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Abstract. Clumping-corrected mass-loss rates of 64 Galactic rates are 0.3 dex smaller than adopted in the evolutionary
Wolf—-Rayet (WR) stars are used to study the dependence of calculations of Meynet et al. (1994).

mass-loss rates, momentum transfer efficiencies and termiftgl The lower mass-loss rates, derived in this paper compared to
velocities on the basic stellar parameters and chemical compo- previously adopted values, facilitate the formation of black
sition. The luminosities of the WR stars have been determined holes as end points of the evolution of massive stars. How-
either directly from the masses, using the dependendeaf ever they might create a problem in explaining the observed
mass predicted by stellar evolution theory, or they were deter- WN/WC ratios, unless rotational mixing or mass-loss due
mined from the absolute visual magnitudes and the bolometric to eruptions is important.

corrections. For this purpose we improved the relation between

the bolometric correction and the spectral subclass. Key words: stars: atmospheres — stars: mass-loss — stars:

(1) The momentum transfer efficiencigé.e. the ratio between emission-line, Be — stars: evolution — stars: Wolf-Rayet

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 |ntroduction

to multiple scattering of photons in a WR wind with an
ionization stratification. However, there may be a probleffi this paper we study the dependence of mass-loss rates from
in explaining the driving at low velocities. Wolf—-Rayet stars (WR stars) on the stellar parameters and on

(2) We derived the linear regression relations for the depdfi€ chemical composition, using improved mass-loss rates and

dence of the terminal velocity, the momentum transfer effiProved stellar parameters. _

ciency and the mass-loss rates on luminosity and chemical WWol-Rayet stars are commonly believed to be evolved hot
composition. We found a tight relation between the terming12SSive stars which have almost reached the end of their nuclear
velocity of the wind and the parameters of the hydrostaftUrning phase (Conti 1976, Maeder 1983, Lamers et al. 1991).
core. This relation enables the determination of the mabgeir formation depends strongly on the mass lost by the star
of the WR stars from their observed terminal velocities arll e previous evolutionary phases.

chemical composition with an accuracy of about 0.1 dex for It is known that the stellar mass-loss rates of hot stars de-
WN and WC stars. Using evolutionary models of WR starB,e”d sFroneg on luminosity.. Several authors have tried to .
the luminosity can then be determined with an accuracy g¢termine this dependence, e.g. de Jager et al. (1988), Nugis
0.25 dex or better. (1989), Lamers & Leitherer (1993) and Lamers et al. (2000a).

(3) We found that the mass-loss raté).é)(of WR stars depend Most authors describe the mass-loss rates as a function of the
strongly on luminosity and also quite strongly on chemicstellar parameters. Nugis (1989) also included the abundances

composition. For the combined sample of WN and WC sta#gd found a general mass-loss rate formula whdrecales as
T - Y2570 whereY andZ are the mass fractions of helium and
we found thatV/ in M, yr—! can be expressed as

. " 90 7 s the heavier elements respectively. Recently Vink et al. (2000a)
M ~1.0x10"" (L/Le) =Y " Z~ (1) has calculated theoretical mass-loss rates of O and B stars and
with an uncertainty of = 0.19 dex showed that they agree very well with the observations. They

(4) The new mass-loss rates are significantly smaller thdfScribe a recipe for the calculations/af as a function of,

adopted in evolutionary calculations, by about 0.2 andTeg. L
0.6 dex, depending on the composition and on the evolu- The mass-loss rate from WR stars is higher than the rates

tionary calculations. For H-rich WN stars the new mass-lof O-stars of the same luminosities. The winds are thought to
be driven by radiation pressure. In that case the efficiency of the

Send offprint requeststo: H.J.G.L.M. Lamers momentum transfer from the radiation to the gas is expressed
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in the momentum transfer efficiency (also called “wind perfocorrections due to clumping indeed reduce the WR mass-loss
mance number”), defined as rates on the average by a factor 3, the final fate of the star still

. remains in many cases unclear. This is because observations

Muoo . (2) show that some WR stars have passed through short-lived shell-
Lfe ejection (superwind) phases during which a significant amount

For WR stars the value ofis significantly larger than unity, viz. of mass has been lost (Marston 1999).
1 < n < 70 for WN stars (Hamann & Koesterke 1998a) and Our sample of Galactic WR stars contains all stars with well
10 < 1 < 170 for WC stars (Koesterke & Hamann 1995). Valdetermined stellar and mass-loss parameters. The total number
ues ofy >> 1 require a very efficient momentum transfer wittf Galactic WR stars studied by us is 64 which makes up about
multiple scatterings. At present it is not clear which elements 8P % from the total number of 218 WR stars discovered so far
ions could be responsible for such an efficient momentum traf¥an der Hucht 1999). Our sample consists of the stars studied
fer (Owocki & Gayley 1999). This has been a serious probleBy Nugis et al. (1998) (except of WR 98, WR 110 and WR 145
over many years. with atypical spectral type) and of all the remaining WR stars
In a recent paper Nugis et al. (1998) showed that the slop#h known distances and/or masses.
of the infrared and radio spectrum indicates that the wind is InSect. 2we describe the determination of the stellar param-
clumped with a distance dependent clumping factor (enhanééers for stars with known distances and masses. This results in
ment factor) being about 10-30 in the effective IR emissighnew calibration of bolometric correction (BC) versus spectral
zone and of the order of unity in the radio emission zone. tifpe. This is based on the mass-luminosity relation of WR stars
this clumping is taken into account, the mass-loss rates of \Ppredicted by stellar evolution theory. In Sect. 3 we apply this
stars derived from the IR fluxes are reduced by about a facBfe-calibration to WR stars with known distances to derive the
3 to 5. Similar or somewhat lower reductions of the mass-lok#ninosity from the apparent visual magnitude, and the mass
rates are expected if they are determined from the line lumind¥m the theoretical mass-luminosity relation. Sect. 4 gives a de-
ity. Schmutz (1997), Hamann & Koesterke (1998b), KoesterRéription of the chemical abundances of the program stars and
et al. (1999), Crowther et al. (1999), Hillier & Miller (1999),in Sect.5 we describe their temperatures and radii. In Sect. 6
Dessart et al. (2000) and De Marco et al. (2000) have reanaly¥¢@ discuss the mass-loss rates and the terminal velocities of
the mass loss determinations from the strength of emission liné@¢ winds. We then describe the dependence.gofands on
taking clumping into account, and confirmed the reduction {he stellar parameters and composition in Sect. 7 and Sect. 8.
mass loss by a factor of about two for WN stars and by somewtatSect. 9 we derive the empirical relations between the mass-
higher factor for WC stars. The resulting wind momentum lod@ss rates and the stellar parameters and composition for WN
is still significantly higher than the radiative momentum loss stars and WC stars. Our mass-loss rates are compared with those
Because of this momentum problem, Cassinelli (1991) présed in evolutionary calculations in Sect. 10. The discussion and
posed that the winds of WR stars are driven by magnetic effec@@nclusions are in Sect. 11.
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 lea@ur sample of program stars contains 64 well observed WR stars
a few cases have indeed been confirmed by polarization mfga-which distances are reasonably well known (from member-
surements (Schulte-Ladbeck 1995). ship of associations or open clusters) or can be found by other
The determination of realistic momentum transfer efficieneyiethods. For 44 of program stars the mass has also been deter-
n requires reliable estimates of the luminosity of WR stars amained. These are the primary stars for this study. In this section
this is one of the main tasks of the present paper. To this purpesediscuss the distances and masses of these 44 WR stars. We
we derive the stellar parameters of 34 WN and 30 WC statse this sample to derive an empirical relation between Bolo-
The other purpose of the present investigation is to derive timetric Correction (BC) and spectral type, which we will use
empirical dependence of mass-loss rates of WR stars on thaier for the secondary sample of stars with unknown masses to
stellar parameters. The results can be used to understanddiwéve their luminosity.
mass-loss mechanism of WR stars. The WN and WC stars with known mass and distance are
Knowledge of the true mass-loss rates of WR starsis not otlilsted in Table 2. Column 1 gives the number in the Sixth cata-
important for understanding the mass-loss mechanism, but dtsgue of WR stars (van der Hucht et al. 1981, 1988). The spectral
for the prediction of the final stages of evolution (final fate). Wittypes are from Smith et al. (1996) for WN stars and Smith et al.
the high mass-loss rates that have been used in previous stu@ieS0) for WC stars.
(i.e. without correction for clumping) it was found that the WR
stars loose too much mass during the WR phase to form blaf
holes as their end products. Wellstein & Langer (1999) found
that with a reduction of the previously used mass-loss ratesTdfe distances of the primary program stars are derived by
WR stars by a factor 2 to 3 times it is possible to form bladkvo methods: from membership of associations or clusters, or
holes. In this context we would like to point out that althougfrom the photometrid/y- versus spectral type calibration. The

n

The program WR stars

. The distances of the primary program WR stars
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method for the determination of the distanté indicated in Table 1.Mean intrinsic colours and absolute visual magnitudes. Colons
the Table 2. indicate that the result is based on only one star.

