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Abstract. In the present paper we investigate in detail the effects of binaries with initial period between 1 day and 10 years on
theoretical simulations of Wolf-Rayet (WR) type spectral features in starbursts. We focus on the evolution of the nebular Hβ
line in starburst in general, on the intensity ratios I(nebular He II λ4686)/I(Hβ), I(blue bump)/I(Hβ), and I(red bump)/I(Hβ)
as a function of the equivalent width of Hβ of WR galaxies in particular. The binary evolutionary processes that dominate
the evolution of the considered spectral features are the Roche lobe overflow in case Br systems, the mass transfer efficiency,
and the merger rate. We show that the predictions on nebular He II depend critically on the uncertainties in the theory of WR
atmospheres and particularly on uncertainties in the treatment of the subsonic velocity region of the WR wind. The observations
of low metallicity starbursts are best reproduced by a theoretical model with a significant number of binaries and with a
metallicity-dependent WR wind.
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1. Introduction

Starburst galaxies are the seats of rapid ongoing star forma-
tion. It has become clear that they are key astrophysical objects
which play an essential role in the evolution of galaxies in par-
ticular, and the cosmos in general. Theoretical modelling of
massive starbursts until now has focussed mainly on the effects
of single star evolution and binaries were ignored (Leitherer
et al. 1999; Conti 2000). There is however an overwhelming
evidence that a large fraction of all massive stars have a close
companion (see reviews by Mermilliod 2001; Van Rensbergen
2001; Mason et al. 2001, and references therein) and a discus-
sion of the effects of binaries on the content of stellar popula-
tions is necessary to make starburst studies more reliable.

To study these effects it is essential to have a population
model that includes all known aspects of single and binary
evolution in combination with detailed stellar evolutionary cal-
culations. The Brussels population NUMBER synthesis (PNS)
model and our extended stellar evolutionary models have been
described by Vanbeveren et al. (1998a, b, c) and by Van Bever
& Vanbeveren (1998), and are summarized in Sect. 2 (see also
Vanbeveren 2001).

Van Bever et al. (1999) investigated the consequences
of binaries on photoionization models, in particular on the
evolution of the nebular Balmer α (Hα) and Balmer β (Hβ)
lines. The expected hard X-ray emission (E ≥ 2 keV) was
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considered by Van Bever & Vanbeveren (2000). Schaerer &
Vacca (1998) and Dionne (1999) presented models for WR and
O star populations in young starbursts and added a discussion
on possible effects of binaries. However, in both papers, the au-
thors adopted a binary evolutionary model which is far too sim-
ple and many binary evolutionary aspects were ignored. Here
we will investigate in detail the influence of binaries on the evo-
lution of a collection of WR emission lines grouped into the so
called blue WR bump (i.e. N III/N V λ4640, C III/C IV λ4650
and He II λ4686 and its nebular contribution), and in the so
called red WR bump (i.e. the carbon multiplet C IV λλ5808–
5812). In Sect. 3, we describe our population spectral synthesis
code. Observations of starbursts which are important for the
present paper are discussed in Sect. 4, whereas Sect. 5 deals
with the results.

2. The Population Number Synthesis (PNS) model

A PNS code with single stars and interacting binaries has to
account for:

– the evolution of single stars;
– the evolution of case A, case Br, case Bc and case C bina-

ries with mass ratio q > 0.2 (q is the mass of the secondary
divided by the mass of the primary; the primary is always
defined as the star which is originally the most massive
component), accounting in detail for the effects of Roche
lobe overflow (RLOF), mass transfer, mass loss from the
system and common envelope evolution;
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– the evolution of binaries with small mass ratio (q ≤ 0.2)
which is governed by the spiral-in process;

– the evolution of mergers;
– the effects of the (asymmetric) supernova (SN) explosion

on binary parameters;
– a detailed treatment of the evolution of the binary periods,

which depends critically on the physics of the previously
listed processes.

A PNS code follows the evolution of a population of single
stars and binaries by adopting the following stellar distribution
functions:

– the initial mass distribution IMF: we use a Salpeter type
distribution (Salpeter 1955) for the single star and binary
primary initial mass functions. Notice that the conclusions
of the present paper do not critically depend on the adopted
IMF;

– the binary mass ratio distribution φ(q): we made our sim-
ulations for a distribution where the number of systems
increases as q decreases (Hogeveen 1991, 1992; we will
further use the term “Hogeveen distribution”), a flat distri-
bution, and a function that peaks at unity (Garmany et al.
1980);

– the initial binary period distribution is flat in the log P
(Popova et al. 1982; Vereshchagin et al. 1987, 1988);

– asymmetric supernova explosions induce neutron star
kicks, which drastically affect the binary periods. We as-
sume that the kicks are randomly directed in space whereas
their magnitudes are χ2-distributed, in correspondence with
the observational study of Lorimer et al. (1997). The
adopted average value is expressed as 〈vkick〉. We explore
the consequences when different values are used.

Our PNS code was described in the papers cited in the intro-
duction. It relies on a large set of stellar evolutionary compu-
tations of intermediate mass and massive single stars and bi-
nary components, with a moderate amount of convective core
overshooting and for different initial chemical compositions
(0.001 ≤ Z ≤ 0.02). The calculations of the massive star evo-
lution were performed accounting for recent stellar wind mass
loss rate (Ṁ) formalisms (see also Sect. 2.1).

We have over 1 000 evolutionary calculations of massive
close binaries in which the evolution of the mass gainer is fol-
lowed up to the end of its core helium burning (CHeB) phase.
One of the crucial parameters here is the amount of matter lost
by the mass loser due to RLOF that is (or can be) transferred
during the RLOF to the mass gainer, i.e. the parameter β as it
was originally introduced by Vanbeveren et al. (1979). We add
a short discussion on the value of β in Sect. 2.2.

Mergers are defined as binaries whose components coa-
lesce at some stage during the binary evolution. We will show
that mergers may play an important role in population spec-
tral synthesis. In Sect. 2.3 we will discuss our adopted merger
model and we will outline in how far the predicted number of
mergers depends on β.

