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Abstract. Improved radiation driven wind models are con-
structed to calculate detailed synthetic UV spectra of hot
luminous stars. The model improvements comprise: a very
detailed multilevel NLTE treatment of 29 of the most im-
portant ionization stages, in particular C, N, O and Fe using
accurate atomic data; the approximate inclusion of EUV ra-
diation by shock heated matter in the ionization rates and
a simple simulation of photospheric line blocking.

Due to the improved NLTE opacities the calculated rates
of mass-loss are increased by nearly a factor of two relative
to previous models.

The direct ionization by EUV shock radiation has im-
portant effects on the lines of the highest ionization stages,
whereas line blocking is needed to reproduce the lowest
stages of ionization that are observed.

A detailed comparison between observed and calculated
synthetic spectra of two O-stars, ¢ Puppis in the Galaxy and
Melnick 42 in the LMC, has been carried out to develop
diagnostic tools for the determination of stellar parameters,
abundances and stellar wind properties from the ultraviolet
spectra. The following results are obtained:

¢ Puppis. (i) The effective temperature obtained from the
analysis of optical hydrogen and helium absorption lines is
confirmed, however, the gravity is larger by 0.1 dex. (ii) A
solar abundance of iron yields a reasonable fit of the rich
Fe v and v spectra. The abundances of carbon, nitrogen and
oxygen indicate that the atmosphere is mixed with CNO-
burned material. (iii) A mass-loss rate of 5.1 107¢Mg yr~!
resulting from a self-consistent wind model gives the best
fit to the UV-spectrum. In this model helium recombines
from He** to He" in the outer wind layers as a result of
the high wind density and photospheric line blocking in the
wavelength region of the He 11 resonance line.

Melnick 42. (i) The HST UV spectrum indicates a higher
effective temperature than found by Heap et al. (1991) from
the analysis of the optical lines. The stellar parameters
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that lead to an optimum fit of the UV-spectrum are: T =
50500 K, log g =3.785 (cgs), R/Rg =26, M/Mg =150,
log(L/Lg) = 6.6. Melnick 42 is thus the most massive
and most luminous star known. (ii) The mass-loss rate is
31073Mg yr~! with and uncertainty of 50%. This value is
in agreement with the observed emission strength of Ha
and He i1 4686. (iii) The difference in Tg relative to Heap
et al. (1991) is attributed to the effect of the strong stel-
lar wind and its influence on the formation of the optical
hydrogen and helium lines. (iv) The abundance of all ele-
ments (including C, N, O and Fe) is reduced relative to the
Sun by a factor of four.

Key words: stars: atmospheres — stars: fundamental para-
meters — stars: mass loss — atomic data — stars: individual:
¢ Pup — Melnick 42

1. Introduction

The ultraviolet spectra of O-stars with their thousands of
spectral lines provide a wealth of astrophysically impor-
tant information about stellar parameters and abundances.
However, although high resolution UV spectra of massive
O-stars have been available since the seventies (Coperni-
cus, IUE), the theoretical tools to extract the full infor-
mation contained quantitatively have not been developed
sufficiently. In practice, the quantitative analysis of UV
O-star spectra concentrates on a few strong stellar wind
lines and all the other lines (in particular the rich spectrum
of iron group elements in ionization stages IV, V, VI) are
ignored.

There are two reasons for this unsatisfactory status of
the theory. First, the simplifying assumption of LTE fails
completely in O-star atmospheres because of the intense
radiation field and, thus, a NLTE treatment of all ions in-
cluding the iron group elements is needed. As has become
evident during the past decade, such NLTE calculations,
if they are to be used for a quantitative comparison with
observations, require very detailed and sophisticated model
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atoms with a large number of energy levels and transitions
and with sufficiently accurate atomic data. Second, the UV
line spectrum is strongly affected by the presence of stellar
winds. This is true not only for the few strong resonance
lines that exhibit P-Cygni profiles but also for the many
weak absorption lines observed (see Kudritzki 1992). In
consequence, a hydrodynamic model atmosphere treatment
that includes the effects of stellar winds is needed for theo-
retical spectrum synthesis calculations in the ultraviolet.

The intention of this paper is to present a first step to-
wards fully quantitative UV-spectroscopy of massive
O-stars based on NLTE radiation driven wind models. For
this purpose, the calculations of stationary radiation driven
wind models as outlined in previous papers of this series
[Pauldrach et al. 1986 (Paper I); Paudrach 1987 (Paper III);
Pauldrach et al. 1990 (Paper VII); Pauldrach et al. 1989
(Paper IX)] have been improved significantly (see Sect. 2).
For the most important ions detailed model atoms with more
accurate atomic data are used. The emission of shocks aris-
ing from the non-stationary, unstable behaviour of radiation
driven winds is now additionally taken into account in the
rate equations and the radiative transfer (for observational
evidence of non-stationarity see for example Henrichs 1988;
for theoretical investigations see Lucy 1982; Krolik & Ray-
mond 1985; Owocki et al. 1988; Mac Farlane & Cassinelli
1989; Cassinelli & Olson 1979) and the effects of EUV line
blocking on the ionization and excitation of levels are dis-
cussed and simulated (see also Papers IX and VII).

These wind models are then used to calculate synthetic
high resolution spectra of O-stars covering the full observ-
able UV spectral range. A comparison with observed spec-
tra of two Of-stars ({ Puppis in the Galaxy and Melnick
42 in the LMC) is then carried out to obtain physical con-
straints on the properties of stellar winds but also to develop
diagnostic tools to determine abundances together with stel-
lar parameters (Sect. 3).

2. The calculations

The basis of our model calculation is the concept of sta-
tionary radiation driven winds as developed in Papers I,
III, VII, and IX (see Sect. 1). Before we describe these
calculations in more detail it is important to recognize that
the restriction to stationarity might be a severe limitation.
There is a vast amount of data now available that demon-
strate the presence of variability in O-star spectra (Lamers
et al. 1982; Prinja & Howarth 1986; Henrichs 1986; Ebbets
1982; Bieging et al. 1989). On the other hand, the ampli-
tudes of detected line profile variations are normally small
which admits the possibility that stationary models are cap-
able of providing a good description of the time averaged
spectra of O-stars. We note, however, that this conclusion
appears to be in conflict with recent non-stationary calcula-
tions (Owocki et al. 1988) of radiation driven wind models
that show large density contrasts between dense shells in
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the wind and almost empty intershell regions. But we also
note that at the moment these calculations still make use of
several severe approximations which might lead to artifi-
cially high density contrasts such as the assumptions on the
amplitudes of the perturbation at the inner boundary, the
neglect of the energy equation for the treatment of shocks,
the use of a simplified radiative line force and the restric-
tion to spherical geometry. Since it will take years before
we will be in a position to drop these approximations, we
feel that it is worthwhile to continue with the stationary
approach and to improve its inherent physics. The detailed
comparison with the observations will then demonstrate its
reliability.

Figure 1 gives an overview of the status of the theory as
outlined in Papers I, III, VII, and IX. To calculate a wind
model, the stellar parameters T.g (effective temperature),
log g (logarithm of photospheric gravitational acceleration),
R, (photospheric radius defined at a pre-specified Thom-
son optical depth) and Z (abundances) have to be specified.
Then the stationary hydrodynamic equations are solved in
spherical symmetry (r is the radial coordinate, p the mass
density, v the velocity, p the gas pressure and M the rate
of mass-loss). The crucial term is the radiative acceleration
Jrad that has contributions from continuous absorption and
scattering (gcont) and the line absorption. The calculation
of the line acceleration is performed by summing the con-
tributions of more than 200 000 lines (see Sect. 2.6). For
each line the oscillator strengths fi,, the statistical weights
g1, gu and the occupation numbers n;, n, of the lower and
upper level enter together with the frequency and angle in-
tegral over the specific intensity I,, and the line broadening
function ¢, accounting for the Doppler effect.

The occupation numbers are determined by the rate
equations containing collisional (C;;) and radiative (R;;)
transiton rates. Details of the atomic models and the phys-
ical processes taken into account will be discussed in Sect.
2.1-2.4. Tt is important to note that the hydrodynamical
equations are coupled directly with the rate equations. The
velocity field enters into the radiative rates while the den-
sity is important for the collisional rates and the equation
of particle conservation. On the other hand, the occupation
numbers are crucial for the hydrodynamics since the radia-
tive line acceleration dominates the equation of motion.

In addition, the radiation field determined by the equa-
tion of transfer is coupled with the hydrodynamics (radiative
line acceleration) and the rate equations (radiative rates).
Details of the calculation of the radiation field are discussed
in Sects. 2.2-2.4 and 2.7.

The temperature is, in principle, determined by the
energy equation, which depends on h, the free enthalpy,
H™ the radiative flux and H% the energy flux generated
by dissipative processes. The simplifications for the temper-
ature structure used in our code are discussed in Sect. 2.5.

The iterative solution of the total system of equations
then yields the hydrodynamic structure of the wind (includ-
ing mass-loss rate and terminal velocity) together with syn-
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Fig 1. Schematic sketch of the non-linear system of integro-differential equations that form the basis of stationary radiation driven
wind theory (the first box shows the input, effective temperature T, abundances Z, stellar radius R., and surface gravity g, required
for a model calculation; the second shows the equations of hydrodynamics where special attention is drawn to the expression for
the radiative line acceleration grag; the third, fourth and fifth boxes shows the rate equations together with the line and continuum
radiative transfer and the energy balance. They form the basis of spherically extended NLTE calculations; the sixth box shows the
output of the computations, mass loss rate M, terminal velocity and synthetic spectra which when compared to the observed spectra
yield information about the stellar parameters, abundances and plasma conditions. Most of the symbols are explained in the text, for
those remaining we refer to earlier papers of this series (e.g. Papers I, III and IV or to the book by Mihalas 1978)
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thetic spectra that can be compared with observations (see
Sect. 3).

In the following subsections we discuss the status quo
and the improvements in the different areas sketched in
Fig. 1.

2.1. Atomic models and rate equations

NLTE spectrum synthesis requires the use of realistic
atomic models in the rate equations (for references, see
Kudritzki & Hummer 1990). In our previous calculations
we concentrated mainly on the principle hydrodynamical
effects of line driven winds and used simplified atomic
models and very approximate atomic data to be able to han-
dle the contribution of some 100000 line of 26 elements in
full NLTE for the first time (Papers III, VII, IX).

For our new generation of models to be used for de-
tailed spectrum synthesis the atomic data of the most impor-
tant ionization stages have been replaced by more accurate
values. In addition, more energy levels and transitions were
included and higher ionization stages were added. In total,
the following ions are affected:

Hi Heru, Cumrv,v; N, 1v,v,vi; O, v,vr; Sitv; Pv. v
S vi; Arvi, v, viny Fe v, v, vi, v, viir; Ni v, v, vin, v

To implement these improvements we utilised the program
SUPERSTRUCTURE (Eissner et al. 1974; Nussbaumer
& Storey 1978), which uses the configuration interaction
approximation to determine wavefunctions and radiative
data first in LS-coupling. The wavefunction for each term is
expanded in terms of a basis set of Slater determinants

¢’=Z C; @i.

The one-electron orbitals appearing in the latter are varied
so that the sum of the energies of the terms of interest is
a minimum, i.e. the variational principle is invoked. The
energies and coefficients ¢; are found by a standard diag-
onalization of the non-relativistic /N-electron Hamiltonian.
Given these optimum wave-functions relativistic energies
and oscillator strengths are obtained via a perturbation the-
ory calculation involving the Breit—Pauli Hamiltonian. This
means that the method is limited to systems where the rel-
ativistic effects are not too large. For the ions of interest
here (Z < 30) this is always the case.

SUPERSTRUCTURE is also used to calculate the tran-
sition probabilities for the inclusion of dielectronic recom-
bination in the approximation described by Mihalas &
Hummer (1973). It should be noted that the wind condi-
tions of O-stars require the inclusion not only of the indi-
vidual transition probabilities of each stabilizing downward
transition, but also of the inverse process, which is non-
negligible.

For the calculation of the bound-free radiative rates,
more accurate, e.g. Coulomb approximation, photoioniza-
tion cross-sections fitted to the Seaton formula (1958) have
been included but only for the lowest 5-10 levels per ion-
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isation stage. For the other levels we still use the Gould
(1978) formula to calculate the threshold value (see Paper
III). Our approximate procedure for the calculation of the
collisional rates has been improved for those cases where
the transition is decisive for the level populations. For these
cases, the data were taken, where possible from the com-
pilation of Pradhan & Gallagher (1985). Examples of the
new atomic data sets for some important ions used in our
calculations are given in Fig. 2 and Table 1.

