered to be negligible for massive
stars models.

Mass loss. The mass loss prescriptions of de Jager et al. (1988)
are used for all phases of evolution. A metallicity scaling of
radiatively driven winds is taken into account according to
Kudritzki et al. (1989) (i.e. Ṁ ∝ Z0.5).

2.5. STAREVOL (Decressin et al. 2009)

A detailed description of the STAREVOL code can be found in
Siess et al. (2000); Siess (2006); Decressin et al. (2009). The
models computed for the present study were obtained using the
STAREVOL v3.30 which includes a number of updates with re-
spect to previous descriptions of the code2. For the present study
we have adopted a setup close to that used in the Geneva grid.

2 The updates concern opacities and reference solar abundances, as
well as mass-loss prescriptions.
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Solar reference chemical composition. We use Asplund et al.
(2009) with OPAL tabulated opacities modified accordingly.
At low temperature we use the Ferguson et al. (2005) opacities
computed for the Asplund et al. 2009 solar composition. The
adopted solar metallicity is thus Z = 0.0134. The initial helium
content is Y = 0.277. No further modification of the abundances
is made. When computing models for non-solar metallicities, a
simple proportionality is applied.

Convection. The Schwarzschild criterion is used to define
the convective regions. Convection is modelled following the
mixing-length formalism as described in Kippenhahn & Weigert
(1990). The mixing length parameter αMLT = 1.64 is calibrated
for the solar model. In some models, we have included classical
overshoot at the edge of convective regions with αover = 0.1
or 0.2.

Mass loss. For massive stars (M > 7 M�) with log (Teff) > 3.9
we apply the prescriptions from Vink et al. (2000, 2001), which
we change to (a) de Jager et al. (1988) when the models evolve
to the red and have their temperature drop below log (Teff) =
3.9 and then to Crowther (2000) as they evolve into the red su-
pergiant phase, (b) to Reimers (1975) for models in the mass
range 7−12 M� when they evolve off the main sequence, (c)
to Nugis & Lamers (2000) for those models that experience a
Wolf-Rayet phase (e.g. with log (Teff) > 4 and XS ≤ 0.4).

The mass loss is down-scaled by a factor (Z/Z�)0.5 for
non-solar metallicity models. We have included the correction
to the mass loss of rotating massive stars according to Maeder
& Meynet (2001).

Rotation and rotation-induced mixing. The modification
of the stellar structure equations due to centrifugal accel-
eration in rotating models is taken into account following
Kippenhahn et al. (1970). The expression for the effective tem-
perature following this formalism is implemented as described
in Appendix A of Meynet & Maeder (1997). In addition to this,
the transport of angular momentum and of nuclides is as in the
Geneva and FRANEC codes. The prescriptions used for the tur-
bulent diffusion coefficients are from Zahn (1992) for the hori-
zontal component and from Talon & Zahn (1997) for the vertical
component.

Convective regions are assumed to rotate as solid-bodies.
No additional transport due to the presence of magnetic

fields is included.

2.6. MESA code (Paxton et al. 2011)

MESA3 is a public distribution of modules for experiments in
stellar astrophysics. The computation of evolutionary models
is possible with the module “star” of the distribution. An
exhaustive description of the code is available in Paxton et al.
(2011) and Paxton et al. (2013). We have computed dedicated
evolutionary models for 7, 9, 15, 20, 25, 40 and 60 M� stars.
Both non-rotating and rotating (initial equatorial velocity of
200 km s−1) models have been calculated.

Solar reference chemical composition. We have adopted a
value of Y = 0.26 and Z = 0.014 in our calculations. MESA
uses OPAL opacities from Iglesias & Rogers (1996). The
relative mass fraction of metals in the OPAL composition
is based on the solar composition of Grevesse et al. (1993),

3 http://mesa.sourceforge.net/

Grevesse & Sauval (1998) or Asplund et al. (2009). The
user can select any of these compositions. A global scaling
with Z is made when non-solar metallicity models are computed.

Convection. The standard mixing length formalism as defined
by Cox (1968) is used to treat convection as a diffusive process
in MESA. The onset of convection is ruled by the Schwarzschild
criterion. In our calculations, we used αMLT = 2.0. Although it
is available, we did not include semi-convection in our models.
Convective overshooting is treated as a diffusive process follow-
ing the formalism of Herwig (2000). The overshooting diffusion
coefficient (Dov) is related to the MLT diffusion coefficient

(Dconv) through Dov = Dconve−
2z

f Hp where f is a free parameter.
Unless stated otherwise, we have adopted f = 0.01 in our
calculations.

Mass loss. A mixture of prescriptions is used to account for
mass loss in the various phases of evolution. The recipe of Vink
et al. (2001) is used for Teff > 10 000 K and X(H) > 0.4. For the
same temperature range, but lower H content (X(H) < 0.4), the
mass loss rates of Nugis & Lamers (2000) are implemented. For
Teff < 10 000 K, the values of de Jager et al. (1988) are used. It
is possible to scale these prescriptions by a constant factor. For
hot star, it is a way to take the metallicity dependence of mass
loss rates into account (see Sect. 3.1).

Rotation and rotation-induced mixing. The geometrical ef-
fects of rotation are implemented following the formalism of
Kippenhahn et al. (1970). The transport of angular momentum
and chemical species through meridional circulation and hydro-
dynamical instabilities turbulence is treated as a purely diffu-
sive process, following the Endal & Sofia (1978) formalism as
in the STERN code. The efficiency factor (see Sect. 2.1) have
the following values: fc = 1/30, similar to the theoretical value
of Chaboyer & Zahn (1992), and fμ = 0.1. We did not include
magnetism in our computation (although the formalism of Spruit
2002 is implemented in MESA and can be switched on).

3. Code predictions and uncertainties

In this section, we perform comparisons between the results of
calculations performed with the six codes described above. We
focus on the evolutionary tracks in the HR diagram. We first
compare standard tracks (i.e. without rotation) in order to test the
various implementations of the basic physics. We subsequently
investigate the effects of rotation.

3.1. Effects of physical ingredients on evolutionary tracks

In Fig. 1 we illustrate the effect of modifying the opacities, the
overshooting and the mass loss on the evolution of a M = 20 M�
model from the ZAMS to the terminal age helium main sequence
(TAHeMS). We have used both the MESA and STAREVOL
codes to compute the evolutionary sequences. We mainly dis-
cuss the MESA models in this section (the results obtained using
STAREVOL are very similar).