2.1. Stellar wind mass loss rate formalisms in massive
stars

The evolution of a massive star is critically affected by three
stellar wind mass loss phases: the OB phase including the
possibility for the object to become a luminous blue variable
(LBV), the red supergiant (RSG) phase and the WR phase.

2.1.1. Stars with initial mass ≥ 40 M�: The “LBV
scenario”

Based on the observations of LBVs one may suspect that stars
with initial mass ≥40 M� experience an LBV phase at the
end of core hydrogen burning and/or hydrogen shell burning,
which is accompanied by a very violent stellar wind mass
loss phase (Humphreys & Davidson 1994). The lack of RSGs
with initial mass ≥40 M� (corresponding roughly to stars with
Mbol ≤ −9.5, Humphreys & McElroy 1984) may be attributed
to this process so that a working hypothesis for stellar evolu-
tionary calculations may be the following:

the mass loss rate during the LBV + RSG phase of a star with
initial mass > 40 M� must be sufficiently large to assure a RSG
phase which is short enough to explain the lack of observed
RSGs with Mbol ≤ −9.5.

Obviously, also binary components with an initial mass
≥40 M� will obey this criterium which means that the follow-
ing scenario applies: when a primary with initial mass ≥40 M�
starts its LBV phase before the RLOF (case B and case C sys-
tems), the evolution is governed by the LBV stellar wind, and
the RLOF (and thus mass transfer) is suppressed. The RLOF in
case A systems in this mass range may not be avoided but in our
PNS code we treat them in the same way as Case B. The con-
sequences of this simplification will be discussed (Sect. 5.2).

Also the LMC and the SMC show a deficiency of RSGs
with Mbol ≤ −9.5 (Humphreys & McElroy 1984) so that the
single star and binary evolutionary scenario outlined above
may apply in low metallicity regions as well. Notice that
this “LBV scenario” was introduced more than a decade ago
(Vanbeveren 1991), and we used it in all our PNS calculations
since 1997.

2.1.2. RSG mass loss

Since 1997, we apply a RSG stellar wind mass loss formal-
ism which is based on observations of stars in the Magellanic
Clouds by Jura (1987) and Reid et al. (1990). More details are
given in the papers in which we describe our PNS code (see
the introduction). Notice that we assume that the RSG stellar
wind mass loss rate depends on the metallicity (∝ √Z). As a
consequence our evolutionary calculations of single stars with
initial mass 20 M� ≤ M < 40 M� are distinctly different from
those of the Geneva team. This obviously means that the popu-
lation of single WR stars predicted by our PNS models is differ-
ent from the population of WR single stars predicted by those
of Leitherer et al. (1999) which uses the Geneva evolutionary
tracks (see also Sect. 5.1).
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Table 1. The luminosity and the mass loss rates of WR stars
determined with NLTE atmosphere models and assuming non-
homogeneous stellar winds. We compare with values predicted by
Eq. (1) and by the formula proposed by Nugis & Lamers (2000, NL).

WR number log L log Ṁ Eq. (1) NL

WR6a 5.45 −4.4 −4.5 −4.8
WR147b 5.65 −4.6 −4.3 −4.4
WR111c 5.3 −4.8 −4.7 −4.9
WR90d 5.5 −4.6 −4.5 −4.7
WR135d 5.2 −4.9 −4.8 −4.8
WR146d 5.7 −4.5 −4.3 −4.4
WR11e 5.0 −5.1 −5.0 −5.0
WR123f 5.7 −4.14 −4.3 −4.5
WR139g 5 −5 −5 −4.5
OB10–WR1h 5.7 −4.3 −4.3 −4.5

a Schmutz (1997).
b Morris et al. (2000).
c Hillier & Miller (1999).
d Dessart et al. (2000).
e de Marco et al. (2000).
f Nugis et al. (1998).
g Underhill et al. (1990).
h Smartt et al. (2001).

2.1.3. WR mass loss

Using a hydrodynamic atmosphere code in which the stellar
wind is assumed to be homogeneous, Hamann et al. (1995) de-
termined Ṁ values for a large number of WR stars. Since then
evidence has grown that these winds consist of clumps and that
an homogeneous model overestimates Ṁ, typically by a fac-
tor 2–4 (Hillier 1996; Moffat 1996; Schmutz 1996; Hamann &
Koesterke 1998). Vanbeveren et al. (1998a, b, c) published mas-
sive single star and binary evolutionary calculations in which
the effects of the lower WR mass loss rates, as inferred from
the wind papers listed above, were studied. We assumed a sim-
ple relation between Ṁ (in M�/yr) and the stellar luminosity L
(in L�), log Ṁ = a log L + b, and we tried to find appropriate
values of the constants a and b accounting for the following
criteria and observations known at that time:

– the WN5 star HD 50896 (WR 6) has a luminosity log L =
5.6−5.7 and a log Ṁ = −4.4 ± 0.15 (Schmutz 1996;
Schmutz et al. 1996);

– the log Ṁ of the WNE component of the binary V444 Cyg
(WR 139) resulting from the observed orbital period varia-
tion is approximately −5 (Khaliullin et al. 1984; Underhill
et al. 1990). Its orbital mass is 9 M� and, using a mass-
luminosity relation holding for WNE binary components
(Vanbeveren & Packet 1979; Langer 1989) it follows that
its log L equals 5;

– the observations of the masses of black hole components in
X-ray binaries indicate that stars with initial mass > 40 M�
should end their life with a mass larger than 10 M� (i.e. the
mass of the star at the end of CHeB);

– the WN/WC number ratio predicted by a PNS code de-
pends on the WR mass loss formalism used in the stellar
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Fig. 1. Observed mass loss rates versus luminosity of WR stars. The
line corresponds to Eq. (1) and the filled circles represent the atmo-
spheric model results of Table 1.

evolutionary calculations. Therefore, we looked for a and
b values which predict the observed WN/WC number ratio
(≈1) for the solar neighbourhood.