In summary, the whole set of rate equations now com-
prises 4228 energy levels in 142 ionisation stages of 26
elements with 14783 bound-bound and 4341 bound—free
transitions. The rate equations are solved at up to 41 depths
points distributed over the entire atmosphere including the
deeper subsonic region.

2.2. Radiative transition probabilities

For the calculation of the radiative bound-bound transi-
tion probabilities R;; the Sobolev-approximation is used in
the entire atmosphere. We note that this might be a poor
approximation in the subsonic region in the atmospheric
layers where the continuum is formed. However, at the mo-
ment this is still the simplest way to take the contribution
of many ions in many line transitions into account simul-
taneously. Improvements such as the Sobolev plus conti-
nuum method (Hummer & Rybicki 1985; Puls & Hummer
1988) or the comoving frame method (for applications in
stellar wind dynamics, see Puls 1987) are presently being
implemented.

Usually, in NLTE calculations with complex model
atoms population inversions that lead to negative line opa-
cities are frequently encountered. This is also the case for
O-star stellar winds, particularly for high levels and infrared
transitions, where the population of the corresponding up-
per and lower levels is frequently dominated by other tran-
sitions to these levels. It is a common procedure either to
cancel such transitions from the rate equations or to damp
the contribution of the stimulated emission.

However, an inspection of the equation of radiative
transfer reveals that the case of inversion [AN = (g,/
g)ny —ny < 0] and even the case of AN =0 can also be
treated in the framework of the Sobolev approximation.
With the normal definition of the Sobolev optical depth
(7s) and the source function ) (negative for AN < 0!), the
mean line intensity is then given by

J =Bl + (1 = P)Si =B+ S| (6-1),

1 — Ts
T
1, (pe)
/ 1, (pe)

where

B, (Be) =

lTsl -1

d
I7'5| H

NI'—‘
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Table 1. Examples of the atomic structure of some ionization stages considered in the calculations. Columns 1 and 2 give the level
excitation number and the term disignation of each level respectively. In columns 3-5 the statistical weights, the excitation energy and
the photoionization energy are given, respectively. Columns 6-8 give the values of o, 3 and s used in the Seaton formula to describe

the photoionization cross section (see text)

Element C III

Table 1b. O 1v

Element O IV

Energy Level Photoionisation Energy Level Photoionisation

Level  Term Stat. Excit.- Ion.- a B H Level  Term Stat. Excit.- Ton.- a B s
Weight  energy energy Weight  energy energy
(1/em)  (1/cm) (1/em)  (1/cm)

1 2s2 1g¢ 1 0.0 386241.0 1.430 1.00 1.50 1 2p ?pP° 6 257.3 624124.7 1.090 0.80 3.00
2 2 :Pg 9 52419.4  333821.6 2.110 2.00 2.00 2 2p: :P‘: 12 71641.1 g%g:ﬁ.g g;gg g.gg g.gg
3 2 . .0 2. -0. . 1 126941.9 0 2. . .
1 opbe o loerrr ool see 00 20y - ho N0 ueas gigid A0 200 500
5  2p?lpe 5 145876.1 304920.7 3.190 1.00 2.00 4 2p??se 2 164366.4 5‘112243-3 %%38 %‘88 %‘88
6  2p?lse 1 182519.9 268276.9 2.950 1.00 2.00 2 2pe 6283%2'8 2290 2.00 2.00
7 35 3¢ 3 2382130 148028.0 0.890 2.00 2.00 5 7P 6 1806431 B20972.8 2299 2.00 209
8 35 lse 1 247170.3 139070.7 1.530 1.00 1.50 6 92pd 450 ) .

1po p3 4S 4 231537.5 606594.7 2.200 2.00 2.00
9 3p 'P 3 258931.3 127309.7 2.970 1.00 1.50 7 2p32D° 10  255167.5 582964.7 2.200 2.00 2.00
10 3p 3p° 9 259717.8 126523.2 2.720 2.00 2.00 P “600935.9 2200 2.00 2.00
11  3d %pe 15 270013.0 116228.0 3.190 2.00 2.00 8  2p32pO 6 289020.8 549111.4 2.200 2.00 2.00
12 3d !De® 5 276482.9 109758.1 2.080 1.00 3.50 67082.6 2.200 2.00 2.00
13 3¢’ 3p° 9 308283.3 142513.5 0.171  2.00 2.00 232715 2.200 2.00 2.00
14 4s 38° 3 309457.2 76783.8 0.132 2.00 2.00 9 3s 28¢ 2 357614.3 266767.7 0.120 2.00 2.00
15 4p 3p° 3 310006.3  76234.7 0.133 2.00 2.00 10 3p ?2P° 6 390219.1 234162.9 0.412 2.00 2.00
16 4s 18® 1 311721.5  74519.5 0.045 2.00 2.00 11 3d ?2D¢ 10 419543.9 204838.1 0.784 2.00 2.00
17 4p 'P° 9 317798.9  68442.1 0.445 2.00 2.00 12 3s' 4p° 12 439084.9 267531.0 0.065 2.00 2.00
18 3p’ lpe 3 319720.3 131076.5 0.062 2.00 2.00 13 3s' 2P° 6 452983.2 253632.7 0.034 2.00 2.00
19 4d °D® 15 3214345 64806.5 0.784 2.00 2.00 14  3p' ?pe 6 467306.4 239309.5 0.036 2.00 2.00
20 4f 3F° 21 322011.8  64229.2 1.108 2.00 2.00 15  3p’ ‘D¢ 20 468585.9 238030.0 0.121 2.00 2.00
21 4f 1F° 7 322702.0 63539.0 0.373 2.00 2.00 16 3p’ 4S¢ 4 474478.1 232137.8 0.025 2.00 2.00
22 3¢ 1pO 3 322702.0 128094.8 0.063 2.00 2.00 17 3p' pe 12 478991.7 227624.1 0.076 2.00 2.00
23 3p’ 3D® 15 323114.7 127682.1 0.317 2.00 2.00 18 3p’ 2D® 10 482819.4 223796.5 0.065 2.00 2.00
24  4d D® 5 3242125  62028.5 0.273  2.00 2.00 19  4s 28¢ 2 485821.7 138560.3 0.098 2.00 2.00
25 3p’ 3§ 3 327278.3 123518.5 0.066 2.00 2.00 20 3p 2§e 2 492890.9 213725.0 0.014 2.00 2.00
26 3p’ 3pe 9 329724.8 121072.0 0.201  2.00 2.00 21 3d' 4F° 28 495362.8 211253.1 0.192 2.00 2.00
27  3d' 1D° 5 332691.3 118105.5 0.114 2.00 2.00 22  3d'4D° 20  499851.4 206764.4 0.140 2.00 2.00
28 3p’ 1D® 5 333118.2 117678.6 0.115 2.00 2.00 23 4p 2P° 6 500023.5 124358.5 0.327 2.00 2.00
29  3d' 3F° 21 333421.0 117375.8 0.483 2.00 2.00 24 3d'2D° 10  501542.3 205073.5 0.070 2.00 2.00
30 3d'3D° 15 337675.2 113121.6 0.358 2.00 2.00 25 3d' 4p° 12 504164.5 202451.3 0.086 2.00 2.00
31 5s 1§® 1 338514.3  47726.7 0.036 2.00 2.00 26 4d 2D® 10  510572.3 113809.7 0.595 2.00 2.00
32 5s 3¢ 3 339934.7  46306.3 0.112 2.00 2.00 27  3d' ?F° 14 510877.6 195738.2 0.103 2.00 2.00
33 34’ 3p° 9 340114.8 110682.0 0.220 2.00 2.00 28  4f 2F° 14 513193.5 111188.5 0.853 2.00 2.00
34 5f lF° 7 341370.9  44870.1 0.271 2.00 2.00 29  3d' 2p° 6 514270.7 192345.2 0.045 2.00 2.00
35 5p 1p° 3 343258.0  42983.0 0.121 2.00 2.00 30 3s' 2PO 6 518705.7 187910.2 0.046 2.00 2.00
36 5p 3P° 9 344234.7  42006.3 0.372 2.00 2.00 31  5s 28° 2 539368.0  85014.0 0.082 2.00 2.00
37 3p’ 1se 1 345095.4 105701.4 0.025 2.00 2.00 32 5p ?P° 6 546813.6  77568.4 0.268 2.00 2.00
38 5d 3D® 15  345496.9 40744.1 0.639 2.00 2.00 33 3p/ 2D® 10  547343.4 1592725 0.091 2.00 2.00
39 5g 1Ge 9 346579.3  39661.7 0.394 2.00 2.00 34 3p’ 2pe 6 549834.0 156781.9 0.055 2.00 2.00
40 b5g 3G® 27 346579.3 39661.7 1.181 2.00 2.00 35 5d 2D 10 552031.2 72350.8 0.479 2.00 2.00
41 5d 'D® 5 346658.3  39582.7 0.219 2.00 2.00 36  5f ZF° 14 5524951  71886.9 0.676 2.00 2.00
42 3d' 'po 3 346712.7 104084.1 0.077 2.00 2.00 37 5g 2G® 18 554001.6  70380.4 0.887 2.00 2.00
43 5f 3F° 21  347153.9  39087.1 0.932 2.00 2.00 38 3p’ 2s¢ 2 554464.0 15215L.9 0.019 2.00 2.00
44  3d' 'F° 7 348860.0 101936.8 0.184 2.00 2.00 39 6s 28¢ 2 564662.2 59719.8 0.134 2.00 2.00
45  6s 1S 1 350921.8  35319.2 0.071 2.00 2.00 40 6p 2P° 6 565785.8  58596.2° 0.411 2.00 2.00
46  6s 35° 3 354858.0  31383.0 0.238 2.00 2.00 41 45’ PO 12 569137.0 137478.9 1.577 2.00 2.00
47  6p 3P° 9 357050.7 29190.3 0.768 2.00 2.00 42 3d' ?F° 14 570796.6 135819.3 0.149 2.00 2.00
48 6p PO 3 357109.7  29131.3 0.257 2.00 2.00 43  6d D¢ 10 574368.7 50013.3 0.803 2.00 2.00
49  6d 3D® 15 357998.0 28243.0 1.324 2.00 2.00 44  6g ?G® 18  575507.4  48874.6 1479 2.00 2.00
50 6g 3G® 27  358692.3 27548.7 2.442 2.00 2.00

and error introduced (in comparison to the exact solution) is of
dv]™! minor importance.
2

2
e a1 C 2 v
= -4 = (1= =
Ts cflu (m p nu> ” [( K ;

This approximation is frequently applied in the analysis
of astrophysical masers in the presence of velocity fields.
Langer & Watson (1984), for instance, have shown that the

The radiative bound—free transition probabilities R;; are
obtained by a full solution of the spherical transfer equa-
tion which yields the continuous radiation field at up to 900
frequency points at every depth point including the deep-
est layers where the radiation is thermalized and the diffu-
sion approximation is applicable. The continuous opacities
include Thomson-scattering and the free-free contribution
of all ions (subroutine provided by D.G. Hummer). In ad-
dition, the bound—free opacities of up to 100 ground and
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Table 1c. Pv
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Table 1d. Fev

Element PV
Energy Level Photoionisation
Level Term Stat. Excit.- Ion.- a B s
Weight  energy energy
(1/cm) (1/em)
1 3s 26¢ 2 0.0 524462.9 0.250 1.69 2.00
2 3p 2p° 6 89182.1  435280.8 0.221 2.00 2.00
3 3d ?D¢® 10 204203.2 320259.7 0.501 2.00 2.00
4 4s 28 2 272959.3 251503.6 0.054 2.00 2.00
5 4p 2P° 6 304350.5 220112.4 0.185 2.00 2.00
6 4d 2D® 10 345398.7 179064.2 0.378 2.00 2.00
7 4f 2F° 14 352594.2 171868.7 0.552 2.00 2.00
8 5s 28¢ 2 376645.3 147817.6 0.047 2.00 2.00
9 5p 2P° 6 391207.3 133255.6 0.156 2.00 2.00
10 5d?De® 10 410637.4 113825.5 0.305 2.00 2.00
11 5f ?F° 14 414467.7 109995.2 0.442 2.00 2.00
12 5g 2Ge 18 414686.8 109776.1 0.569 2.00 2.00
13 6s 25¢ 2 427185.4  97277.5 0.041 2.00 2.00
14 6p 2P° 6 435097.9  89365.0 0.135 2.00 2.00
15  6d2D¢® 10 445838.8  78624.1 0.255 2.00 2.00
16  6f 2F° 14 448090.2  76372.7 0.368 2.00 2.00
17 6g 2G® 18 448230.3 76232.6 0.474 2.00 2.00
18  6h2H° 22 448250.3 76212.6 0.579 2.00 2.00
19 7s %8¢ 2 455602.5 68860.4 0.037 2.00 2.00
20 7p 2P° 6 460371.4 64091.5 0.118 2.00 2.00
21 7d%D® 10 466936.1 57526.8 0.220 2.00 2.00
22 7f ?F° 14 468363.5 56099.4 0.315 2.00 2.00
23 7g%Ge 18 468456.2  56006.7 0.406 2.00 2.00
24  Th?2?H® 22 468469.5 55993.4 0.497 2.00 2.00
25 Ti 1€ 26 468474.8 55988.1 0.587 2.00 2.00

excited levels of the most important ions. Moreover, as we
will show in Sect. 2.4, the EUV radiation field provided by
shock emission is taken into account approximately.