Subclass (b—v)o (My)

2.1.1. Distances from association or cluster membership

WN 2 —-0.35: -2.8:
In total 31 out of 44 primary program stars are members of agN 3 -035 3.6
sociations or open clusters. The distances of the stars in opéx 4 -0.25 3.7
clusters or associations have been adopted mainly from the cdMiN 4b -0.15 45
pilation by van der Hucht et al. (1988). Only for WR 78, WR 79VN 5 -025 42
WR 95 and WR 133 the improved distances from the study ¥\ 6 —-020 5.4
Smith etal. (1994) have been used. For three program stars (\Wﬁ ? 8 _8';8 _2'2
11, WR 47 and WR 139), the membership of cluster/associati B b e
. . . L. —0.15 —6.4
is not confirmed, or the distance of cluster/association is stron _ _
different from the commonly accepted value. For these thr 4 6 _%'3;22' _33'(;'
stars new distances have been derived by other methods a > e o
. . . 7-8 —0.30 —4.8
scribed in Nugis et al. (1998). WG 9 025 _48

2.1.2. Distances derived from thd,, calibration

For stars which are not known to be the members of an op% tenholm (1984) derived nearly the same value for this ratio

cluster or association, we used the mean absolute visual m /Ep_v =~ 3.4). . .
nitudes of the spectral subtype of the WR star, or the com- The colourex_cesse!SB_v OfWR stars have determ|r_1ed n
panion O-star, with the exception of WR 6 whose distance H&S paper of Nugis et al. (1998). For those WR stars wh|ch.were
been obtained from the strength of interstellar lines (HowargPt Studied by Nugis et al., we used the same method as in that
& Schmutz 1995). paper. This means thaﬂBTV was takgn from thg mean of (i)
Throughout the present paper we are using monochFB-e literature \_/_al_ue§ o_btalned by nulling the175 mte_rstellgr
matic (line-free) narrow band photometric magnitudes( ~ feature, and (ii) intrinsic colours. Thg a(_jop_ted relationship be-
5160 A) andb,, (A ~ 4270 A) which are taken from the paperstweenEE_f—V andE,_, as well as the intrinsic colou( —v)o
of Torres-Dodgeri: Massey (1988) and Massey (1984). If oS function of subtype are the same as used by Nugis et al.
some stars the monochromatic magnitude was not measure )- o .
these papers, then, was derived through the synthetic mag- The intrinsic colourgb — v), for different subclasses were

nitudesug of Smith (1968) by using the mean differences bé}l_erived in the paper of Nugis & Niedzielski (1995) from the

tweenw,,, andv, for the subtype as derived by Torres-DodgeﬁtarS with well determin_ed?_B__V from the nulling thex2175
& Massey (1988). Here, is the synthetic visual magniwdelnterstellarfeature. The intrinsic colours for WN stars have been

measured by Torres-DodgénMassey. To transform the obser_redetermined using new spectral subtypes (Smith et al. 1996)

vations by L. F. Smith into the Torres-DodgérMassey system and they are presented in Table 1. In that table we also present
we used thé c;)rrectionS':vS — 0.04 for WN stars (Schmutz the adopted mean absolute visual magnitudes of different WR

& Vacca 1991) and,=vg — 0.06 for WC stars (our estimate). subtypes. The mean absolute visual magnitudes for WC stars

The distance for some stars was found through the absolllg'® adopted from van der Hucht et al. (1988)' For W,N3 and
visual magnitude from the relationship WN4 stars we used the mean absolute visual magnitudes of

LMC stars derived by Torres-Dodgen & Massey (1988). For
M, =v,;, —10 —5logd — A, — 2.51ogl,, (3) other WN stars we derived the mean absolute visual magnitudes

. . . L by using the following Galactic WN stars:
whered is distance in kpc4,, is interstellar extinction in the-

band in magnitudes ariglis the fraction of the total light emitted WN2 —WR 2;

in thev-band by the studied star. For single stars- 1. In the WN4b —WR 1, WR 6; _
case of binarieg!” is the fraction of the total light emitted byWN5 —WR 133, WR 138, WR 139, WR 141, WR 157,

the WR component and = 1 — 1!V is the fraction emitted by WN6/6b—WR 24, WR 25, WR 67, WR 115, WR 134, WR 136,

the O component in the-band. WR 153, WR 155;
A, can be expressed through the broad band Johnson sys‘ﬁéh‘?‘g —-WR 22, WR 78, WR 105.
colour excesFp_y. We adoptedAd, /Ep_y = 3.42. This To find the absolute visual magnitudes of WR components

value is obtained as the mean derived from the extinction curieshe binary systems, we need to know the fractions of the
Ax/Ep_y of Sapar & Kuusik (1978) and Seaton (1979) antbtal light emitted by the WR component in theband. The
from the mean relative interstellar absorption laws in the opticalethod for finding the fractiong" is described in the paper
range derived by Ardeberg & Virdefors (1982) and Krelowslaf Nugis et al. (1998). The details of the determination of these
etal. (1986). In the latter caseig1/A(um) = 1.82)/Ep_y = fractions for the stars not studied in that paper are presented in
3.1 was adopted. We remind that Turner (1982) and Luidtstr the Appendix B. The absolute visual magnitudes of different O
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subtypes have been adopted from Vacca et al. (1996) with thated up to 0.5 ifog L. Following these suggestions, we es-
correctionM,, — My = 0.1 according to Turner (1982), wheretimated from the evolutionary models of Meynet et al. (1994)
My is the absolute visual magnitude in the Johnson systemthat for WN stars withM/ > 40M and with hydrogen still

presentin their atmospheres the luminosities are about 0.25 dex
22 The masses of the WR stars smaller as compared to the HJ. (4). Thus we used for WR stars
the following relationship between luminosity and mass:

2.2.1. The masses of WR binaries

M M\?

L
The masses of WR stars in spectroscopic binary systems &%% o s

be derived from their orbital parameters. Our list of program .
stars contains 21 WR stars with a mass determination fronj/g€'€ Car = 3.032 if M < 40M¢ or Nu/Nge < 1, and
spectroscopic orbit. These stars are listed in Table 2 with hes = 2.7821f M > 40M, andNy /Nye > 1.

reference indicated and the data in Appendix A. For WR stars Th_e resulting luminosites for stars with known mass are
in binaries with more than one reliable determination of t bsted in Table 2, Column 8.

orbit and the mass, we have adopted the mean value from the

different authors and indicate the uncertainty range. 2.4. The bolometric corrections

_ The stars with known luminosity, either from the cluster or as-
2.2.2. The masses of single WR stars from the cluster age sociation distance or from their mass, listed in Table 2, can be

The mass of single WR stars cannot be determined direcHﬁed to derive a bolometric correction (BC) scale that will be
However, if the WR star is a member of a cluster or associatigﬂct)pwd Eeiowtt]o dirlve the luminosities of stars with known
with a well determined age, the mass can be derived from evoﬂ'f—' '?'ECGBCL:] V‘]f' th un tnown mz(ijss._ d frof and Mo in th
tionary calculations. The mass, or rather the mass limits, can be | € 1 ° I z S irs %rz M([anve B(r/? 32@ v mh €
derived from evolutionary tracks, using the age and the WR tyHﬁua waylog L/Le = —0.4(My + — Mpoy), where

o : ; -
(WN, WC or WO) to indicate the mass limits. This method halgBOL = +4.74 (Bessell et al. 1998) is the bolometric magi

been applied by Smith et al. (1994) who used the evolutionaHf'e of the Sun._ In the case of WR sta_rs we use monochromatlc
tracks of Meynet et al. (1994). The uncertainty in the mass parent magnitudes) and respective narrow-band visual

the WR stars derived from the cluster age is typically 0.4 de&t’)solute visual magnituded, (Eqg. (3)) as explained in previ-

whereas the masses derived from the ages of associations is%_supsectmns. We will use in the present paper b°'°f“e”'c
ically 0.4 to 0.7 dex (Smith et al. 1994). We adopted the megﬂrregtlonsBCv which correspond to the use of abgolute visual
value between the upper and lower limits derived by Smith gn@udgsﬂgthhe narrow bgnabm magnitudes differ from

al. (1994). The masses and the uncertainties are indicated"{iS€ I the Johnson system by

Table 2. M, — My =v,, -V =BC, - BC =0.1 (6)
o (Turner 1982; van der Hucht et al. 1988), whds€' is the
2.3. The luminosities bolometric correction in the Johnson system.

