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Abstract. A quantitative analysis of the extremely hot and mas-
sive galactic O3 If∗ supergiant HD 93129A is carried out us-
ing stellar wind and pseudo photospheric lines observed in the
FUV, UV and optical spectrum together with hydrodynamical
NLTE model atmospheres. The analysis in the FUV is combined
with spectrum synthesis of the molecular and atomic/ionic inter-
stellar spectrum to disentangle stellar and interstellar blends. It
is demonstrated that the combined stellar/interstellar spectrum
synthesis technique is crucial for the determination of both in-
terstellar column densities and stellar properties.

The fraction of hydrogen atoms in molecular form in the Ca-
rina interstellar clouds is found to be 0.1, smaller than one would
expect for its E(B-V) value of 0.54. We attribute this to disso-
ciation by the strong FUV radiation field of HD 93129A. The
excitation temperature of ortho-hydrogen (J=1) is about 80K,
whereas the excitation to higher levels requires temperatures up
to 230 K in accordance with NLTE effects for interstellar H2

as discussed in the literature. The abundance of HD relative to
H2 is of the order of 10−5. For CO we obtain an upper limit
of 2.6×10−5. Abundances for the interstellar atomic and ionic
species are also derived.

The terminal velocity of the stellar wind of HD 93129A is
3200 ± 200 km/s and the rate of mass-loss is 18×10−6 M�/yr.
The ionization equilibrium of the optical emission and P-Cygni
lines of N iii, N iv and N v is used to determine the effective
temperature as Teff=52000±1000 K in reasonable agreement
with previous values obtained from the helium ionization equi-
librium. This high temperature is confirmed independently by
an analysis of the Ar vi/Ar vii ionization equilibrium in the
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FUV. The luminosity of HD 93129A is log L/L�=6.4±0.1 cor-
responding to a zero age main sequence mass of slightly in
excess of 120 M�. This very high mass is consistent with the
mass determined from the stellar gravity and with the mass
derived from V∞ using the theory of radiation driven winds.
HD 93129A is thus the most luminous and most massive star
known in our galaxy. The abundance determinations yield clear
evidence of contamination with CNO-cycled matter in the atmo-
sphere. The abundances of heavier elements are about solar. The
presence of high ionization stages such as O vi can be explained
by X-ray emission due to stellar wind shocks of low temperature
(2.5×106 K) corresponding to the jump velocity of 500 km/s
obtained from UV and FUV P-Cygni profiles. Their luminosity
is 1.6 dex smaller than the luminosity of the high temperature
shocks (1.1×107 K) observed directly with the ROSAT PSPC.
Using effective temperature, gravity, radius and abundances as
input parameters we calculate radiation driven wind models for
HD 93129A. We find that the theory is able to reproduce the
extreme stellar wind properties very precisely.

Key words: stars: atmospheres – stars: fundamental parame-
ter – stars: individual: HD93129A – ISM: abundances – ISM:
molecules – X-rays: stars

1. Introduction

The Carina nebula, NGC 3372, and its very young stellar clus-
ters, Trumpler 14 and 16, contain a remarkable concentration
of massive and luminous stars. Among these, the most spec-
tacular objects - besides the enigmatic η Carina - are the two
O3 stars HD 93250 and HD 93129A. With masses of about 100
M� and luminosities clearly in excess of 106 L�, they are the
most massive and most luminous stars in our galaxy (Kudritzki
1980, Kudritzki 1992, Puls et al. 1996, Simon et al. 1983).
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These conclusions based upon NLTE analysis of the hydro-
gen and helium optical spectra, yielding effective temperature
(Teff=50500K), stellar radius (R∗=20R�), gravity (logg=3.95)
and helium abundance (N(He)/N(H)=0.1). Additional evidence
for the extreme nature of these objects comes from the terminal
velocity (V∞) of the stellar wind, determined from the N v and
C iv UV resonance lines, which for radiation driven winds is a
strong function of the stellar mass.

So far the information contained in UV and optical metal
lines of these objects has not been used for quantitative spec-
troscopic studies based on NLTE model atmospheres, mostly
because brief inspection of the spectra already indicates that
these lines are affected by the presence of strong stellar winds.
The study presented here is the first attempt to analyze the FUV,
UV and optical metal lines quantitatively with the goal of deter-
mining stellar abundances and independent information about
the crucial stellar parameters and the physical conditions in the
dense stellar winds of these objects. It was triggered by the
success of the ORFEUS mission which provided FUV spectro-
scopic data for both HD 93129A and HD 93250 for the first
time. This allows a detailed investigation similar to that of Paul-
drach et al. ((1994), hereafter PKPBH) who analyzed FUV and
UV Copernicus and IUE spectra of the nearby O-star ζ Puppis.

In this paper, we concentrate on HD 93129A, which from its
spectral appearance is much more spectacular than HD 93250.
The latter is a main sequence star classified as O3 V ((f)) with
very weak emission features, whereas the former is an extreme
supergiant classified O3 If∗ because of its strikingly strong emis-
sion lines (Walborn 1971). The extension of spectroscopy to
the UV confirmed the extreme character of HD 93129A (Wal-
born & Nichols-Bohlin 1987). As already noted by Walborn
(1971), Conti & Frost (1977), Moffat (1978) the spectrum of
HD 93129A is very similar to Wolf-Rayet stars of spectral type
WN6 or WN7. HD 93129A, obviously, has an extremely strong
wind.

In our analysis, we investigate optical lines such
as N iii 4640 Å, N iv 4058 Å, N v 4605 Å, C iii 4650 Å,
C iv 4657 Å, 4657 Å together with lines in the UV (IUE) and
FUV (ORFEUS) using an improved version of the hydrody-
namic model atmosphere code described in Pauldrach et al.
(PKPBH). Simultaneously, we also model the FUV absorption
lines of the molecular and atomic interstellar spectrum. This
analysis is presented in Sect. 3 after a short description of the
observational data in Sect. 2. In Sect. 4 we discuss radiation
driven wind models for HD 93129A and compare the computed
terminal velocity and mass-loss rate with the observed values.
In Sect. 5 we summarize the status of HD 93129A in the context
of massive star evolution.

2. Observations and reduction

The FUV spectrum was observed with ORFEUS (Krämer et al.
1990, Krämer & Mandel 1993) and the Berkeley Spectrometer
(Hurwitz & Bowyer 1991) in September 1993. The spectral
range is 900 to 1170 Å and the resolution corresponds to 110
km/s. The integration time was 3045 seconds leading to a S/N

of 10–30. The data reduction was carried out in Berkeley with
a special package developed for this instrument.

The UV was observed with IUE (SWP 14007, see Howarth
and Prinja, (1989)) in the spectral range from 1150 to 1800 A.
The spectral resolution corresponds to 30 km/s and the S/N is
approximately 30.

The optical spectra were taken with the EMMI spectrograph
on the ESO NTT by D.J. Lennon in December 1992. Spectral
ranges of 3930 to 4750Å and 6300 to 6800Å were covered with
a resolution of approximately 1.0 Å and with a S/N of roughly
200.

