FTI98LARA © CI481 7 ".71PO

Astron. Astrophys. 148, L 1-L 4 (1985)

Letter to the Editor

ASTRONOMY
AND
ASTROPHYSICS

A radiation driven stellar wind model atmosphere
for the Wolf-Rayet binary V 444 Cygni

A. Pauldrach, J. Puls, D. G. Hummer*, and R. P. Kudritzki

Institut fiir Astronomie und Astrophysik, Scheinerstrasse 1, D-8000 Miinchen 80, Federal Republic of Germany

Received February 14, accepted May 2, 1985

Summary: Using the stellar parameters of the
WN5 component of the eclipsing binary V 444

Cygni determined by Cherepashchuk et al.
(1984) from multi-color 1light curves, and
employing an improved theory of radiatively-
driven stellar winds, we have calculated
models which yield an extended, supersonic-
ally expanding photosphere, with values close
to those observed for the photospheric ra-
dius, the mass-loss rate and the terminal
velocity. The radial distributions of veloci-
ty and density are also in close agreement

with those obtained by Cherepashchuk et al.
We regard this as strong evidence that the
basic observational features of WR-stars can
be reproduced by radiatively-driven wind

theory if some previous simplifications in
the theory are dropped and correctly deter-
mined stellar parameters are used.

Wolf-Rayet star - stellar winds -
stellar atmospheres

Keywords:

1l. Introduction

The physical explanation of the atmospheres
of Wolf-Rayet stars remains an outstanding
problem. These objects are characterized by

extremely dense stellar winds, with high
mass-loss rates (M = 2x10-5 M_/yr, Bieging et
al., 1982) and terminal vefocities up to
3000 km/sec. The photospheres lie well out in
the wind, where the flow is supersonic. No
self consistent model atmospheres have yet
been constructed which reproduced these basic
observational features. As for the most prom-
ising explanation, radiatively-driven winds
(see Lucy and Solomon, 1970, Castor, Abbott
and Klein, 1975, Abbott, 1982a, and Abbott
and Lucy, 1985), it is commonly believed that
the radiation force due to the numerous metal
lines is not sufficient to produce the high
mass-loss rates (cf Abbott (1982b) and Cassi-
nelli (1982)). The accepted values for radius
and effective temperature of WR-stars yield
mass-loss rates much smaller than observed,
as radiative acceleration can produce winds

with only M v, = L/c. As observed values of
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M v, ¢/L 1lie in the range
discrepancy 1is too

20 to 50, the
large to be explained
within this theory, even allowing for multi-
ple scattering of photons in closely spaced
clusters of lines.

In consequence, an additional mechanism is
sought for the high mass-loss rates. However
it cannot be excluded that the accepted ef-
fective temperatures and luminosities of WR-
stars are simply too small. The determination
of these temperatures from observational data
are manifestly unreliable (Abbott and Hummer
1985). In a remarkable paper, Cherepashchuk
et al. (1984, hereinafter: CEK) derive the
structure of the expanding atmosphere and the
physical characteristics of the WN5 component
of the eclipsing WR binary V 444 Cygni from a
detailed analysis of light curves in the
wavelength range between 24604 to 3.5 pm. The
result is extremely interesting: At the stel-
lar core, defined by 7 h = 2/3, which has the
radius R* = 2.9 R, tEe electron temperature
is extremely high, i.e. between 80000K to
100000K, and the outflow velocity is v* = 400
km/s. (Note that although CEK state < =1
at R* = 2.9 R_, integration of their dérived
electron density gives 1 = 0.63.) The
atmosphere extends over several stellar
radii and the temperature drops to values
between 40000K and 20000K in the intermediate
to outer layers, which explains the relative-
ly low temperatures normally attributed to
WN5-stars. CEK obtain the velocity field via
the equation of continuity, using the empiri-
cally-determined density stratification and
the well-observed mass-loss rate of the WN5-
component (1.2x 10-* M /yr, Khalijullin, 1974,

Kornilov and Cherepasﬁchuk, 1979, 1.3 10-°®
M /yr, Bieging et al., 1982, 1.8 10-°M_/yr,
Barlow et al.). The terminal velocity ob-

tained by CEK is consistent with the value
2500 + 400 km/sec obtained by Eaton et al.
(1982) from low-resolution IUE observations.

