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Radiation Driven Winds of Hot Luminous Stars.
Applications of Stationary Wind Models
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Institut fiir Astronomie und Astrophysik, Scheinerstr. 1,
D-8000 Miinchen 80, Fed.Rep. of Germany

ABSTRACT

In this paper we describe the status of a continuing effort to calcu-
late NLTE models of rapidly expanding hot star atmospheres inclu-
ding the hydrodynamics selfconsistently. In order to test our theore-
tical concept, we calculated a wind model for the O4I(n)f star T-Pup.
An additional test was performed by calculating stationary wind
models along evolutionary tracks. The fact that such models satisfac-
torily reproduce the observed luminosity dependence of the Si IV
resonance line indicates that the theory can soon be used for quanti-
tative analysis of stellar wind lines. We show further that the calcu-
lated dynamical parameters can already be used for a direct spectros-
copic determination of stellar masses and radii. This is done not only
for massive stars in our galaxy, but also for an O-star in the SMC.

I. INTRODUCTION
Massive hot stars do not preserve their mass. As a consequence of

their intense radiation field, which is scattered by thousands of UV
metal lines, they loose a substantial fraction of their initial mass via
rapidly expanding stellar winds. Lucy and Solomon (1970) were among
the first to show that the radiative line force exerted by the metal
lines is sufficient to initialize and to maintain stellar winds and
Castor, Abbott and Klein (1975), Abbott (1979) and Abbott (1982)
formulated the theory of radiation driven winds in a self-consistent
manner for the first time. Due to many simplifications their approach
was, however, only qualitative, so that severe discrepancies with the
observations remained: for OB-stars the mass loss rates (M) were sy-
stematically too large by a factor 2-3 (Abbott, 1982) and, far more
significantly, the terminal velocity (voo), a quantity which is measura-
ble quite easily, was predicted to be a factor 2-4 too small. Moreo-
ver, the observed ionization ratios were not matched by the calculations.
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The latter discrepancies were especially pronounced for highly ionized
species like N V and O VI (Pauldrach, 1987) pointing to the problem
of "superionization” (Cassinelli and Olson, 1979).

Although the work of Castor, Abbott and Klein was ground-breaking,
these results made clear that a quantitative description of the radia-
tion driven wind theory requires a careful solution of the complete
equations of radiative transfer and atomic statistics including hydro-
dynamics at least in a one-dimensional, steady state model. There are
many reasons to want to tackle this problem, but perhaps the most
important one regards the evolution of massive stars, which is strong-
ly affected by the mass loss due to stellar winds. Note that the rates
of mass loss are still considered as a free parameter in evolutionary
calculations. Of similar importance is the need to determine accurate
and complete sets of stellar parameters in order to determine the evo-
lutionary status of the stars studied and to check stellar evolutionary
scenarios. Such parameters include effective temperature, surface gravity
and chemical composition, for the determination of which the methods
of photospheric quantitative spectroscopy (Kudritzki, 1988) is an ex-
cellent tool, and the stellar luminosity and mass, which can be obtai-
ned from the analysis of stellar wind lines (Kudritzki, 1990; Pauldrach
and Puls, 1990; Pauldrach et al., 1990). Since the radius follows di-
rectly from this parameter set, the stellar distance can in principle
also be obtained purely spectroscopically, i.e. without the need for
any other assumptions. Massive hot stars can thus be used as ideal
distance indicators.

We describe our effort to achieve this result in sect. IV, and partly
in sect. IIl, where it is also shown that our calculations reproduce
the observed changes of the Si IV spectral morphology. For this
purpose it seems to be convenient to summarise the concept and the
status of our computational method, which is done in sect. II.

II. CONCEPT OF THE COMPUTATIONAL METHOD
As in the basic framework for computing line driven winds (Castor,

Abbott and Klein, 1975) we assume a radially symmetric, stationary,
one-component flow, which should be appropriate to describe the time
average mean of all important spectral features correctly. The primary
aim is to develop accurate simulations of the basic physics in order
to determine mass-loss rates, masses and luminosities for hot stars
by only comparing observed and calculated UV P-Cygni profiles. For
these calculations the only input parameters required are the effective
temperature, the chemical composition and a guess of the surface
gravity. In order to extract the desired information from this very
small set of parameters we just need a 'black box' which solves the
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Fig. 1:

Schematic sketch of the extrem non-linear system of integro-differential equations

which form the basis of radiation driven wind theory (symbols as usual - see e.g.