For this study of the dependence of mass-loss on the steﬁatr-l;jh_e ¥albu|esz gﬂ\{” der7iV(1e_(:] from tl?e usel of tr:e: EQl(3) ? re

parameters we need the luminosities of WR stars. For as 8-e|. Itn da'l _T_ bl 02ur2n| ' %resu INg bolometric corrections

ciation or cluster members the luminosity is derived from g€ ISted in fable 2, Lolumn =.

known distance. For stars which are not cluster members but

with a known mass, listed in Table 2, we use the mass lumin@s5. The bolometric correction scale

ity relation predicted by stellar evolution. (Thisis nota circule\y% . .
. e _derived the mean values &C,, for different subclasses

method, because the evolutionary masses depend only on the weighted means of the values in Table 2. The weights

age of the cluster or association and the spectral type and E%g ted for the stars are '

on the luminosity of the WR star). P

Schaerer & Maeder (1992) found for WNE/WC stars theWweight 5: the mass is determined from the binary solution with
relationship: an uncertainty of\/ being less than 15% and with a well known

distance
2 —weight 4: the mass is determined from the binary solution with
) (4)  an uncertainty of\/ being in the limits 15-30%
—weight 3: the mass is determined either from the mass ratio of
We adopted this formula, rather than the ones by Langée binary with well determined spectral type of the OB compo-
(1989a), because it based on improved evolutionary calaentand the mass of thatcomponentis adopted from the spectral
lations. Using the Eq{4) we can determine the luminositiype M relation by Vacca et al. (1996) or it is estimated from
log L/ L, from the adopted mass. For massive WNL stars thise cluster age study by Smith et al. (1994) with the maximum
formula may lead to wrong results. Smith et al. (1994) estimatadd minimum values oM given by Smith et al. differing by
that for massive WNL stars the luminosities may be overeskess than a factor 2

1 L 3.032 4 2.6951 M 0.4611( 1 M
og — = 3. . og — — 0. 0g —
gL@ gM@ gM@
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Table 2. Primary program stars: WR stars with well determined mass and distance

WR  Spectral Type Mwr Ref d Eg_v M, logL BC, Ny /Nge Nz/Nue
Type M) (kpc) Lo)
2 WN2b 10: 1 25F 0.62 -2.79 5.27: -564: 0.0 0.0043
127 WN 3b+0 9.5V 10.8: 2 437 050 -3.20 5.33; -5.37: 0.0 0.0043
1 WN4b 10: 1 263 0.85 447 5.27: -4.00: 0.1 0.0044
31 WN4+0 8V 13.6: 2 468 0.71 -3.73 550: -5.27: 0.0 0.0043
51 WN4 10: 1 360 1.66 -3.74 527 -469: 0.0 0.0043
151 WN 4+0 5V 25: 2 678 1.21 -3.81 5.90: -5.20: 0.0 0.0043
10  WN 5+(A) 18; 1 457 0.59 -3.98 5.69: -5.50: 0.0 0.0043
21 WN 5+04-6 122 2 426" 0.69 418 540 -459 0.0 0.0043
97 WN5b+O7 9: 2 312 1.8 -4.06 5.18 -416 0.0 0.0043
133 WN5+0 9l 10: 2 168 0.38 -3.40 5.27:: -5.03: 0.0 0.0043
138 WN5+B? 15:: 1 1.82 0.65 -4.45 556: -4.72:: 0.8 0.0051
139 WN5+0 6V 9.30.5 2 1.13° 0.88 -4.04 521 -424 0.2 0.0045
141 WN5+0OB 24:: 2 182 114 -4.67 5.87: -5.27: 0.0 0.0043
157  WN 5+(B1lIl) 10; 1 339 0.78 439 5.26: -4.04: 0.0 0.0043
47 WN 6+0 5V 48t9 2 430 1.22 575 6.01 -454 0.2 0.0045
67 WNG6 11.5; 1 363 134 -5.22 5.37. -3.47: 0.0 0.0043
115 WN#6 12: 1 219 161 -4.86 5.40: -3.91: 0.0 0.0043
134 WN6b 12: 1 209 046 -493 540: -3.84: 0.2 0.0045
136 WN 6b 20: 1 182 054 551 5.76: -4.15: 0.54 0.0048
153  WN 6/(CE?)+O06l: 14 2 347 065 474 552 -431 0.1 0.0044
155 WN6+0 9; 16.73.0 2 3.47* 0.66 -5.36 5.64 -4.00 0.24 0.0045
" 22 WN7+0B 55.37.3 2 263 032 -6.63 6.08: -3.83: 3.2 0.0077
78 WN7 16.4: 1 158 051 -6.12 5.63; -3.20 0.4 0.0047
105 WN9 23:: 1 158 2.46 -6.49 5.60: -2.76: 2.3 0.0070
142 WO?2 8: 1 093 1.87: -2.33: 5.09: -5.66: 0.0 0.60
30a WC 4/WO 4+0 4 10.3: 2 746 137 -3.00 5.29: -548 0.0 0.44
9 WC5+07 17.2: 2 208 1.46 -458 566 -4.83: 0.0 0.44
111 WC5 12: 1 158 0.30 -3.61 5.40: -5.16: 0.0 0.50
114 WC5 10:; 1 219 144 -3.54 5.27: -4.89: 0.0 0.26
23 WC6 11: 1 263 044 -3.69 5.34: -4.92: 0.0 0.33
30 WC6+06-8 17.7: 2 948 0.69 454 568 -491: 0.0 0.32
48 WC 6+0 9.5 <115 1 240 0.35 -4.28 (537 )-441 0.0 0.32
154 WC6 8: 1 347 0.76 361 5.09: -4.38 0.0 0.27
42 WC7+07V 123 2 3.02° 0.37 416 540 -461 00 0.32
50 WC 7+abs <5.1 1 3600 1.24 -431 (471 )-272 0.0 0.40
79 WC7+05-8 13.9; 2 158 0.48 -480 551 -4.24: 0.0 0.32
93 WC7+07-9 <8 1 174> 1.82 -5.09 (5.09 )-2.90 0.0 0.32
137 WC 7+0OB <17 1 182 0.66 -480 (5.65 )-459 0.0 0.32
140 WC 7+0 4-5 23.1; 2 121 084 -5.32 585 -456: 0.0 0.32
11  WC 8+0 8-9lll 2 2 0.26° 0.03 365 498 -406 0.0 0.18
113 WC 8+0 8-9IV 132 2 2.00* 1.02 476 546 -4.16 0.0 0.22
135 WwcC8 11: 1 209 0.38 -4.40 5.34: -421: 0.0 0.16
70 WC 9+B Ol 9.8: 2 32% 1.29 -480 525 359 0.0 0.22
95 WC9 8: 1 209 215 457 5.09 342: 00 0.22

Notes. Mw r: a single colon gives uncertain value, uncertait®0%
Mw r: a double colon gives uncertain value, uncertaintg0%
Sources
Mwr: ! from association age (Smith et al. 1992from binary. For details see Appendix A
2 star is a member of association or clustefrom M, of the O-type companion

¢ from L of the 06 V component (Nugis et al. 1998)from M, of both companions

d° from parallax measuremeritfrom M, of WR-companion

—weight 2: the mass is determined either from the mass ratio tbe mass of that component is adopted from the spectralitfype

231

the binary with uncertain spectral type of the OB component anelation by Vacca et al. (1996) or the mass is from the cluster or
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=t L e St‘udy‘ 1 Table 3.The meanBC, for different sybtypes.
E o Spectroscopic E
r ] Subtype BC, BC,
-3C oo B this study  spectroscopic
i ] WN 2 —5.64 (1) —5.45(1)
r ] WN 3 —-5.37(1) -5.83(3)
B -4 = WN 4 —4.72(4) —4.87(10)
E ] WN 5 —4.59(8) —4.39(12)
F ] WN 6 —4.07 (7) -3.72(10)
s B WN 7 —-3.65(2) —-3.24(12)
F ] WN89 -3.3: —2.98 (13)
F 1 WO 2 —5.66 (1)
L ‘ 1 WC 4 —5.48 (1)
WC5 —4.92 (3) —4.00:(9)
- Wo  we WC 6 —4.65(4) —4.10(10)
i i i wC7 —4.17 (6) —3.95(5)
Fig. 1. The dependence of bolometric correctiBt’, on spectral sub- \y- g ~412(3) —-3.80(1)
type for WN and WC stars. Filled dots are our data and open dots g(g g —3.47 (2)

the values obtained from the spectroscopic analyses of WN (Hamann

& Koesterke 1998a) and WC stars (Koesterke & Hamann 1995). The number of stars _used in deriving the mean values is given in paren-
theses. The uncertain data are followed by colons.

association age study by Smith et al. (1994) with the maximum

and minimum values af/ differing by a factor between 2 angCan now use this scale to determine the luminosities of the other
3 well studied stars with unknown mass. These stars are listed

— weight 1: the mass is determined from the cluster or assd&-Table 4. The table lists the spectral types and the apparent

ation age study by Smith et al. (1994) with the maximum afgonochromatic magnitude at 518((v,,). In case of a binary
minimum values of\/ differing by a factor between 3 and 10 system, the Ils_ted valug refers to the whole_ sy_stem. The dis-
— weight 0: the mass is determined from the the cluster or &&nces are derived by different methods, as indicated. The val-
sociation age study by Smith et al. (1994) but the estimate@S OfEs—v are from Nugis et al. (1998). For the stars which
maximium and minimum limits of mass differ more than 10. [\/€ré not studied in that paper we foufig; - by the method

the distance is not reliably determined, i.e. it is estimated froffPlained in Sect. 2. Column & gives the fraction of the visual

the adopted value d¥/,, then the weight of the individua#C, light that is emitted by the WR component. In case of a binary,
estimate is reduced by one. this fraction can be less than 1.0. The details of determination

. . of these fractions for the studied stars are given in Appendix
The resulting mean values &C', as a function of subtype 9 bp

X X B. Column 7 gives the resulting absolute visual monochromatic
esults obtained by the Srmith et a1, (1994) ho used practicafSMude Of he WR tars. The values, are rom Table 3.
the same method. These differen.ces are mainly due to diff r-Iumn 9 gives the resulting Iummos!ty. The masses, derived
: C . . ﬁé)m L by means of Eq[{4), are listed in Column 10.

