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Abstract. Clumping-corrected mass-loss rates of 64 Galactic
Wolf–Rayet (WR) stars are used to study the dependence of
mass-loss rates, momentum transfer efficiencies and terminal
velocities on the basic stellar parameters and chemical compo-
sition. The luminosities of the WR stars have been determined
either directly from the masses, using the dependence ofL on
mass predicted by stellar evolution theory, or they were deter-
mined from the absolute visual magnitudes and the bolometric
corrections. For this purpose we improved the relation between
the bolometric correction and the spectral subclass.

(1) The momentum transfer efficienciesη (i.e. the ratio between
the wind momentum loss and radiative momentum loss)
of WR stars are found to lie in the range of 1.4 to 17.6,
with the mean value of 6.2 for the 64 program stars. Such
values can probably be explained by radiative driving due
to multiple scattering of photons in a WR wind with an
ionization stratification. However, there may be a problem
in explaining the driving at low velocities.

(2) We derived the linear regression relations for the depen-
dence of the terminal velocity, the momentum transfer effi-
ciency and the mass-loss rates on luminosity and chemical
composition. We found a tight relation between the terminal
velocity of the wind and the parameters of the hydrostatic
core. This relation enables the determination of the mass
of the WR stars from their observed terminal velocities and
chemical composition with an accuracy of about 0.1 dex for
WN and WC stars. Using evolutionary models of WR stars,
the luminosity can then be determined with an accuracy of
0.25 dex or better.

(3) We found that the mass-loss rates (Ṁ ) of WR stars depend
strongly on luminosity and also quite strongly on chemical
composition. For the combined sample of WN and WC stars
we found thatṀ in M� yr−1 can be expressed as

Ṁ ' 1.0 × 10−11 (L/L�)1.29 Y 1.7 Z0.5 (1)

with an uncertainty ofσ = 0.19 dex
(4) The new mass-loss rates are significantly smaller than

adopted in evolutionary calculations, by about 0.2 to
0.6 dex, depending on the composition and on the evolu-
tionary calculations. For H-rich WN stars the new mass-loss
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rates are 0.3 dex smaller than adopted in the evolutionary
calculations of Meynet et al. (1994).

(5) The lower mass-loss rates, derived in this paper compared to
previously adopted values, facilitate the formation of black
holes as end points of the evolution of massive stars. How-
ever they might create a problem in explaining the observed
WN/WC ratios, unless rotational mixing or mass-loss due
to eruptions is important.

Key words: stars: atmospheres – stars: mass-loss – stars:
emission-line, Be – stars: evolution – stars: Wolf-Rayet

1. Introduction

In this paper we study the dependence of mass-loss rates from
Wolf–Rayet stars (WR stars) on the stellar parameters and on
the chemical composition, using improved mass-loss rates and
improved stellar parameters.

Wolf–Rayet stars are commonly believed to be evolved hot
massive stars which have almost reached the end of their nuclear
burning phase (Conti 1976, Maeder 1983, Lamers et al. 1991).
Their formation depends strongly on the mass lost by the star
in the previous evolutionary phases.

It is known that the stellar mass-loss rates of hot stars de-
pend strongly on luminosityL. Several authors have tried to
determine this dependence, e.g. de Jager et al. (1988), Nugis
(1989), Lamers & Leitherer (1993) and Lamers et al. (2000a).
Most authors describe the mass-loss rates as a function of the
stellar parameters. Nugis (1989) also included the abundances
and found a general mass-loss rate formula whereṀ scales as
Y 2.5Z1.0 whereY andZ are the mass fractions of helium and
the heavier elements respectively. Recently Vink et al. (2000a)
has calculated theoretical mass-loss rates of O and B stars and
showed that they agree very well with the observations. They
describe a recipe for the calculations ofṀ as a function ofL,
M andTeff .

The mass-loss rate from WR stars is higher than the rates
for O-stars of the same luminosities. The winds are thought to
be driven by radiation pressure. In that case the efficiency of the
momentum transfer from the radiation to the gas is expressed
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in the momentum transfer efficiency (also called “wind perfor-
mance number”)η defined as

η ≡
Ṁv∞

L/c
. (2)

For WR stars the value ofη is significantly larger than unity, viz.
1 < η < 70 for WN stars (Hamann & Koesterke 1998a) and
10 < η < 170 for WC stars (Koesterke & Hamann 1995). Val-
ues ofη >> 1 require a very efficient momentum transfer with
multiple scatterings. At present it is not clear which elements or
ions could be responsible for such an efficient momentum trans-
fer (Owocki & Gayley 1999). This has been a serious problem
over many years.

In a recent paper Nugis et al. (1998) showed that the slope
of the infrared and radio spectrum indicates that the wind is
clumped with a distance dependent clumping factor (enhance-
ment factor) being about 10–30 in the effective IR emission
zone and of the order of unity in the radio emission zone. If
this clumping is taken into account, the mass-loss rates of WR
stars derived from the IR fluxes are reduced by about a factor
3 to 5. Similar or somewhat lower reductions of the mass-loss
rates are expected if they are determined from the line luminos-
ity. Schmutz (1997), Hamann & Koesterke (1998b), Koesterke
et al. (1999), Crowther et al. (1999), Hillier & Miller (1999),
Dessart et al. (2000) and De Marco et al. (2000) have reanalyzed
the mass loss determinations from the strength of emission lines,
taking clumping into account, and confirmed the reduction in
mass loss by a factor of about two for WN stars and by somewhat
higher factor for WC stars. The resulting wind momentum loss
is still significantly higher than the radiative momentum loss.

Because of this momentum problem, Cassinelli (1991) pro-
posed that the winds of WR stars are driven by magnetic effects,
such as the fast magnetic rotator model. This model requires
magnetic fields of order kiloGauss, which seem to be exces-
sive if their presence is needed for the majority of WR stars.
The model also predicts non-spherical winds, which in at least
a few cases have indeed been confirmed by polarization mea-
surements (Schulte-Ladbeck 1995).

The determination of realistic momentum transfer efficiency
η requires reliable estimates of the luminosity of WR stars and
this is one of the main tasks of the present paper. To this purpose
we derive the stellar parameters of 34 WN and 30 WC stars.
The other purpose of the present investigation is to derive the
empirical dependence of mass-loss rates of WR stars on their
stellar parameters. The results can be used to understand the
mass-loss mechanism of WR stars.

Knowledge of the true mass-loss rates of WR stars is not only
important for understanding the mass-loss mechanism, but also
for the prediction of the final stages of evolution (final fate). With
the high mass-loss rates that have been used in previous studies
(i.e. without correction for clumping) it was found that the WR
stars loose too much mass during the WR phase to form black
holes as their end products. Wellstein & Langer (1999) found
that with a reduction of the previously used mass-loss rates of
WR stars by a factor 2 to 3 times it is possible to form black
holes. In this context we would like to point out that although

corrections due to clumping indeed reduce the WR mass-loss
rates on the average by a factor 3, the final fate of the star still
remains in many cases unclear. This is because observations
show that some WR stars have passed through short-lived shell-
ejection (superwind) phases during which a significant amount
of mass has been lost (Marston 1999).

Our sample of Galactic WR stars contains all stars with well
determined stellar and mass-loss parameters. The total number
of Galactic WR stars studied by us is 64 which makes up about
29% from the total number of 218 WR stars discovered so far
(van der Hucht 1999). Our sample consists of the stars studied
by Nugis et al. (1998) (except of WR 98, WR 110 and WR 145
with atypical spectral type) and of all the remaining WR stars
with known distances and/or masses.

In Sect. 2 we describe the determination of the stellar param-
eters for stars with known distances and masses. This results in
a new calibration of bolometric correction (BC) versus spectral
type. This is based on the mass-luminosity relation of WR stars
predicted by stellar evolution theory. In Sect. 3 we apply this
BC-calibration to WR stars with known distances to derive the
luminosity from the apparent visual magnitude, and the mass
from the theoretical mass-luminosity relation. Sect. 4 gives a de-
scription of the chemical abundances of the program stars and
in Sect. 5 we describe their temperatures and radii. In Sect. 6
we discuss the mass-loss rates and the terminal velocities of
the winds. We then describe the dependence ofv∞ andη on
the stellar parameters and composition in Sect. 7 and Sect. 8.
In Sect. 9 we derive the empirical relations between the mass-
loss rates and the stellar parameters and composition for WN
stars and WC stars. Our mass-loss rates are compared with those
used in evolutionary calculations in Sect. 10. The discussion and
conclusions are in Sect. 11.

2. The program WR stars

Our sample of program stars contains 64 well observed WR stars
for which distances are reasonably well known (from member-
ship of associations or open clusters) or can be found by other
methods. For 44 of program stars the mass has also been deter-
mined. These are the primary stars for this study. In this section
we discuss the distances and masses of these 44 WR stars. We
use this sample to derive an empirical relation between Bolo-
metric Correction (BC) and spectral type, which we will use
later for the secondary sample of stars with unknown masses to
derive their luminosity.

The WN and WC stars with known mass and distance are
listed in Table 2. Column 1 gives the number in the Sixth cata-
logue of WR stars (van der Hucht et al. 1981, 1988). The spectral
types are from Smith et al. (1996) for WN stars and Smith et al.
(1990) for WC stars.

2.1. The distances of the primary program WR stars

The distances of the primary program stars are derived by
two methods: from membership of associations or clusters, or
from the photometricMV versus spectral type calibration. The
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method for the determination of the distanced is indicated in
the Table 2.

2.1.1. Distances from association or cluster membership

In total 31 out of 44 primary program stars are members of as-
sociations or open clusters. The distances of the stars in open
clusters or associations have been adopted mainly from the com-
pilation by van der Hucht et al. (1988). Only for WR 78, WR 79,
WR 95 and WR 133 the improved distances from the study of
Smith et al. (1994) have been used. For three program stars (WR
11, WR 47 and WR 139), the membership of cluster/association
is not confirmed, or the distance of cluster/association is strongly
different from the commonly accepted value. For these three
stars new distances have been derived by other methods as de-
scribed in Nugis et al. (1998).