The top panel illustrates the effect of different heavy ele-
ments solar mixtures on the opacities. The solar composition of
Grevesse et al. (1993) and Asplund et al. (2009) are relatively
similar: the C, N, O and Ne abundances do not differ by more
than ∼0.05 dex. The Grevesse & Sauval (1998) abundances are
on average 0.10−0.15 dex larger. In Fig. 1, we see that the main
effects of different solar composition on the opacities is reflected
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Fig. 1. Effects of opacities (top), overshooting (middle) and mass loss
(bottom) on 20 M� evolutionary tracks. The computations have been
performed with the code MESA. In the upper panel, different solar
heavy elements mixtures are used, for the same initial metal fraction
(Z = 0.014). GN93 refers to Grevesse et al. (1993), GS98 to Grevesse
& Sauval (1998) and AGS09 to Asplund et al. (2009).

in the post main sequence evolution. On the main sequence, the
luminosity variations are negligible, while beyond the terminal
age main sequence (TAMS) the differences vary between 0.01
and 0.02 dex depending on the temperature.

The middle panel of Fig. 1 shows the effect of over-
shooting. The calculations have been performed for a diffusive
overshooting with a parameter f equal to 0, 0.01 and 0.02 as
indicated on the figure. Overshooting is included only in the

convective regions related to H burning. Qualitatively, the ef-
fect of an increasing overshooting is the lengthening of the main
sequence phase. As a result of the larger extension of the con-
vective core, a larger amount of hydrogen is available for helium
production in the core. Quantitatively, the main sequence du-
ration is 8.60 Myr for f = 0.01 and 9.06 Myr for f = 0.02.
This corresponds to an increase of 9%. As a consequence of the
longer main sequence duration for larger overshooting, the star
exits the core H burning phase at a lower effective temperature
(by 2500 K), and at a higher luminosity (increase of 0.05 dex)
when f increases from 0.01 to 0.02. If the overshooting parame-
ter is not constrained, a degeneracy in the evolutionary status of
a star located close to the end of the main sequence can appear.
Depending on the tracks used and the amount of overshooting,
it can be identified as a core H burning object close to end of the
main sequence, or as a post main sequence object. Beyond the
main sequence, models with stronger overshooting evolve simi-
larly but at higher luminosities.

The bottom panel of Fig. 1 illustrates the effect of mass loss
rates on evolutionary paths. In addition to the track with the stan-
dard mass loss rate, two additional tracks with mass loss rates
globally scaled by a factor 0.33 and 0.10 are shown. As expected,
the main sequence is barely affected. The reason is the low val-
ues of the mass loss rates during this phase for the initial mass
of 20 M� considered here. For the standard track (dashed blue
line) the mass at the end of the main sequence is 19.66 M�, corre-
sponding to a loss of only 1.7% of the initial mass over 8.60 Myr.
The mass drops to 18.26 M� in the next Myr (time to reach the
bottom of the red giant branch). On average, the mass loss rate is
thus 35 times larger in the post-main sequence phase compared
to the main sequence. To first order, the effect of mass loss can
be understood as a simple shift to lower luminosity. Since the lu-
minosity is directly proportional to some power-law of the mass
(the exponent being around 1.0−2.0 depending on the mass, e.g.
Kippenhahn & Weigert 1990), a reduction of the mass immedi-
ately translates into a reduced luminosity. This is what we ob-
serve in Fig. 1. Quantitatively, a reduction by a factor close to
3 (10) in the mass loss rates corresponds to a maximum increase
in luminosity of ∼0.01 (0.03) dex. The changes are larger for
more massive stars since mass loss rates are also higher.

The prescriptions of mass loss rates for massive stars suffer
from several uncertainties. The presence of clumping in hot stars
winds has lead to a reduction of the mass loss rates by a factor
of roughly 3 (Puls et al. 2008). But this value is still debated,
reduction up to a factor of 10 being sometimes necessary to re-
produce observational diagnostics (Bouret et al. 2005; Fullerton
et al. 2006). For the cool part of the evolution of a massive star,
the very nature of the mass loss mechanism is still not clear.
Mauron & Josselin (2011) have shown that the mass loss rates
of de Jager et al. (1988) are still valid. But for a given luminosity,
the scatter in mass loss rates is large (up to a factor 10). The un-
certainties in the mass loss rates thus translate into uncertainties
of the order of 0.02 dex in the luminosity of evolutionary tracks
beyond the TAMS.

Figure 2 highlights the well documented effects of metal-
licity (e.g. Meynet & Maeder 2003). We have computed mod-
els for three different metallicities: the solar value (Z = 0.014)
and the extreme values encountered in the Galaxy according to
the study of HII regions by Balser et al. (2011) − Z = 1.5 Z�
and Z = 1/2.5 Z�. No scaling of the mass loss rates was ap-
plied in order to extract the effect of metallicity on the internal
structure and evolution. A lower metal content corresponds to a
lower opacity, which in turn translates into a higher luminosity.
On average, a reduction of the metal content by a factor of two
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Fig. 2. Effect of metallicity on a 20 M� model computed with MESA.

translates into an increase in luminosity by 0.005−0.010 dex on
the main sequence and by 0.03−0.05 dex beyond.

Assuming a typical uncertainty on the luminosity of
±0.02 dex (opacity effect), ±0.04 dex (overshooting effect),
±0.01 dex (mass loss effect), ±0.03 dex (metallicity effect) and
simply adding quadratically the errors, we obtain a global uncer-
tainty of about ±0.05 dex on the luminosity of a MESA track.
The values we adopted are typical of the uncertainties at the end
of the main sequence and around Teff = 10 000 K. An uncertainty
of 0.05 dex on the luminosity is equivalent to an uncertainty of
about 6% on the distance of the star. On the main sequence, the
uncertainty on the luminosity is lower than ±0.02 dex.

We have computed a second set of these models using the
STAREVOL code, and we also find that the choice of the over-
shooting and of the metallicity are the ones affecting the most the
luminosity. The global uncertainty on the 20 M� track computed
with STAREVOL is of ±0.06 dex around Teff = 10 000 K, of
the same order than that found for MESA models. In Fig. 3, we
display the envelope corresponding to the global intrinsic error
for the MESA and STAREVOL models of 20 M�. For both sets
of models, the shape of the envelope is similar. The uncertainty
is maximum at temperatures around 10 000 K (in the core He
burning phase, see Table 2). The uncertainty on the luminosity
at a given effective temperature is not symmetrical with respect
to the reference track shown in dashed line. These envelopes
illustrate the intrinsic uncertainties of a given evolutionary
track.

