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Chapter 10 

Observations of stellar winds in high-mass X-ray 
binaries: evidence for a non-monotonie velocity 
structure* 

L. Kaper, G. Hammerschlag-Hensberge, and J.Th. van Loon 

(Astronomy and Astrophysics, accepted July 26, 1993) 

Abstract 

We report variations with orbital phase in UV resonance lines of HD77581 (BO.5 lab), the optical 
counterpart of the high-mass X-ray binary system Vela X-l (4U0900-40), occurring at low and 
intermediate negative velocities. We argue that these variations are caused by ionization effects 
in the stellar wind by the X-ray source, just like the well-known orbital modulation of the high-
velocity part of the P Cygni absorption, as was predicted by Hatchett & McCray (1977). We 
also present UV observations of the C m subordinate line at 2296 A of HD153919 (06.5 Iaf+), 
the optical counterpart of 4U1700-37, which support our earlier interpretation that the orbital 
variations observed in the subordinate He II1640 A and Niv 1718 A lines In this star are the result 
of variable Raman-scattered emission lines. 

We show that it is difficult to give a consistent explanation of the observed orbital variations in 
UV spectra of HD77581, if we adopt a monotonie velocity law for the stellar wind. Both the orbital 
variations at low and high velocities in HD 77581 and the absence of similar changes in UV resonance 
lines of HD153919 can be better understood if the velocity structure of the supergiant's wind is 
non-monotonic. Such a velocity structure is predicted by recent hydrodynamical calculations of 
radiation-driven winds (Owocki et al. 1988). The dumpiness of a shocked stellar wind can also 
explain the observed soft X-ray excess and the flaring in X-ray luminosity, caused by local changes 
in the mass-accretion rate. 

Keywords: Stars: binaries: close - Stars: early-type - Stars: individual: HD77581 (Vela X-l) -
Stars: individual: HD153919 (4U1700-37) - Stars: mass loss - X-rays: stars 

* Based on observations obtained with the International Ultraviolet Explorer a.t Villafranca Tracking Sta
tion (ESA) and at Goddard Space Flight Center (NASA) 
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1 I n t r o d u c t i o n 

A high-mass X-ray binary (HMXRB) consists of a massive, early-type star and a compact com
panion. Matter, originating from the massive star, is captured by the strong gravitational field 
of the compact companion and accretes, giving rise to the observed X-ray flux. In some cases, 
the massive star fills its Roche-lobe, which results in the overflow of matter towards the compact 
object. Angular-momentum conservation causes the matter to spiral around the compact object, 
building up an accretion disk. In other cases, the radiation-driven wind of the hot star supplies the 
mass-accretion flux. It is not clear whether in such systems a disk is present. The compact object 
is either a neutron star or a black hole; in most systems X-ray pulsations are found, identifying the 
compact object as a neutron star. 

During their lifetime, early-type stars lose a significant fraction of their initial mass through a 
strong stellar wind. Mass-loss rates in the range 10"6 — 10~5 M 0 y r - 1 are typical for stars with 
effective temperatures between 25 000 K (spectral type BO) and 45 000 K (spectral type 03). The 
high luminosity is responsible for the supersonic expansion of the outer atmospheric layers, which 
reach velocities of several thousand km s - 1 . Photons leaving the photosphere of the star transfer 
momentum, through scattering in spectral lines, to the expanding medium, which results in further 
acceleration of the wind. The line-driven acceleration of the wind is very efficient, because the line 
spectrum of the scattering ions in the wind is Doppler-shifted with respect to the stellar rest-frame. 
In this way, the scattering atoms move out of the "shadow" of their neighbours at lower velocities 
and are able to interact with an unaffected part of the stellar spectrum. Lucy & Solomon (1970) 
and Castor, Abbott & Klein (1975) succesfully applied the principle of radiative acceleration to 
the problem of stellar-wind driving. The theory of radiation-driven winds was further refined by 
Friend & Abbott (1986) and Pauldrach, Puis & Kudritzki (1986), and its predictions are now in 
acceptable agreement with observations (Howarth & Prinja 1989). 

The velocity structure of these stellar winds is often parameterized in terms of a monotonically 
rising velocity law of the form: 

v(r) = Voo(l-^y, (1) 
with 0.5 < /? < 1, f;,» the terminal velocity of the wind, and R+ the stellar radius. For a monotonie 
velocity (and density) structure of the stellar wind, line profiles can be computed with methods 
that solve the radiative transfer in a co-moving frame (e.g. Hamann 1980) or use the Sobolev 
approximation (e.g. Castor & Lamers 1979). Traditionally, these methods have not been able to 
explain the often observed saturated P Cygni profiles: the emission of these lines, centered at rest 
wavelength, fills in part of the blue-shifted absorption, giving unsaturated (theoretical) P Cygni 
profiles. Recent work using the Sobolev Exact Integration (SEI) method (Groenewegen & Lamers 
1989) has resulted in reasonable agreement with observations, also in the case of saturated profiles: 
the addition of turbulence in the wind leads to a systematic shift of the emission peak towards the 
red, leaving part of the (saturated) absorption unaffected. 

Lucy (1982a) suggested that the saturation of P Cygni profiles could be caused by the existence 
of multiple scattering zones in the wind. In a stellar wind obeying a monotonically rising velocity 
law, photons escaping from the photosphere interact (in the case of no line overlap) with only 
one finite shell in the wind, Doppler-shifted towards the right frequency. If more of these shells 
(or scattering zones) are present, e.g. in the case of a shocked stellar wind, it is possible to obtain 
saturated P Cygni profiles without the need of enhancing the density in the wind too much (resulting 
in strong P Cygni emission). Furthermore, a shocked stellar wind could account for the observed 
soft X-ray emission of (single) 0 stars (Lucy 1982b). This explanation of the observed X-ray 
emission of single early-type stars is favoured nowadays, because the inner parts of the stellar wind 
are optically thick to soft X-rays. This excludes that the origin of the X-ray luminosity is close to 
or at the photosphere. 
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In HMXRBs, a compact object moves through the stellar wind of the massive star, accreting 
wind material. The emitted X-rays ionize the direct environment of the compact object, which 
leads to the depletion in this region of moderately ionized atoms (like Civ and Siiv) responsible 
for the formation of important UV resonance Unes in the wind. The ionization zone travels with the 
X-ray source in its orbit; when the X-ray source is in front of the massive star (<f> = 0.5), the region 
where the P Cygni absorption is formed is affected, causing a less strong P Cygni absorption profile. 
This effect was predicted by Hatchett & McCray (HM, 1977); the predicted orbital variations of the 
P Cygni profiles were found for HD77581 (Vela X-l) , but not for HD153919 (4U1700-37) (Dupree 
et al. 1980, 1978). 