This exercise allowed us to propose the following relation:

log Ṁ = log L − 10. (1)

Since then, more WR stars have been investigated with detailed
atmosphere codes, some of which included the effects of the
clumping. They are listed in Table 1. Figure 1 illustrates that
Eq. (1) still fits these new observations fairly well. Nugis &
Lamers (2000, NL) proposed an alternative WR mass loss re-
lation. Table 1 compares predictions from our Eq. (1) and from
the NL formula with the spectroscopic results of the WR stars
which were investigated with the detailed atmosphere codes.
It can be concluded that both formalisms imply similar ac-
curacies. The Z-dependency of WR mass loss rates deserves
some attention. Nugis & Lamers adopt a Ṁ relation which is
Z-dependent where, as usual, Z is defined as the abundance of
all elements heavier than helium. This means that they intrin-
sically assume that WN and WC stars with the same luminos-
ity and belonging to the same stellar environment (thus having
a similar heavy metal abundance) may have quite a different
mass loss rate. However, there is no observational evidence that
this is the case. It is generally accepted that the WR type stellar
wind is radiation driven and therefore one may expect that the
heavy metals are the main drivers. On that line of argument it is
more plausible that the mass loss rate depends roughly on some
power ζ of the heavy metal abundance of the WR star (which is
roughly proportional to the heavy metal abundance of the WR
progenitor population). Hamann & Koesterke (2000) investi-
gated 18 WN stars in the LMC. When these data are plotted in a
Ṁ−L diagram, there seems to be no obvious relation. However,
as an exercise, Vanbeveren (2001) used a linear relation simi-
lar to Eq. (1) and shifted the line until the sum of the distances
between observed values and predicted ones was smallest (a
linear regression where the slope of the line is fixed). This re-
sulted in a shift of −0.2 which, accounting for the heavy metal
abundance of the Solar neighbourhood and of the LMC, corre-
sponds to ζ = 0.5. To be more conclusive, many more obser-
vations are needed where detailed analysis may give reliable
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stellar parameters, but from this exercise it looks as if the WR
mass loss rates depend on the heavy metal abundance. We will
explore the consequences when

– the mass loss rate is independent from the chemical abun-
dance of the envelope of the hydrogen deficient CHeB star
(i.e. we always use Eq. (1));

– the mass loss rate depends on the primordial metallicity Z
of the stellar population, i.e.

log Ṁ = log L − 10 + log

√
Z
Z�
· (2)

We will illustrate in Sect. 5 to what extent population spectral
synthesis simulations of WR lines depend on the adopted WR
mass loss rate formalism. Appendix A points out how critical
the effect of the WR mass loss rate is on the final stellar masses
prior to core collapse, as well as on the WR lifetimes (and thus
on WR population synthesis).

In 1997–1998, we calculated evolutionary tracks of mas-
sive single stars and binary components adopting Eq. (1) to
compute the stellar wind mass loss rate at the moment the star
becomes a hydrogen deficient CHeB object. These tracks are
part of all the evolutionary models used by the PNS code. All
our PNS results published since 1997–1998 (see the papers
cited in the introduction) rely on these models, thus rely on
Eq. (1). Accounting for the discussion above we will use the
same evolutionary models for the present paper.

2.2. The RLOF in massive binaries: conservative
or not?

It is likely that case B\C binaries with initial primary mass
≥40 M� avoid RLOF due to a LBV type stellar wind mass loss
phase which precedes the RLOF (see also Sect. 2.1.1). At the
beginning of the RLOF in a case Bc or case C binary with initial
primary mass <40 M�, the system enters a common envelope
phase (Webbink 1984), and it is likely that all mass lost by the
loser leaves the system (β = 0). A parameter which can make
a significant difference between population spectral synthesis
with or without binaries is the value of β in case Br binaries
with initial primary mass <40 M� and in all case A binaries. In
our PNS model we treat case A binaries in a similar way as case
B. This means in fact that we assume that also case A binaries
with initial primary mass ≥40 M� avoid RLOF. This may not
be true, and deserves some attention when discussing the re-
sults of the spectral synthesis of starbursts. After more than 3
decades of extensive binary evolutionary calculations by differ-
ent research teams, the following overall β formalism for case
A and case Br binaries with primary mass <40 M� emerges:

β =


βmax q ≥ 0.4, RLOF
5βmax(q − 0.2) 0.2 ≤ q < 0.4, RLOF
0 q < 0.2, spiral-in and merging.

(3)

To calculate β and βmax, one has to solve the magneto-
hydrodynamic equations that describe the mass transfer, and
we need a model that takes the mass accretion process into ac-
count in a realistic way. This problem is very complex and ap-
proximations are needed. An accretion model was proposed by

Neo et al. (1977) but an alternative suggestion was published
by Vanbeveren & De Loore (1994). In most cases, the con-
clusions related to β depend in a critical way on the adopted
accretion model and therefore, uncertainties in the latter imply
uncertainties on β. Since it can be expected that β = 0 for case
Bc and case C binaries, one may speculate that βmax is a de-
creasing function of the orbital period. However, it is the scope
of the present paper to illustrate possible consequences of bi-
naries on the spectral synthesis of starbursts, for which the β
model given above is sufficient. We will present our results for
different values of βmax.

Of course, when matter leaves the binary we have to ac-
count for the loss of orbital angular momentum. In all our PNS
results since 1997–1998, we used a formalism described by
Soberman et al. (1997). Matter leaves a binary through the sec-
ond Lagrangian point L2 and settles in a circumbinary ring with
radius ηA (where A represents the orbital separation). A “bare
minimum” for the circumbinary radius is found for η ≈ 1.3,
which corresponds to the distance between L2 and the centre
of mass of the binary. However as argued by Soberman et al.,
this ring is unstable and is likely to fragment and to fall back
on the binary components. The first stable ring corresponds to
η ≈ 2.25. In the present paper we calculate the variation of the
binary period adopting the latter value (see also Vanbeveren
et al. 1998b).