Mihalas. 1978).
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problem of time-independent radiation-hydrodynamics. As sketched in
Fig. 1, this requires the simultaneous solution of several thousands of
NLTE rate equations for the most abundant elements, of the line and
continuum radiative transfer, the energy balance and the hydrodyna-
mics. Since this is not an easy task, but a process requiring continu-
ing effort, a final description is not yet available. However, as the
theory has been drastically improved over the last years, the state of
the art has reached a level which could be called "the first quantita-
tive approach”.

It is appropriate to summarise the present situation which led to this
approach:

1. Detailed statistical equilibrium calculations are performed, (see
Pauldrach, 1987) including:

* 26 elements, 133 ionisation stages, 4000 levels, 10000 radiative
bound-bound transitions and electron collisions (Fig. 2a gives an
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example of the atomic models used in our calculations. It should
be noted that we have also begun to incorporate very detailed
photoionisation cross sections (see Butler, 1990, and references
therein) with all their resonances for all levels of the ions (see
Fig. 2b)).

* the correct continuum radiative transfer with respect to bound-
free opacities (up to 100 levels), free-free opacities of H, He and
all metals and Thomson scattering. Since the NLTE-occupation
numbers are a complicated function of the radiation field, an
iteration cycle is required. For this iteration we used a modified
form of the "accelerated lambda iteration” method, adapted to
the case of O star winds (Pauldrach and Herrero, 1988).

* dielectronic recombination and autoionisation for C III and N III
(data for other ions are on their way), using the method descri-
bed by Mihalas and Hummer (1973). (Note that the wind conditi-
ons of O stars, which are not comparable to those of Planetary
Nebulae, require the inclusion not only of the individual transi-
tion probabilities of each stabilizing downward transition consi-
dered, but also of the autoionisation process, which is not negligi-
ble)

* 100000 lines in NLTE for the line force

2. In cases where the effect of multiple scattering turn out to be
crucial, this is considered consistently for the most important 2000
or so lines (Puls, 1987; Puls and Pauldrach, these proceedings).

3. The hydrodynamical structure is computed by means of the impro-
ved theory of radiation driven winds which considers also stellar
rotation in a simplified way (see Pauldrach, Puls and Kudritzki,
1986) and the whole procedure (1. to 3.) is iterated until conver-
gence.

Very recently we took another step forward by extending our numeri-
cal conéept of wind models to atmospheric models, which means that
the wind is treated now together with the underlying photosphere
(for details see Berger and Pauldrach, 1990; a short description is also
given by Pauldrach et al.; 1990b).

This approach to the theory of radiation driven winds is already
self-consistent. However, one point should be borne in mind: our
present treatment is still somewhat imperfect, because the energy
equation is not solved consistently in the wind part, since in the
winds of O-stars radiative equilibrium does not seem to be the pro-
per assumption to make for the solution of the energy balance equa-
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tions (Pauldrach et al., 1990b). The results of Pauldrach et al. indicate
that energy is not only transported by radiation, but also by other
dissipative mechanisms (HdlSS in Fig. 1), which might be connected to
instabilities in the wind (Owocki et al., 1989; Owocki, these procee-
dings), inferred from observations (e.g. Henrichs, 1988). Hence, up to
now our procedure has been to choose a temperature structure based
on empirical results (see Pauldrach et al., 1990, 1990b). The neglection
of the presence of X-rays (see Cassinelli and Olson, 1979) and of
NLTE line blocking and blanketing (the inclusion of these processes
would require a NLTE temperature structure to be constructed also
for the photospherical region) are additional shortcomings (see Paul-
drach, 1990b).