Recently, Hammerschlag-Hensberge et al. (1990) reported the detection of the HM-effect in 
some subordinate UV lines of HD153919, in particular in Niv A1718 A. Modelling of the Niv 
P Cygni line faced problems, in particular in explaining the simultaneously observed changes in 
the emission peak and variations at higher velocity in the blue-shifted absorption part. The orbital 
changes occuring in the He il A1640 A line also were more complicated than expected from the 
HM-effect. Kaper et al. (1990) found that in a region of 200 A centered at the He II 1640 A line (i.e. 
Balmer a) broad (width KS 2 — 3 A) emission lines are present, which vary in position and flux with 
orbital phase. Their interpretation is that these emission Unes are formed by Raman scattering of 
EUV photons, produced by the X-ray source, by He II ions in the wind of HD153919. The He n 
and NIV subordinate Unes mentioned above Ue in this region and the variations in these Unes can 
be explained by the presence of variable Raman-scattered emission Unes. 

The motivation of this paper is to investigate the dynamical structure of stellar winds in 
HMXRBs. In these systems an X-ray source acts as a probe in the stellar wind, revealing in
formation about the local wind density and -velocity through the X-ray luminosity and the effects 
of X-ray ionization, showing up as the orbital modulation of UV P Cygni profiles. In the next sec
tion we describe the reduction of UV spectra, obtained with the International Ultraviolet Explorer 
(IUE), with emphasis on HD77581 (Vela X-l). In section 3 we tabulate the system parameters of 
the HMXRBs HD77581 (Vela X-l) and HD153919 (4U1700-37), coUected from the Uterature. We 
discuss the variations observed in P Cygni Unes of HD77581 and the absence of these variations in 
HD153919 in section 4. In section 5 we attempt to interpret the observed variations of HD77581 in 
terms of an ionization zone moving through a stellar wind with a monotonie velocity structure. We 
argue in section 6 that a different (i.e. non-monotonic) velocity law provides a better explanation 
for the observations, and discuss the impUcations of a shocked stellar wind for the X-ray behaviour 
of HMXRBs. In the last section we summarize our conclusions. 

2 Observations 

HD77581 and HD153919 are bright enough to be observable with IUE in high-resolution mode. 
We concentrate on the high-resolution spectra of HD 77581, obtained with the Short Wavelength 
Prime (SWP) camera. Some of these spectra were pubUshed by Dupree et al. (1980) and Sadakane 
et al. (1985). The image numbers, exposure times and observing dates are given in Tab. 1. We 
used the ephemeris of Deeter et al. (1987) to compute the orbital phase of the system during the 
observations. Phase <f> = 0.0 corresponds to mid-ecUpse of the X-ray source. The early ƒ#£ spectra, 
which were obtained during an international multiwavelength observing campaign in 1978, were 
reprocessed at Vilspa. 

Spectrum extraction was performed using the IUEDR (Starlink) software package written by 
Giddings (1983). The program starts with the photometrically corrected image; a cross-dispersion 
scan is made to locate a short-wavelength echelle order and to determine the geometric shift of 
the echeUe spectrum. The individual echelle orders are sequentially extracted using the IUEDR 
centroid tracking algorithm to center accurately the "extraction sUt" on each order. The extraction 
is performed by area integration, using a sampling rate equivalent to one sample per diagonal pixel 
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F i g u r e 1: Average of 4 UV spectra of HD77581 (Vela X-1) centered at <j> = 0. The rest-wavelengths of 

the Nv , SilV, Civ, and A i m resonance lines are indicated; several interstellar and photospheric lines are 

present in the ultraviolet spectrum. The narrow Lya emission peak is of geocoronal origin 

along the direction of dispersion (i.e. a rate of y/2 pixel). All pixels nagged as affected by sa tura t ion, 

fiducial marks , I T F t runca t ion , or otherwise identified as faulty are rejected at this stage. 

T h e wavelength-scale cal ibrat ion is carried out by measuring the central wavelength of three 

selected interstel lar lines (C II 1335.703 A, C I 1656.928 A, A i m 1862.790 A) and computing 

the m e a n deviat ion AA of these three lines with respect to their laboratory wavelength; a mean 

wavelength shift of the form m A A ^cons tan t is applied to the spectrum, where m is the echelle 

order number . A subsequent check on the wavelength alignment is made using the interstellar line 

of Fe II a t 1608.456 A, which was found to have a measured mean wavelength of 1608.450 A, with 

a s t anda rd deviat ion of 0.020 A and an extreme range of 1608.41-1608.49 A. This deviation is less 

t h a n the ins t rumenta l resolution of 0.1 A. 

Shortwards of about 1400 A the echelle orders are very closely spaced, which causes the signal 

of the object to spread into the inter-order background. This may lead to an overestimation of the 

background level. A first-order correction to the cross-dispersion order overlap problem is made 

using the a lgor i thm of Bianchi & Bohlin (1984) a n d a s tandard value (for early-type stars) of 0.15 

for the pa rame te r used for the halat ion correction. This a lgor i thm does not give perfect results, as 

can be seen in regions of sa tura t ion , which sometimes have negative fluxes. 

Echelle ripple correction is performed by optimizing the echelle ripple correction parameter k 
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SWP 
number 
1442 
1488+ 
2087+ 
3510+ 
3519+ 
3550+ 
3649 
4718 
18823 
18958 
18970 
18983 
19012 
19061 
22278 
22287 
22297 
22301 
22309 
22324 
32961 
32967 
33085 
46144 
46151 
46167 

Date 

30 Apr 78 
05 May 78 
23 Jul 78 
02 Dec 78 
03 Dec 78 
07 Dec 78 
19 Dec 78 
21 Mar 79 
19 Dec 82 
07 Jan 83 
08 Jan 83 
11 Jan 83 
16 Jan 83 
22 Jan 83 
16 Feb 84 
17 Feb 84 
18 Feb 84 
19 Feb 84 
21 Feb 84 
22 Feb 84 
22 Feb 88 
23 Feb 88 
12 Mar 88 
06 Nov 92 
07 Nov 92 
08 Nov 92 

JD-2 440 000 
(mid-exp.) 

3628.707 
3634.118 
3712.994 
3845.206 
3846.188 
3850.013 
3862.531 
3954.267 
5323.019 
5341.590 
5343.510 
5345.595 
5351.274 
5357.302 
5746.814 
5747.819 
5748.989 
5749.818 
5751.807 
5752.856 
7214.285 
7215.282 
7233.269 
8933.056 
8934.072 
8935.216 

Exp. Time 
(min.) 