2.1.2. Distances derived from theMV calibration

For stars which are not known to be the members of an open
cluster or association, we used the mean absolute visual mag-
nitudes of the spectral subtype of the WR star, or the com-
panion O-star, with the exception of WR 6 whose distance has
been obtained from the strength of interstellar lines (Howarth
& Schmutz 1995).

Throughout the present paper we are using monochro-
matic (line-free) narrow band photometric magnitudesvm (λ ≈
5160 Å) andbm (λ ≈ 4270 Å) which are taken from the papers
of Torres-Dodgen& Massey (1988) and Massey (1984). If for
some stars the monochromatic magnitude was not measured in
these papers, thenvm was derived through the synthetic mag-
nitudesvS of Smith (1968) by using the mean differences be-
tweenvm andvs for the subtype as derived by Torres-Dodgen
& Massey (1988). Herevs is the synthetic visual magnitude
measured by Torres-Dodgen& Massey. To transform the obser-
vations by L. F. Smith into the Torres-Dodgen& Massey system
we used the corrections:vs=vS − 0.04 for WN stars (Schmutz
& Vacca 1991) andvs=vS − 0.06 for WC stars (our estimate).

The distance for some stars was found through the absolute
visual magnitude from the relationship

Mv = vm − 10 − 5 log d − Av − 2.5 log lv, (3)

whered is distance in kpc,Av is interstellar extinction in thev-
band in magnitudes andlv is the fraction of the total light emitted
in thev-band by the studied star. For single starslv = 1. In the
case of binarieslWv is the fraction of the total light emitted by
the WR component andlOv = 1 − lWv is the fraction emitted by
the O component in thev-band.

Av can be expressed through the broad band Johnson system
colour excessEB−V . We adoptedAv/EB−V = 3.42. This
value is obtained as the mean derived from the extinction curves
Aλ/EB−V of Sapar & Kuusik (1978) and Seaton (1979) and
from the mean relative interstellar absorption laws in the optical
range derived by Ardeberg & Virdefors (1982) and Krelowski
et al. (1986). In the latter casesA(1/λ(µm) = 1.82)/EB−V =
3.1 was adopted. We remind that Turner (1982) and Lundström

Table 1.Mean intrinsic colours and absolute visual magnitudes. Colons
indicate that the result is based on only one star.

Subclass (b − v)0 〈Mv〉

WN 2 −0.35: −2.8:
WN 3 −0.35 −3.6
WN 4 −0.25 −3.7
WN 4b −0.15 −4.5
WN 5 −0.25 −4.2
WN 6 −0.20 −5.4
WN 6b −0.10 −5.4
WN 7–8 −0.20 −6.4
WN 9 −0.15 −6.4

WC 4 −0.32: −3.0:
WC 5–6 −0.32 −3.7
WC 7–8 −0.30 −4.8
WC 9 −0.25 −4.8

& Stenholm (1984) derived nearly the same value for this ratio
(Av/EB−V ≈ 3.4).

The colour excessesEB−V of WR stars have determined in
the paper of Nugis et al. (1998). For those WR stars which were
not studied by Nugis et al., we used the same method as in that
paper. This means thatEB−V was taken from the mean of (i)
the literature values obtained by nulling theλ2175 interstellar
feature, and (ii) intrinsic colours. The adopted relationship be-
tweenEB−V andEb−v as well as the intrinsic colours(b− v)0
as function of subtype are the same as used by Nugis et al.
(1998).

The intrinsic colours(b − v)0 for different subclasses were
derived in the paper of Nugis & Niedzielski (1995) from the
stars with well determinedEB−V from the nulling theλ2175
interstellar feature. The intrinsic colours for WN stars have been
redetermined using new spectral subtypes (Smith et al. 1996)
and they are presented in Table 1. In that table we also present
the adopted mean absolute visual magnitudes of different WR
subtypes. The mean absolute visual magnitudes for WC stars
were adopted from van der Hucht et al. (1988). For WN3 and
WN4 stars we used the mean absolute visual magnitudes of
LMC stars derived by Torres-Dodgen & Massey (1988). For
other WN stars we derived the mean absolute visual magnitudes
by using the following Galactic WN stars:

WN2 – WR 2;
WN4b – WR 1, WR 6;
WN5 – WR 133, WR 138, WR 139, WR 141, WR 157;
WN6/6b – WR 24, WR 25, WR 67, WR 115, WR 134, WR 136,
WR 153, WR 155;
WN7–9 – WR 22, WR 78, WR 105.

To find the absolute visual magnitudes of WR components
in the binary systems, we need to know the fractions of the
total light emitted by the WR component in thev-band. The
method for finding the fractionslWv is described in the paper
of Nugis et al. (1998). The details of the determination of these
fractions for the stars not studied in that paper are presented in
the Appendix B. The absolute visual magnitudes of different O
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subtypes have been adopted from Vacca et al. (1996) with the
correctionMv − MV = 0.1 according to Turner (1982), where
MV is the absolute visual magnitude in the Johnson system.

2.2. The masses of the WR stars

2.2.1. The masses of WR binaries

The masses of WR stars in spectroscopic binary systems can
be derived from their orbital parameters. Our list of program
stars contains 21 WR stars with a mass determination from a
spectroscopic orbit. These stars are listed in Table 2 with the
reference indicated and the data in Appendix A. For WR stars
in binaries with more than one reliable determination of the
orbit and the mass, we have adopted the mean value from the
different authors and indicate the uncertainty range.

2.2.2. The masses of single WR stars from the cluster age

The mass of single WR stars cannot be determined directly.
However, if the WR star is a member of a cluster or association
with a well determined age, the mass can be derived from evolu-
tionary calculations. The mass, or rather the mass limits, can be
derived from evolutionary tracks, using the age and the WR type
(WN, WC or WO) to indicate the mass limits. This method has
been applied by Smith et al. (1994) who used the evolutionary
tracks of Meynet et al. (1994). The uncertainty in the mass of
the WR stars derived from the cluster age is typically 0.4 dex,
whereas the masses derived from the ages of associations is typ-
ically 0.4 to 0.7 dex (Smith et al. 1994). We adopted the mean
value between the upper and lower limits derived by Smith et
al. (1994). The masses and the uncertainties are indicated in
Table 2.

2.3. The luminosities

For this study of the dependence of mass-loss on the stellar
parameters we need the luminosities of WR stars. For asso-
ciation or cluster members the luminosity is derived from the
known distance. For stars which are not cluster members but
with a known mass, listed in Table 2, we use the mass luminos-
ity relation predicted by stellar evolution. (This is not a circular
method, because the evolutionary masses depend only on the
age of the cluster or association and the spectral type and not
on the luminosity of the WR star).

Schaerer & Maeder (1992) found for WNE/WC stars the
relationship:

log
L

L�

= 3.032 + 2.695 log
M

M�

− 0.461

(

log
M

M�

)2

. (4)

We adopted this formula, rather than the ones by Langer
(1989a), because it based on improved evolutionary calcu-
lations. Using the Eq. (4) we can determine the luminosity,
log L/L�, from the adopted mass. For massive WNL stars this
formula may lead to wrong results. Smith et al. (1994) estimated
that for massive WNL stars the luminosities may be overesti-

mated up to 0.5 inlog L. Following these suggestions, we es-
timated from the evolutionary models of Meynet et al. (1994)
that for WN stars withM ≥ 40M� and with hydrogen still
present in their atmospheres the luminosities are about 0.25 dex
smaller as compared to the Eq. (4). Thus we used for WR stars
the following relationship between luminosity and mass:

log
L

L�

= CM + 2.695 log
M

M�

− 0.461

(

log
M

M�

)2

, (5)

whereCM = 3.032 if M < 40M� or NH/NHe ≤ 1, and
CM = 2.782 if M ≥ 40M� andNH/NHe > 1.

The resulting luminosites for stars with known mass are
listed in Table 2, Column 8.

2.4. The bolometric corrections

The stars with known luminosity, either from the cluster or as-
sociation distance or from their mass, listed in Table 2, can be
used to derive a bolometric correction (BC) scale that will be
adopted below to derive the luminosities of stars with known
distance but with unknown mass.

The BC of the stars are derived fromL and MV in the
usual way:log L/L� = −0.4(MV + BC − M�

BOL), where
M�

BOL = +4.74 (Bessell et al. 1998) is the bolometric magi-
tude of the Sun. In the case of WR stars we use monochromatic
apparent magnitudes (vm) and respective narrow-band visual
absolute visual magnitudesMv (Eq. (3)) as explained in previ-
ous subsections. We will use in the present paper bolometric
correctionsBCv which correspond to the use of absolute visual
magnitudesMv. The narrow bandvm magnitudes differ from
those in the Johnson system by

Mv − MV = vm − V = BCv − BC = 0.1 (6)

(Turner 1982; van der Hucht et al. 1988), whereBC is the
bolometric correction in the Johnson system.

The values ofMv derived from the use of the Eq. (3) are
listed in Table 2 Column 7. The resulting bolometric corrections
are listed in Table 2, Column 9.

2.5. The bolometric correction scale

We derived the mean values ofBCv for different subclasses
as the weighted means of the values in Table 2. The weights
adopted for the stars are

– weight 5: the mass is determined from the binary solution with
an uncertainty ofM being less than 15% and with a well known
distance
– weight 4: the mass is determined from the binary solution with
an uncertainty ofM being in the limits 15–30%
– weight 3: the mass is determined either from the mass ratio of
the binary with well determined spectral type of the OB compo-
nent and the mass of that component is adopted from the spectral
typeM relation by Vacca et al. (1996) or it is estimated from
the cluster age study by Smith et al. (1994) with the maximum
and minimum values ofM given by Smith et al. differing by
less than a factor 2
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Table 2.Primary program stars: WR stars with well determined mass and distance

.