An alternative formalism follows from energy considera-
tions. Let dM1 be a small amount of mass lost by the primary
during its RLOF. Suppose that part of it (i.e. (1 − β) dM1) es-
capes from the system. To escape, the matter needs an average
energy:

dEesc = G
M1 + M2

λ A
(1 − β) dM1 (4)

with λ of order unity and M2 the mass of the secondary (mass
gainer). The escape energy must be supplied by the orbital en-
ergy E of the system. The relation E = −GM1M2/2A com-
bined with Keplers’ law yields the orbital period variation.
Interestingly, the two formalisms discussed above give similar
results.

It is easy to show that significant mass loss from the bi-
nary (β ≤ 0.5) is always accompanied by a large reduction of
the orbital period which sometimes leads to the merging of the
two components. Therefore, if PNS is computed assuming that
the evolution of binaries with primary mass <40 M� is highly
non-conservative, we need to consider in detail the evolution of
mergers as well.

2.3. The formation and evolution of mergers

Binaries with initial mass ratio q ≤ 0.2 experience a spiral-in
phase during which the low mass component is dragged into
the atmosphere of the most massive star and both stars merge.
The final product will be a single star with a mass equal to the
sum of the masses of both components, but this single merger
may have a peculiar chemical composition. We consider two
possibilities:

1. due to spiral-in and merging, both stars are totally mixed
(Merger 1);
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2. merging is treated as genuine accretion whereby matter
with a total mass equal to the mass of the low mass star is
accreted onto the high mass component (Merger 2). Since
our evolutionary program is able to calculate the effects of
accretion, possibly accompanied by thermohaline mixing,
we can estimate the evolutionary consequences of such a
merger process.

Merging in binaries with mass ratio q > 0.2 can happen as well,
but in this case it is the result of the very large orbital period
reduction due to a non-conservative RLOF (β < 1 and/or com-
mon envelope evolution). Once a binary satisfies the conditions
to merge (Vanbeveren 2001), we mix the hydrogen deficient
CHeB mass loser remnant with the mass gainer (which is still
a core hydrogen burning star in most cases) in a homogeneous
way. To illustrate our procedure, consider a 30 M� + 20 M� bi-
nary. Assume that 50% of the mass lost by the 30 M� star dur-
ing its RLOF leaves the system. At the end of RLOF, the binary
consists of a 12 M� hydrogen deficient remnant (WR star) and
a 28 M� core hydrogen burning companion. When the merg-
ing conditions are fulfilled, we mix the 12 M� star with the
28 M� companion. Of course, we realize that this is only an ap-
proximation. If merging happens before the end of the RLOF,
less mass will be lost from the system and the merger will be
more massive than assumed here. Our method should therefore
be regarded as a first order approximation to the influence of
mergers.

The mass gainer in a quasi-conservative binary (i.e. β ≈ 1)
may be rejuvenated by mass accretion. This means that a
starburst with a population of interacting binaries, where the
RLOF is accompanied by mass transfer and mass accretion,
will also be rejuvenated. However, even when the RLOF is
non-conservative (β 
 1), starbursts may be rejuvenated. A
non-conservative RLOF possibly leads to the merging of the
two components. Since merging implies mixing, merging leads
to rejuvenation as well. This means that whatever the value
of β, one expects rejuvenation of starbursts when binaries are
present. Whether accretion or merging dominates obviously
depends on β.

3. The Population Spectral Synthesis (PSS) model

PSS requires realistic theoretical spectral energy distributions
(SED) or observational spectra for each star in the PNS model:

– The SEDs of hydrogen deficient CHeB stars resembling
WR stars are computed using the models of Schmutz et al.
(1992) which do not account for line-blanketing. The influ-
ence of the latter was studied by Smith et al. (2002). Since
the grid of Smith et al. is not extended enough for the pur-
poses of the present paper, we prefer to use the Schmutz
et al. models and discuss in a qualitative way possible ef-
fects of line-blanketing.

– The SEDs of hydrogen deficient CHeB stars which do not
resemble WR stars (mostly CHeB post-RLOF binary com-
ponents with mass smaller than the minimum mass of WR
stars, either 5 M� or 8 M�) are represented by black body
energy distributions. Anticipating, PNS predicts that the

number of binaries with a hydrogen deficient CHeB com-
ponent which does not resemble a WR star, is several or-
ders of magnitude larger than the number of WR binaries.
However, because the WR stars have a much larger lumi-
nosity than the non-WR hydrogen deficient CHeB stars, the
latter class does not affect in a significant way the results of
the present paper.

– The SEDs of the O type stars are interpolated from the non-
LTE, line-blanketed model atmosphere grid of Smith et al.
(2002); the SEDs of the other stars are calculated using the
homogeneous grid of atmospheres of Lejeune et al. (1997).

– The emitted luminosities in the stellar WR lines are taken
from the compilation of Schaerer & Vacca (1998).

It is straightforward to link the Lejeune et al. SEDs to non-
WR evolutionary models: we use the Teff-Spectral Type cali-
bration of Schmidt-Kaler (1982) and each SED is scaled ac-
cording to the predicted stellar luminosity. The link between
stellar evolutionary prediction and real WR stars deserves some
attention. As inferred from the observed luminosities of WR
stars and from the masses of the WR components in well
known binaries, most of the WR stars have a mass larger than
5 M� (possibly even larger than 8 M�, see Vanbeveren et al.
1998b). In our PNS and PSS, we consider a hydrogen defi-
cient CHeB star as a WR star when its mass is larger than some
minimum value. We explore the influence of this minimum in
Sect. 5. To distinguish between a WNL, WNE, and WC star,
we use the classical definitions as they were originally intro-
duced by Vanbeveren & Conti (1980), i.e. a WNL star is a WN
star with hydrogen, a WNE is a WN star without hydrogen,
and a WC star is a WR star with helium burning products at the
surface.