180 
150 
125 
90 
140 
140 
130 
150 
150 
180 
180 
180 
180 
180 
150 
150 
125 
138 
150 
150 
141 
141 
130 
180 
160 
165 

Orbital 
phase* 
0.453 
0.057 
0.856 
0.604 
0.714 
0.140 
0.537 
0.770 
0.457 
0.529 
0.743 
0.976 
0.609 
0.282 
0.733 
0.845 
0.975 
0.068 
0.290 
0.407 
0.432 
0.543 
0.550 
0.165 
0.278 
0.406 

*: 0o = JD2444279.0466 ± 0.0037; P = 8.964416±0.000049d 
+: spectra reprocessed with IUESIPS#2 

Table 1: IUEobservations of HD77581 (Vela X-1); all images were obtained with the SWP camera 
in high resolution and in the large aperture. 

using Barker's method (1984). This procedure causes the spectra of the different orders to join and 
overlap properly. The individual echelle orders are combined by mapping them on an evenly spaced 
wavelength grid, using weights inversely proportional to the optimized ripple correction factors in 
regions of order overlap. Reseaux marks are removed from the spectrum by linear interpolation. 
The spectra were smoothed using a three-point running mean and scaled to an average continuum 
level. The flux level is given in arbitrary units of fluxnumbers per second (FN/s). Spikes due to 
cosmic-ray hits were removed. 

In Fig. 1 we present the average of 4 short-wavelength (1150-1950 A) UV spectra of HD77581 
close to 0 = 0. The resonance lines of N v, Si IV, CIV and Al in have P Cygni shaped profiles. The 
low flux level in the short-wavelength part of the spectrum is the result of interstellar reddening; 
the emission peak in the interstellar Lyman a absorption is caused by geocoronal emission. The N V 
profile has a relatively strong emission peak and quite narrow absorption components compared to 
the other strong P Cygni profiles. The Aim resonance doublet is more pronounced than observed 
for other B0-B1 supergiants (see e.g. Underhill 1982): the Aim resonance lines are found to have 
P Cygni type profiles for B supergiants with spectral type B2 and later. In the atlas of Walborn et 
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Primary: 
my 

Spectral Type 
Teff (K) 
Distance (kpc.) 
L(LQ) 

Rett (•#©) 

^ ( b n s - ' j M 
Voo ( k m s - ' j M 
M (M 0 /y r ) (e> 

Secondary: 

••pulse \s) 

FX (MJy) ( / ) 

Lx (ergs" 1 ) (»> 
Lx/Lb0\ 

HD77581 
6.88 
BO.5 lab (Q) 
25000 
1.9 
3.4 x 105 

31 
1405 
1105 
1 x 10"6 

Vela X-l 
283 
2 - 1100 
0.02 - 10 x 
0 .15-76 x 

10;J6 

10"4 

HD153919 
6.51 
06.5 Iaf+ <6) 
42 000 
1.7 W 
8.9 x 105 

18 
2180 
1820 
5 x 10"6 

4U1700-37 
-
< 11 - 1 1 0 
< 0.09 - 0.86 x 1036 

< 0 .26-2 .5 x 10~4 

Table 2: Adopted stellar parameters for wind-fed HMXRBs observed with IUEia high resolution. 
Most stellar parameters of HD77581 (Vela X-l) are taken from Sadakane et al. (1985; and references 
therein), and for HD153919 we used Heap & Corcoran (1992). The superscripts refer to: (a) Conti 
(1978); (b) Walborn (1973); (c) Bolton fc Herbst (1976); (d) Prinja et al. (1990): v^ is the mean 
value of Voo observed for spectral type and luminosity class of the primaries (see text); (e) from 
relation (2); (f) Van Paradijs (1991); (g) using Bradt & McClintock (1983) 

al. (1985) only the UV spectrum of HD105056 with spectral type ON9.7 Iae shows exceptionally 
strong Aim P Cygni lines, combined with a relatively strong Nv and weak C IV profile. In this 
case we are probably dealing with an evolved object. The UV spectrum of HD77581 resembles the 
one of HD105056 very much. 

3 Sys t em p a r a m e t e r s 

In Tab. 2 we summarize stellar parameters of HD77581 and HD153919 and their compact com
panions collected from the literature. It is generally believed that the X-ray luminosity from these 
systems primarily results from wind-accretion (Conti 1978); the presence of an accretion disk in 
these systems is unclear. 

During the last decade the knowledge about mass loss of early-type stars has improved signifi
cantly, both from an observational and from a theoretical point of view. The large supply of data 
from IUE enabled statistical studies on stellar winds of OB stars (e.g. Howarth & Prinja 1989), 
while the recent developments in radiation-driven wind theory made a quantitative comparison 
with observations possible (e.g. Kudritzki & Hummer 1990). We used the luminosity of the mas
sive companion to estimate the mass-loss rate; hereto we applied the empirical relation given by 
Howarth k Prinja (1989): 

l o g - ^ — = 1.62 l o g - ^ - 1 4 . 9 (2) 
M 0 /yr LQ 

If the terminal velocity v^ of the wind is determined by the highest blue-shifted velocity observed 
in UV P Cygni profiles of the star (which is correct if the stellar wind is described by a monotonie 
velocity law), we obtain t>max is 1310 km s _ 1 for HD77581 and 2650 km s_ 1 for HD153919 (Prinja et 
al. 1990). Recent work (Henrichs et al. 1988, Groenewegen et al. 1989) has shown that v^, should be 
derived from the asymptotical velocity reached by discrete absorption components in unsaturated 
UV resonance lines. Here, the difference between «max and t/,*, is explained by extra broadening 
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Primary: 
Secondary: 
P (days) 
K (kms"1) 
i 
f(M) (M0) 
M(M0) 
MX (M0) 
OE 

«(&<->) 
Rp (RQ) 

RL (RQ) 

RT {Re) 
LTd (««/•) 
Lx

uILx
Tcd 

HD77581 
Vela X-l 
8.97 
21.8 ±1 .2 
83°±6° 
0.00935 
23.0 ± 1.2 
1.77 ±0.21 
33-36° 
52.9 ± 0.9 
34.0 ± 1.1 
32 
35 
8.1 x 1035 

0.9-8.5 

HD153919 
4U1700-37 
3.41 
19.0 ±1 .3 
90° 
0.0023 ± 0.0005 
52 ± 2 
1.8 ± 0.4 
44?5±0?6 
36 ± 7 
18 ± 3 
24 
27 
3.5 x 1035 

< 0.3 - 4.0 

Table 3: Adopted orbital parameters; from Nagase (1989, Vela X-l) and Heap & Corcoran (1992, 
4U1700-37) 

due to e.g. shocks in the radiation-driven wind. Discrete absorption components have, however, 
not been detected in the UV spectra of HD77581 and HD153919. Another way to obtain v^ is to 
measure the short-wavelength limit of zero residual intensity in saturated P Cygni profiles (Prinja 
et al. 1990), which is 1105 km s_ 1 for HD77581 and 1820 km s _ 1 for HD153919. For comparison, 
the mean value of v^ (v^) is, according to Prinja et al., 1405 km s _ 1 for a B0.5 supergiant and 
2180 km s - 1 for an 06.5 supergiant. The latter values correspond quite well to the values quoted 
for HD77581 and HD153919 by Dupree et al. (1978, 1980). We will return to the values given for 
foo by Prinja et al. in the discussion. In the following we assume the stellar-wind hydrodynamics 
is not influenced by the presence of a compact object, i.e. mass-loss rate and velocity structure of 
the wind are completely determined by the massive primary (see Tab. 2). 