The continuous radiation field is also used to calculate
the incident continuous intensity I, at the frequency of each
line transition needed in the Sobolev-approximation for the
bound-bound radiative transition probabilities. I, is either
based on the local value of the intensity (optically thick
case) or obtained from the emergent continuous Eddington-
flux H. (optically thin case) via the equation

2
I.=4 (T;ix) H(Tmax) -
where a value of 100R, is assumed for 7max.

According to our experience, a proper treatment of the
ionization and, therefore of the bound-free radiative tran-
sitions is extremely important to obtain reliable occupation
numbers and, therefore, a reliable hydrodynamical struc-
ture. In particular, the fact that for O-stars the continuum
shortward of the He i1 edge at 228 A reaches optically thick-
ness unity far out in the wind has important consequences
for the ionization and the dynamics (see also Papers III
and IX).

2.3. EUV metal line blocking

For the calculation of bound—free ionization transition prob-
abilities R;, incident continuum intensities I. and the ra-
diative acceleration gr,q the influence of line blocking due
to metal ions in the spectral region between 228 and 911 A
is extremely important. This is demonstrated in Fig. 3,

Element Fe V

Energy Level Photoionisation
Level Term Stat. Excit.- Ion.- a B s
Weight  energy energy
(1/cm) (1/cm)
1 3d¢ 5D 25 787.2 609322.2 0.477 2.00 2.00
627401.1 0.200 2.00 2.00
2 3dt *H 33 25265.1 .3 0.300 2.00 2.00
.2 0.135 2.00 2.00
2666. 0.390 2.00 2.00
( .6 0.075 2.00 2.00
3 3d* 3p2 9 25701.7 4407. .038 2.00 2.00
486. .044  2.00 2.00
646. 010 2.00 2.00
611785. .092  2.00 2.00
627. .038 2.00 2.00
088.2 .024 2.00 2.00
4 3d* 3F2 21 26879.3 8323 0.153 2.0 2.00
601308. 0.038 2.0 2.00
603071.0 0.061 2.00 2.00
8468. .003 2.0 2.00
610608.2 . 2.0 2.00
61105 . 2.0 2.00
628449.4 .01 2.00 2.00
53910.6 .01 2.00 2.00
5 3d* 3G 27 30176.8 719932 0.2 2.0 2.00
9773 0. 2.0 2.00
607754 0. 2.0 2.00
625151 0. 2.0 2.00
650613. 0. 2.0 2.00
6 344 1G2 9 36586.3 593364.0 0.365 2.00 2.00
7 3d* 3D 15 36732.0 573377.4 0.189 2.00 2.00
8 3d¢ 1 13 37511.7 592438.6 0.529 2.00 2.00
9 3d* 152 1 39633.4 597854.1 0.967 2.00 2.00
10 3d*4 D2 5 46291.2 583659.1 0.206 2.00 2.00
11 344 Ip 7 52732.7 577217.6 0.292 2.00 2.00
12 344 3F1 21 62300.0 547809.4 0.277 2.00 2.00
13 3d* 3p1 9 62381.6 547727.8 0.119 2.00 2.00
14 344 1G1 9 71280.3 558670.0 0.388 2.00 2.00
15 344 D1 5 93832.3 536118.0 0.225 2.00 2.00
16 344 181 1 121130.2 516357.3 1.120 2.00 2.00
17 3d3(*F)4s SF 35 187567.1 422542.2 0.054 2.00 2.00
18 3d3(*F)4s °F 21 1961457 413963.7 0.033 2.00 2.00
19 3d3(*P)4s SP 15 205188.1 423000.1 0.097 2.00 2.00
20  3d3(2G)as °G 27 2002082 4207421 0.116 2.00 2.00
21 3d3(?G)4s G 9 213534.1 416416.2 0.039 2.00 2.00
22 3d3(*P)4s 2P 9 213865.0 414323.2 0.113 2.00 2.00
23 3d3(’P)4s 3P 9 214762.0 413426.2 0.007 2.00 2.00
24 3d%(*D2)4s °D 15 216412.5 421075.1 0.193 2.00 2.00
25 3d3(*H)4s °H 33 216941.5 420989.7 0.386 2.00 2.00
26 3d3(®P)4s 'P 3 219486.9 415860.9 0.391 2.00 2.00
27 3d3(D2)4s !D 5 220621.0 416866.5 0.065 2.00 2.00
28 3d3(°H)4s 'H 11 221305.2 416626.0 0.130 2.00 2.00
29 3d3(°F)4s 3F 21 233799.1 376310.3 0.036 2.00 2.00
30 3d3(F)4s 'F 7 237729.6 417599.1 0.519 2.00 2.00
31 3d3(*F)4p °G 45 256751.0 353358.4 0.083 2.00 2.00
32 3d3(2D1)4s ®D 15 258566.0 378921.6 0.215 2.00 2.00
33 3d3(*F)4p °D 25 258832.0 351277.4 0.046 2.00 2.00
34 3d3(*F)d4p °F 35 260172.9 349936.5 0.065 2.00 2.00
35  3d%(“F)4p 3D 15 260686.7 349422.7 0.028 2.00 2.00
36 3d%(*D1)4s 'D 5 262509.3 374978.2 0.072 2.00 2.00
37 3d3(*F)4p 3G 27 264571.7 345537.7 0.051 2.00 2.00
38 3d3(*F)4p °F 21 267385.8 342723.6 0.040 2.00 2.00
39 3d3(*P)4p P 15 274408.1 353780.1 0.116 2.00 2.00
40 3d3(*P)4p °D 25 276769.1 333340.3 0.049 2.00 2.00
41 3d3(*P)4p 3P 9 278030.3 350158.0 0.094 2.00 2.00
42 3d3(®G)4p 3G 27 279537.7 330571.7 0.053 2.00 2.00
43 3d3(P)4p 'S 1 280337.0 355010.8 0.153 2.00 2.00
44 3d3(2G)4p 'G 9 280367.2 349583.1 0.047 2.00 2.00
45 3d3(2G)4p °H 33 2807157 3492346 0.295 2.00 2.00
46 3d3(*P)4p 5S 5 282423.5 345764.7 0.040 2.00 2.00
47  3d3(3G)4p 'F 7 282571.6 347378.7 0.036 2.00 2.00
48  3d3(G)4p 'H 11 282871.9 347078.4 0.057 2.00 2.00
49 3d3(G)dp °F 21 283924.8 326184.6 0.074 2.00 2.00
50 3d%(®P)4p 3P 9 287074.9 341113.4 0.113 2.00 2.00

which shows the emergent flux of a conventional hydro-
static NLTE model atmosphere for which the metal line
opacity has been included in LTE.

The treatment of the influence of all these metal lines
in the entire sub- and supersonically expanding atmosphere
down to the thermalization depth in the calculation of R;x
correctly is a tremendous and hitherto unsolved problem. It
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Fig. 3. The emergent flux (ergem~2sHz™') of a photospheric model of (-Pup in the range 227-911 A. The influence of blocking
due to line opacities is shown. This reduces the radiation field drastically in this frequency regime

requires the calculation of the mean intensity J, at every
depth including not only the NLTE continuum opacities but
also the NLTE opacities of all the overlapping, Doppler-
shifted metal lines at all frequencies.

Several approximations have been used so far. Schmutz
& Schaerer (1992) for instance did not solve the correct rate
equations but approximated the ionization and excitation of
metals by simple formulae to calculate the radiation field
and gr.g down to thermalization depths. Puls (1987, Paper
IV) performed a full solution of the rate equations includ-
ing line overlaps in the bound-bound transition probabili-
ties R;; to investigate the influence of multi-line-effects on
grad. However, he did not investigate the influence of these
effects on the ionization transition probabilities R;;. That
these effects are indeed decisive was discussed qualitatively
in Papers VII and IX. Moreover, for the radiative transfer
the inner boundary was selected to be located above the
depth of continuum formation (for 228 A< A<911A)but
below the sonic point and the emergent fluxes of photo-
spheric hydrostatic models (either NLTE or Kurucz 1979)
were used for the incident continuum radiation.

Our code has two options. In the first, we proceed as
described in Sect. 2.2 but neglect the influence of the over-
lapping lines on R;x and R;; (or I, respectively).

For the radiative acceleration g4 the contribution of
all the lines is taken into account using NLTE occupation
numbers but applying the Sobolev approximation for non-
overlapping lines (see Sect. 2.6). Calculations done in this
way usually yield too high ionization incompatible with the
observation (see Sect. 3). However, since for the correct
solution of the full problem, this option will be necessary.

The second option accounts for EUV line blocking in
R;; and I, in an approximate way. In the subsonic region at
velocities v(r;) & Usound/20 (Usound i the isothermal sound
speed) a boundary r; is introduced at which the optical
thickness 77 (v;) = f:’ x5 dr of the continuum is checked.
If 7¢ is larger than unity (which is usually the case for A <
228 A), we use the diffusion approximation based on x¢, for
the incident radiation field at r; and solve the continuum
transfer equation without line opacities for the calculation
of R;; and I (optically thick case, see Sect.2.2).

If 7€ is smaller than unity — usually for A > 228 A, we
adopt the emergent flux calculated from a hydrostatic model
with the same T.¢ and log g that includes metal line opa-
city as the incident radiation at r; and solve the continuum
transfer equation again to obtain the values of R;; and I
(optically thin, case, see Sect. 2.2). We normally use fluxes
as in Fig. 3. However, for simplicity the incident radiation
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field is smoothed by introducing average radiation tempera-
tures [defined by 4H,, = B, (T1,q)] over different frequency
intervals. In addition, since the metal lines are treated in
LTE in the hydrostatic model calculations — which is a
poor approximation —, we have carried out experiments with
T;aa(v) in the spectral region between 227 and 911 A to in-
vestigate the sensitivity of individual ionization stages to
this quantity (see Sect. 3, Fig. 6d).

We note here that this approximate treatment of EUV
line blocking in the ionization and excitation radiative rates
is the weakest point in our calculations. Fortunately, we
have made significant progress in the correct treatment of
the problem so that full NLTE calculations allowing an in-
vestigation of this approximation will be forthcoming within
the next year.

2.4. Shock emission

The X-ray emission of O-stars is now generally interpreted
as radiation from shock instabilities in the stellar wind flow
(Lucy & White 1980; Lucy 1982; Krolik & Raymond 1985;
Owocki et al. 1988; Chen & White 1991). Recent results
obtained with the ROSAT observatory (Hillier et al. 1993)
strongly favour a model of randomly distributed shocks that
build up a strong diffuse radiation field of which only a
small fraction leaves the stellar wind to be observed as
soft X-rays with Ly /L =~ 10~7 (Chlebowski et al. 1989).
In consequence, it is important to investigate whether this
additional diffuse radiation field can affect the ionization of
the stellar wind.

In principle, this is not a new idea. Soon after the de-
tection of high ionization stages such as Ovi, Svi, Nv
in stellar wind spectra (Snow & Morton 1976; Lamers
& Morton 1976; Lamers & Rogerson 1978) such mecha-
nisms were investigated (Cassinelli & Olson 1979; Olson &
Castor 1981; Cassinelli & Swank 1983; Waldron 1984).
However, only the effects of Auger-ionization, for instance
from O1v to Ovi, caused by X-rays were studied. As
pointed out by Krolik & Raymond (1985) shock-heated
matter radiates mostly in the ultraviolet and hence this is a
severe restriction.

