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Abstract. UV spectra of 4 O-stars in the Magellanic Clouds ob-
tained with the Faint Object Spectrograph of the Hubble Space
Telescope are analyzed with respect to metallicity. With the
stellar parameters T, log g, R, and the mass loss rates M
known from optical analyses, the metal abundances including
iron group elements are derived in two steps. First, hydrody-
namic radiation driven wind NLTE models with metallicity as a
free parameter are constructed to fit the observed wind momen-
tum rate and thus, yield a dynamical metallicity. Then, synthetic
spectra are computed for different metal abundances and com-
pared to the observed spectra to obtain a spectroscopic metal-
licity. In general, the results obtained from both methods agree.
For the two stars in the Small Magellanic Cloud
(NGC 346#3, O31II(f*) and AV 243, O6 V) metallicities of
logz/zs = —0.7 and —0.8, respectively, are found. The
03 star shows evidence for CNO-cycled matter in its atmo-
sphere. The metallicity of the two stars in the Large Cloud
(Sk—68°137, O31II(f*) and Sk—67°166, O41If*) are con-
strained to log z/z5 = —0.3 and —0.1. Because of saturation
effects in the cores of the pseudophotospheric metal lines the
determination of the LMC metallicity is less reliable.

Key words: stars: early type; mass loss — line: profiles — stars:
abundances — Magellanic Clouds

1. Introduction

Massive stars of spectral type O and B with initial masses rang-
ing roughly from 200, up to perhaps 200 M, (Kudritzki et al.

Send offprint requests to: R.P. Kudritzki
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1996, Kudritzki 1996) play a key role in the evolution of their
host galaxies. Due to their short lifetimes and the final explosion
as supernovae of type II, they constitute the most effective recy-
cling factory of galactic matter. During the course of stellar evo-
lution, the mass redelivery to the interstellar medium is substan-
tial due to their strong mass loss in the form of very fast stellar
winds, with velocities frequently larger than 2000 kms~', and
mass loss rates up to 107> M, yr~!. These winds have been
shown to be radiation driven by momentum transfer from the
stellar photon field to the atmospheric matter via absorption and
reemission in the numerous lines of ionized metals, in particular
those of the iron group elements (Castor et al. 1975, Pauldrach
etal. 1994b and references therein). However since the physical
properties and evolution of massive stars are strongly governed
by their metallicity (Maeder 1991, 1991b, Leitherer at al. 1992,
Maeder & Conti 1994, Langer et al. 1994, Maeder 1996), it is
clear that a proper understanding of galactic chemical evolution
requires a reliable picture of the physics of massive stars as a
function of metallicity.

Given the close inter-relationships between galactic and stel-
lar evolution and metallicity, it is of particular interest to know
if precise values for the element abundances of individual O-
stars can be obtained from their spectra. As has been shown by
the work of Kudritzki et al. (1987) and Pauldrach et al. (1994a,
1994b) this information can best be extracted from the spectro-
scopic analysis of the ultraviolet spectrum from 1800 A down to
1150 A and, preferably, also to the Lyman edge at 911 A. This
spectral region shows fingerprints not only of the lighter ele-
ments like C, N, and O in the form of strong P-Cygni profiles,
but also blends of hundreds of lines due to iron group ions like
Fe1v, Fev, Fevi, Nilv, and Niv.

The Magellanic Clouds, as the closest companions of our
Galaxy, offer an ideal laboratory for this kind of study as has
been shown by Walborn et al. (1995a, and references therein).
They have presented a spectral atlas of 18 OB stars, 9 in each
Cloud, both in the UV and the visible (see Sect. 2 below). They
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have pointed out that, from pure “eyeball inspection” and com-
parison with IUE data for galactic O-stars, there are clear mor-
phological differences in the spectra of the metal poor O-stars
in the SMC in comparison to the more metal rich stars in the
Galaxy and the Large Magellanic Cloud.

In this paper we attempt to model the UV spectra of
four of the O-stars discussed by Walborn et al. We selected
a sample of the most massive and hottest stars comprising
NGC 346#3 (O3 III(f*) in the SMC plus Sk—68°137 (O3 III(f*)
and Sk—67°166 (O41If*) in the LMC. The star Sk—67°211
(O4 If*) was not considered here since a preliminary analysis
of this object was presented by Kudritzki et al. (1996) and also
since there were problems related to the determination of a re-
liable upper bound to the effective temperature due to the ab-
sence of HeT lines in its spectrum. Sk—67°167 (O4 Inf*) was
also excluded since its spectrum is remarkably similar to that of
Sk—67°166 and it was thought that this would not contribute
much new additional information. As it turned out, deriving
metallicities from such hot stars proved difficult and for this
reason we added AV 243 (06 V) to the sample to see if the sit-
uation improved for later spectral types.

We examine the wind properties and derive the metallicities
by means of spectrum synthesis of the complete UV spectrum
as it is accessible to the Hubble Space Telescope (Sects. 4 and
5), while particular emphasis will be given to the iron group
elements. We will, however, also attempt to derive C, N, and
O abundances to decide whether or not CNO cycled matter is
present in the photospheres of the individual stars. In Sect. 6 we
will summarize and discuss our results.

2. The observational data

The ultraviolet spectra were obtained with the Hubble Space
Telescope (HST) and the Faint Object Spectrograph (FOS before
Costar) under the program IDs 2233/4110 (P.I. R.-P. Kudritzki).
The G130H and G190H gratings were used in combination with
the 0.25”x2” slit aperture. The spectrograms then covered the
wavelength regions 1140 — 1606 A and 1573 — 2230 A. The
instrumental profile for this aperture is well approximated by a
gaussian with a full width at half maximum of 1A (G130H),
or1.3A (G190H, see the FOS instrument handbook, version 2,
p- 11). A formal signal-to-noise ratio (S/N), calculated on the
basis of photon statistics, of up to 100 per pixel was achieved,
although this also depends on wavelength, for further details see
Walborn et al. (1995a).

3. Description of the method

The spectra are analyzed using the radiation driven wind model
atmosphere code developed in a series of papers (Pauldrach et
al. 1986, Pauldrach 1987, Puls 1987, Pauldrach et al. 1994a,
1994b, Taresch et al. 1997 and references therein, Pauldrach et
al. 1996) For the sake of brevity we refer the reader to these
papers.