The hydrostatic radii (Rhydr) of hydrogen poor CHeB stars
predicted by stellar evolutionary computations are on the order
of 1 R� in most cases, implying an evolutionary effective tem-
perature Teff > 125 000 K. However, the “hydrostatic radii” in
the WR atmosphere models of Schmutz et al. (1992) are de-
fined as the radii at optical dept τ ≈ 10 (Rcore), but they are at
least a factor 2 or 3 larger than Rhydr. The values resulting from
the atmosphere calculations depend on a number of parame-
ters which are uncertain (one of the main uncertainties is the
velocity structure in the subsonic part of the wind, Hamann &
Schmutz 1987). As a consequence, linking evolutionary mod-
els with WR atmosphere models is not straightforward. This
problem was nicely illustrated by Hamann (1994) in his Fig. 7.
We will present our results assuming that the Rcore of WR atmo-
sphere models equals Rhydr resulting from stellar evolution, but
we will also calculate models with Rcore a factor of 2 respec-
tively a factor 3 larger than Rhydr. We would like to remind the
reader that the luminosity, the lifetime, and the internal struc-
ture of a hydrogen deficient CHeB star do only marginally de-
pend on how the star’s atmosphere is treated, so that artificially
increasing Rcore implies lower effective temperatures but does
not affect its overall evolution.

The nitrogen and carbon lines that will be discussed in
Sect. 5 are stellar in origin. The He II λ4686 line may have a
significant contribution from the surrounding gas. To compute
the nebular line strength and continuum, we use the atomic data
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of Osterbrock (1989) and make the following assumptions con-
cerning the physical state of the gas:

– a helium to hydrogen number density NHe/NH = 0.1;
– electron number density ne = 100 cm−3;
– radiation bounded nebula;
– case B recombination;
– electron temperature Te = 10 000 K.

4. Observational results of starbursts useful
for the present paper

Terlevich et al. (1991) compiled the equivalent widths of the
Hβ line (i.e. W(Hβ)) of 315 extragalactic H II regions. Guseva
et al. (2000) considered a representative set of WR galaxies.
Apart from W(Hβ), the latter authors also listed the intensity
ratios I(nebular He II λ4686)/I(Hβ), I(blue bump)/I(Hβ), and
I(red bump)/I(Hβ). Of particular importance for the present
paper, we notice the following features:

1. the majority of the starbursts have W(Hβ) ≤ 100 Å;
2. although the number of observed starbursts with nearly so-

lar metallicity is small, they never show any nebular He II
λ4686;

3. starbursts with small Z do show nebular He II λ4686 emis-
sion but the ratio I(nebular He II λ4686)/I(Hβ) rarely ex-
ceeds 0.03;

4. most WR galaxies with Z ≈ 0.02 and with 10 Å ≤
W(Hβ) ≤ 100 Å have I(blue bump)/I(Hβ) < 0.4, whereas
I(red bump)/I(Hβ) < 0.08;

5. WR galaxies with Z ≈ 0.001 and observed I(blue bump)/
I(Hβ) and I(red bump)/I(Hβ) ratios have W(Hβ) ≈ 100 Å,
except for a possible outlier. These galaxies have ra-
tios I(blue bump)/I(Hβ) and I(red bump)/I(Hβ) which are
smaller than 0.05 in most of the cases.

5. Results

As in Van Bever & Vanbeveren (2000) we define the standard
binary starburst (SBS) as follows.

– Case A binaries are treated as case Br. Our simulations al-
low us to conclude that PNS results are rather robust to this
simplification.

– The evolution of binaries which experience a common en-
velope and/or spiral-in phase depends on the parameter α
which is the amount of orbital energy which is effectively
used to remove the hydrogen rich layers of the mass loser.
In the SBS model we set α = 1.

– The mass loss rates of RSGs are metallicity-dependent
(∝√Z) but those of WR stars are independent from the
metallicity.

– Single stars and primaries of close binaries have the same
Salpeter type IMF with Mmin = 1 M� and Mmax = 100 M�.
Notice that due to the presence of the secondaries in bina-
ries, the true IMF (single stars + primaries + secondaries)
may be different from the Salpeter function (Vanbeveren
1982).

– The binary mass ratio distribution which is adopted in the
SBS model is flat, whereas the binary orbital period distri-
bution is flat in log P (periods between 1 day and 10 years)
corresponding to the study of Popova et al. (1982) and
Vereshchagin et al. (1987, 1988).

– The SN kick velocity distribution is χ2-distributed with an
average kick velocity 〈vkick〉 of 450 km s−1. Notice that this
value determines the number of binaries that survive a SN
explosion.

– The binary frequency at birth equals 0.8. This percentage
is consistent with the observational fact that 33% of an ob-
served magnitude limited sample of O type stars are pri-
maries of binaries with a period smaller than 100 days and
a mass ratio larger than 0.2 (Garmany et al. 1980). A large
massive binary frequency similar to the value used in the
SBS model has also been proposed by Mason et al. (2001)
and Van Rensbergen (2001).

– βmax = 1.
– Model “Merger 2” for binaries with mass ratio q ≤ 0.2.
– A hydrogen deficient CHeB star (single or binary compo-

nent) is considered a WR star when its mass is larger than
5 M�.

– The Rcore of WR stars (Sect. 3) equals the Rhydr of hydrogen
deficient CHeB stars resulting from evolution.

We compare the SBS results with a standard single star star-
burst (SSS) model. Since we want to explore spectral differ-
ences caused by binary processes, we assure that the stellar
content of the SSS model is the same as in the correspond-
ing SBS, i.e. the SSS model contains all the single stars as well
as all the primaries and secondaries of the SBS model, but in
the SSS model these primaries and secondaries evolve as sin-
gle stars. In order to have a sufficient number of massive stars
in the simulation, one has to start with a very large number of
stars since we adopt a Salpeter IMF slope and Mlow = 1 M�.
However, the computing time can be reduced drastically as fol-
low: the mass interval from 1 M� to 100 M� is divided into (for
instance) 99 mass intervals of 1 M�. A Monte-Carlo method
simulates the formation of some 100 objects in each interval.
To illustrate: if the binary frequency is 80%, we assume that
in each mass interval (of 1 M�) there are 20 single stars and
80 primaries with a mass equal to the corresponding mass of
the interval. The Monte-Carlo method distributes the 80 pri-
maries in binaries according to the adopted period and mass
ratio distributions. The evolution of each mass interval is then
computed separately. In order to obtain the spectral evolution
of the complete starburst, the average spectral features of each
mass interval are scaled according to the Salpeter IMF. With
this procedure the spectral evolution of the whole burst is simu-
lated in a satisfactory way by considering the detailed evolution
of 10 000 objects only.

