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A b s t r a c t . Motivated by the question of what drives the winds of Wolf-Rayet (WR) 
stars, I have been investigating the structure of WR winds. Observational evidence has 
been accumulated which demonstrates that the winds of some (but not all) WR stars 
are not spherically symmetric or homogeneous. I review results of work in the literature 
pertaining to the detection of such wind asymmetries in single WR stars and WR binary 
components. Particular emphasis is placed on the technique of spectropolarimetry, and 
how it has contributed to our knowledge of the wind-geometry of WR stars. 

K e y w o r d s : stars: Wolf-Rayet - polarization 

1. Mot iva t ion 

In radiation-driven wind theory successfully applied to O-type stars, radia-
tive momentum arising from stellar luminosity is transferred to the stellar 
outflow through line scattering (e.g., Lucy & Solomon 1970). During the 
last 15 years, it has been increasingly doubted that it might be possible to 
drive the winds of W R stars with radiation pressure as well, because their 
mechanical wind momentum often exceeds the single-scattering photon mo-
mentum by over an order of magnitude. This discrepancy has entered the 
li terature as the "momentum problem" of W R winds (but see Owocki, these 
proceedings, who shows that it is actually an "opacity problem"). 

Three avenues of research have subsequently been pursued to solve the 
"momentum problem": Underhill & Fahey (1987a) questioned radiative driv-
ing, and instead they have assumed that non-radiative energy and momen-
tum owing to strong pre-natal magnetic fields are deposited in W R winds. 
They suggested that the "momentum problem" would not exist if the mass-
loss rates of W R stars were significantly lower than those derived by others. 
However, this idea has not found independent support . 

A solution to the "momentum problem" within a purely radiation-driven 
wind theory requires the extraction of more momentum from the radiation 
field. This could, in principle, be achieved via multiple scattering. Lucy 
& Abbot t (1993) recently showed that a higher luminosity conversion due 
to multiple scattering exists in winds with strong ionization stratification 
(however, the ionization stratification which they assumed in their model has 
been criticized by Schmutz, these proceedings). Schulte-Ladbeck, Eenens Sz 
Davis (in preparation) are currently investigating the ionization structure of 
two prototypical W R stars observationally. 
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Alternatively, in the so-called hybrid models, an additional force is re-
quired to drive the winds of W R stars. One such hybrid model is the Lumi-
nous Magnetic Rotator (LMR) model by Poe, Friend Sz Cassinelli (1989), 
in which a wind is driven out of the stellar equator by a combination of 
radiative, magnetic, and rotational forces. 

The LMR model was being constructed when I was a postdoc at the 
University of Wisconsin. We quickly realized tha t , in the absence of photo-
spheric absorption lines in most W R stars, there was little hope of providing 
direct observational proof for rapid rotation. The emission-line profiles can 
be interpreted both with and without the inclusion of rotation (see below). 
In addition, the slope of the optical and radio continuum does not reflect 
deviations from spherical geometry either (see Schmid-Burgk 1982; Doherty 
1991). We concluded tha t the only readily observable consequence of the 
LMR model is polarization. Thus was started, about five years ago, an ob-
servational program to investigate the winds of W R stars with spectropo-
larimetry. 

This paper is organized as follows. I first discuss theoretical implications 
of rotation on stellar wind parameters. Then, I review evidence for and 
against spherical winds that has been obtained by techniques other than 
spectropolarimetry. After tha t , I present the major wind geometries identi-
fied by spectropolarimetry. In the summary, I outline some implications of 
the da ta for the evolution of angular momentum in massive stars. 

2. Effects of asymmetries on derived wind properties 

Rotation has several effects on the structure of W R winds. It is expected 
to severely affect the wind characteristics, such as the velocity law and the 
mass-loss ra te , thus potentially producing errors in the stellar parameters 
which are derived using spherical wind models. 

A velocity law for a Castor, Abbott & Klein (1975) wind with and without 
rotation was presented as early as 1979 by Castor. Apart from remarking 
tha t "the effect of stellar rotation on a radiatively driven stellar wind is 
a particularly unpleasant problem", he concluded tha t "the rise of veloc-
ity with radius is quite appreciably slower when rotation is included, and 
the terminal velocity is less". Owocki, Cranmer & Blondin (1994, based on 
Bjorkman & Cassinelli 1993, cf. Cassinelli, these proceedings) recently pro-
vided a modified Wind Compressed Disk model, in which the velocity law 
of a B2.5V star rotating at 350 k m / s is computed as a function of the in-
clination angle. There are significant differences in the shape of the velocity 
curve between the polar wind, which reaches a terminal speed of 1220 k m / s , 
and the equatorial wind, which acquires a speed of 435 k m / s . 

