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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. 

1 



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 



3. Stellar winds in high-mass X-ray binaries 5 

compound ' 
states 

/ ' 
\ 

rs 

IT) 
(M 

> 
Z> 
LU 

CO 

in 
CM 

« 
o> 

X 

* 
CJ. 

>» 
- J o 
: CM 

i n 
CM 

> 
3 
LU 

CM 
CM 
IT» 
v— 

> 
_) 

cV> 

o 
«4 
UJ 

W 
a 
T 

« • 

CM 
Ĉ  

i r ' 

a 
m 

.« 4-

n = 3 

n=2 

n = 1 

Figure 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 that 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 nature of the line-profile variability observed in the photospheric 
lines of these stars, and hope to find other indications that stellar-wind variability is tr iggered 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- ray b inar ies 

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 strong 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 
mat te r towards the compact object, such that an accretion disk is formed as a result of angular-
momentum conservation. In other HMXRBs, the radiat ion-driven wind of the hot star 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 that 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 
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F igure 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 Chapter 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 Raman 
scatter ing of ext 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). Both the width of the observed emission lines and the lack of any identification for 
them, point to this mechanism as a likely cause for their formation. These Raman lines can thus be 
used to reconstruct a par t of the unobserved extreme ultraviolet spectrum in the Hel l scattering 
zone. Except for tha t of the Sun, a stellar EUV spectrum below 300 A has never been observed in 
high resolut ion. We expect R a m a n scattering to be an impor tant diagnostic tool to study parts of 
the unobserved EUV spect rum of various astrophysical objects. 

In Chapter 10 we present evidence for a non-monotonic velocity structure of stellar winds 
in HMXRBs. We report variat ions in UV resonance lines of HD77581 (Vela X- l ) at low and 
intermediate negat ive velocities, and argue that 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 absorpt ion. Because the posit ion of 
the compact star 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 at 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. 



8 1. Introduction and summary 



Chapter 2 

Rapid variability in O star winds 

H.F. Henrichs, L. Kaper, and G.A.A. Zwarthoed 
(appeared in "A Decade of UV Astronomy with IUE", Proc. Celebratory Symposium, GSFC, 
Greenbelt, USA, 12-15 April 1988, ESA SP-281, Vol. 2, Ed. E J . Rolfe) 

Abstract 

We report rapid, systematic changes in the absorption parts of the P Cygni profiles of the resonance 
lines of Si IV, CIV, and N v in four 0 stars. We find two types of variability: (1) in the form of the 
well-known "discrete absorption components", which appear episodically at low (but supersonic) 
velocity in the P Cygni profiles and accelerate through the profile. The recurrence time scale varies 
approximately with the stellar rotation period. The acceleration differs from star to star and, for a 
given star, from episode to episode; (2) significant (10%) changes in the velocity of the steep edge 
of the saturated P Cygni profiles, which are correlated with the discrete component behavior in the 
unsaturated Si IV line. This implies that the steep edge can not be a good measure of the terminal 
velocity of the wind. We propose an alternative determination of the maximum bulk velocity. 

On the ground of these (and other) observations we suggest that both types of variability are 
typical for all early-type stars. The magnitude of the effect varies, however, from star to star as 
well as for a given star. 

Keywords: 0 stars - variable stellar winds - discrete absorption components - terminal velocity 
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The sample stars 

Name 

f Per 
68Cyg 
A Cep 
19 Cep 

Spectral type 

07.5m(n)((f)) 
07.5III:n((f)) 
06I(n)fp 
09.51b 

vsint 
( kms- 1 ) 

215 
315 
275 
75 

R* 

( *©) 
11 
13 
21 
18 

Rotation 
period (days) 
0.8 - 2.7 
1.0 - 2.4 
1.4 - 4.9 
1.4 - 12 

t>edKe 

(kms" 1 ) 
-2600 
-2800 
-2600 
-2400 

vc(max) 
(kms"1 ) 

2150 ± 50 
2350 ± 50 
2000 ± 50 
1800 ± 50 

# o f 

62 
33 
10 
30 

Table 1: We interpret the maximum velocity of the discrete absorption components uc(max) as 
the maximum bulk velocity of the stellar wind. These are given with respect to the stellar rest 
frame; vedge denotes the velocity at which the absorption joins the continuum. 

1 Introduction 

Variability in the absorption parts of ultraviolet P Cygni lines, which are indicative of a strong 
stellar wind, is commonplace in 0 , B, and Be stars. See for recent reviews: Prinja fe Howarth (1986), 
Henrichs 1988). The cause of this variability is unknown, in spite of the numerous observational 
data. From previous studies it became clear that progress can only be expected from an analysis 
of a nearly contiguous series of observations, taken simultaneously over a wide wavelength region, 
spread over a couple of days. We present results for four 0 stars obtained with the IUE satellite as 
part of such a campaign. Analysis of results in other wavelength bands will be presented elsewhere. 

The ultimate goal of this study is to understand the origin of the widely observed variable 
nature of stellar winds in early-type stars. 

2 Observations 

Table 1 lists the program stars for which high-resolution spectra have been obtained. The study 
period was about 6 days in August 1986 and 4 days in September 1987. For each star the average 
time resolution varied between 1 and 6 hours and was optimized during the actual observing run 
using adapted RDAF software at the Goddard Space Flight Center. AU four stars have been 
observed during both observing runs, to enable a detection of expected long-term changes in the 
behavior of the rapid variability. A detailed analysis of earlier data of £ Per and 68 Cyg has been 
presented by Prinja et al. (1987) and Prinja & Howarth (1988), respectively. 

3 Analysis 

All spectra were reduced in an as homogeneous as possible way, using the IUEDR software package 
(Giddings 1983a, 1983b) for extraction starting from the GPHOT images. A smoothing over 3 
adjacent pixels, separated by 0.1 A, has been applied. 

The regions around the Si IV doublets are shown in figures 1 to 4. To solve the problem: "How 
to present more than 130 HIRES IUE spectra in one paper?", we have chosen for a grey-scale 
representation of the data, using the MIDAS software package (ESO, München). This method 
facilitates a rapid overview of subtle changes in the profiles as a function of time. A comparison 
between conventional plotting and grey-scale representation is given in Fig. 3 (A Cep), showing a 
significant improvement in favor of the latter method regarding the detection of systematic changes 
in time series. 

4 Discrete absorption component behavior 

The four stars are listed in order of increasing rotational period. 
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-3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

-3000 -2000 -1000 0 1000 2000 3000 
Velocity (knVs) (stellar rest frame) 

F i g u r e 1: T h e two panels are a composi te of 62 H IRES IUE spect ra . T h e epochs of observat ion are indicated 

by tick marks along the vert ical scale, where t ime is running upwards. T h e hor izontal scale is in velocity 

with respect to the strongest line of the Si IV doublet (1393.755 A) . Note the many accelerat ing absorpt ion 

features, often found in bo th doublet members . In the 1987 da ta , the pa t te rns are much more regular than 

the 1986 da ta , indicat ing long-term changes in the shor t - te rm variabil i ty. In the lower panel at least four 

very clear episodes can be identified, with t ime intervals of 0.7 and 1.4 days, possibly related to the stellar 

ro tat ion per iod. I t seems unlikely tha t we see the accelerat ion of the stellar wind itself (see tex t ) . See Fig. 

5 for an example of a variable edge velocity in the C i v and N V profiles. 
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-3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

F i g u r e 2: The upper panel shows a montage of 33 Si IV profiles (same axes as in Fig. 1). Rapid variability 
similar to that in 68 Cyg can be seen. The lower panel shows a significant decrease of the edge velocity in 
the saturated CIV profiles (see also Fig. 5). This variability leads us to consider the determination of the 
terminal velocity. We propose to identify the maximum bulk velocity of the flow with the asymptotic value 
of the velocity of the discrete components in the unsaturated Si IV line. See text for a further discussion. 

4.1 68 Cyg 07 .5 III:n((f)) 

The two t ime series (Fig. 1), which were taken with a one year t ime interval, show different behavior. 
The episodes in 1986 are much more irregular t han in 1987. A detailed analysis of the 1986 da ta 
can be found in Pr in ja k Howar th (1988). The September 1987 da ta are part icular ly suitable to 
s tudy the na tu re of the features: discrete absorpt ion features travel through the profile a t four 
dist inct episodes. It is possible to infer from these data an "underlying clock" with a 0.7 or 1.4 
day per iod. Adopt ing such a periodicity, i t is clear that the strength of the features must then 
be strongly modu la ted by an unknown process, because the occurrence of the features can not be 
predicted. The est imated stellar rotation period is less than 2 days (see Tab. 1), which would be 
consistent wi th the hypothesis t ha t the periodici ty is connected with the ro tat ion ra te . Similar 
conclusions can be drawn for the other three stars presented (see also Pr in ja 1988). A discussion 
of the variable edge in the satura ted Civ and N v profiles is given in section 5. 

4 .2 £ Pe r 0 7 . 5 I I I ( n ) ( ( f ) ) 

Earl ier study showed a pa t te rn of variability very similar to the 68 Cyg da ta in Fig. 1 (Prinja et 
al 1987). The repeatabi l i ty of the episodes in the September 1987 data (Fig. 2) is, however, not 
as clear as in the previous years, although the t ime scale is still in the range compatible with the 
est imated stellar ro ta t ion ra te . Of special interest is the behavior of the steep C IV blue edge, which 
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XCep <)6I(n)fp August 1986 Si IV 
Si IV Wavelength (A) 10 spectra 

1380 1385 1390 1395 1400 1405 

-3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

Figure 3: It is difficult to suspect systematic changes in the superposed SiIV profiles (upper panel). The 
grey-scale representation, however, leaves little doubt about the reality of the changes. The estimated stellar 
rotation period is less than 4 days, which is compatible with the recurrence time scale. 

shows a 10% decrease in velocity over at least 6 hours around September 7 (Fig. 2). See section 5 
for an interpretation. 

4.3 A Cep 0 6 I(n)fp 

The acceleration of the features (starting around August 25.5, see Fig. 3) is clearly slower than 
in the previous two stars, but faster than in 19 Cep. There is evidence that there was an earlier 
episode, but our time resolution was not good enough to document this. The stellar rotation period 
is less than 4 days, again compatible with the estimated recurrence time scale. 

4.4 19 Cep 09.5 lb 

The data of this star (Fig. 4) show a very clear example of a slowly accelerating feature. Only one 
episode is apparent during the 7 days in August 1986, again consistent with an estimated maximum 
rotation cycle of 12 days. 

5 Variable edge velocity 

All four stars have shown at some epoch up to 10% variation in velocity in the steep absorption edge 
of the saturated CIV and N V P Cygni profiles. Figure 5 gives an example. This variability means 
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-3000 -2000 -1000 0 1000 2000 ?O00 
Velocity (knVs) (stellar rest frame) 

F i g u r e 4: The Si IV discrete components show a slow, very systematic increase in velocity. The star is a 
slow rotator (period less than 12 days), which is consistent with the occurrence of only one episode during 
the study period. The asymptotic value of the discrete component is used to determine the maximum bulk 
velocity of the stellar wind. 

tha t the steep edge can not be directly associated with the terminal velocity of the wind, unless 
one is willing to accept a variable terminal velocity. The lat ter is unexplainable in the classical 
radiat ion-dr iven wind theory, because this velocity is related to fixed stellar parameters , mainly 
gravity. The si tuat ion is different, however, in case of a non-monotonic velocity law, for instance 
produced by series of shocks (Lucy 1983). In this model the edge velocity is interpreted as the bulk 
wind velocity plus a " tu rbu lent " velocity, where the dispersion is caused by shocks. The present 
da ta support such a picture and are consistent with the following interpretat ion: the velocity of a 
discrete absorpt ion component in the unsaturated Si iv profile, measured at max imum depth, will 
asymptot ical ly approach the max imum bulk velocity of the wind. Because the C IV (and also N v) 
ions are much more abundant , the broadening caused by mult iple shocks is much more prominent, 
giving rise to a much broader (saturated) profile. This conclusion is supported by the observation 
tha t in all our sample stars the edge velocity in the saturated lines is significantly lower if there is 
only a low-velocity broad component present in the unsatura ted Si IV line. When this component 
evolves to higher velocity, while narrowing, the edge velocity in the saturated lines also increases. 
W h e n the high-velocity Si IV component decreases in strength, the CIV land N v edge velocities also 
decrease. In conclusion, we propose that t he max imum bulk velocity of the stellar wind is reflected 
in the asymptot ic value of the velocity measured at the max imum depth of the discrete component 
in the unsatura ted Si IV line. 

6 C o n c l u s i o n s 

1) Typical t ime scales of variabil i ty in the absorpt ion par t of the profile are hours to days. No 
significant changes in the emission part could be detected. 

2) The accelerat ion of absorpt ion features can vary from star to star, as well as for a given star. 
Because of this diversity, it seems unlikely that we observe the acceleration of the stellar wind itself: 
the observed velocity is more likely to represent the projected component of the mater ia l crossing 
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5 Per 0 7 . 5 I l l i n i u m S e p t e m b e r 1 9 8 7 

j I i i i i I i i . i I , i i i 1 i i i i I i i i i I , i i , I 

-3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

Figure 5: Variable edge velocity in the P Cygni profiles of £ Per. Two extreme cases (spectrum #13, drawn 
line, and #19, dashed line, see Fig. 2) are overplotted. From these figures it is clear that the blue edge 
velocity in the saturated N V and CIV profiles, and the unsaturated Si IV profile, changes systematically, 
although in the latter profile to a lesser extent. See text for further discussion. 

the line of sight, hence implying tha t spherical models are not adequate for describing the observed 
behavior. Conclusions have to wait unt i l a detailed quant i tat ive analysis will be completed. 

3) Typical t ime scales for recurrence of "new" absorpt ion features range from a half a day 
to a week or more, again depending on the star, and is variable for a given star. This range is 
comparable with the est imated stellar ro ta t ion period, a l though from the present dataset no unique 
period of an underlying clock can be derived for a each star. 

4) The steep high-velocity edges of the saturated CIV and N v profiles are variable. The range 
is about 10% in velocity. The changes are correlated with the behavior of the discrete absorpt ion 
components in the unsa tu ra ted Si IV line, implying tha t the edge velocity in the saturated P Cygni 
profiles does not represent the bulk velocity of the flow. We suggest tha t the max imum bulk velocity 
of the wind can be measured from the max imum depth of the high-velocity discrete component in 
the unsatura ted Si IV line, ra ther than from the edge velocity in the saturated lines. The difference 
is about 10% in velocity. Table 1 lists the newly derived values. 

7 D i s c u s s i o n 

We realize that our proposed determinat ion of terminal velocities of O-star winds (about 10 to 20% 
smaller than in previous determinat ions) necessitates a renewed comparison wi th values predicted 
by stellar-wind theories. It is clear that the always quoted (but not understood) fraction of 0.8 
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- 0.9 for the velocity of discrete components with respect to the traditional v^ is immediately 
understandable in our new picture. Because of the importance of these issues we postpone a full 
discussion to a separate paper. 

Modeling of the observed variability is not straightforward. At this stage we can not confirm 
models in which the recurrence time scale of the discrete absorptions is directly related to the 
rotation period of the star (Underhill & Fahey 1984, Mullan 1984). The relevant time scales, 
however, are in the right order of magnitude, which points towards rotation as being a key element 
for the displayed behavior. 

We are presently investigating the hypothesis that stellar rotation plays the dominant role 
in the variability via non-radial pulsations (NRP), where the variability is regulated by the (not 
understood, but observed) variable pulsation properties. 

8 Fu tu re 

To investigate such a suggested link between variable stellar winds and variable NRP we have 
successfully organized (September 1987) a wide campaign of simultaneous IUE and optical work. 
This paper presents some of the IUE data. THe analysis of the simultaneous optical spectra with 
very high S/N and polarimetry is in progress (Gies et al., in prep.). Such an analysis will reveal 
whether the recorded "events" are correlated with observed changes in the optical wavelength 
region, and therefore possibly relate surface phenomena with stellar wind characteristics. 
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Chapter 3 

The extent of variability in the stellar wind of the 
O 7.5 giant £ Persei* 

H.F. Henrichs, L. Kaper, and J.S. Nichols 

(Submitted to Astronomy and Astrophysics) 

Abstract 

Using high time resolution ultraviolet spectroscopy, we present evidence that variability in the 
stellar wind of the 0 7.5 m(n)((f)) star £ Per takes place essentially over the whole velocity range 
over which the wind is observable in absorption: from ~ -100 km s - 1 in the Si IV line up to -2750 
km s"1 in Nv and Civ, about 400 km s _ 1 beyond the terminal velocity of the stellar wind. The 
variations in the absorption part of the P Cygni profile include the discrete absorption components, 
which represent the strongest manifestations of the wind variability. In contrast, the emission part 
of the profile is steady. The blue steep edge in the saturated P Cygni lines vary in concert with 
the DACs. The changes in the subordinate Niv line at 1718 A at low velocity ( 250 to ~ -800 
km s'1) are found to vary in concert with the appearance of DACs in the Si IV lines. This implies 
that DACs are formed in a region relatively close to the surface. An evaluation of the statistical 
significance of variations in IUE spectra is presented. 

Keywords: Stars: early type - Stars: individual ( Per - Stars: mass loss - Ultraviolet:stars 

'Based on observations by the International Ultraviolet Explorer, collected at NASA Goddard Space 
Flight Center and Villafranca Satellite Tracking Station of the European Space Agency 
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1 In t roduc t ion 

Winds of O-type stars, as observed in P Cygni-type lines in ultraviolet spectra, are variable on time 
scales down to hours (e.g. Henrichs 1984, Prinja & Howarth 1986, Henrichs 1988). Understand
ing this variability is a challenge for the radiation-driven wind theory (Castor, Abbott & Klein 
1975, Kudritzki 1988, Owocki 1991; and references therein). The spectral changes are often easily 
observed as variable discrete absorption components (DACs) in unsaturated P Cygni lines. Be
cause of their characteristic shape DACs have been recognized in single snapshots for more than a 
decade. Howarth & Prinja (1989) reported DACs in more than 80% of 203 O stars. No convincing 
interpretation exists, however, for the origin and nature of the DACs, in spite of many proposed 
explanations. Unanswered questions included: (1) What makes a stellar wind develop DACs?, (2) 
Where in the flow are the DACs formed?, (3) Which physical parameters determine the time scale?, 
and (4) Is their appearance an intrinsic property of any radiatively driven flow? 

The time evolution of DACs has been studied in detail with IUE for a number of selected 0 
stars, in particular £ Per O 7.5 III(n)((f)) (Prinja et al. 1987) and 68 Cyg 07.5III:n((f)) (Prinja k 
Howarth 1988). It was found that DACs first appear as broad absorption features at intermediate 
velocity (around —1000 km s - 1 ) in the blue absorption part of the unsaturated Si iv resonance lines. 
These broad features evolve within a few days into narrow absorption components at high velocity 
(exceeding —2000 km s_ 1 ) . The DACs reappear in cycles which are of the order of the rotational 
time scale of the star (Prinja 1988, Henrichs et al. 1988). The asymptotic velocity of the DACs is 
interpreted as the terminal velocity (=foo) of the bulk flow of the wind (Prinja & Howarth 1986, 
Henrichs et al. 1988, Howarth & Prinja 1989, see also Groenewegen & Lamers 1989). This velocity 
coincides well with the highest velocity at which the saturated P Cygni profiles are still black 
(=fblack)) and on these grounds Prinja et al. (1990) have determined terminal velocities of more 
than 250 OB stars, which replaced earlier work in which the terminal velocity was derived from the 
steep edge of saturated P Cygni lines. Absorption in this steep edge beyond Vt» is interpreted as 
a "turbulent" velocity, where the velocity dispersion is caused by shocks, superposed on the flow 
(Lucy 1983, Owocki et al. 1988). 

Wind variability is also observed in this steep edge (e.g. Henrichs et al. 1988, Henrichs 1991 and 
Prinja 1992). Some observations seem to indicate that the appearance of DACs and the position 
and shape of the blue edge are correlated (Prinja 1992), but a one to one to correspondence for each 
star is difficult to establish. There is, however, no doubt that the variations occurring at velocities 
exceeding Woo are related to the propagation of DACs through the wind. Optical lines formed in 
the base of the stellar wind, such as Hell at 4686 A and Ha, often exhibit large variations. For 
several O stars it has been found that changes in these profiles occur on the same time scale as the 
variations in the stellar wind, and that these optical and UV variations are closely coupled in time 
(Henrichs 1991, Kaper et al. 1992). 

In this paper we present 22 spectra of £ Per obtained with the IUE satellite within 3 days in 
October 1989. The time resolution in this new sequence of spectra is better than in the time series 
analyzed by Prinja et al. 1987. We study the velocity range of the variability in several UV wind 
lines and how this variability is correlated in the different ions. Special attention is given to the low-
velocity regime. An evaluation of the statistical significance of variability observed in IUE spectra 
is presented. The observational data and the reduction are described in the next section. How to 
characterize the significance level of variability is discussed in section 3, followed by a description 
of the extent of variability in the wind of £ Per. The time evolution of the variations is the subject 
of section 5. We discuss the new results in the context of current stellar wind theory in section 6. 
The last section summarizes our conclusions. 
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F i g u r e 1: Upper panels: average of 22 IUE spectra of £ Per sampled at 0.1 A. Lower panels: the corre

sponding (r-ratio, the amplitude of which characterizes the variability (see section 3) 
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5 Per 07 .5 III (n)((f)) October 1989 
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F i g u r e 2: Dots: Empirical signal-to-noise ratio determined from 22 spectra at 4090 different wavelengths. 
The curve is the best fit of a two-parameter function as indicated 

2 O b s e r v a t i o n a l d a t a 

In October 1989 a to ta l of 23 spectra of the star £ Per (HD 24912) were obtained within 3 days with 
the Short Wavelength Pr ime (SWP) camera in high dispersion on board the International Ultra
violet Explorer (IUE) satell i te with an exposure t ime of 70 seconds in the large aperture. Table 1 
gives the journa l of observat ions. One image (SWP 32393) was strongly affected by unusually high 
background radiat ion and was discarded in this study in order to keep a homogeneous series. The 
geometr ical ly and photometr ical ly corrected spectra have been reduced in a s tandard manner with 
the STARLINK software package IUEDR (Giddings 1983a, 1983b). The background correction 
a lgor i thm from Bianchi & Bohlin (1984) was included. Ripple corrections were applied following 
Barker (1984). Small corrections in the wavelength cal ibrat ion were needed to obtain good align
ment of the interstel lar lines. Each spectrum was mapped onto an equidistant wavelength grid 
w i th spacing 0.1 A. Gaps in the spectrum due to reseau marks were removed by linear interpolat ion 
th rough three points at either side of each gap. This procedure generates a very small amount of 
non-existent da ta , but this has no consequences for the results of the present paper. The average of 
the 22 spectra between 1150 and 1900A is displayed in Fig. 1. No a t temp t has been made to cor
rect the fluxes for the wavelength-dependent sensitivity of the inst rument . As no reliable correction 
procedure exists for the removal of the negative fluxes in the sa tu ra ted par t of the profile near the 
C i v 1550 line, we left these unchanged. Clearly dist inguishable from the broad photospheric lines 
( v s i n i = 200 k m s _ 1 , Conti & Ebbets 1977) is the fixed-pattern noise, which in principle could be 
removed with sophist icated methods . While all of these defects in the reduct ion of the spectra will 
increase slightly the errors involved in the determinat ion of variability, these errors are negligible 
compared to the magni tude of the variability discussed here. 