We have performed the same type of calculations and com-
parisons on a M = 7 M� model. The effect of mass loss is neg-
ligible (changes in luminosity smaller then 0.01 dex). Different
chemical mixtures and their effect on opacities translates to un-
certainties <0.05 dex on the luminosity. They are roughly sim-
ilar to the effects seen in the M = 20 M� star. A change in
metallicity from solar to 1/2.5 solar corresponds to an increase
in luminosity by 0.1 dex. Hotter temperatures are also obtained.
The effect is larger than in the M = 20 M� model. Finally, the
largest effect on the evolutionary track of the M = 7 M� model
is due to changes in the overshooting parameter. Variations in
luminosity by 0.10−0.15 dex are observed beyond the main se-
quence. The effect of overshooting dominates the uncertainty on

the M = 7 M� evolutionary track. The global uncertainty on the
luminosity of the M = 7 M� model amounts to 0.2 dex, which is
equivalent to an error of 30% on the distance.

3.2. Comparison between codes

In this section we make direct comparisons between the six
codes presented in Sect. 2. We focus on the M = 20 M�
track corresponding to a late O star on the main sequence.
Table 2 gathers the effective temperature, luminosity and age
at four different evolutionary phases, for the six types of mod-
els. The 40 M� track is also briefly presented at the end of this
section.

Figure 4 (left) shows the evolutionary tracks of classical (no
rotation included) 20 M� model at solar metallicity. On the main
sequence there is an overall good agreement between the outputs
of the different codes. The STERN track is overluminous and
bluer than the others which is expected from its lower metallicity
(Z = 0.0088 vs. Z = 0.014−0.017 for all the other tracks). The
TAMS of the Geneva, STAREVOL and MESA models is located
in the same region of the HR diagram as can also be verified
from Table 2. However, the age at the TAMS is quite different
for the Geneva Model, which is younger by ≈0.7 Myr compared
to the STAREVOL and MESA models. A difference in age at the
TAMS with no associated difference in Teff nor luminosity may
indicate differences in the nuclear physics.

The characteristic hook at the end of the main sequence
occurs at lower temperatures for the FRANEC, Padova and
STERN models. The larger amount of overshooting, hence the
size of the H core, is responsible for these differences (see
Table 1). From Table 2, we also see that FRANEC and Padova
models reach the TAMS later (by ∼0.5 Myr) compared to MESA
and STAREVOL models, which is consistent with having a
larger reservoir of fuel to be consumed during the hydrogen core
burning phase. On the other hand, and surprisingly, the STERN
model is even younger than all the models except the Geneva
one, when it reaches the TAMS. The lower metal content might
lead to a higher core temperature and consequently to a faster
hydrogen burning via the CNO reactions. At the end of the main
sequence, an age spread of 1.3 Myr (15%) is observed between
the six codes.

Beyond the main sequence, the differences between the vari-
ous codes are larger. The Geneva/Starevol/MESA tracks are still
rather similar in the post main sequence evolution, with differ-
ences in luminosity usually lower than 0.05 dex. The red super-
giant part of the STAREVOL model is located redwards com-
pared to that of the MESA and Geneva models. The reason for
this behaviour is attributed to a combination of differences in the
mixing length parameter, the opacities and the equation of state.
The Padova and FRANEC models reach the TAMS with larger
luminosities due to the stronger overshoot, and see their lumi-
nosity subsequently decrease to a large amount (0.3 dex in the
case of the FRANEC model). This behaviour is also observed in
the STERN model. The Padova, STERN and FRANEC models
reach log L

L�
= 4.87, 4.77 and 4.71 respectively at the bottom of

the red giant branch, compared to the log L
L�= 5.00−5.05 reached

by the MESA, STAREVOL and Geneva models. The decrease
of the total luminosity during the Hertzsprung gap results from
a subtle balance between the core contraction, the energy gen-
eration by the H shell surrounding the core, the mean molec-
ular weight gradient profile and the opacity of the surface lay-
ers. For the Padova, STERN and FRANEC models, the thermal
instability of the envelope (triggered by the above conditions)
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Fig. 3. Region occupied by the evolutionary tracks of 20 M� models computed with MESA (left) and STAREVOL (right) with different opacities,
metallicities, mass loss rates and overshooting parameters. The dashed red line shows the track of the standard model, with the parameters as
indicated on the figure (the overshooting parameter − ov − is not defined in the same way in both codes, hence the different values). The shaded
envelope defines a rough global intrinsic uncertainty on 20 M� models.

Fig. 4. Evolutionary tracks for M = 20 M� (left) and M = 40 M� (right), without rotation. For the M = 40 M� case, no Padova track exists.

seems to be stronger, leading to a larger overall reduction of
the luminosity. Given that the detailed structures associated with
these tracks are not all available, it is difficult to be more precise
concerning the different paths followed by the tracks presented
here.

The beginning of the helium core burning phase (ZAHeMS)
is defined as the time at which the central helium mass frac-
tion starts to decrease from its maximum value reached after
the central hydrogen burning phase. The ZAHeMS starts at
Teff ∼ 25 000 K for most models, except the Padova (Teff =
15 657 K) and the STERN (Teff = 5388 K) ones. We attribute
the very different temperature of the STERN models to the large

overshooting and the inclusion of magnetism. The temperatures
at the TAHeMS differ by 350 K at most. This is a large differ-
ence (10%), affecting the interpretation of the properties of red
supergiants (e.g. Levesque et al. 2005; Davies et al. 2013). The
tracks from FRANEC and Padova tracks present a blue hook
similar to what is observed during core helium burning for lower
masses.

The large differences in the post main sequence evolution
can also be seen in Fig. 5 where we show the evolution of ef-
fective temperature as a function of core helium mass fraction
(YC). The MESA and STAREVOL tracks spend most of the he-
lium burning phase at temperatures larger than 10 000 K. 40% of
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Fig. 5. Effective temperature as a function of central helium mass frac-
tion for a M = 20 M� model computed with the six codes considered in
this study.

the helium burning phase takes place at hot temperatures in the
Geneva model. The subsequent evolution takes place mainly at
low Teff. In the FRANEC model, almost all the helium burning
is done in the cool part of the HR diagram. Finally, the Padova
model features a blue loop so that helium burning is first done at
low Teff before finishing at Teff > 10 000 K.