WR Spectral Type MWR Ref d EB−V Mv log L BCv NH/NHe NZ/NHe

Type (M�) (kpc) (L�)

2 WN 2b 10: 1 2.51a 0.62 -2.79 5.27: -5.64: 0.0 0.0043
127 WN 3b+O 9.5V 10.8: 2 4.37a 0.50 -3.20 5.33: -5.37: 0.0: 0.0043

1 WN 4b 10: 1 2.63a 0.85 -4.47 5.27: -4.00: 0.1: 0.0044
31 WN 4+O 8V 13.6: 2 4.65b 0.71 -3.73 5.50: -5.27: 0.0 0.0043
51 WN 4 10: 1 3.60a 1.66 -3.74 5.27: -4.69: 0.0 0.0043

151 WN 4+O 5V 25: 2 6.75b 1.21 -3.81 5.90: -5.20: 0.0 0.0043
10 WN 5+(A) 18: 1 4.57a 0.59 -3.98 5.69: -5.50: 0.0: 0.0043
21 WN 5+O4-6 12±2 2 4.26b 0.69 -4.18 5.40 -4.59 0.0: 0.0043
97 WN 5b+O 7 9: 2 3.14b 1.18 -4.06 5.18: -4.16 0.0: 0.0043

133 WN 5+O 9I 10:: 2 1.66a 0.38 -3.40 5.27:: -5.03:: 0.0: 0.0043
138 WN 5+B? 15:: 1 1.82a 0.65 -4.45 5.56:: -4.72:: 0.8: 0.0051
139 WN 5+O 6V 9.3±0.5 2 1.13c 0.88 -4.04 5.21 -4.24 0.2: 0.0045
141 WN 5+OB 24:: 2 1.82a 1.14 -4.67 5.87:: -5.27: 0.0: 0.0043
157 WN 5+(B1II) 10: 1 3.39a 0.78 -4.39 5.26: -4.04: 0.0: 0.0043
47 WN 6+O 5V 48±9 2 4.30d 1.22 -5.75 6.01 -4.54 0.2: 0.0045
67 WN 6 11.5: 1 3.63a 1.34 -5.22 5.37: -3.47: 0.0: 0.0043

115 WN 6 12:: 1 2.19a 1.61 -4.86 5.40: -3.91:: 0.0: 0.0043
134 WN 6b 12:: 1 2.09a 0.46 -4.93 5.40: -3.84:: 0.2: 0.0045
136 WN 6b 20: 1 1.82a 0.54 -5.51 5.76: -4.15: 0.54 0.0048
153 WN 6/(CE?)+O6I: 14 2 3.47a 0.65 -4.74 5.52 -4.31 0.1: 0.0044
155 WN 6+O 9: 16.7±3.0 2 3.47a 0.66 -5.36 5.64 -4.00 0.24 0.0045
22 WN 7+OB 55.3±7.3 2 2.63a 0.32 -6.63 6.08: -3.83: 3.2 0.0077
78 WN 7 16.4: 1 1.58a 0.51 -6.12 5.63: -3.20: 0.4 0.0047

105 WN 9 23:: 1 1.58a 2.46 -6.49 5.60:: -2.76:: 2.3 0.0070

142 WO 2 8: 1 0.95a 1.87: -2.33: 5.09: -5.66: 0.0 0.60
30a WC 4/WO 4+O 4 10.3: 2 7.46b 1.37 -3.00 5.29: -5.48: 0.0 0.44

9 WC 5+O 7 17.2: 2 2.06b 1.46 -4.58 5.66: -4.83: 0.0 0.44
111 WC 5 12:: 1 1.58a 0.30 -3.61 5.40: -5.16:: 0.0 0.50
114 WC 5 10:: 1 2.19a 1.44 -3.54 5.27:: -4.89:: 0.0 0.26
23 WC 6 11:: 1 2.63a 0.44 -3.69 5.34:: -4.92:: 0.0 0.33
30 WC 6+O 6-8 17.7: 2 9.48b 0.69 -4.54 5.68: -4.91: 0.0 0.32
48 WC 6+O 9.5I <11.5 1 2.40a 0.35 -4.28 〈5.37 〉-4.41 0.0 0.32

154 WC 6 8: 1 3.47a 0.76 -3.61 5.09: -4.38: 0.0 0.27
42 WC 7+O 7V 12±3 2 3.02b 0.37 -4.16 5.40 -4.61 0.0 0.32
50 WC 7+abs <5.1 1 3.60a 1.24 -4.31 〈4.71 〉-2.72 0.0 0.40
79 WC 7+O 5-8 13.9: 2 1.58a 0.48 -4.80 5.51: -4.24: 0.0 0.32
93 WC 7+O 7-9 <8 1 1.74a 1.82 -5.09 〈5.09 〉-2.90 0.0 0.32

137 WC 7+OB <17 1 1.82a 0.66 -4.80 〈5.65 〉-4.59 0.0 0.32
140 WC 7+O 4-5 23.1: 2 1.21b 0.84 -5.32 5.85: -4.56: 0.0 0.32
11 WC 8+O 8-9III 7±2 2 0.26e 0.03 -3.65 4.98 -4.06 0.0 0.18

113 WC 8+O 8-9IV 13±2 2 2.00a 1.02 -4.76 5.46 -4.16 0.0 0.22
135 WC 8 11:: 1 2.09a 0.38 -4.40 5.34:: -4.21: 0.0 0.16
70 WC 9+B 0I 9.8: 2 3.25f 1.29 -4.80 5.25: 3.59: 0.0 0.22
95 WC 9 8: 1 2.09a 2.15 -4.57 5.09: 3.42: 0.0 0.22

Notes: MWR: a single colon gives uncertain value, uncertainty< 30%
MWR: a double colon gives uncertain value, uncertainty> 30%
Sources
MWR: 1 from association age (Smith et al. 1994);2 from binary. For details see Appendix A
a star is a member of association or cluster;b from Mv of the O-type companion
c from L of the O6 V component (Nugis et al. 1998);d from Mv of both companions
de from parallax measurement;f from Mv of WR-companion

– weight 2: the mass is determined either from the mass ratio for
the binary with uncertain spectral type of the OB component and

the mass of that component is adopted from the spectral typeM
relation by Vacca et al. (1996) or the mass is from the cluster or
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Fig. 1.The dependence of bolometric correctionBCv on spectral sub-
type for WN and WC stars. Filled dots are our data and open dots are
the values obtained from the spectroscopic analyses of WN (Hamann
& Koesterke 1998a) and WC stars (Koesterke & Hamann 1995).

association age study by Smith et al. (1994) with the maximum
and minimum values ofM differing by a factor between 2 and
3
– weight 1: the mass is determined from the cluster or associ-
ation age study by Smith et al. (1994) with the maximum and
minimum values ofM differing by a factor between 3 and 10
– weight 0: the mass is determined from the the cluster or as-
sociation age study by Smith et al. (1994) but the estimated
maximium and minimum limits of mass differ more than 10. If
the distance is not reliably determined, i.e. it is estimated from
the adopted value ofMv, then the weight of the individualBCv

estimate is reduced by one.

The resulting mean values ofBCv as a function of subtype
are presented in Table 3. TheseBCv differ somewhat from the
results obtained by the Smith et al. (1994) who used practically
the same method. These differences are mainly due to differ-
ences in spectroscopic masses and absolute visual magnitudes
for some stars. We give for comparison the relation derived by
Hamann & Koesterke (1998a) and Koesterke & Hamann (1995)
from the spectroscopic analysis of the WR spectra, using stan-
dard non-LTE WR models. The comparison is plotted versus
subtype in Fig. 1.

The meanBCv values obtained from the spectroscopic anal-
yses of WN stars do not differ much from the values obtained
by us, but for some WC stars the two values ofBCv differ
quite substantially. These differences are due to the neglect of
clumping and metals (line blanketing and line blocking) in pre-
vious versions of standard models which lead to the underes-
timated luminosities in the standard models for some spectral
subtypes (Hillier 1996, Schmutz 1997, Schmutz & De Marco
1999, Hillier & Miller 1999, Dessart et al. 2000).

3. Other program stars

Using the Bolometric Correction scale derived from the stars
with known mass and luminosity in the previous section, we

Table 3.The meanBCv for different sybtypes.

Subtype BCv BCv

this study spectroscopic

WN 2 −5.64 (1) −5.45 (1)
WN 3 −5.37 (1) −5.83 (3)
WN 4 −4.72 (4) −4.87 (10)
WN 5 −4.59 (8) −4.39 (12)
WN 6 −4.07 (7) −3.72 (10)
WN 7 −3.65 (2) −3.24 (12)
WN 8–9 −3.3: −2.98 (13)

WO 2 −5.66 (1)
WC 4 −5.48 (1)
WC 5 −4.92 (3) −4.00:(9)
WC 6 −4.65 (4) −4.10 (10)
WC 7 −4.17 (6) −3.95 (5)
WC 8 −4.12 (3) −3.80 (1)
WC 9 −3.47 (2)

The number of stars used in deriving the mean values is given in paren-
theses. The uncertain data are followed by colons.

can now use this scale to determine the luminosities of the other
well studied stars with unknown mass. These stars are listed
in Table 4. The table lists the spectral types and the apparent
monochromatic magnitude at 5160Å (vm). In case of a binary
system, the listed value refers to the whole system. The dis-
tances are derived by different methods, as indicated. The val-
ues ofEB−V are from Nugis et al. (1998). For the stars which
were not studied in that paper we foundEB−V by the method
explained in Sect. 2. Column 6 gives the fraction of the visual
light that is emitted by the WR component. In case of a binary,
this fraction can be less than 1.0. The details of determination
of these fractions for the studied stars are given in Appendix
B. Column 7 gives the resulting absolute visual monochromatic
magnitude of the WR stars. The values ofBCv are from Table 3.
Column 9 gives the resulting luminosity. The masses, derived
from L by means of Eq. (4), are listed in Column 10.