3 T h e s ign i f i cance leve l of var iab i l i ty 

A simple overplot (see Figs. 3-6, middle panel) readily shows the well-known variable character 
of the UV resonance lines of £ Per. To quantify the variabil ity in IUE spectra in a statistically 
sound manner is, however, not tr iv ial because of the ra ther complicated reduction procedure. To 
assign a significance level to the variability one needs an est imate for the expected noise at the 
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# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

Image 
SWP 
37328 
37331 
37334 
37337 
37340 
37343 
37346 
37349 
37352 
37355 
37358 
37361 
37364 
37367 
37370 
37373 
37376 
37379 
37382 
37385 
37388 
37391 
37393 

Day 
Octobei 1989 

17 

18 

19 

UT 
h:min:s 
5:37:18 
8:19:15 

11:05:06 
13:50:19 
15:55:28 
17:58:28 
20:10:15 
23:05:06 

1:29:48 
3:52:26 
6:20:58 
8:49:54 

11:19:20 
17:25:38 
19:43:39 
22:12:52 
0:33:44 
2:58:33 
5:28:33 
7:55:04 

10:50:14 
13:12:53 
17:35:41 

Mid Exp. 
HJD-2447810 

6.735 
6.847 
6.963 
7.077 
7.164 
7.249 
7.341 
7.463 
7.563 
7.662 
7.765 
7.869 
7.972 
8.226 
8.322 
8.426 
8.524 
8.624 
8.728 
8.831 
8.952 
9.051 
9.233 

G 
G 
G 
V 
V 
V 
V 
G 
G 
G 
G 
G 
G 
V 
V 
V 
G 
G 
G 
G 
G 
V 
V 

Table 1: Journal of IUE observations off Per, October 1989. The ground observatory is indicated 
in the last column (Goddard, with observers Nichols-Bohlin, Webb and Ewald, or VILSPA with 
observer Kaper) 

wavelength considered. In IUE spectra, at each wavelength point the flux is an weighted average of 
the flux received at several pixels with each different exposure levels, whereas the sensitivity varies 
as a function of the pixel position on the camera. In addition, the order overlap regions and the 
fixed-pattern noise frustrate the determination of the pixel to pixel variations. The background 
determination is difficult at the low-wavelength end of the camera, because the spacing between 
the echelle orders becomes too small. Harris fc Sonneborn (1987) give a detailed description of 
further specific properties of the camera used. The large wavelength region covered by the camera 
enables us, however, to study the instrumental plus photon noise level as a function of flux in an 
empirical way, using wavelength regions outside the variable resonance lines. We used the region 
between 1185 and 1800 A, and also excluded the many small regions where echelle orders overlap, 
as in these intervals the noise level is higher because of the lower sensitivity at the edge of the 
orders. 

We computed the average flux -Fav(A) and the standard deviation <r(A) for each wavelength bin 
of 0.1 A wide in the above mentioned "stable" regions over the sample of 22 spectra of £ Per. In 
Fig. 2 the computed signal-to-noise ratio S/N = Fav(A)/<r(A) is plotted as a function of Fav(A) for 
all 4090 points used. Although the scatter seems rather large, the two-parameter function 

(S/N)„ = (31.5 ± 0.2) tanh ( 2 7 g / ± 4 5 ) , (1) 

in which F is the flux, gives a satisfactory fit to the data points. We have assumed a Poisson 
distribution for the S/N values to calculate the errors, which gives a reduced x2 = 10- The 
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£Per 07.5 III Cn)((0) 17 - 19 October 1989 
HIE Wavelength (A) 22 spectra 
1375 1380 1.185 1390 1395 1400 1405 1410 1415 

-4000-3000-2000-1000 0 1000 2000 3000 4000 5000 
Velocity (km/s) (stellar rest frame) 

F igu re 3: Upper panel: temporal sigma spectrum, denoted by o-obs/o-eXp (thick line) of the region around 
the Si IV doublet superposed on the average spectrum (thin line) which was scaled down to fit on the graph. 
Thick elongated tick marks mark the rest wavelengths. Middle panel: overplot of all spectra. Lower panel: 
gray-scale presentation of the time sequence. The conversion scale from flux to gray level is attached to the 
middle panel. The velocity scale at the bottom is with respect to the blue component of the doublet and 
corrected for the radial velocity of the star. Arrows indicate mid-exposure times. The development of two 
discrete absorption components (DACs) can clearly be seen. Note also the edge variability (see Fig. 7 for a 
comparison with the CIV edge) 

function described by Eq. (1) is drawn in Fig. 2. The asymptot ic value of 31.5 represents the 
best S/N at ta inable in these spectra of £ Per. We note that St. Louis et al. (1993) find a linear 
relat ionship between the logar i thm of the S/N and signal level (with a slope of 0.6) in their IUE 
spectra, which is very different from what we find in Fig. 2. Their function cannot represent 
the noise in our spectra, and a reason for this discordance might be tha t they used one typical 
spect rum to est imate the noise at different flux levels, whereas we use the average of all flux levels 
in 22 spectra. Our me thod el iminates some of the fixed pat te rn noise, implying the max imum S/N 
will be achieved at lower flux levels. 

To characterize the variabil ity, we follow the statist ical ly rigorous method developed by Fullerton 
(1990). The significance of any variability is expressed in a temporal variance spectrum (TVS), 
which is in a good approx imat ion 

( T V S ) , 
J V - 1 

/v 

E 
(fl(A) - f.v(A) 

».-(A) 
(2) 
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q Per 07.5 III (n)((0) 17 - 19 October 198') 
IUE Wavelength (A) 22 spectra 

1705 1710 1715 1720 1725 1730 

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

F igure 4: Same as Fig. 3, but for the A1718 subordinate line of NlV. The variations at low velocity occur 
concurrently to those in the DACs. The dips in the temporal sigma spectrum are caused by the removal of 
reseau marks 

where N is the number of spectra and contr ibutions from the instrumental and background noise 
are contained in <r,-(A). The TVS measures for each wavelength how the individually observed fluxes 
deviate from the expected flux. This analysis hinges on the knowledge of <r,\ Ful lerton describes 
an elegant method to determine this quant i ty for each spectrum separately, depending on the used 
inst rumentat ion and exposure level (and seeing condit ions). As explained above, this is not a tr ivial 
ma t te r for IUE spectra and we have chosen to simplify the evaluation of cr,. We assume tha t all 
spectra are equally well exposed. This is justified in our case because of the very high degree of 
homogeneity of our sample due to stable spacecraft condit ions. Furthermore, we assume tha t the 
analyt ical fit given in Eq. (1) represents the S/N for all spectra, and use this function to calculate 
<r,-. (We note tha t for a different set of spectra the numerical coefficients in Eq. (1) will be different.) 
In F igs.1 and 3-6, we plot (after Ful lerton) a temporal sigma spectrum TSS w (TVS) 1 / 2 , which 
can be considered as the rat io of the observed to the expected standard deviation o-0bs/creXp. 

In this way we obtain a rat io equal to uni ty for points without significant variation, and a 
direct measure for the variabil i ty (in uni ts of the expected noise level) for values greater than unity. 
From the lower panels in Fig. 1 one can easily determine the regions of interest for further study. 
The deficiencies in the smoothness of the obtained rr-ratio spectrum are readily at t r ibuted to the 
unavoidable simplifications in the adopted procedure. The regions of imperfect echelle order splicing 
are pronounced above 1600 A. At these wavelengths the applied ripple correction as proposed by 
Barker (1984) is less applicable because the range of overlap decreases towards longer wavelengths. 
In some regions <7nbs/ frexp < 1, e.g. in the saturated bo t tom of the C IV profile. This is a consequence 
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t Per 07.5 III (n)((f» 17- 1<) October 1989 
[HE Wavelength (A) 22 spectra 

1510 1515 1540 1545 1550 1555 1560 

Velocity (km/s) (stellar rest frame) 

F igu re 5: Same as Fig. 3, but for the resonance doublet of Civ. The variability at the black outer edge is 
related to the DACs (see Fig. 7 for a comparison with the Si IV edge) 

of our overest imation of the noise at that low flux level, caused by the scarcity of calibration points 
in this flux range. 

4 T h e e x t e n t of v a r i a b i l i t y in s te l la r w i n d l ines 

The spectral lines of CIII , N v , SiIV, C i v and N i v are variable (Fig. 1). The C m complex near 
1175 A is variable over the same range as the other ions (we confirmed the presence of the C m 
P Cygni profile in IUE spectra by consulting a spectrum of f Per obtained with the Copernicus 
satell i te by Snow & Jenkins 1977), but a velocity range is difficult to give because the six C III lines 
overlap, so we exclude this line from further consideration. In Figs. 3 - 6 we compare the spectra of 
different ions, using the P Cygni lines of SiIV, N i v , C i v and N v , respectively. The velocity scale 
at the bo t tom axis has its zero point at the rest wavelength of the blue component of the doublet, 
corrected for the radial velocity o f f Per (59 km s _ 1 , Gies & Bolton 1986). The rest wavelengths 
are indicated by a thick line. The upper panels give the rat io o-0bs/o-eXp, along with the average 
spectrum. 

The largest ampl i tude of change occurs in the Si iv line (Fig. 3). The variability extends over 
bo th doublet components. The highest negative velocity at which significant variability can be 
found is u m a x = —2600 k m s _ 1 ; the lowest velocity at which the wind appears to be variable is 
about t)min ~ —100 k m s _ 1 (red component). The lat ter is the lowest velocity where variation has 
been found. The max imum ampl i tude of the variat ions in the Si IV line is reached between ~ —1300 
and ~ - 2 0 0 0 k m s _ 1 . In the weak subordinate N i v line (Fig.4) the variation as judged from the 
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4 Per 07.5 III (n)((0) 17-19 October 1989 
WE Wavelength (A) 22 spectra 

1225 1230 1235 1240 1245 1250 

-4000 -3000 -2000 -1000 0 1000 2000 3000 
Velocity (kni/s) (stellar rest frame) 

Figure 6: Same as Fig. 3, but for the N V doublet. In spite of the lower quality of the data the characteristics 
appear the same as for CIV 

<T-ratio plot is weak, but significant, as can be seen from the variation in the gray-scale plot. The 
two dips in the rx-ratio plot near 1705 and 1719 A are caused by the removal of reseau marks. The 
(T-ratio is larger than unity between 1709 and 1713 A, which is caused by the ripple transition, as 
can be seen from Fig. 1, and from comparison with spectra from different stars with approximately 
the same exposure level. The variation between —250 and —800 km s_1 is real. In the saturated 
CIV line we observe spectral variation only in the blue edge between vmax ~ —2750 km s_1 and 
fmin — -2400 km s_1 (Fig. 5). The dips near 1540 and 1555 A are also due to reseau marks. 
The high-velocity end of the black bottom is at t>biack = -2350 km s_ 1 . The Nv resonance Unes 
show similar blue-edge variability (Fig. 6), but the P Cygni profile also varies at low velocities, i.e. 
between ~ —400 (red doublet component) and ~ —1000 km s_1 (blue component). The measured 
quantities of the different lines are summarized in Table 2. It is remarkable that the emission parts 
of all profiles hardly show any variability. We conclude that the stellar wind of £ Per is variable 
over a velocity range from -100 to at least -2750 km s_ 1 . In a previous paper (Prinja et al. 1987) 
a much smaller range was found. 

5 Time sequences and discrete absorption components 

In the bottom panels in Figs. 3 - 6 the flux values of the 22 spectra have been converted into 
gray values according to the scale which is attached to the middle panel. The extreme flux values 
for the gray levels are chosen to optimize the contrast for the region of interest. The spectra are 
stacked in time order from bottom to top. For each spectrum a widening was applied in the spatial 
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ion 
Niv 
Si IV 
Civ 
Nv 

A (A) 
1718 
1402 
1548 
1242 

fmin (kms"1) 
-250 
-100 

-240O 
-400 

«black (km s 

-2350 
-2300 

') Vmax ( k m s - 1 ) 
-800 

-2600 
-2750 
-2700 

Table 2: Variability in stellar wind lines of £ Per. The table lists the minimum and maximum 
velocities at which significant variation is found. For the saturated lines the highest negative 
velocity of the black bottom of the profile is added. A typical uncertainty in the quoted values is 
less than 50 km s - 1 

direction equal to half the time spacing to each of the neighboring mid-exposure time epochs. The 
mid-exposure times are indicated by arrows. In Fig. 3 the discrete absorption components (DACs) 
in the Si iv profile are easily recognized. DACs in an earlier epoch of £ Per are well described in a 
previous extensive study (Prinja et al. 1987). In our sample, two DAC events are readily identified. 
Initially they are broad and can be distinguished from the underlying P Cygni profile around 
— 1200 km s - 1 at MJD = 7.2 and 8.3. In the course of half a day the center of the DACs migrate 
to about —2000 km s - 1 and they become much narrower. In this stage they are easily recognized 
in individual spectra from which the common name narrow absorption components originates (e.g. 
Snow 1977). This qualifier has been replaced by discrete, in order to cover the whole phenomenon, 
rather than to restrict the name to a specific phase. 

The subordinate Niv line at 1713 A (Fig.4) also shows significant variability, not recognized 
in our earlier study. This line shows a weak P Cygni type profile with the minimum flux at —250 
km s - 1 . No DACs can be identified, but the repeating behavior in Niv is very similar to the Siiv 
variability, except that most changes occur between —250 and —800 km s - 1 . Because the Niv 
line is only formed in a relatively dense region, we consider the similarity in the behavior of these 
two ions as clear evidence that DACs develop from variable structures rather close to the star at 
rather low velocity, at any rate much lower than previously adopted and concluded from the Si IV 
behavior alone. (See the discussion below for additional evidence that the variability originates at 
low velocity.) The time behavior of the black ClV and Nv edge is also correlated to the DACs in 
Si IV. This is illustrated in Fig. 7, which shows the remarkable parallel behavior near the Si IV and 
CIV edge. This strongly suggests that it is the much higher optical depth in the CIV line which 
prevents the detection of DACs in this line, and that the blue-edge variability is an extension of 
the DAC variability. This similar behavior was found by Henrichs et al. (1988) and Prinja (1992) 
for other 0 stars as well. 

6 Discussion 

We discuss several implications of the findings above with special emphasis on modeling the vari
ability. DACs are undoubtedly formed in absorbing layers in the line of sight, projected against 
the stellar disk. The chance of finding DACs is not found to be a strong function of v sin *', thus 
similar density structures must also be present in the emitting volume around the star. Since the 
emission part of the P Cygni profile does not vary substantially, the relative volume these structures 
occupy must be small and an upper limit for the integrated effect could be calculated for a given 
model. This will be complicated, however, if the wind is not spherically symmetric. The observed 
absorption in the DACs and the upper limit on the variability in the emission therefore pose limits 
on the lateral scale of the structures. 

One of the explanations for the presence of DACs is that they originate in expanding high-
density regions just behind shock fronts which develop from amplified radiative instabilities in the 
wind. The initially small-scale instabilities are in turn triggered by periodic perturbations from the 
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Wavelength (A) 
1535 1536 1537 1382 1383 1384 

-2800 -2600 -2400 -2200 -2600 -2400 -2200 
Velocity (km/s) (stellar rest frame) 

F igure 7: A comparison of the edge variability in the Civ and SiIV lines. The parallel behavior strongly 
suggests that the regions where these lines are formed are the same, and that the variability in the DACs in 
Si IV actually extends to the blue-edge 

surface of the star (Owocki et al. 1988, Owocki 1991). Puis et al. (1993) give, for the first time, a 
full calculation of a time series of calculated singlet P Cygni line profiles, with remarkable detail. 
Some, but not all, of the features of this 1-D hydrodynamical model calculations are similar to 
what is observed. The main difference is that stellar rotation was not yet incorporated by Puis et 
al., whereas the recurrence time scale seems to be correlated with the rotation period of the star 
(see also below). In any case, these calculations are very promising for unraveling the structure of 
early-type star winds. 

Since DACs are not found at velocities below typically —1000 km s_1 one could argue against 
an interpretation in terms of instabilities starting from the stellar surface. The present paper 
shows that the variability occurs simultaneously in the DACs in Si IV and in the low velocity part 
of the NIV profile, at least in £ Per. This demonstrates that variability in stellar wind lines is 
not restricted to DACs at intermediate velocities in unsaturated lines and blue-edge variations in 
saturated profiles, and that therefore the DACs have to be considered as the strongest manifestation 
of wind variability in general. This could support the radiative instability model, but a detailed 
comparison with calculated line profiles is needed to show whether the variability at these low 
velocities are predicted. Prom Fig. 17 of Puis et al. (1993), which is calculated for slightly different 
stellar parameters than would be adopted for £ Per, this low-velocity variability is present, but 
their calculation does apply more to our observed Siiv profile than to the Niv line, because the 
ion density of the latter decreases very rapidly outward. It should be emphasized that in the 
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calculations by Owocki et al. (1991) and Puis et al. (1993) radiative instabilities develop from a 
further unspecified perturbation at or near the stellar surface. The growing instabilities may lead 
to the variability as observed in one DAC episode, but since the origin of the perturbation is not 
specified, it still remains unclear why new DACs should develop. A typical recurrence time scale 
for DACs is on the order of days, likely related to the stellar rotation period (Henrichs et al. 1988, 
Prinja 1988). If we assume that the absorption variability at low velocities originates close to the 
star, it is tempting to conclude that surface inhomogeneities modulate the DAC events when they 
are carried in the line of sight by the rotation. This could be in the form of a structured magnetic 
field or star spots caused by chemical anomalies, but a detailed investigation of these phenomena is 
not easily carried out. Such a model has some features in common with the CIR model of Mullan 
(1984). Since the estimated rotation period for £ Per is less than 2.8 days (assuming 11 RQ for the 
radius), several surface inhomogeneities or magnetic structures would simultaneously be needed to 
explain the short recurrence time scale (~ 1 day). The phenomenon should be a rather permanent 
configuration, because long-term studies of £ Per showed that the DAC pattern remains essentially 
unchanged (Kaper et al. 1990). 

A different approach for explaining DACs has been recently put forward by Waldron et al. 
(1993). They consider DACs as caused by expanding density shells, which in their calculation 
mimic propagating "solitary waves". They compare their calculated doublet profiles and IR pre
dictions with observations of ( Pup, and find good agreement. Also in this model rotation is not 
incorporated, which will need further consideration. 

Other evidence that stellar wind variations might be triggered from near the star's surface can 
be inferred from work on A Cep O 6l(n)fp (Henrichs et al. 1991, Henrichs 1991). This star has 
shown a strong correlation between the near-photospheric He II 4686 emission line behavior and 
the stellar wind P Cygni line profile variations at extremely high velocities. In addition, the star 
X Cep is a non-radial pulsator. The pulsations might provide the continuous driving mechanism for 
maintaining the wind instabilities, but whether all 0 stars with DACs are non-radial pulsators is 
not clear. Fullerton (1990) concludes from his O-star survey that the line-profile variability in many 
O-stars could not be attributed to non-radial pulsations. An analysis of simultaneous optical and 
UV data is the only way to make progress. The results of such a campaign on £ Per are described 
in a separate paper. An important partial result is summarized by Henrichs et al. (1993), who 
found that the DAC variability in £ Per is related to the variability in Ha at low velocity, which 
also points to a near photospheric origin of DACs. 

7 Conclusions 

We have searched for stellar wind variability in 22 spectra of the 0 7.5 giant £ Per, taken within 
3 days. Compared to earlier results, a much wider range in velocity space was found over which 
the wind is variable: from -100 to -2750 km s"1. The latter is 400 km s - 1 beyond the edge of 
the black bottom of saturated lines. These findings are supported by studying the time sequence 
of P Cygni profiles simultaneously in several ions. Correlated variability in the Si IV and Niv lines 
indicate the variability, and therefore the DACs, are formed close to the stellar surface at rather 
low velocities. No significant variability in the emission part of the profiles was found. We argue 
that the high-velocity discrete absorption components, which appear in P Cygni lines of almost 
all O stars (and many B stars), are in fact the strongest manifestation of stellar wind variability, 
which includes the variability at low velocity (down to near zero) and at extreme high velocity 
in saturated P Cygni profiles. This is in qualitative agreement with a model in which a DAC is 
caused by expanding shock fronts arising from instabilities in the radiatively driven flow (Owocki 
et al. 1988, Owocki 1991, Puis et al. 1993). What triggers the appearance of DAC events remains 
unknown. Surface inhomogeneities at the base of the wind, carried into the line of sight by the 
rotation of the star, for instance in the form of magnetic structures, might play an important role. 
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Further research in this direction is clearly needed. 
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Chapter 4 

Long- and short-term variability in O-star winds: 
I. An atlas of line variability in ultraviolet spectra* 

L. Kaper, H.F. Henrichs, J.S. Nichols, L.C. Snoek, H. Volten, and 
G.A.A. Zwarthoed 

(to be submitted to Astronomy and Astrophysics Supplement Series) 

Abstract 

We present an atlas containing time sequences of ultraviolet spectra of 10 bright O stars, obtained 
with the International Ultraviolet Explorer during observing campaigns lasting several days over a 
period of seven years. The UV P Cygni lines in 9 out of the 10 studied stars exhibit a characteristic 
"pattern" of variability, i.e. the migration of discrete absorption components (DACs) through the 
absorption troughs on a timescale of a day to a week. This pattern is different for each star, but 
remains rather constant during the time span of our observations for a given star. 

An evaluation of the statistical significance of the variability is given. It appears that the winds 
of a number of stars vary over the full range of wind velocities: from 0 km s - 1 up to velocities 
exceeding the terminal velocity t ^ of the wind, measured from the asymptotic velocity reached by 
DACs. The amplitude of the variability reaches a maximum at about 0.75 »„, in the unsaturated 
resonance lines of stars that show DACs. In saturated resonance lines we find distinct changes 
in the steep blue edge. This edge variability is also found, although with smaller amplitude, in 
unsaturated resonance lines. The subordinate line of N iv at 1718 A in £ Per shows weak absorption 
enhancements at low velocities in the blue-shifted absorption that are clearly associated with the 
DACs in the UV resonance lines. These three kinds of variations reflect one phenomenon: the 
DACs are the most conspicuous, the changes at the edge velocity are also interpreted as DACs, but 
superposed on a saturated underlying wind profile, and the low velocity absorption enhancements 
in the subordinate lines are the precursors of DACs when they are still close to the star. 

The constancy of the pattern of variability over the years and the (quasi-)periodic reoccurrence 
of DACs strongly suggests that rotation of the star is an essential ingredient for controlling wind 
variability. The observation of low-velocity variations in subordinate lines, which are supposedly 
formed at the base of the stellar wind, hints at an origin of wind variability close to or at the 
photosphere of the star. 

Keywords: Atlases - Stars: early type - Stars: mass loss - Ultraviolet: stars 

'Based on observations by the International Ultraviolet Explorer, collected at NASA Goddard Space 
Flight Center and Villafranca Satellite Tracking Station of the European Space Agency 
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1 In t roduc t ion 

Since the launch of the International Ultraviolet Explorer (IUE) the variability of the supersonically 
expanding winds of early-type stars has been studied in great detail. Strong ultraviolet resonance 
lines that show P Cygni profiles, in particular of Siiv, Civ, and Nv, show dramatic changes with 
time, confined to the blue-shifted absorption part of the line profiles. Some P Cygni-shaped profiles 
contain "narrow" absorption components, first recognized in Copernicus spectra of OB-type stars, 
at velocities close to the terminal velocity, v^, of the wind (e.g. Underhill 1975, Morton 1976, and 
Snow & Morton 1976). Lamers et al. (LGS, 1982) reported the presence of narrow components 
in 17 out of 26 OB stars at a typical blue-shifted velocity of 0.75 VQO and a mean width of about 
0.18 Voo. Later studies with the IUE Observatory (e.g. Henrichs 1984, Prinja & Howarth (PH) 
1986, Henrichs 1988) showed that these narrow components are quite strongly variable and that 
the P Cygni lines can also change at lower outflow velocities, but then over a wider velocity range; 
these absorption enhancements were initially called "broad" components. Continuous time series 
of ultraviolet spectra (cf. Prinja et al. 1987, Prinja & Howarth 1988) revealed that these broad 
components gradually evolve into narrow components on a timescale of a few days, resulting in 
the nomenclature discrete absorption components (DACs). In many cases DACs can be readily 
identified in single observations, which allowed Howarth & Prinja (HP, 1989) to detect DACs in 
more than 80% of a sample containing 203 0 stars, essentially all O stars which are accessible 
with the IUE spectrograph in high dispersion. This underlined the ubiquity of DACs, and their 
main characteristic, variability, is a very fundamental property of O-star winds. It appeared that 
even with the in practice complete sample studied by HP, the statistical properties of DACs give 
hardly any information about their origin. Up till now, there are only a very few O stars for 
which detailed time series of DACs are recorded, for obvious logistical reasons. The available case 
studies clearly showed that monitoring of these stars on a appropriate timescale, which is different 
for each star, is essential (see e.g. Henrichs 1988 and Henrichs 1991 for reviews). Because our 
current progress in understanding the cause of this variability is clearly data limited, we have made 
a systematic effort to construct the best possible datasets for 10 critically selected 0 stars. This 
international project was begun in 1986 and lasted 6 years, with typically 3 till 6 days per year 
of nearly continuous observations with the IUE satellite, resulting in 633 high-resolution spectra. 
Such an extensive homogeneous dataset is unique, and enabled us to follow both the short time 
(days) behavior, and long-term trends (years). Almost all these campaigns were simultaneously 
covered with ground-based high-resolution and high signal-to-noise spectroscopy, photometry and 
polarimetry, using 1 - 2.2m class telescopes. In this paper we present the first of two parts describing 
the ultraviolet spectroscopic results. The majority of the optical data are still being analyzed, and 
will be presented separately. A number of significant results from these coordinated campaigns 
have been summarized by Henrichs (1991, see also Kaper et al. 1993, Chapter 7). 