To summarize, the evolution of the M = 20 M� model be-
comes more uncertain as temperature decreases (i.e. as the star
evolves), with a wider spread in luminosity in the HR diagram.
This type of differences also exists for lower mass stars not
analyzed here4, and reveals the uncertainty of the He-burning
phases understanding and modelling. The length of the main se-
quence depends on the treatment of overshooting, as illustrated
in Sect. 3.1. Differences in luminosity up to 0.3 dex (a factor
of 2) and in temperatures up to 10% are observed in the coolest
phases of evolution.

Figure 4 (right) shows the evolutionary tracks for a M =
40 M� star. Padova models for such a mass are not available (the
grid of Bertelli et al. 2009 stops at M = 20 M�). The Geneva,
MESA and STAREVOL models are very similar during the H
and He burning phases. The FRANEC track has the same path
as the Geneva/MESA/STAREVOL tracks on the main sequence.
Beyond that, its luminosity is about 0.05 to 0.08 dex lower un-
til it reaches the red part of the HR diagram where it drops by
another 0.12 dex before rising again by 0.25 dex and starting
its blueward evolution towards the Wolf-Rayet phase. The be-
haviour is very different from the other models since once in the
red part of the HR diagram, the luminosity increases instead of
decreasing. This behaviour is tentatively attributed to the size of
the H-rich envelope that develops in the FRANEC model when
the luminosity drops. This envelope reaches 15 M� at the low-
est effective temperature. For comparison, in the MESA model it
represents at most about 10 M�. The STERN track is more lumi-
nous than all other tracks on the main sequence. It does not show
the characteristic hook revealing the end of the convective core H
burning phase. This feature is very peculiar in the STERN track

4 See for instance the results presented at the workshop “The
Giant Branches” held in Leiden in May 2009 − http:///www.
lorentzcenter.nl/lc/web/2009/324/program.php3?wsid=324

Fig. 6. Envelopes of evolutionary paths for M =7, 9, 15, 20, 25, 40
and 60 M� taking into account the predictions of the codes studied in
this paper. Rotation is not included. The envelopes for the 7 and 9 M�
models do not include FRANEC since no tracks is available for these
masses. The Padova models do not exist for 40 and 60 M�. For the 40
and 60 M� tracks, the envelope encompasses only the redward evolution
(the Wolf-Rayet phases are not included).

and is attributed to the combination of the very large overshoot-
ing parameter and the inclusion of magnetism (see Sect. 4.1).

In Fig. 6 we present a summary of the comparison between
the available standard tracks. For each mass, we present en-
velopes encompassing the tracks produced by the six codes.
These envelopes are defined from the ZAMS to temperatures
of about 3000 K. For sake of clarity, the subsequent evolution
(back to the blue) of the most massive objects (M > 40 M�) is
not taken into account to create these envelopes. Such envelopes
provide a first guess of the uncertainty on the evolutionary tracks
for specific masses. The main sequence phase is relatively well
defined with the major uncertainties being encountered at the ex-
haustion of central hydrogen, when the track makes a hook in the
HR diagram. For the masses shown in Fig. 6, there is no overlap.
The same conclusion remains for the post main sequence evo-
lution above 40 M�. For the lower masses there is a degeneracy
on the mass at low temperatures where the envelopes defining
the possible location for a specific mass overlap. The overlap
is the largest in the coolest phases (below 5000 K). Severe de-
generacies in the initial masses appear. For instance, a star with
log (Teff) = 3.6 and log L

L� = 4.2 can be reproduced by tracks of
stars with initial masses between 7 and 15 M�. The correspond-
ing stellar ages are thus very different (see also Martins et al.
2012b).

The global intrinsic uncertainty within models computed
with the same stellar evolution code (0.05 dex at most for
a 20 M� model) is much lower than the uncertainty coming
from the use of tracks computed with different stellar evolu-
tion codes (0.4 dex at maximum for M = 20 M�, see Fig. 6).
The uncertainty is in both cases larger beyond the TAMS, and
it appears that no clear consensus exists on the position of
lower end of the red giant branch nor on the temperature of the
red giant branch itself, making it very difficult to draw trustful
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conclusions when comparing effective temperatures and lumi-
nosities obtained from spectroscopic analysis with predictions
of evolutionary tracks for yellow/red supergiants. Age determi-
nations are also very uncertain.

3.3. Rotation

The effects of rotation on evolutionary tracks of massive stars
have been described in details in the literature. We refer to
Maeder & Meynet (2000b) and Langer (2012) for reviews of
the main effects. To summarize, the effects of rotation can be
broadly described as follows:

• geometrical effects: rapid rotation tends to flatten stars, the
equatorial radius becoming larger than the polar radius. As a
consequence the equatorial gravity is smaller than the polar
gravity. According to the Von Zeipel theorem (von Zeipel
1924), the effective temperature at the pole is larger.
• Effects on transport processes: rotation triggers various insta-

bilities and fluid motions in the stellar interior (e.g. merid-
ional circulation, shear instability) which transport angu-
lar momentum and chemical species between the stellar
core and the surface. Consequently, the surface abundances
and internal distribution of species are strongly affected by
rotation.
• Effect on mass loss rate: rotation modifies the surface tem-

perature and gravity as described above. Since radiatively
driven winds are directly related to these quantities (Castor
et al. 1975), mass loss rates are also affected. Maeder &
Meynet (2000a) showed that on average, they increase with
the ratio of rotational velocity to critical rotational velocity.

A direct consequence of the mixing processes on the evolution of
a star is an increase of the duration of the core hydrogen burning
phase. Because of mixing, material above the central convec-
tive core is brought to the center, leading to a refuelling of the
core hence to an extension of the hydrogen core burning phase
duration. The effect is qualitatively the same as overshooting.
This is somewhat counterbalanced by the larger luminosity of
rotating tracks, caused by a different radial profile of the mean
molecular weight. A higher luminosity translates into a shorter
nuclear burning timescale. But this effect is smaller than the ef-
fect of mixing, so that on average, rotation leads to longer nu-
clear burning sequences (by 10−20% for the main sequence).
Rotating stars thus end their main sequence with larger lumi-
nosities than non rotating stars.

In Fig. 7 we show the envelopes of tracks for M = 20 M�.
The dark grey one corresponds to rotating models, the light
grey one to non rotating models. The envelopes have been de-
fined from the tracks computed with STERN, FRANEC, the
Geneva code, STAREVOL and MESA. We have excluded the
Padova tracks since they do not include rotation. The MESA
and STAREVOL tracks have been computed assuming an ini-
tial surface equatorial velocity of 200 and 233 km s−1 respec-
tively. The STERN and FRANEC tracks have an initial velocity
of 300 km s−1. The Geneva tracks have been computed for a ra-
tio of initial to critical rotation of about 0.4, corresponding, with
their definition of the critical velocity, to about 250 km s−1 at the
equator.