Schmid-Burgk (1982) investigated the effects of asymmetries on stellar 
mass-loss rates. He showed that "deviations from spherical symmetry always 
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lead to overestimates of the true mass-loss rate if one mistakes the wind to 
be spherically symmetric". Specifically, the median of a sample of randomly 
inclined objects is at an inclination of 60°, and overestimates by a factor of 
2 are possible for structures with scale-length ratios of a factor of 10, i.e., 
disks or cigars. High mass-loss rates can also be mimicked when the stellar 
wind consists of numerous, very narrow streamers, even when these are, on 
a large-scale average, distributed spherically symmetrically over the surface 
of the source. There is now evidence from polarimetry both for flattened 
wind distributions and for clumping within a time-averaged spherical W R 
wind (cf. Schulte-Ladbeck, Meade & Hillier 1992, and references therein). 

3 . Arguments favoring spherical winds 

The spectra of W R stars display emission lines which harbor kinematic in-
formation on their winds. The broad lines are generally interpreted with 
Doppler broadened emission in the outflow. A major argument for the pres-
ence of spherical winds has been put forth by Kuhi (1973), who showed tha t 
the flat-topped profiles observed in many W R stars originate from spheri-
cally symmetric, hollow, expanding shells. 

A search for orientation effects in W R binaries was conducted by Aslanov 
& Cherepashchuk (1990). They used eclipsing binaries and binaries with 
known inclinations from polarization studies together with the assumption 
tha t the stellar spin axes are aligned with the orbital spin axes to test the 
hypothesis that numerous W R stellar parameters are lati tude dependent. 
The negative results of this study led the authors to conclude tha t "the 
characteristics of the optical line emission and X-ray Bremsstrahlung from 
W R + O B binaries are not functions of their orbital inclination". 

Robert (1991) has investigated the behavior of the sub-peaks of emission 
lines, identified as blobs or clumps in inhomogeneous winds. The trajec-
tories of the ejected parcels do appear to indicate that the time-averaged 
geometries of several W R winds are spherical. 

4 . Arguments favoring non-spherical winds 

W R stars are the evolutionary descendants of massive O-type stars. There 
is direct observational evidence for high rotational speeds in 0 stars, from 
the width of their photospheric absorption lines. Conti & Ebbets (1977) 
showed tha t vs'mi ranges from a few ten km/s to about 400 k m / s and 
conclude tha t "early type stars begin their (...) lives on the main sequence 
with a wide range of angular momentum". What happens to the angular 
momentum as O-type stars evolve into W R stars? Little is known at present 
about exactly how angular momentum is conserved in massive stars, how 
it is transported through the interior of massive stars, and how it is lost 
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in the stellar winds. The problem of determining the rotational speeds of 
W R stars lies in their very spectra. There are generally no absorption lines 
present tha t are considered to be photospheric (apart from a few WN7+abs 
cases, Crowther et al. 1994, for which there are no vs in i determinations). 

One and only one W R star, WR138, has had its rotational speed mea-
sured from absorption lines profiles (Massey 1980; Schmutz 1990). Schmutz 
provided arguments favoring a single-star interpretation of the spectrum, 
derived a rotational speed of 450 km/s , and concluded that the W R star 
rotates close to break-up speed. However, this result has been questioned 
by Moffat at this meeting (cf. the discussion following this paper) , because 
WR138 has been shown to be the member of a long-period, Ρ = 1538 days, 
binary system (cf. Annuk 1991 and references therein). Moffat interprets 
the da ta with a rapidly rotating Ο star in a W N 6 + 0 9 system. The O-star 
absorption lines are superposed on the spectrum of the W R star. 

A major argument for spherical winds has come from the interpreta-
tion of the flat-topped profiles (section 3). However, pure rotation plus high 
turbulence also produces flat-topped profiles. Underhill & Nemec (1989) cal-
culated profiles from a rotat ing, hollow ring with a turbulent velocity of 280 
k m / s which illustrates this point. High turbulent velocities have recently 
also been introduced to explain the edge velocities of P-Cygni absoption 
troughs of UV resonance lines (e.g., Prinja, Barlow & Howarth 1990). 

