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Chapter 1 

Introduction and summary 

During their lifetime, early-type stars lose a significant fraction of their initial mass by a strong 
stellar wind. Mass-loss rates in the range 10"6 - 10"5 MQyr_1 are typical for stars with effective 
temperatures between 25000 K (spectral type BO) and 45 000 K (spectral type 03), e.g. see Lamers 
& Leitherer (1993). The stellar material that flows back into the interstellar medium reaches 
velocities up to 1% of the speed of light, which makes OB stars an important source of mass and 
energy input into the ISM. Except for the influence of these stellar winds on the chemical enrichment 
of the ISM and on its energy budget, the high mass-loss rates have important consequences for the 
evolution of the OB star itself. The most massive, and thus the hottest and most-luminous stars 
in the universe can lose more than half of their initial mass during their evolution: through the 
main sequence phase (for about 90% of the total lifetime), the supergiant phase, and especially also 
during their stay close to the Humpreys-Davidson limit as a Luminous Blue Variable. The ongoing 
mass loss, sometimes in the form of enormous outbursts, finally results in the exposure of the hot 
stellar core when the star becomes a Wolf-Rayet star. These stars end life in a violent supernova 
explosion, leaving behind the collapsed core: a neutron star or a black hole. Part of the released 
energy will produce a strong shock wave travelling through the interstellar medium in which the 
OB star was embedded, and can give rise to the formation of new stars. 

Knowledge of the mass loss properties of OB stars is essential to obtain understanding of 
their evolution. On the other hand, a theoretical description of the mass-loss mechanism(s), in 
combination with the observational measurement of quantities such as the mass-loss rate and the 
stellar wind's terminal velocity, can be used to determine important stellar parameters, such as 
radius and mass (for a review, see Kudritzki fc Hummer 1990). 

The presence of stellar winds is primarily recognized by the occurrence of typical P Cygni-type 
profiles in strong resonance lines in the ultraviolet part of the spectra. The presence of a superson-
ically expanding atmosphere is indicated by the blue-shifted absorption trough, formed in regions 
of the wind in front of the stellar disk, and the emission peak centered at rest wavelength, which 
is formed in the wind outflow that surrounds the stellar disk. In 1967 Morton and collaborators 
obtained the first ultraviolet spectra of 0 and B supergiants in rocket experiments. In the more 
than 25 years that followed, thousands of ultraviolet spectra of early-type stars have been obtained 
with the Copernicus satellite and the, still operational, International Ultraviolet Explorer (IUE), 
which was launched in 1978. 

The position of the steep blue edge of the P Cygni absorption through is identified with the 
terminal velocity Voo of the flow. This "edge" velocity exceeds the escape velocity at the stellar 
surface by about a factor of three, which proves the fact that these stars are indeed losing mass. The 
radio and infrared emission of free-free radiation, the presence of emission lines in optical spectra 
(e.g. Ha, Hell 4686A), and of X-rays produced by accretion onto compact objects in high-mass 
X-ray binaries, as well as the presence of stellar-wind bubbles surrounding the stars all provide 
further evidence for the existence of strong winds around OB stars. 
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2 1. Introduction and summary 

1 Winds of hot and luminous stars: driven by radiation 

The mass-loss rate M scales roughly with stellar luminosity as L1,6 and the terminal velocity of 
the wind, VQO, is proportional to the escape velocity at the stellar surface (Abbott 1982). The 
strong dependence of M on luminosity suggests that the driving mechanism of the wind is related 
to radiation pressure. Because of the huge luminosity (=; 105 — 1O6X0), a large supply of (photon) 
momentum is available in the stellar radiation field, which leads, if coupled to the plasma by 
scattering or absorption processes, to the acceleration of the outer atmospheric layers. The radiative 
acceleration of a unit volume of gas exposed to a radiation flux F„ at frequency v is given by (Mihalas 
1978): 

arad = ƒ -iLJLdvi (1) 
Jo c 

where c is the speed of light and KU the opacity per unit mass. If only electron (Thomson) scattering 
is considered, the radiative acceleration becomes: 

seF , „ 
«Th = — (2) 

c 
with the electron scattering cross section per unit mass $e = 6.65 x I0~2one/p cm2 g_ 1 and F = 
J"0°° F„dv. One can define the effective gravitational acceleration, corrected for electron scattering 
as: 