Figure 4a shows the emission coefficient 3, of a shock
with a typical temperature of 1.1 10K calculated us-
ing the code developed by Raymond (1988), Cox &
Raymond (1985), and Raymond & Smith (1977). The cor-
responding energy integral F(E) = [, ;o e}, dE is given in
Fig. 4b together with the edges for direct ionization of
the outer shell electrons of Hen(54eV), O1v(77.4¢V),
Ov(113.9eV) and the K-shell ionisation edge of oxy-
gen (595eV) (Daltabuit & Cox 1972). Since F(54eV)/
F(595 eV) =~ 750 and F'(113.9 eV)/F(595 eV) = 230 for the
assumed temperature of the shocks, we conclude that direct
ionization, e.g. O1v to Ov and Ov to Ovi, is at least at
these temperatures the primary contribution of shock radia-
tion to the ionization equilibrium. Since a large part of the
O-star winds is optically thick at energies between 54 and
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Fig. 4a. The emission coefficient &} resulting from a shock
temperature of 1.1 10° K, corresponding to the observed micro-
turbulent velocity of ¢-Pup (260 kms™'), and a particle density
of 6.110%cm™>

WAVELENGTH. [A]
1000 500 200 100 50 10

>

11 3H --
<--- T73HS-X O

1.0 1.5 S 3.0

2.0 2.
LOG ENERGY [EV]

- LOG INTEGR.EM.COEFF.[ERG/CM3/S/STERADI

Fig. 4b. The energy integral over &, from Fig. 4a. It is shown
that the radiative losses by shock heated matter influences almost
the entire EUV part somewhat shortward of the He 11 edge

1000 eV, the inclusion of the shock radiation field into the
rate equations requires a radiative transfer treatment that
considers the emission €}, of the shocks and the absorp-
tion x5 and emission &3 of the ambient cool “standard”
wind flow. To simplify these calculations we introduce a
smoothed shock emission coefficient
L BHAE B

& = —

""E Joap O

(1a)

with AE =12.5eV. Figure 5 demonstrates that for a rea-
sonable range of shock temperatures and densities &5, can

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1994A%26A...283..525P&db_key=AST

FT992A&A. © 7283 T575P0

A.W.A. Pauldrach et al.: Radiation-driven winds of hot luminous stars

WAVELENGTH [A]
200 100 50 10 5
3.5 1 ) A \
T = 1.08E6 K, N, = 6.03E06 CM-3
3.0
2.5

LOG RATIO TOTAL/F-F COOLING

0-0 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4

a LOG ENERGY [EV]
WAVELENGTH [A]
200 100 50 10 5

035 X . il A
z T = 6.18E5 K, Ng = 2.85E10 CM-3
—13.0
o
o
O

2.5
0
W
~ 2.0
1
<C
—
o1.5
e
o
1.0
—
<C
o

.5
o
o
—

0.0

1.8 2.0 2.2 2.4 2.6

"L0G ENERGY [EV]

”

2.8 3.0 3.2 3.4

535
WAVELENGTH [A]
200 100 50. 10 5
o IS L PR h
=z T = 7.83E5 K, Ng = 1.01E10 CM-3
3.0
o
o
o
2.5
w
uw
~ 2.0
|
<
=
o 1.5
=
o
— 1.0
—
<
o
.5
w
o
_
0.0
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
b LOG ENERGY [EV]
WAVELENGTH [A]
200 100 50 10 5
3.5 X A A .
T = 3.63E5 K, Ng = 1.23E11 CM-3
3.0
2.5

LOG RATIO TOTAL/F-F COOLING

o
o

2.2 2.4 2.6

LOG ENERGY

2.8 3.0 3.2 3.4

[EV]

Fig. 5a—d. Ratio of the smoothed mean structure (integration intervals of 12.5 eV) of the shock emission coefficient, shown in Fig. 4,
and the corresponding free—free emission coefficient. a shows this ratio for a shock temperature of 1.1 106K in the X-ray and EUV
region, b, ¢ and d for shock temperatures of 7.8 10°, 6.2 10° and 3.6 10° K, respectively, in the EUV band. The dotted line indicates
that the calculated ratios can be approximated by a mean value of 50

be approximated by

& ~ 50 e,

(1b)

where £ is the hot gas free—free emission coefficient of
hydrogen and helium calculated with the Gaunt factor equal
to unity.

To calculate &, via Eq. (1b) in the stellar wind we have
to know the average density ps and temperature T of the
shocks as a function of the radius. Since there is no reli-
able theory available for these quantities, we take a very
simple approach. For p; we adopt a proportionality to the
ambient unshocked gas, ps = f'/2 p (r). Using Eq. (1b) and
the equation of continuity for p(r) we obtain

o 142y 1
2 = £16.15 108 M? °
&= 1 4 4Yye | r*o?(Ty)!/?

with Yy, = nye/ny; the number fraction of He. The “filling

e "L (1)

factor” f will be obtained from the observed X-ray flux or
from an ad hoc adopted ratio of L, /L. (see below).

The immediate post shock temperature T; is given by
the Rankine— Hugoniot relation

, (14, 3 a?
(“*[‘s‘as(“mi)])’ @

1 is the mean atomic weight, v is the jump velocity, as =
(3kT/wmp)'/? is the adiabatic upstream sound speed and
T the local temperature of the unshocked gas. The term
in square brackets is well approximated by 1a?. Note that
by inserting u in Eq. (2) instead of the pre-shock velocity
we have assumed that the shock is adiabatic with regard
to the post-shock temperature but isothermal with regard to
the post-shock velocity. This is a consequence of the small
cooling length in stellar wind shocks (see Castor 1987).

3 umpg

Ti(r) = T
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In the following we will assume that the shock emis-
sion is mostly characterized by the immediate post shock
temperature T of Eq. (2). This neglects the fact that shocks
have a cooling structure with a range of temperatures. Then
the determination of T is equivalent to the determination
of the jump velocity u. For our simple and ad hoc approach
we adopt

wUr)/too = [V(r)/veo]” 3

which means that v is correlated with the wind outflow
velocity. Furthermore, as a working hypothesis we will
assume that u., is proportional to the turbulent velocity
U, Which can be determined from the fit of the shape
of the P-Cygni profiles (Hamann 1980; Groenewegen et al.
1989). As the simplest approach we assume Uso = Ugyrp iN
Sect. 3. The exponent v will then be determined empiri-
cally.

From Eq. (2) it is evident that 75 > T can only oc-
cur for u > as. With umi, = mas we introduce an additional
parameter that via Eq. (3) leads to a minimum radius R,
for which the influence of shocks will become apparent.
We will use values between m =1 and 4.

Using &, defined in this way the emergent EUV and
X-ray spectrum can be calculated from the equation of
radiative transfer for a given wind structure. With

L, = / L, dv )
Avg

and Av, the frequency range corresponding to the Einstein
IPC or ROSAT PSPC, the filling factor f can be adjusted
iteratively so that either the observed L, or a prespecified
L./L is obtained (an analytical approach for the starting
value of f is given in Appendix A).

2.5. Temperature structure

For the calculation of the temperature structure the simulta-
neous consistent solution of the energy equation (see Fig. 1)
is required in principle. However, there are several reasons
why the use of a simple approximation is to be perferred
at the moment. Because of the complex structure of the
NLTE model atoms and the corresponding opacities and
emissivities a temperature correction iteration procedure is
extremely laborious and time consuming although feasible.
Gabler (1992) has extended the “unified model atmosphere
approach” of Gabler et al. (1989) and included the bound-
bound and bound-free metal opacities of Paper III in the
radiative equilibrium as well as the effects of adiabatic cool-
ing. We will use this approach for a few of our models (see
Sect. 3 and Fig. 7c).

On the other hand, it is obvious that dissipative pro-
cesses in the wind (indicated by Hgis in Fig. 1) such as
shock instabilities and frictional heating [see Springmann &
Paudrach 1992 (Paper XI)] will also affect the energy bal-
ance. As long as these processes are not taken into account,
the wind temperature structure must be regarded as uncer-
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tain and its influence on the emergent spectrum has to be
investigated using an empirical approach. For this purpose
we adopt the simple grey approximation (see for instance
Paper I) for the inner regions of the wind. For the outer
regions we define ad hoc a wind temperature Tyi,g and
adopt T'(r) = Tyind, if the grey approximation temperature
falls below Tying. Typical values of Tying are 0.6-0.3 Teq.

2.6. Hydrodynamics

The algorithm for solving the hydrodynamic equations is
described in Papers I, III, IV and VII. The most important
step is the calculation of the radiative line acceleration g"“e
in the Sobolev approximation at every depth point

2n ne?
Trag v,y p) = (m —nu>
hnes
1 —
l—e™™
x / - wdp, 5)
Cc Ts
gine is then expressed in terms of the so-called line force

multiplier

. XthL
gine = 2 M(H)CF,

cpdmr?
6
M(t)=kt™® [ ”—2 ] ,
1000 (1 — pe)
1 PR+ 2dua
cr=2r [ [9—#—} dp ®)
< dr

by a local fit of the force multiplier parameters k, a, 6,
which are, as a consequence, depth dependent. R =r/R,,
xTh is the Thomson opacity and t = vixm/dv/dr, where
vl is the thermal velocity of hydrogen. CF is the impor-
tant finite cone angle correction factor (See CAK, Paper I,
Friend & Abbott 1986). The solution of the hydrodynamic
equations with gi"® given by Eq. (6) then yields the density
and velocity structure in the entire sub- and supersonic at-
mosphere together with the mass-loss rate M (see Paper I).

Although depth dependent force multiplier parameters
are used for the solution of the equation of motion, the
code finally provides mean values for k, a, 6, which yield
the same M and v, as the converged wind model. These
mean values can then be used to calculate the hydrodynamic
structure of many wind models with stellar parameters not
too different from the original, for spectral analysis or dis-
tance determination for instance (see Kudritzki et al. 1992
(Paper X)). However, one has to be careful since it is not
always possible to ignore the depth dependence of k, «, 6,
as was shown for instance by Pauldrach and Puls (1990,
Paper VIII) for the case of P-Cygni.

The influence of line overlaps on gl’rle can also be in-
cluded as described in Paper IV as an additional option.
For the results presented in the following sections this
was not done, simply because the emphasis of this paper
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lies more towards spectral synthesis than on an ultimate
description of the dynamics.

For reasons of completeness we note that for the con-
tribution of the continuous opacity to the radiative acceler-
ation only Thomson scattering is considered at the moment
and free—free and bound—free absorption is neglected. This
might be an additional source of uncertainty for models
with high mass-loss rates close to the Eddington-limit.

As for the NLTE calculation of the occupation num-
bers (see Sect. 2.3), the approximate treatment of the EUV
line blocking introduces the largest uncertainties for the
hydrodynamics. Numerical experiments with either model
input fluxes from Kurucz (1979), the new version of the
ATLAS 9-code (Kurucz 1992) and ad hoc selected values
of Ty,q(v) showed that the mass-loss rate M suffers an un-
certainty of roughly 30%. Until we can treat the EUV line
blocking fully consistently, which will be possible in the
forthcoming year (see Sect. 2.3), we have to live with this
uncertainty. For the models presented in the next sections
model input fluxes from Kurucz (1979) have been used for

the calculation of gli"¢, if not stated otherwise.

2.7. Formal integral

In order to calculate the emergent spectrum, one has to in-
tegrate the equation of radiative transfer in the observer’s
frame with sufficient frequency resolution. Compared to the
“formal integral” in static atmospheres, two important addi-
tional problems following directly from the velocity induced
Doppler-shifts of the lines have to be treated, the formation
of lines in narrow resonance zones and the overlap of a
large number of lines.

In monotonically expanding atmospheres a single spec-
tral line is formed exclusively in its appropriate resonance
zone depending on the observer’s frame frequency, the ve-
locity field and the angle between the direction of the ray
and the velocity vector. As these resonance zones have a
width in velocity space of only a few Doppler widths, they
are extremely small in radial extent. As a consequence, a
radial “micro-grid” is required in order to perform the inte-
gration correctly. For non-over-lapping lines pure Doppler-
broadening and negligible continuum opacity this problem
can be solved analytically by a linear expansion of the opa-
city and the source function on the macro-grid. However,
in the case of overlapping lines, non-negligible continuum
opacity and (in a future version of the code) Stark broad-
ening, a careful numerical integration is needed. For this
purpose the method described by Puls & Pauldrach (1990)
is used. This is based on a predictor method in order to
precalculate the required integration interval so that the res-
onance zone is sufficiently resolved.

In this way the contribution of overlapping lines at a
fixed observer’s frame frequency vops can be taken into ac-
count correctly. All lines with transition frequencies vy in
the range Vg = Vgps [1 & (Voo /)] are coupled radiatively (cf.
Paper IV and references therein) and have to be consid-
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ered simultaneously in the line transfer. As an example, the
maximum number of overlapping lines in the wavelength
range 900-1800 A that was encountered in the calculations
is about 50, a figure that can be treated easily with our
algorithm.

As first shown by Hamann (1980), Paper IV and later by
Groenewegen et al. (1989) the assumption of a microturbu-
lent velocity vy is needed to fit the observed UV P-Cygni
profiles of strong lines. The physical need to introduce this
fit parameter might be explained by the shock instabilities
of the wind flow (see Sect. 2.4) and vy is thought to be
related to the shock jump velocities. In consequence, the
formal integral can account for microturbulence by adopt-
ing a depth dependent vy(r) of the form

min max U(T):l

Vwrb(r) = max \:Uturb? Vturb
(S

The minimum turbulent velocity vi2 is usually chosen to

be of the order of the sound speed (vl = 2q, is a good
empirical value for the lower wind), the maximum value
umaX can be determined from the shape of strong saturated
lines (see Groenewegen et al. 1989).