This observational determination of photo-
spheric radius and temperature is unique for
WR-stars. We can thus check whether the theo-'
ry of radiation driven winds reproduces the
obgserved stellar wind structure, with the
newly-determined parameters, by means of
calculations using an improved theory for the
radiatively-driven winds. These calculations
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are summarized in section 2. The comparison
with the empirical model of CEK is given in
section 3, which is followed by a short dis-
cussion of the consequences for the determi-
nation and interpretation of WR-star parame-
ters.

2. The Stellar Wind Calculations

We have under development two independent
complementary codes for radiatively-driven
stellar wind calculations. The first (Paul-
drach, 1985) is based on an improved version
of the method of Castor et al. (1975, herein-
after CAK), while the second (Puls, 1985)
involves a simultaneous solution of the equa-
tions of radiative transfer and gas dynamics.
Our version of the CAK method contains two
important modifications:

i) We use the improved force multiplier given
by Abbott (1982a):

M, (t) =k t'“(“E)e’ , (1)
w

where t = o_p v hcg%i 1 is the depth parame-
ter, W the iluElon actor, n_ the electron
density (the latter taken In units of
in egq. (1)). k, @, O are parameters
suggested by Abbott to fit his tabulated
force multipliers. As Abbott’s data are tabu-
lated only up to T f£f = 50000K, whereas the
temperature found b? EEK for the inner atmo-
sphere of V444 Cygni (at RT = 2/3) is about
90000K, we could use only ghe force multi-
plier quoted at the hot boundary of Abbott’'s
table 2. (These values are represented well
by «a = 0.68, k = 0.137, 6 = 0.07). But since
the T -dependence of M, (t) over 50000K =
T ZefSOOOK is rather wéak, this approxima-
eff - :

tion is probably not too severe. More impor-
tant is the use of Abbott’'s approximation for
the ionization equilibrium, in which colli-
sions are neglected and the continuous radia-
tion field is that of an optically thin atmo-
sphere and changes by dilution only. While
this is reasonable for OB-star winds, it must
be scrutinized for the dense extended winds
of WR-stars. Moreover, in the calculation of
M. (t) each line receives pure continuum ra-
diation unaffected by other 1lines. 1In the
case of ¢ Puppis, Abbott and Lucy (1985) have
shown that this assumption overestimates the
mass-loss rate by-a factor of 2. Since we do
not aim at a perfect fit of the observations,
but rather examine whether radiation driven
wind theory can explain the basic observa-
tional features, we feel that Ml(t) is ade-
quate for a description of the” situation.
This is supported by a variety of experiments
in which the force-multiplier parameters are
varied in a reasonable way to estimate rough-
ly the influence of more complete physics. In
the most extreme cases M and v changed by a
factor of two and 20%, respectively. In view
of the other theoretical and observational
uncertainties this is not alarming.

ii) A significant improvement is the consider-

ation of the finite angular size of the
radiating stellar core in the calculation of
the line force. This is done by a correction
factor to eq. (1), yielding

M, (t(r,v,v")) =

1
Ml(t)(Z/(l—pé)) jl%)—l (a2 p2>]"‘ pdu; (2)
u

[ is the cosine of the angle of the stellar
core (see also eq. (49) and (50) of CAK). As
we found for normal OB-stars (to be pub-
lished, see also Pauldrach, 1985), the use of
M, (t) changes the wind dynamics significant-
ly, increasing v_ drastically (a factor of
two), and removing much of the discrepancy
between the observed and theoretical values
of the ratio Vw/vesc (see Abbott, 1982a).