_ GM{\ - D 
* e " - 12 » (3) 

where T = ^GM = I — • ^Edd 1S ca^e^ the Eddington luminosity, this is the maximum luminosity 
a star can reach before continuously blowing away its outer layers by the radiation pressure exerted 
on electrons in its atmosphere. An 0 star with a luminosity L/LQ ~ 106 and mass M / M 0 ~ 60 
will have T — 0.4. It is clear that electron scattering alone cannot overcome gravity, although it 
reduces it to nearly half its strength. 

By including line opacity in the expression for the radiative acceleration, Lucy & Solomon (1970) 
founded the radiation-driven wind theory. Although they only considered the radiation force due 
to strong lines, they succeeded in explaining the occurrence of stellar winds. Castor, Abbott & 
Klein (1975, CAK) further developed the radiation-driven wind theory by adding the contribution 
of weak lines to the line force. In this way, they were able to provide a theoretical basis for the 
observed relations between M and Z-, and between vesc and vx. Integration of the equation of 
motion results in an expression for the dependence of wind velocity on distance r to the star, the 
so-called velocity law. 

v(r) = v00(l- ^ 0 (4) 

with /3 — 0.5 in the CAK-theory. Recent modifications of this theory, improving on the approxi
mation that the star is a point source of radiation, were proposed by Friend & Abbott (1986) and, 
independently, Pauldrach, Puis & Kudritzki (1986), who corrected for the finite cone-angle of the 
star as seen from outside. This has resulted in a self-consistent theoretical description of radiation-
driven winds. The predicted power index /? of the velocity law (Eq. 4) after these modifications is 
0.8, in better agreement with observations. Also the predicted mass-loss rates and terminal veloci
ties are in accordance with the observed (time-averaged) values. Nowadays, a comparison between 
calculated and observed wind profiles reveals fundamental parameters such as mass, radius and 
luminosity of the star (for a review, see Kudritzki & Hummer 1990). 

2 Stellar-wind variability-

Winds of early-type stars, as observed in the P Cygni-type lines in ultraviolet spectra, are variable 

on time scales down to hours (e.g. Henrichs 1984, Prinja fe Howarth 1986, Henrichs 1988). Since 
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the launch in 1978 of the IUE satellite, the variability in the supersonically expanding winds of 
these stars has been studied carefully. From such time-dependent studies it became clear that the 
variations are not chaotic, but occur in a well-defined "pattern" (e.g. Prinja et al. 1987, Henrichs et 
al. 1988, Chapter 2): broad absorption enhancements appear episodically at low, but supersonic, 
velocity and accelerate through the profile until a final velocity (i.e. 0.8-0.9 uedKe) is reached. During 
the acceleration phase, which takes place on the order of days (the precise timescale is a property 
of the individual star), the width of the absorptions decreases. Because of their characteristic 
appearance these features are called discrete absorption components (DACs). 

These DACs are the strongest manifestation of stellar-wind variability. Although variability is 
a fundamental property of all radiation-driven winds, its origin is not known. An important part 
of this study is dedicated to the careful observation of the dynamical evolution of DACs in UV 
P Cygni Unes and to the search for the origin of these absorption components. DACs do not only 
contain information about the cause of stellar-wind variability, they can also be used as tracers of 
stellar-wind structure. 

According to radiation-driven wind theory, the luminosity and gravity of the star determine the 
dynamics of the stellar wind; therefore we do not, at first glance, expect strongly variable stellar 
winds. A line-driven wind, however, is inherently unstable: a small-scale increase in radial flow 
speed doppler-shifts the local line frequency out of the absorption shadow of underlying material, 
leading to an increased radiative force which then tends to further increase the flow speed (Lucy 
& Solomon 1970, Owocki & Rybicki 1984). Numerical radiation-hydrodynamics simulations of the 
non-linear evolution of these instabilities in radiation-driven winds show that the wind develops 
a shocked structure (Owocki et al. 1988) when the base of the wind is perturbed periodically. A 
source for the periodic perturbation of the stellar-wind base might be the photospheric velocity 
field associated with the non-radial pulsations of the star. 