In the line transfer the continuum background opacity
is taken into account consistently. Rotational broadening,
which is important for weak lines formed in the region
around the sonic point, can be performed as an additional

option.

3. Spectrum synthesis and a detailed comparison
with observations

We apply our improved code to two objects, the galac-
tic O4f-star ( Puppis and the LMC O3f-star Melnick 42.
¢ Puppis is well observed, since excellent high resolution
UV spectra including the important FUV spectral range
have already been obtained with the Copernicus satellite
(Morten & Underhill 1977). In addition, the effects of free—
free emission of the stellar wind on the energy distribu-
tion at longer wavelength can also be used to constrain the
models, since accurate flux measurements at radio-, mm-,
sub-mm- and IR-wavelengths are available.

Melnick 42 has been observed recently with the Hubble
Space Telescope (Heap et al. 1991). It is a very luminous
object located, at a well known distance, in the 30 Doradus
complex of the LMC. The analysis of the high resolution
UV spectrum carried out by Heap et al. (with four of us
at coauthors) led to an uncertain result with regard to the
mass-loss rate. While the fit of the stronger wind metal lines
resulted in a low value of M, the Hen 1640 indicated a
much higher M in agreement with the stellar emission of
Ha and Hen 4686 in the optical spectrum (see Sellmaier
etal. 1993). Walborn et al. 1993 noted that Mk 42 is of the
spectral type O3If*/WN6-A and suspected that the presence
of an incipient WN envelope might affect the hydrogen and
helium lines and that, therefore, conventional O-type models
might be insufficient.
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This is a very interesting aspect. The analyses of the
“photospheric” hydrogen and helium lines by means of hy-
drostatic NLTE model atmospheres yielded almost identical
T and log g for ¢ Puppis and Mk 42. However, the UV
spectra look rather different. In the present paper we will
investigate whether a higher Teg for Mk 42 can provide a
solution, satisfying the observational constraints.

3.1. Analysis of the wind spectrum of ¢ Puppis

The effective temperature of ¢ Puppis has been determined
from the ionization equilibrium of optical He1 and He i1 ab-
sorption lines using excellent spectra of high signal to noise
ratio (Kudritzki et al. 1983; Bohannan et al. 1986; Voels
et al. 1989). We adopt a value of T.g =42000K. With
this temperature and the known distance a radius between
16 and 20R; was obtained. We adopt R, = 19Ry which
then gives log L/Lg = 6.006.

For the gravity a value of log g = 3.5 was derived from
the fit of Hy. However, since the NLTE analyses were
based on hydrostatic models that neglect the important effect
of contamination of the photospheric Hy absorption profile
by stellar wind emission (see Gabler et al. 1989; Sellmaier
et al. 1993) we suspect this value to be too low. We will
determine this parameter from the observed value of V.

3.1.1. Wind dynamics

The observed value of the terminal velocity is vy =
2260 km s~ (Groenewegen et al. 1989; Paper X). A se-

Table 2. The wind models of ¢ Pup

A.W.A. Pauldrach et al.: Radiation-driven winds of hot luminous stars

quence of models with varying log g, but the adopted values
of Ty and R, yielded log g = 3.625 to fit ve,. The differ-
ence of =~ 0.1 dex with the value obtained from the H~y
NLTE analysis neglecting wind effects is exactly the value
obtained by Sellmaier et al. (1993) from their Hy calcula-
tions including winds. Consequently we adopt log g = 3.625
for the gravity of ¢ Puppis which gives M /Mg = 55.6.

With these parameters and the abundances of Sect. 3.1.4
we obtain a mass-loss rate of

M=5110"Mgyr™!,

corresponding to depth independent force multiplier para-
meters of

k=0.085, 6=10.095.

We note that this value of M is significantly larger than
calculated previously (Papers IX and X). This is mostly
caused by the change in the iron opacity due to the more
accurate and complete atomic data (see Sect. 2.1). In Sect.
3.1.5 ii, we will discuss whether this value is in agreement
with the observed radio flux and the Ho data.

For the following investigation the hydrodynamic struc-
ture of this model will be used. The different assumptions
for the subsequent NLTE spectrum synthesis calculations
are summarized in Table 2.

a = 0.657,

3.1.2. Influence of EUV line blocking:
constraints on the wind temperature

For the first spectrum synthesis calculation (model 1 in
Table 2) we adopt the simple assumptions of Papers VII and

/2, M
model| T, blocking shocks log Ly/Lpo) V¢/Vo Y m|He C N O rest| (IO‘GM?
/yr
1 T e=Tegr Kurucz no 1. 1 . 1. 1| 54
2 NLTE f;\}'drostatic no 1. 1. 1. 1. L S.1
(N)LTE
3 NLTE hydrostatic| yes -6.85 118 1. L 1 . 1. 1| St
(N)LTE
4 NLTE hydrostatic| yes ~6.85 118 0.4 1|1 1. 1. 1. 1L S.1
(N)LTE
S |NLTE hydrostatic| yes -6.85 118 0.4 1.[{1.63 0.03 15.0 0.2 1. S.1
(N)LTE
6 NLTE hydrostatic| yes -6.85 118 0.4 1.{1.2 035 8.00.751.| 5.1
(N)LTE
6a grey hydrostatic| yes -6.85 118 0.4 1./1.2 035 8.0 0.75 1. 5.1
(N)LTE
7 NLTE hydrostatic| yes -6.85 118 0.4 1.(1.2 035 8.0 0.751.| 3.1
(N)LTE
8 NLTE hydrostatic| yes -6.85 118 0.4 1.(1.2 035 8.00.751.| 6.3
(N)LTE
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IX: The wind temperature is fixed at T'(r) = Ty, solar abun-
dances are assumed and the EUV line blocking shortward
of the Hen edge is simulated by using the model fluxes
calculated by Kurucz (1979) as incident radiation field at
the inner boundary. Figure 6a compares the Copernicus
(900-1500 A) and IUE (1500-1800 A) (Walborn et al.
1985) high resolution spectra with the obtained synthetic
spectra.

This comparison is striking in a negative sense. Only
the N v resonance line is well reproduced by the calcula-
tions. For the rest of the spectrum the fit of the Fe v lines
between 1420 and 1480 A is reasonable. However, the cal-
culated highly excited Fe v lines between 1280 and 1330 A
are too strong. The C 1v resonance line is slightly too strong,
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as well as Svi. The O v1 resonance line, although at least
produced by these “cool wind” NLTE calculations, is too
weak, whereas the excited Ov line comes out much too
strong in the computations. He 11 1640 disagrees completely.

The most striking discrepancy concerns the low ion-
ization stages Ci, N, Sitv and their resonance lines
(A\977, 991.6, 1393.8) and excited lines (Cm at 1175.7 A
and Nm at 1750 A). While the observations indicate the
existence of these ionization stages far out in the wind up
to velocity shifts of the order of v, the models predict
only photospheric components.

In the following part of this section we concentrate on
these low ionization stages. Since their groundstate ioniza-

- tion edges are located just longward of the He i edge (Si1v:
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Fig. 6a. Calculated and observed UV spectrum for ¢(-Pup. The calculated spectrum belongs to model 1, where shock radiation has
been neglected. Kurucz fluxes are used, and the wind temperature has been fixed at the effective temperature. The observed spectrum
shows the Copernicus high resolution observation (900-1500 A, Morten & Underhill 1977) and an IUE high resolution observation
(1500-1800 A, see Walborn et al. 1985)
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Fig. 6b. Same as Fig. 6a, but for model 2, where shock radiation has been neglected, but line blocked fluxes and a NLTE temperature

structure have been considered

2744 A: Nur: 261.4 A; Cr: 258.9 A), where the continuum
opacity is small and optical depth unity is reached deep in
the photosphere, it is obvious that the discrepancy can be
attributed to unsufficient line blocking in the radiative ion-
ization rates calculated from the old Kurucz fluxes of 1979
(see Sect. 2.3). Test calculations of photospheric models
with more detailed opacities (see Sect. 2.3, Fig. 3) con-
firm this suspicion and indicate that a photospheric radiation
field corresponding to Tr,q = 31000 K is more appropriate
between 227 and 300 A (see Fig. 6d).

Using such a photospheric radiation field as input to the
wind NLTE calculations we achieve only partial improve-
ment for the low ionization stages. We still fail to repro-
duce the resonance lines at wavelengths corresponding to
high velocity shifts or, in other words, far out in the wind

the population of these stages is still too low. The reason
for this behaviour lies in the fact that the ground state ion-
ization edges are very close to that of He n (227 A). In the
outer wind layers of model 1 the continuum shortward of
the He n-edge becomes optically thin and the correspond-
ing radiation field starts to contribute significantly to the
ionization of Cu, N, Sitv so that these stages almost
disappear.

The only way to avoid this situation is by recombi-
nation of Hem to Hen in the outer wind layer. In this
case the opacity shortward of 227 A is strongly enhanced,
the radiation field is reduced due to the optical thickness
and the ionization is restricted. In addition, recombination
of helium would also explain why the Hen subordinate
line A1640 is observed up to very high outflow velocities.
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40 Gabler et al. (1989, see their Appendix) have shown that the
helium ionization depends on the local kinetic temperature
of the wind and the radiation temperature of the incident
photospheric radiation field at the wavelength of the Hen
resonance line (304 A). Lowering both values will strongly
reduce the helium ionization. The line blocking simulations
(see Sect. 2.3) indicate that Tr,q = 39000 K is a reasonable
value between 300 and 375 A. Moreover, the stellar wind
radiative equilibrium calculations by Gabler (1992) yield a
significant drop in the kinetic temperature below 0.6 Teg
(see Fig. 6¢c and Sect. 2.5). A test calculation with this Tiag
and temperature structure proved indeed that helium recom-
bined and the ionization stages of C i, N, Sitv were en-
hanced in the outer wind layers.

The radiation field below the hydrogen Lyman edge is
not only responsible for the ionization of the lower stages
Fig. 6¢c. Temperature versus density in the wind part of (-Pup. but also for the excitation of the lower levels of the excited
The fully drawn curve represents a spherical NLTE-model which lines of O v at 1371 A and N1v at 1718 A. The wavelengths
includes metal opacities, while the dashed curve corresponds to a  of the exciting transitions are at 629.7 and 765.1 A, respec-
spherical grey model tively. As indicated by Fig. 3 line blocking is also impor-
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tant at these wavelengths. Thus, we have adopted a value
of Thaq = 34000 K from 375 to 911 A. (Note that according
to test calculations the influence of line blocking is better
described by the lower limit of the emergent flux calcula-
tions shown in Fig. 3 than by introducing smoothed average
values — see Fig. 6d. This is not surprising, as the photo-
spheric blocking shown in Figs. 3 and 6 is based on LTE
line formation calculations).

Figure 6b shows the synthetic spectrum of model 2 cal-
culated with T(r) according to Gabler (1992, see Fig. 6¢c)
and Tp,q()) split into three domains between 227 and 911 A
as described above. Regarding C i, N1 and Sitv the sit-
uation has clearly improved although Siiv now appears to
be too strong. Hen 1640 also shows a high velocity com-
ponent in the theoretical spectrum, the profiles of N1v and
O v are matched perfectly and the Fe v lines are represented
well.

On the other hand, these improvements for the lower and
intermediate ionization stages are accompanied by increased
deficiencies for high ionization. The fit of O vi has become
worse and N v, which was perfect before, is now too weak.
As we will show below, these deficiencies disappear as soon
as the EUV radiation field of shocks is accounted for.

3.1.3. The influence of EUV and soft X-ray shock radiation

The next step is to include the effects of shock emis-
sion as described in Sect. 2.4. Following Chlebowski
et al. (1989) we adopt log (Lx/Lpo) = —6.85. Groenewe-
gen et al. (1989) have determined a maximum turbulence
velocity of vy, =~ 0.118 * v,. We adopt this value for the
maximum shock jump velocity u.. Then, the only free
parameters are the exponent 7, which couples the shock
jump velocity with the outflow velocity, and m, which de-
fines the inner boundary for the onset of shocks. As all test
calculations have shown, the effect of variations of m be-
tween 1 and 4 on the resulting O v spectrum is small. We
thus adopt m = 1 throughout this section. For v we start
with the simplest case v = 1, i.e. a constant ratio between
shock and local velocity in the wind (model 3). In a further
model (model 4) we allow for an increase of shock velocity
and shock temperature inwards by setting v = 0.4.