The widening of the main sequence described above is vis-
ible in Fig. 7: the dark grey region extends over a wider lumi-
nosity range from the ZAMS to the TAMS. Beyond the main
sequence, the envelope of the rotating models is wider than that
of the non-rotating models immediately after the TAMS, and be-
comes subsequently narrower at temperatures below ∼20 000 K.

Fig. 7. Uncertainty on the location of the evolutionary path for a 20 M�
stellar model with (dark grey envelope) and without (light grey delim-
ited by dashes lines) rotation. We have considered tracks generated by
five different codes (Geneva, STERN, FRANEC, MESA and Starevol)
with similar (yet not exactly the same) initial rotation rates.

In the Hertzsprung gap (5000 < Teff < 20 000 K), the less lumi-
nous of the rotating tracks are overluminous by about 0.1 dex
in log L

L�
compared to the non rotating tracks. The width of

the envelope remains large in the coolest phases: 0.2 dex at
log Teff = 3.7. Since we are using models with different rota-
tional velocities (between 200 and 300 km s−1) the width of the
corresponding envelope is most likely affected by this disper-
sion of velocities and is probably an upper limit. If all models
had been computed with the same initial velocity, the spread in
luminosity would be slightly smaller.

The global uncertainty associated with the choice of a spe-
cific grid of stellar evolution models is reduced beyond the
ZAMS when considering models including rotation. This is es-
sentially due to the fact that the decrease in luminosity after the
TAMS when the tracks crosses the Hertzsprung gap, is much
less important in the rotating models generated with STERN and
FRANEC codes. We may attribute it to the larger mass loss and
efficient mixing.

4. Comparisons with observational results

After comparing results of calculation with different codes, we
now turn to comparisons to observational data. From now on,
we use only the publicly available grids of tracks of Brott et al.
(2011a), Ekström et al. (2012) and Chieffi & Limongi (2013).
All include rotational mixing.

4.1. The main sequence width

In Fig. 8 we show a HR diagram with OB stars and the evolu-
tionary tracks of the three public grids. The tracks are truncated
so that only the part corresponding to a hydrogen mass frac-
tion higher than 0.60 is shown5. This is already a high value

5 This value is chosen so that the end of the main sequence for the
40 M� track is visible.
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for O stars, corresponding to He/H = 0.35 by number. The
stellar parameters for the comparison stars result from detailed
analysis with atmosphere models or from calibrations accord-
ing to spectral types. In that case, the calibrations of Martins
et al. (2005a) have been used to assign an effective tempera-
ture. A bolometric correction was subsequently computed fol-
lowing Martins & Plez (2006). Extinction was calculated from
B − V . The distance to the stars (taken from parallaxes when
available, or from cluster membership) finally lead to the mag-
nitudes and thus, with the bolometric correction, to the lumi-
nosity. The data concerning the comparison stars have been
taken from the following studies: Massey & Johnson (1993),
McErlean et al. (1999), Vrancken et al. (2000), Walborn et al.
(2002), Lyubimkov et al. (2002), Levenhagen & Leister (2004),
Martins et al. (2005b, 2008, 2012a,b), Crowther et al. (2006a,b,
2010), Melena et al. (2008), Searle et al. (2008), Markova &
Puls (2008), Martins et al. (2008), Hunter et al. (2009), Lefever
et al. (2010), Liermann et al. (2010), Negueruela et al. (2010),
Przybilla et al. (2010), and Bouret et al. (2012). In the follow-
ing, we will assume that the main sequence is populated by stars
of luminosity class V and IV. This is a reasonable assumption for
stars below ∼40 M� but certainly an oversimplification for stars
above 40 M� for which the spectroscopic luminosity class is not
necessarily matching the internal evolutionary status (a luminous
star with a strong mass loss can still be burning hydrogen in its
core and already have the appearance of a supergiant because of
its wind).

The upper panel of Fig. 8 shows the Geneva tracks with ini-
tial rotation on the ZAMS between 180 and 270 km s−1 depend-
ing on the initial mass. The width of the main sequence (between
the solid and short dashed - long dashed lines) corresponds well
to the position of main sequence stars below ∼7 M�. The exten-
sion of the main sequence might be slightly too small for masses
between 7 and 25 M� (compared with the location of red trian-
gles and pentagons, that is stars with luminosity classes of IV
and V). The main sequence width is larger when rotation is in-
cluded, as expected.

In the middle panel of Fig. 8 we show the HR diagram built
using the tracks of Brott et al. (2011a) for V sin i = 300 km s−1.
The main sequence for models including rotation is wider than
for the Geneva models. For masses of 10−15 M�, the main se-
quence extension corresponds to the area populated by luminos-
ity class V, IV and III objects. Bright giants and supergiants
are located beyond the main sequence. All giant stars (green
squares) being included in the main sequence width, the core
H-burning phase in the Brott et al. models is too extended. The
models without rotation have a narrower main sequence, in bet-
ter agreement with the position of dwarfs and sub-giants below
∼15 M�. The main difference between the Geneva and STERN
tracks is attributed to the overshooting parameter (α = 0.335 for
STERN versus 0.1 for Geneva). The larger overshooting in the
Brott et al. models translates into a wider main sequence. This
is particularly true above ∼30 M� where all blue supergiants are
within the main sequence width. Even if some supergiant stars
can in principle still be main sequence objects at high luminos-
ity, it is unlikely that all of them are core-H burning objects, in-
dicating that an overshooting of 0.335 is too large for stars with
masses above 20 M�.

Finally, the bottom panel of Fig. 8 shows the FRANEC mod-
els of Chieffi& Limongi (2013). Unfortunately, this grid only in-
cludes models for masses larger than 13 M� so we focus on the
HR diagram above this mass. Between 13 and 20 M�, the main
sequence width appears to be a little wider than the extension
of the region where luminosity class V and IV stars are located.

Fig. 8. Comparison between evolutionary tracks (black lines) and the lo-
cation of OB stars in the HR diagram. The evolutionary tracks are from
Ekström et al. (2012) (top), Brott et al. (2011a) (middle) and Chieffi
& Limongi (2013) (bottom). They are shown for hydrogen mass frac-
tion lower than 0.60 for clarity. The short dashed − long dashed line
connects the cooler edge of the main sequence for the different models
and defines the TAMS. The dotted lines is the same for the non-rotating
models. Different symbols correspond to different luminosity classes.
Filled symbols correspond to stars for which the stellar parameters have
been determined through a tailored analysis, while open symbols are for
stars with parameters taken from calibrations according to their spectral
type. The data sources are listed in the text, Sect. 4.1.