Such a clumpy wind structure might explain the observed X-ray emission of OB-type stars 
(Harnden et al. 1979) and the sometimes strong saturation of UV resonance lines (Lucy 1982a,1982b). 
The concentrated material in strong shocks might also be observed as narrow absorption dips in 
stellar wind lines. Discrete absorption components (DACs) have now been detected in UV spectra 
of more than 80% of 203 O-stars (Howarth & Prinja 1389) and represent a fundamental property 
of radiation-driven winds. 

In Chapter 2 we will provide evidence indicating that the asymptotic velocity of DACs yields 
a direct measure of the terminal velocity of the wind. We further show that significant (10%) 
changes occur in the velocity of the steep blue edge of saturated P Cygni profiles, which implies 
that Vedge cannot be a good measure of v^. Furthermore, we show that the recurrence timescale 
of DACs is related to the stellar rotation period. In Chapter 3 we investigate the extent of stellar-
wind variability, using high time resolution ultraviolet spectroscopy of the 07.5 giant £ Per. We 
present evidence that variability takes place essentially over the entire velocity range over which 
the wind is observable in absorption. Changes at low velocity in a subordinate line are found to 
vary in concert with the appearance of DACs in strong resonance lines. This implies that'DACs are 
formed in a region relatively close to the stellar surface. An evaluation of the statistical significance 
of variations in IUE spectra is also given in Chapter 3. 

The results of a variability study of the winds of 10 bright O-type stars are presented in Chapter 
4. More than 600 high-resolution ultraviolet spectra were obtained during seven observing cam
paigns lasting several days over a period of seven years. The resulting time series of spectra are 
collected in an atlas, which displays the behaviour of wind-variability in great detail. In Chapter 
5 we present an analysis of these spectra and measure central velocity, width, and central optical 
depth of the DACs as a function of time. The column density of these absorption components first 
increases and then decreases when the components accelerate towards their terminal velocity. We 
suggest that the interplay of coverage of the stellar surface by an expanding high-density layer in 
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the wind, and the associated (decreasing) optical depth might explain the observed time depen
dence of the DACs column density. The characteristic timescale of variability is identified as the 
stellar rotation period. We propose that an oblique magnetic field, although not directly observed 
for the stars in our sample, should be incorporated in models describing the variability in O-star 
winds, and that the detection of such fields is a critical test for our model. 

2.1 Coordinated ultraviolet and optical spectroscopy 

Does the observed variability represent an intrinsic property of a radiation-driven wind or is this 
variability in the wind triggered by changes taking place at or close to the photosphere of the star? 
As described above, Owocki and collaborators showed that the unstable character of the acceleration 
mechanism of radiation-driven winds can result in a highly-structured stellar wind. These authors 
showed that, if DACs are interpreted in terms of this model to be formed by clumped material, 
present in and moving through the stratified wind, this would naturally explain why DACs are 
mostly found at velocities > 0.5 i»oo- They find that the highest velocities occurring in the low-
density parts of the shocks easily exceed VQO, reached by the DACs. This could be the cause for 
the "extra" broadening of the saturated P Cygni absorption troughs. A big problem, which is not 
solved by these models, is the relatively slow acceleration and regular recurrence of DACs. 

