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Abstract. The spectra of 18 WN stars in the Large Magellanimetallicity in the LMC should lead to smaller radiation-driven
Cloud (LMC) are quantitatively analyzed by means of “stamnass-loss. Secondly, some of the basic stellar parameters, espe-
dard” Wolf-Rayet model atmospheres, using the helium agdlly the luminosity, require knowledge of the stellar distance
nitrogen lines as well as the spectral energy distribution. Tfer being determined spectroscopically. LMC members have the
hydrogen abundance is also determined. Carbon is includeddoeat advantage that their distance is a priori known.
a subset of 4 stars. The studied sample covers all spectral sub\WR spectra are characterized by broad emission lines and
types (WN2... WN9) and also includes one WN/WC transitioare formed in rapidly expanding stellar winds under extreme
object. non-LTE conditions. Their analysis requires adequate model at-
The luminosities of the program stars span a wide rangwspheres, which have been developed during the last 15 years
(log L/Lg = 5.0... 6.5). Due to the given LMC membershipwith increasing degree of sophistication.
these results are free from uncertainties inferred from the dis- The first generation of WR model atmospheres was re-
tance. 50% of the studied stars (both, late and early WN sutricted to pure helium composition. A grid of corresponding
types) have rather low luminositiog L/ L < 5.5). This puts models was established by Schmutz et al. (1989) and applied
tough constraints on their evolutionary formation. If comintp the complete Galactic WN sample (Hamann et al. 1993). 19
from single stars, it provides evidence for strong internal mi¥¥N stars in the LMC have been studied in the same way by
ing processes. Koesterke et al. (1991). The hydrogen abundance in the Galac-
The empirical mass-loss rates are scaled down by a fadioiWN stars was estimated by Hamann et al. (1995). Improved
of about two due to the impact of clumping, compared to previnodel atmospheres which account for nitrogen have been em-
ous studies adopting homogeneous winds. There is no obvipleyed for analyzing the Galactic WN stars, leading to a partial
strong correlation between the mass-loss rates and other peggision of their parameters (Hamann & Koesterke 1998a). The
meters like luminosity, temperature and composition. present work now aims at an analysis of a broader LMC WN
The stellar parameters for the present LMC sample are saimple by means of the more advanced (nitrogen) models, in-
systematically different from those of the Galactic WN starduding the determination of the hydrogen abundances.
studied previously with the same techniques, in contrast to the A model atmosphere code similar to ours has been devel-
expected metallicity effects. oped independently by Hillier (e.g. 1987a,b) and extensively
applied for spectral analyses of individual WR stars in both our
Key words: stars: atmospheres — stars: fundamental paramet@edaxy and the LMC. The results by Crowther et al. (1995a,b)
— stars: Wolf-Rayet — galaxies: individual: LMC and Crowther & Smith (1997) will be included in our discussion
and compared with our analyses for those six stars which are in
common with our sample.
The analytical work hitherto concentrates on the WN class,
1. Introduction while comprehensive studies of the WC stars are still lacking.

The Wolf-Rayet (WR) stars play a key role for unraveling th&he reason is the poor consistency between synthetic and ob-
evolution of massive stars, as well as for the understandingSgfved WC spectra encountered (e.g. Hamann et al. 1992). The

the physics in strong stellar winds. The analyses of their specff§ent line-blanketed model atmospheres now promise a better
provide the main empirical access to these questions. agreement (Hillier & Miller 1998, Gifener et al. 2000), hope-

Most previous work focused on Galactic WR stars. Tﬁglly allowing for a systematic study of the WC class in the near

LMC objects studied in the present paper deserve our int ture.