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 (199%) The chemical composition of the program stars
from the spectroscopic analysis of the WR sp_ectra, using stanp The He/H ratio
dard non-LTE WR models. The comparison is plotted versus
subtype in Fid:1L. The ratios of Ny /Ny for WN stars were derived by taking

The mearBC,, values obtained from the spectroscopic analto account the clumped structure of their winds (Nugis &
yses of WN stars do not differ much from the values obtaind¥iedzielski 1995, Nugis et al. 1998). These estimates were ob-
by us, but for some WC stars the two valuesif, differ tained from comparisons of the observed line fluxes of He II,
quite substantially. These differences are due to the neglectisfl and H I lines with theoretical line fluxes found by summing
clumping and metals (line blanketing and line blocking) in pre#p the contributions from different layers of the clumped wind
vious versions of standard models which lead to the underg&adel. In these estimates only those lines have been used which
timated luminosities in the standard models for some spect@&é not blended with lines of other elements.
subtypes (Hillier 1996, Schmutz 1997, Schmutz & De Marco
1999, Hillier & Miller 1999, Dessart et al. 2000). 4.2. The chemical composition: Y and Z

The chemical composition, described Byand Z, of the WN

stars has been derived by the following scheme. The observed
Using the Bolometric Correction scale derived from the stacemposition of the atmosphere (wind) is assumed to be a mix-
with known mass and luminosity in the previous section, ware of unprocessed matter and of CNO-cycle processed mate-

3. Other program stars
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Table 4. Secondary program stars

WR Sp Type Um, d Ep_v ll‘,” M, BCv |09L Mwr NH/NHe Nz/NHE
(kpc) Lo Mg
6 WN4b 6.96 1.8C¢ 0.06 1.0 -4.52 -4.72 5,59 16 0.2: 0.0045
24 WN6 6.50 2.63 0.18 1.0 -6.22 -4.07 6.01 48 2.4 0.0068
25 WN©6 8.18 263 0.73 1.0 -6.42 -4.07 6.09 57 3.8 0.0083
87 WN 7+abs 126 2.88 2.10 0.64 -6.40 -3.65 5.92 40 2.7 0.0071
16 WNS8 852 393 057 1.0 -6.40 -3.3 5.78 21 1.8 0.0062
40 WNS8 7.87 357 0.44 1.0 -6.40 -3.3 5.78 21 0.8 0.0051
89 WNB8+abs 1155 288 1.72 0.81 -6.40 -3.3 5.78 21 1.0 0.0053
124 WNS8 11.60 6.4 1.16 1.0 -6.40 -3.3 5.78 21 1.9 0.0063
147 WN8+OB 1489 0.72 3.65 0.65 -6.40 -3.3 5.78 21 0.1 0.0044
148 WN8+abs 10.46 8.90 0.75 0.66 -6.40 -3.3 5.78 21 0.6 0.0049
144 WCA4 1545 1.1% 2.40 1.0 -3.00 -5.48 5.29 10 0.0 0.44
15 WC6 11.85 1.44 1.39 1.0 -3.70 -4.65 524 10 0.0 0.16
146 WC 6+0 13.91 070 2.80 0.33 -3.70 -4.65 5.24 10 0.0 0.10
14 WC7 956 2.00 0.62 1.0 -4.07 -4.17 5.19 9 0.0 0.16
86 WC 7+B0I 9.72 216 0.99 0.61 -480 -4.17 5.48 13 0.0 0.60
65 WC9 1461 218 227 1.0 -480 -3.47 5.20 9 0.0 0.22
81 WCH9 1299 228 177 1.0 -4.80 -3.47 5.20 9 0.0 0.22
103 WC9 9.18 2.94 0.48 1.0 -4.80 -3.47 5.20 9 0.0 0.22
104 WC 9+abs 136 158 2.05 1.0 -4.40 -3.47 5.04 8 0.0 0.22
112 WC9 19.1 136 3.90 1.0 -4.80 -3.47 5.20 9 0.0 0.22

& star is a member of association or cluster;
f from M, of WR-companion;
& from IS absorption line strength.

rial. Unprocessed matter is assumed to have solar compositithN (o, v) ¥ F(37)180(«, v)??Ne. The mass fraction¥” and
Y = 0.246, Z = 0.018, X = 0.736 (Ng./Nyg = 0.0836, Z are found from the observed number rati¥s /Ny, and
Nz/Ng. = 0.00142, Az ~ 17). The mass fractiofyy fol- No/Ny. as follows:
lows from helioseismology (Basu & Antia 1995) auf}, is 4
derived from the solar rati& /X = 0.0244 (Grevesse et al. Y =
1996). Such a composition aérees well with modern evolution-  + T 12NVe/Nue +16No/Nye +0.1
ary models for the Sun (Elliot 1998). The CNO-cycle processédd
gas of original solar composition has a compositién= 0.983, 7_1_-V (11)
Z =0.0172, X = 0.0. The mass fractiom of CNO processed
hydrogen atoms of WN stars (the number-fraction of H-atoms For the WC stars with C and O abundances derived from
transformed into helium) can be found from the observed ratietailed atmospheric modeling we adopted the individual de-
of Nye/Ng terminations of the ratiod’c /Ny, andNo /Ng.. This applies
Nov /Nor — [Nwr /N to the stars: WR 111 (Hillier & Miller 1999), WR 135, WR 146
_ Nue/Nu — [Nie/Nrlo (7) (Dessartetal. 2000), WR 11 (De Marco etal. 2000), WR 14, WR

(10

Nue/Ny +025 15, WR 23, WR 50, WR 86, WR 114 and WR 154 (Koesterke
For a given fraction: of the processed material the mass frag Hamann 1995). For the other stars we used the mean values
tionsY andZ are obtained from the formulae: for the subtype which have been derived as the weighted means

M2/4+ [Nie/Nilo) of different estimates. The weights were taken to be 1 for the
= = , (8) starswith the estimates obtained by simple atmospheric models
1 -2 +4(z/4+ [Nue/Nulo) + [Nz/Nulo Az and recombination-type models (Torres 1988, Smith & Hum-
2 [Nz/NploAz © mer 192:(8, Eente)znszg; Wilrl]iams _1992, Nufg‘i<s 1991{(; th; |\f|veights
= . were taken to be 2 for the estimates of Koesterke amann
L=+ 4(w/d+[Nue/Nulo) + [Nz/Nulo Az (1995) and the weights were taken to be 4 for the most correct
The chemical parameters and Z of WC stars have estimates obtained by using the clumped wind models (Hillier
been derived by assuming that their observed compo&iMiller 1999, Dessart et al. 2000 and De Marco et al. 2000).
tions are due to partial He—burning of fully CNO-cycle The mean ratioV- /Ny, for the subtypes were found to
processed matter with depletédN due to reaction chain be: WC 4-5: 0.36, WC 6-7: 0.26, WC 8-9: 0.18 and the mean
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ratios of N /No were estimated to be 5 for all WC subtypes- WC stars: Koesterke & Hamann (1995), Torres-Dodgen

The individual values oiN¢ /Ny, may differ from the mean (1985), Smith et al. (1990) and Kingsburgh et al. (1995) (WR

value for the subtype by about 0.1. In the case of WR 142 (W8Da and WR 142).

2) we used theV¢ /Ny and No /Ny, determinations from In the case of WR 48 individual estimates of equivalent

Kingsburgh et al. (1995). widths of these lines were absent and for the WC 6 component

The resulting ratiosVy /Ny, and Nz /Ny, of WR stars of this binary star we used the mean equivalent widths of its
are listed in Tables 2 and 4. Note th&f;, means the sum over spectral subtype and took into account the depression due to
all elements heavier than helium. In the case of WN stéss the presence of the O component (through the derived value
is predominantly the number of nitrogen atoms and in the cag). The stars with mass-loss rates derived from the equivalent
of WC stars it is the number of carbon atoms. 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«Qf are indicated in the
The effective temperatures of WR stars are not well definedppendix C.
because the radius of these stars depends on wavelength andables 5 and 6 list the important parameters of the program
hence the classical formula= 47 R20T,¢* loses its meaning. stars. These are: spectral type, luminosity, mass, effective tem-
This is due to the high mass-loss rates of WR stars which resiiiggature of the hydrostatic core, the mass fractions of He and
in an optically thick wind. Therefore we cannot simply tdg the metalsY’, Z (the mass fraction of hydrogeX is equal to
as one of the parameters for fitting the mass-loss rates, becdusel” — %), the observed mass-loss rate, terminal velocity and
T.« itself will depend on the density distribution in the wind anghe momentum transfer efficiengy
hence on the mass-loss rate. The only “effective temperature”
thatis independentd\f{ is the one that corresponds to the radius . )
of the hydrostatic core, calculated in stellar evolution codes.’- The dependence of the terminal velocity