The metal abundances are determined in two independent
steps. First we calculate consistent hydrodynamical wind mod-
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els as function of metallicity to fit the observed values of the
wind momentum rate Muv., (M is the mass-loss rate and v
is the terminal velocity of the stellar wind). This yields the dy-
namical metallicity zgyy.

Then we use a hydrodynamic model atmosphere structure
reproducing the observed values of M and v, for NLTE spec-
trum synthesis calculations with varying metallicities to deter-
mine the spectroscopic metallicity zspec.

An important point to note is that our metallicities are at
present defined relative to solar (z5) by number fraction, the
helium to hydrogen ratio being kept fixed at the value derived
from the optical analysis. Therefore, when we scale metallic-
ities to obtain zgy, it is clear that the abundance ratios, such
as [N/Fe] remain fixed at their solar values. Strictly speaking
this is incorrect for the Magellanic Clouds, for example it is
well established that the carbon and nitrogen abundances in the
SMC are significantly depleted relative to iron (Garnett et al
1996). Also, one should bear in mind that when individual ele-
ment abundances are derived (via the derivation of zgp..), these
are relative to solar. However, there is considerable discussion
at present concerning the applicability of solar abundances to
early-type Galactic stars given the discrepancies found from de-
tailed analyses of main sequence B-type stars (Gies & Lambert
1992, Kilian 1992, 1994) and how these affect the interpretation
of interstellar medium abundances (see the review of Savage &
Sembach 1996). For the present we merely emphasize our adop-
tion of the solar abundance ratios. This restriction, however, with
its possible implications for the wind dynamics, will be relaxed
in future work.

3.1. Dynamical metallicities

For the construction of the hydrodynamical models we use the
stellar parameters, mass loss rates and terminal velocities as
given in Table 1, which have been determined by Puls et al.
1996 (for the determination of v, see also Sect. 3.2).

With these parameters known, the dynamics of radiation
driven wind models depend on metallicity only and can, in prin-
ciple, be used to determine the metallicity. There are two dy-
namical quantities which can be measured and then compared
with the calculations, M and v.. For given Ty and R, both
parameters depend very strongly on log g and are very sensi-
tive to errors in the determination of the gravity. However, the
product M., or the wind momentum rate, depends only very
weakly on the gravity and should be rather insensitive to errors
in the gravity, as has been explained by Puls et al. (1996). The
observed wind momentum is therefore ideal for a first guess
of the metallicity using radiation driven wind models. Having
determined 24y, in this way, we investigate at which gravity
the individual quantities M and v, are reproduced. We then
compare these gravities with the corresponding values obtained
from the analysis of the optical spectrum.

This method, while theoretically well justified, has one ma-
jor uncertainty; it relies on the assumption that the hydrody-
namics of the radiation driven wind theory as applied in the
code are free of serious defects or systematic errors. However
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both Lamers and Leitherer (1993) and Puls et al. (1996) have
shown that there is a systematic discrepancy between theoret-
ical and observed wind momentum rates as function of “wind
performance number” 7 = M VooC/ Ly (L, is the stellar lumi-
nosity). For high n the momentum rate predicted by the theory
is too small and it is too high at small . Fortunately, all the ob-
jects investigated here, except AV243, have 7-values in a range
where this discrepancy is small (see Table 1 and Puls et al.,
1996). (AV 243 has a very small mass-loss rate for which only
an upper limit was determined from H . This will be discussed
further below.) We regard 24y, as an acceptable first guess of the
metallicity, but of course this result will be checked by further
spectrum synthesis calculations.

3.2. Spectrum synthesis

For the computation of synthetic spectra we adopt the density
stratifications and velocity fields of hydrodynamic atmospheric
models which reproduce the observed values of M and v,. Such
models were constructed for every star by fitting z4y,. Now we
use the “line force multiplier parameters” (see Pauldrach et al.
1994 for the definition of these quantities) of these models to
recalculate the entire atmospheric structure from deep photo-
spheric layers out to the supersonic wind. Then we adopt ad
hoc abundances for all the elements from H to Zn to calculate
continuum and line opacities in NLTE and the emergent UV
spectrum (for all details see Pauldrach et al., 1994 and Taresch
et al., 1997). The abundances are then varied to fit the observed
line features in the HST spectra.

For the calculation of synthetic spectra the radiative trans-
fer equation is solved in the observer’s frame using the NLTE
occupation numbers and the velocity field from the hydrody-
namical calculations. This is accomplished with the method of
Puls & Pauldrach (1990). The code also accounts for a radially
dependent “microturbulence” of the form:

) = max o+ ot 7|

An empirical analysis of P-Cygni profiles of a large sample of
galactic and Magellanic Clouds O-stars using IUE and HST
spectra has shown that this form of parameterizing the “micro-
turbulence” reproduces the profiles better than a constant value
for v, (Haser et al. 1994b, Haser 1995, Puls et al. 1993). Fur-
thermore it reproduces many morphological aspects present in
profiles resulting from multiple nonmonotonic velocity fields of
time dependent hydrodynamical calculations (e.g. the so called
“extended absorption”, Lucy 1982, Puls et al. 1993). v&* is
determined from the steepness of the blue absorption edge and
the wavelength position of the emission peak of the P-Cygni
profiles.

Figs. 1, 2 and 3 show wind profile fits of our targets for
the determination of v, and vy as described by Haser et al.
(1994b) and Haser (1995). The corresponding values are given
in Table 1.

For the spectrum synthesis of the complete pseudophos-

tospheric metal line spectrum we adopt v™1 = 15kms~! for
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min
turb*
evant temperatures Usound = \/ v kT /(wmy) =~ 25kms™
(v =5/3, u = 1.27). For the spectrum synthesis this value can
be regarded as a technical compromise, since then a wavelength
spacing of 6\ = 0.025 A (corresponding to roughly Skms™')
is then sufficient to represent the weakest lines with at least 3
points per line. Test calculations have shown, that the metal line
spectra do not differ significantly when vt‘fl‘i‘g = 5kms~! and
86X = 0.01 A are used instead of the above value of 15kms~!.
We stress here that the remaining discrepancies in the compar-
ison with the observations (see below) can not be attributed to
the choice of the inner value of the microturbulence.

v, This number is clearly below the sound speed at the rel-

1

Pauldrach et al. 1994b introduced a technique (which is also
applied here) of adjusting the radiation temperatures 11,4 be-
low the H- and Hell-Lyman edges such that the effects of the
line blocking on the occupation numbers of certain ions are
accounted for in an approximate way. This results in reduced
photoionization from lower ionization stages and hence the pop-
ulations of the lower ionization stages are increased. At the rel-
evant effective temperatures these are: C111, C1v, N11I, N1v,
Si1v.