est for two reasons. Firstly, the evolution of massive stars is N the following section we briefly describe the applied

predicted to differ from our Galaxy, mainly because the low&hode! atmospheres. The studied sample of stars and the ob-
servational data are introduced in Sect. 3, while in Sect. 4 we
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explain how our analyses were performed. The results are preevant radiative and collisional transition rates. We account ex-
sented and discussed in the final section (Sect. 5). plicitly for 175 line transitions between 34 non-LTE levels of
helium, and 351 lines (90 levels) in the nitrogen model atom
(cf. Hamann & Koesterke 1998a). Hydrogen is described by 11
levels with 45 lines if included. For the subset of models with
2.1. Basic assumptions carbon, the latter element is accounted for with 63 levels and
) 342 lines (cf. Hamann et al. 1992). About 1500 further lines
A “standard” WR atmosphere is assumed to be sphericallyity jow f-value are treated in an approximate way, as well as
symmetric, homogeneous and stationary. The usdal with  oy_temperature dielectronic recombination (N and C) via about
3 = 1isadopted for the expansion velocity. The “stellar radiug'oog stabilizing transitions from auto-ionizing states. Radiative
R., which is the inner boundary of our model atmosphere, cQigyilibrium provides a further constraint equation which deter-
responds per definition to a Rosseland optical depth of 20. Thges the temperature stratification.
“stellar temperatureT. is defined as the effective temperature  Ragiation transfer and rate equations are solved consistently
referred to that radiug.. by the method of “iteration with approximate lambda opera-
Any particular WR atmosphere thus is specified by its basi§rs” After the non-LTE population numbers have been ob-
parameters’, R., M, v, and chemical composition (giveniained, the atomic data are further refined by splitting the levels
e.g. as mass fractionsy., Xy etc.). _ and multiplets in the observed spectral range as far as necessary,
Schmutz et al. (1989) discovered an approximate degefiq the emergent spectra are calculated in the observer’s frame
eracy in thI.S parameter space. They defined a so-cqlled rqfgsrmal integral”). Frequency redistribution by electron scat-
formed radius?; (see below) and found that models with sam@ying is taken into account in this step. — More details of our
R, exhibit almost the same emission line equivalent widths, iyodels calculations are given in previous papers (e.g. Hamann
respective of different combinations 81, R, andv,, (while, gt 5. 1994).
of course,T,, composition etc. are fixed). This (approximate) A recent improvement of WR model atmospheres concerns
invariance was validated by various numerical experiments wig (approximate) inclusion of numerous iron lines (Hillier &
reasonable accuracy. In a stricter sense, one might compare @jilyer 1998, Koesterke et al. 2000). The present paper is still
models with same terminal velocity. . Then even the line pro- phased on unblanketed model atmospheres. Our first studies of
filesand the total shape of the emerge_nt spectra are invariantf@inketed models (Hamann et al., in prep.) revealed that the
models with same?;, except of a scaling of the absolute fluxyn results are not severely modified by these effects. However,
with R2. This property greatly facil_itates any spectra_l analysegianketed models will be important for future investigation of
There are various pieces of evidence that WR winds are §¢a wind dynamics, because the iron lines accept most of the
tually inhomogeneous. Recent models account for this clumpigyiation pressure. Moreover, WC model spectra seem to be

ness in afirst-order approximation (Hillier 1984, Schmutz 199¢,re sensitive to iron opacities which influence the atmospheric
Hamann & Koesterke 1998b). The clumps are assumed to fillgization stratification (Koesterke et al. 2000).

volume fractionfy = D~! while the interclump space is void.
The parameteb denotes the factor by which the density in thesg

; ; p
clumps is enhanced over the density of a homogeneous model
with same mass-loss rate. This density enhanceeardn be The sample of WN stars in the LMC studied in the present
incorporated in the scaling invariance of WR atmospheres. Dmaper has been originally selected by Koesterke et al. (1991),
ing so, the definition of the transformed radius reads (Hamawho analyzed it by means of pure-helium models. The selection

2. The models

rogram stars and observational data

& Koesterke 1998b) aimed at a coverage of all WN subtypes. The 30 Dor region was
2/3 excluded from the program, because of the crowding of stars

Voo M~\D in that field. We preferably selected the brightest one, and one

Ry = R, 2500 km s— L /104 M yr11 M) Jess bright member of each subclass. Thus, our sample is by no

means complete or representative in a statistical sense, contrary
our Galactic studies which comprised virtually the whole
glog of known WN stars.