3. The quantitative analysis

As is to be expected from the strong interstellar Lyman-α line
in the IUE spectrum and the reddening (E(B-V)=0.54) towards
HD 93129A (Simon et al., 1983), the FUV spectrum of HD
93129A is contaminated by a rich spectrum of interstellar ab-
sorption lines. Strong molecular absorption lines of H2 (Lyman
and Werner bands), H2O, CO, and N2 can be identified, as well
as neutral species such as H, C, N, O, Ar and Cl plus many
ionized species like C ii, C iii, ...., O vi, P ii-P v, Fe ii, Fe iii.

To disentangle the blends of stellar and interstellar lines it is
necessary to perform spectrum synthesis calculations for both
systems. We begin with the interstellar lines in Sect. 3.1 and then
describe the work on the stellar lines in the following sections.

3.1. Analysis of the interstellar FUV spectrum

The most dominant interstellar lines in the ORFEUS spectrum
are those of the Lyman and Werner bands of H2 from the ground
electronic stateX 1Σ+

g to the upper statesB 1Σ+
u andC 1Π±u , re-

spectively. These lines were the starting point for the synthesis
of the molecular spectrum. We first concentrated on the spec-
tral region between 1047 to 1055 Å which, according to the
synthesis of the stellar spectrum, should be free of significant
stellar lines (see Fig. 1). Apart from one single interstellar Ar i
line, there are exclusively H2 and HD lines of the groundstate of
para- and ortho hydrogen present, as well as lines from higher
excitation states. An identification list for the spectral synthe-
sis is given in Table 1. The molecular and atomic data used for
these calculations are from Morton & Dinerstein (1976), Mor-
ton (1975), (1991), Allison & Dalgarno (1970), Dabrowski &
Herzberg (1974), (1975) and are completed according to Morton
& Dinerstein (1976). The code we used to carry out the profile
calculations is one originally due to Davenhall (1977) ported
to STARLINK by A.P. Phillips. It is based on the physics de-
scribed by Strömgren (1948) and yields wavelengths, oscillator
strengths f , natural damping constant γ and statistical weights
for each transition and velocity dispersions b, cloud velocities
v and column densities n to describe the interstellar clouds.

The spectral resolution of the ORFEUS-1 data does not al-
low independent measurement of the velocities and contribu-
tions of individual clouds in the line of sight. Therefore, we have
to rely on information obtained from other spectral domains.
Walborn et al. (1984) found that the strongest contributions to
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Fig. 1. The ORFEUS spectrum of HD 93129A between 1047 and
1055Å, which consists mostly of molecular lines of H2 and HD. The
dashed curve represents the final interstellar spectrum synthesis. The
contribution of individual molecular lines are also shown, the strongest
components belong to H2 J=0 at 1049.4 Å and J=1 at 1050.0 and 1051.0
Å. For additional components, see Table 3.1

interstellar lines of neutral or low ionization stages towards the
Carina nebula originate from clouds with velocities of−90 and
−30 km/s. We assume that the molecular lines correspond to
these clouds. For the velocity dispersion of molecular hydrogen
we adopt 1.6 and 3.6 km/s, respectively, following Spitzer et al.
(1973).

With these assumptions, the only free parameters are the col-
umn densities in the absorbing states. We start with the ground-
state lines of para and ortho hydrogen, the strongest lines in the
spectral interval shown in Fig. 1 (λ 1049.4 R(0), λ 1050.0 R(1)
and λ 1051.0 P(1)) and derive column densities of 7.4 × 1019

particles per cm3. The next step is to estimate column densities
for those excited levels that dominate the observed absorption
features (examples in Fig. 1 are listed in Table 1).

The procedure is then extended to other regions of the FUV
spectrum, where additional isolated or weakly blended features
of excited levels of H2 or HD are found and column densities
can be determined or checked for consistency. Finally, the whole
procedure is iterated, since the additional levels give rise to
additional weak line features in regions previously dominated
by stronger transitions and modify the synthesized spectrum.
Fig. 1 shows a typical example for the contribution of strong
and weak components.

Table 2 contains all the H2 and HD column densities that
have been determined by this process. Note that some values are
highly uncertain because no clearly unblended features could be
found for them.

Similarly we derive column densities for the second most
abundant molecule CO. Due to the weakness of the CO lines and
the existing stellar and interstellar blends only theλ 1076.03 and
1087.87 lines are available for an analysis. These lines seem to
be dominated by the groundstate components. Thus we calculate
the R(0) transitions of E 1Π – X 1Σ+ and C 1Σ+ – X 1Σ+ using
atomic data from Morton & Noreau (1994) and derive a value

Table 1. Interstellar lines between 1047 and 1055Å with molecular
data used

Wave. Ele. Transition f-value gl gu γ

1047.6 H2 B – X 5-0 P(4) 0.0105 9 21 1.37e+9
1047.7 H2 B – X 6-0 R(7) 0.0141 45 17 1.30e+9
1048.1 HD B – X 5-0 P(3) 0.0086 7 5 1.43e+9
1048.2 Ar i 3p6 1S – 4s’[ 1

2 ]o 0.24 1 3 4.94e+8
1048.8 HD B – X 6-0 P(6) 0.0104 13 11 1.34e+9
1048.8 H2 B – X 5-0 R(5) 0.0139 33 13 1.37e+9
1048.9 HD B – X 5-0 R(4) 0.0111 9 11 1.43e+9
1049.4 H2 B – X 4-0 R(0) 0.0235 1 9 1.45e+9
1050.0 H2 B – X 4-0 R(1) 0.0160 9 5 1.45e+9
1051.0 H2 B – X 4-0 P(1) 0.0075 9 1 1.45e+9
1051.2 HD B – X 5-0 P(4) 0.0088 9 7 1.43e+9
1051.5 H2 B – X 4-0 R(2) 0.0147 5 21 1.45e+9
1052.1 HD B – X 5-0 R(5) 0.0108 11 13 1.43e+9
1052.4 H2 B – X 6-0 P(7) 0.0123 45 13 1.30e+9
1052.5 H2 B – X 5-0 P(5) 0.0105 33 9 1.37e+9
1053.3 H2 B – X 4-0 P(2) 0.0088 5 9 1.45e+9
1053.9 H2 B – X 4-0 R(3) 0.0142 21 9 1.45e+9
1053.9 H2 B – X 5-0 R(6) 0.0136 13 45 1.37e+9
1054.3 HD B – X 4-0 R(0) 0.0161 1 3 1.50e+9
1054.7 HD B – X 4-0 R(1) 0.0107 3 5 1.50e+9
1055.0 HD B – X 5-0 P(5) 0.0090 11 9 1.43e+9

of log N(CO) = 15.6 as an upper limit for the column density of
CO.

We have also determined column densities for the atomic
and ionic species producing interstellar absorption lines in the
ORFEUS-1 spectral range. Following Walborn et al. (1984) we
have adopted velocity dispersions of 15 and 20 km/sec, respec-
tively for these species. The resulting column densities are also
given in Table 2.

The main purpose of our analysis of the interstellar lines
is to disentangle their influence on the stellar spectrum and to
avoid misinterpretation of the latter. On the other hand, it turns
out that a careful spectrum synthesis of the stellar spectrum is
equally important if one wishes to determine interstellar column
densities. This is demonstrated in Fig. 2 – Fig. 4 for interstellar
O vi, O i and P ii. Our experiences lead us to conclude that a
general reinvestigation of the FUV data obtained with Coperni-
cus might be worthwhile.

A full identification of the stellar and interstellar spectrum
is given in Table 3 – Table 5.