Figure 7 compares the synthetic spectra of models 3 and
4 with the observations and reveals the importance of the
direct ionization due to EUV and soft X-ray photons emit-
ted by shocks (the discussion will be postponed to Sect.
3.1.5 iii,). The very simple case v =1 leads to a large im-
provement in N v and O vi, while v = 0.4 improves the fit
of O vi significantly. O vi is obviously very sensitive to the
shock temperature stratification and the resulting radiation
field.

Sitv is also marginally affected by shock emission, at
least for v = 0.4, as indicated by Fig. 7b. The reason is the
soft X-ray radiation field of the shocks, which enhances the
ionization of Si v (ionization edge at 74.3 A) and, therefore,
decreases the recombination to Siiv.

A.W.A. Pauldrach et al.: Radiation-driven winds of hot luminous stars

3.1.4. Determination of abundances

Up to now solar abundances have been assumed in our cal-
culations. However, the analysis of the photospheric He
Pickering lines (AA3293, 4200, 4542) has led to the con-
clusion that ¢ Puppis has an enhanced helium abundance.
Kudritzki et al. (1983) determined a helium number frac-
tion of nye/ny = 0.163, Voels et al. (1989) obtained 0.25.
If this enhancement of helium is caused by mixing with
CNO-burned matter, the abundances of carbon and oxygen
should be smaller than solar and nitrogen should be strongly
enhanced. The fact that the C i resonance line of model 4
is too strong and the N m resonance line is too weak, in-
dicates that this might be true. Both lines are affected in
the same way by the photospheric T;,4 and the temperature
structure 7'(r). Thus relative abundances derived from these
two lines should be quite accurate.

Taking predictions from evolutionary tracks for mas-
sive stars (Mzams = 60My) with mass-loss and convec-
tive mixing (Maeder 1990) we would expect €. = 0.03¢; o,
en = 15en,0 and &, = 0.2¢, ¢ for nye/ny = 0.163 (¢, are
the solar number fractions).

We have, therefore, calculated a model 5 with these
modified abundances. The synthetic spectrum is shown in
Fig. 8. The comparison of the C /N m resonance lines in-
dicates that this is most probably too large a change in the
C/N ratio. The calculated N 111 line now shows a pronounced
P-Cygni profile with too strong emission and absorption.
Cm is marginally too weak. In addition, Nv and N1v ate
too strong, whereas the excited line Cmr at 180 A is also
too weak. C1v is problematic. The emission peak is too
weak but the absorption trough is too broad. The excited
lines of N at 1750 A are almost photospheric and do not
change within this range of abundance variations. Effects
of the oxygen abundances are only marginally seen in the
tip of the O vi emission, whereas O v and O 1v remain un-
affected. He 1 1640 does not show any abundance effect at
all.

In model 6, for which the synthetic spectrum is shown
in Fig. 9, we have adopted €. = 0.35 ..o, en = 8en,0, &0 =
0.75 £5,. According to the evolutionary tracks of Maeder
(1990) this would correspond to ny./ny = 0.12. The calcu-
lated carbon lines now show reasonable strength, although
the problem with the absorption trough of the Civ reso-
nance line remains (note that compared to the Copernicus
observation the emission peak is now almost perfect). N 11,
v and v are still moderately too strong. A further reduc-
tion of the nitrogen abundance by a factor of two but the
same carbon abundance would result in a better fit. How-
ever, in view of the uncertainties in our model calculations
we regard model 6 as our current best model.

We conclude that our spectrum synthesis technique does,
in principle, allow the determination of abundances. We can
reproduce the UV Fev spectrum of ¢ Puppis with solar
abundances. Carbon and nitrogen show indications of the
CNO-process. The profiles of all other lines can be matched
by assuming solar abundances apart from the P v line which
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indicates that the P-abundance is a factor of 1.5-2 less than
solar.

It is very likely that the discrepancy between the ob-
served and calculated P v resonance line profile is caused

by an abundance effect. P v together with P v are the ma-
jor ionization stages (P1v is a trace ion). Since the Pv
groundstate ionization threshold (A = 191 A) is very close
to that of He 1, the P v ionization is entirely controlled by
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Fig. 8. Same as Fig. 7b, but for model 5, where abundances corresponding to a He number fraction of Nye/nu = 0.163 have been

assumed

the He i opacity. On the other hand, P vi is isoelectronic
with a rare gas and, therefore, only marginally affected by
shock emission so that simple direct recombination to P v is
the dominating depopulation process for P vi. Consequently,
the ionization fraction of Pv should be of a similar accu-
racy to that of Hen. The same argument as for P v holds
also for Svi, the next ionization stage in the isoelectronic
sequence. Here, the agreement between the calculated and
observed resonance line profiles is satisfactory and, there-
fore, a solar sulphur abundance appears to be appropriate.

3.1.5. Additional remarks

(i) Influence of the wind temperature stratification. From
the results above we deduced that the local kinetic tem-
perature has to decrease below 0.6T.4 in the outer part
of the wind in order to describe the low ionisation stages
correctly. Since the computational effort to calculate an

accurate NLTE temperature structure in radiative equilib-
rium including metal line opacity and adiabatic expansion
is formidable (see Gabler 1992), we have also investigated
as to whether a detailed accurate temperature structure is
really required. For this purpose we recalculated model 6
using a spherical grey temperature structure set to a constant
when T'(r) reaches 0.35T in the outer part. The resulting
spectrum is shown in Fig. 10. Even a thorough comparison
of Figs. 9 and 10 does not reveal significant differences. We
thus conclude that the spectral features in the UV do not
depend crucially on the local wind temperature stratification
as long as the temperature is reasonable in the inner sub-
sonic part and decreases below a certain level in the outer
part, so that helium can recombine.

(i) Discussion of the mass-loss rate. Model 6 as our pre-
ferred model yields a mass-loss rate of M = 5.1 1076M,
yr~! as a result of the self-consistent hydrodynamic
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Fig. 9a—. Same as Fig. 7b, but for model 6 — our current best model, where abundances have been determined using our procedure.
a shows the comparison with the Copernicus spectrum, b with the IUE spectrum and ¢ shows the C 111 and N 1il resonance lines on a

larger scale
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Fig. 9 (continued)

calculations. Following the discussion in Sect. 2.6 we regard
this theoretical value as uncertain to within & 30%.

The observed radio flux [3.01073 Jy at 2 cm (Ab-
bott 1985) and 1.4 1073 Jy at 6.4 cm (Abbott et al. 1980)]
together with a distance of 450 pc (corresponding to R =
19R) and the observed value of v, allows an estimate of
the mass-loss rate to be made using the formula by Wright
& Barlow (1975) for cool wind bound—free and free—free
emission. Taking into account the He™* — He" recombina-
tion and a cool wind temperature of 7' = 0.4 Ty we obtain
Miagio = 3.975% 1070 Mg yr=".

This can be regarded as agreement between theory and
observation within the present uncertainties.

To investigate whether the UV spectrum synthesis
allows us to discriminate between models in the +30%
range of M we have calculated the models 7 and 8 for
M =3.1 and 6.3 107°Mg yr—!, respectively (Fig. 11). The
differences are small but significant. Model 7 gives a better
fit to N1v and perhaps Siiv, whereas model 8 reproduces
Hen 1640 and Cm 1180 somewhat better. This does not
allow a final conclusion on M to be made from the view-
point of UV spectrum synthesis.

980
c WAVELENGTH

985 990 995 1000

(A)

(iii) Energy distribution. To demonstrate the effects of
shocks Fig. 12 shows the energy distribution calculated for
models 2 and 6 (note that metal line blocking between 228
and 911 A was not taken into account in this particular energy
distribution calculation, since effects are seen only shortward
of 228 A and at infrared/radio wavelengths). The influence
of shock emission shortward of the He 11 edge is significant.
Since the local mean intensity J,,(r) is more important than the
emergent flux for the ionization calculation within the wind,
we give the ratios of shock to cool wind emission coefficients
and the related mean intensities as functions of radius and
wavelength in Table 3. Note that at these wavelength the radi-
ation field is optically thick up to the largest radius in Table 3.
The enormous importance of the shock emission for the direct
ionization is evident. Moreover, since the ratio of J*/JS¥
changes by just 2 dex from 1.65 to 76 R, at the C1v edge,
while a change of almost 12 dex occurs at the O vi edge,
we conclude that the influence of shock radiation starts at
smaller radii with lower shock temperatures at longer wave-
lengths, whereas for shorter wavelengths the largest shock
temperatures dominate. Thus, the X-ray spectral region will
be affected by the terminal shock temperature (see also
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Fig. 10. Shows the comparison of the best model (6) calculated with a spherical grey temperature structure

Hillier et al. 1993), whereas the EUV part provides con-
straints on the lower shock temperatures.

Surprisingly, the shock emission has a non-negligible in-
fluence at radio (10%) and IR (30%) wavelengths, as Fig. 12
indicates (note that the approximation given by Abbott et al.
(1986) was used for the free—free Gaunt factor in the radio
part). This conclusion is, of course, based on our simpli-
fying assumption of a wavelength independent ratio be-
tween the free—free and line emission of the hot shocked
plasma. Existing coronal codes do not allow us to investi-
gate whether this assumption is still reliable at these long
wavelengths or whether it breaks down completely. Further
investigation will be needed.

As a first test we have compared ‘the predicted fluxes
of models 2 and 6 with the { Puppis IRAS observations
(Lamers et al. 1984) in Table 4. Tentatively we conclude
that shock emission might be observable in the IR. For the

forthcoming ISO mission this might become very impor-
tant. (We note that this effect would be strongest in the case
of smaller mass loss rates where the radio continuum be-
comes optically thin at less than 50 stellar radii and thus the
radio spectral region can be influenced strongly by shock
emission. This influence could easily explain the discrepan-
cies that exist between predicted and observed radio mass
loss rates and between observed and predicted IR-fluxes
for some O-stars — e.g. the 09.5 Ia-supergiant a-Cam — see
Paper IX).

Figure 12 requires an additional comment. It does not
show the enhancement of the EUV flux shortward of the
He n-edge as found by Gabler et al. (1989). This is caused
by the low value of T in the outermost part of the wind which
causes the He 11 continuum to be optically thick up to more than
100R, and thus reduces the flux shortward of the He n-edge
significantly. Since this behaviour is enhanced by the EUV line
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Fig. 11a and b. Same as Fig. 9, but for models 7 and 8, wehre a smaller (a) and a larger (b) mass loss rate have been assumed,

respectively

blocking which yields a lower Tr,4(v) at the wavelength of the
He i1 resonance line (see Sect. 3.1.2), we believe that this is a
more realistic description for O-stars around T, = 40000 K
such as ¢ Puppis as also confirmed recently by observations
of emission line fluxes of the nebula surrounding ©' C Ori
(Pakull 1992). On the other hand, for much hotter objects like
Central stars of Planetary Nebulae or metal poor very hot O-
stars in Giant Extragalactic H 1 regions, the effects discussed
by Gabler et al. (1991, 1992) might still be important.

(iv) lonization fractions. For detailed line profile fits and for
the calculation of opacities, for instance in the X-ray spec-
tral domain it is important to have the predicted ionization
fractions as a function of radius, velocity and density. This

information is given in Table 5 for the most important el-
ements.

3.2. Analysis of the wind spectrum of Melnick 42

The UV spectrum of the O3f star Melnick 42 was obtained
with the Goddard High Resolution spectrograph on board
the HST. Heap et al. (1991) published a first analysis of this
spectrum based on stellar parameters obtained by a NLTE
analysis of the optical hydrogen and helium absorption lines
using hydrostatic NLTE models which yielded

T =42500+£2000K,  logg=3.5+0.15,
R.=28Ry,  nue/my=0.10-0.15.

The UV analysis carried out using our old stellar wind code
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Fig. 11 (continued)

led to the conclusion that the metal abundances of Melnick
42 are roughly reduced by a factor of four except for ni-
trogen and carbon which appeared to be solar and 1/2 solar
respectively. With these abundances and stellar parameters
a Voo Of 3000 kms™—! was obtained from the self-consistent
radiation hydrodynamics in agreement with the observations
and a mass-loss rate of M =4107Mgyr~!, which gave
a reasonable fit to the iron spectrum and the stronger stel-
lar wind metal lines, but yielded a poor fit to Hen 1640.
This line together with Ha and Hen 4686 in the optical
spectrum indicates a much higher rate of mass-loss (see
Sellmaier etal. 1993).

3.2.1. Model at T = 42500 K

In a first step we investigate whether our new stellar wind
code can reduce the discrepancy. For this purpose we use

the same hydrodynamic model as Heap et al. (1991) but
perform new line formation calculations incorporating all
the improvements described in Sects. 2 and 3.1. In par-
ticular, we adopt the same values of T4 as for ¢ Pup-
pis to simulate the line blocking and we need to specify
Ly /Lpol, Vb (= Uoo, the maximum jump velocity) and the
stratification exponent .