Spectroscopic binaries were excluded from our sample.

as a typical value for WN stars (Hamann & Koesterke 1998l$‘-|owever, we kept a couple of stars with spectral classification

Earlier results obtained with homogeneous models can be eas +0 .tbl.JtBnosg:]or;]vmmgg ev.|d§|nce tdh_a;c th? spt(? C”"?‘ are re?IIy
scaled due to this effect. composite: Br 37 showed variable radial velocities in spectra

taken by A. Moffat (private communication), but the spectrum
_ does not reveal any features which must be attributed to a com-
2.2. The calculations panion. Br 52 and Br 88 exhibit no radial velocity changes (Mof-

The radiation transfer is formulated in the comoving-frame (fﬁt' private communication), i.e. there is no evidence for their

reference (CMF). Doppler broadening by “microturbulence” is? |dentification of the program stars by their “Br” or “Brey” numbers
generally setto 100 knTs. The statistical equations balance allefers to the catalogue by Breysacher (1981).

Thus, spectral analyses with ‘clumped’ models yield smallgg
mass-loss rates, while other parameters are not affected. IntA
present study we adopt inhomogeneous winds iith= 4
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Table 1. Parameters of the analyzed WN stars in the LMC

Brey Spectral subtype T. R, Voo Xu Fp—w M, R. logM logL ”ﬁf M @}
Smith 68 SSM96 kK] [Ro] [kms™'] [%] [mag] [mag] [Ro] [Mo/yr] [Le] [Mo]

1) @ 3 @ ® O 8 (9) (10 (11) (12) (13) (14) (19)

1 WNS3-s WN3b 89.1 3.98 1600 0 0.10 -2.9 1.5 -4.8 51 9.2 10 2

4 WN2-s WN2b+0OB? 70.8 10.00 1600 0 0.25 2.7 2.1 -5.2 5.0 4.9 9 4

6 WN2.5-s WN4b 100.0 2.00 2500 0 0.05 -4.8 2.4 -3.9 57 31.6 22 2
12 WN4-s WN4b 89.1 251 1600 0 0.03 -4.1 2.0 -4.3 53 159 14 1
13 WNS8 WN8h 355 7.94 900 25 0.06 -6.0 14.1 -4.1 54 134 16 1
16 WNZ2.5-s WN4b+0OB? 70.8 10.00 2500 0 0.17 -5.4 7.5 -4.2 6.1 6.3 38 2
24 WN7 WN6h 39.8 15.84 950 40 0.05 -5.4 9.4 -4.8 5.3 4.1 13 1
26 WN7 WN6(h)+abs? 39.8 15.84 1300 30 0.08 -6.1 14.9 -4.3 5.7 6.1 22 3
27 WN3-w WN3o 79.4 794 1400 0 0.12 -4.1 3.5 -4.8 5.7 2.6 20 4
29 WNB3/CE-s WN4b/CE 79.4 6.31 1600 0 0.14 -4.3 4.0 -4.5 5.8 4.5 23 2
37 WN3-w+abs WN4+0B 79.4 15.84 1600 0 0.12 -4.9 5.9 -4.8 6.1 0.9 38 3
40 WN4-s WN4b 79.4 6.31 1500 0 0.10 -3.9 3.0 -4.7 55 4.6 17 1
47 WN8 WN6h 39.8 15.84 950 40 0.40 -4.8 7.5 -4.9 51 4.6 10 2
52 WN4-w+abs WN4h+abs 70.8 19.95 1500 50 0.10 -4.2 4.7 -5.2 5.7 1.0 22 2
56 WN6-w WN50?+0OB 44,7 25.12 1600 20 0.27 -5.9 133 -4.6 5.8 3.1 25 2
64 WN9 WN9h 31.0 14.12 400 30 0.26 -6.3 195 -4.6 55 1.6 17 2
85 WN3-4p-s WN4b 100.0 1.58 2700 0 0.20 -4.3 1.5 -4.0 53 66.1 13 2
88 WN4.5-w+abs WN5+B? 70.8 25.12 2000 30 0.20 -6.3 119 -4.6 6.5 0.8 68 3

t Column 2: classification by Conti & Massey (1989) after the scheme of Smith (1968), augmented by us with the indication -s and -w for strong
and weak lines, respectively; Column 3: classification by Smith et al. (1996)
¥ Column 15: fit quality, ranging from 1 (very good) over 2 (good), 3 (satisfactory) to 4 (partly discrepant)

binarity. For Br 56 the reason of the ‘WN+QO” classification it. The analyses
Smith et al. (1996) remains unclear. Br48 (classification l]y