One of the basic assumptions in the CAK for-
malism is the evaluation of the line force in
the Sobolev approximation neglecting continu-
um radiative transfer. In the case of V444
Cygni, with its optically-thick supersonical-
ly- expanding photosphere, this assumption
can be checked by the complementary algo-
rithm. For a given density and velocity stra-
tification the radiative force is calculated
line-by-line by solving the equation of ra-
diative transfer in the comoving frame, thus
avoiding the Sobolev approximation and the
question of the force multiplier. The effects
of continuous opacity are included fully in
calculating the radiation field, but the
force of radiation on the gas through con-
tinuous true absorption, which should be
small, is not yet included. As we are not yet
able to treat Abbott’s complete line list, we
use instead a sample of strong, intermediate
and weak lines located at three parts of the
spectrum (shortward of, longward of and at
the Planck-maximum), which are weighted such
that the total strength of the 1line force
corresponds to Abbot’s force multiplier in
the outer layers, where the continuum is
already optically thin. Thus we treat the
behaviour of the line force in deeper layers
correctly and are able to investigate the ef-
fects of thermalization of line photons and
of the Sobolev approximation in the subsonic
region.

With this line force the normal (Euler) equa-
tions of motion for the stellar wind are
solved yielding new density and velocity
structures. Then a new line force is computed
and the process is iterated to convergence.

Oour modified CAK algorithm provides the
starting approximation.
The temperature stratification is calculated

using the spherical grey approximation of

Lucy (1971), as the wind dynamics are not
sensitive to the temperature structure. The
continuous opacities, sound velocity, and

electron density are those of a pure doubly-
ionized helium atmosphere (see CEK). Abbott
(1982a) shows that the line force does not
change significantly when a solar composition
atmosphere 1is replaced by CNO burned mate-
rial.
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Table I

Input and Derived Model Parameters

L3

Model T_. (R*) 10-°L/L_  k & R*/R_ 10-°M  v_ v* 10-'ip* T Mv C/L
(Mo/yr) (km/sec) (km/sec) (gm/cm?)
1 91000 5.22 0.137 0.07 2.60 1.30 2050 543 3.8 .792 2.52
2 91317 5.29 0.137 0.07 2.70 1.39 1950 590 3.4 .803 2.34
3 92000 5.45 0.137 0.07 3.00 1.58 1800 712 2.55 .828 2.57
4 92000 5.45 0.177 0.02 2.55 1.27 2140 506 4.1 .828 2.35
5 92500 5.57 0.177 0.02 2.70 1.40 1980 595 3.3 .846 2.39
6 93000 5.69 0.177 0.02 3.00 1.59 1906 690 2.6 .864 2.6
CEK 80-100000 3.1-7.6 - - 2.90 1.2-1.4 20-2500 400 3.1(R=3R0) 5.5-1.5

The parameters which enter into our calcula-
tion (besides the parametrization of M, (t))
are stellar mass M, luminosity L and radius
R. at the inner boundary of the photosphere,
which is defined by Top = 10. Following CEK
we have chosen M = 10 he and L& 5 * 10° Lo
as typical parameters (see Table 1), and use
as the inner radius the value R, = 2.0 R,
which corresponds to an effectivé temperature
at R=R* of approximately 90000K.

3. Results and Comparison with Observation

In view of the uncertainty in the values of
the stellar parameters and line force multi-
plier Jjust mentioned, we have computed a
variety of models with parameter values close

to those discussed above to assess their
sensitivity to such uncertainties. We then
compare the photospheric radius R* and the
mass loss rate M, along with the run of
velocity and density, with the values ob-
tained from observations and from the CEK

model. Particular attention is given to R¥*,
for which CEK obtain 2.9 Ro' The input para-
meters of selected models are given in Table
1, along with the values of R*, M, Vs
v*=v(R*), p*=p(R*), and T = o _CL/4nGMc,
where C = (1+nY)/(1+4Y), n = numbeF of free
electrons per He nucleus and Y = n(He)/n(H).

Models 1-3 are computed with force multiplier
parameters corresponding to the high tempera-
ture end of Abbott’s (1982a) data, while for
Models:' 4-6 the parameters have been modified
to simulate roughly the effect of multiple
scattering in the outer layers. By lowering
ad hoc the parameter ® we reduce the decrease

. of M, (t) towards outermost layers, thus simu-

lating the gain of radiative momentum due to
multiple scattering at larger velocities.
(The parameter k is renormalized to give the
same Mz(t) in the photosphere). For all
models, & = 0.68.