The data presented in Table 2 can also be used for the inter-
pretation of the physical status of the Carina star forming cloud.
This will be done in more detail in a separate paper. Here, we
briefly discuss a few of the results.

The H2 column densities allow a rough estimate of excitation
temperatures. We obtain 77K from the ratio of ortho (J=1) to
para hydrogen (J=0) and 105, 146, 230 K for the excitation of
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Fig. 2. The dashed curve corresponds to spectrum synthesis includ-
ing the stellar wind O vi line and interstellar H2. The three other
curves include the additional contribution of interstellar O vi with
log N(O vi)/cm2= 14.1, 14.5 and 14.9. Note that the spectrum synthesis
is incomplete around 1031.3Å

Fig. 3. The ORFEUS spectrum around interstellar O i. The dotted curve
contains the contribution of stellar O vi and interstellar H2, whereas
the dashed curve also includes interstellar O i.

J=2, 3, 4 relative to J=0. This is in agreement with the results
of Spitzer et al. (1973), (1974) and Spitzer & Cochran (1973)
for the excitation of molecular hydrogen towards less distant
hot stars in clouds of lower extinction and the discussion of
NLTE effects on H2 level populations (Dalgarno et al., (1973),
Spitzer & Zweibel (1974), Jura (1975a), (1975b)). On the other
hand, the fraction f = 2N (H2)/(N (H i) + 2N (H2)) = 0.1
of hydrogen atoms in the molecular stage is smaller than found
by Spitzer et al. This might be caused by dissociation due to
the enormous UV radiation field of HD 93129A. The value of
10−5 for the ratio of HD over H2 (for J=0 and J=1) is larger than
found by Spitzer et al. and requires a more detailed discussion
in terms of UV shielding and molecule formation.

If CO and H2 are present in the same clouds, the upper limit
for the ratio N(CO)/N(H2) is 2.6×10−5 which is similar to the
value of 1.3×10−5 found by Morton (1975) for ζ Ophiuchi.

Fig. 4. The ORFEUS spectrum around interstellar lines of P ii. The
interstellar P ii contribution is given by the dotted curve, whereas the
dashed curve represents the total contribution of all stellar and inter-
stellar lines.

Table 2. Derived column densities of interstellar atomic and molecular
states. The value for P i is from the IUE spectrum. Values giving only
upper limits are marked by a colon.

Level log N Level log N Level log N

H2 (J=0) 19.9 N ii J=0 16.4 P v J= 1
2 13.6:

H2 (J=1) 19.9 N ii J=1 14.8 S iii J=0 15.1
H2 (J=2) 18.5 N ii J=2 14.8 S iii J=1 14.8:
H2 (J=3) 18.2 N iii J= 1

2 14.8 S iii J=2 14.8:
H2 (J=4) 17.7 O i J=2 16.4 S iv J= 1

2 14.8:
H2 (J=5) 17.7 O i J=1 14.7 Cl i J=1 1

2 14.4
HD (J=0) 15.1 O vi J= 1

2 14.6 Cl i J= 1
2 14.0:

HD (J=1) 15.1 Si ii J= 1
2 14.6 Cl ii J=2 14.6

H i J= 1
2 21.4 Si ii J=1 1

2 15.5 Cl ii J=1 14.3:
C i J=0 14.9 P i J=1 1

2 12.9: Ar i J=0 14.3
C i J=1 14.5 P ii J=0 14.5 Fe ii J=4 1

2 14.9
C i J=2 14.1 P ii J=1 13.7 Fe ii J=3 1

2 13.9
C ii J= 1

2 15.5 P ii J=2 13.6 Fe ii J=2 1
2 13.8

C ii J=1 1
2 15.4 P iii J= 1

2 14.1 Fe ii J=1 1
2 13.3:

C iii J=0 17.1 P iii J=1 1
2 14.0: Fe ii J= 1

2 13.3:
N i J=1 1

2 15.6 P iv J=0 13.8 FeIII J=4 13.7

The abundance pattern of ions in ionization stages I and II
relative to neutral hydrogen shows depletion for N, P, Si, and Fe,
as observed for other lines of sight, whereas the depletion for C,
O and Ar appears to be larger than normal (Jenkins et al. 1983,
York et al. 1983, Shull & York 1977, Spitzer 1975, Morton &
Hu 1975). From the weak lines of Cl i and Cl ii we conclude
that chlorine is almost undepleted, which is in agreement with
Jura & York (1978) and their analysis of Copernicus spectra of
ten nearby objects.
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Fig. 5. Line fits to the P-Cygni profile of C iv with V∞=3200 km s−1 and V∞=3600 km s−1. X is the Doppler shift relative to the laboratory
wavelength of the blue doublet component in units of the terminal velocity V∞. Vta is the microturbulence velocity in units of V∞.

Fig. 6. Line fits to the P-Cygni profiles of O vi with V∞=3200 km s−1, V∞=3400 km s−1, and V∞=3600 km s−1. The fits of the blue wing
become increasingly worse with increasing V∞. Note, that the lower part of the blue edge is not affected by blends of interstellar lines.

3.2. The terminal velocity of the stellar wind

The terminal velocity of the stellar wind can be determined
from the P Cygni profiles of stronger resonance lines by com-
paring with NLTE radiative transfer calculations in spherically
expanding atmospheres. We use the method developed by Haser
(1995), which is briefly described by Haser et al. (1995). This
method is an extension of the work of Hamann (1981), Lamers
et al. (1987) and Groenewegen & Lamers (1989). The line fits
yield V∞ together with microturbulence parameter Vturb (given
in units of V∞) which is the broadening parameter for the local
atomic absorption coefficient in the stellar wind. Note that the
most likely interpretation ofVturb is that it simulates the effects of
the presence non-monotonic velocity fields with multiple shocks
(Lucy 1982, 1983, Puls et al. 1993) superimposed to the smooth
stellar wind flow. Thus, Vturb may be taken as a measure of the
shock jump velocities occuring in stellar wind instabilities ( see

Pauldrach et al., 1994b). In the radiative transfer calculation it
affects mostly the steepness of the blue absorption edge and the
position of the emission peak in the P Cygni profile, whereas
V∞ influences the blueshift of the absorption edge.

Using the IUE spectrum only results in a rather uncertain
determination of V∞ between 3200 to 3600 km/s. The reasons
are: (i) only the C ivλ1550 resonance line can be used for a fit.
N vλ1240 is far too noisy and its absorption trough overlaps
with the strong interstellar Lyman-α absorption profile such
that the blue wing cannot be reconstructed with a Lyman-α
fit. (ii) The blue wing of the C iv profile is unusually shallow,
demanding very high values for the microturbulence parameter
(Vta) larger than 0.12V∞. Different combinations of V∞ and
Vta yield similarly good fits for V∞ = 3200 . . . 3600 km s−1

(see Fig. 5) resulting in nearly indistinguishable model profiles.
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This situation is much improved using the O vi profile from
the ORFEUS-1 observation. Here the best line fit results in an
accurate value for the terminal velocity of V∞ = 3200 km s−1

(see Fig. 6). Different combinations of the microturbulence and
the terminal velocity might still allow a slightly larger V∞ =
3400 km s−1, but this should be regarded as the upper limit. The
remaining uncertainty of <∼ 200 km s−1 lies within the range of
the so called blue edge variability of saturated P-Cygni profiles
(see Henrichs 1991) and thus cannot be improved any further.
From the above we regard V∞ = 3200 km s−1 as the best value
for the terminal wind velocity of HD 93129 A. Together with
the redetermination of the mass-loss rate in Sect. 3.6 this will
be used to discuss the mechanical momentum and energy of the
wind of this extremely luminous star.