Most giants (green squares) are within the predicted main se-
quence band. Non rotating models better account for the ob-
served extension of the main sequence. Beyond 20 M� and up
to 40 M� the MS width remains roughly constant and includes
many supergiants. It might thus be too wide. As for the STERN
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models, this may be due to the overshooting parameter (α = 0.2
for Chieffi & Limongi). We note the peculiar behaviour of the
non rotating models above 40 M�: the core H burning phase ex-
tends to cooler temperatures than the models including rotation.

From the HR diagram, we thus conclude that moderate val-
ues of the overshooting parameter (α < 0.2) in models with ini-
tial rotational velocities of 250−300 km s−1 correctly reproduce
the main sequence width. For models without rotation, a larger
amount of overshooting is required to compensate for the reduc-
tion of the main sequence width.

There are few determinations of the strength of overshoot-
ing in the literature, and they provide conflicting results. Ribas
et al. (2000) used eclipsing binaries to show that α increases
with mass, but Claret (2007) found that α = 0.2 could reproduce
correctly the properties of 3 < M < 30 M� stars. Using astero-
seismology, Briquet et al. (2007) determined α = 0.44 ± 0.07
for the B2IV star θ Oph and Briquet et al. (2011) obtained
α = 0.1 ± 0.05 for the O9V star HD 46202. One of the main
reasons for these differences is that it is usually the extent of
the convective core that is constrained from observations. From
this size, the overshooting distance is determined by subtrac-
tion of the convective core predicted by models in absence of
overshooting. This core size depends on the input physics and
thus varies from model to model, implying that the estimates
of the overshooting distance also depend on the uncertainties of
the evolutionary models. Although it relies on a physical effect,
overshooting can be partly viewed as an adjustment variable to
correctly reproduce the extension of stellar convective cores that
are deduced from observations. Keeping this limitation in mind,
we can test the values of overshooting adopted in the various
codes.

The large overshooting parameter adopted by Brott et al.
(2011a) results from the comparison of the projected rotational
velocity to the surface gravity of massive stars in LMC clusters.
High gravity objects show a wide range of rotational velocities,
while low log g stars have V sin i < 100 km s−1. The transition
occurs at about log g = 3.2 in the LMC stars and corresponds to
the rapid inflation of the star after the end of the core-H burning
phase. The larger radius immediately translates into a lower ve-
locity. Brott et al. (2011a) calibrated the overshooting parameter
of their 16 M� model to reproduce this sudden drop.

Figure 9 shows the V sin i − log g diagram for the stars used
to build the HR diagram of Fig. 8. Only the stars for which
both the projected rotational velocity and surface gravity are
available are included in Fig. 9. As expected, a clear transi-
tion is seen at log g = 3.45. Above this value, velocities span
the range 0−400 km s−1, while below only the lowest velocities
(<100 km s−1) are observed. Main sequence objects (red trian-
gles) are all located on the left part of the transition, while most
supergiants (blue circles) are found on the right side. This is
qualitatively consistent with the results of Hunter et al. (2009)
and Brott et al. (2011a). However, the value we obtain for the
transition gravity at solar metallicity is larger than that obtained
for the LMC by these authors: 3.45 versus 3.2. The overshoot-
ing used by Brott et al. to reproduce the properties of LMC stars
is too high for Galactic targets. This is illustrated in the upper
panel of Fig. 9 where we see that the Brott et al’s tracks have
a terminal main sequence (identified by the loop in the tracks)
at log g = 2.9−3.2 for masses between 5 and 20 M�. The large
overshooting increases the core-H burning phase, resulting in a
bigger star and thus a lower gravity at the hydrogen core ex-
haustion. The middle panel of Fig. 9 shows the behaviour of the
Geneva models. In the 5−20 M� range, the TAMS is located at
log g = 3.25−3.60, in better agreement with the observational

Fig. 9. Projected rotational velocity as a function of surface gravity. The
symbols have the same meaning as in Fig. 8. Top: evolutionary tracks
from Brott et al. (2011a). Middle: evolutionary tracks from Ekström
et al. (2012). Bottom: evolutionary tracks from Chieffi & Limongi
(2013). The vertical dashed line is a guideline located at log g = 3.45.

data. However, the 5 and 9 M� tracks have a TAMS at log g
slightly too large compared to the position of luminosity class V
stars. A value of α equal to 0.1 is a little too low to reproduce
the bulk of main sequence stars. The bottom panel presents the
tracks from Chieffi & Limongi (2013) in the mass range 13 M�
to 60 M�. The overshoot parameter used for these models is
d/Hp = 0.2, and we see an intermediate behaviour compared to
the two other families of tracks, as expected for this intermediate
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Fig. 10. C/H as a function of N/H. The symbols correspond to results
from spectroscopic analysis from Martins et al. (2008); Hunter et al.
(2009); Przybilla et al. (2010); Nieva & Simón-Díaz (2011); Firnstein
& Przybilla (2012); Bouret et al. (2012). The evolutionary tracks for
various masses between 15 and 60 M� are taken from Ekström et al.
(2012) (black), Brott et al. (2011a) (red) and Chieffi & Limongi (2013)
(magenta).

value of overshooting. The TAMS is located at log g = 3.0−3.2,
at gravities too low compared to the observations.

Let us note that the Geneva and FRANEC tracks (Figs. 9b
and c) behave similarly beyond the TAMS (in particular the
40 M� track) and only cover the slowest supergiants (blue cir-
cles), with predicted surface velocities of less than 40 km s−1for
log g < 3.0. The models from the STERN grid on the other hand
experience a weaker braking and conserve a more rapid rotation
beyond. They better reproduce the observed distribution of rota-
tion velocities of supergiants. The treatment of rotation induced
mixing and angular momentum evolution in the STERN code
is different from that implemented in the Geneva and FRANEC
codes, which might explain these differences in the evolution of
the surface equatorial velocity.

In conclusion, an overshooting parameter a little larger
than 0.1 is required to have a convective core extension able to
account for the observed width of the main sequence for Galactic
OB stars.