All our calculations presented here are performed using
the population parameters summarized in Table 2. Before dis-
cussing our calculations in more detail, our simulations al-
low to propose the following general conclusion: the main re-
sults of the present paper do only marginally depend on the
value of 〈vkick〉, and on how the common envelope phases and
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Table 2. The population parameters considered in the present calcu-
lations. Model a is the standard population (SBS with corresponding
SSS). The other models are similar to model a but we change one or
two PNS parameters.

model a standard
model b Hogeveen φ(q)
model c Garmany φ(q)
model d minimum WR mass = 8 M�
model e WR mass loss ∝ √Z
model f βmax = 0.5
model g βmax = 0
model h βmax = 0 and Merger 1

spiral-in phases are treated (the value of α). We will therefore
not further consider the effects of these parameters.

5.1. The O and WR star population in starbursts

5.1.1. The O type star population

Figures 2 and 3 illustrate the temporal variation of the number
of O type stars. The details of the WR physics do not affect the
O type star population. Models d and e are therefore omitted.
The overall behaviour is similar for all models, independently
from the initial metallicity. During the first 5 Myr (6.5 Myr
when Z = 0.001) the evolution with or without binaries is the
same: the number of O type stars decreases. At the end of this
period almost all single and primary O type stars have disap-
peared. However the first binaries with primary mass less than
40 M� start to interact, and a rejuvenated population with new
O type stars appears, i.e. the starburst becomes rejuvenated (see
also Van Bever & Vanbeveren 1998). Notice that the rejuvena-
tion is more pronounced when initially there are more binaries
with a mass ratio close to unity (compare models a, b and c).
This rejuvenation is caused mainly by two processes. The first
one is the mass accretion in binaries. Obviously the effect of
mass accretion decreases for lower values of βmax (models f
and g). The second rejuvenation effect is due to the merging
process in binaries. As outlined in Sect. 2.3, one has to distin-
guish the merging process in binaries with a mass ratio q ≤ 0.2
from the one with q > 0.2. Merging in the latter becomes more
important with smaller βmax (mass loss from the system implies
orbital angular momentum loss which results in lowering of the
period). When βmax = 0, rejuvenation is obviously not expected
in a model which does not account for the merging process.
The rejuvenation in the models g of Figs. 2 and 3 is therefore
entirely due to merging. Notice however, that this kind of re-
juvenation is rather small and hardly depends on the adopted
merger model for binaries with mass ratio q < 0.2. Overall
conclusion: when massive binaries are present in a starburst,
rejuvenation is expected whether or not the RLOF in binaries
with primary mass less than 40 M� is (quasi)-conservative or
not. Last but not least, after 5 Myr (6.5 Myr when Z = 0.001),
all the O type stars which are still present in the burst are re-
juvenated O type stars. One may expect them to have peculiar

atmospherical chemical abundances. The pollution is due to ac-
cretion of matter lost by the primary during its RLOF or due
to the merger process. Notice that these processes act together
with stellar chemical mixing processes such as rotational mix-
ing, which can dredge up CNO processed matter.

5.1.2. The WR population

Figure 4 illustrates the evolution of the number of stars in the
three WR subtypes (i.e. WNL, WNE and WC). We always
compare a simulation containing binaries with the correspond-
ing single star starburst. We only retain the models which differ
most from the standard model a at solar metallicity, i.e. model d
(Z = 0.02), model a (Z = 0.001), model e (Z = 0.001) and
model g (Z = 0.001). With another initial mass ratio distribu-
tion or with an alternative treatment of the merger process, the
results change quantitatively, but compared to the SBS model
the overall differences are not significant.

The main influence of the presence of binaries in a starburst
on the WR population is a prolongation of the WR phase of the
burst. Obviously, this prolongation is less pronounced when the
minimum WR mass is larger. This is illustrated by the Z = 0.02
results when model a is compared to model d.

The WR phase duration is also influenced by the value of
βmax (see Fig. 4, at Z = 0.001, compare model a and model g).
Since βmax = 0 in the latter, the small prolongation is entirely
due to the merging process in binaries.

Model e, at Z = 0.001, illustrates the effect of a metallicity-
dependent WR stellar wind mass loss rate. Compared to
the WR mass loss rates in the standard model (i.e. not Z-
dependent), a Z-dependent WR wind is considerably smaller
in low metallicity regions. This means that it takes longer be-
fore all the CNO enhanced layers are removed and 3α prod-
ucts appear at the surface, i.e. the WN phase of the starburst is
lengthens and its WC phase shortens.

Due to our adopted LBV scenario, starbursts with or with-
out binaries which are younger than the evolutionary lifetime
of a 40 M� star have the same WR population. Since we assume
that this LBV scenario does not depend on metallicity, the same
holds for our Z = 0.001 simulations. Notice, however, that this
would be entirely different if the LBV stellar wind mass loss
was metallicity-dependent as well.

With our preferred RSG stellar wind mass loss formalism,
stellar evolution in combination with PNS predicts that the pop-
ulation of WR single stars resulting from stars with an initial
mass <40 M� in Z = 0.02 starbursts, evolves in a similar way
as the population of WR primaries with progenitors with initial
mass smaller than 40 M�. Notice that the foregoing would not
be true if evolutionary calculations of single stars are adopted
with lower RSG mass loss rates like those of Schaller et al.
(1992), as used by Leitherer et al. (1999) and by Schaerer &
Vacca (1998). Since we adopt metallicity-dependent RSG mass
loss rates in the evolutionary tracks, the single WR star popu-
lation and the binary WR star population is obviously entirely
different in the case Z = 0.001.
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Fig. 2. The variation of the number of O type stars as a function of time (in Myr) for Z = 0.02, for some of the models from Table 2. We only
show the models which differ most from the SBS model. Thick lines hold for starsbursts with binaries, thin lines for starbursts with single stars
only.