Schaerer & Maeder (1992) derived a formula for the hydro- N the stellar parameters

static core radiusievo1, of the WR stars from the evolutionaryThe line driven wind theory predicts that the terminal veloc-

5. Temperatures and radii

tracks ities are proportional to the effective escape velocity. This is
Revol 19 indeed observed for the O and B-stars. The proportionality fac-
log = —1.845 +0.338 log 7— (12)  torve, /vese depends on the effective temperature. For OB stars
© © the ratio iSvs /vesc =~ 2.6 for O-stars with ¢ > 22 000, ~1.3
and the corresponding effective core temperatiifg,, is for 10000 < Tog < 20000 and~0.7 for8000 < Teg < 10000
K (Lamers et al. 1995). Here we investigate if a similar relation
10g Tovor = 4.684 + 0.0809 log i (13) holds for the WR stars. The problem with the very extended at-
Le mospheres of the WR stars is that the “effective radius” depends

These values are listed in Tables 5 and 6. The modes| of Scha8Fefh€ density structure of the wind and hence on the mass-loss
& Maeder are not valid for the H-rich WNL stars. Therefore nfgte- The effective radius, defined as the radius where some “ef-

values of these quantities are given for the stars WR 16, WR 2Ctive temperature” is reached (e.g. where- 2/3 or where
WR 24. WR 25. WR 87. WR 89. WR 105 and WR 124. T(electron) = {L/(47TO'R2}1/4) IS Iarger than the hydrOStatIC
’ ' ’ ’ radius by factors of the order of 10.

Since we want to determine the properties of the WR winds
6. The mass-loss rates and terminal velocities of the winds on their stellar parameters, we will compare with the escape

The mass-loss rates of most of our WR program stars are frvelouty of the hydrostatic core. The effective escape velocity

m : )
Nugis et al. (1998). They were derived from the radio emigr—Om the core is defined as

sion power, with clumping taken into account. These values

are indicated by “N” in Column 10 of Tables 5 and 6 whereas,.(core) =
“N/d” means that the mass-loss rates have been corrected for the
change of the distance. For the other program stars the mass-lgss .

rates were found from the mass-loss rate versus emission Hv%?ei{e the fa':;:;o_ﬂ B Fteh corrects the gravity for the effect of
equivalent width relationships derived by Nugis et al. (1998?,e ron scattering wi

again taking into account the clumping of the WR winds. Theze — 7.66 x 107 o, L/M (15)
mass-loss rate determinations are based on the equivalent widths ©

of the emission lines at\ 5411, 4945 and 711&for WN'stars i 1 andas are in solar units. The electron scattering coefficient
andthose atA 5411, 5471 and 559 for WC stars. The equiv- g, ~ 0.401(X + Y/2 + Z/4) cm?. We have assumed that H
alent widths are from: and He are fully ionized near the surface of WR stars and that
— WN stars: Smith et al. (1996), Crowther (1993), Conti et &C, N and O are four times ionized (CV, NV, OV). The effective
(1990) escape velocities are about 2000 km $or all WR stars.

GM(1-T,)

14
Revol ( )
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Table 5. Parameters and mass-loss rates of WN stars

Star  Sp. Type locl. Mwr Tevol Y Z M (obs) Voo MYes
(Lo) Mo) (K) (107°) (kms™) n
(Mo yr™)

2 WN2b 5.27 10.0 129000 0.983 0.0172 0%40: 3100 3.29
127 WN 3b+0 9.5V 5.33 10.8 134000 0.983 0.0172 0.47 1760 1.92
1 WN4b 5.57 152 136500 0.959 0.0172 2Y40 2135 6.73
6 WN4b 5.59 156 137000 0.936 0.0172 1790 1720 4.10
31 WN4+08V 5.28 10.1 129200 0.983 0.0172 0©.86 1640 3.66
51 WN4 5.28 10.2 129300 0.983 0.0172 0.62 1460 2.33
151 WN4+05V 571 18,5 140000 0.983 0.0172 .81 1500 2.61
10 WN 5+(A) 5.32 10.8 130400 0.983 0.0172 051 1475 1.75
21 WN5+0 4-6 5.40 12.0 132300 0.983 0.0172 0.93 1660 2.98
97 WN5b+O 7 5.36 11.3 131200 0.983 0.0172 1.24 1900 5.09
133 WN5+0 9l 5.09 8.0 124900 0.983 0.0172 0'65 1625 4.19
138 WN 5+B? 5,51 139 135000 0.819 0.0173 100 1345 2.03
139 WN 5+0 6V 5.21 9.3 127600 0.936 0.0172 092 1785 4.96
141 WN 5+0OB? 5.60 15.8 137300 0.983 0.0172 {20 1400 2.07
157  WN 5+(B1ll) 5.49 13.5 134400 0.983 0.0172 0.89 1230 1.76
24 WN®6 6.01 48.0 0.614 0.0176 235 2155 3.03
25 WN®6 6.09 57.0 0.503 0.0177 230 2455 2.82
47 WN 6+0 5V 5.92 40.0 145700 0.936 0.0172 9.17 2460 13.30
67 WN©6 5.61 16.1 137600 0.983 0.0172 456 1500 8.19
115 WN®6 5.47 13.1 133900 0.983 0.0172 235 1150 451
134 WN6b 5.50 13.6 134600 0.936 0.0172 4’55 1905 13.60
136  WN 6b 5.73 19.1 140600 0.866 0.0173 625 1605 9.20
153 WN 6/(CE?)+061 5.52 140 131100 0.968 0.0172 351 1785 9.38
155 WN 6+0 9: 5.65 17.0 138500 0.927 0.0172 3.04 1690 5.64
22 WN 7+0OB 6.08 55.3 0.546 0.0176 470 1790 3.06
78 WN7 5.80 21.5 142600 0.893 0.0173 380 1365 3.99
87 WN 7+abs 5.92 40.0 0.586 0.0176 319 1500 2.85
16 WNS8 5.78 20.6 0.678 0.0175 2X5 740 1.72
40 WNS8 5.78 20.6 141800 0.814 0.0173 418 910 3.12
89 WN 8+abs 5.78 20.6 0.786 0.0174 570 1500 7.02
124 WN S8 5.78 20.6 0.666 0.0175 2945 710 1.43
147 WN 8+0OB 5.78 20.6 141800 0.959 0.0172 &63 900 4.90
148 WN 8+abs 5.78 20.6 141800 0.862 0.0173 7.48 1545 9.49
105 WNO9 5.81 21.8 0.624 0.0176 2.80: 1200 2.54

Notes: M": mass loss rates are from Nugis et al. (1998)"/: with corrected distance.
M¢: 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 ratig/ves.(core) on Linear regression relations in which we excluded the above
L for both the WN and the WC stars. We have used differemtentioned stars WR 2, WR 142 and WR 30a give the following
symbols for different abundance ranges. results:

Fig. 2a shows that for WN stats,, /vesc(core) has a mean
value of about 0.8. The star that deviates most strongly is WR% Voo [Vesc(core) = 0.61 —0.13(£0.09) log L
(WN 2b), which has the highest terminal velocity of 3100 +0.30(£0.77) log Y’ (16)

1 . . .

o« o el VN e g he Heih WL ) wihastandar
0f 109 v / Vesc (core) with increasing luminosity from about 0.6 eviation of 0.084 dex and
at log(L)=5.0 to 1.3 at log()=5.7. The two highly discrepant log o, /ves.(core) = — 2.37 + 0.43(£0.13) log L
starsare WR 142 (WO 2) and WR 30a (WC 4/ WO 4) which both —0.07(£0.27) log Z (17)
have a very high terminal velocity in excess of 4000 km.§ he ' '
WC stars withZ < 0.50 have lower values ofi. /vesc(core)  for WC stars withr = 0.13 dex. If the degree of ionization near
than the stars with higher-values. This, and the high valueshe hydrostatic core of WO stars is higher than for WC stars
of v, of the WO stars, shows that the terminal velocity of th@nO stars have a higher degree of ionizatinthe wind), then
winds of WR stars increases with increasitig 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 logL Mwgr Tl Y Z M (obs) Voo Mboec
(Lo)  (Mo) (K) (107°) (kms™t) n
Mg yr—?