We also include the effects of X-rays and EUV radiation
emitted by shocks in the stellar wind. The method is the same
as described by Pauldrach et al. 1994a. The presence of this
additional radiation field in the wind works in the opposite di-
rection to line blocking and affects mostly the high ionization
stages such as Nv, Ov, and O V1.

For the determination of iron group element abundances
from the weak pseudophotospheric lines in the UV-spectrum,
the effects of line blocking and shock emission are of minor
importance, as all test calculations have shown.

4. Metallicities from wind dynamics

In this section we present the results of the hydrodynamical
calculations for the four targets and discuss the derivation of
their dynamical metallicities (zgyn).

4.1. Sk—68°137, O3 III(f*) (LMC)

Fig. 4 shows the computed stellar wind momentum rates as a
function of metallicity indicating a weak dependence on stellar
gravity. This dependence can be eliminated by the additional
constraint that not only the wind momentum rate but also the
terminal velocity v, has to agree with the observations. There-
fore we determine, for each gravity, the metallicity fitting the ob-
served wind momentum rate. Then we compare the calculated
Uso for this pair of gravity and metallicity with the observed
value. In this way a dynamical gravity log gqyn is determined,
for which the dynamical metallicity zgy, can then be read off
(left-hand panel of Fig. 4). The procedure yields log g4y, ~ 4.25
and 10g 2rmayn /20 =~ —0.2. The dynamical gravity is slightly
higher than the value obtained from fitting the optical Balmer
lines but with marginal overlap within the errors.
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Fig. 1. Empirical line fits to the P-Cygni profiles of NGC 346#3 and AV 243. (3 is the exponent which defines the steepness of the velocity law,
Voo 18 the derived terminal velocity, v, is the gaussian turbulence in the outer part of the wind in units of v, Wi is the FWHM of the FOS
instrumental profile in kms™'. The upper panel gives the run of the line strength k(v) which is proportional to the ionization fraction of the

considered ion (from Haser 1995, see also Haser et al., 1995).

4.2. NGC 346#3, O3 I1I(f*) (SMC)

The application of exactly the same procedure as for Sk—68°137
yields log gayn ~ 4.13 and log z4yn/2e ~ —0.8 for SMC star
NGC 346#3, see Fig. 5. Again the dynamical gravity is larger
than the spectroscopic value while the metallicity is significantly
below solar.

4.3. Sk—67°166 04 If* (LMC)

For this object the dependence of wind momentum rate on grav-
ity is much weaker in the relevant range of metallicity yielding
log zayn /2 = —0.1 (see Fig. 6, left). The dynamical gravity is
log ggyn ~= 3.75 (Fig. 6, right) , again slightly higher than the
spectroscopic value.

4.4.Av243, 06V (SMC)

This is the coolest star in our sample and the only dwarf. Puls et
al. (1996) gave a very high T = 45000 K for this spectral type.
A re-determination using a better spectrogram obtained with the
ESO NTT and the EMMI spectrograph has indeed revealed a
lower Ty = 435001215(?(?0 K, with a gravity logg = 3.8*_%?1 and
a He abundance Yy, = 0.1. Also a larger upper limit for the
mass loss rate (Kronberg 1996) was found which now reads
M <05-107Mg yr='.

As for Sk—67°166 the wind momentum rate does not de-
pend on gravity and a dynamical metallicity of log z4yn /20 <
—0.9 is determined. The dynamical gravity is log gayn ~ 3.72,
again a little smaller than the spectroscopic value.
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Fig. 2. Empirical line fits to the P-Cygni profiles of Sk—68°137, see Fig. 1 (from Haser 1995).

Table 1. The stellar parameters Tefr, log g, R, mass loss rates M, and wind efficiencies 7 taken from Puls et al. (1996). Yie = nue/nu is the
helium abundance by number relative to hydrogen (the parameters of AV 243 have been redetermined, see text). v« is the terminal velocity and
vy the gaussian microturbulence in the outer part of the wind. These quantities were derived by the empirical fits to the UV P-Cygni profiles
(Haser 1995). Dynamically determined metallicities zqyn and surface gravities log gayn as well as the spectroscopic metallicities zgpec are also

given.
LMC SMC

star Sk—68°137  Sk—67°166  NGC 34643 AV 243
classif. 03 III(f*) 041f* O3 III(f*) 06V
Tui/K 600005000  47500-£2000 5500045000 4350042000
log g [cgs] 4.10+0.15 3.657%!5 3.907%'%, 3.80+0.15
R./Re 12.4 19.5 12.3 12.6
Yie 0.1 0.1 0.1 0.1
M/107° Mg yr~! 8.0, 13.0%55 2.3%04% <05
Voo /kms ™! 3400 1900 2900 2050
VX [V 0.05 0.1 0.05 < 0.05
log Mveo [cgs] 29.23+0.1 29.197%%, 28.62%%), <2778
n 0.73 0.70 0.26 < 0.08
10g gayn 425 3.75 4.13 3.72
log zay / z0 —0.2 —0.1 —0.8 <-09
log Zspec /26 —0.340.1 -0.140.2 -0.7%%% -0.8%%2,

5. Metallicities from spectrum synthesis

As already pointed out above, the computations of the wind
dynamics may still be subject to a systematic discrepancy as a
function of the performance number 7. We therefore turn to the
spectrum synthesis with the following objectives:

1. To examine whether the results, e.g., the metallicities zgyn,
of the above calculations can be confirmed by a comparison
to the UV HST/FOS spectra,

2. To investigate to what extent it is possible to determine in-
dividual element abundances, in particular for CNO and Fe.

For the calculation of the synthetic spectra, the atmospheric
stratification (density, velocity, temperature) of the best fitting
model of Sect. 4 (see Table 1 for the parameters) is taken for

each target as a basis for the NLTE calculations of the metal
lines with varying abundances.

Before describing the results in detail, two aspects, spectral
quality and blending by interstellar lines, need to be discussed.