If W R stars are surrounded by Be-star-like rotating disks, one might ex-
pect to see double-peaked profiles. While some evidence for double-peaked 
line profiles has been furnished by, e.g., Underhill et al. (1990) and Vreux et 
al. (1992), it is not very abundant . This might be due to the high outflow-to-
rotational speed ratio in W R winds. Theoretical work on line profiles origi-
nating in non-spherical W R winds has been scarce. Rumpl (1980) provided 
fits to line profiles of WR6 with an expanding (but not rotating), equatorial 
wind using a two-component velocity law. For certain viewing angles, ex-
cellent results could be obtained. The line profiles resulting from a rotating 
and expanding wind have been calculated by Mazalli (1990), and are qual-
itatively indistinguishable from those calculated using spherical outflows. I 
conclude tha t fits to the emission-lines profiles are as yet not a unique mea-
sure of the wind geometry. The true profile shapes in single W R stars must 
depend on the relative contributions of outflow, rotational, and turbulent 
speeds at different distances in W R winds. (Note that the profiles in candi-
date W R + c systems such as WR6 can also be explained via interactions of 
the W R wind with its companion, cf. Koenigsberger, these proceedings). 

There are five W R stars with ring nebulae which may contain stellar 
éjecta (Chu 1991): S308 around the WN5 star WR6, RCW104 around the 
WN6 star WR75, NGC6888 around the WN6 star WR136, Ml-67 which 
surrounds the WN8 star WR124, and RCW58 surrounding the WN8 star 
WR40. Their shapes might provide circumstantial evidence for wind asym-
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metries. The nebula around WR6 is nearly circular, but has a hernia at 330°, 
which looks like a blow-out. The WR75 nebula is highly filamentary. The 
nebulae around WR136, WR40, and WR124 are cleary axisymmetric. Nota 
et ai (these proceedings) obtained coronographic images and spectra of the 
inner Ml-67 nebula around WR124. They find that the nebula is clumpy 
and bipolar. The axial symmetry is also present in the velocity distribution 
of the blobs. 

A few individual W R stars have been proposed to have flattened winds. 
W R 6 and WR134 were suggested to have flattened winds based on spec-
tropolarimetry (Schulte-Ladbeck et ai 1990, 1991, 1992). WR134 has inde-
pendently been proposed to have an axisymmetric wind from spectroscopy 
by Underhill et al (1990) and Vreux et ai (1992). Underhill & Fahey (1987b) 
claim a disk in WR139; my spectropolarimetric observations of this object 
do not support a disk in WR139 at this time, but more data are being col-
lected. Becker & White (these proceedings) presented eight years of radio 
observations of the W C 7 + 0 binary WR140. To interpret the light-curve 
they suggest that the wind of the W R star is in a disk. 

5 · S ρ ect r op olar i met r y 

The light from any distant star is polarized due to interstellar polarization 
(ISP). To discriminate intrinsic, linear polarization against ISP, one can 
search for temporal variability (ISP is constant) or the line effect: changes 
of polarization accross the emission lines in the spectrum of a W R star. An 
example for the line effect in the spectrum of the WN8 star WR40 is given 
in Figure 1. If the line emission is intrinsically unpolarized, it determines 
the ISP of the W R star at one wavelength. The vector difference between 
the line and its underlying continuum polarization, the line-to-continuum 
vector, yields the position angle of the electron distribution thus providing a 
diagnostic of the geometry. The line polarization can also be used to define 
the origin of the coordinate system in which the temporal variations occur 
(which may have been monitored in several broad-band filters), and is a 
similar geometric probe. During my talk, I showed a large number of Q-U 
diagrams to illustrate the temporal behavior of the line-to-continuum vector 
in many stars. These are not included here because of the limited space. We 
are currently working on a summary paper which will present all of these 
results (Schulte-Ladbeck, Hillier & Nordsieck, in preparation). 