In the first part (this paper) we present the data of the 10 stars in the form of an atlas of 
overplots of the spectra and grey-scale plots (showing the time evolution) for essentially all the 
variable spectral lines in the short-wavelength range of the IUE camera. We made a detailed 
investigation on the statistical significance of the detected variations (based on Henrichs et al. 
1993, Chapter 3), and present the result for each star and each spectral line considered, along with 
the line profiles. We summarize the main characteristics of the program stars, and describe the 
main results of the variability study. In the second part (paper II, Chapter 5, 1993) we present 
a procedure to disentangle the variable part of the profile from the underlying P Cygni profile, 
which provides a reference template for each star. This enables a detailed quantitative modeling 
of quotient spectra and a determination of individual DAC properties, such as central velocity, 
column density and recurrence timescale. 

In the next section we describe the target list and the reduction method of the observations, 
followed by a statistical description of the signal-to-noise of IUE spectra of the program stars. In 
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section 4 we collect the observational history of the individual stars, ordered by HD number, and 
summarize the main results from the atlas. Information on individual spectra can be found in the 
Appendix. In section 5 we discuss the variability in the form of DACs and in the blue edge. In the 
last section we summarize our conclusions. 

2 Observat ions 

2.1 The Target list 

We applied the following criteria to select the 0 stars for our program: 

1. To avoid confusion resulting from physical interaction of a nearby binary companion, the 
star should be classified as spectroscopically single. In the case of a detached visual binary 
companion, the secondary should cause a negligible flux contribution. 

2. To guarantee an appropriate time resolution, the stars should be sufficiently bright to limit 
the exposure times to less than 30 minutes for obtaining high signal-to-noise (S/N) and 
high-resolution IUE spectra (S/N ~ 25) and optical spectra (S/N > 200) with the available 
instruments. 

3. The target should be visible from the northern hemisphere. 

Multiplicity of 0 stars is discussed by Garmany et al. (1980), Gies & Bolton (1986) and 
Musaev & Snezhko (1988). The exposure times for ultraviolet spectra depend on the interstellar 
reddening, and was initially estimated on fluxes measured by previous satellites (ANS, S59) and 
later adjusted to obtain the highest quality. The requirement of coordinated space- and ground-
based observations during 24 hours per day implied a choice to be made between the Northern and 
Southern hemisphere. For logistical reasons we have chosen the Northern Hemisphere, because we 
needed at least three large observatories with the proper instrumentation, approximately equally 
separated in longitude around the globe, and Japan, North America, and Europe were the easiest 
locations with the proper facilities. 

In Table 1 we list the program stars which fulfilled the above selection criteria, along with 
some of their kinematical properties. The sample comprises 2 main sequence stars, 3 giants, and 
5 supergiants, ranging from spectral type 06 to 09.7. All spectral types are taken from Walborn. 
During each campaign, stars with about equal v sin t values were chosen in order to reach the chosen 
spectral resolution at the ground-based spectrographs with a fixed dispersion. 

It is interesting to note that 40% of our stars do not belong to a cluster or association, and 
are considered to be runaway stars (Gies 1987 and Blaauw 1992), whereas about 20% of the total 
number of 0 stars is thought to be runaway star (Blaauw 1992). This is probably based on small-
number statistics (Conti, private communication). In general, runaway stars have higher vsint 
values and a higher helium abundance in their atmosphere, as compared to cluster stars (Blaauw 
1992). If runaways were originally member of a binary system where the companion underwent 
a supernova explosion resulting in a kick-velocity of the system, this would imply that runaway 
stars are evolved objects which have gained mass from their previous companion. This difference 
in evolutionary history might cause also other effects in the atmosphere and winds of these stars, 
but we did not consider this aspect in the current study. 

The adopted stellar parameters of the 10 target stars are listed in Table 2. The listed terminal 
velocities are not corrected for the radial velocity of the star. 

2.2 Observing campaigns 

In total we have organized seven observing campaigns with IUE and ground-based support. The 
nature of our program required continuous coverage during 24 hours during several days, which 
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Program Stars 

HD 

24912 
30614 
34656 
36861 
37742 
47839 

203064 
209975 
210839 
214680 

Name 

£Per 
Q Cam 

AOri A 
COri A 
15 Mon 
68 Cyg 
19 Cep 
A Cep 
10 Lac 

Va 

(mag.) 
4.04 
4.29 
6.79 
3.66 
1.75 
4.66 
5.00 
5.11 
5.04 
4.88 

Sp. Type6 

07.5 III(n)((f)) 
09.5 la 
07 n(f) 
08III((f)) 
09.7 lb 
07V((f)) 
07.5 IH:n((f)) 
09.5 lb 
06 I(n)fp 
09 V 

v sin ic 

( k m s - ' j 
200 
85 

106 
53 

110 
63 

274 
75 

214 
32 

<6 
(kms" 1 ) 

60 
11 
- 9 
33 
23 
24 
8 

-15 
-75 
- 9 

Remarkse 

runaway 
runaway 
Aur OBI 
Ori OBI 
Ori OBI 
Mon OBI 
runaway 
Cep 0B2 
runaway 
Lac OBI 

Table 1: Notes: (a) Bright Star Catalogue 1982; (b) Walborn 1972, except HD210839 Walborn 
1973; (c) Conti & Ebbets 1977; (d) Gies k Bolton 1986; (e) Gies 1987 and Blaauw 1992 

could only be reached by successful applying for both NASA and ESA/SERC IUE time. In Table 
3 we list the targets observed with IUE {or each campaign and the number of high-resolution SWP 
spectra obtained for each star. 

Simultaneous optical observations from different sites spread over the northern hemisphere were 
arranged during five of the campaigns, resulting in 24 hours optical coverage. From 23 to 29 August 
1986 we observed our targets only in the ultraviolet wavelength region. During the campaign from 5 
to 8 September 1987 we had optical coverage only for 68 Cyg (for preliminary results, see Fullerton 
et al. 1991). For the other campaigns: 17 to 19 October 1989, 1 to 5 February 1991, 22 to 26 
October 1991, and 7 to 12 November 1992 we collected simultaneous optical observations for all 
targets. 

From the program stars, three of them (£ Per, 68 Cyg, and 19 Cep) were observed during five 
campaigns, whereas A Cep was a prime target in six observing runs with IUE. For these stars we 
could also determine the nature of the variations on a long (yearly) timescale. 

2.3 Spectral reduction 

Spectrum extraction was performed using the IUEDR (Starlink) software package written by Gid-
dings (1983a, 1983b). 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 echelle spectrum. The individual echelle orders are sequentially extracted using the 
IUEDR centroid tracking algorithm to center accurately the "extraction slit" on each order. The 
extraction is performed by area integration, using a sampling rate equivalent to one sample per 
diagonal pixel along the direction of dispersion (i.e. a rate of y/2 pixel). All pixels flagged as affected 
by saturation, fiducial marks, ITF truncation, or otherwise identified as faulty are rejected at this 
stage. 

The wavelength-scale calibration is improved by measuring the central wavelength of three 
selected interstellar lines (S II 1253.812 A, Si II 1304.372 A, C I 1560.310 A) and computing the 
mean deviation AA of these lines with respect to their laboratory wavelength; a mean wavelength 
shift of the form mAA =constant is applied to the spectrum, where m is the echelle order number. 
The obtained accuracy is better than the instrumental resolution of about 0.1 A, which is equal to 
our sampling width. 

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 
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Stellar parameters 

Name 

{Per 
a Cam 

HD34656 
A OriA 
C OriA 
15 Mon 
68Cyg 
19 Cep 
A Cep 
10 Lac 

R* 
(*©) 

11 
22 
10 
12 
29 
10 
14 
18 
17 
9 

Tcff 

(*) 
36000 
29900 
36800 
35000 
30 000 
41000 
36 000 
30 200 
42 000 
38 000 

log I , 
(LQ) 
5.3 
5.5 
5.2 
5.3 
5.8 
5.4 
5.5 
5.4 
5.9 
5.1 

M, 
(M 0 ) 

34 
36 
32 
32 
47 
39 
37 
31 
66 
31 

V a 
"esc 

( b i s " 1 ) 
980 
680 

1040 
910 
630 

1120 
910 
720 
990 

1110 

v b 

( kms- 1 ) 
2330 
1590 
2155 
2125 
1860 
2055 
2340 
2010 
2300 
1120 

Table 2: The stellar parameters were obtained from Howarth & Prinja (1989); (a) the predicted 
escape velocity is corrected for electron scattering; (b) the terminal velocity of the wind is taken 
from Prinja et al. (1990) 

background level. A first-order correction to the cross-dispersion order overlap problem is made 
using the algorithm of Bianchi & Bohlin (1984) and a standard value (for early-type stars) of 0.15 
for the parameter used for the halation correction. This algorithm does not give perfect results, as 
can be seen in regions of saturation, which sometimes have negative fluxes. 

Echelle ripple correction is performed by optimizing the echelle ripple correction parameter k 
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. Because there exists no reliable 
absolute flux calibration for IUE high-resolution spectra, the flux level is given in arbitrary units of 
fluxnumbers per second (FN/s). Finally, for a given star, the fluxes of all spectra were multiplied 
by a number (between 0.9 and 1.1) such that the continuum level outside the well-known variable 
lines coincide. 

3 Statistical significance of variability in IUE spectra 

We have used the method by Henrichs et al. (1993, Chapter 3) to ascribe a significance level to the 
observed variations. This method, which is based on the sophisticated temporal variance method 
developed by Fullerton (1990), needs a noise model for the spectra. This is in principle different for 
each exposure, but was taken identical for all spectra of a given star, justified by the very similar 
conditions under which the exposures were made. A very good approximation for the S/N as a 
function of observed flux numbers was found to be of the form 

Fx/atxp = AtaahFx/B 

(Chapter 3), where A corresponds to the maximum S/N for the highest fluxes, and B is a scaling 
factor. These parameters are determined for each star with a x2 fit to more than 4000 points in the 
average spectrum, excluding the regions containing resonance lines or order overlaps. The values 
obtained for the 10 datasets are collected in Table 4. In all cases the uncertainty in the parameters 
was less than 2%. 

In the following we denote the statistical significance of the variability in terms of the ratio of the 
observed standard deviation (<r0b») to the expected standard deviation (<rexp) at each wavelength 
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1225 125" 1235 1240 1245 1250 
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5 Per 07 .5n i l n ] ( i r ! l September 1987 
Wavelength (Al Si IV 

138(1 1385 I3W) 1395 u m i 1405 1410 

-3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame] 

- 3 0 0 0 - 2 0 0 0 - 1 0 0 0 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

CIV Wavelength (Al 

1535 1540 1545 1550 1555 1560 

Wavelength (Al M V 

1712 1714 1716 1718 1720 1722 1724 

j_if[rujTTTT]11 ii h i i ' i ] i i r i fM 

-3000 -2000 -1000 0 1000 2000 
Velocity (km/s) (stellar rest frame) 

-1500 -1000 -500 0 500 1000 
Velocity (km/s) (stellar rest framel 

F i g u r e 1: Nv, SiIV, and C iv resonance lines and subordinate N IV line of the 07.5 III(n)((f)) star ( Per 
in September 1987. The grey-scale pictures consist of 33 high-resolution IUE spectra with time running 
upwards. The minimum (black) and maximum (white) cuts in flux used for the conversion are presented as 
a side bar. The mid-exposure epochs are indicated by arrows. The individual spectra are overplotted in the 
middle panel. In the upper panel the variations in the spectra are quantified using the rr-ratio (thick line, 
see text). The thin line depicts the average spectrum. Note the strong variations in the form of DACs in 
the Si IV doublet and the edge variability in the saturated N V and CIV lines. Also the subordinate NIV line 
shows variations, but at much lower velocity than in the other lines 
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Number of SWP images 

Star 
£Per 
a Cam 
HD 34656 
AOri A 
COri A 
15 Mon 
68Cyg 
19 Cep 
A Cep 
10 Lac 

Aug 86 
-
-
-
-
-
-

33 
29 
14 
-

Sep. 87 
33 
-
-
-
-
-

29 
11 
10 
-

Oct. 88 
23 
-
-
-
-
-

24 
12 
12 
-

Oct. 89 
23 
-
-
-
-
-

23 
-

23 
-

Feb. 91 
7 

31 
29 
-
-

20 
-
-

24 
. 

Oct. 91 
36 
-
-
-
-
-

40 
14 
40 
-

Nov. 92 
-
-
-

27 
26 
-
-

17 
-

23 

Total 
122 
31 
29 
27 
26 
20 

149 
83 

123 
23 

Table 3: The number of high-resolution IUE spectra obtained during the seven observing cam
paigns from 1986 to 1992. The total number of all spectra is 633 

point. The first is determined relative to the averaged spectrum, and the second from the parameter 
fits in Table 4. (See Chapter 3 for further details.) The c-ratio should be unity if no significant 
variations detectable with the used instrumentation are present. 

4 Notes on individual stars 

Earlier systematic studies on the variable nature of individual 0 stars can be found in PH, Henrichs 
(1988), HP, and Fullerton (1990). Below we highlight the observational history of our program stars 
and describe the observed variability in ultraviolet spectra we obtained for each target over the 
years. The morphology of the variations is clearly demonstrated by showing the time series of the 
observed spectra in a form where flux is converted into levels of grey. For each star we present 
the data of the Nv (laboratory wavelengths at 1238.821 and 1242.804 A), Siiv (1393.755 and 
1402.770 A), and Civ (1548.185 and 1550.774 A) resonance doublets, for each year of observation 
in separate figures. For some stars we also show the Niv subordinate line at 1718-551 A. The 
observing dates, exposure times, and other information on the presented spectra in the figures are 
listed in the Appendix (the numbering of the tables corresponds to the numbering of the figures). 
In the upper panels of the time series the amplitude of variability is quantified using the c-ratio 
(thick line), as described in the previous section. 

4.1 HD24912 (£ Per) 07 .5 II I(n)((f)) 

£ Per is a well-known runaway star, which probably originates from the nearby "parent" Per OB2 
association (distance about 350 pc ) . Its runaway nature follows mainly from the relative radial 
velocity of 36 km s_ 1 with respect to the remaining stars of Per OB2 (Blaauw 1992). Garmany 
et al. (1980), Gies & Bolton (1986), and Jarad et al. (1989) have reported small-amplitude radial 
velocity variations, but no convincing periodicity has been identified. Barlow (1979) noted that 
the infrared flux varied substantially on at least one occasion, a circumstance that he attributed to 
episodic mass loss. Fullerton (1990) reports significant line profile variability (Ipv) in optical spectra 
of £ Per, directly attributable to changes in line strength on time-scales between a few hours and 
a few days (similar to the UV variability, see below). 

Snow (1977) reported variations in the C m lines at 1176 A and in the SiIV resonance lines in 
two Copernicus spectra obtained four years apart. LGS detected narrow components at a mean 
velocity of -2190 (and -1860) km s_1 in the 0 vi, Nv , and Siiv profiles. An extensive study on 
ultraviolet observations (1978-1984) of £ Per was presented by Prinja et al. (1987). In this paper 
the morphology of the variations in UV resonance lines was characterized for the first time by 
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5 Per 07 .5 IE (nltlfn October 1988 

N V Wavelength (A) 

1225 1230 1235 1240 1245 1250 
Si r 

Wavelength (A) S-iIV 

1380 1385 1191) 1395 1400 1405 1410 

I' 

II [ l l i 11 I l"l I "I I I I l" 1 I I iTl'l I ' [ÏH 1 

- 3 0 0 0 - 2 0 0 0 - 1 0 0 0 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

-3000-2000-1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

C IV Wavelength (A) 

1535 1540 1545 1550 1555 1560 

Wavelength (A) N IV 

1712 1714 1716 1718 1721) 1722 1724 

-3000 -2000 -1000 0 I0O0 2000 
Velocity Ocm/s) (stellar rest frame) 

-1500 -1000 -501) 0 500 11X10 
Velocity (km/s) (stellar rest frame) 

F igu re 2: As Fig. 1: £ Per October 1988, 25 spectra; note the encounter of a new DAC with the previous 
one in the Si IV line on MJD 8.1 
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N V Wavelength (A 

1225 1230 1235 124» 1245 1250 
• l | i ' i ' I ' i i • I • p i | I i i | i I i i i i I i | 

I" / " V . 1 

^Per 07.5 m (n)((0) October 1989 

Wavelength lAl Si IV 

13X0 1385 1390 1395 1400 1405 1410 

-3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar resl frame) 

- 3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) 

C IV Wavelength (A) 

1535 1540 1545 1550 1555 1560 

Wavelength (A) NIV 

1712 1714 1716 1718 1720 1722 1724 

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

-1500 -1000 -500 0 500 1000 
Velocity (km/s) (stellar rest frame) 

Figure 3: As Fig. 1: ( Per October 1989, 23 spectra; notice the absorption enhancements in the subordinate 
Niv line around -500 km s~' 



40 4. Atlas of variability in UV spectra of O-type stars 

N V Wavelength (A] 

1225 1230 1235 1240 1245 1250 

c,Per 0 7 5 HI (n)i(f)) October 1991 

Wavelength (A Si IV 

1380 1385 139U 1395 14n< ]4'i5 14111 

I | l M , | , U I | 
-3000 -2000 -1000 0 1000 2000 3000 

Velocity (km/s) (stellar rest frame) 

C IV Wavelength (A) 

1535 1540 1545 1550 1555 1560 

- 3 0 0 0 - 2 0 0 0 - 1 0 0 0 0 1000 2000 3000 
Velocity (km/s) (stellar rest (rame) 

Wavelength (Al N IV 

1712 1714 1716 1718 1721) 1722 1724 

-3000 -2000 -1000 0 1000 2000 
Velocity (km/s) (stellar rest (rame) 

-1500 -1000 -500 0 500 1000 
Velocity (km/s) (stellar rest frame) 

F igu re 4: As Fig. 1: £ Per October 1991, 36 spectra; the evolution of DACs in the SilV and Niv lines is 
very well resolved. These absorption components are the strongest we have found for this star. 
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Best fit parameters for the noise description of IUE spectra 

Star I £ Per a Cam HP 34656 A Ori ( Ori 15 Mon 68 Cyg 19 Cep A Cep 10 Lac 
A 29.6 28.4 29.8 28.0 29.0 28.9 29.3 28.8 34.5 30.3 
B 321 162 24 921 3959 554 150 69 39 334 

Table 4: The flux dependence of <rexp was parameterized using a function of the form 
F\/o;.xp = A tanhF^ /B , which is obtained using a x2-method. The accuracy of the fitted pa
rameters is about 1%. 

broad low-velocity DACs gradually evolving into narrow high-velocity DACs. The highest central 
velocity reached by DACs (which is a measure of v^) in the Siiv resonance lines is about —2250 
km s_ 1 . 

In Fig. 1 we show time series of the ultraviolet resonance lines of £ Per observed in September 
1987. In the upper panels the average spectrum of these 33 spectra is drawn (thin line) with 
the <7-ratio (thick line) overplotted, which is a measure of the amplitude of the variations per 
wavelength point. In the grey-scale pictures the spectra shown in the middle panel are ordered 
with time (increasing upwards), and flux values are converted into levels of grey: the minimum 
(black) and maximum (white) cuts in flux are indicated by the side bar. For a given line, we 
used the same values for the cuts for all timeseries. HKZ gave a preliminary overview of this 
first high time-resolution campaign organized for £ Per and confirmed the findings of Prinja et al. 
(1987). The SiIV doublet exhibits the largest amplitude of variability: between -800 and -2600 
km s - 1 the absorption strength changes with time in the two doublet components, because of both 
the evolution of DACs and the variations in the steep blue edge of the P Cygni line at velocities 
exceeding the terminal velocity of the wind. The N v and CIV resonance lines are saturated. In 
the Nv P Cygni profile some variations occur at low velocity, as is indicated by the <7-ratio, and 
are most likely related to the DACs observed in the Si IV doublet. At higher velocities the profile 
becomes saturated, prohibiting the detection of enhancements in absorption strength. Around 
—2500 km s - 1 variations are present in the blue edge of the profile, which is even better witnessed 
in the strongly saturated CIV resonance doublet. The dramatic change in the blue edge around 
MJD 5.5 was already reported by HKZ, and is a very clear example of this kind of variability. Very 
important is also the observation that the subordinate NIV line of £ Per is varying in concert with 
the DACs in the SilV resonance lines, which is more prominent in the spectra of 1989 and 1991 
(Figs. 3 and 4, see also Chapters 3 and 7) 

In October 1988 (Fig. 2) the "pattern" of variability is qualitatively similar to the preceding 
(and following) years. The detailed behavior of the DACs in the Siiv line is, however, more 
complicated: although the recurrence timescale of about one day is present again, at MJD 8.1 a 
newly formed DAC joins a previous one at a velocity of -1900 km s"1. This earlier formed DAC 
seems to settle first at a final velocity of -1900 km s - 1 , which is about 300 km s"1 lower than the 
velocity reached by the fading component present at v^ from the start of the observations. But 
when the two DACs reach the same velocity they accelerate together to the terminal velocity, which 
is reached at MJD 9 when a new component starts to develop. The saturated N v and C iv lines 
show variability in the blue edge, which is at maximum velocity around MJD 8.1, simultaneously 
with both the disappearance of a DAC (in Si iv) at its final velocity and the migration of a new 
DAC at intermediate velocity. The NIV line does not manifest much variability. 

The results on £ Per from the October 1989 campaign (Fig. 3) are thoroughly described by 
Henrichs et al. (1993, Chapter 3). Variations occur over the full range of wind velocities, from almost 
zero (in Siiv and Niv lines), intermediate (in Siiv and N V lines) and the highest "superterminal" 
velocities (in the N V and CIV profiles). Again in the Si IV line a DAC seems to settle at a velocity 
of -1900 km s_ 1 and is overtaken by the next one, which proceeds to v,». During this run the 
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F igu re 5: As Fig. 1: a Cam 09.5 Ia in February 1991; the resonance lines of a Cam are heavily saturated 
and do not vary. 
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pattern of variability is more regular: three DAC events can be recognized, both in Si IV and Niv, 
although in the latter at much lower (~ -500 km s - 1 ) velocity. The first two events are separated 
by almost two days, followed by a third one in about half a day. The steep blue edge of the saturated 
profiles is gradually changing with time; it shifts towards higher velocity (^ -2600 km s - 1 ) when 
the second DAC approaches 2100 km s - 1 in the Si IV profile. 

The October 1991 observations show the evolution of DACs in the Siiv doublet (accompanied 
by extra absorption in the NIV line as well) in large detail. The absorption components are the 
strongest we have encountered for this star, and the absorption enhancements in the NIV line are 
very pronounced and last about one day. The DAC behavior is almost identical to that observed 
in October 1989. At —2250 km s_ 1 the end tail of a DAC is visible at the start of our run and a 
strong DAC develops at MJD 3.2 in Niv and Siiv. This DAC reaches only -1900 km s - 1 , just 
like half of the components in 1988 and 1989. Indeed, the next new DAC becomes visible after 
about two days, followed in about half a day by a small one, and moves up to -2150 km s - 1 . The 
left doublet component of the N V profile shows some signs of the development of the first DAC at 
intermediate velocities (~ -1000 km s - 1 ) . The blue edges of C IV and N V change in concert, but 
a connection with the variations in the other lines at lower velocities is not straightforward (see 
below). 