Spectral quality. The accuracy of the analysis depends, of
course, on the quality of the spectra. Both the S/N and the
wavelength resolution are critical for the work presented here.
Given the resolution of the FOS of 1A (corresponding to
~ 200kms~', see above) it is clear that only the strongest P-
Cygni profiles and interstellar lines can be identified uniquely.
All other photospheric features can only be seen as blends since
their thermal (or microturbulent) width is about a factor of 10
smaller. On the other hand, we want to point out that a much
higher resolution would not help in this respect, because the
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projected equatorial rotational velocity v, sint¢ of our targets
are about ~ 100kms~! (see Puls et al., 1996). A factor of two
better resolution as originally provided by the GHRS in its low
resolution mode would have been ideal. With a much higher res-
olution the distinction between weak stellar blends and weak
interstellar lines would have been facilitated (see below), but
of course at the expense of much more observing time or less
wavelength coverage.

The S/N ratio per resolution element for each star is given
in Table 2. These numbers are important to distinguish tiny
variations caused by line blends in the synthetic spectra (after
convolution to FOS resolution!) from the noise in the observa-
tions.

However it is important to consider how the S/N is also
limited by instrumental properties, and in the case of FOS the
definition of the flat field turns out to be the main source of
uncertainty. The data discussed here were flat-fielded follow-
ing the recommendations in Lindler et al (1993). We used the
“superflats” as defined by observations of white dwarfs with
the 4.3” aperture. To assume that flat-fielding the data largely
removes fixed pattern noise is incorrect, since there are the prob-
lems of temporal variations of the flat field plus the question of
the applicability of the 4.3 aperture flat field to data obtained
with the 0.25x2.0” slit. As Lindler et al have pointed out, com-
parison of Science Verification (SV) phase flats and superflats
exhibit differences of up to 5-10% , while flat fields derived
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momentum.

from different apertures also show differences at the 5% level
(see also Keyes 1993 and Januzzi & Hartig 1993). They suggest
that possible causes of temporal changes could be variations in
photocathode/diode response or uncertainties in the y-position
of the data resulting from target acquisition errors (which are
certainly present). Larger apertures on the other hand will tend
to smooth out detector granularity more than the smaller aper-
tures, specific features tend to be narrower and deeper in the flat
fields for the smaller apertures. Since we are interested in syn-
thesizing individual features or blends in detail, it is imperative
to know what peculiar or anomalous features might be present
in the flat field. As we discuss below, we attempt to derive a
spectroscopic metallicity using only two small portions of the
spectrum and we examined the superflat and the ratio of the SV
flat and superflat in these regions. In the first window at 1262 —
1269 A, fixed pattern noise is only of order 1% in both superflat
and superflat/SV flat ratios (there is a mean slope but this is re-
moved in our normalization procedure). In the other window at
1560 — 1594 A the fixed pattern noise is closer to 2% although
there are also two features present at the 4% level in the flat
field ratios, and 3 such features in the superflat. However in our
comparison of synthetic and observed data we check for corre-
lations between positions of disagreement and these anomalous
features. It is clear however that disagreements of order 1 and 2
% in the regions we have just discussed may not be significant,
given the uncertainty associated with the flat field.

The spectral analysis is further complicated by the fact that
practically nowhere in the spectra below 1600 A can a unique
continuum be defined because of the dense crowding of the lines
of the iron group elements. We will discuss this point for each
star separately in the following sections.

Interstellar lines. Besides those interstellar lines which can be
identified immediately (Table 4) there are also numerous weaker
lines which cannot be resolved due to the instrumental profile.
On the other hand, in the IUE high resolution spectra of two
galactic O stars with strong interstellar absorption, these lines
are easily detected. As an example, we show the IUE spectrum
of the galactic O3-star HD 93129A between 1260 and 1300 A

Table 2. S/N per resolution element (1 A) of the four HST/F OS-spectra
at two characteristic wavelengths.

MA 1300 1500
NGC346#3 100 120
AV 243 35 45

Sk—67°166 40 47
Sk—68°137 20 28

(Fig. 8, Table 3). Since in the FOS spectra of lower resolution
these interstellar lines overlap with the weak stellar lines which
shall be used to determine the metal content, the results for
Zspec» the metallicity derived from spectrum synthesis, could be
erroneous, if no correction for the presence of interstellar lines
is applied.

5.1. NGC 346#3

The O3-star NGC 346#3 in the SMC has the best FOS spectrum
of our targets with regard to S/N. Furthermore, the C 1v line is
definitely unsaturated, which makes the effects of the line block-
ing and shock emission easier to recognize and disentangle.
The observed wind momentum rate is best reproduced with
zgyn ~ 0.2. At this abundance, the synthetic spectrum, too,
succeeds in reproducing most of the weak blends of the iron
group lines (see Fig. 9). However, before we discuss the spec-
trum synthesis of the lines of iron group elements in more detail,
we want to discuss the abundance fit of the strong P-Cygni pro-
files of NvAA1239,1242, OvA1371, C1vAA1548, 1551, and
N1vA1719. The determination of abundances from these lines
is complicated by the fact that the parameters of the shock emis-
sion have to be simultaneously determined (see Pauldrach et al
1994b). In addition, the influence of line blocking on the ioniz-
ing photospheric radiation field has to be constrained in terms
of radiation temperatures between the H- and the He 11-Lyman-
edge. For a detailed discussion of the method, see Pauldrach
et al. (1994b). After running a large number of test models the
best fit parameters allowing a simultaneous fit of all the CNO
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Table 3. The interstellar lines marked in Fig. 8

A(A)  line AA)  line
1262.86  S1 1295.65 S1
126474  Sin 1296.17 S1
1265.00 Sin 1298.70  Tim
127078  S1 1301.87 P1
1276.48 C1 1306.03 O1
127725 C1 1309.28  Si1u
1280.14 C1 1316.54 S1
1282.62 P1 1318.68 P1
1283.88 PI 131922 P1
1286.44 P1 1328.83 C1
1291.58 Ti1

wind lines mentioned above are given in Table 5. They will be
discussed below.