In the case of Vela X-l pulse-timing analysis and the radial-velocity curve of the primary enable 
the accurate determination of orbital parameters and masses of both components (see Tab. 3). For 
the other system only the mass function can be computed from the radial-velocity curve of the 
massive star. Heap ic Corcoran (1992) argued on grounds of the resemblance of the UV spectrum 
of HD153919 with that of the 06.5 If (single) star A Cep that the mass of HD153919 should be 
the same as that expected for A Cep, i.e. about 50 M0 , This results in a mass of 1.8 M 0 for the 
X-ray source 4U1700-37 (which is similar to the most-probable mass of 1.77 M 0 for Vela X-l). One 
should keep in mind, however, that the systems we are dealing with are binaries, in which phases 
of mass transfer alter the evolution of the stellar components. In cases of binary evolution the 
situation may occur that spectral type and luminosity do not uniquely determine the mass of the 
star. For example in the 07f plus 06f eclipsing binary BD+42°4220 (V 729 Cyg) the stars have 
almost identical luminosity, but a mass ratio of 3.4 (Bohannan & Conti 1976). In this case the 
shape of the spectrum does not uniquely determine the mass of the star in a binary system. The 
duration of the X-ray eclipse can be used to estimate the radius Rp of the massive star, which is in 
qualitative agreement with #eff tabulated in Tab. 2. In analogy with Conti (1978) we give in Tab. 
3 the radii RL, and RT of the Roche- and tidal lobes, respectively. We see from these values that 
HD77581 is probably closer to filling its Roche lobe than HD153919. We assumed the orbits to be 
circular, and calculated the X-ray luminosity for Vela X-l and 4U1700-37, based on the assumption 
that the stellar wind is the main donor of material which accretes on the compact object, using the 
formalism of Bondi-Hoyle accretion (Bondi & Hoyle 1944). The predicted X-ray luminosities are 
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Vela X-l/HD 77581 BO.5 lb 1978-1992 Si IV 
IUE Wavelength (A) 23 spectra 

1385 1390 1395 1400 1405 

-2000 -10OO 0 1000 2000 3000 
Velocity (kin/s) (stellar rest frame) 

F i g u r e 2: The SiIV (A0 - 1393.755, 1402.770 A) resonance doublet in HD77581. The grey-scale picture 
consists of 22 high-resolution IUE spectra (we left out SWP1442, SWP1488, SWP3649, SWP4718 because of 
their lower quality), ordered by orbital phase (indicated by an arrow) and repeated, i.e. we show two orbits. 
The individual spectra are plotted in the middle panel. In the upper panel the variations in the spectra 
are quantified using the c-ratio (thick line, see text). The thin line illustrates the average spectrum. The 
blue-shifted absorption parts of both doublet components clearly show the HM-efTect, both at high and at 
low velocity: note the two peaks in each doublet component in the u-ratio. The Si IV interstellar Unes (thick 
tickmarks) are practically at zero velocity with respect to the stellar restframe (wrad = —7 km s - 1 ) 

consistent wi th the observations. 

4 R e s u l t s 

We studied the resonance Unes of HD77581 and searched for variations with binary phase. To 

facil i tate the inspect ion of t he profiles we used a grey-scale representat ion, in which the spectra are 

ordered according to their orbi ta l phase (see Tab. 1) and fluxes are converted into levels of grey. 

The greyscale l imits are chosen such that the contrast in the region of interest is optimized; the 

conversion used is displayed as a side bar (see Figs. 2-5). The middle panel of the figures contains 

an overplot of all spect ra in the lower panel. These figures show tha t orbi tal changes occur at low, 

in te rmedia te , and high blue-shifted velocities in t he P Cygni absorption. 

T h e wide spectral range of the SWP camera (1150-1950 A) enabled us to es t imate t ha variance 

in the flux as a function of the flux value. We first computed t h a variance a t each wavelength point 

(sampling r a t e 0.1 A) for the 22 selected spectra , using all points outside the regions containing the 

s tudied lines and order overlaps (see Henrichs et al . 1993). The resulting variances are assumed 
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Vela X-l/HI) 77581 BO .5 lb 1978-1992 CIV 
IUE Wavelength (A) 22 spectra 

1540 1545 1550 1555 1560 

-2000 -1000 0 1000 2000 
Velocity (km/s) (stellar rest frame) 

F i g u r e 3: As Fig. 2: grey-scale representation of the Civ (Ao = 1548.188, 1550.774 A) resonance doublet 

in HD77581. Drastic changes are present in the high-velocity part of the profile, but at low velocity we do 

not find significant variations 

to be only caused by ins t rumenta l and pho ton noise. Real variability is then characterized by 
Oobs/oexp > l j where <70(,s is the measured s tandard deviation at a given wavelength point and 
<rexp is the expected s tandard deviation corresponding to the average flux a t t ha t wavelength. In 
practice one expects tha t the cr-ratio is unity if no variations are present. 

4.1 P C y g n i a b s o r p t i o n 

As can be seen in Figs. 2 and 3 orbi tal variations are present in the blue-shifted absorption par t in 

the Si IV and CIV resonance lines of HD77581, bo th at high and at low velocity (al though the la t te r 

less pronounced). Around phase 0.5, when the compact object is in front of the supergiant , the 

Si IV absorption at high (~ - 7 0 0 to - 1 3 0 0 k m s _ 1 ) and low velocities (~ - 3 0 0 to - 5 0 0 k m s"1) 

is weaker than at other phases, while the sa tura ted par t in between does not change. The CIV 

absorpt ion also varies a t high (~ - 7 0 0 to - 1 3 0 0 km s _ 1 ) velocities, whereas at low velocities we 

do not find significant variations. 

The orbi tal changes a t the high-velocity edge of these profiles were already reported by Dupree 

et al. (1980) and interpreted as caused by a changing ionization balance in the absorbing column 

when the X-ray source moves through the line of sight (HM-effect). Here, we find tha t orbi ta l 

variations also take place at low velocities, which was not reported before. Between - 3 0 0 and 

— 500 km s _ 1 the orbital changes are similar to and in phase with the changes occuring in the 

high-velocity par t of the P Cygni absorpt ion, which suggests tha t these variations are also caused 
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F i g u r e 4: As Fig. 2: the A i m resonance doublet (A1854.7, 1862.8A) in HD77581 showing orbital variations 

at low and intermediate velocity. The variations at low velocity are similar to those in the Siiv lines. 