4.2 HD30614 (a C a m ) 09 .5 la 

The supergiant a Cam is a runaway star (cf. Gies 1987, Blaauw 1992) with presumed "parent" 
the young open cluster NGC 1502 at a distance of about 1 kpc. The high relative speed of a Cam 
in the cluster (about 48 km s_1) causes a bow-shock effect in the interstellar medium (De Vries 
1985). This bright star has been monitored extensively for variability in the optical spectra. Ebbets 
(1980,1982) found dramatic night-to-night changes in the shape of the low-velocity part of the broad 
emission feature at Ha, as well as subtle Ipv in He I 6678 A. Fullerton (1990) reported significant 
variability in all lines he studied in the optical spectrum of a Cam, where the strong He I line 
at 5876 A exhibits the largest amplitude. Hayes (1984) and Lupie & Nordsieck (1987) detected 
systematic, but aperiodic, variations in optical continuum polarimetry of a Cam; they attributed 
these fluctuations to "puffs" of matter in the stellar wind. Gathier et al. (1981) reported narrow 
absorption components in Copernicus data of the Sim, Siiv, N v, and 0 VI lines, but gave all their 
measurements low weight. Lamers et al. (1988) presented observational evidence for variations in 
high-resolution WE spectra of a Cam obtained in September 1978. Changes were found to occur 
both in emission and in absorption of the strong and saturated resonance lines in three velocity 
regions near —1800, —700, and +700 km s - 1 . The authors interpreted the variations to be caused 
by the dumpiness of the stellar wind. However, PH could not confirm the presence of any features 
at the velocities reported in the same dataset. 

We observed a Cam over a period of five days in February 1991. The resonance lines of 
this supergiant are strongly saturated and the P Cygni emission has a triangle-shaped peak (Fig. 
5). Except for small variations at the blue edge of these profiles we could not detect significant 
variability. The position of this blue edge is for the three resonance lines the same, namely —1700 
km s_ 1 (measured at half intensity of the estimated continuum level). The ultraviolet observations 
were covered by high-resolution optical spectroscopy of the Ha line (Kaper et al. 1992) of a Cam; 
like Ebbets we found large changes in the line profile from night to night, and also within a night. 
But, as shown in this paper, these variations in the base of the wind are not reflected in the UV 
resonance lines. 

4.3 HD34656 0 7 11(f) 

HD34656 is the faintest star in our sample, and was included because Fullerton (1990) tentatively 
identified the Ipv observed in optical spectra of this star with a pulsation in the radial fundamental 
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F i g u r e 6: As Fig. 1: HD 34656 0 7 11(f) in February 1991; on a timescale of one day DACs migrate through 
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Figure 7: As Fig. 1: A Ori 08 III((f)) in November 1992; note the persistent absorption component at 
-2000 k m s " 1 . 

mode, which is exceptional for such a star. He compares the pulsat ional behavior of HD34656 with 
tha t of a f3 Cephei star, a l though the found period of 8.21 hours seems to be quite long. Conti 
(1974) noted the presence of a peculiar broad emission reversal in the center of the H a line. HP 
ment ion the presence of a narrow DAC in an archival IUE spectrum of HD34656. 
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We observed the star during the February 1991 campaign (Fig. 6). The Siiv line clearly shows 
the migration of several DACs on quite a short timescale (about 1 day). The maximum velocity 
reached by these DACs is about -1900 km s_ 1 . The variations in this line are present from almost 
zero to —2600 km s_ 1 , i.e. the full range of velocities in the stellar wind. The N v doublet is close to 
saturation, but does clearly indicate variability. The absorption at high velocity (around ~ -1700 
km s_ 1) is strongest between MJD 11 and 13 in both lines. The C IV line exhibits edge variability, 
centered at —2400 km s - 1 , which does not seem to be present in the Nv line. 

4.4 HD36861 (A Or i A) 0 8 III((f)) 

This star is member of a visually separated binary (separation about 5 arcseconds). Star A (our 
target) is considered spectroscopically single (Garmany et al. 1980). The optical spectra indicate 
the presence of line-variability (Jarad et al. 1989, Fullerton 1990). Snow (1977) detected a strong 
narrow component in the N v (and less clear in the Siiv) lines at —2000 km s_1 in Copernicus 
spectra. LGS found a similar component in the 0 VI resonance doublet. PH reported variable 
DACs in the ultraviolet N v and Civ profiles of A Ori around -2000 km s - 1 . They found strong 
evidence that the strengths of the DACs in these two ions are correlated. 

Also in our dataset of A Ori from November 1992 (Fig. 7) a strong displaced absorption compo
nent is present at —2000 km s - 1 in both N V and Si IV (although in the latter less pronounced). This 
component remained unchanged during the full observing period of five days. Also the absorption 
in the CIV line seems to be stronger around this velocity. The spectrum is very similar to that 
observed for 15 Mon (see below). This persistent absorption component could be a DAC at its 
final velocity. The er-ratio indicates some variability at the position of the absorption components, 
and for N v a migrating absorption enhancement is present. Analysis of these spectra using a tem
plate to obtain quotient spectra have revealed the nature of these changes (see Chapter 5). The 
recurrence timescale of DACs is most likely longer than five days for this star. 

4.5 HD37742 (( Or i A) 0 9 . 7 lb 

C Ori, the eastern most star in Orion's belt, is also member of a wide visual binary system (separa
tion about 2 arcseconds), and spectroscopically single according to Garmany et al. (1980). It has 
been subject to extensive monitoring for variability. Ebbets (1982) detected large changes in the 
shape of the low-velocity part of the broad emission feature at Ha; these changes were accompa
nied by significant changes in line strength. Fullerton (1990) found some evidence for Ipv in optical 
spectra of £ Ori. In Copernicus spectra of this star Snow (1977) observed variable emission in the 
C m and Nv profiles. He also detected a narrow feature at a displacement of —1630 km s - 1 in 
N v, which was also present in 0 vi, Sim, and Siiv, according to LGS. PH identified DACs in the 
N v resonance lines, while both SiIV and Civ were saturated at velocities corresponding to the 
expected positions of the DACs. 

The time series of the wind lines of £ Ori resulting from our November 1992 campaign are 
shown in Fig. 8. The N v line shows very clearly the development of a DAC in the Nv profile, 
starting at a velocity of about -800 km g_ 1 . This component accelerates during the last two days 
of our observations towards the velocity of the steady absorption component present at —1700 
km g - 1 . The DAC does also show up in the Siiv doublet, but here, and in the Civ profile, 
the edge variability is more pronounced. The strange features in the emission peak of Si IV are 
artifacts caused by saturation of the camera in this part of the spectrum (remember, C Ori is a 
first magnitude star!). Close inspection shows that at the beginning of our campaign, at MJD 4.5, 
extra absorption is present around -1400 km s - 1 in the Nv line. This means that we can estimate 
a lower limit for the recurrence timescale of DACs for this star, which is about three days. 
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Figure 8: As Fig. 1: C Ori 09.7 lb in November 1992; obviously, at day 7.5 a DAC appears in the Nv 
doublet 
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Figure 10: As Fig. 1: 68 Cyg 07.5 III:n((f)) in August 1986; the timeseries of the Siiv doublet is also 
described in Prinja & Howarth (1988) 
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4.6 HD47839 (15 Mon) 0 7 V(( f ) ) 

This O main sequence star has been subject to extensive observational studies. Fullerton (1990) 
considers the optical line profiles to be constant in shape, but the spectrum of 15 Mon may vary on 
a times cale longer than covered by his observations. This star emits X-rays and the X-ray flux is 
found to change significantly over intervals as short as 5 days (Snow et al. 1981). The N v and 0 VI 
resonance lines in Copernicus spectra of 15 Mon contain strong narrow absorption components, 
shortward-displaced by about 2000 km s_1(Snow 1977, LGS). Grady et al. (1984) accounted for 
variations in t;edge in modeling the ultraviolet P Cygni profiles, but PH did not include this and 
still obtained good fits. The changes near the blue edge of the profiles are considered by them to 
be due to changes in width and central velocity of DACs at lower blue-shifted velocities. 

The UV spectrum of 15 Mon is similar to that of A Ori, described above. Also in this star there 
is a strong persistent absorption component present in the N V and C iv doublets at -2000 km s_ 1 . 
The Si iv line is probably too weak to give noticeable absorption in the form of a P Cygni profile, 
and we see only the photospheric components. The variability as reflected by the tr-ratio also looks 
similar to that observed for A Ori but the amplitudes of variability are even smaller. Although the 
small variations in the N v line could be due to bad flux calibration in this part of the spectrum, 
some enhancements in blue-shifted absorption seem to occur in the profile occasionally. We detect 
some marginal changes in the blue edge of the CIV and the N V P Cygni line. 

4.7 HD203064 (68 Cyg) 07 .5 II I :n((f)) 

This runaway star is associated with a ring nebula (Alduseva et al. 1982) and is member of the 
Cyg OB7 association (Humphreys 1978). The measured vsin» of 274 km s - 1 indicates that this 
giant star is rotating rapidly. The broad photospheric lines do show statistically significant and 
qualitatively similar line profile variations (Fullerton 1990). The strongest variations in the form 
of transient absorption enhancements occur in the stronger optical lines, like the He I triplet at 
5876 A, Hen 4686 A, and Ha. The "regular" variability of the UV resonance lines of 68 Cyg 
has been independently analyzed by Prinja & Howarth (1988). Interpretation of the August 1986 
dataset (see below) led them to conclude that the DACs in the wind of 68 Cyg are not due to 
"shells" or "puffs" of matter, but instead arise from material passing through perturbations in the 
flow, which can be illustrated in terms of spirally wound-up streams. Kaper et al. (1990) reported 
the "constancy" of the DAC pattern over many years. The first results from the September 1987 
campaign of simultaneous optical and UV observations of 68 Cyg were presented by Fullerton et 
al. (1991). There was only one indication that "photospheric" and "wind" variability in this star 
might be related, namely a simultaneous decrease in t/edge of the ultraviolet CIV wind line and the 
He II line at 4686 A. This helium line is probably partly formed at the base of the wind. 

In Fig. 10 we present the timeseries of ultraviolet spectra obtained in August 1986. The behavior 
of the Si IV doublet is described by Prinja & Howarth (1988). The time resolution of the lower part 
of the timeseries is insufficient to resolve the rapidly evolving DACs; in the upper part three DAC 
events can be recognized. The first two are separated by half a day, followed by a third one after 
another day. The asymptotic velocity of the DACs is about -2350 km s - 1 . The pattern formed 
by these three events does also appear in the October 1988 observations (see Fig. 12). The extent 
of variability in the Si IV doublet, as indicated by the <7-ratio, ranges from about -700 to -2600 
km s _ 1 . The interstellar SiIV lines indicate the accuracy of the wavelength calibration. The Nv 
doublet is variable over the same range of wind velocities, but here the edge variability is most 
pronounced, with maximum amplitude at —2500 km s"1. The edge variability in the Civ P Cygni 
profile is even more evident. The Civ edge is at minimum displacement on MJD 11; at that epoch 
a Si IV DAC is approaching its terminal velocity. 

In September 1987 the migration of DACs in the Siiv profile is quite regular; from Fig. 11 it is 
obvious that all DACs reach the same asymptotic velocity (approximately -2350 km s_ 1) , which 
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Figure 11: As Fig. 1: 68 Cyg 07.5 III:n((f)) in September 1987; these observations demonstrate the regular 
variability in the Si IV doublet, with DACs appearing about every day 
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F igu re 12: As Fig. 1: 68 Cyg 07.5 III:n((f)) in October 1988; a comparison with Fig. 10 shows that the 
pattern of variability in the Siiv lines is very similar to that observed in August 1986 
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F igure 13: As Fig. 1: 68 Cyg 07.5 III:n((f)) in October 1989; in this relatively short timeseries one can note 
that the global pattern of variability has not changed, but that the amplitude of the variations is somewhat 
smaller than in the previous years 
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Figure 14: As Fig. 1: 68 Cyg 07.5 III:n((f)) in October 1991; this year the variations have the lowest 
amplitude, but DACs appear very regularly, the stronger ones about every 1.2 day 
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is 350 km s_ 1 lower than the position of the blue edge of the saturated Civ and N v lines. The 
DACs appear about every 1.2 days, but in between the DAC events at day 5.4 and 6.8, a DAC 
becomes visible at day 6.4, i.e. within half a day before the appearance of the last DAC covered by 
this timeseries. Although the variations take place within the same range as in August 1986 (and 
later years, see below), the amplitude of variability clearly changes over the years. Again the edge 
of the Nv and the Civ profiles gradually changes its position. 

The characteristic pattern of DAC variability in the Si iv doublet of 68 Cyg can be most clearly 
recognized in the observations of October 1988 (Fig. 12). In this year the amplitude of variability 
is the largest, both in the Si IV line because of migrating DACs and in the saturated Civ line due 
to the varying steep edge. Again the edge of CIV is at minimum displacement (MJD 9) when a 
narrow component at terminal velocity is getting weaker. The time sequence of October 1989 is 
rather short (2.5 days) and allows the detection of four DAC events, which means that every 0.6 
day a new DAC develops. The edge of CIV and N V is changing with time; the P Cygni emission is 
constant, which is the case in all other timeseries comprised in this study as well. Our most recent 
campaign for this star in October 1991 resulted in a very homogeneous series of spectra. From 
this series we conclude that the strong DACs appear every 1.2 day, with sometimes in between the 
occurrence of a weak component. The edge variability has rather low amplitude compared to the 
other years. 

4.8 HD209975 (19 Cep) O 9.5 l b 

This supergiant is a member of the Cep OB2 association. Very little is known about its variability; 
Ebbets (1982) found changes in the absorption strength of Ha (which is confirmed by recent Ha 
monitoring of this star by Kaper et al. 1993, Chapter 7). Fullerton (1990) detected significant 
variability in the He I 5876 A line. The v sint of 19 Cep amounts 75 km s - 1 resulting in a rotation 
period of about 12 days if the rotation axis is inclined by 90 degrees with respect to the line of 
sight (cf. section 4). 

HKZ and Prinja (1988) presented the relatively slow migration of a DAC in the Si iv resonance 
doublet, obtained during the August 1986 campaign. Here we further show the timeseries of the 
Nv and Civ P Cygni lines. From Fig. 15 we conclude that both the Siiv and the Nv P Cygni 
line exhibit changes in the blue-shifted absorption part from about -500 up to -2300 km s - 1 , 
with maximum amplitude around —1500 km s - 1 . A strong and broad DAC (its initial width is 
more than 500 km s_ 1 , cf. Chapter 5) develops in the almost saturated SiIV and Nv lines and 
accelerates slowly during the following 5 days towards its asymptotic velocity (-1750 km s - 1 ) , 
which is reached by the narrow DACs already present from the start of the observations. The blue 
edge of the three shown profiles is varying, being at minimum displacement around day 10 when 
the narrow DAC at the terminal velocity disappears. 

Because of the long timescale of variability in August 1986, we expected beforehand that the 
timeseries of September 1987 (Fig. 16) and October 1988 (Fig. 17) are too short to follow a complete 
evolution cycle of a DAC. Although DACs are present at and close to the terminal velocity in the 
Si IV and N V doublets during both years of observation (comparable to the "persistent" components 
in the ultraviolet spectra of A Ori and 15 Mon), only in 1988 the development of a new DAC (but 
by no means as strong as the DAC in 1986) can be seen, starting in the last spectrum of the series. 
There are no variations in the blue edge of the saturated C iv profile in 1987, but in 1988 we note 
significant changes: again the edge is at minimum displacement when the high-velocity component 
is getting weaker. The saturation of the Nv and Siiv doublets in August 1986 results from the 
presence of the strong DAC, which can be concluded from the fact that in 1987 and 1988 these 
profiles are clearly not saturated. 

The October 1991 observations were covered by simultaneous optical observations (cf. Kaper 
et al. 1993, Chapter 7). A moderate DAC appears in the SiIV line at about day 4 (Fig. 18) and 
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Figure 15: As Fig. 1: 19 Cep 09.5 lb in August 1986; the slow migration of a very strong DAC can be 
followed in both the N v and the Si iv doublets 
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Figure 16: As Fig. 1: 19 Cep 09.5 lb in September 1987; this timeseries is too short (with respect to the 
recurrence timescale of the DACs) to catch the evolution of a DAC 
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F i g u r e 17: As Fig. 1: 19 Cep 09.5 lb in October 1988; also in this year the variations in the unsaturated 
P Cygni hnes are not very pronounced. A new DAC develops probably at the end of the observations 
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causes an enhancement of the blue-shifted absorption between —1100 and —2100 km s - 1 . The 
variations in the Si IV and N v lines reach maximum amplitude at -1750 km s_1 ; in the N v line a 
"persistent" absorption component is found at —2000 km s - 1 . The CIV edge is at its minimum at 
day 6.5, as is the blue edge of the Si IV profile. 

Our last campaign on 19 Cep was organized in November 1992; in Fig. 19 we observe the 
development of a DAC at day 5, which is similar to the DAC in 1986 but not as strong. Most 
likely at the end of our campaign a new DAC started to develop, which would set the recurrence 
timescale to be approximately 5 days. The dip in the a-ratio (in the upper panel of the Si IV 
figure) at -1750 indicates that at that velocity no changes occur in the absorption strength. We 
see from the timeseries that at this position a DAC is always present; therefore, we suggest that 
the asymptotic velocity of DACs can be measured by this dip in the o--ratio. The C IV edge is at 
minimum displacement at day 5.6, and shifts towards higher velocity when the newly formed DAC 
accelerates through the Si IV profile. 

4.9 HD210839 (A Cep) 0 6 I(n)fp 

The observational history of this bright runaway Of star, originating from the "parent" Cep OB2 
cluster with a radial velocity of —75 km s_1(Gies & Bolton 1986) is well documented. Many 
observers have reported variability in the shape and strength of the emission features in the optical 
spectrum of A Cep. In particular the double-peaked emission line of Hell at 4686 A has been 
extensively studied on variability. Conti & Leep (1974) interpreted the changes in strength of 
the violet and red emission peak and the variable central absorption of this profile in terms of 
the revolution of an inhomogeneous wind around the star. This behavior was very well observed 
during our October 1989 campaign (see Henrichs 1991 and Chapter 6). The Ha emission line shows 
analogous variability (Conti fc Frost 1974, Ebbets 1982). Fullerton (1990) found dramatic Ipv in 
optical He I and Civ lines. According to Henrichs et al. (1991, see also Chapter 6) the variations 
in the He I line at 4713 A are most likely caused by non-radial pulsations. The rapid rotation of 
A Cep is indicated by the large value for vsini (214 km s - 1 ) . 

HKZ reported for the first time the presence of DACs in the partly saturated Si IV doublet 
(see Fig. 20), taking advantage of representing the spectra by means of grey-scale figures. Also 
the position of the blue edge of the strongly saturated UV resonance lines gradually changes with 
time (on a timescale of about 2 days) and was remarkably found to correlate with EW-changes in 
the Hen 4686 A line at velocities below 400 km s - 1 (Henrichs 1991 and Chapter 6). Fortunately, 
during the August 1986 campaign we obtained six IUE spectra within 1.5 days and could time 
resolve the evolution of a DAC, which accelerated within one day towards its terminal velocity 
(approximately -2000 km s"1, derived from the nearly saturated right doublet component of the 
Si IV resonance lines). The <r-ratio does not indicate significant variations in the N V doublet, but 
shows a very pronounced edge variability in the Si IV and CIV lines, with maximum amplitude at 
-2300 and -2500 km s_ 1 , respectively. Around day 5 and 8.5 the Ciy edge is shifted towards its 
maximum position at —2500 km s - 1 . 

In the campaigns in September 1987 (Fig. 21) and October 1988 (Fig. 22) we obtained a dozen 
UV spectra and found again the rapid evolution and reappearance of DACs (recurrence timescale 
about 1.4 days, see below), but the high saturation level of the profiles frustrates a detailed overview 
of their evolution. The red component of the Si IV resonance doublet shows that the variations 
extend from -600 to -1700 km s~ \ and the edge variability occurs at -2450 km s_ 1 in the Civ 
doublet. The emission peak of the CIV P Cygni profile has a triangular shape. In 1988 the «r-ratio 
has a peak in the N v profile, but this is due to one wrongly calibrated spectrum, which shows up in 
the overplot in the middle panel of Fig. 22. The saturated part of the CIV profile is found to have 
a <r-ratio smaller than one: this is caused by the fact that the estimation of the expected variance 
at these low (i.e. zero) flux levels is based on the region around Lyman a where the flux calibration 
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Figure 19: As Fig. 1: 19 Cep 09.5 lb in November 1992; fortunately we were able to follow the evolution 
of a strong DAC in this series of observations. At the end of the campaign a second DAC starts to develop, 
enabling to measure the recurrence timescale of about 5 days for this star 
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F i g u r e 20: As Fig. 1: A Cep 06 I(n)fp in August 1986; only the top part of the grey-scale figure has 
sufficient time resolution (note the arrows at the right axis) to resolve the migration of a DAC in the Si iv 
doublet 
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Figure 21: As Fig. 1: A Cep 0 6 I(n)fp in September 1987; we could not resolve the rapid evolution of 
DACs in this timeseries because of insufficient time resolution 
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is worse (cf. Chapter 3), resulting in an overestimation of <rexp at these flux levels. The October 
1989 the UV observations were covered by optical observations (Chapter 6); significant variations 
do appear only in the edge of the SiIV and Civ profiles, on a timescale of about two days (Fig. 
23). 

In 1991 we observed A Cep twice; in February we monitored this star during 5 days and found 
dramatic changes in the blue edge of the Si IV and C iv lines (Fig. 24). Several DACs migrate 
through the Siiv profile; a remarkably strong component appears at day 11, simultaneously with 
the arrival of a previous DAC (which developed at about day 10) at its asymptotic velocity of -2000 
km s - 1 . During this occasion the C iv edge shifts more than 200 km s - 1 towards the blue. Although 
in October 1991 the amplitude of the variations is much smaller than observed in February, the 
high time-resolution of this series enables the detection of five migrating DACs in the Si IV lines. 
From these observations (Fig. 25) we conclude that the recurrence timescale of DACs is about 1.4 
days for A Cep, which is again about equal to the time needed for a DAC to approach its terminal 
velocity. The edge of the saturated profiles (the edge of N V is partly obscured by the Lyman a 
interstellar absorption) is quite steady, showing an increase in velocity around day 4. 

4.10 HD214680 (10 Lac) 0 9 V 

This main sequence star is a well known very slow rotator (usini of 32 km s - 1 ) . It exhibits very 
subtle Ipv in its optical spectrum (Fullerton 1990). Smith (1977) attributed this Ipv to low order 
non-radial pulsations with a period of 4.9 hours, and classified 10 Lac as a 53 Per variable. The 
ultraviolet spectrum of 10 Lac contains only weak stellar-wind features, but LGS reported the 
presence of narrow absorption components in the Ovi and Nv resonance lines at about —900 
km s"1. PH did not detect any DACs in the unsaturated Civ profile. Although unsaturated, 
this profile has a remarkable shape, probably because the underlying photospheric spectrum has 
numerous strong lines (see Fig. 26). The N v profile shows some blue-shifted absorption up to —800 
km s - 1 where the profile reaches the continuum. 

During the November 1992 campaign the strongest manifestation of variability in the wind of 
10 Lac is found in the N v resonance doublet. From —700 to -1000 km s_1 the er-ratio shows 
a peak, with maximum amplitude at -900 km s - 1 . In the timeseries of this line we note the 
development and subsequent acceleration of a DAC at day 7, starting at a velocity of about -700 
km s _ 1 . The corresponding DAC in the Civ line is also visible. The acceleration of the DAC ends 
at a velocity of approximately —1000 km s - 1 in about three days. This is the first time that the 
evolution of a DAC has been followed in ultraviolet spectra of 10 Lac. 