4.2. Surface carbon and nitrogen content

Rotation modifies the surface abundances because of the in-
duced mixing processes. Surface abundances are thus important
diagnostics to see how realistic is the treatment of rotation in
evolutionary models. In Figs. 10 and 11 we compare the C/H
and N/H ratios predicted by the models to those determined for
OB stars. The symbols correspond to Galactic stars analyzed by
means of quantitative spectroscopic analysis. The evolutionary
tracks of Brott et al. (2011a), Ekström et al. (2012) and Chieffi&
Limongi (2013) are shown. They span a mass range between 15
and 60 M�. OB stars on the main sequence have an initial car-
bon content between 5.0 × 10−5 and 2.6 × 10−4. We note that
values lower than 2.0 × 10−4 are only obtained in the study of
Hunter et al. (2009). The other studies of main sequence stars

Fig. 11. Same as Fig. 10 on a wider scale to show abundances of evolved
objects. The stars analyzed by Hunter et al. (2009) have been omitted
for clarity.

(Przybilla et al. 2010; Nieva & Simón-Díaz 2011; Firnstein &
Przybilla 2012) all find C/H larger than 2.0 × 10−4, consistent
with the solar reference value of Grevesse et al. (2010).

The Brott et al. (2011a) tracks have an initial composi-
tion roughly corresponding to the average of the B stars of
Hunter et al. (2009). The few B stars of Hunter et al. with
evidence for N enrichment are rather well accounted for by
these tracks. On the other hand, the OB stars analyzed by
Przybilla et al. (2010), Nieva & Simón-Díaz (2011) and Firnstein
& Przybilla (2012) cannot be reproduced by the Brott et al.
tracks. The Ekström et al. (2012) and Chieffi & Limongi (2013)
predictions are better (although on average slightly too car-
bon rich for the Geneva models) to account for the initial
composition and the evolution of these stars. One may won-
der whether the samples of Hunter et al. (2009) and Przybilla
et al. (2010)/Nieva & Simón-Díaz (2011)/Firnstein & Przybilla
(2012) are taken from environments with different metallicities.
Hunter et al. (2009) focused on NGC 6611 towards the Galactic
Center, and NGC 3293/NGC 4755 at Galactic longitudes of 285◦
and 303◦ and distances close to 2 kpc. The stars of Przybilla
et al. (2010)/Nieva & Simón-Díaz (2011)/Firnstein & Przybilla
(2012) are mostly from the solar neighborhood. We thus do not
expect strong metallicity differences among the stars shown in
Fig. 10. The reason for the differences in C abundance at the be-
ginning of the evolution between the two sets of stars is thus not
clear. It might be related to the methods used to determine the
stellar parameters and the surface abundances.

Turning to Fig. 11, we see that evolved OB stars are well
reproduced by the Ekström et al. and Chieffi& Limongi models,
although the number of stars with good C and N abundances is
still too small to draw firm conclusions. The Brott et al. (2011a)
tracks have a too low carbon content at a given N/H because of
the initial offset discussed above.

These comparisons indicate that accurate abundance deter-
minations are necessary before the predictions of evolutionary
models regarding surface composition can be tested at depth.
The reason for the difference between the study of Hunter
et al. on the one hand, and of Nieva, Przybilla, Firnstein and

A16, page 13 of 16

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322480&pdf_id=10
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322480&pdf_id=11


A&A 560, A16 (2013)

(a) Geneva - with rotation (b) Geneva - without rotation

(c) FRANEC - with rotation (d) FRANEC - without rotation

Fig. 12. Same as Fig. 8 but focusing on the upper part of the HR diagram. The orange squares correspond to WNh stars. We have used stars for
which stellar parameters determined from spectroscopic analysis are available. In the upper (lower) panels the Geneva (FRANEC) models are
shown. The tracks have been plotted for X(He) < 0.75 which corresponds to He/H ∼ 0.8 by number. Left: tracks with rotation. Right: non rotating
tracks.

collaborators on the other hand needs to be understood before
preference can be given to a set of tracks.

4.3. The upper HR diagram

In this section, we focus on the upper HR diagram, i.e. at lumi-
nosities larger than 3× 105 L�. The only publicly available tracks
including rotation for stars with masses larger than 60 M� are
provided by the Geneva group and Chieffi& Limongi (2013). In
Fig. 12 we plot the evolutionary tracks of Ekström et al. (2012)
and Chieffi & Limongi in the upper and lower panels respec-
tively. Only the part of the tracks with a surface helium mass
fraction smaller than 0.75 is shown. This is equivalent to a num-
ber ratio He/H of about 0.8. This value is the largest determined
for most WNh stars (Hamann et al. 2006; Martins et al. 2008;
Liermann et al. 2010).

We first focus on the Geneva models. The WNh stars and the
most luminous supergiants cannot be accounted for by the evolu-
tionary tracks with rotation of Ekström et al. (2012). The 60, 85
and 120 M� tracks turn to the blue almost immediately after the
ZAMS (Fig. 12, upper left panel). The 60 M� track later comes
back to the red part of the HRD, but at that time it is depleted
in hydrogen, while the comparison stars all still contain a sig-
nificant fraction of hydrogen. The 85 and 120 M� tracks do not
come back to the right of the ZAMS and cannot reproduce the
position of the WNh stars. We thus conclude that the solar metal-
licity tracks with rotation of Ekström et al. (2012) do not ac-
count for the most massive stars and thus should not be used for
comparisons with normal stars with masses above 60 M�. The
Geneva tracks are computed for veq

vcrit
∼ 0.4 where veq and vcrit are

the equatorial velocity and the break-up velocity. For stars with
M > 60 M� the initial velocity is ∼280 km s−1. Although not
extreme, and in spite of the rapid drop of the rotational velocity

A16, page 14 of 16

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322480&pdf_id=12


F. Martins and A. Palacios: Comparing evolutionary tracks for Galactic massive stars

with age (see Fig. 10 of Ekström et al. 2012) the fast initial ro-
tation may explain the blueward evolution of the most massive
models. This behaviour is similar to that of quasi-chemically ho-
mogeneous tracks (Maeder 1987; Langer 1992).