Note the orbital modulation of the photospheric spectrum: two overlapping photospheric absorption Unes 

(«sint = 130 km s _ 1 , Conti 1978) can be found around 1800 km s - 1 , showing the radial velocity variation 

of HD77581 with an amplitude of 20.8 km s~' (Van Kerkwijk et al. 1993) 

by ionization of wind mate r ia l in t he line of sight. We would like to stress tha t in a stellar wind 
wi th a velocity s t ruc ture as described by Eq . (1) these low velocities are reached very close to the 
stellar surface (within 0.2.R» for /3 = 0.5), which would imply tha t the ionization zone around the 
X-ray source almost extends to the stellar photosphere. 

Sadakane et al. (1985) detected variations in the Aim resonance doublet, which has a P Cygni-
shaped profile. After division of the spectra by the (photospheric) spectrum of K Ori they found two 
distinct sharp components in the shortward-shifted absorption troughs. One component was present 
only in the second half of the orbital period and another component was seen over the full period. 
In Fig. 4 we present a grey-scale image of the Aim resonance lines at 1855 and 1863 A. Obviously, 
orbital variations in this profile do occur, and it should be emphasized that these variations are 
found at velocities between -200 and -800 km s _ 1 (thus at low and intermediate velocities). At 
(j> = 0.5 the absorption in the profile is minimal, in accordance with the HM-effect. Hence, in our 
interpretation the largest (orbital) variations in the Aim absorption are due to ionization effects 
induced by the X-ray source. According to Sadakane et al. the "extra" absorption components they 
detected in the resonance lines of Aim at -500 (steady component) and -300 km s_ 1 (and they 
reported similar components in other lines in the ultraviolet spectrum) are caused by a trailing 
wake in the system. After division of our spectra by the average <f> = 0 spectrum we also found an 
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Vela X-l/HD 77581 BO.5 lb 1978-1992 NV 
IUE Wavelength (A) 22 spectra 
1230 1235 1240 1245 1250 

Velocity (km/s) 

Figure 5: As Fig. 2: the Nv resonance doublet (A0 = 1238.821, 1242.804 A) in HD77581; changes in 
strength of the blue emission wing of the red P Cygni component, which is strongest between phases (j> = 0.8 
and <j> = 1.2 are clearly visible 

absorption "dip" at -300 km s_ 1 around phase 0.75 and a more steady "dip" at -500 km s_1 in 
the Aim lines. 

Two-dimensional hydrodynamical calculations by Blondin and coworkers (1990, 1991) in which 
many effects influencing the wind dynamics around the compact object (gravitation, radiative 
acceleration, photoionization, X-ray heat ing/cooling etc.) are included, predict the formation of 
an accretion wake consisting of dense filaments and, depending on the separation of the objects, 
the presence of a tidal stream in the system. For high X-ray luminosities a strong photo-ionization 
wake will form at the border of the ionization zone. These structures could in principle cause the 
observed absorption dips, but the ionization effects dominate the variations in the Aim lines. 

We studied the Nv resonance lines at 1238, 1242 A in the IUE spectra of HD77581 and present 
the variations in these profiles here for the first time (Fig. 5). The observed variations in the 
absorption part of the N V doublet are consistent with the changes found in the Si IV and CIV 
lines, but are less significant. This could be due to the low signal to noise ratio in this part of the 
spectrum. It is, however, quite surprising that the N V blue absorption edge reaches the continuum 
around -1100 km s~', and does not extend further to the blue (such as the Civ profile). The 
peak in the cr-ratio at 700 km s_1 is probably related to a change in blue-shifted emission (see next 
subsection). 
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F i g u r e 6: Orbital variations in the Si IV profile of HD77581. The differences in flux with respect to the 

average flux of the <f> — 0 spectrum are plotted as a function of orbital phase. To enhance the signal-to-noise 

ratio the spectra are binned in velocity bins of 200 km s~' wide. The central velocity of each bin is indicated 

at the left of the panel. The variations in flux reach maximum amplitude in the velocity bin at —1000 km s _ 1 

(with respect to the blue doublet component at 1393.8 A): at (j> = 0.5 the observed flux is about 0.8 FN/s 

higher than at <f> — 0, because of the HM-effect. In the middle panel it is shown that at —600 km s - 1 in both 

doublet components no orbital changes occur due to saturation of the profile. In the velocity bin centered 

at —400 km s - 1 the P Cygni absorption is less strong at 4> = 0.5 for both doublet components. Note that 

the width in phase of the variation is much smaller than in bins at higher velocities. In the right panel we 

present the orbital variations observed in the red-shifted part of the red doublet component at 1402.8 A. 

The error bars represent \cr deviation 
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4.2 P Cygni emission 

Dupree et al. (1980) found that the emission of the P Cygni lines in the UV spectra of HD77581 
varies with orbital phase. The Siiv, Civ, and Aim resonance lines have stronger emission around 
phase <j> = 0.5, when the X-ray source is in the line of sight. The long-wavelength side of the red 
(i.e. right) emission component (and probably also of the blue (i.e. left) emission component, but 
the overlap causes confusion) is suppressed when the X-ray source is eclipsed. This is in accordance 
with the predictions of McCray et al. (1984), and explained by the fact that the long-wavelength 
side of the P Cygni emission is formed in parts of the stellar wind moving away from us. In the 
next subsection we show that these orbital variations of red-shifted emission extend to about 1000 
km s - 1 for the Siiv and Civ profiles. 

The N V resonance doublet most evidently shows changes in strength of the short-wavelength 
side of the red emission component (Fig. 5). The short-wavelength side is strongest between phases 
4> = 0.8 and <j> = 1.2, when the compact object is eclipsed and moves through the receding parts 
of the stellar wind. The long-wavelength part of the red emission peak is remarkably stable with 
binary phase. From their recently obtained Hubble Space Telescope spectra of HD77581, Boroson 
et al. (1992, preprint) reach the conclusion that the amount of N 4 + ions in the wind is increased 
by the X-ray illumination (via ionization of N 3 + ) , in accordance with the predictions of Kallman 
et al. (1987). If this is the case, our observations should be interpreted as showing an increase in 
blue-shifted (low velocity) absorption of the red doublet component at phase <f> = 0.5, instead of a 
decrease in blue-shifted emission. 