5.2. The evolution of the nebular Hβ line

Figure 5 shows the temporal variation of W(Hβ) for some of
the models of Table 2. Similarly as in the previous sections,
we selected only the models which differ most from the corre-
sponding standard model. These results can be considered as
an extension (and an update since we now use the model atmo-
spheres of O type stars of Smith et al. 2002) of the calculations
of Van Bever et al. (1999) who only considered solar metallic-
ity starbursts, and did not account for mergers. The starburst
rejuvenation processes discussed in Sect. 5.1 are clearly re-
flected in the figure, i.e. after about 4 Myr rejuvenated O type
stars appear due to mass accretion and merging of binaries with
primary mass <40 M� and they produce new O stars which

create a plateau in the W(Hβ) curve at around 100 Å (150 Å
for low metallicity starbursts) which lasts for several million
years. This means that binaries make age determinations am-
biguous when the starburst has a W(Hβ) ≈ 100 Å or so. Notice
however, that the rejuvenation is most extreme when βmax = 1.
The observations (see Sect. 4) reveal that the majority of the
known H II and/or WR galaxies have a W(Hβ) around 100 Å or
smaller, and could therefore be affected by the age ambiguity
discussed above.

Our results illustrate once more the well known discrep-
ancy that theoretical simulations of starbursts (where star
formation is (almost) instantaneous) predict too many candi-
dates with very large W(Hβ). The reason may be related to the
formation history of massive stars. The results discussed above
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Fig. 3. As Fig. 2 but at Z = 0.001.

apply when the formation timescale of massive stars is small
compared to their core hydrogen burning nuclear timescale.
However, an alternative scenario was suggested by Bernasconi
& Maeder (1996). From the protostellar molecular cloud, a
lower mass star forms first. But when radiation pressure be-
comes important, further accretion on the star is slowed down.
If the accretion timescale is similar to the nuclear timescale, a
significant part of the core hydrogen burning phase may happen
during the accretion phase, when the star is still in the molecu-
lar cloud cocoon. It is easy to understand that when this model
is included in the simulations, the predicted number of star-
bursts with large W(Hβ) will be smaller, i.e. the lack of a large
number of starbursts with large W(Hβ) may be related to the
formation process of massive stars.

The calculations presented here were performed by assum-
ing Rcore = Rhydr for WR stars. However, the rejuvenation effect
seen in the evolution of W(Hβ) is caused mainly by the number
of rejuvenated O type stars. Therefore, as far as the rejuvena-
tion effects on W(Hβ) are concerned, our conclusions do not
significantly depend on the detailed physics of the WR atmo-
spheres.

In our simulations we treated case A binaries in a simi-
lar way as case Br systems. For case A systems with a pri-
mary mass below 40 M� this is more than sufficient. We made
some test calculations of a starburst whose case A binaries
with primary mass larger than 40 M� avoid the LBV phase
and evolve through a conservative RLOF. The results are ob-
vious, i.e. compared to our simulations presented in Fig. 5, the
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Fig. 4. The temporal evolution of the number of WNL, WNE and WC stars. Thick lines are WC stars, thin lines denote WNE stars, and the
dashed line corresponds to the WNL stars. The figures with the label “single” correspond to starbursts with single star only, those with the label
“binaries” correspond to models referred to in Table 2.
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Fig. 5. The variation of W(Hβ) as a function of time (in Myr) for some of the models of Table 2. The thin lines correspond to the binary model.
The thick lines corresponds to the corresponding single star model.
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Fig. 6. The theoretically predicted evolution of the intensity ratio
I(nebular He II λ4686)/I(Hβ) as a function of W(Hβ). Thick lines de-
note the SSS model while thin lines correspond to the SBS model.

rejuvenation effects are more pronounced and the equivalent
widths are increased, but the effect is at most 10–15%.

5.3. The evolution of the nebular He II λ4686 line

Nebular He II λ4686 emision is obviously associated with hot
stars which have a significant He+ ionizing flux. Here we dis-
tinguish two types of stars which are hot enough: the lumi-
nous WR stars (single and binary components) and all the
post-RLOF primaries with mass smaller than the minimum
WR mass. Notice however, that the latter class of objects never
contribute significantly to the nebular He II λ4686 emission in
starbursts. Figure 6 illustrates the evolution of the intensity ra-
tio I(nebular He II λ4686)/I(Hβ). We restrict ourselves to the
SBS and SSS simulations for Z = 0.02 and Z = 0.001 since
other combinations of the PNS parameters predict the same
range of values for the intensity ratio. Remember that in the
standard models we link the Rcore of the WR atmospheres of
Schmutz et al. (1992) with the Rhydr predicted by stellar evolu-
tion. We conclude that compared to observations, these theoret-
ical simulations predict too much nebular He II λ4686 emision.
Interestingly, by interpreting carefully the analysis of Smith
et al. (2002), it follows that the discrepancy remains if in the
standard starburst models, WR atmospheres are used with line-
blanketing.

The adopted link between Rhydr and Rcore (see Sect. 3) is
crucial in the analysis of the nebular He II λ4686 line. In
Fig. 7 we compare the SBS models adopting different values
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Fig. 7. The effect of different core radii of WR stars on the the-
oretically predicted evolution of the intensity ratio I(nebular He II
λ4686)/I(Hβ) as a function of W(Hβ). Only the SBS model is shown.
The full thin line corresponds to the case where Rcore = Rhydr, the
dashed line to Rcore = 2 Rhydr and the thick line to Rcore = 3 Rhydr.

for Rcore (twice and three times Rhydr). As can be noticed, the
effect is overwhelming and largely overtakes the effects of other
PNS parameters and/or the effect of line-blanketing. The obser-
vations (points 2 and 3 of Sect. 4) reveal small (at small Z) or no
(at solar metallicity) nebular He II λ4686 emission. If this effect
is linked to the radius effect, one could be tempted to conclude
that the WR star atmospheres have core radii which are a factor
of 2 to 3 larger than the hydrostatic evolutionary radii. At least
to our knowledge, there is no physics that explains this differ-
ence, which raises the question: is there something missing in
the stellar structure equations, or is there something missing in
the theory of WR atmospheres? A more detailed interpretation
of the nebular He II λ4686 emission has to await an answer on
the foregoing question.