The results in Table 1 are obtained from our
improved CAK theory. They agree well with the
results of our complementary self-consistent
solution; differences 1in the velocity and
density stratification are at the 10% level.

This good agreement is caused by the rather
large ' , which for V444 Cygni is close to
unity. onsequently, in the photosphere a
large part of radiative momentum arises from
electron scattering. As the contribution of

the line force in this region is only 10% to
30% of the contribution of electron scatter-

ing, differences as large as a factor two in
the radiative line force between the two
algorithms are here not important. Thus the

values of M and v_ do not depend strongly on
the parameter values adopted for Mz(t), as
mentioned in section 2.

The large value of T also explains the

strongly extended photogphere. As demonstrat-
ed in Table 1 the degree of extension de-
pends strongly on ' : Increasing I' by rough-
ly 3% results in an increase of R* by approx-
imately 11%. If T becomes smaller than

0.7, then the sonié point lies clearly out-
side the photosphere and R* is close to the
radius of the inner boundary Ri'

The run of velocity and total density with
R/R* for Model 2 is shown in Figure 1; the
agreement with CEK’s values is satisfactory.
This case 1is typical of all of our models
with ' > 0.7, which yield an extended photo-
sphere with supersonic flow speeds. The cri-
tical and sonic points, labelled C and S in
Figure 1, are well below the level of the
photosphere, which is indicated by the broken
line.

are not the ultimate models of V444
and further work on this object is in
Our goal has been to demonstrate that
the basic observational features of perhaps
the best observed WR star can be reproduced
by an improved radiatively-driven wind theo-
ry, with correctly determined stellar para-
meters.

These
Cygni,
hand.

4. Discussion

By demonstrating the internal consistency of
the semi-empirical model of CEK, we support
their conclusion that the effective temper-
atures and luminosities of Wolf-Rayet stars
are much larger than commonly accepted. More-
over, our results provide strong evidence
that the theory of radiatively-driven stellar
winds can explain the properties of Wolf-
Rayet atmospheres. The physical reason is
that the high temperature of the stellar core
found by CEK puts the object close to the
Eddington limit. It is, of course, obvious to
speculate that the same might hold for other
WR-objects. This would mean that the commonly
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Figure 1I: speed

vs. R/R*, where R* is the radius at
which = h=0'63' for Model 2. The dots
are CEE 8 values, and the points

labelled ¢, S and P are, respectively,
the critical point, the sonic point and
the location of rTh=10.

accepted values of T and/or L for the WN
spectral types are €00 small. It is well
known that in extended photospheres not only
the determination but even the definition of
both quantities is difficult. Energy distri-
bution methods on the basis of plane-parallel
models must lead to drastic underestimates of
stellar temperatures in this case. Evidence
for the high temperatures of Wolf-Rayet stars
has already been advanced by Hillier (1983),
who has constructed semi-empirical models of
the WN5 star HD 50896, which reproduce both

the continuum spectrum and the Hel and Hell
line profiles. He concludes that the effec-
tive temperature (at R=3 R0 where rTh=4.0)

must be larger than 50000K.

Oon the other hand, the large value of T

found by Cherepashchuk et al. and used here
implies values of L/M substantially larger
than found in the evolutionary theory of
helium core-burning stars (we are indebted to
Dr. L.B. Lucy for stressing this point). The
discrepancy is considerably smaller for heli-

um shell burning; for example a calculation
by Maeder (1981) for a 30 M_ star evolvigg to
10 M by mass loss, yields /L0 = 3.0*10" for
a helium shell-burning phase, which is small-
er than the luminosities appearing in Table
1 by factors of only 1.74 to 1.90. In view of
the highly uncertain evolutionary status of
Wolf-Rayet stars, we believe radiatively-
driven models worthy of further serious con-
sideration despite this unresolved problen.
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