The best fit for the microturbulence parameter yields
Vta=1.56 corresponding to a turbulent velocity of 500 km/s,
a very high value. This will be of importance for Sect. 3.8,
in which we investigate the shock emission in the wind of
HD 93129A.

3.3. The model atmosphere code

Since the strong stellar wind outflow of HD 93129A is affect-
ing almost all lines in the optical to FUV stellar spectrum, a
hydro dynamical model atmosphere code is needed for the spec-
trum synthesis. We use the atmospheric NLTE code for radiation
driven winds described in detail by PKPBH. A few significant
improvements have been implemented in the code since this
publication appeared. They are discussed in the following.

In principle line blocking in NLTE for all 106 lines can now
be included in the calculation of the local radiation field for solv-
ing the rate equations (Sellmaier et al., 1996, Sellmaier, 1996).
However, in order to save a significant amount of computer
time, we have a second option which introduces a frequentially
and spatially smoothed quasi-continuum background opacity
so that the emergent flux is similar to the version with exact
line opacities. This version has been used throughout the paper
to calculate the local incident radiation field at every depth in
the wind, which is needed to solve the rate equations for the
occupation numbers.

To also account for weaker lines formed close to the region
of continuum formation we abandon the pure Sobolev approx-
imation and use the Sobolev approximation with continuum
instead for the calculation of radiative bound-bound transition
probabilities (Hummer & Rybicki 1985, Puls & Hummer 1988,
Puls 1991). These are given by

Rij = Bij

(
βC IC + U SC

)
(1)

Rji = Bji

(
βC IC + U SC

)
+ Aji

(
β + U

)
(2)

(Puls 1991) Aji, Bji and Bij being the Einstein coefficients, β
the usual escape probability, derived from the Sobolev optical
depth τS . The additional quantities areSC, the continuum source
function, U = 1/4π

∫
dωU

(
τS , k

′
C/k

′
L

)
(k′L = kL/δ νD) the

interaction function, introduced by Hummer & Rybicki (1985)

Fig. 7. Ionization fractions of N iii (solid), N iv (dashed), N v (dotted)
and N vi (dashed-dotted) as a function of atmospheric electron den-
sity for Teff =50000K. The optical nitrogen lines are formed between
log N(e)=10.7 and log N(e)=14.

and βC IC the generalized intensity of radiation in the line fre-
quencies, incident on the line formation region, derived from
the solution of the continuum transfer equation.

A very exact and fast approximation for the calculation of
βC IC is given in Appendix A, where we also treat the case of
level inversions and negative Sobolev optical depths.

A crucial ingredient of the stellar wind NLTE calculations
by PKPBH is the EUV and soft X-ray emission by stellar wind
shocks affecting the observable high ionization stages in the
FUV. In our analysis of HD 93129A we adopt essentially the
same procedure to take shock emission into account. However,
as an improvement we use the full cooling function including
correctly line emission (Cox and Raymond, (1985), Raymond
and Smith, (1987), Raymond, (1988)) to calculate the shock
emission coefficient instead of taking into account the free-free
emission multiplied by a wavelenght independent factor, as it
was done by PKPBH.

Further improvements concern the line list and the atomic
models used for the solution of the rate equations. Here the
status is that described in Sellmaier et al. (1996), except that
in addition a more detailed atomic model for phosphorus is
introduced ( see Appendix B ) to match the corresponding lines
in the ORFEUS-1 spectral range.

3.4. An independent determination of Teff using the nitrogen
ionization equilibrium

The standard technique for the determination of the effective
temperature of O-stars is the use of the helium ionization equi-
librium (Kudritzki & Hummer 1990, and references therein).
However, as found by Herrero et al. (1992) in their systematic
study of O-stars, this temperature indicator can lead to uncer-
tainties depending on which of the He i lines are used (see also
Herrero 1994). Since for the hottest O-stars of spectral type
O3 only one very weak HeI line (HeI 4471) is marginally de-
tectable (Kudritzki 1980, Simon et al. 1983, Kudritzki 1992), it
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Fig. 8. Same as Fig. 7 but for Teff =53000K

Fig. 9. N iv 4059 Å (solid) compared with theoretical profiles for mod-
els assuming temperatures of 50000 K (dashed), 52000 K (dotted),
53000 K (dashed-dotted).

is important to look for new independent methods to determine
Teff .

In principle, the ionization equilibrium of nitrogen appears
to be ideal for this purpose, since excited lines of N iii, N iv and
N v can be easily identified in the spectra of O3-stars. How-
ever, as is well known from the pioneering work of Mihalas &
Hummer (1973), the nitrogen lines are severely affected by the
stellar wind velocity fields and show emission when the winds
are strong. As a consequence, up to now no attempt has been
made to use these lines for a determination of Teff in O3-stars.
This is very unfortunate, since in particular HD 93129A shows
weak emission of N iii, strong emission of N iv and pronounced
N v P-Cygni profiles (for line identifications used in the spec-
trum synthesis of our optical spectra see Table 6) so that it should
be possible to find additional constraints on Teff .

Therefore, we investigate whether our hydrodynamic model
atmosphere code allows us to obtain an independent value for
Teff . For this purpose we have calculated a small grid of three
models with Teff= 50000, 52000 and 53000 K, respectively
(models 1 to 3 in Table 7) for which we keep the gravity fixed
at the value determined by Puls et al. (1996) from the fit of the

Fig. 10. N iii 4519 Å quartet lines between 4511 and 4534 Å (solid)
compared with theoretical profiles for models assuming temperatures
of 50000 K (dashed), 52000 K (dotted), 53000 K (dashed-dotted).

Fig. 11. N v 4605 Å doublet (solid) compared with theoretical profiles
for models assuming temperatures of 50000 K (dashed), 52000 K (dot-
ted), 53000 K (dashed-dotted).

Hγ profile. The terminal velocity V∞ is also kept fixed to the
observed value. Since the value of the mass-loss rate Ṁ deter-
mined from the fit of the Hα emission profile (see Sect. 3.6)
depends weakly on the adopted Teff (see Puls et al. 1996, for
details), Ṁ is varied slightly to be consistent with Hα. The same
is done with the stellar radius which follows from the distance
and the apparent de−reddened magnitude, once Teff is speci-
fied. The nitrogen abundance is adopted to be two times solar
(see Sect. 3.7) and also kept constant. (All other parameters in
Table 7 will be introduced later in the text).