5 Characteristics of observed variabil ity 

In this section we summarize the observed characteristics of variability in the P Cygni lines of the 
10 O stars comprised in this study. A detailed analysis of the observed variations and modeling 
of the DACs will be presented in the follow-up paper (Kaper et al. 1993, Chapter 5). Also for 
the implications of these observations, the interpretation of DACs and for a discussion on their 
origin the reader is referred to this paper. Below we will highlight some important properties of 
stellar-wind variability which follow directly from the presented observations. In general we can 
conclude that the UV resonance lines of all our targets show variability to some extent, except in the 
cases when the saturation of the line prohibits the detection, given the limited S/N. In unsaturated 
P Cygni lines the changes in blue-shifted absorption are mainly due to migrating discrete absorption 
components, which accelerate from low (in some cases even zero) velocity towards the terminal 
velocity of the wind. In saturated lines the steep blue edge varies in all cases when DACs are found 
in other lines. Obviously, the amplitude of the variations is different from star to star, as is the 
observed timescale. 
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F igure 22: As Fig. 1: A Cep 06 I(n)fp in October 1988; several DACs migrate through the Siiv profile 
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F igu re 23: As Fig. 1: A Cep 06 I(n)fp in October 1989; these observations were covered by optical 
spectroscopy. The CIV and Si IV profile show a regular change in the edge on a timescale of about two days 
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Figure 24: As Fig. 1: A Cep 06 I(n)fp in February 1991; a strong DAC appears in the Si IV line at day 11. 
The amplitude of the edge variability is at the maximum value we encountered for this star 
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Extent of wind variability 

Star 
f Per 
a Cam 
HD 34656 
A Ori A 
C Ori A 
15 S Mon 
68Cyg 
19 Cep 
A Cep 
10 Lac 

Niv 
200-700 

Si iv 
0-2500 

1800-1950 
200-2400 

1800-2100 
700-2300 

700-2600 
500-2300 
600-1700 

<7max (Siiv) 
1800 (6) 
1900 (2) 
1600 (5) 
2000 (2) 
2100 (3) 

2000 (4) 
1500 (6) 
2200 (5) 

Nv 
300-2700 

1400-2400 
300-2300 
700-2100 
400-2500 
800-2700 

1000-2200 

700-1000 

Civ 
2400-2700 

2200-2600 
(1800-1900) 
1800-2300 
2100-2400 
2400-2800 
2000-2400 
2100-2600 
700-1000 

<rmax (Civ) 
2550 (3) 

2400 (2) 
1850 (1) 
2100 (2) 
2200 (1) 
2600 (4) 
2100 (2) 
2300 (5) 
900(1) 

„max 
Wt)ACs 
2250 

1850 
2000 
1700 
1950 
2350 
1750 

(2000) 
1000 

Table 5: The velocity range (in km s -1) of stellar-wind variability observed for the 10 studied 
O stars is given for the subordinate Niv line and the Nv, Siiv, and Civ resonance Unes. The 
velocity at which the er-ratio reaches a maximum is indicated for the Si iv (DACs) and C iv (edge 
variability) lines with the maximum value of this ratio in parenthesis. For the DACs (if present) 
we have listed the maximum velocity reached. All tabulated velocities are negative quantities 

5.1 Ex ten t of variability 

In Table 5 we list the observed range of wind variability in the different ultraviolet line profiles. 
Some stars (like £ Per and HD 34656) vary over the full range of wind velocities, but the maximum 
amplitude is always found at a velocity larger than half the terminal velocity of the wind. We have 
also indicated the highest velocity reached by DACs, if we were able to follow the evolution of a 
DAC during one (or more) of the observing periods. For 15 Mon and A Ori we assumed that the 
central velocity of the persistent component is a good representation of the terminal velocity of 
the wind. In the case of 19 Cep we also observed a persistent component at a velocity of —2000 
km s _ 1 , which is 250 km s_1 higher than the velocity approached by DACs. Detailed modeling 
of the absorption components (Chapter 5) will reveal the highest velocity that can be reached by 
DACs in 19 Cep (and, of course, also in the other stars). For 15 Mon and 10 Lac we did not detect 
any variability in the Siiv doublet, which is for these main sequence stars probably not strong 
enough to be formed in the (weak) stellar wind (cf. Walborn & Panek 1984). 

5.2 DAC behavior and edge variabil i ty 

In 7 out of the 10 0 stars we could identify the evolution of DACs in one or more timeseries. For 
A Ori and 15 Mon a persistent absorption component is visible in the spectra at a constant velocity 
of —2000 km s - 1 , which we interpreted as the terminal velocity reached by DACs. The strongly 
saturated P Cygni profiles of a Cam prohibited the detection of any DAC (if present). All detected 
DACs move from low to high velocity on a timescale comparable to the recurrence timescale (see 
next subsection), which means that DACs in the wind of stars with higher vsint accelerate faster 
towards their terminal velocity. For some stars (£ Per and 68 Cyg) the velocity reached by DACs 
differs from event to event: for £ Per this difference is about 350 km s_ 1 . Although the recurrence 
and acceleration timescales remain the same over many years, we note that the strength of the 
DACs (cf. Chapter 5) is not constant (e.g. 19 Cep) and differs from event to event. The width of 
DACs becomes smaller when its central velocity increases. This is similar to what has been found 
for other well-studied cases (e.g. Prinja et al. (1987) in the case of ( Per and Prinja & Howarth 
(1988) in the case of 68 Cyg). 

The position of the steep blue edge in the ultraviolet P Cygni profiles changes gradually with 
time, showing shifts in velocity on a 10% level. In some timeseries the edge shifts to a minimum in 
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Figure 25: As Fig. 1: A Cep 06 I(n)fp in October 1991; five DAC events can be distinguished in the partly 
saturated Si IV doublet 
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Recurrence timescale DACs 

Name 

£Per 
a Cam 

HD34656 
A Ori A 
COri A 
15 Mon 
68 Cyg 
19 Cep 
A Cep 
10 Lac 

v c r i t 

(kins"1) 
711 
483 
726 
654 
451 
785 
631 
511 
709 
757 

p . 
(days) 

0.8 
2.3 
0.7 
0.9 
3.3 
0.6 
1.1 
1.8 
1.2 
0.6 

vsint 
(km s~') 

200 
85 

106 
53 

110 
63 

274 
75 

214 
32 

p 
' m a x (days) 

2.8 
13.2 
4.8 

11.5 
13.4 
8.1 
2.6 

12.2 
4.0 

14.3 

*rec 

(days 
2 

1 

~ 6 
> 5 
1 

^ 5 
1.5 
> 5 

Table 6: The observed recurrence timescale of discrete absorption components compared to the 
estimated minimum and maximum rotation period, based on the stellar parameters given in Table 2 

velocity when a DAC (visible in an unsaturated P Cygni line) at its terminal velocity disappears 
(e.g. 19 Cep). The edge sometimes shifts towards higher velocity when a newly formed DAC 
approaches its terminal velocity. The amount of change in position of the blue edge depends on the 
strength of the DACs. The search for a possible relation between DAC behavior and edge variability 
is hampered by the fact that several DACs can be present in the P Cygni profiles simultaneously. 
Close inspection of the variations in the presented timeseries suggests however, that edge variability 
and DACs reflect the same phenomenon. The morphology of these changes depends on the optical 
depth of the underlying P Cygni profile of the considered line. If the optical depth is small, the 
profile is unsaturated and one observes DACs (and sometimes also edge variability, see e.g. £ Per 
and 19 Cep) migrating through the profile. If the optical depth is sufficiently large, the profile 
is saturated, obscuring any changes in column density. At velocities which exceed the terminal 
velocity of the wind (which is identified as Vbiack by Prinja et al. 1990) the profile is less saturated 
and therefore will show similar variability as in the edge of the unsaturated lines (see also Fig. 7 in 
Chapter 3). 

5.3 Recur rence t imescales 

In Table 6 we compare the observed recurrence timescale of DACs with the expected rotation period 
of the star. An upper and a lower limit to the rotation period of the star can be calculated from the 
observed v sint and the critical rotation velocity vcrit, respectively. The values for the stellar radius 
are taken from Table 2. If the recurrence timescale of DACs reflects the corotation of matter around 
the star, the observed recurrence timescale should be a direct measure of the stellar rotation period. 
The stars with low v sin t show a relatively long recurrence (and acceleration, see above) timescale 
for the DACs. On the other hand, stars with high vsint value show a rapid recurrence of DACs. 
The recurrence timescale never exceeds the maximum rotation period as indicated in Table 6. From 
this, and the fact that the "pattern" of variability is constant over many years we conclude that 
stellar rotation plays a crucial role in the observed development and dynamical evolution of DACs. 
The evidence presented here considerably substantiates the earlier similar suggestion independently 
made by Prinja (1988) and Henrichs et al. (1988, Chapter 2). 

5.4 Subordinate lines 

For the star £ Per we detected significant variations in blue-shifted absorption in the subordinate 
Niv line at 1718 A. These variations are directly related to the DACs present in the Siiv line, but 
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occur at lower velocity. Prinja et al. (1992) detected this kind of variability in the Niv profile of 
the 04 I(n)f star ( Pup, in which absorption enhancements migrate towards the blue from almost 
zero km s - 1 . The fact that these variations occur at low velocity and in lines which are most-
likely formed close to the star where the density is highest, indicates that stellar-wind variability 
is observable already close to the star. In Chapter 5 we will return to the observed variations in 
subordinate lines of our target stars. 

6 Conclusions and discussion 

The most obvious conclusion from the quantified results presented are the strong confirmation of 
the ubiquitous variability of winds of O stars, and that the rotation of the star plays a crucial role 
in the behavior of DACs. We defer a further discussion of the DACs till the end of paper II, which 
contains the quantitative results of model fits of DACs. 

Several suggestions have been put forward to explain the variability of stellar winds: corotating 
interacting regions like in the solar wind (Mullan 1984), magnetic loops releasing matter just above 
the stellar surface (Underhill & Fahey 1984), or the episodical ejection of a high-density shell 
(Lamers et al. 1978, Henrichs et al. 1983). Prinja & Howarth (1988) argued on grounds of a 
self-consistent phenomenological model describing the observed opacity enhancements in the line 
of sight that DACs do not propagate from the photosphere. 'Howarth (1992) further questioned 
their possible photospheric origin based on the absence of infrared emission at 10 /xm during the 
appearance of a DAC in the UV resonance lines of the 07.5 giant 68 Cyg; this IR emission should 
be observed if the shell model is correct. A very promising ingredient was added to the discussion 
by Owocki and coworkers (e.g. Owocki et al. 1988) showing that the unstable character of the 
acceleration mechanism in a radiation-driven wind can result in a highly structured and variable 
flow. The time evolution of such a clumpy wind can in principle explain the variable P Cygni profiles 
(Puis et al. 1993), but the observed slow acceleration of DACs (e.g. Prinja fc Howarth 1988) and 
their recurrence timescale do not come out self-consistently. Calculations show (cf. Owocki 1992) 
that the inclusion of scattering suppresses the line instability at the base of the flow, resulting in 
a structured wind only from a few stellar radii above the stellar surface and further out in the 
wind. From this we might understand why the largest amplitude of variability is found at velocities 
exceeding 0.5 v,»- Waldron et al. (1993) notes, however, that the IR emission as predicted by the 
Owocki model calculations is also not what is observed, and obviously much is still to be done. We 
stress that in all calculations the stellar rotation has not been taken into account, because of the 
very high degree of complexity. 
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Figure 26: As Fig. 1: 10 Lac 09 V in November 1992; the appearance of a slowly migrating DAC can be 
noticed in both the Nv and the Civ resonance lines. The SiIV line is probably too weak to show any wind 
variability 
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Appendix Table 3: f F*er, October 1989 

Table 1: ( Per, September 1987 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

SWP Day Start 

31716 5 
31719 
31721 
31726 
31728 6 
31731 
31734 
31737 
31739 
31741 
31744 
31746 
31748 
31750 
31752 
31754 
31757 7 
31767 
31770 
31773 
31775 
31780 
31782 f 
31784 
31787 
31790 
31792 
31795 
31798 
31800 
31802 
31805 
31807 

h:m (UT) 
8:26 

11:19 
13:02 
23:39 
0:56 
3:17 
6:52 
9:17 

10:58 
12:32 
14:48 
16:14 
18:34 
20:07 
21:20 
22:43 

1:05 
10:33 
12:59 
15:28 
16:59 
23:19 

1:02 
2:25 
4:38 
8:14 
9:31 

11:42 
13:46 
15:21 
18:22 
20:43 
22:36 

*exp 
m:s 
1:10 
1:20 
1:15 
1:15 
1:15 
1:15 
1:15 
1:20 
1:20 
1:15 
1:20 
1:10 
1:10 
1:10 
1:10 
1:10 
1:20 
1:20 
1:20 
1:10 
1:10 
1:20 
1:20 
1:20 
1:20 
1:20 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 

JD 
- 2447010 

3.852 
3.972 
4.044 
4.486 
4.540 
4.638 
4.787 
4.888 
4.958 
5.023 
5.117 
5.177 
5.274 
5.339 
5.389 
5.447 
5.546 
5.940 
6.042 
6.145 
6.208 
6.472 
6.543 
6.601 
6.694 
6.844 
6.897 
6.988 
7.074 
7.140 
7.266 
7.363 
7.442 

Table 2: { Per, October 1988 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

SWP 

34524 
34527 
34530 
34533 
34536 
34539 
34542 
34545 
34548 
34551 
34554 
34559 
34562 
34565 
34566 
34569 
34572 
34575 
34578 
34581 
34584 
34587 
34590 
34593 
34597 

Day 

22 

23 

24 

25 

Start 
h:m (UT) 

6:30 
9:16 

11:51 
14:33 
16:41 
19:19 
22:00 

0:28 
2:50 
5:20 
7:37 

14:39 
17:05 
19:25 
21:16 
23:33 

1:54 
4:07 
6:29 
8:50 

11:11 
13:42 
16:10 
19:55 
6:29 

( « P 
m:s 
1:10 
1:01 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 
1:15 

JD 
- 2 4 4 7 4 5 0 

6.792 
6.886 
6.994 
7.107 
7.195 
7.305 
7.417 
7.521 
7.619 
7.723 
7.818 
8.111 
8.212 
8.310 
8.386 
8.481 
8.580 
8.673 
8.772 
8.869 
8.966 
9.071 
9.174 
9.330 
9.770 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

SWP DJ ly Start 
h:m (UT) 

37328 17 5:37 
37331 
37334 
37337 
37340 
37343 
37346 
37349 

8:11 
11:05 
13:50 
15:55 
17:58 
20:10 
23:05 

37352 18 1:30 
37355 
37358 
37361 
37364 
37367 
37370 
37373 

3:52 
6:21 
8:50 

11:19 
17:26 
19:44 
22:13 

37376 19 0:34 
37379 
37382 
37385 
37388 
37391 
37393 

2:59 
5:29 
7:55 

10:55 
13:13 
17:36 

U i p 
m:s 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 

JD 
- 2447810 

6.735 
6.847 
6.963 
7.077 
7.164 
7.249 
7.341 
7.463 
7.563 
7.662 
7.765 
7.869 
7.972 
8.226 
8.322 
8.426 
8.524 
8.624 
8.728 
8.831 
8.952 
9.051 
9.233 

Table 4: ( Per, October 1991 

# 
1 
2 
3 
4 
.5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 

SWP 

42788 
42791 
42795 
42798 
42803 
42806 
42812 
42815 
42819 
42822 
42827 
42830 
42833 
42836 
42840 
42843 
42846 
42850 
42853 
42858 
42861 
42864 
42870 
42873 
42876 
42880 
42483 
42888 
42891 
42894 
42900 
42903 
42906 
42910 
42913 
42918 

Day 

23 

24 

25 

26 

27 

Start 
h:m (UT) 

00:48 
03:40 
07:07 
09:58 

22:21 
01:08 
04:22 
06:46 
10:51 

07:49 
11:40 

21:36 
00:05 
02:25 
05:23 
07:38 
11:34 

21:06 
23:28 
01:41 
04:39 
07:00 
10:51 

'exp 
m:s 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 
1:10 

JD 
-2448550 

2.534 
2.574 
2.798 
2.916 
3.114 
3.217 
3.433 
3.548 
3.683 
3.783 
3.953 
4.058 
4.166 
4.263 
4.412 
4.513 
4.604 
4.731 
4.826 
4.987 
5.108 
5.204 
5.401 
5.504 
5.602 
5.725 
5.819 
5.983 
6.087 
6.187 
6.381 
6.479 
6.571 
6.694 
6.793 
6.953 
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Table 5: a Cam, February 1991 Table 7: A Ori, November 1992 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2Ü 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

# 

Image 
S W P 
40726 
40730 
40733 
40736 
40740 
40744 
40748 
40752 
40756 
40761 
40763 
40767 
40771 
40775 
40778 
40781 
40786 
40790 
40794 
40798 
40801 
40804 
40807 
40810 
40814 
40818 
40822 
40823 
40825 
40828 
40832 

Tabl 

SWP 

Day 

31 
1 

2 

3 

4 

5 

Start 
h:min 
21:06 
0:48 
6:43 
9:46 

14:03 
17:52 
21:19 
0:55 
7:12 

12:09 
14:04 
18:11 
21:56 

1:11 
6:05 
8:33 

12:46 
16:43 
20:23 
23:37 

2:19 
6:49 
9:30 

14:39 
18:11 
22:12 

1:27 
1:59 

14:07 
18:36 
22:14 

e 6: HD 34656, 

b a y Start 

'exp 
m:s 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

00 
30 
40 
40 
40 
45 
45 
45 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

February 

(e«P 
h:m (UT) m:s 

JD 
-2448280 

8.382 
8.535 
8.781 
8.908 
9.087 
9.246 
9.390 
9.540 
9.800 

10.008 
10.087 
10.260 
10.415 
10.551 
10.754 
10.857 
11.034 
11.198 
11.351 
11.486 
11.599 
11.785 
11.897 
12.112 
12.260 
12.426 
12.562 
12.584 
13.090 
13.277 
13.428 

1991 

JD 
-2448280 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

40728 31 
40732 1 
40735 
40739 
40742 
40746 
40750 
40754 2 
40757 
40762 
40765 
40769 
40773 
40777 3 
40780 
40785 
40788 
40792 
40796 4 
40800 
40803 
40806 
40809 
40812 
40816 
40820 
40827 5 
40830 
40834 6 

23:02 
05:24 
08:41 
13:05 
15:48 
19:34 
22:56 
05:17 
08:02 
13:06 
16:15 
20:08 
23:35 
05:08 
07:36 
11:28 
14:49 
18:34 
00:15 
01:27 
05:53 
08:22 
13:41 
16:18 
20:26 
23:47 
17:37 
20:28 
00:46 

15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 
15:00 

8.471 
8.730 
8.867 
9.057 
9.169 
9.327 
9.468 
9.726 
9.840 

10.057 
10.189 
10.352 
10.494 
10.719 
10.822 
10.993 
11.128 
11.285 
11.425 
11.571 
11.751 
11.854 
12.076 
12.191 
12.362 
12.502 
13.245 
13.364 
13.543 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

SWP 

46156 
46159 
46163 
46169 
46172 
46177 
46180 
46184 
46189 
46192 
46196 
46199 
46203 
46207 
46210 
46216 
46220 
46223 
46227 
46230 
46234 
46237 
46241 
46245 
46247 
46253 
46257 

Day 

8 

9 

10 

11 

12 

13 

Table 8: C 

SWP 

46157 
46160 
46164 
46166 
46171 
46174 
46178 
46181 
46185 
46190 
46193 
46197 
46200 
46202 
46208 
46211 
46217 
46221 
46224 
46228 
46231 
46235 
46238 
46242 
46246 
46254 

Day 

8 

9 

10 

11 

12 

13 

Start 
h:m (UT) 

05:59 
08:46 
12:09 
20:46 
23:33 
04:57 
07:40 
11:09 
22:00 
01:40 
06:24 
09:48 
15:24 
20:29 
00:03 
07:43 
11:33 
15:26 
19:55 
23:18 
03:24 
06:16 
09:56 
14:29 
16:13 
02:40 
06:26 

( „ p 
m:s 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 
0:20 

Ori, November 1992 

Start 
h:m (UT) 

06:40 
09:27 
12:52 
14:59 
22:51 
01:58 
05:33 
08:25 
12:02 
22:59 
02:37 
07:13 
10:47 
14:27 
21:18 
00:56 
08:38 
12:38 
16:12 
20:42 
00:04 
04:09 
06:57 
10:36 
15:25 
03:31 

( »P 
m:s 
0:07 
0:07 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 
0:05 

JD 
- 2 4 4 8 9 3 0 

4.751 
4.866 
4.988 
5.365 
5.482 
5.706 
5.820 
5.964 
6.417 
6.570 
6.767 
6.909 
7.142 
7.354 
7.503 
7.822 
7.982 
8.144 
8.331 
8.472 
8.642 
8.762 
8.915 
9.103 
9.176 
9.612 
9.768 

JD 
- 2 4 4 8 9 3 0 

4.779 
4.894 
5.018 
5.106 
5.453 
5.583 
5.732 
5.849 
6.000 
6.458 
6.610 
6.801 
6.950 
7.103 
7.388 
7.540 
7.860 
8.027 
8.175 
8.363 
8.504 
8.674 
8.790 
8.942 
9.142 
9.647 
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Table 9: 15 Mon, February 1991 Table 11: 68 Cyg, September 1987 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

# 

! 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

S W P 

40725 
40729 
40737 
40743 
40747 
40751 
40759 
40766 
40770 
40774 
40783 
40789 
40793 
40797 
40813 
40817 
40821 
40831 
40835 
40836 

Day 

31 
1 

2 

3 

4 

5 

6 

Table 10: 

SWP 

28969 
28973 
28976 
28983 
28986 
28992 
28995 
28997 
29003 
29007 
29011 
29015 
29019 
29023 
29027 
29031 
29035 
29039 
29043 
29047 
29051 
29055 
29059 
29063 
29064 
29070 
29072 
29074 
29076 
29078 
29080 
29082 
29084 

Day 

23 

24 

25 

26 

27 

28 

29 

Start 
h:m (UT) 

20:09 
00:00 
10:33 
16:54 
20:33 
23:59 
10:02 
17:21 
21:13 
00:29 
09:58 
15:55 
19:36 
22:52 
17:21 
21:21 
00:44 
21:24 
01:38 
02:11 

l « p 
m:s 
0:37 
0:40 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 
0:43 

68 Cyg, August 1986 

Start 
h:m (UT) 

7:10 
10:34 
12:45 
9:59 

12:43 
9:55 

12:13 
13:30 
8:55 

12:16 
15:43 
19:13 
23:05 
2:00 

08:09 
11:07 
14:11 
17:28 
21:00 
6:42 

10:02 
12:59 
17:51 
21:32 
22:00 
9:32 

10:58 
12:39 
14:13 
15:45 
17:38 
19:10 
20:59 

'exp 
m:s 
2:00 
2:15 
2:00 
2:15 
1:55 
2:20 
2:20 
1:45 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:10 
2:20 
2:20 
2:20 
2:20 
2:15 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:30 
2:50 
2:50 
2:50 
2:50 

JD 
- 2 4 4 8 2 8 0 

8.341 
8.502 
8.940 
9.206 
9.357 
9.500 
9.918 

10.224 
10.385 
10.522 
10.915 
11.164 
11.318 
11.454 
12.224 
12.391 
12.532 
13.393 
13.569 
13.593 

JÜ 
- 2 4 4 6 6 6 0 

5.800 
5.941 
6.032 
6.917 
7.030 
7.914 
8.010 
8.063 
8.872 
9.012 
9.156 
9.302 
9.463 
9.584 
9.840 
9.964 

10.092 
10.228 
10.376 
10.780 
10.919 
11.042 
11.244 
11.398 
11.418 
11.898 
11.957 
12.028 
12.093 
12.157 
12.236 
12.299 
12.375 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

SWP 

31717 
31720 
31723 
31725 
31730 
31733 
31736 
31740 
31743 
31747 
31749 
31751 
31753 
31756 
31759 
31761 
31764 
31766 
31768 
31771 
31776 
31778 
31781 
31785 
31789 
31793 
31796 
31799 
31803 

Day 

5 

6 

7 

8 

Table 12: 

S\Vf' 

34523 
34526 
34529 
34532 
34535 
34538 
34541 
34544 
34547 
34550 
34553 
34558 
34561 
34564 
34568 
34571 
34574 
34577 
34580 
34583 
34586 
34589 
34592 
34598 

Day 

22 

23 

24 

25 

Start 
h:m (UT) 

9:38 
12:10 
14:46 
22:46 

2:27 
5:58 
8:27 

11:44 
14:03 
16:54 
19:21 
20:44 
22:03 
0:16 
2:28 
4:24 
6:31 
8:23 

11:19 
13:41 
17:52 
19:48 
0:14 
3:10 
6:11 

10:15 
12:25 
14:28 
19:04 

'exp 
m:s 
2:50 
2:45 
2:40 
2:50 
2:50 
2:50 
2:50 
2:50 
2:45 
2:20 
2:20 
2:20 
2:20 
2:50 
2:50 
2:50 
2:50 
2:50 
2:50 
2:50 
2:20 
2:20 
2:50 
2:50 
2:50 
2:30 
2:30 
2:40 
2:20 