Nevertheless, detailed comparisons with observations show that the
basic ionization structure is not severely affected by these approxi-
mations and that, therefore, the dynamics of the average flow is
treated correctly (see Pauldrach, 1987; Pauldrach et al., 1990a, 1990b).
To demonstrate this, we report some results of our calculations for
the O4f star C-Pup. For these calculations we adopted as input the
parameters Teff = 42 + 2 kK, log g =35+ 015, R =19 ¢t 8 R®,
determined by Kudritzki et al. (1983) and Bohannan et al. (1985) via
detailed photospheric NLTE analyses. From our self-consistent wind
calculations we obtained dynamical parameters (voo = 2200 km/s, M =
3.8 -+ 10 M_/yr) that agree quite well with the observed ones (Voo =
2200 t 60 km/s, Groenewegen et al. (1989), M = 4.5 - 10_6 M®/yr,
Bieging et al. (1989)). The same agreement was found for our calcula-
ted wind profiles, which are a by-product of our self-consistent
treatment, when compared to the observed ones (see Fig. 3). This
example demonstrates clearly that the various improvements in calcu-
lating hot star winds led to models which are also useful in a quan-
titative sense.
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Fig. 3: Observed and calculated UV line profiles of O VI (AX 1032, 1038), N V
(AN 1239, 1243) and C IV (XX 1548, 1551) for C-Pup.
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[1I. THE SPECTRAL MORPHOLOGY OF THE SI IV LINE -
A MEANS FOR DIRECTLY DETERMINING THE LUMINOSITY
An important test of the reliability of the improved theory is to in-

vestigate whether it can properly describe the observed systematic
changes of the spectral morphology as a function of stellar parame-
ters (this work was recently fully presented by Pauldrach et al., 1990;
a preliminary version was also given by Kudritzki, Pauldrach, Puls,
1987). One such systematic change of O star wind lines is implied by
the observed correlation between strength of the Si IV (AX 1394,
1403) wind profile and luminosity class (Walborn and Panek, 1984a,b,
1985; Walborn and Nichols-Bohlin, 1987; Walborn et al., 1985). The ob-
servations indicate the complete absence of stellar wind features in
Si IV on the main sequence, and their gradual development from the
intermediate luminosity class 1II into saturated wind profiles for
supergiants (see Fig. 4 - note that all the features shown in this
figure belong to objects of same spectral type (i.e. O 6.5), which
means that the effective temperature decreases only slightly from
class V to class la (see Kudritzki et al., 1989). It is, of course, cruci-
al for a quantitative stellar wind theory to reproduce this effect. In
order to investigate the behaviour of synthetic spectra of the Si IV
line we performed self-consistent calculations of wind models along
the evolutionary tracks of Maeder and Meynet (1987). The stellar
parameters of the selected models are shown in Fig. 5. Fig. 6 demon-
strates that the strong dependence of the Si IV profile on luminosity
class is in principle reproduced by the theory. For early O dwarfs
only weak photosperic lines are produced in agreement with the
observations, where it is not clear whether lines are interstellar or
photospheric and whether additional blends contribute (Fig. 6a). For
the supergiants typical P-Cygni structures are obtained that match
the observations in surprising detail (Fig. 6b) - for details see Paul-
drach et al. (1990).

This encouraging result poses now the question, whether it is possi-
ble to determine luminosities directly from a comparison between
observed and synthetic spectra of the Si IV resonance doublet. The se-
quence of calculated lines for models of equal effective temperature
(Teff 35.5 kK) and slightly increasing luminosity shown in Fig. 7 (from
bottom to top) indicates that after a phase of calibration by detailed
quantitative spectral analysis of individual standard stars this is surely
possible. Note that even objects where A fog L/L differs by only 0.05
can be distinguished clearly with this method (remember that the error
of the luminosity of cluster members is at least A log L/L, = 0.24).
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Fig. 4: Luminosity effect of Si IV (AX 1397, 1403) at spectral type O 6.5 (from
Conti, 1988).

Fig. 5: The HR-diagram and the (og g, log Teff) diagram for wind models
along evolutionary tracks of initial masses 120 (A), 85 (B), 60 (C) and 40 M,
(D). Filled circles corresponcd to early O dwarfs (V) and open squares to middle
O supergiants (la/b).
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Fig. 7: Si IV profiles for a sequence of theoretical models at constant Teff
(~35kK) and slightly increasing luminosity. The luminosity (log L/Lg), the mass
loss rate (1076 Mg /Zyr), the wind mean density (1o~12 (M®/yr)/(Rg km/s)) and
the terminal velocity (km/s) are indicated in sequential order.