Fig. 9 and 11 show the profiles of the N iv 4058 Å emission
and the N v 4605 Å wind lines compared with the calculations.
The N v lines show maximum strength at Teff=52000 K. The
reason for this is that from 50000 K to 52000 K the excitation
of the 3s levels of N v is enhanced in the line forming region
around the sonic point but that for higher temperatures the ion-
ization to N vi becomes the dominant effect. The N iv emission
decreases from 50000 K to 52000 K and then remains constant.
This is caused by a decrease in the population of the N iv 3p
level due to enhanced ionization to N v which is then partially
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Table 7. Parameters of calculated models

No. Teff logg R∗ Ṁ V∞ vt log Lx YCNO
[K] [Rsun] [(-6) M� /yr] [km/s] [V∞]

1 50000 3.95 20.0 17.7 3200 .16 32.2 0.2 2.0 0.3
2 52000 3.95 19.7 18.0 3200 .16 32.2 0.2 2.0 0.3
3 53000 3.95 19.5 16.0 3200 .16 32.2 0.2 2.0 0.3
4 52000 3.95 19.7 18.0 3200 .16 32.2 1.0 1.0 1.0
5 52000 3.95 19.7 18.0 3200 .16 32.2 0.1 4.0 0.2
6 52000 3.95 19.7 18.0 3200 .16 33.7 0.2 2.0 0.3
7 52000 3.95 19.7 18.0 3200 .16 31.5 0.2 2.0 0.3

Fig. 12. N iii 4640 Å doublet (solid) compared with theoretical pro-
files for models assuming temperatures of 50000 K (dashed), 52000 K
(dotted), 53000 K (dashed-dotted). Note that Si iv 4631 is not repro-
duced properly by the spectrum synthesis.

compensated by enhanced excitation. (Fig. 7 and 8 give the ni-
trogen ionization stratifications for the models with different
Teff ).

We conclude from Figs. 9 and 11 that Teff=52000± 1000 K
is a reasonable estimate for HD 93129A. This is not too different
from the 50500± 1500 K found by Kudritzki & Hummer (1990)
using the helium ionization equilibrium.

The weak N iii emission lines can be used as a consistency
check with regard toTeff . This is done in Fig. 10 and 12. Bearing
in mind that our continuum rectification is uncertain by 1%, we
regard this as a confirmation of the result obtained from N iv
and N v.

The quality of the fits in Fig. 9 and 11 requires a few com-
ments. The calculations for N iv fail to reproduce the far wings
of the emission line. This is caused by the fact that above
the layer where the intrinsically rather narrow emission line is
formed there is still an electron layer of sufficient optical depth
(because of the high rate of mass-loss) to produce the wide
wings by incoherent scattering. Incoherent electron scattering
has not been included in the calculation so far.

Fig. 13. Observed Hα profile (solid) compared with the calculation
assuming a mass loss of 18×10−6 M�/yr (dashed). Note that the blue
narrow emission peak originates from the H II-region emission.

The N v calculations produce blue wings that are slightly too
strong. This could be corrected with a somewhat steeper velocity
field above the sonic point up to 900 km/s or by marginally
decreasing the ionization or excitation in the same layers of the
expanding wind.

In general, we stress however that the use of the hydrody-
namic model atmosphere code has made it possible for the first
time to use the ionization equilibrium of the optical nitrogen
lines for an independent determination of the effective temper-
ature of an O3-star.

3.5. The argon ionization structure - a possible temperature in-
dicator in the FUV

In the ORFEUS spectrum of HD 93129A we identify forbidden
lines from the ground state of Ar vi and lines from the excited
3p 1Po level of Ar vii (see Table 3). Although they are severely
blended with H2, they might serve as additional temperature
indicators, as can be seen from Figs. 17 and 18, which demon-
strate the change of the argon ionization structure around the
sonic point when Teff is increased from 50000 K to 52000 K.
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Fig. 14. The ORFEUS spectrum around the Ar vi ground state forbid-
den lines (dotted) compared with the stellar spectrum synthesis of our
final model (dashed), the interstellar spectrum synthesis (dash-dotted)
and a combination of the latter (solid).

Fig. 15. Same as Fig. 14, but for Ar vii line.

While the change in Ar vi is moderate, it is significant in Ar vii
and we therefore expect the Ar vii line to exhibit a clear de-
pendence on Teff . This is indeed the case, as is demonstrated in
Figs. 14 and 15, although the strong blend with H2 does not re-
ally allow a direct determination of Teff . However, for hot stars
less affected by molecular hydrogen this line might prove to be
extremely useful.

The Ar vi lines barely depend on Teff since Ar vi remains
the dominating ionization stage. However, one can use the weak
features on top of the interstellar spectrum to conclude that the
assumption of solar argon abundance must be roughly correct.

3.6. The rate of mass-loss

Puls et al.(1996) have recently published a new, very fast and
rather accurate technique to determine mass-loss rates from Hα
profiles by means of approximate NLTE radiative transfer cal-
culations. They have applied this technique for a large sample of
O-stars in the Galaxy, the LMC and the SMC. For HD 93129A

Fig. 16. The ORFEUS spectrum around Ar vii line (dash-dot-dotted)
is compared with the stellar spectrum synthesis of our final model
(dotted), model 1 assuming an effective temperature of 50000K
(dashed-dotted) and the combination of both with the interstellar spec-
trum synthesis (solid and dashed, respectively).

Fig. 17. Ionization fraction of Ar v (solid), Ar vi (dashed) and Ar vii
(dotted) as a function of atmospheric electron density forTeff =50000K.

they obtained a value of 22×10−6 M�/yr, assuming an effective
temperature of 50500K. It is interesting to check this using the
result obtained with our hydrodynamic model atmosphere.

Fig. 13 shows the best fit of Hα that we could obtain. The
corresponding mass-loss rate is 18×10−6 M�/yr indicating that
the approximate technique by Puls et al. is indeed sufficiently
accurate.

3.7. CNO abundances from optical lines

In Sect. 3.4 we used a nitrogen abundance increased by a factor
of two relative to the solar value. That this abundance is rea-
sonable is demonstrated by Figs. 19 and 20 for N iv and N v,
respectively.

In addition, we can use the C iii/C iv emission/absorption
complex in the blue wing of He ii 4685.7Å to obtain a first
estimate for the carbon abundance (Fig. 21). From the observed
absence of stronger absorption dips we conclude that carbon
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Fig. 18. Same as Fig. 17 but for Teff =52000K

Fig. 19. N iv 4058 Å line of HD 93129A (solid) compared with the-
oretical profiles with an assumed solar nitrogen abundance (dashed),
nitrogen overabundance of a factor 2 (dotted) and 4 (dashed-dotted).
Teff =52000K is adopted.

must be less abundant than solar. We adopt 0.2 solar but admit
a large uncertainty for this value.

For oxygen we obtain a similar result from the O v lines at
4120 Å. The absence of observed absorption features leads to
the conclusion that oxygen is reduced by 0.2 relative to the solar
value (Fig. 22).

3.8. The FUV high ionization stages and shock emission

The effects of stellar wind shock emission on the ionization
have been discussed in detail by PKPBH and Pauldrach et al.
(1994b) for the case of ζ Puppis. It has been shown that the
microturbulence velocity obtained from the fit of the UV reso-
nance P-Cygni profiles agrees well with the shock jump velocity
obtained by Hillier et al. (1993) from an analysis of the ROSAT
PSPC spectrum by means of X-ray radiative transfer through
a cold wind over which shocks of two different temperatures
are randomly distributed. Both components contribute equally
to the total X-ray luminosity, but the component with the lower
shock temperature that dominates the very soft part of the X-ray
spectrum is the one responsible for the production of very high
ionization stages.

Fig. 20. Same as Fig. 19, but for the N v 4605 Å doublet.

Fig. 21. C iii, C iv complex (solid), in the blue wing of He ii 4685.7Å
compared with theoretical profiles for solar carbon abundance (dashed)
and a carbon under abundance of a factor 0.2 (dotted) and 0.1
(dashed-dotted).