4.3 Significance of observed variations 

In order to compare variations at different velocity (and in different profiles) as a function of orbital 
phase, we plot the difference in flux with respect to the average <f> = 0 spectrum with orbital phase 
(see Figs. 6-8). To enhance the signal to noise we binned the spectra in velocity bins of 200 
km s - 1 wide. The central velocity (measured with respect to the rest wavelength of the component 
displayed at the top of the figure) of each bin is given at the left side of each panel. The significance 
of the variations is obtained in a way similar to that described above. Because of integration of the 
spectra over bins of 200 km s - 1 wide, we computed the covariance aXJ (which reduces to the variance 
a, if i and j are independent) and compared this to the expected covariance at the same flux level, 
calculated in parts of the spectrum which do not exhibit intrinsic variations. The decline of <rtJ for 
given i, and j getting larger (or smaller) than i, shows the dependence of i on its neighbours (e.g. 
resulting from the instrumental profile) and we have found that points within 200 km s - 1 are not 
independent. This means that an error estimate based on the measured variance underestimates 
the (real) error based on the measured covariance. The \o~ error bars in e.g. Fig. 6 indicate the 
uncertainty we expect from instrumental and photon noise. 

In Fig. 6 we show the orbital variations in the Si iv doublet for different velocity bins, measured 
as differences in flux with respect to the average <j> = 0 spectrum. The variations in the. Si IV profile 
are present from -1400 to -800 km s"1; at lower velocities the profiles are saturated. Around -400 
km s - 1 the variation with orbital phase becomes visible again, still in phase with the variations at 
higher velocities. A difference is that the variations in the -400 km s - 1 bin occur in a much more 
narrow range in phase. Around -200 km s - 1 the flux tends to vary in counter-phase with respect 
to the variations at higher velocities. This can be explained by the fact that these variations at 
the lowest velocities are due to changes in strength of the emission peak (like in the N v profile): 
less emission causes a decrease in flux. The variations in the C iv P Cygni profile are similar to 
those observed in the Si IV profile. The Al HI resonance doublet shows variations with orbital phase 

throughout the entire ( 1000 to -200 km s - 1 ) absorption part of the profile; here, we only 
show the red component at 1863 A (Fig. 7). The variations in Aim and the other P Cygni lines 
are similar, and support the conclusion that the Aim resonance lines also are modulated by the 
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F i g u r e 7: As Fig. 6; Orbital variations in the red (A0 = 1862.8 A) component of the Al III resonance doublet 

of HD77581. The velocity bins centered at -10OO km s~' to -400 km s"1 clearly show the HM-effect occuring 

as a decrease in absorption (increase in flux) around <j> — 0.5, when the X-ray source is in the line of sight. 

Also at </> = 0.5 we observe an increase in red-shifted emission in the bins from 200 to about 600 km s - 1 

HM-effect. The N v resonance doublet exhibits significant orbital variations in the velocity bins 

between —400 and 0 k m s - , most likely caused by changes in s t rength of the P Cygni emission 

(see Fig. 8). 

4 .4 A b s e n c e o f H M - e f f e c t in H D 1 5 3 9 1 9 

Al though Hatchet t & McCray (1977) originally predicted orbital modula t ion to occur in the UV 

resonance fines HD153919 (4U1700-37), orbital variations were not found (Dupree 1978). Changes 

wi th orbi ta l phase were, however, detected by Hammerschlag-Hensberge et al. (1990) in some 

subord ina te lines. To support our interpretat ion (Kaper et al . 1990) tha t the orbital modula t ion 

of the subord ina te He II 1640 A and N i v 1718 A lines is caused by the presence of varying Raman-

sca t te red emission lines, we investigated the t ime-behaviour of the subordinate C III line at 2296 A. 

C III and NIV b o t h belong to the isoelectronic sequence of Be I, and the 2s2p ' P° - 2p2 ' D 

t r ans i t ion gives a line at 2296.9 A ( C m ) and at 1718.6 A ( N I V ) . Indeed, a P Cygni profile is 

present a t 2296 A in the long-wavelength IUE spectra of HD153919 (see Fig. 9), identical to the 

N i v P Cygni line at 1718 A (see Hammerschlag-Hensberge et al. 1990). The low flux level, caused 

by the interstel lar absorpt ion in this part of the UV spect rum and the sensitivity of the LWP 

camera , results in a very small signal to noise ra t io , which makes detection of any variations in 

the C m line difficult. In Fig. 10 we compare the orbi tal variations observed in the N i v line of 
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Figu re 8: As Fig. 6; Orbital variations in the red N v doublet component of HD77581 at 1243 A. The 

blue-shifted emission reaches a minimum around 4> — 0-5, when the X-ray source ionizes the part of the 

stellar wind that is responsible for the formation of this emission such that the number of N 4 + ions is less 

than at other phases 

HD153919 with the flux as a function of b inary phase in the same velocity bins of the C III line 

(error bars indicate ltr deviat ion). Hardly any orbital variations are present in the C ill line, while 

a variable R a m a n emission line (central wavelength 1713 A, Kaper et al. 1990) is visible in the 

bins from —1200 to —800 k m s - 1 . We can not exclude tha t the velocity bin centered a t —800 

k m s _ 1 exhibits some modula t ion caused by ionization by the X-ray source, bu t certainly we have 

to conclude tha t the orbi tal variations in the NlV line of HD153919 are predominant ly caused by 

the presence of a varying Raman-sca t te red emission line, and not by the HM-effect. 

5 I o n i z a t i o n z o n e in a s te l lar w i n d w i t h a m o n o t o n i e v e l o c i t y s t r u c t u r e 

Orbital modula t ion as described above gives information about the velocity s t ructure of the stellar 

wind. In this section we investigate whether a simple monotonie velocity law is consistent with the 

observed behaviour. We will also show the difficulties arising from this assumption. Tar ter et al. 

(1969) and Tar ter and Salpeter (1969) studied the interact ion of X-ray sources with optically thin 

and optically thick environments, respectively. They derived tha t the electron t empera tu re Te and 

the ionization equilibrium in the surrounding (assumed uniform) med ium depend sensitively on the 

paramete r : 
, LX r) = — -
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F i g u r e 9: The subordinate C m line of HD153919 at 2296.9 A (overplot of 9 LWR and 19 LWP 
high-resolution IUE spectra) is very similar to the subordinate N IV line at 1718.6 A (overplot of 58 SWP 
spectra). In the N IV profile variations occur around 350 and —1000 km s _ 1 , see also Fig. 10 

wi th Lx the X-ray luminosity, n the particle density, and r the distance from the X-ray source. 

The p a r a m e t e r £ determines the ra t io of pho ton flux to particle density and is therefore a measure 

for t he number of ionizing pho tons available per ion a t distance r . For the "optically-thin" ap

proximat ion (i.e. absorpt ive a t tenuat ion of the pr imary X-rays and heat ing effects of the secondary 

rad ia t ion are neglected) in a med ium of uniform particle density and cosmic abundances, Tarter 

et al. calculated the ionizat ion balance for the most abundant elements for given electron temper

a tu re and density, and the corresponding values of £. The input X-ray spect rum was described by 

a t he rma l b remss t rah lung spec t rum. 