Smith etal. 1996: WN50?+B) has a very strange spectrum Whichr each of the program stars, we compare the observation with

does not fit to any of our models; therefore we adopt that i couple of calculated spectra by means of plots like the one

spectrum may be really composite, and exclude this star frc?raown in Fig. 1. The top panel contains calibrated data (IUE

. : ectra and optical photometry). The latter, using the narrow-
our sample, reducing the list of Koesterke et al. (1991) fro )
originally 19 targets to the remaining 18 stars (cf. Table 1). Egnd system of Smith (1968), are marked by the blocks (the

The optical spectra of our program stars were obtained at {Hjembers give the magnitudes). The model flux is plotted twice,

=50 omaescopewin s specuagapn n 1560 by o P LT GRS 2 el v s ol T
U. Wessolowski. It is the same set of data as already emponq s and reddened with a suitably adjusted color ex@ss

by Koesterke et al. (1991). The resolution of the echelle spec?r

P 2 cf. Table 1, Column 8). Note thatandv refer to the narrow-
(range from 3800 to 7508) of about 1A was degraded by sub-\ ' oot Smith (1968) (the equivalent reddening in the
sequent convolution (with a box profile oﬁBtyplcaIIy) inorder

to reduce noise, and the same smoothing was of course appﬁ%ﬁnson system i&'p v = 1.21F, ). We adopt a Galactic

to the synthetic spectra before the comparison. The spectraV\f Fgground reddening witii/;_y = 0.03mag using Seaton's

e ;o i . ; W (Seaton 1979), while the remaining excess is attributed to
;reocrtr:ﬂi(regpbgczgjnu?g; g;z\,/’v order polynomials to the continuu e LMC reddening law which we adopt from Howarth (1983).

Optical photometric data were taken from Torres-DodgenlE(h.e model continuum s _flnall_y scaled to the o_bservat|on k.Jy
adjusting a suitable logarithmic offset. If not being zero, this

Massey (1988). UV spectra, if available, were retrieved from the” "™ . A
IUE data bank taking advantage from the improvedvsips empirical parameteshift reflects that the stellar radius in the
data reduction model is not adequate to the radius of the star obserstift (

— star model H
When scaling model fluxes to the photometric observation_s2 loglR;*** / E2°%71]). We might then calculate a new model

we adopt 18.5mag for the distance modulus to the LMC gvsith more adequate parameters (i.e. aimingtt = 0), but

confirmed from the Cepheid distance scale aftarPARCOS as the transformation invariance holds quite accurately this is

(Madore & Freedman 1998). The wavelength scale of each ot always necessary. For convenience we often take advantage

servation is corrected for a radial velocity. The average valgethe transformation law” (Eq. (1)), and translasiftinto a

for the LMC, 250km s, leads to sufficient agreement Withcorrespondlng corrections @ff and L (note thatshift directly

R g[star _ model
the theoretical line positions in all cases, except for Br52 whid€® lo log L )- . :
requiresu.,q = 470kms ! confirming Cowley et al. (1984) The (reddened and scaled) model continuum is used to rec-

tify automatically the UV parts of the spectra displayed in two
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Fig. 1. Spectral fit for Br12. Thick dashed lines represent calculated spectra, while thin noisy lines are the observation. The uppermost panel
shows absolute fluxes in double-logarithmic scale (IUE observation, and photometry). Diagrams of that kind have been applied for the analyses
presented in this paper.
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12 -y
- % 1  bols refer to stars without hydrogen. The
L O | LMC stars analyzed in the present paper
85 are represented by large symbols labeled by
i ® 7 their“Brey” catalogue numbers (Breysacher
0.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ L 1981), while the smaller unlabeled symbols
4.5 4.6 a7 4.8 4.9 5.0 5.1 5.2 indicate the previously analyzed Galactic
log (T./K) WN stars (Hamann & Koesterke 1998a).