Nitrogen and Carbon. The P-Cygni profiles of the car-
bon and nitrogen ions require an abundance pattern with a
strongly depleted carbon abundance Ac¢ and an enhanced ni-
trogen abundance Ay. No combination of Tiaq, Lx and ¥jump
succeeds in reproducing both the strength of C1v and N1v
while maintaining Ay = Ac = 0.2 A® which was used for
all other elements. The maximum of the chosen shock jump
velocity (Vjuymp = 220km s~ 1) distributes the shock emission
in a way that both Civand N1v are weakened substantially
(see Pauldrach et al. 1994a). If C1v were to be fitted by the
shock emission alone (i.e., without lowering Ac) the N1V line
would vanish completely due to enhanced ionization. The given
abundances for C and N are thus a compromise between two
mechanisms acting in different directions on the ionization bal-
ance: the line blocking below the H-Lyman edge and above the
Hell-Lyman edge and the shock radiation field. Ay = 0.4 Af(?
and Ac = 0.02 Ag describe the least extreme deviation from
Zspee = 0.2 used for all other elements given the possible range
for log Lx/Lpot = —6... — 8, Vjump = 180...230kms~" and
various sets for T;,q. They should therefore be regarded as a
lower (Ay) and an upper limit (Ac).

1

Table 4. Strong interstellar lines in the UV between 1150 and 1750 A.
The lines were identified using Morton’s (1991) list of resonance lines.

No. Linie  A(A)  No. Linie A (A)
1 St 1190.21 10 Cn 1334.52
(blend) Sim 119042  (blend) 1335.71
2 Sim 119329 11 Sirv  1393.76
3 N1 1199.55 1402.77
(blend) 1199.96 12 Sirm 1526.71
120022 13 Crv 154820
1200.72 1550.77
4 Simr  1206.50 14 Ferr  1608.45
5 S 1250.58 15 C1 1656.27
6 Su 1253.81  (blend) 1656.93
7 S1u 1259.52 1657.01
(blend) Sirm 1260.42 1657.91
8 01 1302.17 1658.12
9 o) 1304.86 16 Al 1670.79

The chosen log Lx /Ly, = —8 lies at the lower end of the
typical range for Lx for O-stars (see Chlebowski et al., 1989).
Nevertheless it is sufficient to saturate the O viAA1032, 1038
line in the outer parts of the wind, as observed with the HUT
(Walborn et al., 1995b). (Unfortunately, because of the 3A
wide instrumental profile no further information about the shock
emission can be extracted from the HUT data).

Oxygen. The subordinate line of O v poses problems. It al-
ways comes out too strong (for the other O3 stars as well, see
below), although the abundance has already been reduced to
Ao =0.075 Ag ,1.e., by more than a factor of two. Test calcula-
tions showed that, in order to reproduce the profile, one would
have to reduce the radiation temperature at the exciting reso-
nance line (at 629.73 A) drastically below 36000 K, the value
chosen to reproduce the N1v and C1v profile. However, this
would destroy the fit for the latter, an effect that could not be
counteracted by the choice of different shock—parameters. Since
this problem occurs in all models for all the O3 stars, we do not
attempt to fit the line with a lower abundance, which would have
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Fig. 9. Synthetic spectrum for NGC 346#3 (dash-dotted, Ter = 55000K, 2zspee = 0.2, An = 0.4, Ac = 0.02, Ao = 0.075) folded with the
instrumental profile and compared with the HST-spectrum (heavy). The numbers indicate interstellar absorption lines (see Table 4).

to be drastically smaller than the one for carbon. We regard this
as unreasonable from the standpoint of stellar evolution models.
We attribute this discrepancy to our approximative treatment of
the line blocking. Future models using a selfconsistent block-
ing algorithm (see Pauldrach et al 1996) will have to be used
to discover the reason for this particular discrepancy. The prob-
lem is also present in the analysis of the galactic O3 If* star
HD 93129 A by Taresch et al. (1997), who used essentially the
same procedure.

Iron and Nickel. Fortunately, the spectrum synthesis of the
much weaker lines of iron and nickel is much less affected by
the choice of the parameters in Table 5, since they are formed
close to the photosphere, where shock emission is unimportant.
Similarly, since the ionization edges of the ionization stages
observed and analyzed lie beyond the Hell-edge, blocking is
not a dominant factor. The excitation of the levels is not too far
from LTE.

In Fig. 9 we compare the synthetic spectrum of the model
(convolved with the instrumental profile) using the parameters
from Table 5, with the HST spectrum of NGC 346#3. The agree-

Table 5. Spectrum synthesis parameters for NGC 346#3.

log LX Vjump T'rad/ kK
[Lva] [kms™'] <300A <480A < 800A
-8 220 46 45 36

ment is generally good “at first glance” (the P-Cygni profiles
have already been addressed above). In order to determine the
Fe/Ni abundances, however, we have to compare the outcome of
amodel grid with different zp. to see how sensitively the many
blends of the weak iron and nickel lines react. Building upon
the hydrodynamic structure for the model with z4y, and log gayn
as in Table 1, i.e., the same velocity field and the same density
structure, we varied the abundances and computed additional
synthetic spectra for zgpec = 0.1, 0.3, and 0.4 in the regions with
strong Fe v, Fe vI, and NiV lines. These are shown in Fig. 10
without convolution with the instrumental profile. It can be seen
that, although the mass-loss rate of M = 2.3 - 107 M, yr~!
is only moderate and the abundances are rather small, many
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Fig. 10. The synthetic spectra of NGC 346#3 for z = 0.4/0.3/0.3/0.1 (full, dashed, pointed, dash-dotted). The top panel shows a region with
predominantly weak metal lines, in fact we rely heavily on this region to derive a spectroscopic metallicity. The bottom panel shows a region
dominated by strong lines which are clearly insensitive to changes of metallicity in the range discussed here. Note that the synthetic spectra

shown here are not folded with instrumental or rotational profiles.

of the cores of the pseudophotospheric lines are already sat-
urated. The discrimination becomes more and more difficult
with increasing zgpec. Due to the instrumental profile and stellar
projected rotational velocities, these very sharp lines become
blurred and the influence of a single line becomes undetectable.
Thus one cannot find strategic lines for the determination of the
iron group abundances, one has to rely on “strategic blends” for
this purpose.

Considering the synthetic spectra convolved with the in-
strumental profile, shown in Fig. 11, one can see that over large
portions of the spectrum a change in the Fe and Ni abundances
result in a mere vertical shift. This is most pronounced in the in-
terval from 1305 ...1332 A. Using a “suitable” re-rectification
could practically remove the differences between the four spec-
tra there. Thus, from the “overall” better fit for the zgpe. = 0.2
model alone one cannot conclude that this is the best value for
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character of the absorption lines between 1262 und 1270 A, see text.