Ha tche t t and McCray (1977) applied the formalism of Tar ter et al. to the problem of X-ray 

sources in stellar winds. They determined the shape of surfaces with constant £ around the X-ray 

source by in t roducing the nondimensional variable q, denned by: 

e 
nXD2 

(4) 

with nx the number density a t the orbit of the X-ray source and D the distance from the center 

of the p r imary to the X-ray source. If the med ium is not optically thin, the column density N (i.e. 

the in tegra ted par t ic le density n, measured from t h e X-ray source) is also needed to determine the 

s t a t e of the gas. For a wind wi th constant velocity, surfaces of constant column density are to a 

good approximat ion congruent to surfaces of constant q. If the velocity s t ructure of the wind is 

described by Eq. (1) , the density structure follows directly from the mass continuity equation: 

p[x) = M 
4 i r ü 2 U o o ( l - x - i f 

(5) 



5. Ionization zone in a stellar wind with a monotonie velocity structure 175 

0 4U 1700-37 
CIII (A02296.890) NIV (X01718.551) 

F igure 10: As Fig. 6; The subordinate C m line at 2296.9 A of HD153919 (4U1700-37) does not exhibit 

significant orbital variations, in contrast to the physically similar Niv line at 1718.6 A. To make a fair 

comparison we divided the flux difference through the average flux in each velocity bin at phase zero. This 

supports our interpretation that the observed variations in the NIV line are not caused by the HM-eflect 

where x — r/R > 1 is the distance in stellar radii from the center of the pr imary. According to HM, 

surfaces of constant column density do not coincide as well with surfaces of constant q as in the 

constant velocity case. They solved the radiat ive transfer problem in detail (in the optically-thin 

approximat ion) for an accelerating stellar wind and computed the value of £ for which the degree 

of oxygen ionization n(Or+)/n(0) = 0.1 or 0.5, for a given shape of the X-ray spectrum. 

We calculated ( a s a function of v ( r ) / u 0 0 for the two HMXRBs discussed above, using the 

predicted X-ray luminosity result ing from wind accretion, and the wind paramete rs of Tab. 2. 

Fur thermore , we computed the t o t a l column density N measured from the X-ray source in a stellar 

wind with a density s t ructure as given by Eq. (5). In Fig. 11 we show our results for HD77581 

(Vela X-1) for two values of the pa ramete r /3 (Eq. 1), i.e. 0.5 and 1.0, which delimit the range of 

this pa ramete r derived from observations. In the figure we indicated the region where variations in 

P Cygni absorpt ion a re observed (for the SiIV, C i v a n d A i m resonance lines, indicated by dot ted 

lines). According to HM n(07+)/n(0) = 0.1 for log£ = 2.69 ( the lowest value for the X-ray spectra 

they used as inpu t ) , which can give an indication of the borders of the region where C 3 + , S i 3 + , etc. 

should be absent . The ionization potent ia l of 0 7 + is 871.1 eV and the relative number abundance 

in the local interstellar med ium (ISM) of oxygen is 5.0 X 1 0 - 4 , when hydrogen is set to 1. 

Since the geometrical posit ion of Vela X-1 in the system is accurately known (see section 3), we 

can es t imate in which velocity domain X-ray ionization should have an observable impact on the 
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F i g u r e 11 : a ) Log(£) is given as function of v(r)/vo c for HD77581 (Vela X-1) in the case of a P = 0.5 

velocity law (full lines). The dashed lines represent the column density log JV of the wind material measured 

from the X-ray source. The observational limits of the varying P Cygni absorption of Aim, Si IV, and Civ 

are indicated; b ) For a /3 = 1.0 velocity law 
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shape of the different P Cygni profiles. The ionization potentials of C 3 + , Si3 + , and Al2+ are 64.476, 
45.13, and 28.44 eV, respectively, and the relative number abundances in the ISM of carbon, silicon, 
and aluminum are 2.1 X 10~4, 4.3 x 10 - 5 , and 5.0 X 10 _ 6

t respectively. From this, we expect that 
C 3 + , Si3 + , and Al2+ are absent in regions where log f > 2.69. The velocity reached by the stellar 
wind at the position of the X-ray source is very sensitive to the chosen value of (3 (as is the predicted 
X-ray luminosity), which is shown in Fig. 11. Here we find that log£ > 2.69 for 630 < v < 1070 
km s"1 in the case j3 = 0.5 and 210 < v < 1330 km s"1 for 0 = 1.0. If we compare this with the 
observations, we have to conclude that they do not match at all. 

From the followed approach we can not understand why the Si IV profile remains saturated from 
—400 to —600 km s _ 1 , because we expect in the case of a monotonie velocity law that: 

1) when the X-ray source is in the line of sight, the degree of ionization at these velocities should 
be even higher than in the neighbouring regions at lower velocity (see Fig. 11); 

2) the (Sobolev) optical depth T at -300 km s"1 does not differ much from that at —600 km s - 1 ; 
from Lamers et al. (1987) we obtain for a resonance line (Eq. 9): 

/ \ * e ? t \ x R* 
mc w Voo 

where ƒ/„ is the oscillator strength and A0 the rest wavelength of the resonance transition, and n, 
the number of ions per cm3. With the definition of x = r/f£„ and w = v/voo, and the continuity 
equation we obtain: 

T300 _ Z600 f tt>60(A ^ fi 

Teoo 2300 W 3 0 0 / 

after setting t»oo equal to 1400 km s - t and 0 equal to 1. Thus at —300 km s _ 1 the optical depth is 
even higher than at —600 km s - 1 ; 

3) a different mass-loss rate and X-ray luminosity would only cause a vertical displacement of 
the curves in Fig. 11, and have no influence on the implied value of 0. 

We also calculated £ and JV for the system HD153919 (4U1700-37). As expected (see Fig. 12), 
the region for which log f > 2.69 is much smaller, measured in velocity units, than in the case of 
HD77581 (Vela X-l): t/(r)/t>oo w 0.40 - 0.65 compared to v(r)/Voo « 0.15 - 0.95, respectively (for 
0 = 1.0). This is due to the higher mass-loss rate of HD153919 and the lower X-ray luminosity of 
4U1700-37. But, like HM, we would expect some observable effect of the ionization in the profiles 
at the position (in v(r)/««,) of the X-ray source, given the resolution of about 25 km s"1 of the 
IUE satellite, and this is not observed. 