of the panels of the fit diagrams (IUE short and long wavelengtie mass-loss rates are scaled down accordingly (cf. Hamann &
camera, respectively). The optical spectra have been normalikeasterke 1998b). We have not determined the clumping fac-
beforehand as described above. tors for each star individually. However, for none of the stars the
In a first step, the observed spectra of each star were caramparison between observed and calculated spectra indicates
pared with synthetic spectra retrieved from our data bank arfi obvious discrepancy in the electron-scattering line wings.
WN models (Hamann & Koesterke 1998a). Two grids (for= D = 1 (no clumping) would cause obvious differences, while
1600kms! and 2500 km's!, respectively) are available, bothclumping stronger tha® = 4 could escape easy detection es-
for a uniform luminosity of logl /Lo =5.3 andXy =1.5% (ni- pecially in spectra with only weak lines. Thilx= 4 seems to
trogen mass fraction, as adequate for the Galaxy). Those models reasonable choice in general. But, as the defiestales
are hydrogen-free, and clumping was not yet accounted for (igth v/D (Sect. 2.1), the uncertainty of the paramddedirectly
D=1). infers a corresponding error margin to the mass-loss rate.
After selecting the best-fitting models from the grid (which
means, and R, being roughly determined), individual mod-
els were calculated for most of the program stars if appropg- results and conclusions
ate. Especially, hydrogen was added to the composition for
those stars with corresponding spectral signature (i.e. the H&he parameters for which the best fit of both continuum and
lines blended with hydrogen Balmer lines being systematicalij€ spectrum is achieved are compiled in Table 1. A subjective
stronger than the unblended Hdines of the Pickering series).assessment of the fit quality (Column 15) should establish a
Moreover, the terminal wind velocity is adjusted in the inditelative reliability scale for these results. From the direct fit
vidual calculations. The radius is adequately chosen to avoi@@ameters we derive the “momentumratio” (Column 13) which
scaling (i.e. we aim now at zeshift). The nitrogen mass frac- plays a crucial role in the discussion of radiation-driven stellar
tion of Xx = 0.8% has been adopted for the LMC stars, pu¢inds. While Br85 shows an outstandingly high momentum
this reduction compared to the 1.5% typical for Galactic sta@tio, 13 out of our 18 program stars have values between 0.8
has no dramatic influence on the empirical parameters finafigd 6.3 and thus do not exceed the “single scattering limit” (i.e.
derived. An empirical determination of the nitrogen abundané®gity) dramatically.
will hardly become more accurate than by a factor of two, and The stellarmass (Column 14) is estimated by using the mass-
is beyond the scope of the present paper. luminosity relation of Langer (1989) for the helium main se-
The new models are generally calculated with a clumpirty€nce. Those stars with high hydrogen abundance might still

factor of D = 4. If (unclumped) grid models are consideredain part of their luminosity from a hydrogen-burning shell and
thus actually can have much smaller masses.
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Fig. 3.Comparison between the observed, normalized spectra of Br 12 (LMC) and WR 6 (Galaxy) in the short-wavelength UV range (IUE-SWP).
The stars appear as almost perfect spectroscopic twins. Helium, nitrogen and carbon lines as well as the “iron forest” are of very similar strength,
not indicating any significant difference in metallicity.

Our present sample has five WNL stars in common with The existence of such Galactic—LMC spectroscopic twins
previous studies by Crowther et al. (1995a) and Crowther i& hard to understand, because of the lower metallicity in the
Smith (1997). Their results differ from ours only marginalf)t MC (about a factor of four for youngest stars, albeit presum-
(e.g. by 0.1 inog L, typically), which mutually confirms theseably with large intrinsic scatter — cf. Holtzmann et al. 1999).
independent analyses. Br 29 (the only WN/WC type in the safhus for Br 12 the metal lines should be weaker in relation to
ple) was also studied by Crowther et al. (1995b), who howewtie helium lines, compared with WR 6. Moreover, if the WR
arrived at significantly lower luminositydg L = 5.0) than our winds are radiation-driven, the LMC star should also have a
result {og L = 5.8). This discrepancy is partly due to the highdess dense wind. According to the basic work of Castor et al.
stellar temperature we obtain, while a minor part comes frofh975),M scales with the square root of the metallicity, roughly.
the higher interstellar reddening which we estimate from tféis is more or less confirmed by detailed numerical models for
continuum fit. radiation-driven O-star winds by, e.g., Haser et al. (1998) and

The locations of our program stars in the; T,-log R;- other papers of the Munich group. Weaker winds of course pro-
plane are displayed in Fig. 2. Note that the transformed radidisce smaller emission lines.