IV. MASSIVE HOT STARS AS DISTANCE INDICATORS

Apart from the successes already described, the theory of radiation
driven winds can also be applied to one of the most important goals
of stellar spectroscopy, the direct determination of stellar masses
and radii and, hence of distances. This possibility is offered by the
strong dependence of the theoretical terminal velocity (voo), which is
also a precisely measurable quantity, on the surface gravity and radi-

us

v_«(g - R Ze (M/R? (0
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To illustrate this behaviour, Fig. 8 shows this dependence for the case
of CT-Pup (see sect. II), within the error intervals of log g (¢ 0.15)
and R/R_ (x 8). The terminal velocity ranges from 290 km/s to 3070
km/s within the uncertainty of log g (where R was fixed at its mean
value) and from 1140 km/s to 2243 km/s within the uncertainty of
R/R, (here log g was fixed at its mean value). In principle this very
large variation of v, can be used to reduce the uncertainties on log
g and R/R_ and thus to determine stellar masses and radii by a
comparison with the observed value (voo = 2200 + 60 km/s), however,
we first have to show that this method yields reliable results. This
test is possible for objects with known distance, because the mass
can be determined directly by model calculations (see eq. (1)) which
can then be compared to the mass obtained from log g, which is
available from photospheric line analyses (see also Kudritzki, 1990).
Fig. 9 gives an example for the first of these methods. For values of
L comprised in the range of uncertainty of the luminosities, Vo is
shown as a function of mass. A comparison with the observed termi-
nal velocities yields directly the stellar mass and its uncertainty.
Table I, which gives for a sample of O-stars a comparison of masses

TABLE I Stellar masses from v,and log g for objects with known radii

log M/M
star from Vo from log g source
HD 93129A 2.08 £ 0.10 2.07 £ 0.17 1,3,4)
93250 2.01 + 0.11 2.07 £ 0.18 1,3,4)
303308 1.61 = 012 1.75 ¢ 0.21 1,3,4)
C Puppis 1.68 = 0.10 1.62 £ 0.20 (1,3,4)
A Cep 1.60 = 0.09 1.54 = 0.20 (3
HD 15629 1.40 £ 0.16 1.36 £ 0.26 (2)
15558 1.70 £ 0.15 1.70 £ 0.26 (2)
34656 1.42 £ 0.28 1.42 + 0.40 (2)
193514 1.46 + 0.16 1.44 + 0.26 (2)
192639 1.37 £ 0.15 1.26 £ 0.26 (2)
Sk 80 = AV232 1.54 £ 0.09 1.50 £ 0.20 (this work,3,4)

(1) Kudritzki (1990)

(2) Herrero, Vilchez, Kudritzki (1990)

(3) Kudritzki, Pauldrach, Puls, Hummer (1990)
(4) Pauldrach, Kudritzki, Puls (1990)
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Fig. 9: Terminal velocity as function
of stellar mass for four typical
O-stars, where a comparison with
the observed v_, yields the mass
within the range of uncertainty of

I log L/Lg (from Kudritzki, 1990).
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obtained in this way and masses derived from log g, shows strikingly
that the two methods agree almost perfectly (see also Fig. 10). How-
ever, there are two reasons why the voo—method should be preferred:
first, the v ~masses have smaller uncertainties, a factor of two in
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logarithmic scale, secondly, log g cannot be determined with enough
precision for objects close to the Eddington limit (e.g. P-Cygni). It
should also be borne in mind that the two methods used are comple-
tely independent - one (the log g-mass) has its origin in the photos-
phere and the other (the voo-mass) in the wind. In view of the dis-
crepancies between log g-masses and evolutionary masses found by
Groenewegen et al. (1989), Herrero et al. (1990) and Blomme (1990)
this indicates most probably that the evolutionary tracks even for
main-sequence stars are in error. Nevertheless, it is also conceivable
that the agreement found in Fig. 10 is just by chance.