In the case of HD 93129A the soft X-ray component cannot
be observed directly with ROSAT because of intrinsic absorp-
tion in the dense wind and additional interstellar absorption
caused by the large interstellar column density (see Sect. 3.1).
Only a harder component can be detected with a shock tem-
perature of 1.1 × 107 K and a X-ray luminosity of 1033.8 erg/s
(Kudritzki et al. 1996). Therefore, the only diagnostic tool to
investigate whether shocks of lower temperature corresponding
to the microturbulence velocity of 500 km/s (see Sect. 3.2) are
present are the FUV high ionization features such as O vi.

We proceed in the same way as PKPBH (but see Sect. 3.3)
and relate the shock jump velocity u to the velocity of the stellar
wind (see Eq. 2 in PKPBH)

u(r)
u∞

=

(
v(r)
v∞

)γ

. (3)

We choose γ=1 (changing γ between 0.5 to 1.5 had no influence
on the results, as our test calculations showed). Then, we adjust
the shock volume filling factor f so that a prespecified X-ray
luminosity is produced (see PKPBH).

We start with Lxsoft=33.8. This would be comparable to the
case of ζ Puppis, where the low temperature shocks produce as
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Fig. 22. O v lines at 4119, 4124 and 4126 Å (solid) compared with
theoretical profiles for solar oxygen abundance (solid), oxygen under
abundance of a factor 0.3 (dotted) and 0.2 (dashed-dotted).

Fig. 23. Ionization fractions of O iv (solid), O v (dashed), O vi (dotted)
as a function of electron density in the stellar wind for log Lxsoft=33.8.

much X-ray luminosity as the high temperature shocks. How-
ever, the calculated wind profile indicates that too much O vi
is produced by ionization from O iv via O v to O vi (Fig. 23),
which means that the fraction of low temperature shocks pro-
ducing soft X-rays and EUV radiation must be smaller. On the
other hand, if we reduce the shock emission to zero, the O vi
line is much too weak (Fig. 27). The best fit is obtained for log
Lxsoft=32.2 (Fig. 28). Figs. 23, 24 and 25 show the influence
of the strength of the shock radiation field on the ionization
fractions of oxygen.

The fact that the emission of soft X-rays is much smaller
than the harder X-ray flux in the spectral range observable with
ROSAT is very surprising and favours a model of two com-
ponents of shocks rather than a model where the soft X-ray
emission originates from the cooling zones of the shocks only
(Feldmeier et al. 1996). It will be extremely important to extend
this kind of study to other O-stars observed with ROSAT.

Fig. 24. Same as Fig. 23 but for log Lxsoft=0.

Fig. 25. Same as Fig. 23 but for log Lxsoft=32.2

3.9. Iron and nickel abundance

Both the FUV and UV spectra of HD 93129A contain many
lines of iron group elements in high ionization stages which
can be used for abundance estimates. As an example, we show
the result of our spectrum synthesis in the region from 1130
to 1165 Å carried out for solar abundance (Figs. 29 and 30).
We conclude that solar abundance is a good guess for iron and
nickel.

3.10. Complete FUV and UV spectrum synthesis

Figs. 31 and 32 show the full ORFEUS and IUE spectra of HD
93129A compared with the complete spectrum synthesis.

A few comments concerning apparent discrepancies are nec-
essary. The first one concerns P v, for which a solar abundance
was assumed. Both P v resonance doublet components are wind
lines that extend blue ward down to 1105 Å. We attribute the
remaining discrepancies to CO and H2O molecular lines miss-
ing in the interstellar spectrum synthesis and conclude that solar
abundance is a good assumption.

Another obvious discrepancy is found redward of N v be-
tween 1240 to 1260 Å in the IUE spectrum. Here our code
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Fig. 26. O vi line profile compared with the purely stellar spectrum
synthesis (dashed) and the combined stellar and interstellar spectrum
synthesis (solid). log Lxsoft=33.8 was assumed

Fig. 27. Same as Fig. 26 but for Lxsoft=0.

produces Fe vi lines that are too strong in the outest part of the
wind. At the moment, we have no explanation for this discrep-
ancy. On the other hand, the Fe v and Fe vi lines between 1380
to 1480 and at 1599, 1616, 1655 and 1676 Å are in good agree-
ment and confirm our assumption of solar abundance. The same
is true for the Si iv resonance lines.

The wind lines of C iv, O v and N iv are reasonable well
reproduced, although the fits are not yet perfect. Nevertheless,
we regard this as a confirmation of the abundances adopted in
Sect. 3.7.

The fit of He ii 1640 reproduces the P-Cygni character of
the line very well. Note that the absorption dip around 1626 Å
is also due to the He ii 1640 transition and is caused by helium
recombining from He iii to He ii far out in the wind.

The impression of much better agreement in the ORFEUS
spectrum is mostly due to the dominance of interstellar lines in
the region.

In summary, the agreement between theory and observa-
tion is satisfying at this stage and is sufficient motivation for
applications on additional objects in the future.

Fig. 28. Same as Fig. 26 but for Lxsoft=32.2

Fig. 29. The ORFEUS spectrum from 1130 to 1150 Å. The dashed
curve gives the stellar spectrum synthesis, the solid curve also includes
the interstellar lines.

4. A consistent radiation driven wind model for HD 93129A

For the spectrum synthesis calculations presented so far the
force multiplier parameters (see PKPBH and references therein)
have been adjusted ad hoc to reproduce the empirically deter-
mined stellar wind parameters V∞ and Ṁ . However, we have
also the option of solving the hydrodynamic equations of line
driven winds consistently. In this case, effective temperature,
gravity and radius together with the abundances are the input
parameters and mass-loss rate and terminal velocity are obtained
as the consistent result of radiation driven wind hydrodynamics.
For HD 93129A with its very strong wind and its well deter-
mined stellar parameters this is a crucial test of the theory.

Carrying out the calculation we obtain
V∞calc = 3110 km/s
Ṁcalc = 20.8×10−6 M�/yr
in excellent agreement with the observed values of 3200

km/s and 18×10−6M�/yr. The force multipliers are (see
PKPBH) k=0.141, α=0.62 and δ=0.06. We conclude that the
strong wind of HD 93129A is radiation driven and that the theory
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Fig. 30. Same as Fig. 29 but from 1150 to 1167 Å. The remaining
discrepancies are attributed to interstellar lines of CO not included in
the interstellar spectrum synthesis.

of radiation driven winds is applicable even in such an extreme
case.

As pointed out by Kudritzki (1992), the observed value of
V∞ can be used to determine the actual stellar mass using the
theory of radiation driven winds, because for a given Teff and
R the terminal velocity is a strong function of the stellar mass.
Fig. 33 shows the application to the case of HD 93129A. We
obtain a mass of 130 ± 15 M� corresponding to a gravity of
3.97± 0.05. This means that the masses derived from log g and
V∞ are consistent.