Let me note tha t , while it is fairly easy to detect deviations from spheri-
cal geometry with polarimetry, for example, one detection of a line-effect is 
sufficient, it is more challenging to determine the geometry of the scattering 
material. To do so, several observations of a given star are required. The 
signal-to-noise ratio needed to find the line effect is high (3000 for a polar-
ization error of 0.3% per resolution element), and it is difficult to obtain 
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Fig. 1. The observed spectrum of the counts, percentage polarization and position angle 
of WR40. The errors of the polarization are based on photon counting statistics, and are 
± 1 σ in size. 

enough observing time at a large telescope for these temporal studies. 
The principal wind geometries tested with spectropolarimetry can be 

classed into four categories. First, the winds could be spherically symmetric 
and homogeneous, as is preferred by theorists. This case seems to be realized 
in nature , in the WC5 star WR111. There is no line effect and no polariza-
tion variability (St-Louis et ai 1987) in this star. Therefore, polarization 
observations support tha t there are spherical and stable winds. 

Secondly, the wind could have a time-averaged, spherical structure but 
could be locally inhomogeneous. This is the case in the WN8 star WR40. 
The polarization scatters in the Q-U plane about the line da tum which 
determines the ISP; hence there is no preferred symmetry axis in the wind. 

Thirdly, a wind could be aspherical but homogeneous. This geometry 
could be noticed if a W R star showed the line effect, but no temporal po-
larization variations. We have no detection of such a case. 
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Fourthly, the winds of W R stars could be aspherical and inhomogeneous. 
Examples for this geometry are WR6 and WR134 (see Schulte-Ladbeck et al. 
1990,1991,1992). The Luminous Blue Variable AG Car, which was recently 
classed as a WN11 star by Smith, Crowther & Prinja (1994) also displays 
the spectropolarimetric characterisitics of a time- and latitude-dependent 
outflow (Schulte-Ladbeck et al. 1994). 

The polarization across emission line profiles may furnish an additional, 
new tool to investigate the wind structure. An example W R profile for W R 6 
was given by Schulte-Ladbeck, Meade & Hillier (1992). Radiative-transfer 
model profiles for Be stars have been published by Pockert & Marlborough 
(1978), and support a disk geometry. Hillier (these proceedings) is currently 
developing a code which uses his "Standard Model" as input and then pre-
dicts the polarization across line profiles of W R stars. 

6. S u m m a r y 

There is evidence from spectropolarimetry of two types of wind asymmetries 
in W R stars. First, the winds of many stars are inhomogeneous, permeated 
with electron-density enhancements which we have come to term blobs or 
clumps. Second, there is evidence for rotation in a few W R stars from the 
geometry of their winds. 

Evidence for rotationally flattened winds has now been searched for in 34 
of the catalogued W R stars (cf. Schulte-Ladbeck 1994, Table 1), but only two 
can be interpreted as having latitude-dependent winds. A third example is 
AG Car, an LBV/WN11 star. Spectropolarimetric results suggest tha t W R 
stars may not all be rapid rotators, although a spectrum of rotational speeds 
may exist. 

Since most W R stars surveyed do not show a line effect, spectropolarimet-
ric observations do not provide support for the Luminous Magnetic Rotator 
model as the solution to the "momentum problem". 

O-type stars rotate , and some evolutionary descendants, the LBVs and 
the B[e] stars, show evidence for latitude-dependent winds (e.g., Schulte-
Ladbeck et al. 1994). This indicates that significant angular momentum is 
being lost when stars enter the W R phase. Among the flat-wind candidates, 
AG Car is a WNL star and may be considered a young W R star. W R 6 
and WR134 are W N E stars, thus somewhat evolved W R stars. Therefore, 
some stars, possibly the ones with the most rapidly rotating main-sequence 
progenitors, are able to retain their angular momentum into advanced W R 
stages. Note also that there is no spectropolarimetric detection of a flattened 
wind in a W C star, suggesting that any remaining angular momentum is 
lost in the WN stage. An evolutionary track with rotation was presented by 
Fliegner & Langer (these proceedings), indicating that a comparison between 
theory and observation might soon be possible. 
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D I S C U S S I O N : 

Cherepashchuk: Your new Polarimetrie results on V444 Cyg are extremely interesting. Could 

y o u descr ibe in some more detail the shape of W R extended atmosphere which follows from 

your observational data: 

Schulte-Ladbeck: First, the difference in polarization between the continuum and the H e l l λ 

4 6 8 6 l ine is evidence that the continuum and the line originate from different regions. 

According to Hillier, if one considers the theoretical W - R ionization structure alone (i.e. pre tend 

that there is no Ο star, no colliding winds) then one expects the H e l l λ 4 6 8 6 emission to come 

from a region which lies outside of the orbit). 