After this convincing result we turn to the suggestion that luminous
hot stars can be used as ideal distance indicators. This possibility ri-
ses from the fact that not only Vo but also the mass loss rate (M)
is a strong function of Teff’ log g and R/R,. Hence, masses, lumino-
sities, radii and distances can be determined using the theory of
radiation driven winds, where only the knowledge of the effective
temperature is required. This is of particular interest for objects
close to the Eddington limit, since for these stars Teff is indeed the
only piece of information that can be obtained from the photospheric
lines.

The method is very simple (Kudritzki, 1990): once Teff has been deri-
ved from photospheric spectroscopy and Vo and M are determined
from wind lines (the latter value can also be obtained from Ha, He 1II
(X 4686) - Leitherer (1988), Gabler et al. (1990) - or radio data - e.g.
Bieging et al. (1989)) log g and R/R_ can be directly determined from
a comparison with calculated values of Voo and M. Hence M, L and
the distance are obtained (note that in cases where log g can also be
determined from photospheric lines the method can again be checked).
As an example, this method is applied in Fig. 11 to the O4(f) star
C-Pup, the Bla® star P-Cygni and the SMC star Sk 80 (AV 232). U-Pup
was chosen as a standard object, and P-Cygni due to its large abso-
lute visual magnitude (MV = -8.5 £ 0.6, Lamers et al., 1983; see also
Pauldrach and Puls, 1990) which makes it an object of special interest,
because in the near future similar objects will be observable not only
in the Local Group galaxies but also further beyond. (A comprehensi-
ve theoretical study of the expanding atmosphere of P-Cygni, which
includes the determination of stellar parameters, was recently presen-
ted by Pauldrach and Puls, 1990). Such an extension of the method to
other galaxies was performed with the study of Sk 80. For this ob-
ject we adopted a composition of Z = 0.1 Z (Dufour, 1984). Table II
shows the results obtained in the described way for all three objects.
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TABLE 1II: Log g, R/R, and error of distance modulus determined
from Vo and M. Log g from photospheric lines are also

given.
star log g R/R, Alm -M.)  log g (phot.)
C-Pup 2.62 = 0.05 17 £ 5 £ 0.5 3.55 £ 0.1
+ 0.05 + 10
P-Cyg 2057 00 757 e £ 0.5
Sk 80 295+ 298 3yl £ 0.5 2.9 ¢ 0.1

Again, the agreement between photospheric-log g and wind-log g is
striking, but the latter values have much smaller uncertainties. It is
also encouraging that the error in the distance modulus, which is
obtained directly from the error in radius, is not larger than *0.5
mag, and thus comparable to values derived from other methods (e.g.
5-Cephei). This uncertainty in distance will possibly be further redu-
ced if additional information obtained from a comparison of individual
wind lines is considered. The UV-spectrum shown in Fig. 12 for the
case of Sk 80 (for this model the input parameters T pp = 34 kK, log
g = 2.95, R/Ry = 33, Z = 0.1 Z yield M = 1.9 - 107 M, /yr and v_ =
1240 km/s) indicates that this will soon be possible.

V. CONCLUSIONS

Although our numerical concept of a quantitative description of statio-
nary models of radiative driven winds is still in need of improve-
ment, the results presented here have shown that the “"evolutionary
status” of this effort is already well advanced and ready for applica-
tions. These applications include the possibility of using massive
stars as distance indicators by either comparing the observed and
calculated Si IV resonance line, or comparing the observed and calcu-
lated dynamical parameters. As was shown by our encouraging first
results, this method can be applied not only to galactic blue stars,
but also to massive stars of large absolute visual magnitude in all
Local Group Galaxies, and, with the telescopes of the near future -
like HST and ESO-VLT - to stars in galaxies “as far as the eye can
reach”,

Another important result of this paper concerns the discrepancy between
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spectroscopic and evolutionary masses. Since it was shown that two
different and completely independent methods for determining spectros-
copic masses yield values which agree nearly perfectly, it cannot be
excluded that evolutionary tracks of massive stars are in error not
only for evolved objects.
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