68 Cyg, October 1988 

Start 
h:m (UT) 

5:36 
8:23 

10:51 
13:49 
15:59 
18:34 
21:13 
23:36 

1:59 
4:28 
6:49 

13:55 
16:12 
18:44 
22:46 

1:06 
3:20 
5:39 
7:59 

10:22 
12:45 
15:24 
19:07 
7:18 

*exp 
m:s 
2:50 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:20 
2:25 
2:25 
2:25 
2:25 
2:25 
2:25 
2:25 
2:25 
2:25 

JD 
-2447040 

3.902 
4.008 
4.116 
4.450 
4.603 
4.750 
4.853 
4.990 
5.086 
5.205 
5.307 
5.365 
5.420 
5.513 
5.604 
5.685 
5.773 
5.850 
5.973 
6.071 
6.245 
6.326 
6.511 
6.633 
6.758 
6.928 
7.019 
7.104 
7.295 

JD 
-2447450 

6.734 
6.850 
6.953 
7.076 
7.167 
7.275 
7.385 
7.484 
7.583 
7.687 
7.785 
8.080 
8.176 
8.281 
8.449 
8.547 
8.640 
8.736 
8.833 
8.933 
9.032 
9.142 
9.297 
9.805 
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Table 13 68 Cyg October 1989 

# 
1 
2 
3 
4 
5 
G 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

S W P 

37329 
37332 
37335 
37338 
37341 
37344 
37347 
37350 
37353 
37356 
37359 
37362 
37365 
37368 
37371 
37374 
37377 
37380 
37383 
37386 
37389 
37394 
37396 

Day 

17 

18 

19 

Start 
h m (UT) 

6 39 
9 13 

11 54 
14 28 
16 30 
18 34 
21 21 
23 52 

2 20 
4 36 
712 
9 37 

12 07 
18 04 
20 25 
23 00 

1 16 
3 46 
6 16 
8 47 

11 38 
18 15 
20 04 

'exp 
m s 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 

J D 
-2447810 

6 778 
6 885 
6 997 
7 103 
7 188 
7 274 
7 390 
7 495 
7 598 
7 692 
7 801 
7 901 
8 006 
8 253 
8 351 
8 459 
8 553 
8 658 
8 762 
8 867 
8 985 
9 261 
9 337 

Table 14 68 C\R October 1991 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

SWF» 

42787 
42790 
42794 
42797 
42802 
42805 
42809 
42811 
42814 
42818 
42821 
42826 
42829 
42832 
42835 
42839 
42842 
42845 
42849 
42852 
42857 
42860 
42863 
42866 
42869 
42872 
42875 
42879 
42882 
42887 
42890 
42893 
42896 
42899 
42902 
42905 
42909 
42912 
42917 
42920 

Day 

22 
23 

24 

25 

26 

27 

Start 
h m (UT) 

23 44 
02 38 
06 13 
09 06 

21 23 
00 16 
03 35 
05 53 
09 59 
12 24 

10 48 

23 16 
01 39 
04 40 
06 50 
10 39 

22 40 
00 52 
03 52 
06 11 
10 02 
12 17 

Uxp 
m s 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 
2 20 

JD 
-2448550 

2 490 
2 612 
2 761 
2 881 
3 082 
3 185 
3319 
3 393 
3513 
3 652 
3 747 
3 918 
4 019 
4 13a 
4 234 
4 371 
4 479 
4 572 
4 702 
4 796 
4 952 
5 075 
5 176 
5 265 
5 365 
5 472 
5 571 
5 697 
5 787 
5 946 
6 050 
6 160 
6 251 
6 349 
6 447 
6 538 
6 663 
6 760 
6 920 
7 014 

4 At Jas of variability m UV spectra of O-type stars 

Table 15 19 Cep August 1986 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

SWF* 

28967 
28970 
28975 
28981 
28988 
28989 
28990 
28996 
28998 
28999 
29004 
29008 
29012 
29016 
29020 
29024 
29028 
29032 
29036 
29040 
29044 
29048 
29052 
29056 
29060 
29071 
29075 
29079 
29083 

Day 

23 

24 

25 

26 

27 

28 

29 

Start 
h m (UT) 

3 42 
8 04 

12 01 
8 21 

14 04 
14 38 
8 37 

12 54 
14 06 
14 38 
9 35 

12 56 
16 39 
20 05 
23 46 

2 40 
8 45 

11 48 
14 50 
18 18 
21 52 

7 22 
10 39 
13 41 
18 45 
10 09 
13 21 
16 39 
19 57 

< « P 
m s 
5 00 
500 
4 30 
5 00 
3 30 
4 00 
500 
3 45 
3 15 
3 35 
5 00 
3 15 
5 00 
5 00 
5 00 
5 00 
5 00 
4 15 
4 15 
5 00 
5 00 
5 00 
5 00 
3 45 
5 00 
5 00 
3 45 
5 30 
5 30 

JD 
-2446660 

5 657 
5 839 
6 004 
6 851 
7 089 
7112 
7 862 
8 040 
8 090 
8 112 
8 902 
9 041 
9 197 
9 340 
9 493 
9 614 
9 867 
9 994 

10 121 
10 266 
10414 
10810 
10 947 
11 072 
11 284 
11 926 
12 059 
12 197 
12 335 

Table 16 19 Cep September 1987 

# 
1 
2 
3 
4 
6 
7 
8 
9 

10 
11 

SWP 

31722 
31729 
31735 
31742 
31762 
31769 
31777 
31786 
31794 
31804 

Day 

5 
6 

8 

Start 
h m (UT) 

13 58 
1 41 
7 37 

13 18 
5 01 

12 10 
18 40 
3 50 

10 56 
19 51 

'exp 
m s 
5 00 
5 30 
5 30 
5 00 
5 45 
5 45 
6 00 
6 00 
5 30 
6 00 

JD 
-2447040 

4 083 
4 572 
4 819 
5 056 
5 711 
6 009 
6 280 
6 662 
6 958 
7 329 

Table 17 19 Cep October 1988 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

SWF» 

34528 
34534 
34540 
34546 
34552 
34560 
34567 
34573 
34579 
34585 
34591 
34599 

Day 

22 

23 

24 

25 

Start 
h m (UT) 

10 07 
15 12 
20 18 

1 20 
6 06 

16 22 
22 05 
2 41 
7 19 

12 02 
18 15 

7 59 

(„p 
m s 
600 
5 45 
5 45 
5 30 
5 30 
5 45 
5 30 
5 30 
5 30 
5 30 
5 45 
5 30 

JD 
-2447450 

6 924 
7 135 
7 348 
7 556 
7 756 
8 142 
8 422 
8 613 
8 806 
9 003 
9 262 
9 834 
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Table 18: 19 Cep, October 1991 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

SWF' 

42792 
42799 
42808 
42816 
42824 
42837 
42848 
42856 
42867 
42878 
42886 
42897 
42908 
42915 

Tabl 

SWP 

46154 
46161 
46168 
46175 
46182 
46188 
46194 
46201 
46205 
46212 
46218 
46225 
46232 
46239 
46249 
46251 

Day 

23 

24 

27 

e 19: 

Day 

8 

9 

10 

11 

12 

13 

Table 20 

S W > 

28968 
28974 
28977 
28982 
28987 
28991 
29005 
29013 
29021 
29029 
29037 
29045 
29053 
29061 

Day 

22 

23 

24 
25 

26 

27 

Start 
h:m (UT) 

4:31 
10:47 

1:56 
8:30 

10:04 

3:58 
9:54 

3:12 
8:41 

t « p 
m:s 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 

9 Cep, November 1992 

Start 
h:m (UT) 

04:15 
10:27 
19:44 
03:11 
09:29 
20:47 
04:17 
11:59 
17:56 
02:26 
09:42 
17:17 
01:25 
07:59 
18:27 
00:17 

texp 
m:s 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:30 
5:15 
5:15 
5:15 
5:15 
5:15 

X Cep, August 1986 

Start 
h:m (UT) 

6:17 
11:17 
13:20 
9:10 

13:23 
9:14 

10:15 
17:28 
0:24 
9:23 

15:34 
22:42 
11:20 
19:38 

*exp 
m:» 
8:20 
9:00 
6:00 
9:30 
6:30 
9:00 
9:30 
9:30 
6:30 
9:30 
8:45 
9:30 
7:45 
9:30 

JD 
-2448550 

2.653 
2.952 
3.285 
3.584 
3.857 
4.297 
4.674 
4.924 
5.301 
5.668 
5.916 
6.285 
6.636 
6.866 

JD 
-2448930 

4.681 
4.939 
5.326 
5.637 
5.899 
6.370 
6.683 
7.002 
7.250 
7.605 
7.908 
8.223 
8.563 
8.837 
9.271 
9.516 

'JD 
-2446660 

4.765 
4.973 
5.058 
5.885 
6.060 
6.888 
7.930 
8.231 
8.519 
8.894 
9.151 
9.449 
9.975 

10.322 

Table 21: A Cep, September 1987 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

SWF' 

31718 
31732 
31738 
31755 
31763 
31772 
31779 
31788 
31797 
31806 

Day 

5 
6 

7 

8 

Table 22: 

SWP 

34525 
34531 
34537 
34543 
34549 
34555 
34563 
34570 
34576 
34582 
34588 
34600 

Day 

22 

23 

24 

25 

Table 23: 

SWt ' 

37330 
37333 
37336 
37339 
37342 
37345 
37348 
37351 
37354 
37357 
37360 
37363 
37366 
37369 
37372 
37375 
37378 
37381 
37384 
37387 
37390 
37395 
37397 

Day 

17 

18 

19 

Start 
h:m (UT) 

10:26 
3:56 

10:05 
23:27 

5:45 
14:24 
22:11 

5:22 
13:02 
21:34 

*exp 
m:s 
9:4U 

10:00 
10:00 
10:30 
10:30 
11:00 
11:00 
11:00 
9:30 

11:00 

X Cep, October 1988 

Start 
h:m (UT) 

7:20 
12:42 
17:42 
22:51 

3:42 
8:25 

17:45 
0:19 
4:51 
9:35 

14:18 
8:44 

t « P 
m:s 

10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 

X Cep, October 1989 

Start 
h:m (UT) 

7:26 
10:09 
13:00 
15:11 
17:15 
19:18 
22:10 
0:38 
3:02 
5:24 
7:54 

10:25 
12:44 
18:56 
21:16 
23:40 

2:06 
4:37 
6:59 
9:51 

12:15 
19:02 
20:46 

fexp 
m:s 

10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
10:00 
8:00 

JD 
- 2 4 4 7 0 4 0 

3.938 
4.667 
4.923 
5.481 
5.743 
6.104 
6.428 
6.727 
7.046 
7.402 

JD 
- 2 4 4 7 4 5 0 

6.809 
7.032 
7.241 
7.455 
7.657 
7.854 
8.243 
8.517 
8.705 
8.903 
9.100 
9.867 

JD 
- 2 4 4 7 8 1 0 

6.813 
6.926 
7.045 
7.136 
7.222 
7.308 
7.427 
7.530 
7.630 
7.728 
7.833 
7.938 
8.034 
8.292 
8.390 
8.490 
8.591 
8.696 
8.794 
8.914 
9.014 
9.297 
9.368 
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# 
1 
2 
3 
4 
5 
6 
7 
8 
g 

10 
l i 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Table 24 

SWF' 

40727 
40731 
40738 
40741 
40745 
40749 
40753 
40760 
40764 
40768 
40772 
40776 
40784 
40787 
40791 
40795 
40799 
40808 
40811 
40815 
40819 
40826 
40829 
40833 

Day 

31 
1 

2 

3 

4 

5 

Table 25 

SWF* 

42786 
42789 
42793 
42796 
42801 
42804 
42807 
42810 
42813 
42817 
42820 
42823 
42828 
42831 
42834 
42838 
42841 
42844 
42847 
42851 
42854 
42859 
42862 
42865 
42868 
42871 
42874 
42877 
42881 
42884 
42889 
42892 
42895 
42898 
42901 
42904 
42907 
42911 
42914 
42919 

Day 

22 
23 

24 

26 

A Cep February 1991 

Start 
h m (UT) 

22 04 
1 39 

12 04 
14 54 
18 39 
22 06 

1 52 
11 03 
15 16 
19 13 
22 44 

2 03 
1 0 4 7 
13 43 
17 35 
21 10 
00 24 
12 40 
15 24 
19 10 
22 55 
16 36 
19 32 
23 52 

lexp 
m s 

10 00 
10 00 
1 0 0 0 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 
9 30 

A Cep October 1991 

Start 
h m (UT) 

22 43 
1 41 
5 19 
8 05 

12 33 

23 06 
2 46 
5 07 
7 32 

11 39 

8 37 
12 34 

22 29 
0 51 
3 07 
6 09 
8 24 

12 19 

21 53 
0 07 
2 23 
5 23 
7 52 

11 33 

lexp 
m s 

10 00 
1 0 0 0 
10 00 
10 00 
10 00 
1 0 0 0 
1 0 0 0 
10 00 
10 00 
1 0 0 0 
1 0 0 0 
10 00 
10 00 
10 00 
1 0 0 0 
10 00 
1 0 0 0 
10 00 
1 0 0 0 
1 0 0 0 
1 0 0 0 
1 0 0 0 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
1 0 0 0 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 
10 00 

JD 
-2448280 

8 427 
8 581 
9 010 
9 128 
9 285 
9 428 
9 585 
9 964 

10 144 
10 309 
10 454 
10 592 
10 952 
11 079 
11 241 
11 389 
11 524 
12 036 
12 149 
12 313 
12 462 
13 200 
13 321 
13 502 

JD 
-2448550 

2 454 
2 577 
2 729 
2 844 
3 031 
3 149 
3 249 
3 355 
3 467 
3 623 
3 721 
3 822 
3 992 
4 101 
4 201 
4 331 
4 449 
4 543 
4 641 
4 767 
4 867 
5 031 
5 142 
5 233 
5 332 
5 444 
5 542 
5 633 
5 763 
5 857 
6 021 
6 128 
6 216 
6 318 
6 419 
6 512 
6 607 
6 731 
6 835 
6 988 

Table 26 10 Lac November 1992 

# 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
16 
17 
18 
20 
21 
22 
24 
26 

SUF ' 

4615o 
46158 
46162 
46165 
46170 
46173 
46176 
46179 
46183 
46187 
46191 
46195 
46198 
46206 
46215 
46219 
46226 
46233 
46236 
46240 
46248 
46256 

Day 

a 

9 

10 

11 

12 

13 

Start 
h m (LT) 

05 01 
07 47 
11 18 
13 54 
21 49 
00 51 
03 58 
06 41 
1 0 1 3 
19 21 
00 29 
05 20 
08 24 
1 9 1 4 
06 40 
10 32 
18 50 
02 21 
05 18 
08 54 
17 24 
05 24 

' t ip 
m s 
1 00 
1 10 
1 05 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 
1 00 

JD 
-2448930 

4 720 
4 825 
4 971 
5 061 
5 409 
5 536 
5 666 
5 779 
5 927 
6 307 
6 521 
6 723 
6 851 
7 302 
7 779 
7 940 
8 285 
8 598 
8 722 
8 872 
9 226 
9 726 



Chapter 5 

Long- and short-term variability in O-star winds: 
II. Quantitative analysis of Discrete Absorption 
Component behavior* 

L. Kaper, H.F. Henrichs, and J.S. Nichols 

(to be submitted to Astronomy and Astrophysics) 

Abstract 

A detailed analysis of timeseries of ultraviolet spectra, which were presented in the form of an atlas 
showing the variable P Cygni profiles of 10 O-type stars (Kaper et al. 1993, paper I), has resulted 
in a quantitative modeling of migrating discrete absorption components (DACs) in UV resonance 
lines. To isolate the DACs from the P Cygni lines, we constructed a template spectrum from the 
highest flux points per wavelength bin, using the large number of spectra available for each star. 
We show that the template spectrum is in most cases a good representation of the "normal" state 
to which the profile returns after the passage of a DAC. We measured the central velocity and 
optical depth, width, and column density of each pair of DACs in the UV resonance doublets as a 
function of time. 

The measured column density of a DAC first increases as a function of time and then decreases 
when the component accelerates towards its asymptotic velocity. Sometimes a DAC disappears 
before this velocity is reached. The asymptotic velocity is, for most stars, easily determined from 
the timeseries of spectra and is a direct measure of VQQ, but in some cases the highest velocity 
reached by DACs differs systematically from event to event. For A Cep, HD 34656, and £ Per the 
residual spectra of subordinate lines also show extra blue-shifted absorption during the appearance 
of DACs, but at a much lower velocity. 

We interpret the DACs as dense, expanding sheets of gas, which are carried in front of the stellar 
disk by rotation. We suggest that the derived characteristic timescale of the wind variability, in 
some cases most likely twice as long as the recurrence timescale, is a direct measure of the stellar 
rotation period. We propose that an oblique stellar magnetic field, although not directly observed 
for the stars in our sample, should be incorporated in models describing the variability in O-star 
winds. Direct observation of such fields would provide the test for our model. 

Keywords: Stars: early type - Stars: magnetic fields - Stars: mass loss - Ultraviolet: stars 

'Based on observations by the International Ultraviolet Explorer, collected at NASA Goddard Space 
Flight Center and Villafxanca Satellite Tracking Station of the European Space Agency 

79 
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1 In t roduc t i on 

Variability is a fundamental property of the radiation-driven winds of early-type stars. For an 
introduction we refer to the first paper in this series (Kaper et al. 1993, Chapter 4). Reviews on 
this subject were presented by Henrichs (1988), Howarth (1992), and Prinja (1992). 

In order to gain an understanding of the time-variable behavior of radiation-driven winds, a 
detailed description of the observed variability is essential. In paper I (Kaper et al. 1993, Chapter 
4), timeseries of more than 600 high-resolution ultraviolet spectra of 10 O-type stars were presented 
in the form of an atlas. In this follow-up paper we analyse these spectra in a quantitative manner 
and evaluate the behavior of DACs and edge variability in the UV P Cygni Unes. In the next 
section we describe the data analysis and present our methods to isolate and model the DACs in 
the ultraviolet spectra. The results of this modeling are given in section 3 for each individual O-star 
separately. Section 4 summarizes the conclusions and in the last section we try to interpret the 
observed variability and its regular behavior. 

2 D a t a analysis 

High-resolution {R = 10 000) ultraviolet spectra of the 10 studied O-type stars (Table 1) were 
obtained with the Short Wavelength Prime (SWP) camera on board the IUE satellite. These 
spectra were presented in the form of an atlas containing several timeseries of the most important 
UV P Cygni lines (paper I). A detailed description of the targets and their observational history 
can be found in paper I (and references therein), in which the reduction of the ultraviolet spectra 
is also described. For each of the 10 O-stars, the high-resolution SWP spectra form a homogeneous 
dataset resulting from similar observational constraints and a uniform reduction procedure. 

2.1 Cons t ruc t ion of the temp la te spec t rum 

To isolate the migrating DACs from the underlying P Cygni profiles, we define a template spectrum 
which we consider to represent the undisturbed-wind profile to which the P Cygni profile returns 
after the passage of a DAC. Division of the individual spectra by the template results in quotient 
spectra, which are used to model the DACs (see next subsection). One might think that by assuming 
that the variations in the P Cygni profiles are caused by changes in absorption, one could construct 
a template by simply selecting the highest flux point(s) (per wavelength bin) from the available 
spectra. In this way, however, the flux in the template spectrum will be overestimated, because 
the spectra are affected by instrumental and photon noise. We describe here a method in which 
automatically is corrected for this overestimate. 

The number of spectra (JV, listed in Table 1) is so large, that we can reconstruct the template 
spectrum for each wavelength bin (which is 0.1 A): we assume that fluxes, not disturbed by DACs, 
follow a normal distribution with mean value fiQ and variance <TQ. We choose a suitable number n 
(last column in Table 1), not too small, but small enough to have the n highest flux values in every 
bin sufficiently free from DACs. If the P Cygni profiles always return to the same flux level after the 
passage of a DAC, a sufficient number of flux points per wavelength bin will be available (provided 
that the total number of spectra is large enough) to define the undisturbed-wind profile. Now we 
determine fi and a2 of these n highest flux values in every bin. In parts of the spectrum that do 
not vary intrinsically (such as the continuum), the values obtained for /*o (and OQ) should represent 
the average spectrum (and the noise); if this is the case, the assumption that the measured flux is 
normally distributed around the mean is correct. 

Our method is based on a paper of Peat & Pemberton (1970) which describes computer programs 
for the automatic reduction of stellar spectrograms. We have used the method of these authors to 
locate the continuum level in a spectrogram, adapted for our problem. For a normal distribution, 
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Program Stars 

HD 

24912 
30614 
34656 
36861 
37742 
47839 

203064 
209975 
210839 
214680 

Name 

f Per 
a Cam 

AOri A 
C Ori A 
15 Mon 
68Cyg 
19 Cep 
A Cep 
10 Lac 

Sp. Type" 

07.5 III(n)((f)) 
09.5 la 
07 11(f) 
08 III((f)) 
09.7 lb 
07 V((f)) 
07.5 ni:n((f)) 
09.5 lb 
06 I(n)fp 
09 V 

usint6 

(kms"1) 
200 
85 

106 
53 
110 
63 

274 
75 

214 
32 

t; c 

(kms"1) 
2330 
1590 
2155 
2125 
1860 
2055 
2340 
2010 
2300 
1120 

^spectra 
(N) 
122 
31 
29 
27 
26 
20 

149 
83 

123 
23 

n 

2 
3 
2 
3 
3 
2 
5 
5 
10 
3 

Table 1: Notes: (a) Walborn 1972, except HD 210839 Walborn 1973; (b) Conti & Ebbets 1977; 
(c) Prinja et al. 1990. A typical uncertainty in v^ is about 50 km s - 1 . See text for the meaning 
of the last column 

the distribution function <£(x) is given by: 

<K*) = sfix 
m \ V^ffo / 

(TO 
(1) 

The distribution of the n high points is a truncated normal distribution, i.e. x running from w to 
oo, with w from Eq. (5). So we have: 

The ratio Jfc is given by: 

with: 

= N = 7*L e y ^ = 2 e r f c ( z ) 

w- no 
y/2 <T0 

When we substitute these expressions in Eq. (2), we can relate /j to fiQi 

o-o -z2 

(2) 

(3) 

(4) 

(5) 

(6) 

Thus, from \L and <TQ we can compute {IQ\ Z is the inverse complementary error function of 2Jfc 
(Eq. 4) and is computed iteratively, using an adequate approximation for the complementary error 
function. Substituting fi from Eq. (6) in Eq. (3), we obtain a relation between o$ and a2, the 
variance in the n highest points: 

r2 = ff2 ( ^ \ 

° \2irJfe2 + 2 v / ? J b z e - * 2 - e - 2 * 2 / 
(7) 

In principle, this solves the problem: Eq. (7) gives <r0 as <r times a function of N and n only, 
and then Eq. (6) gives po as a "best" estimate of the template. However, <r is derived from a 
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small number of points and has a large statistical uncertainty. Through Eq. 6 these uncertainties 
translate imo noise on the template spectrum. However, we expect that all SWP spectra have the 
same relation between <TQ and exposure level, so we can derive <r0 from fiQ. This relation, given by 
Henrichs et al. (1993, Chapter 3) is based on much better statistics and gives more reliable results. 
In fact, we use the relation to obtain <r0 from \i instead of from /to, so the scheme has to be iterated. 
In practice these iterations are barely needed. The method was tested numerically, by selecting a 
given number of highest flux points from a gaussian distribution with known /to and <To consisting 
of randomly chosen points. The method was found to be extremely powerful: for k = 0.01 we 
predicted /xo within 2%. The higher the value of jfc, the better, of course, the obtained estimate for 
/x0 (and <r0). 