As a result of the line fit procedure of C1v and N v car-
ried out by Heap et al. (1991) vy = 135 kms™! = 0.045v4
was obtained (Haser, private communication). With Egs. (2)
and (3) this leads to much smaller shock temperatures
(T, < 300000K) than obtained for ¢ Puppis. For v we
adopt = 1.0. Since the X-ray luminosity of Melnick 42
has not been measured so far (a direct measurement with
ROSAT for instance will be difficult because of its dis-
tance and the large column density of hydrogen), we have
to adopt it as a free parameter. We start with a rather small
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Fig. 12. EUV to radio energy distribution of two atmospheric models — including the shcok emission coefficient (fully drawn) and without
(dashed) — of ¢-Pup. The shock emission dominates in the EUV, is negligible in the optical, and influences the infrared and radio spectral
regions. The observed radio and infrared data within their error bars are also indicated.

Table 3. The ratios log(e} /e}’) and [log(Jy>'/J3*)] in the optically thick wind

of ¢ Puppis
A

No. R VIV To/Tege Tg 192.2 108.8 89.8
(10°K) CIvV ov ovI
1 1.65 .50 .69 .53 -0.37 0.26 0.80
[0.18] [3.52] [6.72]
2 4.3 .83 .54 .89 0.0 0.65 0.84
[0.36] [6.28] [10.36]
3 16.6 .96 .45 1.04 0.57 1.90 3.60
[0.78] [9.23] [14.11]
4 76.0 .99 .42 1.07 1.45 2.28 4.48
[2.51] [12.15] [18.46]
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value of log Lx /Lpy = —7.3. (The parameters of all mod-
els for Melnick 42 are summarized in Table 6).

In Fig. 13a we compare the calculated spectrum with the
observations. Strikingly the new calculations can roughly
reproduce the broad desaturated absorption troughs of C1v
and N v (note that 1/4 solar abundance was adopted for all
metals). This is due to the very strong ionizing EUV radi-
ation field of the low temperature shocks. However, there

Table 4. Calculated fluxes for the IR energy distribution of ¢
Puppis in units of the observed fluxes

Ay F S /F °bs F/ FpoPbs
12 0.85 1.03
25 0.76 1.07
60 1.01 1.30
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remain severe discrepancies. He 1 1640 is calculated to be
in absorption in strong contradiction to the observation O v
and N1v are discrepant as well, as is the emission peak
of C1v. Moreover, a number of Fe1v absorption lines ap-
pear in the calculations between 1580 and 1700 A which
are definitely not present in the observed spectrum (note
that these lines did not show up in our older calculations
in Heap et al., because of the deficiencies of our old Fe1v
model atom).

In a next step (model 2) we increase the wind den-
sity artificially (corresponding to M =27 10~¢Mg yr~!) to
investigate whether the observed UV spectrum can be ex-
plained by a higher mass-loss rate at the same effective
temperature. The result is shown in Fig. 13b. The shape of
Heu 1640 and N1v are now, at least in principle, repro-
duced correctly. However, the Feiv lines are now much
stronger and severely discrepant. In addition, strong Siiv
absorption appears which is not observed. The same is true
for C .

Table 5. Important ionization ratios (ni/nu) for model 6 of ¢-Pup at selected

points in the wind

R 1.005 1.025 1.07 2.00 7.32 13.3 76.0
ny 2.6(13) 7.8(11) 2.5(11) 1.1(10) 5.5(8) 1.6(8) 4.6(6)
(en?)

Hell 2.3(-2) 8.1(-5) 9.0(-5) 1.1(-3) 5.0(-2) 9.1(-1) 1.1(-1)
Cll  1.7(-6) 3.4(-9) 2.0(-9) 1.6(-8) 3.1(-7) 8.0(-7) 4.0(-6)
CIV  1.6(-4) 7.1(-6) 8.0(-6) 5.7(-5) 1.6(-4) 1.6(-4) 1.6(-4)
NIII  2.5(-5) 4.0(-7) 1.9(-7) 1.6(-7) 1.2(-6) 1.8(-6) 6.3(-6)
NIV~ 8.0(-4) 3.3(-4) 3.5(-4) 2.4(-4) 6.9(-4) 7.4(-4) 7.5(-4)
NV 3.4(-6) 5.0(-4) 4.8(-4) 4.3(-4) 1.3(-4) 8.4(-5) 6.9(-5)
OIV  6.6(-4) 5.9(-4) 6.1(-4) 6.0(-4) 6.5(-4) 6.5(-4) 6.5(-4)
ov 2.7(-7) 7.0(-5) 5.1(-5) 4.0(-5) 8.0(-6) 6.6(-6) 8.8(-6)
OVl  7.6(-19) 4.9(-10)  5.4(-9) 1.6(-5) 4.8(-7) 2.5(-7) 2.7(-7)
Silv. 5.5(-7) 2.2(-8) 1.1(-8) 5.3(-9) 1.4(-7) 2.2(-7) 2.7(-7)
SiVv 4.2(-5) 4.2(-5) 4.2(-5) 8.9(-6) 2.0(-5) 2.6(-5) 2.8(-5)
PV 2.0(-7) 2.4(-8) 2.2(-8) 1.0(-7) 2.3(-7) 2.3(-7) 2.3(-7)
PVI  1.9(-8) 2.14(-7) 2.1(-7) 9.1(-8) 7.9(-9) 3.9(-9) 2.5(-9)
SIV.  2.5(-6) 7.3(-9) 6.7(-9) 2.5(-8) 6.2(-8) 6.1(-8) 6.1(-8)
N 1.4(-5) 4.7(-6) 4.7(-6) 7.5(-6) 1.6(-5) 1.7(=-5) 1.7(-5)
SVl 3.2(-7) 1.2(-5) 1.2(-5) 6.0(-6) 3.6(-7) 1.9(-7) 1.5(-7)
FeV  3.8(-5) 1.6(-5) 1.6(-5) 3.9(-6) 2.8(-5) 3.3(-5) 3.4(-5)
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We conclude that if the mass-loss rate is really as high to 55000 K. Since the radius is determined by the distance
as in model 2, we need a higher effective temperature to to the LMC and the dereddened V-magnitude (see Heap
reduce the strengths of the Fe 1v lines and of Si1v and C m. etal.), where the latter is in the Rayleigh—Jeans-domain of

3.2.2. Models at higher T.5: the best model

the spectrum, the relation

R.(Tu) = R.(42 500 K)*(Ty5 /42 500 K) '/

We have calculated a grid of self-consistent models for Mel- was used. The gravity was adjusted so that the wind model
nick 42 with effective temperatures higher than 42000 K up reproduced the observed terminal velocity (see Sect. 3.1).

Table 6. The wind models of Melnick 42

M
model| Toee log g R./Re  blocking |shocks log Ly /Ly Ve/Vee Y M Z/Z, (10-°M,,
/yr)
1 42.5 3.5 28 hydrostatic| yes -73 0.045 1. 1. 0.25 4.0
(N)LTE
2 42.5 3.5 28  hydrostatic| yes -7.3 0.045 1. 1. 0.25 27.0
(N)LTE
3 50.5 3.785 26  hydrostatic| yes -6.4 0.045 1.4 3.2| 025 27.0
(N)LTE
4 50.5 3.785 26 hydrostatic| no -6.4 0.045 1.4 3.2 025 27.0
(N)LTE
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Fig. 13a and b. Calculated and observed UV spectra for Melnick 42. The calculated spectra are from model 1, where the low effective
temperature deduced from a photospheric analysis has been assumed. The observed spectrum shows the HST high resolution observation
obtained by Heap et al. (1991). The result of the self-consistent calculation is shown in a, whereas an artificially high mass loss rate
has been assumed for the model calculation (model 2) shown in b
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Fig. 13 (continued)

1/4 solar abundance was assumed for all elements heavier
than helium.

The best fit of T.g, obtained from the Fe vav ionization
equilibrium, the Si1v and the Cm line gives

T = 50500 K ,
M/Mg =150.4,

logg=3.785, R./Rg =26,
log(L/Lg)=6.6.

The mass-loss rate and the terminal velocity of the cor-
responding self-consistent wind model are

M=2710"Mg yr~', wve =3025kms™".

The depth independent force multiplier parameters that
reproduce these values are

k=0.065, a=070, 6=0.08.

The mass-loss rate is increased considerably as a result of
the enhanced luminosity. The EUV line blocking, which
modifies the radiation field below the hydrogen Lyman edge
considerably in this model as well (model 3, see Table 6),
was approximated by a procedure similar to that described
in Sect. 3.1.2 (see Fig. 14c; the line blocked fluxes for
Melnick 42 in this approximation are given by the follow-
ing Traq: 45000K in the range 227-300 A, 40000K in the

range 300460 A, 36000 K in the range 460-911 A; note
further that compared to (-Pup less blocking occurs short-
ward of 300 A due to the higher temperature).

Figure 14a compares the synthetic spectrum of this
model with the observations. The improvement for Hen
1640 and N1v is striking. The Fev lines are well repro-
duced and the Feiv lines have disappeared as observed.
Sitv is weak as observed due to the high Ty despite the
high M (note that the observations have an interstellar con-
tribution). C i is at least in qualitative agreement and the
same is true for O1v and O v.

The good fit of N v and, in particular of C1v including
its unsaturated broad absorption trough is a result of the
relatively soft shock emission (see Sect. 3.2.1) for which
the X-ray luminosity was adjusted to log (L x /Lgo) = —6.4.
Figure 14b, which displays the synthetic spectrum of model
4 calculated for the same hydrodynamic structure but with-
out shock emission, demonstates that the shock radiation
field is needed to desaturate the C 1v resonance line by ion-
ization to Cv. N v is slightly too weak without shocks and
enhanced by additional ionization from N1v to Nv and in
the outer-most part reduced by ionization from Nv to N vi
if shocks are included. This is also seen from the N 1v line
which becomes weaker if shocks are included. We add here,
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that model three was calculated with v=1.4 and m=3
(see Sect. 2.4). In this way the shock emission is shifted
towards the outer high velocity wind layers (R > 3R,) and
the observed Niv profile remains in agreement with the
observations.

3.2.3. Discussion of effective temperature, evolutionary
status and abundances

From models 2 and 3 it is obvious that a high mass-loss
rate, as indicated by the strengths of the optical Ho and
He 11 4686 emission lines, provides a solution to the previ-
ous problems encountered when synthesizing the whole UV
spectrum including the Hen 1640 line, if accompanied by

a considerably increased effective temperature. This result
found from the diagnostics of UV NLTE line formation is
completely consistent with the hydrodynamics of radiation
driven wind theory. The reason is obvious. For a given
radius an increased Teq results in an enhanced luminosity
and with the gravity deduced from the observed terminal
velocity MK 42 is now extremely close to the Eddington-
limit (the ratio of stellar to Eddington-luminosity is 0.7).
As a consequence, an extremely high mass-loss rate is
obtained.

With the stellar parameters derived in Sect. 3.2.2 Mk 42
is the most massive and most luminous star known. It
is, of course, extremely important to check whether these
parameters are in accordance with stellar evolution theory.
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Fig. 14a—c. Same as Fig. 13, but for our current best model (3), where the stellar parameters have been determined using our procedure.
In a the predicted spectrum in the frequency range of 912-1150 A is also shown. For the computation shown in b the shock emission
coefficient has been neglected (model 4). ¢ Logarithm of the emergent flux (ergcm ™2 s Hz™') of a photospheric model of Mk 42 in
the range 227-911 A. The smoothed mean structure assumed for our procedure is also shown (dashed)
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A first step is to examine whether mass and luminosity
agree with the theory. For this purpose, we have extrap-
olated Maeder’s (1990) evolutionary tracks (for 1/4 solar
metallicity) at log T.r = 4.7 to a luminosity of log (L/Lg) =
6.6 and found a mass of 155M. This agrees well with the
150Mg determined by our analysis. Mk 42, therefore, does
not show indications of the “mass discrepancy” that was
found for many galactic O-stars by Groenenwegen et al.
(1989), Herrero et al. (1992) and in Paper X.

Interestingly, Mk 42 does not expose CNO-processed
material at its surface. This agrees with the conclusion of
Herrero et al. that the results of the CNO-process are seen in
the atmospheres of O-stars, if a severe “mass discrepancy”
is encountered.