5.4. The blue and red WR bump

In Figs. 8 and 9 we plot the intensity ratio I(blue bump)/I(Hβ)
and I(red bump)/I(Hβ) as function of W(Hβ). Again we only
consider the models whose results deviate significantly from
the standard model at Z = 0.02 and at Z = 0.001. Also here, the
effect of binaries is very significant in starbursts with W(Hβ) ≤
100 Å. The low intensity ratios observed at Z = 0.02 (Sect. 4)
are better reproduced with binaries.

The figures also illustrate that for starbursts with small Z
a metallicity-dependent WR mass loss rate formalism is of
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Fig. 8. The predicted evolution of I(blue bump)/I(Hβ) as a function of W(Hβ) for some of the models of Table 2. The lines have the same
meaning as in Fig. 6.

crucial importance for theoretical simulation. Observational
point 5 (Sect. 4) is best reproduced by a model with a sig-
nificant number of binaries, and a WR mass loss rate which
is metallicity-dependent. A similar conclusion holds when one
compares the observed and theoretically predicted WC/WN
number ratio in regions where star formation is continuous in
time (Vanbeveren 2001). Notice that in a number of studies
published in the past (e.g. Massey 1999) the observed variation
as a function of metallicity of the WC/WN ratio was attributed
to the Z-dependency of the stellar wind mass loss rate during
the RSG. However, since binary components rarely experience
a RSG phase, this interpretation is valid ONLY if binaries can
be completely neglected. The latter is questionable especially
if one considers the fact that in the SMC many WR stars are
close binary members (Foellmi & Moffat 2001, 2003).

6. Overall conclusions

In the present paper we have investigated in detail the effects of
binaries on the theoretical simulation of the spectral synthesis
of starbursts, with special emphasis on the WR features. We
conclude:

– Binaries play a very significant role in the simulations
of WR galaxies that calculate W(Hβ), intensity ratios
I(nebular He II λ4686)/I(Hβ), I(blue bump)/I(Hβ), and
I(red bump)/I(Hβ); the binary processes which are domi-
nant are the Roche lobe overflow, the mass transfer effi-
ciency, and the merger rate.

– The results for the I(nebular He II λ4686)/I(Hβ) ratio
are dominated by the uncertainty in the Rcore of theo-
retical WR atmospheres which is directly related to the
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Fig. 9. The predicted evolution of I(red WR bump)/I(Hβ) as a function of W(Hβ) for some of the models of Table 2. The lines have the same
meaning as in Fig. 6.

uncertainty in the structure of the subsonic velocity region
of the WR wind.

– The theoretical simulations of low metallicity starbursts
critically depend on whether or not the WR mass loss rate
formalism is metallicity-dependent. The observations are
best reproduced by a model with a significant number of
interacting binaries and a metallicity-dependent WR wind.

– Overall: theoretical simulation is able to reproduce qualita-
tively the spectral observations of starbursts and we are get-
ting closer to a more realistic model with promising results.

Acknowledgements. We thank the unknown referee for the very valu-
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Appendix A: The CHeB evolution of massive stars

The evolution of the WR spectral features in starbursts criti-
cally depends on the WR mass loss rates and their effects on
massive star evolution. As noted in Sect. 2.1.3, since 1997 we
use evolutionary models in which the WR mass loss rates obey
Eq. (1). As illustrated in Fig. A.1, the final mass prior to core
collapse in our computations is much larger compared to pre-
1997 evolutionary tracks published by different research teams.
With our preferred WR mass loss rate formalism, Galactic stars
with initial mass between 40 M� and 100 M� end their life with
a mass between 10 M� and 20 M� corresponding to CO cores
with a mass between 5 M� and 15 M�. These results are par-
ticularly important when considering the observed masses of
black hole candidates in X-ray binaries. Figure A.1 also shows
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Fig. A.1. The pre-supernova mass of our models as a func-
tion of their initial mass. The dashed line corresponds to pri-
maries of case B binaries at Z = 0.001 whose WR mass
loss rate ∝ √Z. The full thin line corresponds to Z = 0.001
models computed using the same WR mass loss rates as at
Z = 0.02. The full thick line holds for primaries of case B
binaries at Z = 0.02. The grey dashed line is for single stars
at Z = 0.02 (note that we assume that case Br primaries with
initial mass ≥ 40 M� evolve according to the LBV scenario
summarized in Sect. 2).
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Fig. A.2. The WNL, WNE, WC and WR lifetime as a function of the initial mass for a) primaries of case B binaries at Z = 0.001 with a WR
mass loss rate ∝ √Z, b) primaries of case B binaries at Z = 0.001 using solar metallicity WR mass loss rates, c) primaries of case B binaries
at Z = 0.02, d) single stars at Z = 0.02 (note that for initial masses ≥40 M�, the single star WR lifetimes equal those of binaries due to the
adopted LBV scenario. The minimum WR mass is 5 M�).

the final masses of massive stars in the SMC (i.e. ZSMC =

0.1 Z�), assuming that the WR mass loss rate is metallicity-
dependent (∝√Z). Notice that, compared to objects at solar
metallicity, the masses of the black hole components in X-ray
binaries in low metallicity regions could be considerably larger.

Figures A.2 and A.3 focuse on the lifetimes of primaries and
single stars spent as a WNL, WNE, and WC star. Notice that the
lifetimes depend critically on the adopted minimum WR mass,
the metallicity, as well as on the metallicity-dependence of the
WR mass loss rate.
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Fig. A.3. as Fig. A.2 but using a minimum WR mass of 8 M�.
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