4. The chemical composition of the program stars

4.1. The He/H ratio

The ratios ofNHe/NH for WN stars were derived by taking
into account the clumped structure of their winds (Nugis &
Niedzielski 1995, Nugis et al. 1998). These estimates were ob-
tained from comparisons of the observed line fluxes of He II,
HeI and H I lines with theoretical line fluxes found by summing
up the contributions from different layers of the clumped wind
model. In these estimates only those lines have been used which
are not blended with lines of other elements.

4.2. The chemical composition: Y and Z

The chemical composition, described byY andZ, of the WN
stars has been derived by the following scheme. The observed
composition of the atmosphere (wind) is assumed to be a mix-
ture of unprocessed matter and of CNO-cycle processed mate-
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Table 4.Secondary program stars

WR Sp. Type vm d EB−V lWv Mv BCv log L MWR NH/NHe NZ/NHe

(kpc) L� M�

6 WN 4b 6.96 1.80g 0.06 1.0 -4.52 -4.72 5.59 16 0.2: 0.0045
24 WN 6 6.50 2.63a 0.18 1.0 -6.22 -4.07 6.01 48 2.4 0.0068
25 WN 6 8.18 2.63a 0.73 1.0 -6.42 -4.07 6.09 57 3.8 0.0083
87 WN 7+abs 12.6 2.88a 2.10 0.64 -6.40 -3.65 5.92 40 2.7 0.0071
16 WN 8 8.52 3.93f 0.57 1.0 -6.40 -3.3 5.78 21 1.8 0.0062
40 WN 8 7.87 3.57f 0.44 1.0 -6.40 -3.3 5.78 21 0.8 0.0051
89 WN 8+abs 11.55 2.88a 1.72 0.81 -6.40 -3.3 5.78 21 1.0 0.0053

124 WN 8 11.60 6.4f 1.16 1.0 -6.40 -3.3 5.78 21 1.9 0.0063
147 WN 8+OB 14.89 0.72f 3.65 0.65 -6.40 -3.3 5.78 21 0.1 0.0044
148 WN 8+abs 10.46 8.90f 0.75 0.66 -6.40 -3.3 5.78 21 0.6 0.0049

144 WC 4 15.45 1.12f 2.40 1.0 -3.00 -5.48 5.29 10 0.0 0.44
15 WC 6 11.85 1.44f 1.39 1.0 -3.70 -4.65 5.24 10 0.0 0.16

146 WC 6+O 13.91 0.70f 2.80 0.33 -3.70 -4.65 5.24 10 0.0 0.10
14 WC 7 9.56 2.00a 0.62 1.0 -4.07 -4.17 5.19 9 0.0 0.16
86 WC 7+B0I 9.72 2.16f 0.99 0.61 -4.80 -4.17 5.48 13 0.0 0.60
65 WC 9 14.61 2.13f 2.27 1.0 -4.80 -3.47 5.20 9 0.0 0.22
81 WC 9 12.99 2.23f 1.77 1.0 -4.80 -3.47 5.20 9 0.0 0.22

103 WC 9 9.18 2.94f 0.48 1.0 -4.80 -3.47 5.20 9 0.0 0.22
104 WC 9+abs 13.6 1.58a 2.05 1.0 -4.40 -3.47 5.04 8 0.0 0.22
112 WC 9 19.1 1.30f 3.90 1.0 -4.80 -3.47 5.20 9 0.0 0.22

a star is a member of association or cluster;
f from Mv of WR-companion;
g from IS absorption line strength.

rial. Unprocessed matter is assumed to have solar composition:
Y = 0.246, Z = 0.018, X = 0.736 (NHe/NH = 0.0836,
NZ/NHe = 0.00142, AZ ≈ 17). The mass fractionY� fol-
lows from helioseismology (Basu & Antia 1995) andZ� is
derived from the solar ratioZ/X = 0.0244 (Grevesse et al.
1996). Such a composition agrees well with modern evolution-
ary models for the Sun (Elliot 1998). The CNO-cycle processed
gas of original solar composition has a composition:Y = 0.983,
Z = 0.0172, X = 0.0. The mass fractionx of CNO processed
hydrogen atoms of WN stars (the number-fraction of H-atoms
transformed into helium) can be found from the observed ratio
of NHe/NH

x =
NHe/NH − [NHe/NH ]�

NHe/NH + 0.25
. (7)

For a given fractionx of the processed material the mass frac-
tionsY andZ are obtained from the formulae:

Y =
4(x/4 + [NHe/NH ]�)

1 − x + 4(x/4 + [NHe/NH ]�) + [NZ/NH ]�AZ
, (8)

Z =
[NZ/NH ]�AZ

1 − x + 4(x/4 + [NHe/NH ]�) + [NZ/NH ]�AZ
. (9)

The chemical parametersY and Z of WC stars have
been derived by assuming that their observed composi-
tions are due to partial He–burning of fully CNO-cycle
processed matter with depleted14N due to reaction chain

14N(α, γ)18F(β+)18O(α, γ)22Ne. The mass fractionsY and
Z are found from the observed number ratiosNC/NHe and
NO/NHe as follows:

Y =
4

4 + 12NC/NHe + 16NO/NHe + 0.1
(10)

and

Z = 1 − Y. (11)

For the WC stars with C and O abundances derived from
detailed atmospheric modeling we adopted the individual de-
terminations of the ratiosNC/NHe andNO/NHe. This applies
to the stars: WR 111 (Hillier & Miller 1999), WR 135, WR 146
(Dessart et al. 2000), WR 11 (De Marco et al. 2000), WR 14, WR
15, WR 23, WR 50, WR 86, WR 114 and WR 154 (Koesterke
& Hamann 1995). For the other stars we used the mean values
for the subtype which have been derived as the weighted means
of different estimates. The weights were taken to be 1 for the
stars with the estimates obtained by simple atmospheric models
and recombination-type models (Torres 1988, Smith & Hum-
mer 1988, Eenens & Williams 1992, Nugis 1991); the weights
were taken to be 2 for the estimates of Koesterke & Hamann
(1995) and the weights were taken to be 4 for the most correct
estimates obtained by using the clumped wind models (Hillier
& Miller 1999, Dessart et al. 2000 and De Marco et al. 2000).

The mean ratiosNC/NHe for the subtypes were found to
be: WC 4-5: 0.36, WC 6-7: 0.26, WC 8-9: 0.18 and the mean
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ratios ofNC/NO were estimated to be 5 for all WC subtypes.
The individual values ofNC/NHe may differ from the mean
value for the subtype by about 0.1. In the case of WR 142 (WO
2) we used theNC/NHe andNO/NHe determinations from
Kingsburgh et al. (1995).

The resulting ratiosNH/NHe andNZ/NHe of WR stars
are listed in Tables 2 and 4. Note thatNZ means the sum over
all elements heavier than helium. In the case of WN starsNZ

is predominantly the number of nitrogen atoms and in the case
of WC stars it is the number of carbon atoms.

5. Temperatures and radii

The effective temperatures of WR stars are not well defined,
because the radius of these stars depends on wavelength and
hence the classical formulaL = 4πR2

∗σTeff
4 loses its meaning.

This is due to the high mass-loss rates of WR stars which results
in an optically thick wind. Therefore we cannot simply useTeff

as one of the parameters for fitting the mass-loss rates, because
Teff itself will depend on the density distribution in the wind and
hence on the mass-loss rate. The only “effective temperature”
that is independent oḟM is the one that corresponds to the radius
of the hydrostatic core, calculated in stellar evolution codes.

Schaerer & Maeder (1992) derived a formula for the hydro-
static core radius,Revol, of the WR stars from the evolutionary
tracks

log
Revol

R�

= −1.845 + 0.338 log
L

L�

(12)

and the corresponding effective core temperature,Tevol, is

log Tevol = 4.684 + 0.0809 log
L

L�

. (13)

These values are listed in Tables 5 and 6. The modesl of Schaerer
& Maeder are not valid for the H-rich WNL stars. Therefore no
values of these quantities are given for the stars WR 16, WR 22,
WR 24, WR 25, WR 87, WR 89, WR 105 and WR 124.

6. The mass-loss rates and terminal velocities of the winds

The mass-loss rates of most of our WR program stars are from
Nugis et al. (1998). They were derived from the radio emis-
sion power, with clumping taken into account. These values
are indicated by “N” in Column 10 of Tables 5 and 6 whereas
“N/d” means that the mass-loss rates have been corrected for the
change of the distance. For the other program stars the mass-loss
rates were found from the mass-loss rate versus emission line
equivalent width relationships derived by Nugis et al. (1998),
again taking into account the clumping of the WR winds. These
mass-loss rate determinations are based on the equivalent widths
of the emission lines atλλ 5411, 4945 and 7115̊A for WN stars
and those atλλ 5411, 5471 and 5590̊A for WC stars. The equiv-
alent widths are from:

– WN stars: Smith et al. (1996), Crowther (1993), Conti et al.
(1990)

– WC stars: Koesterke & Hamann (1995), Torres-Dodgen
(1985), Smith et al. (1990) and Kingsburgh et al. (1995) (WR
30a and WR 142).

In the case of WR 48 individual estimates of equivalent
widths of these lines were absent and for the WC 6 component
of this binary star we used the mean equivalent widths of its
spectral subtype and took into account the depression due to
the presence of the O component (through the derived value
lWv ). The stars with mass-loss rates derived from the equivalent
widths are indicated in Tables 5 and 6 by the symbol “e”.

The terminal velocities of the stellar winds of most of our
program stars are from Nugis et al. (1998). For the stars not
studied in that paper the sources ofv∞ are indicated in the
Appendix C.

Tables 5 and 6 list the important parameters of the program
stars. These are: spectral type, luminosity, mass, effective tem-
perature of the hydrostatic core, the mass fractions of He and
the metalsY , Z (the mass fraction of hydrogenX is equal to
1 − Y − Z), the observed mass-loss rate, terminal velocity and
the momentum transfer efficiencyη.