Although the higher effective temperature solved the
diagnostical problems and led to a better understanding of
the object a severe problem remains. This concerns the
lower effective temperature obtained by Heap et al. (1991)
from an analysis of the optical hydrogen and helium ab-
sorption lines using hydrostatic NLTE atmospheres. In par-
ticular the presence of the He1 4471 line in absorption
with roughly 250 mA equivalent width was decisive for this
analysis, since this feature cannot be fitted by means of a
standard low gravity hydrostatic NLTE model atmosphere at
an effective temperature considerably higher than 42 500 K
(see Kudritzki 1980; Simon et al. 1983; Paper X). To dis-
entangle this proplem we have to investigate whether the
He1 A4471 line can be reproduced at least qualitatively by
means of our calculated model 3, and secondly to explain
why standard hydrostatic NLTE models fail  for extreme
cases such as Mk 42.

Regarding the first point we calculated the profile of
He 4471 using the NLTE temperature structure displayed in
Fig. 16c. We investigated two cases, the inclusion of line
blocking in the approximation outlined in the section above
and the neglect of line blocking, i.e. only hydrogen and he-
lium opacity was taken into account, as was done for the
hydrostatic models used by Heap et al. The result is very in-
teresting. The line is completely absent in the non-blocking
case, but has a reasonable strength (125 mA), when block-
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Fig. 15. Profiles of He1 A4471 resulting from our current best
model (3) for Melnick 42 (left without rotational broadening, right
with vrr =200 km s

A.W.A. Pauldrach et al.: Radiation-driven winds of hot luminous stars

ing is included. While this is certainly not a quantitative
reproduction of the observations, it indicates qualitatively
that a proper treatment of EUV line blocking is obviously
important for helium line formation in the presence of dense
stellar winds.

In order to understand how the EUV line blocking can
affect the strength of a weak He1 optical absorption line,

-3 T ' T ' T
T
€
g %
< ~
= o
= 3
-5
-1 3
r e — = -1 2
11
_6 L 1 J 1 1
14 13 12
a log n(H)
3 T T T T T
2
S ]
'.'
o
L
2 -
]
1 -
1 . ] N ]
14 13 12
b logn(H)

Fig. 16. a Logarithm of the number fraction of He I in units of
the hydrogen particle number (upper curves); logarithmic depar-
ture coefficient for the 4th level of He1 (i.e. the lower level of
the Hel 4471 line) in units of the He 11 ground level departure
coefficient (lower curves); logarithm of the optical depth at the
He 11 ground state threshold b as a function of log n (H). Dashed:
model including EUV line blocking, fully drawn: model neglect-
ing line blocking. ¢ Temperature versus density in the wind part of
Melnick 42 (model 3). The fully drawn curve represents a spher-
ical NLTE-model which includes H and He opacities, while the
dashed curve corresponds to a spherical grey model
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50 a detailed comparison of the He ionization fractions result-
ing from these models is required. Since the levels of the
< 1 He1 4471 line belong to the triplet system the departure
= w0 coefficient of the lower level is coupled to the departure
coefficient of the He i1 ground level via ionization and re-
o combination processes. This is verified in Fig. 16a for both
2 models. The strength of the He1 line thus depends directly
<t 30 on the ionization fraction of Hen. In Fig. 16a it is addi-
o tionally shown that model 3; which includes line blocking
% 1 yields a considerably increased He 11 ionization fraction (see
w also Sect. 3.1.2). This is initially caused by the suppressed
20 pumping of the He i1 resonance line into the first excited
. level and a reduced photoionization rate from this level.
=10 -12 14 -16 Both effects are caused by EUV line blocking. This be-
LOG DENSITY I[CGS] haviour influences the optical thickness shortward of the
Fig. 16 (continued) Hen ground state edge. Note that the §trength 'of this in-
fluence depends mostly on the mean wind density, for ex-
Table 7. Important ionization ratios (n;/ny) for model 3 of Melnick 42
R 1.002 1.040 1.64 2.25 4.0 8.6 76.0
v/Ve ~ 0.0008  0.06 0.47 0.64 0.81 0.9 0.99
To/Tege 0.97 0.82 0.58 0.48 0.36 0.34 0.33
T, - - - - 0.15 0.21 0.28
(106K)
n 9.4(1)  7.2(13)  4.6(10)  1.8(10)  4.5(9) 8.7(8) 1.0(7)
(cm~3)
Hell 3.7(-4) 5.8(-5)  1.3(-4) 4.2(-4)  8.1(-6)  3.3(-6)  2.8(-6)
cIv 8.4(-6) 2.6(-6)  1.5(-5) 5.2(-5)  8.3(-8)  3.3(-8)  2.1(-8)
NIV 8.3(-6) 4.9(=6)  1.7(-5) 1.5(-5)  6.8(-10)  7.3(-1)  2.2(-11)
NV 1.6(-8) 1.9(-5)  6.7(-6)  7.8(~6)  53(-7  1.6(-7)  8.2(-8)
olv 1.6(-4) 1.3(-4)  1.9(-4)  2.0(-4)  3.6(-7  6.5(-9)  6.6(-11)
ov 5.0(-5) 8.0(-5  1.1(-5) 3.3(-6)  5.3(-6)  53(-7) 117
oVl 1.2(-8) 9.7(-9)  1.7(-8) 41-7  1A-4) 4.2(-5)  1.9(-5)
514% 2.3(-8) 15(-9)  5.6(-10)  3.6(-10)  3.4(-1)  4.7(-12)  6.9(-13)
3% 3.4(-6) 3.5(-6)  3.2(-6)  2.2(-6)  5.2(~-8)  1.8(-8)  1.0(-8)
FeV 3.2(-6) 13(-6)  2.5(=6)  1.4(=6)  4.0(-12) 13(-13)  1.8(-14)
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tremely dense winds like Mk 42 a considerable effect results
(see Fig. 16b). Due to the increased optical thickness the
radiation field is significantly reduced since the coupling
to the local temperature becomes stronger. This in turn in-
creases the ionization fraction of He 1 further, even in the
deeper layers where the He1 line is formed.

We therefore conclude that the different density struc-
ture, compared to hydrostatic calculations, caused by the
extremely high mass loss rate, means that the EUV block-
ing influences even deeper regions where weak absorption
lines are formed (this idea might also be important for the
analyses of Wolf-Rayet stars). We conclude further that
as long as photospheric blocking is not taken into account
properly in the analyses of optical spectra the derived stel-
lar parameters might be uncertain for objects with extremely
high mass loss rates. Moreover, we cannot rule out at the
moment that objects with smaller mass loss rates are also
affected.

3.2.4. Tonization fractions

In Table 7 we give information on the most important ion-
ization ratios obtained for our model of Melnick 42. The
ratios are presented at 7 characteristic radial points, for
which the velocities, the local electron temperatures and the
shock temperatures are also given. In view of the discussion
in Sect. 3.2.2 the sudden increase and decrease of high and
low ionization stages, respectively, at the radius where the
influence of the shocks first becomes apparent is not sur-
prising. We note again that this behaviour is responsible for
the fact that the C1v and N v resonance lines are not com-
pletely saturated, and it also explains that the assumption
of smaller values of Ry, and ~ decreases the ionization
stages of N1v and Heun drastically in regions where the
corresponding spectral lines are still observed. Thus, the
parameters of the shock radiation description are con-
strained by the profiles of these lines.

A comment is also necessary concerning the line force,
since this is also influenced by the sudden shift in ioniza-
tion stages. However, as observed in Table 7, the changes
in ionization occur at velocities (v > 0.8v,) where the ter-
minal velocity is almost reached, and since the different
high ionization stages have sufficient lines to be able to
accelerate the wind, the influence is not dramatic. Should
this occur at lower velocities, however, large effects would
be apparent and as a result much lower terminal velocities
would be obtained.

4. Summary and future work

The main objective of this work was to investigate whether
information about stellar parameters, abundances and plasma
conditions can be extracted from UV high resolution spectra
by means of stellar wind NLTE spectral synthesis. For this
purpose, we have applied improved theoretical models of
radiatively driven stellar winds. The improvements removed

A.W.A. Pauldrach et al.: Radiation-driven winds of hot luminous stars

some deficiencies in previous models, such as the inaccu-
racy of atomic data, the underestimation of photospheric
EUV line blocking and the neglect of radiative losses by
shock heated matter.

In overcoming these shortcomings we have updated the
atomic data used for the most important ionization stages.
The photospheric line blocking is now treated in a more re-
alistic but admittedly still approximate way. In future, this
will be further improved by means of a completely self-
consistent treatment which is presently being developed.
We have shown that the radiation emitted by shock heated
matter at typical temperatures (~ 10° K) in the EUV is the
dominant source of ionization required to explain the prob-
lem of “superionization”. We have incorporated this source
in a preliminary way based on an approximate calculation
of the shock emission coefficient. In a next step, we will
replace this emission coefficient by a detailed treatment of
the individual shock emission lines. We will further account
for the mutual influence of shocks by absorption processes
and the Auger-ionization, and consider the real structure
of individual shocks by means of detailed time dependent
hydrodynamics calculations (all this work is under way).

That this effort is worthwhile has been shown by the
quantitative spectroscopic analyses accomplished for two
O-stars. In the case of (-Pup we obtained a higher mass
loss rate due to the use of improved atomic data. This is
not only consistent with radio observations, but also reduces
the discrepancies between a number of predicted and ob-
served spectral lines. We also found that He*™ recombines
in the outer wind and that this influences the spectrum con-
siderably. We further found that the wind temperature is
below = 0.6T.4 in the outer portions of the wind. From
this we concluded that the energy equation of a stationary
wind describes the temperature of the cool unshocked wind
material rather well, but that a less elaborate (grey) temper-
ature structure is also useful for our purposes, since the UV
spectra depend only weakly on details of the local temper-
ature. From our description of the shock radiation, which
solves the problem of “superionization”, we deduced first
rough information about the form and the spatial depen-
dence of shock temperatures and jump velocities. We also
came to the unexpected conclusion that the shock emission
may also influence the infrared and radio regime of the
spectrum. With regard to the abundances it transpired that
in particular the relative abundances of carbon and nitrogen
can be determined very precisely.

For Melnick 42 we derived much higher effective tem-
perature, mass and luminosity together with a much higher
mass loss rate than Heap et al. who used hydrostatic at-
mosphere models for the determination of stellar parameters.
Additionally, abundances a factor four smaller than solar were
obtained for this LMC object. No indication for CNO pro-
cessed matter was found. Mass and luminosity agree with
stellar evolution theory.

We concluded further that photospheric blocking influ-
ences the optical analyses considerably at least in cases
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where the objects are subject to extremely high mass loss.
This conclusion leads to the cautious speculation that Wolf—
Rayet stars, which do indeed have high mass loss rates,
might be closer to the Eddington-limit than suggested, for
instance, by Schmutz et al. (1989). Finally, our description
of shock radiation revealed that Melnick 42 not only has
smaller shock temperatures than (-Pup, but that the emitted
radiation is also concentrated towards the outermost part of
the wind.
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Appendix A

Here we briefly discuss the analytical approximation of the
filling factor used as a starting value in the procedure de-
scribed in Sect. 2.4.

In order to find the starting value for the filling factor
Egs. 2 and 3 (assuming a [(-velocity field with =1 for
the local velocity) are inserted in Eq. (1c). This gives

1/2
w / —wrw

&(r)= dme , (A1)

where R =r/R, and d, w, w are defined as follows:

1+ 2YHc)

— 2 1/2 8 1f2
d= £/ (A) )(6.15 10° M2 =g

3 pmy ,
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w=1/ ( R)
11 [ a, )2
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We now start from

1
L, = 8x%r? /0 L(wpdy.

A:

)

(A2)

(A3)

Here p is the direction cosine between the radiation and
the flow.

If we neglect the optical thickness in the X-ray regime
for the moment, Eq. (A3) yields, after some algebra,

2 3 R(veo) - 1 1/2
L, =81"R, g |1+11~- i
Ruin

Inserting Eq. (A4) into Eq. (4) we obtain after substituting

R*dR. (A4

559
dw for dR
2 W(Voo)

L2

Rw U Jav, JuwBm

Lrra- 1/R»)'2[(1 — 1/Ry*Y + B)*/?

2(1 — 1/Ry>r*1
x e”¢YY dw du} . (A5)

By replacing the term in the brackets { } by C the factor
d is given by
L.R.w
8r2C
Since the term in square brackets in Eq. (A5) approaches
unity for not too small radii, C' can be evaluated analytically
with sufficient accuracy (numerical checks have shown that
the accuracy is to within a few percent even in the worst
case). For the case of a thin wind we can also find an
estimate of the luminosity resulting solely from the post
shock emission at each frequency

d= (A6)

Lz e~ Wy e—wuw(Rmi,.)
L, ~—/_
v C v
However, it should be noted that the correct value of L,

must be calculated by incorporating £, into the exact con-
tinuum radiative transfer.
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