R scales inversely with the mass-loss rate (cf. Eg. (1)), i.e. By test calculations (even with our most recent, iron line
higher R, implies thinner winds. The late-type stars (WNLplanketed model code) we checked that both, an underabun-
have stellar temperatures of 30...40 kK and a considerable frdance by a factor of four, and a decrease of mass-loss by a
tion of atmospheric hydrogen. The early subtypes (WNE) aactor of two, would weaken the corresponding emission fea-
hotter, up to 100 kK. The weak-lined WNE-w have larger vatures significantly. Thus the close spectral similarity between
ues ofR;. Those stars with weakest winds show high hydrogéiR 6 and Br 12 remains mysterious. The only consistent, but
mass fractions, while the hotter and strong-lined WNE-s are freet very plausible solution is to adopt same metallicity for both
of hydrogen (except Br56). Compared to their Galactic coustars.

terparts (small, unlabeled symbols in Fig. 2) there is no obvious Crowther (2000) recently studied the only known single WR
difference in the parameters. Especially, the winds of the LM&ar (Sk41) in the SMC and found that, despite of the even
stars seem not to be systematically weaker. lower metallicity environment, its stellar properties are typical

The close similarity between LMC and Galactic WN starsf equivalent WN stars in the Galaxy and LMC.
is demonstrated in Fig. 3 by comparing the observed spectra of Fig. 4 displays the results of our analyses in the Hertzsprung-
Br12 and WR 6. Both spectra are virtually identical (except &ussell diagram. Note that the luminosities for the LMC stars
the stronger noise in the fainter LMC star) not only in the showmder study are more reliable than for the Galactic stars (small
UV part, but also in the visual range. This perfect agreemamtlabeled symbols in Fig. 3), because for the former the distance
holds for all spectral features, the helium, nitrogen and carbf the LMC) is well known, while for the latter the distances
lines as well as the “iron forest” (about 1260—14"!2Q3roduced are more or less uncertain. The figure also includes 15 more
by Fev and Fevi). Both stars also are of similar luminosity:WNL stars (big unlabeled symbols) analyzed by Crowther et
log L/Ls = 5.3 and 5.4 for Br12 and WR 6, respectively. Thal. (1995a) and Crowther & Smith (1997). Again we see the
latter number (from Hamann & Koesterke 1998a), howeval/NE and WNL stars at their characteristic temperature ranges.
suffers from the distance uncertainly. Both subclasses cover a wide span of luminosities, Br 88 being

the championlpg L/Ls = 6.5). The existence of many stars
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etal. (1995a) and Crowther & Smith (1997).
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with comparably low luminosity down ttvg L/ L, = 5.0 (of We investigated if a more-dimensional linear regression
both, hydrogen-containing WNL and hydrogen-free WNE typ&jould result in a better representation of the data. In a previous
puts rather stringent constraints to evolutionary scenarios. lpetper (Hamann et al. 1995) we suggested that there is gradual
us emphasize once more that due to the known LMC distarinerease from OB-type mass-loss rates to the much higher WR
those empirical luminosities are rather rigid facts and not seass-loss rates which is correlated with the hydrogen abun-
much model dependent. Standard evolutionary tracks for sttence. A linear regression after augmenting Eq. (2) by a further
gle stars do not lead to WN stars of such low luminosities atermas Xy confirms that trend, but did not result in a convinc-
correspondingly small core masses. However, rotationally imgly better representation of the data. We also considéfed
duced mixing can produce relatively faint hydrogen-containiras linear function ofog L andlog T, but obtained no better
and hydrogen-free WN stars (Fliegner & Langer 1995). correlation.
The mass-lossrates are plotted versus luminosity in Fig. 5 on In principal, part of the scatter in Fig. 5 might be attributed
logarithmic scales. If we expected a close correlation (as fouteda scatter in the clumping fact@ which we keep constant
for OB stars), the result is disappointing. A linear regressidrere and which enters the mass-loss rate determination. How-
analysis to the total LMC sample gives = -5.69 andas; = ever, there is no obvious evidence fobeing extremely differ-
0.20, for the coefficients in ent for the individual stars (cf. end of Sect. 4). Moreover, one
would expect that the clumping factor is somehow related to the
fundamental stellar parameters as well.
Thus we must conclude that stars of same luminosity can
have largely different mass-loss rates even if hydrogen abun-
0(%zémce and effective temperature are similar. The (possibly large)
Scatter in individual metallicities might provide an explanation
which could be tested when future analyses become more ac-
rate by improved (e.g. line-blanketed) models and better ob-