Table 6. Fe/Ni-lines between 1262 und 1269 A in the synthetic spectra
for NGC 346#3.

A(A)  Linie A(A)  Linie
1263.08 Fev 126631 Fev
126333 Niv 1266.40 Niv
1263.55 Niv 1266.89 Niv
1265.18 Niv 1267.29 Niv
1265.68 Niv 1267.81 Niv
1265.88 FeVl 126832 Niv
1266.15 FeVI 1268.77 Niv

the metallicity. In order to be able to derive 2y, one must find
a feature that fulfils the two following crucial criteria:

1. A group of unsaturated computed lines must be situated
closely together, yet well separated. The region should not con-
tain lines with saturated cores. Thus, the depth of the blend
still varies significantly after the convolution to FOS resolution
compared to the S/N.

2. Such a group of lines must then be in the neighbourhood
of a line free or at least line poor region, allowing a good de-
termination of the local continuum. This condition excludes the
case of a mere parallel shift of the spectrum.

Only one blend meeting both requirements can be found in
the HST spectrum of NGC 346#3. It is shown on a larger scale
in Fig. 12. There are 14 intermediately strong lines visible (see
Table 6), framed by the nearly line free region at 1262 A and
the line poor region at 1268 A. Furthermore, none of these lines
appears to be saturated in the cores for z < 0.4.

But yet, this “ideal case” is disturbed by the presence of
an interstellar SiII line (y = 287.24cm™') at A = 1264.74.
Although not recognizable in the FOS spectrum due to the in-
strumental profile, the following arguments are in favour of the
thesis that the weak dip at this very wavelength is indeed of
interstellar origin:

A comparison with the IUE spectrum of HD 93129 A shows
that the interstellar Si1iA1527 line in the FOS spectrum of
NGC 346#3 is of similar strength when convolved to the same
resolution. Also, since the weaker SilI line at 1264.72 A is
clearly visible in the IUE spectrum of HD 93129 A (the resolu-
tion of IUE is about a factor of ten higher) it should also show
its fingerprint in the FOS spectrum. We have chosen to simulate
it by using the same strength as for HD 93129 A. This is un-
doubtedly a gross overestimate given that HD 93129 A has an
extinction of E(B—V') = 0.54 compared to 0.09 for NGC 346#3
and this difference probably explains the poor fit in the vicinity
of the Si11 line. For this reason we do not use this small region
of the spectrum to determine Zgpec.

The resultis again shown in Fig 12. (Note that this correction
has not been applied in Figs. 9, 10, and 11). The very strong
Si11/S 11-blend at 1260 A also reaches a little into the line free
region, its influence, however, is luckily negligible.

It turns out that the local continuum near 1262 A is indeed
identical for all four metallicities, bearing in mind the S/N of
~ 100. The same is not true for the longward end of the com-
plex A\ = 1268 A. There the line free regions (in the computed
spectra) are all smaller than 1 A (the instrumental profile width)
and thus can never remain unaffected by the convolution, unless
these lines become very weak due to a small metallicity. In order
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to reproduce the flux level there a zpe. > 0.3 can already be
ruled out. The complex at 1266.3 A now favours Zspee = 0.2.
Once again we stress that it is exclusively built of unsaturated
lines.

Another relatively isolated blend near 1277 A cannot be
used for the determination of zg,. since between 1277.24 A
and 1277.9 A a group of weak interstellar lines of C I is situated
0<x<4 cm™"). At other wavelengths between 1300 A and
1470 A, where more blends of Fe v-vi and Ni V lines are promi-
nent, many features are well or at least qualitatively reproduced,
although discrepancies remain. On one hand computed lines of
Fe v appear where there are no lines visible in the measurement
(1398 A). On the other hand some blends definitely present are
not captured by the calculations (1272, 1285.5, 1411 A). Insome
of these cases interstellar contamination might be responsible
(see Table 3), or inadequacies in the flat field as discussed above.
However, due to the enormous amount of line transitions in the
atomic data set, it cannot be ruled out that inaccuracies in wave-
lengths and/or g f-values are responsible. For example, for many
lines there are no accurate measured wavelengths and one has to
rely on the theoretical values. These are sometimes inaccurate
by AM/\ = 1073, resulting in a wavelength shift of about 1 A
or sometimes more. For a number of levels the data have been
corrected, but there is still a lot of work to do to improve the
atomic data further.

In summary, we conclude that in the case of NGC 346#3,
dynamical and spectroscopic metallicities result in a consistent
value for the mean metallicity of z = 0.2 & 0.1z . There is
strong evidence for the presence of nuclear processed material
in the photosphere indicated by an overabundance of nitrogen of
a factor of two and underabundance of carbon by a factor of ten
relative to the mean metallicity. However, these latter numbers
are uncertain by at least a factor of three.

5.2. Sk—68°137

As implied by the nearly identical visual spectral appearance,
this star is the LMC counterpart of NGC 346#3. The observed
wind momentum rate indicates a metallicity zg4,, ~ 0.6. For
this metallicity (with log g4, and the other stellar parameters
from Table 1) we have computed a synthetic spectrum, which
is shown in Figs. 13. The blocking and Ly parameters are given
in Table 7.

There is no indication for a deviation from the mean abun-
dances for nitrogen and carbon, contrary to NGC 346#3. The fit
for N1v, Nv, and C1v can be achieved using appropriate Lx
and blocking values. However, for O v the same arguments as
above apply.

The strength of the features between 1380 and 1500 A,
mainly from Fe v lines, is also reproduced very well, however
this is not a strong metallicity constraint, since most of the line
cores are saturated. On the other hand, between 1260 and 1300 A
much too strong an absorption appears between the observed
blends. As demonstrated by Fig. 14 these are P-Cygni profiles
caused by a handful of strong Fe v1 lines, which are visible in
the wind up to velocities exceeding 0.5 v.,. The suspicion that

S.M. Haser et al.: Quantitative UV spectroscopy of early O stars in the Magellanic Clouds

Table 7. Spectrum synthesis parameters for Sk—68°137.