142 WO 2 5.09 8.0 124800 0.342 0.658 0:39: 5500 8.55
30a WC4/W04+04 5.29 10.3 129500 0.418 0.582 E.20: 4500 13.60
144 WC14 5.29 10.3 129500 0.418 0.582 1V10 2440 6.76
9 WC5+07 5.70 18.2 139700 0.418 0.582 2¥30 3030 6.88
111 WC5 5.31 10.6 130000 0.381 0.619 100 2415 5.82
114 WC5 5.28 10.2 129300 0.535 0.465 (.68 2000 3.50
15 WC6 5.24 9.6 128300 0.658 0.342 120 2325 7.94
23 WC6 5.23 9.6 128200 0.488 0.512 1529 2280 8.45
30 WC6+06-8 5.57 15.2 136500 0.497 0.503 2.40 2400 7.56
48 WC 6+0 9.5] 5.47 13.1 133900 0.497 0.503 181: 2060 6.22
146 WC 6+0 5.24 9.6 128300 0.744 0.256 170 2700 13.10
154 WC6 5.20 9.2 127400 0.537 0.463 Ir10 2050 6.97
14 WC7 5.19 9.1 127200 0.658 0.342 1°88 1980 11.70
42 WC7+07V 5.23 9.5 128100 0.497 0.503 r.28 1645 6.11
50 WC 7+abs 5.29 10.3 129500 0.439 0.561 2.15 2370 12.90
79 WC 7+0 5-8 5.48 13.4 134300 0.497 0.503 240 2270 8.76
86 WC 7+B0I 5.48 13.4 134300 0.342 0.658 170 1800 4.92
93 WC7+07-9 5.60 15.8 137300 0.497 0.503 250 2290 7.05
137 WC 7+OB 5.48 13.4 134300 0.497 0.503 2795 1885 8.94
140 WC7+04-5 5.69 18.1 139600 0.407 0.503 6.30 2800 17.60
11 WC 8+0 8-9lll 5.00 7.2 122700 0.627 0.373 108 1415 7.49
113 WC8+08-9lV 5.46 13.0 133800 0.585 0415 2.44 1890 7.80
135 WC8 5.30 10.5 129900 0.651 0.349 150 1405 5.13
65 WC9 5.20 9.2 127500 0.585 0.415 1°50 1040 4.78
70 WC9+BOI 5.20 9.2 127500 0.585 0415 232 1250 8.88
81 WC9 5.20 9.2 127500 0.585 0.415 1°60 900 4.41
95 WC9 5.11 8.1 125300 0.585 0.415 237 1040 9.33
103 WC9 5.20 9.2 127500 0.585 0.415 2Y0 1190 8.75
104 WC 9+abs 5.04 7.6 123800 0.585 0415 1.14 1180 5.96
112 WC9 5.20 9.2 127500 0.585 0.415 210 1100 3.71

Notes: M": mass loss rates are from Nugis et al. (1998),
M¢: 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 staaise concentrated on the lower right-hand corner. A least square
compared to the WN and WC stars. This would resultin an eviémear regression of the data gives the following relation
higher value o, /ves. fOr the WO stars.

The small values of of the fits of Eqs[{16) and(17) in- log n = —2.82+0.64(%0.23) log L +2.84(+1.02) log Y'(18)
dicate that these two relations can be used to predictjuite ) . . .
accurately. Alternatively, these relations can be used to derf% WN stars, with a standard deviation of 0.25. This relation

the effective escape velocity of the hydrostatic core from tF8OWS thay depends mainly on composition and only weakly
observed terminal velocities. on L: stars with a higher Helium abundance have a higher

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

8. The dependence of momentum transfer efficiency IS
on the stellar parameters log 1 = —0.60 +0.31(+0.18) log L
The momentum transfer efficiengyindicates the efficiency of + 0.65(+0.42)log Y (19)

the momentum transfer from the radiation to the wind.

Figs.3a and 3b show the dependence of dogn L for for WC stars, with a standard deviation of 0.155.
the WN and the WC stars. Both figures show a large scatter, We conclude that WN stars have values)af the range of
which indicates that) is not a simple function of luminosity 0.2 to 1.0 dex, and WC stars hay& the range of 0.6 to 1.2 dex.
only. Fig. 3a shows that for WN starsdepends on the helium The value of; increases with increasing andY” for both the
abundance, because the points referring to stars¥with0.85 WN and the WC stars. Although the standard deviations of the
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Fig. 3. The logarithmic momentum transfer efficiengyof the WN
Fig. 2. The ratiove. /vesc(core) of the H-poor WN stars (top panel) stars (top panel) and the WC stars (bottom panel) as a functién of
and the WC stars (bottom panel) as a functionLofThe data show The two WO stars are indicated by an asterisk. The linear regression
that this ratio is nearly constant with increasihgor WN stars and relations are given in the text.
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 3\(/)\1;1Og M = -13.60 +1.63(x0.21) log L
(WC/04+04), indicated by an asterisk, in Fig. b. The scatter is large. +2.22(40.63) log Y’ (20)

The ratio depends oh and on the chemical composition, as indicated . - .
by different symbols for different ranges ®f or Z. The least square with a standard deviation of 0.20 dex. The mass-loss rate in-

relations are given in the text. creases with luminosity and with helium abundance.
Fig. 4b also shows a trend @ increasing withL for the
W(C stars, but the scatter is large. The star with the lowest mass-

regression relations are small, the coefficients that describe g rate is WR 142 (WO2). The linear regression relation for

dependence on composition are rather uncertain. the WC stars, excluding the two WO stars, is
log M = —8.30+0.84(+0.17)log L
9. The dependence of the mass-loss +2.04(£1.37)log Y +1.04(£1.16)log Z (21)

on luminosity and composition with a standard deviation of 0.14 dex. The possible deviation

Figs. 4a and 4b show the dependencé/bbn luminosity for in the values o and Z for individual stars from the adopted
WN and WC stars respectively. Different symbols indicate difnean values of the WC subtypes (Sect. 4.2), is responsible for
ferent abundances. Fig. 4a shows thaincreases with increas- a significant fraction of the scatter. The two WO stars fit this
ing L. The four stars with log{)>5.9 andY < 0.85 are the relation within 0.08 dex, suggesting that the mass-loss rates of
massive H-rich WN stars WR 22 (WN7 +OB), WR 24 (WN6)WO stars follow the same trend as that of the WC stars, although
WR 25 (WN6) and WR 87 (WN7+abs). Including these H-rickthe terminal velocities of the WO stars are much higher than
stars, we derived the following regression relation for WN statisose of the WC stars.
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indeed suggest such a trend, becaliséncreases with. and

the luminosity of WR stars depends on the mass, as given in
Eq. (5). Therefore we have also derived the relation betwid¢en
and mass. The linear regression for the WN stars, including the
four massive H-rich stars, is

log M = —5.99 +1.06(40.22) log M (23)

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

log M = —5.93 4 1.13(£0.26) log M (24)

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

log M = —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 witandZ, 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 Eq8.{20) for the WN stalrs] (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. 5¢ 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 ratésg M > —4.4, are slightly too small by

Fig. 4. The mass-loss rates M, yr~' of WN stars (upper figure) and about 0.2 dex.

WC stars (lower figure) as a function of luminosity. Different symbols
indicate different ranges in abundandd. increases withl, with Y’

and withZ (mainly C-abundance). The two WO stars are indicated
an asterisk. The linear regression relations are described in the text.

Maeder (1991) and Maeder & Meynet (1994) assumed in the

The relations[(20) and(21) are only valid within the rangevolutionary calculations of the WR stars that the mass-loss
of parameters of the program stars. For instance, if we woukfes of these stars vary as follows:
_apply Eq.[21) of the WC stars, W.h'Ch ha@@6 < Z < 0'66 — for H-rich WN stars (called WNL by Maeder) he adopted a
in our sample, to the WN stars withh = 0.017, the resulting s 1

redicted mass-loss rates of the WN stars would be an order ofmass—loss rate af 10°° Mo yr- .

P . — for H-free WN stars (called WNE by Maeder) and for WC
magnitude too small. stars he adopted the rates used by Langer (1989b)

The full dependence of the mass-loss rates of WR stars on P y 9
stellar parameters and composition can be found by combining Jog M= — 7.10(£0.11) + 2.5 log M/Mg. (26)
both samples of WN and WC stars. This yields

B';p' Comparison with mass-loss rates used
in evolutionary calculations

In this context H-free meanX < 0.05, i.e.Y + 7 >
0.95. We compare these adopted mass-loss rates with those
derived in this paper.

log M = —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 The mean mass-loss rates of our sample of H-rich WN stars
deviation of 0.19 dex. This equation shows that the mass-lasigh X > 0.05 islog M = —4.48 4 0.26. This is only slightly
rate increases with luminosity as L'-3 with helium abundance smaller than the value dbg A/ = —4.40, adopted by Maeder
as~ Y7 and with metallicity (mainly C in WC stars)y Z%°. (1991).