7. The dependence of the terminal velocity
on the stellar parameters

The line driven wind theory predicts that the terminal veloc-
ities are proportional to the effective escape velocity. This is
indeed observed for the O and B-stars. The proportionality fac-
tor v∞/vesc depends on the effective temperature. For OB stars
the ratio isv∞/vesc ' 2.6 for O-stars withTeff > 22 000, '1.3
for 10 000 < Teff < 20 000 and'0.7 for8000 < Teff < 10 000
K (Lamers et al. 1995). Here we investigate if a similar relation
holds for the WR stars. The problem with the very extended at-
mospheres of the WR stars is that the “effective radius” depends
on the density structure of the wind and hence on the mass-loss
rate. The effective radius, defined as the radius where some “ef-
fective temperature” is reached (e.g. whereτ = 2/3 or where
T (electron) = {L/(4πσR2}1/4) is larger than the hydrostatic
radius by factors of the order of 10.

Since we want to determine the properties of the WR winds
on their stellar parameters, we will comparev∞ with the escape
velocity of the hydrostatic core. The effective escape velocity
from the core is defined as

vesc(core) =

√

GM(1 − Γe)

Revol

(14)

where the factor1 − Γe corrects the gravity for the effect of
electron scattering with

Γe = 7.66 × 10−5 σe L/M (15)

if L andM are in solar units. The electron scattering coefficient
is σe ' 0.401(X + Y/2 + Z/4) cm2. We have assumed that H
and He are fully ionized near the surface of WR stars and that
C, N and O are four times ionized (CV, NV, OV). The effective
escape velocities are about 2000 km s−1 for all WR stars.
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Table 5.Parameters and mass-loss rates of WN stars

Star Sp. Type log L MWR Tevol Y Z Ṁ (obs) v∞
Ṁv∞

L/c

(L�) (M�) (K) (10−5) (km s−1) η
(M� yr−1)

2 WN 2b 5.27 10.0 129 000 0.983 0.0172 0.40:e 3100 3.29
127 WN 3b+O 9.5V 5.33 10.8 134 000 0.983 0.0172 0.47e 1760 1.92

1 WN 4b 5.57 15.2 136 500 0.959 0.0172 2.40N 2135 6.73
6 WN 4b 5.59 15.6 137 000 0.936 0.0172 1.90N 1720 4.10

31 WN 4+O 8V 5.28 10.1 129 200 0.983 0.0172 0.86e 1640 3.66
51 WN 4 5.28 10.2 129 300 0.983 0.0172 0.62e 1460 2.33

151 WN 4+O 5V 5.71 18.5 140 000 0.983 0.0172 1.81e 1500 2.61
10 WN 5+(A) 5.32 10.8 130 400 0.983 0.0172 0.51e 1475 1.75
21 WN 5+O 4-6 5.40 12.0 132 300 0.983 0.0172 0.93e 1660 2.98
97 WN 5b+O 7 5.36 11.3 131 200 0.983 0.0172 1.24e 1900 5.09

133 WN 5+O 9I 5.09 8.0 124 900 0.983 0.0172 0.65N 1625 4.19
138 WN 5+B? 5.51 13.9 135 000 0.819 0.0173 1.00N 1345 2.03
139 WN 5+O 6V 5.21 9.3 127 600 0.936 0.0172 0.92N 1785 4.96
141 WN 5+OB? 5.60 15.8 137 300 0.983 0.0172 1.20N 1400 2.07
157 WN 5+(B1II) 5.49 13.5 134 400 0.983 0.0172 0.89e 1230 1.76
24 WN 6 6.01 48.0 0.614 0.0176 2.95N 2155 3.03
25 WN 6 6.09 57.0 0.503 0.0177 2.90N 2455 2.82
47 WN 6+O 5V 5.92 40.0 145 700 0.936 0.0172 9.17e 2460 13.30
67 WN 6 5.61 16.1 137 600 0.983 0.0172 4.56e 1500 8.19

115 WN 6 5.47 13.1 133 900 0.983 0.0172 2.35N 1150 4.51
134 WN 6b 5.50 13.6 134 600 0.936 0.0172 4.55N 1905 13.60
136 WN 6b 5.73 19.1 140 600 0.866 0.0173 6.25N 1605 9.20
153 WN 6/(CE?)+O6I 5.52 14.0 131 100 0.968 0.0172 3.51e 1785 9.38
155 WN 6+O 9: 5.65 17.0 138 500 0.927 0.0172 3.04e 1690 5.64
22 WN 7+OB 6.08 55.3 0.546 0.0176 4.20N 1790 3.06
78 WN 7 5.80 21.5 142 600 0.893 0.0173 3.80N 1365 3.99
87 WN 7+abs 5.92 40.0 0.586 0.0176 3.19e 1500 2.85
16 WN 8 5.78 20.6 0.678 0.0175 2.83N/d 740 1.72
40 WN 8 5.78 20.6 141 800 0.814 0.0173 4.18N/d 910 3.12
89 WN 8+abs 5.78 20.6 0.786 0.0174 5.70N 1500 7.02

124 WN 8 5.78 20.6 0.666 0.0175 2.45e 710 1.43
147 WN 8+OB 5.78 20.6 141 800 0.959 0.0172 6.63N/d 900 4.90
148 WN 8+abs 5.78 20.6 141 800 0.862 0.0173 7.48e 1545 9.49
105 WN 9 5.81 21.8 0.624 0.0176 2.80:e 1200 2.54

Notes: ṀN : mass loss rates are from Nugis et al. (1998),ṀN/d: with corrected distance.
Ṁe: mass loss rates have been determined from the strength of emission lines using the formulae from Nugis et al. (1998).

Fig. 2 shows the dependence of the ratiov∞/vesc(core) on
L for both the WN and the WC stars. We have used different
symbols for different abundance ranges.

Fig. 2a shows that for WN starsv∞/vesc(core) has a mean
value of about 0.8. The star that deviates most strongly is WR 2
(WN 2b), which has the highest terminal velocity of 3100
km s−1. The H-rich WNL stars, for which the stellar radius
Revol is not known, are omitted. Fig. 2b shows a slow increase
of logv∞/vesc(core) with increasing luminosity from about 0.6
at log(L)=5.0 to 1.3 at log(L)=5.7. The two highly discrepant
stars are WR 142 (WO 2) and WR 30a (WC 4/ WO 4) which both
have a very high terminal velocity in excess of 4000 km s−1. The
WC stars withZ < 0.50 have lower values ofv∞/vesc(core)
than the stars with higherZ-values. This, and the high values
of v∞ of the WO stars, shows that the terminal velocity of the
winds of WR stars increases with increasingZ.

Linear regression relations in which we excluded the above
mentioned stars WR 2, WR 142 and WR 30a give the following
results:

log v∞/vesc(core) = 0.61 − 0.13(±0.09) log L

+0.30(±0.77) log Y (16)

for WN stars (excluding the H-rich WNL stars) with a standard
deviation of 0.084 dex and

log v∞/vesc(core) = − 2.37 + 0.43(±0.13) log L

− 0.07(±0.27) log Z (17)

for WC stars withσ = 0.13 dex. If the degree of ionization near
the hydrostatic core of WO stars is higher than for WC stars
(WO stars have a higher degree of ionizationin the wind), then
the effect of continuum radiation pressure would be higher and
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Table 6.Parameters and mass-loss rates of WC stars

Star Sp. Type log L MWR Tevol Y Z Ṁ (obs) v∞
Ṁv∞c

L

(L�) (M�) (K) (10−5) (km s−1) η
M� yr−1

142 WO 2 5.09 8.0 124 800 0.342 0.658 0.39:e 5500 8.55
30a WC 4/WO4+O4 5.29 10.3 129 500 0.418 0.582 1.20:e 4500 13.60
144 WC 4 5.29 10.3 129 500 0.418 0.582 1.10N 2440 6.76

9 WC 5+O 7 5.70 18.2 139 700 0.418 0.582 2.30N 3030 6.88
111 WC 5 5.31 10.6 130 000 0.381 0.619 1.00N 2415 5.82
114 WC 5 5.28 10.2 129 300 0.535 0.465 0.68e 2000 3.50
15 WC 6 5.24 9.6 128 300 0.658 0.342 1.20N 2325 7.94
23 WC 6 5.23 9.6 128 200 0.488 0.512 1.29e 2280 8.45
30 WC 6+O 6-8 5.57 15.2 136 500 0.497 0.503 2.40e 2400 7.56
48 WC 6+O 9.5I 5.47 13.1 133 900 0.497 0.503 1.81:e 2060 6.22

146 WC 6+O 5.24 9.6 128 300 0.744 0.256 1.70N 2700 13.10
154 WC 6 5.20 9.2 127 400 0.537 0.463 1.10e 2050 6.97
14 WC 7 5.19 9.1 127 200 0.658 0.342 1.88e 1980 11.70
42 WC 7+O 7V 5.23 9.5 128 100 0.497 0.503 1.28e 1645 6.11
50 WC 7+abs 5.29 10.3 129 500 0.439 0.561 2.15e 2370 12.90
79 WC 7+O 5-8 5.48 13.4 134 300 0.497 0.503 2.40N 2270 8.76
86 WC 7+B0I 5.48 13.4 134 300 0.342 0.658 1.70N 1800 4.92
93 WC 7+O 7-9 5.60 15.8 137 300 0.497 0.503 2.50N 2290 7.05

137 WC 7+OB 5.48 13.4 134 300 0.497 0.503 2.95N 1885 8.94
140 WC 7+O 4-5 5.69 18.1 139 600 0.407 0.503 6.30N 2800 17.60
11 WC 8+O 8-9III 5.00 7.2 122 700 0.627 0.373 1.08N 1415 7.49

113 WC 8+O 8-9IV 5.46 13.0 133 800 0.585 0.415 2.44e 1890 7.80
135 WC 8 5.30 10.5 129 900 0.651 0.349 1.50N 1405 5.13
65 WC 9 5.20 9.2 127 500 0.585 0.415 1.50N 1040 4.78
70 WC 9+B 0I 5.20 9.2 127 500 0.585 0.415 2.32e 1250 8.88
81 WC 9 5.20 9.2 127 500 0.585 0.415 1.60N 900 4.41
95 WC 9 5.11 8.1 125 300 0.585 0.415 2.37e 1040 9.33

103 WC 9 5.20 9.2 127 500 0.585 0.415 2.40N 1190 8.75
104 WC 9+abs 5.04 7.6 123 800 0.585 0.415 1.14e 1180 5.96
112 WC 9 5.20 9.2 127 500 0.585 0.415 1.10N 1100 3.71

Notes: ṀN : mass loss rates are from Nugis et al. (1998),
Ṁe: mass loss rates have been determined from the strength of emission lines using the formulae from Nugis et al. (1998).

the effective escape velocity would be smaller for the WO stars
compared to the WN and WC stars. This would result in an even
higher value ofv∞/vesc for the WO stars.