Teff l()g LX Ujump T;'ad/ kK

[Lva] [kms™'] <300A <480A < 800A
60000 K -7 190 50 52 36
55000K —7.5 190 475 48 36

Table 8. Spectrum synthesis parameters for Sk—67°166.

log LX Vjump T}—dd/kK
[Lva] [kms™'] <300A <370A <911A
-9.0 152 41 49 38

this might be due to the large 7. = 60000 K and the therefore
high population of Fe v1 led us to calculate a cooler model with
55000 K with a metallicity zqy, = 0.4 fitting the observed wind
momentum (see Figs 15 and 16). There, the Fe v1 lines are still
too strong, although substantially weaker. (Note that a similar
discrepancy also occurs in the wind analysis of HD 93129 A
by Taresch et al. (1997)). The remaining part of the observed
spectrum is reproduced equally well by this cooler model.

The strong Fe vi wind absorption, which is present in the
model spectra but is not observed, complicates the use of the
1266 A complex for a determination of zpc, since the local
continuum on both sides is not well defined anymore. The low
S/N= 20 and the unknown strength of the SiII interstellar ab-
sorption do not allow us to separate all these effects. Taking
the wind absorption for real, only values for zg,e. < 0.3 could
qualitatively reproduce the height of the pseudocontinuum be-
tween the blends. On the other hand, the depth of the feature at
1266 A indicates an abundance Zspec = 0.6 or somewhat larger.
At the moment we have no definite explanation for this discrep-
ancy, however it is very likely that the Fe vi wind absorption
predicted by the models are unrealistic. This would agree with
the spectrum synthesis of most of the other blends (see Figs. 13
and 15). We therefore adopt zgpec = 0.5 £ 0.22¢.

5.3. Sk—67°166

The spectroscopic metallicity of zgpec = 2gyn = 0.8 is consistent
with the observed iron spectrum of Sk—67°166 (Fig. 17). The
accuracy from the variation in the iron lines is estimated to
40.3 dex. Note the much weaker Fe v1 lines longward of 1260 A
compared to the O3 star Sk—68°137.

The problem of the O VA1371 is still present in this cooler
star, although less pronounced. In addition, we now encounter
also a problem with the subordinate lines O 1vAA1339, 1344,
N1vA1719, which are also too strong. It remains to be exam-
ined whether this particular discrepancy can be solved when
the selfconsistent treatment of line blocking is applied. The un-
certainties in these lines together with the strong saturation of
the N v and C1v resonance lines do not allow a more detailed
investigation of CNO-abundances.
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Fig. 13. Synthetic spectrum for Sk-68°137 (dash-dotted, Ter = 60000 K, z = 0.6) folded with the instrumental profile and compared with the
HST-spectrum). The numbers indicate interstellar absorption lines (see Table 4).
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synthetic spectra are folded with the instrumental profile.
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5.4. AV243

‘We now turn our attention to AV 243 in the SMC, a much cooler
object of later spectral type. We have chosen this object out of
our sample for two reasons:

1. We want to show that the cooler objects offer the pos-
sibility for a more precise spectroscopic measurement of their
metallicities.

2. We want to confirm the above result for NGC 346#3.

We begin with the first of these items. In the spectra of
the O3 stars practically no lines of Fe1v are present due to
the high Ti¢ and the corresponding high degree of ionization.
When going to smaller 7., a shift towards lower ionization
occurs. In a certain transition interval of effective temperatures
one can thus be certain that no core saturation occurs in the Fe 1v
lines, since this ion just starts to get populated. This transition
is easily observed in the spectra of galactic O4 — O7 stars where
the Fe 1V line spectrum shortward of 1510 A becomes gradually
stronger, thus indicating the increase of the ionization fraction
of Fe1v (see Haser et al. 1995). The O6 star AV 243 with its
relatively moderate but still high 7. = 43500 K may therefore
be ideal to demonstrate that the Fe 1v line spectrum indeed offers

a powerful diagnostical approach for the iron abundance using
our spectrum synthesis method.

For the dynamical metallicity, we found zgqy, < 0.1. How-
ever, as already discussed in section 3.1 we expect this value to
be unreliable, because, as has been found by Puls et al. (1996),
the wind theory predicts too high wind momenta for objects
with such low wind performance numbers 7. In consequence,
Zgyn 1s very likely too small.

Indeeed, the best spectrum synthesis fit of the overall spec-
trum is obtained with zge. = 0.2 (see Fig. 18). The comparison
with the FOS spectrum in a selected wavelength region and with
varying abundances is shown in Fig. 19. (The parameters for
the line blocking and the shock emission are given in Table 9).
From the latter figure the pronounced metallicity effect on the
strength of the Fe 1v absorption lines becomes obvious, where
the best “by eye” coincidence is given by zgpee ~ 0.1...0.2.
Note that to produce this figure we took into account that the
continuum normalization of spectra with many dense lines and
a broad instrumental or rotational profile is also affected by the
metallicity. Thus we have “re-rectified” the synthesized spectra
in a few sufficiently wide spectral windows, to best match the
computed maxima between the blends. We then plotted the dif-
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Fig. 18. Synthetic spectrum of AV243 folded with the instrumental profile and compared with the HST-spectrum (heavy). The metallicity is
Zspee = 0.2. The numbers indicate interstellar absorption lines (see Table 4).

AV 243 7=0.05/0.1/0.2/0.3/0.5

1.1

NORMALIZED FLUX

8 | | |
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WAVELENGTH (4)

Fig. 19. The synthetic spectra for zgpec = 0.05...0.5 (0.05: thin full line, 0.1: dashed, 0.2 medium full line, 0.3: dotted, 0.5: dash-dotted), folded
with an instrumental profile of FWHM=1 Aand compared to the HST observation of AV243 (thick line). Note that for this figure the synthetic
spectra have been normalized such that after convolution with the instrumental profile the continua at 1565.5 A, 1582.5 A, and 1590.0 A match
the continuum of the observed spectrum, see text.
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AV 243 obs — synth (£=0.05/0.1/0.2/0.3/0.5)
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Fig. 20. The difference between observed and synthetic spectra for zgpec = 0.05...0.5 in Fig. 19. Again the curve for zge. = 0.2 is highlighted
by the thicker line. It shows the least deviation from the zero line. The two horizontal lines indicate the range set by the S/N=45.

Table 9. Spectrum synthesis parameters for AV 243.