Several authors have assumed that the mass-loss rates of WRn Fig. 6 we plot the dependenceldf on mass of our H-poor
stars depend on their mass (e.g. Langer 1989a), following thi§ < 0.05) program stars and we compare it with the relation
original suggestion by Abbott et al. (1986). The data in Fig. 426) adopted by Langer (1989b) and Maeder (1991). The figure
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-45 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.
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] T T In this paper we studied the dependence of the wind characteris-
WN, WC and WO-stars 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,
and the mass-loss rates on basic stellar parameters. The ratio
Voo /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.{IL7)). The very high values of the
WO stars confirm this trend. The high accuracy of the linear re-
gression relation$ (16) arld {17) shows that the effective escape
Fig.5. The comparison between the observed and predicted masslocities at the hydrostatic core can be derived quite accurately
loss rates for WN stars (upper panel), WC-stars (middle panel) aifdm the observed terminal velocity of the winds. Using the rela-
WN+WC stars (lower panel). The adopted relations are indicated.t|fns between mass, radius and luminosity, predicted by stellar
the upper two figures the symbols refer to different abundances,&%)|ution theory, it may be possible to derive the luminosity of
|nd|ca_ted_ inthe panels_. In the lower figure open and filled symb_ols. WR stars. The uncertainty of= 0.084 dex in the the ratio
stars m(_]llcate respectively WN, WC and WO stars. Plusses |nd|c%te /ese OFthe WN stars and 0.11 dex for WC stars suggests that
uncertain values of the observed mass-loss rates. oo/ wese . ;

the mass can be determined with an accuracy of about 0.1 dex,
and from that the luminosity with an uncertainty 0.25 dex.

shows that Eq[(26) overestimates the mass-loss rates on averag@/e found that the mass-loss rates of WR stars depend on
by about 0.3 dex. The discrepancy is larger for the WN stars tHaminosity . and are also quite strongly dependentoand”.
for the WC stars. 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 Egk. (20), stages of the evolution of massive stars (see the discussion
(Z1) and [22). They show that/ of the full sample of stars in Wellstein & Langer 1999, and in de Koter 2000).
increases with luminosity as L'-3, with helium abundance as 2. On the other hand, the lower mass-loss rates may also pose
~ Y17 and with the metal abundance (mainly C in WC stars) problems. Maeder (1991) showed that the evolutionary cal-
~ 703, culations predict the observed ratios of WN/WC/WO stars,
The momentum transfer efficieney = Muv../(L/c) of if the high mass-loss rates of Langer’s formula are adopted.
WR starsis found to lie in the range bt < n < 17.6 withthe 3. This then leaves us with the question: do WR stars suffer
average value of 64 stars being 6.2. This is substantially lower additional mass-loss, apart from the quiescence mass-loss
than the values obtained from wind models which neglect the that we derived from the observations, e.g. in the form of
clumping. outbursts? The presence of nebulae around many WR stars
It is generally assumed that multiple scattering in a wind may provide evidence for short phases of high mass-loss
with an ionization stratification can provide the necessary driv- rates during the WR phase (Marston 1999).
ing force in the outer winds of WR starssjfis smaller or about 4. The ratio of WN/WC stars may also be affected by rotation-
10. The reduced values gfderived in this paper might thus be  induced mixing. Lamers et al. (2000b) have derived evi-
in agreement with photon scattering as the main driver of the dence for rotation-induced mixing in OB stars, from the
WR winds. However, hydrodynamic simulations carried out by study of the chemical composition of circumstellar nebulae.
Schmutz (1997) for the star WR 6 (HD 50896) showed that

o o A . . . It would be very interesting to calculate evolutionary mod-
there is still insufficient driving in the inner wind regions where . . "
€ls of WR stars with our new mass-loss rates, to see if additional

v < Vese. SO there might be a need for some sort of “two-stage L .
L . . ) O ass-loss or mixing is needed to explain the observed evolu-
driving process, in which some mechanism actually initiates the .
. - : . . _Honary and nebular properties of WR stars.
mass-loss, with radiative forces taking over to drive the winds L . : )
. . : (This is the first paper in a series on the mass-loss rates of
to high terminal speeds (Glatzel et al. 1993, Owocki & Gayl . ;
ST . ot stars. The next papers deals with the predicted mass-loss
1999). Lamers & Casinelli (1999) and Vink et al. (2000a) have : .
. y . . rates of O, B and A stars (Vink et al. 2000a), with the predicted
argued that for radiation driven winds the mass loss rate is g S
L . . . ependence of mass loss on metallicity (Vink et al. 2000b) and
by the radiation pressure in the subsonic region and the termi-
) L : with the observed mass-loss rates of O, B and A stars (Lamers
nal velocity depends on the radiation pressure in the supersoe I%I in preparation)
region. (See also the discussion by Lamers et al. 2000a). -Inprep '
The dependence of mass-loss on the helium abundance Agkdlowledgements. We thank Paul Crowther and Dr Norbert Langer
on the CNO abundances might point to two effects: for constructive comments on this paper. Henny Lamers and Tiit Nugis

. . . . ratefully thank the directors and the staff of the Tartu Observatory
(1) The driving process deep in the wind might be dEpendeZQ% the Astronomical Institute in Utrecht, respectively, for hospitality

on abundance and pOS_SIny also on pulsations. during the course of this study. This work was supported by grant No
(2) The abundance of helium and CNO strongly affects th& g6 trom the Estonian Science Foundation.

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 irofNote added in press:After this paper was accepted, we re-
group elements). ceived a preprint of the paper “WN stars in the LMC: parameters

Th | derived in thi I and atmospheric abundances” by W.R. Hamann & L. Koesterke
€ mass-loss rates derived in this paper are smaller tlzﬁ\'&A, accepted) in which the authors claim that their new de-

those adopted in evolutionary calculations. The dncferenCetl—?‘rmina’tions ofthe mass-loss rates and stellar parameters of WN

small, only about 0.1dex, for the WN stars with > 0.05 ; : . :
’ ’ ' starsin the LMC do not agree with our relation (20) derived for
but it is significant for the H-poor WN stars and the WC star\s);l g (20)

. . alactic WN stars.
Following a suggestion by Abbott et al. (1986), Langer (1989 !

) Hamann & Koesterke (hereafter called HK) use a “mean”
Maeder (1991) and Maeder & Meynet (1994) assumed in t f—% ( )u

. | ) clumping factor ofD = 4 for all WN stars. This can result in
evolutionary calculations that the mass-loss varies only W'gPrors of a factor two or three ilf, compared to the method for
mass, but not with composition, as described in Sect. 10. '

; deriving clumping-corrected mass-loss rates (Nugis et al. 1998
Eq. (28) overestimates the mass-loss rates by about a fa g ping (Nug )

. ) ikt was adopted in our paper.
two on average. The overestimate depends on the chemical C?f?'Some stars of the HK sample may have an unrealible lumi-

position and it is smaller for thg WC stars, viz. "?‘bOUt 0.2de osity, as can be concluded from the large difference in bolo-
than for the H-poor WN stars, viz. 0.5 dex (see Fig. 6)._The d netric correction of stars of the same subtype. This suspicion is
ference petween our new mass IOS.S rates and the higher r orted by the large difference in luminosity of the star Brey
adopted in the evolutionary calculations of Meynet et al. (199 derived from the spectroscopic studies by HK and Crowther
is even larger: about 0.6 dex for WNE and WC-stars, and 0.3 l. (1995).
for W'\.“‘ star_s. ) (3) If the luminosities of the LMC stars of the HK sample are
This has important consequences: derived from the absolute visual magnitudes, given by HK, and
1. The lower mass-loss rates of the WR stars, compared to ghee mean bolometric corrections for their spectral types (our Ta-
vious estimates, facilitate the formation of black holes as ebtk 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 ini6g K..,). The value ofi is adopted to be the mean of photometric
between the values of HK and our predictions by Eq. (20) a@nd polarimetric estimates (Lamontagne et al. 1996375°.

only —0.02 with a scatter 00.18 (1 ). WR 127 qar = My /Mo = 0.465 = 0.1 (Massey 1981) and
Mo = 23.3M (Vacca et al. 1996).
Appendix A: sources for massesVlw r WR 133: Bertrand (1995) estimated thaty, ~ 15M; and

] ) . Smith et al. (1994) found that/y,y < 10M. We adopted that
Below are given the sources of spectroscopic determlnatlon%gw — 10Mp.

the masses of WR components in binary systems. 3.
WR 139 My sin® ¢ = 8.8 + 0.4 M, (Marchenko et al. 1994)

WR 9: ¢ is taken to be the mean of the estimates of Niemelgq, — 75 70 40 5 (Robert et al. 1990).

g;?ﬁ;i@?;gigﬁ?g&;ﬁ: ?bgm%lfi) l\/VTI;f}V;\g'ow ~ WR 140: with ¢p; = 0.37 according to Annuk (1995) and
} i o i Mossy = 62.3M¢ (Vacca et al. 1996), we will getfy, ~

WR11: with the angular size of the semimajor axis from thes 7

interferometric observations of Hanbury-Brown et al. (197

and HIPPARCOS parallax we will obtain thafy, ~ 7Mg

from the formulaMy, /My = (a”/p)3/P?/(1 + Kw/Ko),

%R 141: The adopted mass is the mean of mass/age estimate
(13 M, for binary evolution using the graphs of Smith et al.

wherea” andp are in mas, orbital perioft is in years and radial 1994) and of the spectroscopic orbit solutions of Grandchamps
velocity semi-amplitudedy() of Wolf—Rayet andOcomponents& M)offat (1991) (24M¢) and of Marchenko et al. (1998) (45
are in km s! (P and K values are taken from the paper OIMQ ' 4 .

Schmutz et al. 1997). The adopted mass is the mean of W& 151 My sin®i = 17.8 + 1.4 My, (Lewis etal. 1993) and
estimates of Schaerer et al. (1997) and Schmutz et al. (1997)~ 64°: (the mean of Lipunové& Cherepashchuk (1982a) and
WR 21: Niemela& Moffat (1982). Schulte-Ladbeck: van der Hucht (1989) estimates).

. 30 N o o
WR 22: Schweickhardt et al. (1999):. WR 153 My sin® i =~ 13M, (Massey 1981) and= 78° +2

(St-Louis et al. 1988).
WR 30: ¢gpr = 0.47 £+ 0.07 comes from Niemela et al. (1983) . . 3.