The small values ofσ of the fits of Eqs. (16) and (17) in-
dicate that these two relations can be used to predictv∞ quite
accurately. Alternatively, these relations can be used to derive
the effective escape velocity of the hydrostatic core from the
observed terminal velocities.

8. The dependence of momentum transfer efficiencyη
on the stellar parameters

The momentum transfer efficiencyη indicates the efficiency of
the momentum transfer from the radiation to the wind.

Figs. 3a and 3b show the dependence of logη on L for
the WN and the WC stars. Both figures show a large scatter,
which indicates thatη is not a simple function of luminosity
only. Fig. 3a shows that for WN starsη depends on the helium
abundance, because the points referring to stars withY < 0.85

are concentrated on the lower right-hand corner. A least square
linear regression of the data gives the following relation

log η = −2.82+0.64(±0.23) log L +2.84(±1.02) log Y (18)

for WN stars, with a standard deviation of 0.25. This relation
shows thatη depends mainly on composition and only weakly
onL: stars with a higher Helium abundance have a higherη.

Fig. 3b for WC stars also shows a large scatter. The linear
regression relation, excluding the WO stars WR142 and WR30a,
is

log η = − 0.60 + 0.31(±0.18) log L

+ 0.65(±0.42) log Y (19)

for WC stars, with a standard deviation of 0.155.
We conclude that WN stars have values ofη in the range of

0.2 to 1.0 dex, and WC stars haveη in the range of 0.6 to 1.2 dex.
The value ofη increases with increasingL andY for both the
WN and the WC stars. Although the standard deviations of the
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Fig. 2. The ratiov∞/vesc(core) of the H-poor WN stars (top panel)
and the WC stars (bottom panel) as a function ofL. The data show
that this ratio is nearly constant with increasingL for WN stars and
increases with the luminosity for WC stars. The strongly deviating
points are from the hottest stars (earliest spectral types): WR 2 (WN
2b) in Fig. a. and the two WO stars WR 142 (WO2) and WR 30a
(WC/O4+O4), indicated by an asterisk, in Fig. b. The scatter is large.
The ratio depends onL and on the chemical composition, as indicated
by different symbols for different ranges ofY or Z. The least square
relations are given in the text.

regression relations are small, the coefficients that describe the
dependence on composition are rather uncertain.

9. The dependence of the mass-loss
on luminosity and composition

Figs. 4a and 4b show the dependence ofṀ on luminosity for
WN and WC stars respectively. Different symbols indicate dif-
ferent abundances. Fig. 4a shows thatṀ increases with increas-
ing L. The four stars with log(L)>5.9 andY < 0.85 are the
massive H-rich WN stars WR 22 (WN7 +OB), WR 24 (WN6),
WR 25 (WN6) and WR 87 (WN7+abs). Including these H-rich
stars, we derived the following regression relation for WN stars

Fig. 3. The logarithmic momentum transfer efficiencyη of the WN
stars (top panel) and the WC stars (bottom panel) as a function ofL.
The two WO stars are indicated by an asterisk. The linear regression
relations are given in the text.

log Ṁ = − 13.60 + 1.63(±0.21) log L

+2.22(±0.63) log Y (20)

with a standard deviation of 0.20 dex. The mass-loss rate in-
creases with luminosity and with helium abundance.

Fig. 4b also shows a trend oḟM increasing withL for the
WC stars, but the scatter is large. The star with the lowest mass-
loss rate is WR 142 (WO2). The linear regression relation for
the WC stars, excluding the two WO stars, is

log Ṁ = − 8.30 + 0.84(±0.17) log L

+ 2.04(±1.37) log Y + 1.04(±1.16) log Z (21)

with a standard deviation of 0.14 dex. The possible deviation
in the values ofY andZ for individual stars from the adopted
mean values of the WC subtypes (Sect. 4.2), is responsible for
a significant fraction of the scatter. The two WO stars fit this
relation within 0.08 dex, suggesting that the mass-loss rates of
WO stars follow the same trend as that of the WC stars, although
the terminal velocities of the WO stars are much higher than
those of the WC stars.
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Fig. 4.The mass-loss rates inM� yr−1 of WN stars (upper figure) and
WC stars (lower figure) as a function of luminosity. Different symbols
indicate different ranges in abundance.Ṁ increases withL, with Y
and withZ (mainly C-abundance). The two WO stars are indicated by
an asterisk. The linear regression relations are described in the text.

The relations (20) and (21) are only valid within the range
of parameters of the program stars. For instance, if we would
apply Eq. (21) of the WC stars, which have0.26 < Z < 0.66
in our sample, to the WN stars withZ = 0.017, the resulting
predicted mass-loss rates of the WN stars would be an order of
magnitude too small.

The full dependence of the mass-loss rates of WR stars on
stellar parameters and composition can be found by combining
both samples of WN and WC stars. This yields

log Ṁ = −11.00 + 1.29(±0.14) log L

+1.73(±0.42) log Y + 0.47(±0.09) log Z (22)

for all stars, WN plus WC plus two WO stars, with a standard
deviation of 0.19 dex. This equation shows that the mass-loss
rate increases with luminosity as∼ L1.3 with helium abundance
as∼ Y 1.7 and with metallicity (mainly C in WC stars)∼ Z0.5.

Several authors have assumed that the mass-loss rates of WR
stars depend on their mass (e.g. Langer 1989a), following this
original suggestion by Abbott et al. (1986). The data in Fig. 4a

indeed suggest such a trend, becauseṀ increases withL and
the luminosity of WR stars depends on the mass, as given in
Eq. (5). Therefore we have also derived the relation betweenṀ
and mass. The linear regression for the WN stars, including the
four massive H-rich stars, is

log Ṁ = − 5.99 + 1.06(±0.22) log M (23)

with a standard deviation of 0.28 dex. For the WC stars the linear
regression relation is

log Ṁ = − 5.93 + 1.13(±0.26) log M (24)

with σ = 0.15. For the full sample of WN plus WC stars, we
find

log Ṁ = − 5.73 + 0.88(±0.14) log M (25)

with a standard deviation of 0.23 dex. These relations ignore the
fact that the mass-loss rates increase withY andZ, as we have
shown before, so they have a larger standard deviation.

9.1. Comparison between predicted
and observed mass-loss rates

Figs. 5a, 5b and 5c show the comparison between the mass-loss
rates predicted by Eqs. (20) for the WN stars, (21) for the WC
stars and (22) for the WN plus WC stars, and the observed rates.
The figures show that the correlation is quite good, especially
for the WC stars. It is interesting to see in Fig. 5c that there is
no systematic shift between the WN and the WC stars, except
maybe that the predicted rates of the stars with the highest ob-
served mass-loss rates,log Ṁ > −4.4, are slightly too small by
about 0.2 dex.

10. Comparison with mass-loss rates used
in evolutionary calculations

Maeder (1991) and Maeder & Meynet (1994) assumed in the
evolutionary calculations of the WR stars that the mass-loss
rates of these stars vary as follows:

– for H-rich WN stars (called WNL by Maeder) he adopted a
mass-loss rate of4 10−5 M� yr−1.

– for H-free WN stars (called WNE by Maeder) and for WC
stars he adopted the rates used by Langer (1989b)

log Ṁ = − 7.10(±0.11) + 2.5 log M/M�. (26)

In this context H-free meansX < 0.05, i.e. Y + Z >
0.95. We compare these adopted mass-loss rates with those
derived in this paper.

The mean mass-loss rates of our sample of H-rich WN stars
with X > 0.05 is log Ṁ = −4.48 ± 0.26. This is only slightly
smaller than the value oflog Ṁ = −4.40, adopted by Maeder
(1991).

In Fig. 6 we plot the dependence ofṀ on mass of our H-poor
(X < 0.05) program stars and we compare it with the relation
(26) adopted by Langer (1989b) and Maeder (1991). The figure
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Fig. 5. The comparison between the observed and predicted mass-
loss rates for WN stars (upper panel), WC-stars (middle panel) and
WN+WC stars (lower panel). The adopted relations are indicated. In
the upper two figures the symbols refer to different abundances, as
indicated in the panels. In the lower figure open and filled symbols and
stars indicate respectively WN, WC and WO stars. Plusses indicate
uncertain values of the observed mass-loss rates.

shows that Eq. (26) overestimates the mass-loss rates on average
by about 0.3 dex. The discrepancy is larger for the WN stars than
for the WC stars.

Fig. 6.The mass-loss rates inM� yr−1 of H-poor stars as a function of
the stellar mass. Different symbols indicate different types of WR stars.
The full line is the relation adopted in the evolutionary calculations by
Maeder (1991).The star with the highest mass is WR 47 (WN6+O5)
with X = 0.047.