M L
log——— = 2
o8 Mg yr—t Lo @)

but the standard deviation from that relation is as large@86
in log M. This is hardly better than adopting a mean mass-|
rate independent dof (log M = —4.57 & 0.37).

The scatter from any simpl&/—L—-relation is much bigger

than our estimate of the (random) error in the empirical data!rd'c
. . s€rvations.
Obviously, the manifold of WN stars cannot be represented as . . .
In Fig. 5 we include the Galactic stars (small unlabeled sym-

a function of only one parameter. E.g., the late-type (WN . X
and weak-lined early-type (WNE-w) stars have on the averal g’g;\)ﬁgclg;cha?rj ?ﬁ:ggﬁi ?erzi\élr?iuilg (le-lxirgatn:ff;]z%?j::rlff
lower mass-loss than the strong-lined early subtypes (WNE-S y y que, P ping

effect. In order to account for the latter, we have scaled down

The full-drawn straight line in Fig. 5 is the least-square fit to ”}'ﬁe mass-loss rates by a factor of two according o the same
WNE-s stars in our LMC sample{ =-8.28,a, =0.70). y 9
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Fig.5. Mass-loss rates versus luminosity.
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stars. The smaller, unlabeled symbols re-
fer to the Galactic WN sample taken from

1 Hamann & Koesterke (1998a), but after di-

—  minishing the mass-loss rate by a factor of
4 twoin order to account for the same clump-
ing (density enhancement=4) as adopted
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in the present study. Filled or open symbols

4 WNL 1 denote stars with and without detectable hy-

O WNE-w — d‘rogen,.respectively, while the symbolshape
_| distinguishes the spectral subgroups (see in-

© WNE-s let). The full line is a linear regression to

the strong-lined, hydrogen-free LMC stars

5.0 55 6.0
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Table 2. Carbon abundances for some of the program stars

Brey Spectral subtype Xc
Smith 68 SSM96  [%]
1 @ 3) (4)
12 WN4-s WN4b 0.015
24  WN7 WN6h 0.01

29 WNS3/CE-s WN4b/CE 1
88 WN4.5-w+abs WN5+B?  0.03

t For classifications cf. footnote of Table 1

(WNE-s), while the dashed line gives the
corresponding relation found by Nugis &
Lamers (2000).

sistently explained by a single-star model of enhanced carbon
abundance. The mass fraction is almost two orders of magnitude
higher than in WN stars (about 1% per mass). This confirms the
finding by Crowther et al. (1995b), although they arrived at a
somewhat smaller value (0.3% carbon mass fraction). The ex-
istence of carbon-enhanced WN stars (cf. WR 8 in the Galactic
sample) allows conclusions about the efficiency of internal mix-
ing processes during the evolution of massive stars, as has been
discussed by Langer (1991).

As we have shown, our models reproduce the observed WN
spectra when the model parameters are suitably adjusted. The
18 LMC stars of our sample largely differ in their spectral ap-

density enhancemenD(= 4) as adopted in the present studypearance, mainly with respect to the observed ionization stages
The average mass-loss rate and the scatter of the Galactic #BfFsemission line strengths. Correspondingly, the obtained para-
do not differ significantly from our LMC sample, in contrast tdneters (luminosities, mass-loss rates etc.) show a complex vari-

the expected metallicity effects.
Note that the steep correlation;(= —13.67, as = 1.60

ety without simple correlations. Systematic differences between
the Galactic WN stars and our LMC sample are not evident, i.e.

for zero hydrogen — dashed line in Fig. 5) found by Nugis &€ expected metallicity effects are not confirmed.
Lamers (2000) for the Galactic stars (on the basis of a few radio-

emission measurements augmented by further spectrosebpiReferences
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