Very recently, Puls et al. (1996) in their study of O-star
winds reported a systematic defect of the theory of radiation
driven winds in the sense that for objects of very high luminos-
ity with dense winds the theory does not provide enough wind
momentum flow (Ṁ V∞) when compared with the observation.
It may, therefore, be surprising that in the case of HD 93129A
the agreement is almost perfect. However, inspection of Figs.
26a and 29 in Puls et al. indicates that the discrepancy is less
severe for very hot stars. In particular for HD 93129A Puls et
al. assuming Teff=50500K obtain a theoretical wind momen-
tum of only 0.2 dex too small. Now with new atomic data es-
pecially for iron the observed Ṁ is 20% smaller. In addition,
with Teff=52000K the luminosity is somewhat higher yielding
a slightly higher theoretical wind momentum so that the dis-
crepancy disappears. We think that a similar study like this one
for other early O-supergiants will be extremely valuable for a
further investigation of the reliability of the theory.

5. Discussion

Following Simon et al. (1983) we can determine the stellar ra-
dius of HD 93129A from the distance to the Carina nebula,
the effective temperature and the de−reddened magnitude. We
obtain R/R�=19.7. Together with Teff=52000 K this leads to
a luminosity of log L/L�=6.4 with an uncertainty of 0.1 dex
resulting from photometry, distance and effective temperature

(see Simon et al.). HD 93129A is therefore the most luminous
star known in our galaxy. From its location in the HR-diagram
(see Fig. 34) we conclude that its Zero Age Main Sequence mass
must have been slightly in excess of 120 M�. Its present mass
determined from gravity and V∞ (see Sect. 4) is in agreement
with this value. Despite the fact that HD 93129A has not yet lost
a substantial amount of its mass our abundance analysis shows
that the atmosphere is already enriched with products of CNO
cycle material. We attribute this to additional mixing processes
(Langer & Maeder, 1995). All other abundances appear to be
solar.

The extreme dynamical wind properties, an extremely high
rate of mass-loss together with a very high value of the termi-
nal velocity can be well explained by the theory of radiation
driven winds. While this extremely luminous object fits well
into the present concept of stellar winds, its shock emission
properties do not. Contrary, to the case of ζ Puppis, where cool
and high temperature shocks contributed equally to the X-ray
emission, the contribution of cooler shocks is much weaker for
HD 93129A. This is not understood at the moment and we plan
the analysis of FUV and X-spectra of a larger sample of O-stars
to investigation this question further.
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Appendix A: effective, realization of the Sobolev approach
including continuum processes

The work published in this Sect. is part of the diploma thesis by
G. Taresch and was developed in collaboration with J. Puls.

A crucial quantity in the Sobolev approximation for spher-
ical extended atmospheres is the so called “core penetration
probability”, generalized for an angle-dependent continuum ra-
diation field.

βC IC =
1
2

∫ 1

−1
Icont(ν0(1 +

µ v(r)
c

), µ)
1− e−τS

τS
dµ

(A1)

We have developed an approximate, very effective and fairly
accurate method to calculate this quantity in order to avoid the
time consuming angular integrations required to solve A1.

Expanding the intensity linearly in µ (which is the angle
between the light ray and the outward radial direction) within
the three ranges 1 → µ∗, µ∗ → 0 and 0 → −1 (µ∗ = (1 −
(R∗/r)1/2) we have

Iν(µ) = a1
ν + b1

ν µ, µ∗ ≤ µ ≤ 1

Iν(µ) = a2
ν + b2

ν µ, 0 ≤ µ < µ∗
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Fig. 31. The ORFEUS spectrum of HD 93129A (dash-dotted) compared with our final model (solid)

Iν(µ) = a3
ν + b3

ν µ, −1 ≤ µ < 0

(A2)

Assuming that aiν ≈ aiν0
and biν ≈ biν0

, the integral in A1 can
be split into

βC IC ≈ 1
2

3∑
i=1

aiν

∫ µ

µi+1

1− e−τS

τS
dµ

+
1
2

3∑
i=1

biν

∫ µ

µi+1

1− e−τS

τS
µdµ (A3)

with µ1 = 1, µ2 = µ∗, µ3 = 0 and µ4 = −1.
The coefficients aiν and biν are derived by combining the

moments of the of the intensity Jν , Hν , Kν and Nν which are
known from solving the continuum radiative transfer, e.g.

Jν =
1
2

3∑
i=1

∫ µ

µi+1

(
aiν + biν µ

)
dµ (A4)

.
We find

a1
ν = 3 J + 12H da1 − 6K − 20N da1

a2
ν = 3 J − 12H da2 − 6K + 20N da2

a3
ν = a2

ν

b1
ν = −4 J + 3H (1− db1) + 12K + 5N db1

b2
ν =

a1
ν − a2

ν

µ∗
+ b1

ν

b3
ν = 4 J + 3H (1− db2)− 12K + 5N db2 (A5)

with

da1 =
1 + 1

2µ∗
(
3− µ∗2

)(
1− µ∗2

)2

da2 =
1− 1

2µ∗
(
3− µ∗2

)(
1− µ∗2

)2

db1 =
2
(
3− µ∗2

)
+ 4µ∗

(
2− µ∗2

)(
1− µ∗2

)2

db2 =
2
(
3− µ∗2

)− 4µ∗
(
2− µ∗2

)(
1− µ∗2

)2 (A6)

Test calculations performed for a large set of different pa-
rameters have shown that approximation A3 instead of calcu-
lating the “exact” quantity A1 is accurate at least to the third
figure.

The second quantity to be calculated additionally in the
Sobolev plus continuum concept is the interaction function

U (τs, kC/k
′
L) =

τs

∫ ∞

−∞
dξΦ(ξ)

∫ ∞

ξ

dξ′ Φ(ξ′) (A7)

exp

(
−τs

∫ ξ′

ξ

Φ(s) ds

) (
1 − exp

(
−kC
k′L

τs (ξ′ − ξ)

))
introduced by Hummer & Rybicki (1985) (k′L = kL/∆ νD). For
a pure Dopplerprofile Φ(ξ) and τs > 0, it is tabulated by Puls
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Fig. 32. The IUE spectrum of HD 93129A (dash-dotted) compared with our final model (solid)

& Hummer (1988) for kC
k′
L
≤ 0.01 and by Taresch (1992) for

10−10 ≤ kC
k′
L
≤ 105.

In the following, we provide some useful analytical approx-
imations for two possible limiting cases.

i) τs >> 1, i.e., the escape probability of the photons is very
small (β, βc << 1) which is typical for resonance lines in stellar
atmospheres. Again, we have two limits, namely a dominating
continuum (kC >> k′L) or a dominating line (kC << k′L).

For kC >> k′L, the interaction function can be approxi-
mated by

U = 1 (A8)

and controls the mean intensity J ≈ Sc, as to be expected.
For kC << k′L, the influence of the interaction function is

reduced to

U = 4kC/k
′
L (A9)

and can be neglected for a thin continuum (kC → 0) when U
reaches zero. Hence we achieve the standard Sobolev approach.

ii) τs << 1, as is typical for recombination lines. Then, we
find for a dominating continuum the limiting value

U =
τs
2
− 1√

2π kC/k′L
(A10)

For kC << k′L, e.g. in the outer stellar wind regions, the inter-
action function reaches

U =
1√
2π

kC
k′L

τ 2
s (A11)

which again can be neglected.
For inverted levels (τs < 0, β > 1), the multiple integrals

in the interaction function U will grow exponentially and we
encounter numerical problems for a dominating continuum. To
overcome these problems we split the U function in two parts:

U = U1 + U2, U1 = 1− β, U2 = U − 1 + β (A12)

Thus we find

U2 = |τs|
∫ ∞

−∞
dξΦ(ξ)

∫ ∞

ξ

dξ′ Φ(ξ′) (A13)

exp

(
|τs|

∫ ξ′

ξ

Φ(s) ds − |k
′
C

k′L
τs| (ξ′ − ξ)

)

which has the advantage to reach zero for kC
k′
L
→ ∞. For a

dominating line (kC << k′L) it is approximated by −(1 − β)
and U reaches zero. Thus we achieve again the standard Sobolev
approach.
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Fig. 33. V∞ calculated as function of stellar mass for Teff =52000K and
R=19.7 R�using the theory of radiation driven winds with the force
multiplier parameters as calculated in Sect. 4.