For comparison, we show on the upper right panel of Fig. 12
the Geneva non rotating tracks, with the same cut in helium mass
fraction. This time, the 60, 85 and 120 M� models cross the re-
gion occupied by the most luminous supergiants and the WNh
stars. With a low or moderate helium content, they can thus re-
produce the existence of these very luminous objects. One can
conclude that the current Geneva rotating tracks are probably
computed with a too high initial rotational velocity to explain
the existence of most of the Galactic WNh and early O super-
giants. The tracks by Meynet & Maeder (2003) include rota-
tion with an initial equatorial velocity of 300 km s−1 and have
Z = 0.020. They are super-solar according to the current cal-
ibration of solar abundances (Z = 0.014). They do not show
the rapid blueward evolution just after the ZAMS seen in the
Ekström et al. tracks. They better account for the very massive
stars, as exemplified by the studies of Hamann et al. (2006) and
Martins et al. (2008). Since the initial rotational velocity in the
Meynet & Maeder (2003) tracks is larger than in the Ekström
et al. (2012) models, we attribute the different behaviour to the
metallicity difference.

Levesque et al. (2012) used the evolutionary tracks including
rotation of Ekström et al. (2012) to compute population synthe-
sis models. They concluded that the inclusion of rotation lead to
a significant increase of the ionizing flux in young stellar popu-
lation. The main reason is a shift towards higher luminosities of
the tracks when rotation is included (see Sect. 3.3). In the earliest
phases, the presence of stars with masses in excess of 60 M� also
contributes to the larger ionizing flux, since as illustrated above,
the tracks predict much higher temperature when rotation is in-
cluded. As discussed by Levesque et al. (2012), their predictions
are probably biased towards populations with larger than average
rotational velocities. In view of the direct comparison between
evolutionary tracks and position of Galactic massive stars in the
HR diagram, we confirm that the Ekström et al. (2012) tracks
should be used with a good recognition that they are relevant for
fast rotating objects.

Coming back to the lower panels of Fig. 12, we see that the
models of Chieffi & Limongi do not suffer from the same prob-
lems as the Geneva models. The 60 and 80 M� tracks including
rotation evolve classically towards the red part of the HR dia-
gram. They all have initial rotation of about 250 km s−1 similar
to that of the 20 M� and 40 M� models from Ekström et al.
(2012) as can be see from Fig. 9. They can account for stars as
luminous as 106 L�. The 120 M� track also evolves redwards,
but turns back to the blue at log Teff = 4.54. Many of the lu-
minous WNh stars can be explained by this track. Only three
objects at log Teff = 4.4 are not reproduced by the FRANEC
tracks. But the 120 M� non-rotating track (lower right panel of
Fig. 12) extends down to such temperatures. Since the rotation
of massive stars spans a range of values, it is possible that some
objects are slow rotators. Unfortunately, it is difficult to measure
rotation velocities in WNh stars since their spectrum is domi-
nated by lines formed above the photosphere, in the wind.

We thus conclude that overall the Chieffi & Limongi tracks
better reproduce the population of luminous O supergiants and
WNh stars in the HR diagram. For the most luminous stars, it
appears that non-rotating tracks may give a better fit to the ob-
servations than rotating ones when only considering the position
in the HR diagram. The difference between the FRANEC and
Geneva computations are: 1) a larger overshooting and mixing

length parameter and 2) the inclusion of efficiency factors in the
treatment of rotation in the study of Chieffi& Limongi. The mass
loss rates in the temperature range of interest are the same. Since
the Geneva models are very different with and without rotation,
we tend to attribute the differences with the FRANEC models to
the second point listed above. The efficiency factors of Chieffi
& Limongi reduce the impact of rotation on the diffusion coef-
ficients. Qualitatively, they could limit the strong effects of rota-
tion seen in the grid of Ekström et al. (2012).

5. Conclusion

We have performed a comparison of evolutionary models for
massive stars in the Galaxy. The published grids of Bertelli et al.
(2009), Brott et al. (2011a), Ekström et al. (2012) and Chieffi &
Limongi (2013) have been used. We have also computed addi-
tional models with the codes STAREVOL (Decressin et al. 2009)
and MESA (Paxton et al. 2013). Our goal was to estimate and
highlight the uncertainties in the output of these models. Our
conclusions are:

• Evolutionary tracks in the HR diagram are sensitive to the
adopted solar composition mixture, metallicity, the amount
of overshooting and the mass loss rate. The extension of the
convective core, due to overshooting and/or rotation-induced
mixing, and the adopted initial metallicity are the major
sources of uncertainty on the determined luminosity on the
main sequence and during the core He burning phase. Within
one set of stellar evolution models, we estimate a global in-
trinsic uncertainty on the luminosity of about±0.05 dex for a
star with an initial mass of 20 M�. This uncertainty is lower
when studying main sequence stars. This uncertainty trans-
lates into an error of about 6% on the distance, and may rise
up to an error of 30% on the distance of lower mass red su-
pergiants (typically stars with initial mass of 7 M�).
• The evolutionary tracks computed with the six different

codes agree reasonably well for the main sequence evolution.
Beyond that, large differences appear. They are the largest
at low effective temperature. In the red part of the HR di-
agram, evolutionary tracks with different initial masses and
computed with different codes can overlap. The difference
on the luminosity of a star located near the red giant branch
can be as large as 0.4 dex depending on the stellar evolution
models adopted, which makes the estimate of ages and initial
masses for red supergiants extremely uncertain.
• Comparison of the tracks of Brott et al. (2011a), Ekström

et al. (2012) and Chieffi & Limongi (2013) with the
properties (Teff, luminosity) of a large number of OB and
WNh stars in the Galaxy indicate that in the mass range
7−20 M� the Ekström et al. tracks have a slightly too narrow
main sequence width, while the Brott et al. and Chieffi &
Limongi tracks have a too wide one. This is due to the
overshooting parameters used. These results are confirmed
by the analysis of the distribution of rotational velocities as
a function of log g for Galactic stars with various spectral
types. A clear drop in rotational velocities is observed at
log g = 3.45, at larger gravity than that observed for LMC
stars studied by Hunter et al. (2008). An overshooting pa-
rameter slightly above 0.1 is required to reproduce this trend.

• Measurements of surface abundances of carbon and nitro-
gen are currently too uncertain to help constrain evolutionary
models.
• Stars with initial masses higher than about 60 M� are not ac-

counted for by the Ekström et al. tracks with rotation. They
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bend to the blue part of the HR diagram quickly after leav-
ing the zero age main sequence, and do not reproduce the
position of the WNh and luminous blue supergiants. Models
provided by Chieffi & Limongi give a much better fit to the
observations. Non rotating tracks of both grids can reproduce
the position of the most luminous objects.

Future analysis of surface abundances of large samples of
Galactic OB stars will provide critical constraints on evolution-
ary models and the treatment of rotation. Better prescriptions of
mass loss rates for a wide variety of stars are also required to
improve the predictions of evolutionary models.
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