The observed low velocity variability in subordinate lines suggests that DACs originate from 
regions close to the stellar photosphere. One should therefore be able to find other variable spectral 
lines formed in these regions. For this reason, we organized multiwavelength observing campaigns 
to study the variability in optical lines like HQ and Hell 4686A, and in UV P Cygni profiles 
simultaneously. In Chapter 6 we describe the results of such a campaign for the 06 I(n)fp star 
A Cep. We discovered simultaneous changes in the blue edge (i.e. at high velocity, ~ —2300 km s_ 1) 
of the UV resonance doublet of CIV and in the He II 4686 A emission line at much lower velocity 
(< 250 km s - 1 ) . Furthermore, we detected line-profile variability (Ipv) in the weak He I line at 
4713 A, most probably caused by non-radial pulsations. Convincing evidence for related variability 
at the base of the stellar wind and DACs that move further out, is given in Chapter 7. The 0-
stars £ Per and 19 Cep were monitored by IUE and from several ground-based observatories on 
the northern hemisphere. Just prior to the development of a DAC in UV P Cygni lines an extra 
emission component appears in the H Q line. These observations and the fact that the timescale of 
the variations is comparable to the rotation period of the star strongly support our earlier findings 
that a stellar magnetic field might play an important role in controlling the base of the stellar wind, 
and that DACs originate from regions of higher density close to the star. 

The column density of DACs in UV absorption lines of the famous Be-star 7 Cas is correlated 
with the ratio between the strengths of the violet and red emission peaks in the H/3 line. In Chapter 
8 we interpret the V/R variations in terms of a global, one-armed oscillation that is moving through 
the equatorial disk. We suggest that the higher column density of DACs during phases of V/R> 1 
is results from the higher density in the region of their origin, namely close to or in the part of 
the equatorial disk which is rotating towards the observer. Thus also in the wind of the Be-star 
7 Cas the DACs originate close to the star. The interpretation that a one-armed mode is moving 
through the equatorial disk of 7 Cas could have further implications for the understanding of the 
Be-phenomenon in general. It is not known why Be stars have strong Ha emission for several years 
or decades, and then show for a considerable amount of time a normal B-star spectrum, without 
Ha emission. We show in Chapter 8 that the growth of the V/R period of the H/3 line of 7 Cas 
might be explained by the growth of the equatorial disk, which increases the revolution period of 
the one-armed mode. If eventually the mode becomes unstable this could result in the collapse 
of the disk, as is suggested by the drastic line and continuum variations of 7 Casin 1935-1941 
(Goraya & Tux 1988) and the subsequent return to the present status of 7 Cas. The normal B-type 
star is left over after the collapse of the disk of the original Be-star, will develop a new equatorial 
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Figu re 1: In this schematic picture the mechanism of Raman scattering is sketched. The absorption of 

a photon is followed by the immediate re-emission of a photon at different wavelength. The intermediate 

state does not correspond to a true bound state of the atom. In our case, strong emission lines close to 

the "Lyman/3" A256 A transition of He II are Raman scattered, resulting in emission lines close to the He II 

"Balmera" A1640 A line 

disk during the following years (cf. Bjorkman & Cassinelli 1993) and become a Be-star again. If 

this scenario applies to the history of 7 Cas, this could well be the explanat ion for the recurrent 

Be-phenomenon. 

Our observations have shown tha t a "photospheric connection" exists with respect to stellar-
wind variability. We are presently analyzing the extensive dataset of optical spectra, obtained 
simultaneously with par t of the ultraviolet spectra presented in this thesis. Undoubtedly, we will 
gather new information on the na ture of the line-profile variability observed in the photospheric 
lines of these s tars , and hope to find other indications tha t stellar-wind variability is triggered by 
the photosphere of the star . 

3 Ste l lar w i n d s in h i g h - m a s s X - r a y b inar ie s 

When an OB-type star is orbited by a compact object, a neutron star or a black hole, stellar-wind 

mater ia l is captured in the s trong gravi tat ional field of the compact star and will accrete onto this 

star, giving rise to a considerable X-ray emission:one observes a high-mass X-ray binary (HMXRB) . 

In some of these HMXRBs , the massive star fills its Roche-lobe, which results in the overflow of 

ma t t e r towards the compact object, such tha t an accretion disk is formed as a result of angular-

m o m e n t u m conservation. In other HMXRBs, the radiation-driven wind of the hot s tar supplies 

the mass-accretion flux. It is not clear whether in such systems a disk is present. In most systems 

regular X-ray pulsations are observed, which shows tha t the compact object is a neutron star . 