Second , the Brown, McLean & Enslie binary polarization model assumes point sources 

il luminating a distribution of electrons. Here , first harmonic variations in polarization are 

caused by material outside of the orbital plane and distributed asymmetrically about it (cf. their 

figures at i ~ 85 °, with certain A = H/G). However , the He l l light source is extended in V 4 4 4 

Cyg and it is puzzl ing that the amplitude of the continuum variations, and that the sense of the 

Q - U loop is opposi te to that of the continuum. W e should both work on models of binary 

polarization with extended light sources (cf. Rodrigues & Magalhaes , this volume) and obtain 

more spectropolarimetry of V444 Cyg. Observationally, this system presents a difficult p rob lem 

because w e really need a b ig telescope (to get enough photons) for a large number of nights (to 

obtain the phase coverage). W e will certainly continue to monitor it at Pine Bluff Observatory, 

but progress will b e slow. 

O w o c k i : Jus t a point of clarification. I missed what the t imescale is for those observed 

polarization variations, and whether there is any evidence for periodicity. 

S c h u l t e - L a d b e c k : The t imescales are not well sampled observationally. The 

spect ropolar imetr ic data have been gathered at the Pine Bluff Observatory and the Anglo -

Australian Telescope over several years. There are 'broad-band' polarimetry data available (cf. 

the papers by Drissen, Robert , or St-Louis) which have been obtained during single, extended 

(~ 1 month) runs and where certain targets were revisited every night. Periodicities w e r e only 

noticed in known W R + Ο binaries. 

Pol lock: H o w disappointed were you to see nothing from W R 1 4 0 ? If the coll iding-wind 

m o d e l s p e o p l e have been calculating are right, there should b e gross asymmetries in the 

distribution of mass . Is it therefore surprising nothing was observed? 

Schul te -Ladbeck: Yes , I w a s V E R Y disappointed. After all, w e monitored this star for 8 

years! Yes , w e expected to see asymmetries in the distribution of the gas and the dust. 

However, there was no change of the optical, lines polarization with t ime, n o difference be tween 

the polarization in H e l l λ 4 6 8 6 and the underlying continuum polarization, and the combined 

po la r iza t ion spectrum from 1989-1994 can b e modelled extremely well with interstellar 

polar iza t ion alone; the residuals are consistent with zero intrinsic polarization after the 

interstellar polarization is subtracted from the observed polarization (cf. Schulte-Ladbeck et al., 

this volume) . 

Poss ib l e explanations for these non-detections include: a) the material w a s distributed 

spherically symmetrically (highly unlikely considering the wind collision at periastron passage) ; 

b ) the polarization from the dust cloud created at 1993 periastron passage w a s small and w a s 

swamped by the direct light from the W - R plus Ο star; c) the continuum and the H e l l λ 4 6 8 6 

line scattered in the same way. 

I'm looking forward to the paper by Becker & White on Friday. Their technique obviously had 

greater sensitivity to wind asymmetries in the W R 140 system. 
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Moffat: You mentioned that W R 138 = H D 193077 ( W N 6 + abs) has broad absorption lines 

implying rapid rotation of the W R star. However , this star appears to b e a W R + Ο binary of 

long period, Ρ ~ 5 yrs (Lamontagne et al., Annuk - Bali Symposium), in which the absorpt ion 

lines arise in a normal (but rapidly rotating) late-type O-star. I have also looked at the W R + 

abs system globally (Moffat et al. 1986, AJ) . The result is that most W N E + abs systems are in 

fact W R + Ο binaries, while most W N L + abs stars have (often slightly blue-shifted) absorpt ion 

l ines intrinsic to the W R star. 

W i l l i a m s : W h e n observing W R 140, did you find any change in the r a w line polarization 

dur ing the orbit? 

Schulte-Ladbeck: N o . The line polarization (Hel l λ 4686 ) did not vary in t ime since 1989, 

i .e. , s ince w e had an instrument capable of measur ing it. There is also n o variation wi th 

wave l eng th . The difference be tween the polarization of the line and the cont inuum is zero 

(within the observational errors) . Cf. also Schulte-Ladbeck et al., this volume. 

Cherepashchuk, Cassinelli, van der Hucht, Schulte-Ladbeck 
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