In the frequently used evolutionary models of Meynet et al.
(1994) the adopted mass-loss rate of WR stars is even higher
than adopted by Langer (1989b) and Maeder and Meynet (1994)
by a factor two. The mean discrepancy between our mass-loss
rates and those adopted by Meynet et al. (1994) is 0.6 dex for
WNE and WC stars and 0.3 dex for WNL stars.

11. Summary and discussion

In this paper we studied the dependence of the wind characteris-
tics of WR stars on the stellar parameters and the composition.
To this purpose we collected and rederived mass-loss rates and
luminosities of 34 WN stars and 30 WC stars. The mass-loss
rates are corrected for clumping, as described by Nugis et al.
(1998).

Using these data we determined the dependence of the
terminal velocity,v∞, the momentum transfer efficiency,η,
and the mass-loss rates on basic stellar parameters. The ratio
v∞/vesc(core) of the WN stars is about constant at a mean
value of 0.8, but the data for WC stars show a large scatter.
We found that this ratio depends more strongly on composition
than on luminosity (see Eq. (17)). The very high values of the
WO stars confirm this trend. The high accuracy of the linear re-
gression relations (16) and (17) shows that the effective escape
velocities at the hydrostatic core can be derived quite accurately
from the observed terminal velocity of the winds. Using the rela-
tions between mass, radius and luminosity, predicted by stellar
evolution theory, it may be possible to derive the luminosity of
the WR stars. The uncertainty ofσ = 0.084 dex in the the ratio
v∞/vesc of the WN stars and 0.11 dex for WC stars suggests that
the mass can be determined with an accuracy of about 0.1 dex,
and from that the luminosity with an uncertainty 0.25 dex.

We found that the mass-loss rates of WR stars depend on
luminosityL and are also quite strongly dependent onY andZ.
The linear regression relations for WN stars, WC stars and for
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the combined sample of WN and WC stars are given in Eqs. (20),
(21) and (22). They show thaṫM of the full sample of stars
increases with luminosity as∼ L1.3, with helium abundance as
∼ Y 1.7 and with the metal abundance (mainly C in WC stars)
∼ Z0.5.

The momentum transfer efficiencyη = Ṁv∞/(L/c) of
WR stars is found to lie in the range of1.4 < η < 17.6 with the
average value of 64 stars being 6.2. This is substantially lower
than the values obtained from wind models which neglect the
clumping.

It is generally assumed that multiple scattering in a wind
with an ionization stratification can provide the necessary driv-
ing force in the outer winds of WR stars ifη is smaller or about
10. The reduced values ofη derived in this paper might thus be
in agreement with photon scattering as the main driver of the
WR winds. However, hydrodynamic simulations carried out by
Schmutz (1997) for the star WR 6 (HD 50896) showed that
there is still insufficient driving in the inner wind regions where
v < vesc. So there might be a need for some sort of “two-stage”
driving process, in which some mechanism actually initiates the
mass-loss, with radiative forces taking over to drive the winds
to high terminal speeds (Glatzel et al. 1993, Owocki & Gayley
1999). Lamers & Casinelli (1999) and Vink et al. (2000a) have
argued that for radiation driven winds the mass loss rate is set
by the radiation pressure in the subsonic region and the termi-
nal velocity depends on the radiation pressure in the supersonic
region. (See also the discussion by Lamers et al. 2000a).

The dependence of mass-loss on the helium abundance and
on the CNO abundances might point to two effects:

(1) The driving process deep in the wind might be dependent
on abundance and possibly also on pulsations.

(2) The abundance of helium and CNO strongly affects the
temperature and ionization structure in the wind, and hence
the ionization and excitation structure of the elements that
provide most of the radiative driving (CNO and the iron
group elements).

The mass-loss rates derived in this paper are smaller than
those adopted in evolutionary calculations. The difference is
small, only about 0.1 dex, for the WN stars withX > 0.05,
but it is significant for the H-poor WN stars and the WC stars.
Following a suggestion by Abbott et al. (1986), Langer (1989b),
Maeder (1991) and Maeder & Meynet (1994) assumed in the
evolutionary calculations that the mass-loss varies only with
mass, but not with composition, as described in Sect. 10.

Eq. (26) overestimates the mass-loss rates by about a factor
two on average. The overestimate depends on the chemical com-
position and it is smaller for the WC stars, viz. about 0.2 dex,
than for the H-poor WN stars, viz. 0.5 dex (see Fig. 6). The dif-
ference between our new mass loss rates and the higher rates
adopted in the evolutionary calculations of Meynet et al. (1994)
is even larger: about 0.6 dex for WNE and WC-stars, and 0.3 dex
for WNL stars.

This has important consequences:

1. The lower mass-loss rates of the WR stars, compared to pre-
vious estimates, facilitate the formation of black holes as end

stages of the evolution of massive stars (see the discussion
in Wellstein & Langer 1999, and in de Koter 2000).

2. On the other hand, the lower mass-loss rates may also pose
problems. Maeder (1991) showed that the evolutionary cal-
culations predict the observed ratios of WN/WC/WO stars,
if the high mass-loss rates of Langer’s formula are adopted.

3. This then leaves us with the question: do WR stars suffer
additional mass-loss, apart from the quiescence mass-loss
that we derived from the observations, e.g. in the form of
outbursts? The presence of nebulae around many WR stars
may provide evidence for short phases of high mass-loss
rates during the WR phase (Marston 1999).

4. The ratio of WN/WC stars may also be affected by rotation-
induced mixing. Lamers et al. (2000b) have derived evi-
dence for rotation-induced mixing in OB stars, from the
study of the chemical composition of circumstellar nebulae.

It would be very interesting to calculate evolutionary mod-
els of WR stars with our new mass-loss rates, to see if additional
mass-loss or mixing is needed to explain the observed evolu-
tionary and nebular properties of WR stars.

(This is the first paper in a series on the mass-loss rates of
hot stars. The next papers deals with the predicted mass-loss
rates of O, B and A stars (Vink et al. 2000a), with the predicted
dependence of mass loss on metallicity (Vink et al. 2000b) and
with the observed mass-loss rates of O, B and A stars (Lamers
et al. in preparation).
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Note added in press:After this paper was accepted, we re-
ceived a preprint of the paper “WN stars in the LMC: parameters
and atmospheric abundances” by W.R. Hamann & L. Koesterke
(A&A, accepted) in which the authors claim that their new de-
terminations of the mass-loss rates and stellar parameters of WN
stars in the LMC do not agree with our relation (20) derived for
Galactic WN stars.
(1) Hamann & Koesterke (hereafter called HK) use a “mean”
clumping factor ofD = 4 for all WN stars. This can result in
errors of a factor two or three iṅM , compared to the method for
deriving clumping-corrected mass-loss rates (Nugis et al. 1998)
that was adopted in our paper.
(2) Some stars of the HK sample may have an unrealible lumi-
nosity, as can be concluded from the large difference in bolo-
metric correction of stars of the same subtype. This suspicion is
supported by the large difference in luminosity of the star Brey
29 derived from the spectroscopic studies by HK and Crowther
et al. (1995).
(3) If the luminosities of the LMC stars of the HK sample are
derived from the absolute visual magnitudes, given by HK, and
the mean bolometric corrections for their spectral types (our Ta-
ble 3), then the LMC WN stars of the HK sample fit our relation
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(20) on the average quite well. The mean difference in logṀ
between the values of HK and our predictions by Eq. (20) is
only −0.02 with a scatter of0.18 (1 σ).

Appendix A: sources for massesMW R

Below are given the sources of spectroscopic determinations of
the masses of WR components in binary systems.

WR 9: qM is taken to be the mean of the estimates of Niemela
et al. (1984) and Niemela (1995) (q = 0.455). With MO7V ≈
37.7M� (Vacca et al. 1996) we obtainMW = 17.2M�.

WR11: with the angular size of the semimajor axis from the
interferometric observations of Hanbury-Brown et al. (1970)
and HIPPARCOS parallax we will obtain thatMW ≈ 7M�

from the formulaMW /M� = (a′′/p)3/P 2/(1 + KW /KO),
wherea′′ andp are in mas, orbital periodP is in years and radial
velocity semi-amplitudes (K) of Wolf–Rayet and O components
are in km s−1 (P andK values are taken from the paper of
Schmutz et al. 1997). The adopted mass is the mean of the
estimates of Schaerer et al. (1997) and Schmutz et al. (1997).

WR 21: Niemela& Moffat (1982).

WR 22: Schweickhardt et al. (1999);.

WR 30: qM = 0.47 ± 0.07 comes from Niemela et al. (1983)
andMO7V ≈ 37.7M� from Vacca et al. (1996).

WR 30a: qM = 0.15 comes from Niemela (1995) andMO4V =
68.9M� from Vacca et al. (1996).

WR 31: qM = 0.44 ± 0.03 (Niemela et al. 1985) andMO =
30.8M� (Vacca et al. 1996).

WR 42: MW sin3 i = 3.6M� (Davis et al. 1981) andi is
adopted to be the mean of photometric and polarimetric esti-
mates (Lamontagne et al. 1996) –i = 41.9◦.

WR 47: MW sin3 i = 40 ± 4M� (Niemela et al. 1980) and
i = 70◦ ± 4◦ (Moffat et al. 1990).

WR 70: qM = 0.45 according to Niemela (1995) andqM = 0.2
according to Golombek as cited by Smith & Maeder (1989).
With the mean ofqM andMB0I ≈ 30M� (Lang (1991) with
the correction according to Lanz et al. 1996), we will get that
MW ≈ 9.8M�.

WR 79: qM is taken to be the mean of the estimates of Seggewiss
(1974) and L̈uhrs (1997) (q = 0.34). With MO6.5V ≈ 41M�

(Vacca et al. 1996) we obtainMW = 13.9M�.

WR 97: the mass is adopted to be the mean of the estimates ob-
tained with theqM = MW /MO andMO7V = 37.7M� (Vacca
et al. 1996) and with theMW sin3 i andi = 85.◦4 (Lamontagne
et al. 1996). The values ofqM andMW sin3 i are adopted to be
the means of the spectroscopic studies of Niemela (1995) and
Niemela (1982).