The second par t of this thesis is based on ultraviolet and optical observations of the two (opti

cally) brightest HMXRBs with OB-supergiant companion: HD153919 (4U1700-37) and HD77581 



6 1. Introduction and summary 

Figu re 2: The density distribution around the compact X-ray source in the supergiant's wind resulting from 

2-D hydrodynamical calculations is represented by a grey-scale. Dense filaments are present in the accretion 

flow near the compact object, and a weak photo-ionization wake trails the X-ray source in its orbit (at the 

right). This figure was reproduced from Blondin et al. (1990), with permission 

(Vela X - l ) . In Chapte r 9 we describe the discovery of about 40 broad and variable emission lines 

in ultraviolet spectra of HD153919. In an interval of 200 A centered on the subordinate Hel l line 

at 1640 A these lines appear and disappear as a function of orbital phase. We propose R a m a n 

scat ter ing of ex t reme ultraviolet photons from the X-ray source by the He II ions in the wind as 

a mechanism for the format ion of the observed broad emission lines (Nussbaumer et al. 1989, see 

also Fig. 1). Bo th the wid th of the observed emission lines and the lack of any identification for 

t hem, point to this mechanism as a likely cause for their formation. These R a m a n lines can thus be 

used to reconstruct a par t of the unobserved extreme ultraviolet spec t rum in the Hel l scattering 

zone. Except for t ha t of the Sun, a stellar EUV spectrum below 300 A has never been observed in 

high resolution. We expect R a m a n scattering to be an impor tan t diagnostic tool to study par ts of 

the unobserved EUV spec t rum of various astrophysical objects. 

In Chapte r 10 we present evidence for a non-monotonic velocity s tructure of stellar winds 

in HMXRBs . We repor t variations in UV resonance lines of HD77581 (Vela X- l ) at low and 

intermediate negat ive velocities, a n d argue tha t these variations are caused by ionization effects in 

the stellar wind produced by the X-ray source, as was predicted by Hatchet t & McCray (1977) for 

the orbi ta l modula t ion of the high-velocity part of the P Cygni absorption. Because the position of 

the compact s tar in the system is accurately known (Vela X- l is a 283 second pulsar) , we can show 

tha t a monotonie velocity law for the stellar wind cannot explain the observed variations. Both the 

orbi ta l variat ions a t low and high velocities in HD77581 and the absence of similar changes in UV 
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resonance lines of HD153919 can be better understood if the velocity structure of the supergiant's 
wind is non-monotonic (such as predicted by Owocki et al. 1988, see above). The dumpiness 
of a shocked stellar wind can also explain the observed soft X-ray excess and the flaring X-ray 
luminosity, caused by local changes in the mass-accretion rate. 

In the last chapter we deal with the problem of late-phase absorption, as observed in optical 
spectra and in the X-ray hardness ratio of HMXRBs, when the X-ray source is nearing eclipse. 
A very plausible explanation of the observed dependence of the X-ray hardness ratio on orbital 
phase was proposed by Blondin et al. (1990, 1991). Two-dimensional numerical simulations, in 
which many effects influencing the wind dynamics around the compact object (gravitation, photo-
ionization, X-ray heating/cooling etc.) are included, predict the formation of an accretion wake 
consisting of dense filaments, as well as, depending on the separation of the objects, the presence 
of a tidal stream in the system. For high X-ray luminosities an X-ray induced shock (the so-called 
photo-ionization wake) at the border of the Strömgren zone dominates the accretion flow and trails 
the X-ray source in its orbit. Fig. 2 shows an example of these calculations for the system HD77581 
(Vela X-l), from Blondin et al (1990, reproduced with permission). High-resolution and high 
signal-to-noise spectra of HD77581 and HD153919 show the late-phase absorption in optical lines 
in unprecedented detail. Based on the phase dependence of the velocity and strength associated 
with the late-phase absorption, we show that it is unlikely that this late-phase absorption is caused 
by an accretion wake, or to a gas stream through the inner Lagrangean point. We suggest that 
an X-ray induced photo-ionization wake, trailing the X-ray source in its orbit, provides a better 
explanation. 
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