WR 155: M; = 14.44+1.1M (Marchenko et al. 1995
andMory ~ 37.7M, from Vacca et al. (1996). W o ( )

_ andi ~ 72°+6° (the mean of Drissen etal. (1986) and Lipunova
WR 30a gps = 0.15 comes from Niemela (1995) addosv = & Cherepashchuk (1982b) estimates).
68.9M, from Vacca et al. (1996).

WR 31: )y = 0.44 4+ 0.03 (Niemela et al. 1985) and/y, = Appendix B: determination [V
30.8Mp (Vacca et al. 1996). for WR stars in binaries

WR 42: My sin®i = 3.6M, (Davis et al. 1981) and is o . .

adopted to be the mean of photometric and polarimetric esﬁ?r I_b|kr]1ar|es,' Wde Eaveh de\t/(\a/;mmed the fragnonh Ofb thz to-

mates (Lamontagne et al. 1996) = 41.9°. aW '9 t. emitte y the . compor'lent In_the-ban .
(,”) using the strength (equivalent widths) of WR emis-

WR 47: My sin®i = 40 + 4M (Niemela et al. 1980) and sjon (,,.) and O absorption i{,.) lines relative to sin-

i = 70° £ 4° (Moffat et al. 1990). gle stars and absolute visual magnitudes of the com-

WR 70: ¢ = 0.45 according to Niemela (1995) aga; = 0.2 ponents {¥, = EW(binary)/EW(expected), (G, =

according to Golombek as cited by Smith & Maeder (1989 W (binary)/EW (expected), M, o —2.5logl,, MY —

With the mean ofj,; and Mo, ~ 30M, (Lang (1991) with M = —2.51log (I}V /19)). Smith et al. (1996) derived for WN

the correction according to Lanz et al. 1996), we will get thaubtypes the relationships EWi411) = a FWHM(\4686)+b,

My ~ 9.8Mg. where EW is the expected equivalent width of the emission line,

WR 79: ¢, is taken to be the mean of the estimates ofSeggewFs\é/HM is the full width of the line at half measure (at half of the
(1974) and lithrs (1997)§ = 0.34). With Mog sy ~ 41M, peak intensity) and, b are the constants for a certain subclass.
(Vacca et al. 1996) we obtaillyy — 13 M, 0o ©  Smith et al. used single Galactic and LMC WN stars for deriv-

i . ing the constants, b. The ratio EW(binary star)/[EW(expected)
WR 97: the mass is adopted to be the mean of the estimates ghis the fractional luminosity (brightness) of the WN compo-
tained with theys, = Mw /Mo fndMQ7V = 37.7TM¢ (Vacca pentin the continuum near the central line wavelength. We used
etal. 1996) and with thé/y; sin” i andi = 85.°4 (Lamontagne ;  of WN stars as derived by Smith et al. (1996). For deriving
etal. 1996). The values fy; andMyy sin® i are adopted to be lom fOr WC binaries we used the mean EW of the lines58086,
the means of the spectroscopic studies of Niemela (1995) afibe. 5500, 5470, 5411 and 4860 of single Galactic WC stars
Niemela (1982). of different subclasses. Equivalent widths of the emission lines
WR 113: with the spectroscopic orbit parameters from Niemela WC stars have been adopted from the sources: Koesterke
et al. (1996) and Massey & Niemela (1981) we will obtain thatamann et al. 1995, Torres-Dodgen 1985, Niedzidisklugis
My sin® i =~ 11.9M, (P ande are from Niemela et al. (1996) 1991, Smith et al. 1990.
and K, and K., are the means of the estimates obtained in The expected mean absolute magnitudes of the O type stars
the cited papers (C IlII/C 1V lines only are used in determiningre 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 lines5806, 5696, 5590, 5470, 5411 and 4860 for different WC subtypes used for
determination of the fractiond”, .

Sybtype Wx(5806) TW(5696) Wx(5590) Wi (5470) Wi(5411) TWx(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, WRA41,
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 stAR 97 (WN5b+07) —ia s, ~ 0.3 if to use the expected ab-
studied in the paper of Nugis et al. (1998) we ugEdrom that solute visual magnitudes for the componemsg/{ = —4.2,
paper, only for WR11, WR87 and WR89 we redetermihgd MO = —4.98) and this value is used fa}" .

The estimates of" for new stars and redetermined values afyR 104 (WC9+abs) 4(MY = —4.8) > 1.0 and therefore

WR 10 (WN5+(A)) —lanm, ~ 0.60 is found by Turner (1981) WR 151 (WN4+O5V) —le,,, ~ 0.55 andia s, ~ 0.17 if to use

but 7} appears to be about unity if to use the mean absolyt® expexted absolute visual magnitudes for the components
magnitude for the WN 5 component. We use the mean of thqag!” = —3.7, M = —5.43). The mean value 0.36 is adopted
estimates (0.80) in our study. for IV

WR 11 (WC8+08-9ll) —I," is adopted to be the mean of thayR 157 (WN5+(BLII)) i, ~ 0.45 according to Turner et
estimates of Hanbury Brown etal. (1970), Conti & Smith (1972), (1983),/,,, ~ 0.35. The mean of these estimates (0.40) is

and Brownsberger & Conti (1993). used forrV'.
WR 21 (WN5+04-6) -, ~ 0.24 is used for!.
WR 30 (WC6+O6_8) —Zem ~ 0.40 is used fOFlZV Appenc“x C: sources forvoo

WR48 (WC6+09.51) ~epy ~ 0.045, Ians, ~ 0.065 if to use

the expected absolute visual magnitudes for the compone-ﬂ terminal velocities of WR stars are adopted from the paper
(MY = —3.7, MO = —6.6). The mean value 0.055 is used Nugis etal. (1998). The terminal velocities for the stars which

for [V, were not studied in that paper are from the following sources:

WR 30a (WC4/WO4+04) -y, =~ 0.08 using the expected WR 2, WR 87 — Abbott et al. (1986) with correction,, =
absolute visual magnitudes for the componeg¥{( = —3.0, 0.74v,, (Abbott et al.) according to Willis (1991),
MY = —5.65) and this value is used fa}" . WR 10, WR 23- Prinja et al. (1990),
WR 31 (WN4+08V) —ler, ~ 0.28 andian, ~ 0.274 iftouse \WR 14 — v, is adopted to be the mean of the estimates of
the expexted absolute visual magnitudes for the componegishenst; Williams (1994) and Prinja et al. (1990),

W ~ _ o _ _ H
(M, ~—3.7, M, =—4.76). The meanvalue 0.28 is adOpte%R 21, WR 157- v, is found from the width of the line\

w
for i, _ 4686 (Smith et al. 1996) using WN 5 stars with knowy for
WR 48 (WCG+09.5|) _lcm ~ 0.045, lA]\/[v ~ 0.065 |f to use Scallng @OO ~ 61.6 FWHM’ Where FWHM |S InA),

the expected absolute visual magnitudes for the compon ® 30. WR 48— v is found from the width of the line:

wo_ o _ _ i
1%\;[72""_ 3.7, M, 6.6). The mean value 0.085 is use 806 (Smith et al. 1990) using the mean scaling rule fpr WC 6
v as derived by usy., ~ 48.0 FWHM, where FWHM is inA,

~ wo_ _
WR 50 (WC7+8bs) Hem ~ 0.63, [(M," = —4.8) > 1.0. The WR 31, WR 51—wv, is found from the width of the ling 4686

lue 0.82i dfoy. ; . : .
mean vaue 'S Use df; is obtained by adooti (Smith et al. 1996) using WN 4 stars with knowyg, for scaling
WR 70 (WC9+BOI) —iaas, ~ 0.16 is obtained by adopting ‘%05" ~ 53.5 FWHM, where FWHM is inA andv in kms~1),

the expexted absolute visual magnitudes for the compone ,
(MW = 4.8, M = —6.6) and this value is used fa}’. WR 50, WR 95, WR 104- Torres-Dodgen (1985) with correc-

WR 87 (WN7+abs) —l,w ~ 0.64 is used forlV (MW — tionv., = 0.74v (Torres-Dodgen) according to Willis (1991).
—6.4). : WR 67— Hamann et al. (1995),

WR 89 (WN7+abs) -, w ~ 0.81 is used forl!¥ (M} = WR 70, WR 97, WR 105, WR 114- Eeneng: Williams (1994),
—6.4). WR 124 — Crowther et al. (1995),
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WR 142, WR 30a— Kingsburgh et al. (1995), Howarth I.D., Schmutz W., 1995,88A294, 529

WR 151— Lewis et al. (1993), Kingsburgh R.L., Barlow M.J., Storey P.J., 1995%:A295, 75
Koesterke L., Hamann W.-R., 1995&4A299, 503

WR 154 - Koesterkelz Hamann (1995) Koesterke L., Hamann W.-R., @efener G., 1999, In: van der Hucht

K.A., Koenigsberger G., Eenens P.R.J. (eds.) Wolf-Rayet Phenom-
enain Massive Stars and Starburst Galaxies. Proc. IAU Symp. 193,
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