In Fig. 1 we show, as an example, the Si IV resonance doublet in the ultraviolet spectrum of 
68 Cyg. From the available 149 spectra we selected the 5 highest flux points per wavelength bin 
and computed the average ft and variance <r2. We have presented /x(A) and <r(A) by the dotted 
line in the upper and lower panel of Fig. 1, respectively. The average and standard deviations 
calculated from all 149 spectra are represented by the thin line. Notice that the average of the 5 
highest flux points ji(A) lies, as expected, systematically above the template, and that in the lower 
panel the scatter in <r is large. The derived /zo(A) and <r0(A) are represented in the same figure by a 
heavy line. We see that the template spectrum /io(A) and the average spectrum are identical in the 
continuum regions, but that the template and average spectrum are not the same in the variable 
resonance line. Notice also in the lower panel of Fig. 1 the similarity between the estimated <r0 

(thick line) and the measured variance (thin line) in the wavelength regions outside the Si IV line. 
In Fig. 2 and Fig. 3 the calculated template spectrum is given for each star in the spectral lines 

that contain DACs; for comparison we show in the same panel a representative spectrum for each 
dataset. In order to derive the mass-loss rate and terminal velocity of the undisturbed wind for 
a given O-star, the P Cygni lines in the template spectrum should be used, and not a snap-shot 
spectrum with additional absorption caused by DACs. The problem remains how one can find out 
if the template spectrum is, in the resonance lines, a good representation of the undisturbed-wind 
profile? Close inspection of the variations in the P Cygni lines reveals that changes occur only 
in the P Cygni absorption trough, and not in the emission peak; furthermore the profiles always 
seem to return to the same state after the passage of a DAC (Prinja 1992, paper I). We therefore 
could check the quality of the template by searching for "emission" (i.e. where the values exceed 
unity) in the obtained quotient spectra, which should be present if the template still contains 
"extra" absorption with respect to some of the individual spectra. Another check can be made by 
comparing the variance a2 in the selected high flux points in the variable line with the value of a2 

in a constant part of the spectrum with a comparable exposure level. For example, in the case of 
£ Per we were forced on these grounds to select only the two highest flux points. Although a logical 
consequence of our method is that a few points (i.e. at least two per wavelength bin for £ Per) in 
the quotient spectra will exceed unity, we found that these points are not randomly distributed 
among the quotient spectra, but are concentrated in only a few of them. Thus for £ Per we have 
to include more spectra to construct a better template; fortunately, the "emission" in the quotient 
spectra is in this case modest. For the other stars this problem turns out to be even less severe. 

2.2 Modeling DACs in quotient spectra 

The isolated DACs in the quotient spectra, which result from the division of the ultraviolet spectra 
by the template, are modeled in the way developed by Henrichs et al. (1983) and extended by 
Telting & Kaper (1993, Chapter 8). The DACs are assumed to be formed by dense, plane-parallel 
slabs of material in the line of sight, which results in an absorption component with central optical 
depth rc and (doppler) broadening parameter vt. The intensity of the component is then described 
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6 8 C y g 0 7 . 5 l l l : n ( ( f ) ) 

j i 1 1 L J L_. i ._! i i : , : 3 

—SOOO O 5 0 0 0 

r e l . V E L O C I T Y ( k m / s ) 

Figure 1: The Si IV resonance doublet of the 07.5 giant 68 Cyg. The dotted line indicates the average 
/i (upper panel) and standard deviation a (lower panel) of the 5 highest flux points (out of 149 available 
spectra), as a function of wavelength. The average and standard deviation calculated from the 149 spectra 
are represented by a thin line. The derived template spectrum (/io, the thick line) is identical to the average 
spectrum in the continuum, and should represent the undisturbed-wind profile in the variable Si IV line. 
Notice in the lower panel the difference between the noise from instrumental origin (estimated by Co, thick 
line) and the observed variance (thin line) in the resonance lines, due to wind variability 

by: 

I(v) = e-
Tc<t>{v) (8) 

wi th the Gaussian profile function 

<t>(v) = exp - ( ^ - ^ ) (9) 

where v is the velocity wi th respect to the stellar rest frame and vc the doppler displacement of 
line center. W i th the (reasonable) assumpt ion tha t the displacement vc and broadening parameter 
vt are identical for the absorpt ion components in bo th lines of the resonance doublet, the DACs in 
bo th doublet components can be modeled simultaneously, when the doublet separat ion vsp\;t and 
the rat io in oscillator st rength are known. This leaves only three free parameters for each pair 
of DACs. These parameters (vc, vt, and TC) are determined by means of a x 2 -method in order to 
obtain the best fit. The signal-to-noise rat io in each point of the quotient spectrum is est imated, by 
using the empirically determined dependence of this rat io on the flux (paper I, Chapter 4). The x 2 

criterion then gives the formal errors in the derived parameters (Telting & Kaper 1993, Chapter 8). 
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We fitted our model to spectral data within the velocity range —3000 to +2500 km s~1 with respect 
to the principal (short-wavelength) doublet component. From these parameters we can determine 
the column density JVcoi associated with the absorption components (Henrichs et al. 1983): 

_ mec V¥ Tcvt 

ire2 ƒ A0 (1 4- vc/c) 

As an example, we show in Fig. 2 and 3 model fits (thick line) to the quotient spectra which 
were obtained by division of the representative spectrum (thin line) in the left-hand panel by the 
template (thick line). Mostly a number of components had to be modeled simultaneously, with 
a maximum of 4 DACs in one spectrum. Furthermore, we kept allfit parameters free. As initial 
condition we used the results of the previous fit; we studied the spectra as a function of time. 
Sometimes we had to go back and forth through the dataset when it appeared that we had missed 
the first (weak) signs of the development of a new DAC at low velocity. In some cases we had 
to correct for bad normalization in the quotient spectrum by allowing for a very weak and wide 
(sometimes several thousands km s - 1 ) absorption component. In this way we were able to determine 
the central velocity and width of the other components with reasonable accuracy. However, the 
derived column densities are less reliable. 

3 Resu l ts 

In this section we describe the results obtained by the modeling of quotient spectra for each of 
the stars separately. Although our approach does not differ greatly from that used by others (e.g. 
Henrichs et al. 1983, Prinja et al. 1987), we have treated all spectra in an homogeneous way. For 
some stars several timeseries are available, such that we can study the behavior of DACs on a long 
timescales. Kaper et al. (1990, 1993) have shown that the pattern of variability is rather constant 
over many years; below we will show that the repeatability of the DAC phenomenon is such that 
one can predict the onset and the development of a new DAC with an accuracy of about half a 
day. The (maximum) strength of the absorption components is less predictable. A very simple 
diagnostic to determine the "phase" of the variability is given by the total equivalent width (EW) 
of the quotient spectra (in km s - 1 , because we integrated spectra on a velocity scale with respect 
to the rest-wavelength of the principle doublet line). 

We have chosen to present here only the results of the modeling of timeseries with a sufficient 
time-coverage. For most stars the Si IV resonance doublet could be used to model the DACs; the 
other UV resonance lines are too saturated for this. The two main sequence stars in our sample, 
15 Mon and 10 Lac, exhibit variability in the Nv (and Civ) profiles, but not in the Siiv doublet 
which is too weak to show any wind features. For 19 Cep and ( Ori we modeled the DAC behavior 
in both the Si iv and the N v doublet. The subordinate Niv line at 1718 A of £ Per, HD 34656, 
and A Cep (for the latter also the Hen line at 1640 A) varies in concert with the DACs in the 
Si iv doublet, but at lower velocity. In the wind profiles of a Cam we did not detect significant 
variations, except for some marginal variability in the blue edge of the SiIV and Civ lines (see 
paper I). 

3.1 HD24912 (£ Per) 

To reconstruct the detailed behavior of variability in the P Cygni profiles, a timeseries covering at 
least two DAC cycles (of two days, see below) is essential. Fortunately, we covered £ Per for more 
than 4 days in October 1991. In Figs. 4 and 5 we have plotted the parameters that resulted from 
the model fits to the isolated DACs in quotient spectra of the Siiv doublet: central velocity vc, 
width vt, and central optical depth rc. In the upper panels the total equivalent width (EW) of the 
quotients is given as a function of time. The error bars represent lcr-errors (cf. Telting & Kaper 
1993, Chapter 8). The regular (periodic) behavior of the Si IV EW (best seen in Fig. 4, October 
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Si IV template Si IV fit 

ob 1111 i 11 1111 j i i i i | i i 1111 i i 111 i i 11 
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0.5 
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0 

1 
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-3000-2000-1000 0 1000 2000 3000 -3000-2000-1000 0 1000 2000 3000 
Velocity (kin/s) (stellar rest frame) Velocity (km/s) (stellar rest frame) 

F i g u r e 2: In the left-hand panel the template spectrum (thick line) and a "representative" spectrum (thin 

line) of the Si IV resonance doublet are shown for each star. The units of the y-axis of the left-hand panel are 

in F N / s , in the right-hand panel the spectra are normalized to one. Division of both spectra results in the 

quotient spectra in the right-hand panel. The best fit is il lustrated as a thick line. In most cases multiple 

DACs had to be modeled simultaneously; see explanation in the text 
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N V template 

5. Quantitative analysis of DAC behavior 

N V tit 

-3000 -2000 -1000 0 1000 2000 -3000 -2000 -1000 0 1000 2000 3000 
Velocity (km/s) (stellar rest frame) Velocity (kmA) (stellar rest frame) 

F i g u r e 3: As Fig. 2: here the template spectrum and model fits are shown for the N V resonance doublet 

1991) is striking: the changes in E W recur every observing run (within great detai l ) , al though the 
September 1987 series seems to give somewhat different results, but has a similar periodicity. This 
per iod is 2.0 days, corresponding to the recurrence timescale of the DACs (paper I ) . The lat ter is 
not surprising, because the E W variations are due to the variable DACs. 

In Figs. 4 and 5 we have connected the points tha t belong to the same DAC event. As a criterion 
to select these points we assumed continuity in the three fit parameters and the column density. We 
can discr iminate between two kinds of DAC events: (1) strong absorpt ion components that remain 
visible for more than two days (squares) and (2) shorter-l iving, sometimes suddenly disappearing 
DACs (circles), preceding or following a strong component within half a day. Al though we think tha t 
the recurrence t imescale between the subsequent occurrence of DACs is the t ime interval between 
two strong components, the shorter-lasting events also develops and disappear on a regular basis. 
In paper I we pointed out tha t in the Si IV doublet of £ Per sometimes a new DAC crosses a previous 
(st rong) one. We have found tha t this occurs in all the timeseries of £ Per: one strong absorpt ion 
component reaches a terminal velocity of about 2050 km s _ 1 , while the next (or previous) one 
accelerates up to 2275 k m s _ 1 ; the latter is indicated by filled squares. If the asymptot ic velocity of 
a DAC is a measure of the termina l velocity of the wind (Henrichs et al. 1988, Pr in ja et al. 1990), 
how should we interpret the appearance of two asymptot ic velocities? Further, the repeatabi l i ty 
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Figure 4: Parameters of DACs in the Si IV doublet at 1400 A of £ Per 07.5 III(n)((f)) in September 1987 
and October 1988. The central velocity vc, central optical depth TC, and width vt of the components are 
given as a function of time (in days). The column density Nco] is calculated by using Eq. (10) and given in 
units of 1 0 " cm - 2 . In the top panel the total equivalent width (EW) of the SilV quotient spectra is is given 
in km s~'. The points identified with the same DAC have identical symbols and are connected by a line 
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Figure 5: As Fig. 4: DACs in the Si IV doublet of £ Per in October 1989 and October 1991 
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4 Per ()7.5 III (n)((f)) October 1991 
Si IV Wavelength (A) Wavelength (A) NIV 
1380 1385 1390 1395 1400 1405 1410 1715 1720 

Velocity (krn/s) (stellar rest frame) Velocity (km/s) (stellar rest frame) 

F igure 6: Timeseries of quotient spectra of the Si IV doublet at 1400 A and the subordinate NIV line at 
1718 A of ( Per in October 1991. The N IV line varies in concert with the DACs in the Si IV doublet 

of the phenomenon suggests tha t a full cycle lasts two recurrence timescales, i.e. 4 days. We will 
re turn to this question in the discussion. 

The measured column density of a DAC first increases and then decreases when the absorption 
component has reached a velocity of about - 1 5 0 0 km s"1 . The max imum in JVcoi is 5 X 1014 

c m - 2 . The other parameters in Figs. 4 and 5 vary less strictly. The max imum width of a strong 

component is about 750 km s - 1 just after i ts appearance at low ( 1000 km s _ 1 ) velocity. We 
could fit narrow components at their terminal velocity with widths smaller than 50 k m s _ 1 . The 
central optical depth of the DACs is highest for the strongest events: T™ax ~ 1.2, i.e. optically 
thick. 

The variability in the subordinate NIV line of £ Per is compareded with the variations in the 
Si IV doublet in Fig. 6. The P Cygni profile from the subordinate transi t ion of N i v also changes 
in concert wi th the DACs, but at lower velocity ( - 250 to - 7 0 0 km s _ 1 ) . Variations by DACs are 
also suspected in the N v line, not shown here. 

3.2 H D 3 4 6 5 6 

We observed the 0 7 supergiant HD34656 only once, but the 27 spectra show the rapid recurrence 
of several DACs on a timescale of approximately one day, start ing from low velocity (about - 500 
km s _ 1 ) . In Fig. 7 the fit parameters are presented for the DACs in the Si iv line. The DAC 
behavior in this star is quite complicated; the Si IV E W variations do not reveal a clear and regular 



90 5. Quantitative analysis ofDAC behavior 

pattern from which we can deduce a period. The appearance of new DACs is recognized from the 
peak in EW once every day. It is difficult, however, to identify the points belonging to the same 
DAC. Throughout the whole timeseries an absorption component is present with central velocity 
close to —1500 km s - 1 . But the associated column density suggests that this component belongs 
to different DAC events. At day 9.8 JVC0| of this component reaches a minimum of 4 x 1013 cm - 2 

and then starts to increase rapidly to a maximum of 2.5 x 1014 cm - 2 . Therefore we suspect that at 
day 9.8 a new DAC (of which the development can be inferred from the quotient spectra (Fig. 8), 
although our fit procedure did not find it) replaces the former one at —1500 km s_1and remains at 
that velocity until day 12. A consequence is that we are probably dealing with two DAC patterns 
superimposed on each other: a "slow" pattern consisting of DACs with an asymptotic velocity of 
-1500 km s"1, and a "fast" pattern of DACs that reach higher velocities (~ -2150 km s_ 1 ) . The 
recurrence timescale in the fast pattern is close to one day, while the DACs belonging to the slow 
pattern might develop with an interval of about 3.5 days. The latter conclusion is rather uncertain 
and based on the distance in time between the minima (at day 9.8 and 13.2) in EW of the Si IV 
line. 

In Fig. 8 we show the quotient spectra of the Si IV and NlV lines of HD 34656. DACs are also 
weakly present in the Niv line, starting at a velocity of -200 km s - 1 . The observed maximum 
column density is about 2.5 X 1014 cm -2. The central optical depth of the components is modest, 
with a maximum of rc = 1 for the DAC belonging to the slow pattern. The maximum width of the 
components is 500 km s - 1 ; for other stars the width of DACs decreases with increasing velocity, 
but for HD 34656 the dependence of ti( on vc is not clear. More observations are needed to confirm 
the suggested interpretation. 

3.3 HD36861 (A Ori) 

We observed the 08 III((f)) star A Ori during the November 1992 campaign and obtained 27 
spectra. The Si IV resonance lines of A Ori consist of a sharp photospheric absorption component, 
slightly asymmetric to the blue because of wind contamination, plus an absorption component at 
-2000 km s_ 1 (paper I). The N V and Civ resonance doublets also exhibit a "persistent" absorption 
component at —2000 km s_ 1 , in both doublet components. We modeled the quotient SiIV spectra 
of A Ori (Fig. 8) and found one DAC accelerating from —1700 to -2000 km s_ 1 , i.e. at the position 
of the persistent component. The occurrence of the DAC is reflected by the rise in Siiv EW at day 
5.7, shown in the upper panel of Fig. 9. We covered one DAC event, and therefore the recurrence 
timescale can only be determined as a lower limit of 5 days. These observations suggest that the 
persistent component is occasionally "filled up" by these new components when they reach the 
terminal velocity of the wind (which can thus be determined from the position of the persistent 
component). 

Compared to DACs in other stars in our sample, the measured column density is low, about 
5 X 1013 cm - 2 . The central optical depth does not exceed 0.5 while the width of the component is 
smaller than 250 km s - 1 . Given the saturation of the persistent component in Civ (and Nv) , the 
latter will certainly have a much higher column density. 

3.4 HD37742 (C Ori) 

Moving DACs are found in both the Nv and the Si IV resonance doublet of the 09.7 lb star f Ori; 
the results from our fit procedure are shown in Fig. 10. Also for this star it is not easy to identify 
the different DAC events. At day 5.4 and 7.1 the appearance of a DAC is registered in both lines, 
with the difference that the first component accelerates faster than the second one, and reaches a 
velocity of —2000 km s"1. The second component ends at a much lower velocity ( — 1250 km s - 1 ) , 
similar to the component present from the start of the observations. At day 8.7 another component 
develops, resulting in a recurrence timescale of 1.6 days. In this case, the Si IV and N V EWs not of 
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HD 34656 Si IV DAC fits February 1991 
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10 11 12 
Time (HJD - 2448280) 
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F igure 7: As Fig. 4: parameters of DACs in the Si IV doublet at 1400 A of HD 34656 07 11(f) in February 
1991. The DAC behavior can be interpreted in terms of a "slow" and a "fast" pattern, the latter with a 
recurrence timescale close to one day 
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HD 34656 0711(f) February 1991 
Si IV Wavelength (A) 29 spectra Wavelength (A) N IV 

1380 1385 1390 1395 1400 1405 1710 1715 1720 

-3000-2000-1000 0 1000 2000 3000 -1500 -1000 -500 0 500 1000 
Velocity (km/s) (stellar rest frame) Velocity (km/s) (stellar rest frame) 

F i g u r e 8: Timeseries of quotient spectra of the Si IV resonance doublet and the NlV line of HD 34656. The 
development of DACs can be recognized from the weak variations in the NIV line. Note the very low velocity 
of —200 km s - 1 at which these DACs appear 

much help for the determination of a characteristic timescale of the variations (if it exists at all). 
The N V EW variation could indicate a period of about 5 days, which is just the duration of the 
campaign, but this is rather uncertain. 

For this star we can compare the properties of DACs in two different lines. The central velocities 
of the modeled components are similar for both lines. The other DAG parameters show the same 
trend in both the N V and the Si IV line, and the associated column densities differ by a factor of 
two: 7Vcol ^ i . i x 1014 and 0.6 X 1014 cm - 2 for N v and SiIV, respectively. The similarity of the 
DAC behavior in the N V and Si IV lines supports the common view that the variable DACs reflect 
changes in the density- rather than in the ionization structure of the stellar wind. 

3.5 HD47839 (15 Mon) 

Two DACs migrate through the Nv doublet of the 07 V((f)) star 15 Mon. The first DAC is 
visible from the start of the campaign, the second one appears just before day 9 (see Fig. 11) and 
is remarkably narrow (vt < 150 km s_1). Because we have in total only 20 spectra it is difficult 
to construct a good template; this explains why the EW of some quotient spectra is negative. 
Furthermore, the variations in the Nv profile have a small amplitude, which makes the quality 
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X.Ori Si IV DAC tits November 1992 

6 7 
Time (HJD - 2448930) 

Figure 9: As Fig. 4: the parameters of the migrating DAC in the Si IV profile of the O8 III((f)) star A Ori 
in November 1992 
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£Ori November 1992 Si IV DAC fits N V DAC fits 

6 7 
Time (HJD - 2448930) 

6 7 
Time (HJD - 2448930) 

Figure 10: As Fig. 4: in the left- and right-hand panel the fit parameters of DACs in both the N v and Si IV 
profile are given for the 09.7 lb star £ Ori respectively, observed in November 1992. A new DAC appears 
every 1.6 days 
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of the template an even more important factor. The first DAC accelerates up to —2250 km s~], 
which is considerably higher than the central velocity ( — 1900 km s_1) of the persistent component 
in the N v (and C iv) profile. The second component, which appears at a velocity of —1700 km s ' 1 , 
disappears into this persistent component. The column density of these DACs is less than 10H 

cm - 2 , and cannot be trusted because of the bad normalization. We can only give a lower limit can 
be set for the recurrence timescale, which is 4.5 days. 

3.6 HD203064 (68 Cyg) 

The August 1986 dataset of the 07.5 HI:n((f)) star 68 Cyg has been analyzed by Prinja & Howarth 
(1988). In Fig. 12 we show the results of profile fits to this set of 33 spectra. Our results are mostly 
compatible with those of Prinja & Howarth. In Fig. 13 these parameters are presented for the 
September 1987 campaign. The central velocities of DACs in these spectra were published by 
Fullerton et al. (1991). We show the DAC parameters also for the spectra of October 1988. Fig. 
14 shows the datasets of Otober 1989 and October 1991, the latter with the longest continuous 
time-coverage, namely 5 days. We have used the same strategy as in the case of ( Per, and used 
the variations in Si IV EW to determine first the phase of the variability cycle. The maxima and 
(minima) in EW are separated by about 1.4 days, but the variations in EW are not as regular as 
in the Si IV doublet of £ Per. 

We first describe the extended dataset of October 1991 (Fig. 14). First of all, we note that 
the DAC events often consist of two separate events, closely spaced in time: the time lag is less 
than half a day. If we consider these close, but separate events as one, we find that the recurrence 
timescale is 1.4 days, as reflected by the EW changes. Secondly, if we now compare the different 
datasets, we can identify identical DACs in different years. In paper I we already pointed out the 
remarkable similarity between the DAC behavior in the Siiv spectra obtained in 1986 and 1988. 
In the figures we have indicated identical DACs with the same symbols. Just as for ( Per, the DAC 
behavior suggests that the full cycle of variability is twice the recurrence timescale, which is about 
3 days. This conclusion is based on the dependence of the central velocity and column density on 
time for the various DACs. In the timeseries of September 1987 our fit procedure gives only one 
single DAC, starting at day 4, while we would have expected two DACs as was found in the other 
years. This is another indication that the general DAC behavior is very regular over the years for 
68 Cyg, but that there exist small differences from year to year. We also remark that it is difficult 
to fit two closely separated absorption components of comparable strength with a fit procedure. 

The asymptotic velocity of the DACs is always close to -2400 km s - ,(see e.g. Fig. 13). But if 
we consider the DACs that consist of two separate events developing almost simultaneously (within 
about 15 to 20 hours), we see that the second one always reaches a higher velocity than the first 
one. This difference in asymptotic velocity can be as much as 300 km s - 1 . The column density of 
the DACs reaches a maximum when the component is half way its acceleration (i.e. at a central 
velocity around -1750 km s_ 1) , and then decreases with time. The strongest DACs reach a column 
density of 3 X 1014 cm - 2 . Some components remain visible for about two days. The maximum 
central optical depth TC is 1, and the width of some DACs can exceed 1000 km s - 1 during their 
development at low velocity. 

3.7 HD209975 (19 Cep) 

The 09.5 lb star 19 Cep gives a very clear picture of the DAC phenomenon. Because the charac
teristic timescale of variability is much longer (about 5 days) than in some other well-studied stars, 
the behavior of DACs is easily recognized. In Fig. 15 we present the dependence of the different 
fit parameters on time for the N V and Si iv spectra obtained in August 1986. The model fits to 
quotient spectra of both resonance lines give comparable results. In August 1986 we detect three 
DAC events, a very strong absorption component develops at low velocity (t;c = -300 km s"1 
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68 Cyg Si IV DAC fits Auaust 19S6 

9 10 
Time (HJD - 2446660) 

11 12 

Figure 12: As Fig. 4: parameteis of DACs in the Si IV doublet of the 07.5 III:n((f)) star 68 Cyg, observed 
in August 1986. This dataset was also analyzed by Prinja & Howarth (1988) 
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68 Cyg Si IV DAC fits September 1987 October 1988 
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Figure 13: As Fig. 4: DACs in the SilV doublet of 68 Cyg in September 1987 (left) and October 1988 
(right) 
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68 Cyg Si IV DAC fits October 19S9 October 1941 
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Figure 14: As Fig. 4: the October 1989 and October 1991 dataset, the latter consisting of 40 spectra 
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and vt = 1000 km s - 1 ) at day 6.8; the column density of this component reaches a maximum of 
6.8 X 1014 cm - 2 at a central velocity of -1450 km s_ 1 (in Siiv). This is the strongest DAC we 
encountered in our collection of O-star spectra. The maximum central optical depth exceeds 2 at 
the peak in column density. The asymptotic velocity of the two weak components present during 
the first half of the campaign is -1900 and -1750 km s - 1 for the first and second component, 
respectively. 