Fig. 34. Position of HD 93129A in the HR-diagram together with evo-
lutionary tracks calculated by Schaller et al. (1992)

Following Puls & Hummer 1988, we have

βC IC =
1
r

∫ r

0
dzu(p, z)

1− e−τS (p,z)

τS(p, z)
(A14)

with the Feautrier variable u(p, z) = 1/2(I+(p, z) + I−(p, z)).
In order to avoid numerical difficulties for strong continua

and β > 1, we reformulate this equation by

βC IC =
1
r

∫ r

0
(u(p, z)− Sc)

1− e−τS (p,z)

τS(p, z)
dz + Sc β (A15)

With this formulation, the radiative bound-bound coefficients
of the reduced rate-equation read in the case of inverted lines

Rij = Bij

(
1
r

∫ r

0
(u(p, z) − Sc)

1− e−τS (p,z)

τS(p, z)
dz

)
(A16)

C
r
o
s
s
 
S
e
c
t
i
o
n
 
(
M
b
)

Photon Energy (Ryd)

 

0

.2

.4

.6

.8

1.0

1.2

1.4

1.6

1.8

2.0

5 6 7 8 9 10 11 12 13 14

Fig. 35. Close coupling photoionization cross section (solid) compared
with Seaton Fit for threshold α = 0.267 and β = 1.8 and S = 1.6
(dashed) for ground state of P v

+Bij (Sc(1 + U2))

Rji = Bji

(
1
r

∫ 1

0
(u(p, z) − Sc)

1− e−τS (p,z)

τS(p, z)
dz

)
(A17)

+Bji (Sc(1 + U2)) + Aji(1 + U2)

with the obvious limits

Rij = Bij Sc (A18)

Rji = Bji Sc + Aji (A19)

for dominating continua, consistent with Eq. (A8).

Appendix B: the Phosphorus atomic model and the P v res-
onance line

The formation of the P v resonance line strongly depends on
ionization and recombination processes. Thus, to ensure that
the ionization structure of Phosphorus is optimally reproduced
within the scope of our models we improved our atomic model.

The resulting values are given in Table 8.
While the energy levels and transition probabilities calcu-

lated with SUPERSTRUCTURE (Eissner et al. 1974) are sat-
isfactory (see PKPBH) we had to improve the photoionization
data as differences with cross sections calculated using the close
coupling method were obvious. The new close coupling data for
P vi, P v and P iv were were fitted by a polynomial, to derive
the threshold value α and β and S given in the Seaton formula).

Hunsinger (1993) suggested that K-shell absorption could
be important for stars much hotter than ζ Puppis. Thus we im-
proved our model by introducing this absorption for Phosphorus
for HD 93129A. The threshold energy Et, the threshold value
of the cross section σt = σ0

1.3 , the parameter S and the effective
charge are calculated following Daltabuit & Cox (1972), the re-
sulting values are given in Table 9 together with the number of
electrons N .
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Table 8. Photoionization cross section P iv, P vand P vi (Seaton)

P iv-State α β S P v-State α β S P vi-State α β S

3s 1S 0.647 1.2 1.7 3s 2S 0.296 1.80 1.60 2p6 1S 3.28 3.20 3.10
3p 3Po 0.487 3.0 1.2 3p 2Po 0.557 2.13 2.00 3s 3Po 0.260 2.50 2.00
3p 1Po 0.214 3.5 0.2 3d 2D 1.28 0.01 2.30 3s 1Po 0.253 2.50 2.30
3d 1D 1.82 1.5 2.0 4s 2S 0.387 1.68 1.80 3p 3S 0.446 2.50 2.10
3p2 3P 0.20 0.2 2.3 4p 2Po 0.611 1.94 1.80 3p 3D 0.477 2.50 2.30
3p2 3P 0.80 2.6 1.5 4d 2D 2.30 2.06 3.30 3p 1P 0.426 2.50 2.20
3d 3D 2.6 0.4 2.0 4f 2Fo 1.19 2.00 4.30 3p 3P 0.485 2.50 2.30
3p2 1S 0.152 0.2 3.0 5s 2S 0.558 1.55 1.90 3p 1D 0.473 2.50 2.20
3p2 1S 0.63 2.6 1.0 5p 2Po 0.830 1.30 1.60 3p 1S 0.629 2.50 2.40
3d 1D 3.17 0.7 2.0 5d 2D 3.70 1.59 2.70 3d 3Po 0.856 1.00 3.10
4s 3S 0.631 0.4 0.9 5f 2Fo 2.94 1.60 3.50 3d 3Fo 0.874 0.70 3.00
4s 1S 0.571 1.5 2.0 6s 2S 0.780 1.70 2.00 3d 1Fo 0.832 0.70 3.00
4p 3Po 0.404 2.2 1.2 6p 2Po 1.18 1.00 1.55 3d 1Do 0.833 0.70 3.00
4p 1Po 0.368 3.0 1.2 6d 2D 5.64 2.00 2.80 3d 3Do 0.832 0.70 3.00
3d 1Do 0.40 0.3 2.5 6f 2Fo 5.47 2.00 3.35
3d 1Do 2.2 1.3 2.0 7s 2S 1.11 1.30 1.75
3d 1Fo 9.67 0.3 2.1 7p 2Po 1.80 1.00 1.65
3d 3Po 0.848 0.5 2.5 7d 2D 8.71 1.00 2.20
3d 3Po 2.67 0.6 2.3 7f 2Fo 9.47 1.00 2.50
3d 3Do 0.20 1.5 2.0
3d 3Do 3.17 0.8 2.3
4d 3D 5.28 0.3 1.9
4d 1D 7.95 0.3 2.1
3d 1Po 1.5 0.3 2.1
3d 1Po 3.2 0.5 2.2

Table 9. K-shell photoionization cross section parameters for Phos-
phorus

N Eth[eV ] σ0[10−18 cm2] S Zeff

3 2666. 0.111 2.89 13.94
4 2571. 0.115 2.88 13.67
5 2500. 0.118 2.88 13.47
6 2443. 0.121 2.87 13.30
7 2396. 0.123 2.87 13.17
8 2357. 0.125 2.86 13.05
9 2322. 0.127 2.86 12.95

10 2291. 0.129 2.86 12.85
11 2264. 0.130 2.86 12.77
12 2240. 0.132 2.85 12.70
13 2217. 0.133 2.85 12.63
14 2197. 0.134 2.85 12.57
15 2178. 0.135 2.85 12.51

It turned out, that for HD 93129A, showing an effective tem-
perature of 52000 K, K-shell absorption is negligible, as there
is no difference between models calculated with or without this
effect.
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