6 Discussion 

6.1 Evidence for a non-monotonic velocity structure 

In summary, we have found observational evidence that orbital modulation of P Cygni profiles 
of HD77581 not only shows up in the high-velocity absorption part of the profiles, but also at 
intermediate and low velocities. The similar behaviour of the variations at low velocity indicates 
that these variations also result from the ionizing radiation of the orbiting X-ray source. When the 
ionization zone is in the line of sight, variations in the number of scattering ions occur at almost the 
entire range of velocities in the stellar wind: high and low velocities in the Si iv and CIV resonance 
lines and intermediate and low velocities in the A im resonance doublet. The "stable" saturation 
in the Civ and Siiv profiles indicates that the optical depth in these lines at those particular 
velocities is still large enough to remain saturated. This means either that the C3 + and Si3+ ions 
are still present in the ionization zone (partial ionization) or that C 3 + and Si3+ ions with suitable 
velocities are also present outside the ionization zone. From the last section we have to conclude 
that even partial ionization combined with a monotonie stellar wind is not sufficient to explain the 
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F i g u r e 12: Log(£) and column density JV with respect to the X-ray source in the case of 4U1700-37 and a 

(3 = 1 velocity law 

observations. Therefore, we investigate whether a n o n m o n o t o n i c velocity s t ructure can account 

for the "s tab le" sa tu ra t ion in the Si IV and C IV profiles of HD77581. 

T h e UV profiles formed in the wind of t he second system HD153919, do not show the HM-effect 

at all. We have shown tha t the orbital variations observed in subordinate lines in the UV region 

close to He l l 1640 A are probably not caused by ionization effects induced by the X-ray source, but 

by variable R a m a n scat tered emission lines (Kaper et al. 1990). This is supported by the absence 

of changes wi th binary phase in the C ill subordinate line at 2296A. Although the higher mass-loss 

r a t e of HD153919 (and lower luminosity of the X-ray source) will certainly result in a smaller size 

of the ionization zone t h a n in the case of HD77581, the HM-effect is still expected to occur in this 

sys tem in the case of a monotonie stellar wind. However, as said, it is not observed. This can be 

under s tood if outside the ionization zone enough ions are left over the full range of velocities in the 

wind of HD153919, which is possible if the wind's velocity s tructure is non-monotonic. 

Observations give only information about the radial velocity of the ions contributing to the 

P Cygni line format ion from the measured Doppler shift; for spatial information a velocity law 

has to be adopted. Theory of the formation of sa tura ted P Cygni lines and t ime-dependent ID 

hydrodynamica l calculations of radiatively-driven wind flows of single early-type stars (see Owocki 

1992; a n d references therein) strongly suggest tha t the velocity s t ructure of these stellar winds 

is highly non-monotonic , in par t icular due to the presence of shocks. We find tha t such a non

monoton ic velocity s t ruc ture can also explain the observed orbital variations in P Cygni lines of 

HD77581 , and the absence of these variations in the P Cygni profiles of HD153919. This is because 

in this case the whole range of velocities can in principle be present bo th inside and outside the 

ionizat ion zone. The te rmina l velocities quoted by Prinja et al. (1990): 1105 k m s~' for HD77581 

a n d 1820 k m s _ 1 for HD153919 indicate that velocities exceeding the terminal velocity of the wind 

occur wi th in the ionization zone, explaining the observed orbi tal variations in the bins at - 1 2 0 0 and 

— 1400 k m s _ 1 in the S i i v and C i v lines of HD77581. In a monotonie wind, the highest observed 

velocity is by definition (a lower limit to) the terminal velocity. 

f = 1.0 
v_ = 2180.0 km/s 
dV/dt - 0.4E+21 g/s 
^ = 0.3E-36 erg/s 
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6.2 X-ray flaring and soft X-ray excess 

The accretion-induced X-ray luminosity is proportional to p/v1. Owocki et al. (1988) show in 
their calculations that this ratio is a strong function of time and position in the stellar wind. The 
line-driven instability acting in radiatively-driven winds results in a shocked stellar wind with high-
velocity rarefied regions and low-velocity parts with higher density. Therefore, a highly variable 
X-ray flux is expected from the accretion in wind-fed HMXRBs. The timescales (few hours) and 
amplitude (about a factor 100 in intensity) of the observed X-ray flaring in Vela X-1 and 4U1700-37 
correspond very well with what is expected: the predicted range in local density is about 2 orders 
of magnitude and in local velocity a factor 2 (Owocki et al. 1988). The variable X-ray flux will 
result in a variable size of the ionization zone. The observations do not indicate large changes in 
the HM-effect over the years; it could be possible that the exposure time of three hours and the 
resolution of IUE are not sufficient to reveal these variations. 

The sometimes observed soft X-ray excess of Vela X-1 was explained by Nagase et al. (1986) by 
postulating clumps in the line of sight towards the X-ray source. They argued that these clumps 
could be the result of turbulence developing downstream in the wind behind the compact object. 
We propose that the dumpiness of the wind is rather due to the clumpy structure of shocked 
radiatively-driven winds. 

6.3 N v emission of HD77581 

For some P Cygni lines, the emission varies in strength as a function of orbital phase. This indicates 
that the ionization zone is quite extended, because most of the P Cygni emission is formed close 
to the star. The N v emission shows the largest variations in the P Cygni emission strength, and 
behaves differently than observed for the other resonance lines. McCray et al. (1984) and Kallman 
et al. (1987) predict that at the electron temperature of the stellar wind nitrogen is predominantly 
N 3 + . The observed "superionization" in the form of N v and O VI lines is attributed to Auger 
ionization by X-rays produced by the stellar wind itself. Then the presence of an X-ray source 
would increase rather than decrease the number of N4 + in the surrounding wind regions. But 
detailed calculations of the ionization equilibrium in radiatively-driven winds (Pauldrach 1987) 
show that, when ionization from excited states is included, the problem of superionization can, 
in principle, be solved without invoking Auger ionization. With this in mind, we conclude from 
our observations that the orbital modulation of the N v P Cygni profile of HD 77581 is caused by 
varying strength of the emission peak, rather than an increase in N v absorption. Furthermore, our 
observations lead us to conclude that the N 4 + abundance is highest close to the star. 

7 Conclusions 

If we adopt a shocked structure of the stellar wind in massive X-ray binaries, we can in principle 
understand the spectral UV variability observed in HD77581 and HD153919. The saturation of the 
N V, Si IV and CIV resonance lines, the occurrence of the HM-effect for the full range of velocities 
in HD77581 (and the persisting saturation in the Si IV and CIV resonance lines), the absence of the 
HM-effect in HD153919, the X-ray flaring in these systems, and the soft X-ray excess observed in 
Vela X-1 are all consistently explained with a non-monotonic velocity law. Such a wind structure 
is predicted for single hot stars. The orbital modulation of the N V P Cygni profile of HD77581 
is different from that observed for the other resonance lines and most likely caused by varying 
strength of the emission peak, rather than an increase in N v absorption. 
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