]Og LX Vjump ,de/ kK
[Lo] [kms™'] <300A < 480A < 800A
-73 210 40 41 37

ference between the observed and the synthetic spectra, shown
in Fig. 20. From that kind of representation it is much easier to
see, that the spectra with 2y, = 0.1...0.2 are, on the average,
closest to the zero line. A check for any correlation between dis-
crepant features and anomalies in the flat field was negative and
we therefore conclude that zge. = 0.2 has the smallest average
deviation.

We have not shown a similar comparison for the spectral
regions shortward of 1500 A. Although the FeV lines which
dominate there are not saturated, the interplay between the dense
line crowding, the instrumental profile and the lower S/N ~ 35
does not allow an improvement of the above result, although the
fit looks very convincing for large portions of the spectrum.

The wind lines of CNO are also reproduced rather well in
all ionization stages including the problematic lines of O v and
O1v . The de-saturated character of C1v and N v would allow
a fine tuning of abundances, however it would also be possible
to achieve an improvement of the fit by a slight modification of
the shock emission (for the parameters see Table 9). The CNO
abundances are thus poorly constrained.

In summary, we conclude that the best value for the metal-
licity 1S 2Zgpec = OJSJLOO% .

6. Discussion and conclusions

We have constructed radiation driven hydrodynamical models
for the atmospheres of four O-stars in the Magellanic Clouds to
determine their metal abundances, in particular those of the iron
group elements. Taking the stellar parameters T, log g, R and

the wind parameters M and v from the analysis of the visual
spectra and radiative transfer calculations of the UV resonance
lines, the metal abundances and surface gravities are treated
as free parameters to optimize the wind models such that we
reproduce (i) the dynamical quantities M and v, and (ii) the
morphology of their UV spectra. This process enables us to
derive two estimates of the metallicity, which we refer to as
their dynamical (z4yn) and spectroscopic (zspec) values respec-
tively. The latter value corresponds to that which is normally
thought of by stellar spectroscopists. The dynamical value on
the other hand is a new concept taking advantage of the fact
that the stellar wind momentum rate is a function of metallicity,
as recently discussed by Puls et al. (1996). This new concept
still needs verification, since the calculated wind momentum
rates may be subject to systematic errors (Lamers & Leitherer
1993, Puls et al. 1996). The results presented here are very en-
couraging, because we find good agreement for three of our
targets, NGC 346#3 (O3 III(f*)) in the SMC and Sk—68°137
(O3 II(f*)) and Sk—67°166 (04 If*) in the LMC. The dynami-
cal method fails for the SMC dwarf AV 243 (O6 V) with its very
weak wind and yields too small a metallicity. This is a conse-
quence of the fact that the theory produces too strong winds for
objects of this type, as has already been pointed out by Puls et
al. 1996.

We also compare spectroscopic and dynamic gravities,
where the former are determined from line profile fits of the op-
tical spectra and the latter follow from dynamical calculations
forced to reproduce the terminal velocities vo,. The dynamical
gravities are systematically larger by 0.1 to 0.15 dex. It is not
clear at the moment which of the two are more reliable. In view
of the determination of stellar masses (see Kudritzki et al., 1992
and Herrero et al., 1992) it will be important to investigate this
problem in more detail.

Apart from these discrepancies the results allow one to con-
clude that our calculations are broadly reproducing the dynam-
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ical and spectral properties of O-star winds as a function of
metallicity. This conclusion is supported by the fact that with
the same approach, Taresch et al. (1997) were also able to re-
produce the observed M and v, and the pseudophotospheric
metal line spectrum of the galactic O3 supergiant HD 93129 A,
with a wind model of solar metallicity. This is important for the
perspectives discussed further below.

For one object, the SMC O3 1II star NGC 346#3 we have
found strong evidence for CN processed matter in its atmo-
sphere, with a lower abundance limit of 7.6 dex being found
for nitrogen and an upper limit of 6.9 dex for carbon. These
values should be compared with Rolleston et al’s (1993) de-
termination of abundances for a B-star in the same star cluster
resulting in an upper limit for nitrogen of 6.9 dex and a carbon
abundance of 7.4+0.2 dex. The fact that NGC 346#3 has previ-
ously been found to have a normal helium abundance (Puls et al
1996), is not necessarily in contradiction to the present results
since stellar evolution calculations imply that changes in surface
C/N ratios may not always be reflected in significant changes in
He/H. Similar results have been found for HD 93129 A in the
Galaxy (Taresch et al. (1997)), reinforcing suggestions that mix-
ing processes may occur in O-stars (Langer et al. 1994). Unfor-
tunately, the CNO abundances for the other objects investigated
here are not accurate enough to allow any firm conclusions to
be reached. This situation stems from the fact that, for all ob-
jects, the uncertainties in the CNO abundances are dominated
by the inability to constrain the shock properties adequately. In
this respect, high resolution observations in the FUV part of the
spectrum, including for example the O viAA1032, 1038 lines,
would improve matters considerably.

Clearly, for the determination of metal abundances in other
resolved galaxies, the use of later type blue supergiants might
more easily lead to the desired goal (see McCarthy et al. 1995).
However, for the study of unresolved hot stellar populations
such as occur in distant starburst galaxies, the construction of
synthetic spectra relies upon the use of stellar spectral libraries
(Leitherer et al. 1995, 1995). These libraries are based primar-
ily upon solar composition galactic objects, with some attempts
to extend this to LMC and SMC metallicities using HST data
similar to that discussed here. This is an important point since
many starburst galaxies considered so far are metal poor, see
for example Vacca & Conti (1992) and Conti et al. (1996). The
use of reliable stellar wind models in this kind of population
synthesis is obviously extremely important. An additional point
is that, although metallicities for starburst galaxies are generally
known from H 11 regions, this refers primarily to their oxygen
abundances. We have shown here that it is possible to derive
iron abundances from the UV spectra of individual O-stars. An
important next step therefore is to test these methods for un-
resolved populations of O-stars. This will also have important
implications for studies of star forming galaxies at high red-
shift (see for example Steidel et al. 1996) where the ability to
compute wind models at arbitrarily low metallicities is a big
advantage over the use of stellar spectral libraries limited to
metallicities between solar and SMC-like. Given the success of
the current investigation, its extension to metallicities outside
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the range bounded by the Galaxy and the SMC is clearly of high
priority.
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