WR 113: with the spectroscopic orbit parameters from Niemela
et al. (1996) and Massey & Niemela (1981) we will obtain that
MW sin3 i ≈ 11.9M� (P ande are from Niemela et al. (1996)
andKabs andKem are the means of the estimates obtained in
the cited papers (C III/C IV lines only are used in determining

Kem). The value ofi is adopted to be the mean of photometric
and polarimetric estimates (Lamontagne et al. 1996) –i = 75◦.

WR 127: qM = MW /MO = 0.465 ± 0.1 (Massey 1981) and
MO = 23.3M� (Vacca et al. 1996).

WR 133: Bertrand (1995) estimated thatMW ≈ 15M� and
Smith et al. (1994) found thatMW ≤ 10M�. We adopted that
MW = 10M�.

WR 139: MW sin3 i = 8.8 ± 0.4 M� (Marchenko et al. 1994)
andi = 78.7◦ ± 0.5 (Robert et al. 1990).

WR 140: with qM = 0.37 according to Annuk (1995) and
MO4.5V = 62.3M� (Vacca et al. 1996), we will getMW ≈
23.1M�.

WR 141: The adopted mass is the mean of mass/age estimate
(13 M� for binary evolution using the graphs of Smith et al.
1994) and of the spectroscopic orbit solutions of Grandchamps
& Moffat (1991) (24M�) and of Marchenko et al. (1998) (45
M�).

WR 151: MW sin3 i = 17.8 ± 1.4 M� (Lewis et al. 1993) and
i ≈ 64◦: (the mean of Lipunova& Cherepashchuk (1982a) and
Schulte–Ladbeck& van der Hucht (1989) estimates).

WR 153: MW sin3 i ≈ 13M� (Massey 1981) andi = 78◦ ±2◦

(St-Louis et al. 1988).

WR 155: MW sin3 i = 14.4± 1.1M� (Marchenko et al. 1995)
andi ≈ 72◦±6◦ (the mean of Drissen et al. (1986) and Lipunova
& Cherepashchuk (1982b) estimates).

Appendix B: determination lW
v

for WR stars in binaries

For binaries, we have determined the fraction of the to-
tal light emitted by the WR component in thev-band
(lWv ) using the strength (equivalent widths) of WR emis-
sion (lem) and O absorption (labs) lines relative to sin-
gle stars and absolute visual magnitudes of the com-
ponents (lWem = EW(binary)/EW(expected), lOabs =
EW(binary)/EW(expected), Mv ∝ −2.5 log lv, MW

v −
MO

v = −2.5 log (lWv /lOv )). Smith et al. (1996) derived for WN
subtypes the relationships EW(λ5411) = a FWHM(λ4686)+b,
where EW is the expected equivalent width of the emission line,
FWHM is the full width of the line at half measure (at half of the
peak intensity) anda, b are the constants for a certain subclass.
Smith et al. used single Galactic and LMC WN stars for deriv-
ing the constantsa, b. The ratio EW(binary star)/EW(expected)
gives the fractional luminosity (brightness) of the WN compo-
nent in the continuum near the central line wavelength. We used
lem of WN stars as derived by Smith et al. (1996). For deriving
lem for WC binaries we used the mean EW of the linesλλ 5806,
5696, 5590, 5470, 5411 and 4860 of single Galactic WC stars
of different subclasses. Equivalent widths of the emission lines
of WC stars have been adopted from the sources: Koesterke&
Hamann et al. 1995, Torres-Dodgen 1985, Niedzielski& Nugis
1991, Smith et al. 1990.

The expected mean absolute magnitudes of the O type stars
are adopted from the paper of Vacca et al. (1996) and of the
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Table 7. The mean equivalent widths of the emission linesλλ 5806, 5696, 5590, 5470, 5411 and 4860 for different WC subtypes used for
determination of the fractionslWem.

Sybtype Wλ(5806) Wλ(5696) Wλ(5590) Wλ(5470) Wλ(5411) Wλ(4860)

WC 4 943 50 89 32 24
WC 5 1370 94.5 75.5 49.3 37.1 22
WC 6 1028 167 49.1 49.6 43.3 22.2
WC 7 440 278 35.4 36.6 32.9 23.7
WC 8 302 456 22 28.2 24.8 19.5
WC 9 92.7 358 8.75 10.1 10.0 10.9

Comments:
The following stars are used for finding the mean values for equivalent widths – WC 4: WR19, WR38, WR144; WC 5: WR17, WR33, WR41,
WR52, WR111, WR114, WR150; WC 6: WR13, WR14, WR15, WR23, WR45, WR132, WR154; WC 7: WR56, WR57, WR68, WR90; WC
8: WR53, WR60, WR135; WC 9: WR59, WR65, WR66, WR73, WR80, WR81, WR88, WR92, WR95, WR96, WR103, WR106, WR119,
WR121.

WR stars according to Table 1 of the present paper. For the stars
studied in the paper of Nugis et al. (1998) we usedlWv from that
paper, only for WR11, WR87 and WR89 we redeterminedlW .
The estimates oflWv for new stars and redetermined values of
WR11, WR87 and WR89 were found as follows:

WR 10 (WN5+(A)) – l∆Mv
≈ 0.60 is found by Turner (1981)

but lWv appears to be about unity if to use the mean absolute
magnitude for the WN 5 component. We use the mean of these
estimates (0.80) in our study.

WR 11 (WC8+O8-9II) –lWv is adopted to be the mean of the
estimates of Hanbury Brown et al. (1970), Conti & Smith (1972)
and Brownsberger & Conti (1993).

WR 21 (WN5+O4–6) –lem ≈ 0.24 is used forlWv .

WR 30 (WC6+O6–8) –lem ≈ 0.40 is used forlWv .

WR48 (WC6+O9.5I) –lem ≈ 0.045, l∆Mv
≈ 0.065 if to use

the expected absolute visual magnitudes for the components
(MW

v = −3.7, MO
v = −6.6). The mean value 0.055 is used

for lWv .

WR 30a (WC4/WO4+O4) –l∆Mv
≈ 0.08 using the expected

absolute visual magnitudes for the components (MW
v = −3.0,

MO
v = −5.65) and this value is used forlWv .

WR 31 (WN4+O8V) –lem ≈ 0.28 andl∆Mv
≈ 0.274 if to use

the expexted absolute visual magnitudes for the components
(MW

v ≈ −3.7, MO
v = −4.76). The mean value 0.28 is adopted

for lWv .

WR 48 (WC6+O9.5I) –lem ≈ 0.045, l∆Mv
≈ 0.065 if to use

the expected absolute visual magnitudes for the components
(MW

v = −3.7, MO
v = −6.6). The mean value 0.055 is used

for lWv .

WR 50 (WC7+abs) –lem ≈ 0.63, l(MW
v = −4.8) > 1.0. The

mean value 0.82 is used forlWv .

WR 70 (WC9+B0I) – l∆Mv
≈ 0.16 is obtained by adopting

the expexted absolute visual magnitudes for the components
(MW

v = −4.8, MB
v = −6.6) and this value is used forlWv .

WR 87 (WN7+abs) –lMW
v

≈ 0.64 is used forlWv (MW
v =

−6.4).

WR 89 (WN7+abs) –lMW
v

≈ 0.81 is used forlWv (MW
v =

−6.4).

WR 97 (WN5b+O7) –l∆Mv
≈ 0.3 if to use the expected ab-

solute visual magnitudes for the components (MW
v = −4.2,

MO
v = −4.98) and this value is used forlWv .

WR 104 (WC9+abs) –l(MW
v = −4.8) > 1.0 and therefore

lWv is adopted to be approximately 1.0.

WR 151 (WN4+O5V) –lem ≈ 0.55 andl∆Mv
≈ 0.17 if to use

the expexted absolute visual magnitudes for the components
(MW

v = −3.7, MO
v = −5.43). The mean value 0.36 is adopted

for lWv ;

WR 157 (WN5+(B1II)) – l∆Mv
≈ 0.45 according to Turner et

al. (1983),lem ≈ 0.35. The mean of these estimates (0.40) is
used forlWv .

Appendix C: sources forv∞

The terminal velocities of WR stars are adopted from the paper
of Nugis et al. (1998). The terminal velocities for the stars which
were not studied in that paper are from the following sources:

WR 2, WR 87 – Abbott et al. (1986) with correctionv∞ =
0.74v∞ (Abbott et al.) according to Willis (1991),

WR 10, WR 23 - Prinja et al. (1990),

WR 14 – v∞ is adopted to be the mean of the estimates of
Eenens& Williams (1994) and Prinja et al. (1990),

WR 21, WR 157– v∞ is found from the width of the lineλ
4686 (Smith et al. 1996) using WN 5 stars with knownv∞ for
scaling (v∞ ≈ 61.6 FWHM, where FWHM is inÅ),

WR 30, WR 48 – v∞ is found from the width of the lineλ
5806 (Smith et al. 1990) using the mean scaling rule for WC 6
as derived by us:v∞ ≈ 48.0 FWHM, where FWHM is inÅ,

WR 31, WR 51–v∞ is found from the width of the lineλ 4686
(Smith et al. 1996) using WN 4 stars with knownv∞ for scaling
(v∞ ≈ 58.5 FWHM, where FWHM is inÅ andv in km s−1),

WR 50, WR 95, WR 104– Torres-Dodgen (1985) with correc-
tionv∞ = 0.74v∞ (Torres-Dodgen) according to Willis (1991).

WR 67– Hamann et al. (1995),

WR 70, WR 97, WR 105, WR 114– Eenens&Williams (1994),

WR 124– Crowther et al. (1995),
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WR 142, WR 30a– Kingsburgh et al. (1995),

WR 151– Lewis et al. (1993),

WR 154– Koesterke& Hamann (1995)
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