In October 1991 (Fig. 16) a weak component is present at its final velocity of -2050 km s - 1 

and at day 3.2 a new DAC develops at low velocity. The maximum in column density is 1.9 x 10 t4 

cm"2 and T™ax = 0.7. At day 5.9 we notice the occurrence of a new DAC with rapidly growing 
strength. The time interval of 2.7 days is short if we realize that in August 1986 the recurrence 
timescale would be estimated to be longer than 5 days. The November 1992 observations (Fig. 17) 
show again the development and further evolution of a DAC, a fairly strong one with maximum 
Nco\ of 3.5 X 1014 cm"2. At the end of our coverage (day 9.5) a new DAC appears in the Si IV 
line, from which we can conclude that the recurrence timescale is about five days. The 2.7 days 
observed in October 1991 is almost half of this period. For £ Per and 68 Cyg we proposed that a 
full cycle lasts twice as long as the recurrence timescale. In analogy we should conclude for 19 Cep 
that the 5 days is the period of the full cycle and half this period the recurrence timescale. 

3.8 HD210839 (A Cep) 

Although the 06 I(n)fp star A Cep was monitored during six campaigns, we only present here the 
results of the last campaign, in October 1991. The saturation of the UV resonance lines makes the 
modeling of DACs very difficult; for the Si IV resonance line we succeeded in measuring the central 
velocity of DACs and we were able to determine the recurrence timescale (1.2 days). The velocity 
domain from —1600 to -2000 km s - 1 is, however, difficult to model, because the quotient spectra 
fluctuate with large amplitude due to the division of small numbers and the low signal-to-noise. 
Fig. 17 shows the DAC paramenters for the SiIV doublet. The absorption components of A Cep 
behave similarly as observed in the other targets: the column density increases after the appearance 
of a DAC in the Siiv profile and reaches a maximum (in this case 2.5 X 1014 cm - 2 ) when the central 
velocity is about —1500 km s - 1 . JVcoi subsequently decreases as the DAC approaches its terminal 
velocity, which is difficult to determine because of the problems mentioned above. During the whole 
timeseries, an absorpion component is present at a velocity close to —2100 km s_ 1 . Probably, this 
component is at the terminal velocity of the wind and the new DACs add up when they approach 
the asymptotic velocity (i.e. v^). Due to the above mentioned limitations we can not demonstrate 
this explicitly 

Clear signs of developing DACs are present in the subordinate Hell (1640 A) and Niv (1718 A) 
lines, see Fig. 18. The first traces of these DACs can be found at very low velocity: —200 km s - 1 . 
Thus for A Cep we can also conclude that the DACs originate close to the star (Fig. 19). 

3.9 HD214680 (10 Lac) 

We modeled the DACs in quotient spectra of the 0 9 V star 10 Lac which was observed in November 
1992. DACs are present in both the Nv and the Civ resonance doublet, but we show here the 
results from the profile fitting of the N v doublet only, because they are most pronounced. The 
strongest component (Fig. 20) appears at day 7.3 and is preceded by a DAC starting 1.4 day earlier, 
which is not found in the C iv doublet. The highest central velocity observed for both components 
is —950 km s - 1 . Maximum column density of the strongest component (N™f* = 1014 cm - 2 ) is 
reached when vc is about —875 km s~'. The timeseries is too short to determine the recurrence 
timescale with confidence. It is longer than 4 days if the preceeding DAC is of the same nature as 
the double events in £ Per and 68 Cyg. 
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19 Cep August 1986 Si IV DAC fits N V DAC fits 

6 7 8 9 10 11 12 6 7 8 9 10 11 12 
Time (HJD - 2446660) Time (HJD - 2446660) 

F igure 15: As Fig. 4: DAC model parameters for the N v (left) and Si IV (right) profiles of the 09.5 lb star 
19 Cep in August 1986 
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19 Cep October 1991 Si IV DAC fits N V DAC tils 
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F i g u r e 16: As Fig. 4: DAC model parameters for the Nv (left) and SiIV (right) profiles in October 1991 
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19 Cep November 1992 Si IV DAC fits N V DAC fits 
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Time (HJD-2448930) Time (HJD - 2448930) 

F igure 17: As Fig. 4: DAC model parameters for the Nv (left) and Siiv (right) profiles in November 1992 
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XCep Si IV DAC fits October 1991 
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Figure 18: As Fig. 4: DAC parameters for the 06 I(n)fp star A Cep resulting from profile fitting of the 

Siiv doublet observed in October 1991. The velocity domain from -1600 to -2000 km s~' is disturbed by 

large fluctuations, because of saturation of the Si iv profile 
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10 Lac N V DAC fits November 1992 
200' 

6 7 8 9 
Time (HJD - 2448930) 

10 

F i g u r e 20: As Fig. 4: DAC model parameters for the N V profile of the 09 V star 10 Lac observed in 
November 1992 
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4 Conclusions 

For the nine stars in our sample that have shown the presence and evolution of DACs in one or 
more of the timeseries of P Cygni-type profiles, we can conclude that the DAC behavior obeys 
a certain set of rules. Some of these rules, such as the narrowing of DACs when they accelerate 
through the profiles, their always increasing speed until they approach the asymptotic velocity, and 
the regularity in their reappearance have been known for quite some years. We have shown that 
these rules can be applied to understand the details of the dynamical evolution of DACs for the 
stars in this study, and also that some other properties of DACs can be generalized. 

First of all, from the previous section one can conclude that the above mentioned rules (and those 
that follow) are generally satisfied, but that exceptions do occur. A good example is HD 34656, 
with its very complicated DAC behavior. Nevertheless, it seems justified to draw the following 
conclusions: 

1. The measured column density (in the line of sight) of a DAC always reaches a maximum when 
the DAC is at about three quarters of its asymptotic velocity. Thereafter Nco\ decreases slowly, 
while the duration of visibility depends on the strength of the component. 

2. For some stars (e.g. £ Per and 68 Cyg) DACs are often preceded or followed by another 
component within about a quarter of the recurrence timescale. Mostly the first component 
disappears when the next one of the pair arrives at the same velocity. 

3. The asymptotic velocity of DACs is not always the same: changes up to 300 km s - 1 are 
detected. We have also found that some absorption components disappear suddenly at a 
velocity much lower than the typical velocities reached by other DACs. For £ Per the strong 
components alternate in asymptotic velocity between —2050 and —2300 km s - 1 with the 
recurrence timescale of two days, which results in the crossing of successive components. 

4. The total EW of the quotient spectra can be a helpful diagnostic in determining the chara-
teristic timescale of the variability. 

5. Subordinate lines with P Cygni profiles, like Heti at 1640 A and Niv at 1718 A, vary in 
concert with the DACs in £ Per, HD 34656, and A Cep at low velocity (see also Henrichs 
et al. 1993, Chapter 3). As these lines have to be formed in regions of higher density, this 
means that DACs originate close to the star. 

The most striking property of the DAC phenomenon is its regularity in recurrence over many 
years. For the best-observed stars (£ Per, 68 Cyg, 19 Cep, and A Cep) detailed features can 
be recognized in every timeseries of spectra that we obtained over a period of six years. Small 
differences, such as the strength of the components, the absence of a progenitor, or a sudden 
extra component, do occur, but the general pattern of variability is strictly defined: it is possible 
to predict the appearance of a new DAC with an accuracy better than half a day. 'Henrichs et 
al. (1988) and Prinja (1988) demonstrated that the recurrence timescale of DACs is shorter when 
v sin i is higher, which suggests that the rotation of the star determines the distance in time between 
succesive DACs. We propose that the characteristic timescale of variability in the winds of O-type 
stars t5 the rotation period of the star. This characteristic timescale is in some cases (e.g. £ Per, 
68 Cyg) more likely equal to twice the recurrence timescale of DACs. This means that DACs 
are not only a measure of the terminal velocity of the wind, but that they can also give direct 
information on the rotation period of the star. In Tab. 2 we list the (mean) asymptotic velocities 
and recurrence timescale of DACs, and give our best estimate for the rotation period of the star. 

In two cases (£ Per and 68 Cyg) the proposed rotation period exceeds the maximum rotation 
period estimated by Kaper et al. (1993, Chapter 4). Pm*x was calculated using the stellar parame
ters compiled by Howarth & Prinja (1989). It is likely that these rapidly rotating stars (on grounds 
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Name 

£Per 
HD34656 
AOri A 
COriA 
15 Mon 
68Cyg 
19 Cep 
A Cep 
10 Lac 

„asymp (a) 
c 

(kms-1) 
2300 
2150 
2000 
2000 
1900 
2400 
1800 
2000 
950 

*rec 
(days) 

2.0 
0.9 
> 5 
1.6 

>4 .5 
1.4 
2.7 
1.2 
> 4 

P * 
(days) 

2.8 
4.8 

11.5 
13.4 
8.1 
2.6 

12.2 
4.0 

14.3 

* rot 
(days) 

4.0 
3.5? 
> 5 
>5? 
>4 .5 
2.8 
5-6 
2.4? 
> 4 

Table 2: Terminal velocity and stellar rotation period for the program stars. Notes: (a) the highest 
value of v™ymp was adopted in the case of different asymptotic velocities; (b) from Kaper et al. 
1993, Chapter 4 

of the measured vsint, see Chapter 4) have sint close to unity, and the radius of these stars could 
be slightly underestimated. For £ Per a radius of 15 in stead of 11 RQ would increase the maximum 
rotation period to 4 days. The remark in the UV atlas of Walbom et al. (1993) that £ Per is of 
luminosity class II instead of HI supports this conclusion. The uncertainty in the spectral class of 
68 Cyg (denoted by the colon) also indicates that the traditionally estimated radius is not accurate. 

5 Discussion 

Several models have been put forward to explain the observed properties of DACs. The expansion 
of a high-density layer in the stellar wind (Henrichs et al. (1983) gives a simple explanation for 
the time-dependent behavior of DACs, but it gives no clue to the cause for the development of the 
high-density layer. Infrared observations seem to rule out that such a high-density layer is a shell 
(Howarth 1992), but recently model calculations of Waldron et al. (1993) showed that shells of 
enhanced density can quantitatively reproduce the observed DACs, consistent with the constraints 
set by HI observations. These authors argue that the concept of propagating shells of enhanced 
density should be seriously reconsidered. It is, however, difficult to explain why the development 
of these shells would be controlled by the rotation of the star. The periods of non-radial pulsations 
(NRP) in early-type stars are also on the order of days, and phases of enhanced mass loss caused 
by the release of pulsation energy have been proposed in literature (e.g. Vogt & Penrod 1983). 
Simultaneous optical and UV observations (Fullerton et al. 1991, Henrichs 1991) do, however, 
not indicate changes in pulsational behavior on the timescale of the observed wind-variability in 
O-type stars. New studies are presently under way to search for a possible link between NRP and 
the origin of DACs. 

The origin of DACs has certainly to be found close to the star: the correlated changes observed 
in lines from excited levels (such as the subordinate NIV and He II P Cygni lines, see also Henrichs 
et al. 1993, Chapter 3), and in strong optical lines like Ha and Hell 4686 A (Kaper et al. 1993, 
Chapter 7, Henrichs 1991) impose that wind-variability develops at the base of the wind. These 
and other observations of variable optical emission lines (e.g. Conti & Leep 1974) further indicate 
that the stellar-wind base is co-rotating with the star. 

We propose that the outflow properties at the base of the wind are controlled by a magnetic 
field anchored in the star, which results in regions of enhanced density rotating with the star. The 
presence of magnetic fields in early-type stars is difficult to prove by direct observational methods. 
Magnetic fields with a strength of less than 100 gauss are theoretically predicted (Maheswaran & 
Cassinelli 1992) and are not (yet) observable (Landstreet 1992). Early-type stars are relatively 
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young objects and born out of interstellar matter that contains interstellar magnetic field. The 
star with the strongest magnetic field known, "Babcock's star" HD215441, is a B3 V star with a 
surface dipole field strength of 34 kgauss (Babcock 1960, Preston 1971). This demonstrates that 
early-type stars can have very strong magnetic fields. These fields are expected to be frozen-in 
into the radiative envelopes of the stars (see, for example: Mestel 1975). Also the end-products 
of early-type stars are mostly neutron stars with a strong magnetic field, which strength can be 
predicted by assuming magnetic flux conservation during the collapse of the core and the presence 
of a surface magnetic field of strength 10 —100 G in the progenitor. Underbill & Fahey (1984) tried 
to explain the existence and behavior of DACs by postulating the existence of "closed" and "open" 
magnetic loops above the stellar surface from which parcels of gas are released in addition to a 
uniformly emitted steady stellar wind. Although several arguments appeared in literature against 
this interpretation, a nice property of this model is that DACs are expected always at the same 
phase of the stellar rotation period. Also the model of Mullan (1984) of corotating interacting 
regions resulting from the interaction of slow and fast streams in the wind would be consistent with 
the presence of a magnetic field at the base of the wind to differentiate the dynamical properties 
of the flow further out (like in the solar wind case). 

One-dimensional, time-dependent hydrodynamical calculations of Owocki et al. (1988) show 
that radiation-driven winds around early-type stars are clumpy, because of the development of 
shocks due to the instability of the acceleration mechanism. Puls et al. (1993) have calculated model 
profiles with DACs caused by the clumps in the wind, using the results of similar hydrodynamical 
computations. It is not possible to reproduce the DAC behavior in detail, but two-dimensional 
calculations including rotation are needed before one can conclude if the shocked structure of a 
radiation-driven wind alone can explain the DAC phenomenon. We propose that a magnetically 
controlled stellar-wind base and the instability of the acceleration mechanism of the radiation-
driven wind are the important physical ingredients for the explanation of the observed stellar-wind 
variability. We elaborate on this conjecture in Chapter 7. 



110 5. Quantitative analysis ofDAC behavior 



Chapter 6 

Correlated near-photospheric and stellar-wind 
variability in the O supergiant A Cephei 

H.F. Henrichs and L. Kaper 

(based on: Henrichs et al., 1990, in Proc. Evolution in Astrophysics: IUE Astronomy in the era of 
new space astronomy, Ed. E. Rolfe, ESA SP-310, p. 401, and Henrichs, H.F., 1991, in Proc. ESO 
Workshop on Rapid variability of OB stars: Nature and diagnostic value, Ed. D. Baade, p. 199) 

Abstract 

The origin of the widely observed wind variability in early-type stars is unknown. We summarize 
some results of observational efforts to search for a possible connection between variations near 
the stellar surface and variability in the wind. The (near-)photospheric variations are studied by 
means of high S/N spectroscopy of selected H, He I and Hen lines, whereas the UV resonance lines 
of Si IV, CIV, and N v are simultaneously monitored for the stellar wind. Additional IR and visual 
photometry, and polarimetry give additional information. 

The two best studied stars are 68 Cyg 07.5lII:n((f)) and A Cep 06l(n)fp. For the first star 
an expanding shell can be ruled out as being the cause for the wind variability, and a possible 
connection between the pronounced (near-)photospheric and wind variability can be indicated at 
one epoch (see Fullerton et al., this volume, for more details.) In the second star covariability, 
likely periodic, has been found between the equivalent width of the Hell A4686 emission line (< 
500 km s - 1 ) and blue steep edge of the UV resonance lines at high velocity (> 2000 km s - t ) . This 
suggests that the wind and near-photosphexic variations are related. In addition, A Cep shows 
evidence for non-radial pulsations, but a connection between its properties and variability in the 
low- and high-velocity wind region is not apparent from the available data set. The interpretation 
of these results is discussed. 

Keywords: Stellar-wind variability - 0 stars - Non-radial pulsation 
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1 In t roduc t ion 

Winds of early-type stars are observed to vary on timescales down to about a half an hour. This is 
evidenced by repeated observations of the P Cygni lines in the ultraviolet region. In unsaturated 
lines the variability is mostly in the form of Discrete Absorption Components (DAC's), which can 
be defined as "unexpected" absorption features superposed on the absorption part of a P Cygni 
profile. Their main characteristic is variability in strength and radial velocity. Figure 1 gives a clear 
example for 68 Cyg. For other stars the progression of the DAC velocities in time is different. It has 
been suggested that the recurrence timescale is connected to the rotation rate of the star (Prinja 
1988, Henrichs et al. 1988). In saturated P Cygni lines the variability is in the highest velocity of 
the blue steep edge of the absorption trough (see Figure 2). The two types of variability are often 
related, because in a time sequence one observes that when a DAC appears at intermediate velocity 
and migrates through the (unsaturated) profile towards higher velocities, this is often accompanied 
by a shift towards higher velocity of the steep blue edge of the saturated line(s) (Henrichs et al. 
1990, see also Prinja 1991, this volume). This is in accordance with a qualitative picture in which 
both extra absorption features are caused by the same material. This correlation is, however, not 
as predictable and/or pronounced for every star. For reviews on DAC's see Prinja and Howarth 
(1986), Henrichs (1988) and Howarth and Prinja (1989). Why this variability occurs, or more 
specifically, what the development of such a DAC episode triggers, is unknown and is the central 
question in the research described in the present paper. 

The lowest velocity at which DAC's are observed to appear is approximately one half of the 
velocity of the steep blue edge in the saturated lines (sometimes referred to as the "terminal" 
velocity). This might suggest that the origin of this variability is located in the wind itself, far 
above the photosphere. Radiatively driven winds are known to be unstable (Lucy 1983), but 
how this instability relates to the observed wind line variability is not clear. One-dimensional 
hydrodynamical calculations in which radiative effects (pure absorption and scattering) are included 
(Owocki 1991 and references therein) show that a radiation-driven supersonic flow is unstable 
against periodic perturbations from below and standing shocks will be formed very quickly, which 
will lead to a highly stratified density structure with intermixed high and low velocity within one 
stellar radius. A comparison of the results of this type of calculations with the observed time 
variability in the P Cygni lines has to wait until line profiles can be predicted as a function of time. 

On the other hand, it is well known that many early-type stars often show variability in photo-
spheric lines, which in a number of cases is attributed to a form of pulsation. See Fullerton (1990, 
1991) for a recent review. The changing physical conditions at the photosphere, below the sonic 
point, will likely cause a varying lower boundary of the stellar wind, which has somehow to respond. 

In view of these considerations it is tempting to search for observational evidence whether 
stellar wind variability might be related to changes at the photospheric level. For this purpose 
one has to monitor a star in the UV and in the optical region (and possibly in more). This has 
to be done simultaneously, since the predicted timescale for propagation is of the order of hours 
(the flow timescale of the wind), whereas the expected instabilities develop much faster. Typical 
DAC episodes take several days, whereas pulsation periods are of the order of six hours to one 
day. This requires multisite observations from the ground and from space. To study the optical 
line profile variations one needs to resolve the chosen spectral lines well enough combined with a 
sufficiently large S/N and a time resolution of a half an hour to search for high-order pulsation 
modes. In practice this requires a 2m telescope for a 5th magnitude star. This illustrates the 
practical difficulties to organize such studies and partly explains why only very few stars have been 
properly observed so far. 

The first star studied as described above was 68 Cyg 07.5ITl:n((f)) in the fall of 1987 (Fullerton 
et al. (1991), this volume). One significant outcome of this study is that a spherically expanding 
shell as the cause for the DAC's can be ruled out by the limits set by the infrared photometry. 
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68 Cyg 0 IS III: n((f)> 5 - 8 September 1987 Si IV 
IUE wavelength (A) 29 spectra 

1380 1385 1390 1395 1400 1405 1410 

-3000 -2000 -1000 0 1000 2000 3000 
velocity (km/s) (stellar rest frame) 

F igure 1: Example of time evolution of the Discrete Absorption Components (DAC's) in 68 Cyg 
07.5III:n((f)) in 1987. Time is running upwards. Mid-exposure times are indicated by arrows. The DAC's 
are present in both doublet components. Compare Fullerton et al. (1991, this volume) for simultaneous 
optical and IR coverage 

In addi t ion, at one occasion a significant change in the high-velocity absorpt ion edge of the CIV 
profile is accompanied by a change in equivalent width of the Hel l A4686 line, 10/x flux and V-band 
polar izat ion. A more complete coverage of the optical spectroscopy is needed to confirm these 
promising results. In the present paper we further concentrate on some of the results of a campaign 
in October 1989 on the 06I(n)fp star A Cep. A prel iminary report was given by Henrichs et al. 
(1990). 

2 S u m m a r y of obse rva t i ons 

The star A Cep was chosen because of its well documented photospheric and stellar wind variability 
(e.g. Leep and Conti (1979), Grady et al. (1983), Henrichs et al. (1988), Kaper et al. (1990)). We 
planned a worldwide campaign including six observatories, space-borne and ground-based, with a 
coverage of nearly three days. Since we wanted to map out the behavior of the flow from the deep 
photosphere up to the outer regions of the wind, we covered the weak photospheric He I A4713 
absorpt ion line, the near-photospheric Hel l A4686 emission line, and the P Cygni doublets of SiIV, 
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XCep 06I(n)fp 17- 19 October 1989 CIV 

IUE wavelength (A) 23 spectra 
1535 1536 1537 

-2600 -2500 -24O0 -2300 -2200 -2100 
velocity (km/s) (stellar rest frame) 

F i g u r e 2 : Variable blue edge velocity in the C i v P Cygni profile in A Cep 06 I (n ) fp . The corresponding 

SiIV and N v edges move paral lel to the Civ edge. T h e suggestive 2 day cycle is also found in opt ical Unes 

a t low velocity a t different epochs (compare F ig. 3). T h e est imated ro ta t ion period of the s tar is abou t 4 to 

5 days 

CIV, and N V in the ultraviolet region. This resulted in was 23 high-resolution spectra of A Cep 
with the /(/^satellite, supported by more than 180 ground-based spectra from the Calar Alto and 
Kitt Peak Observatories, with a spectral resolution of 0.25 A and S/N ~ 300, using a CCD detector 
at the Coudé focus. In addition we carried out simultaneous uvb photometry and polarimetry. 

We present some parts of these dataset and describe a number of aspects of the observed behavior 
in the following order: high-velocity wind lines, low-velocity Hell line and deep-photospheric Hei 
line. 

2.1 The UV P Cygni lines 

The saturated Civ edge velocity showed a systematic increase of about 100 km s_1 (measured at 
half the continuum) in the course of a day, followed by a similar decrease during the second day (see 
Figure 2). This behavior is consistent with a periodicity of 2 days, which could also be found back 
in IUE spectra of a previous year, although less pronounced. One way of presenting the integrated 
changes in velocity is to measure an equivalent width, for which we took the region between -2500 
and -2000 km/s (see Figure 3). The edge of the saturated N v and the nearly saturated Siiv hnes 
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X. Cep 061 (n)f p 17 - 21 October 1989 

1 
a 

-700 

-800 

-900 

-1000 

He II Kitt Peak 
He II Calar Alio 
CrVedge IUE (scaled) 

ft 

_ ] I L_ J i_ 

8 9 
Time (JD-2447810) 

10 11 

F igure 3: Equivalent widths of the Hell A4686 emission line (filled symbols) compared with the equivalent 
widths of the C iv blue edge (open circles). The latter are measured between —2500 and -2000 km/s and are 
scaled to roughly match the amplitude of the Hell variation. The 2 day cycle is also present in IUEspectia. 
of previous years and in other optical absorption lines in spectra taken 4 years earlier (Fullerton 1990). The 
Civ edge is behavior is displayed in Fig. 2. Sample Hell line profiles are presented in Fig. 4 

follows very closely the C i v behavior, while other parts of the profile remain practical ly constant. 
This varying edge velocity behavior appears to be strongly correlated wi th the He II emission line 
behavior (see below). 

Al though in 1989 the Si iv doublet was more saturated than in previous years (compare with 
Kaper et al. 1990), a DAC can be identified in quotient spectra with respect to a mean spectrum 
in the first six exposures. The est imated central velocity migrates from about - 9 0 0 k m / s to about 
— 1800 k m / s in 0.5 day and continues to accelerate parallel to the C ivedge. This is consistent with 
the behavior sketched in the introduct ion above. The NIV A1718, He II A1640 and S i m A1206 lines 
did not vary significantly. 

2.2 T h e H e n A4686 d o u b l e - p e a k e d e m i s s i o n l i ne 

The double-peaked H e n emission line varied dramatical ly over the study period, down to the 
shortest recorded timescale (about 15 min) . In cases when spectra taken from Ki t t Peak and Calar 
Alto overlapped in t ime the profiles were in excellent agreement. Figure 4 shows a composite plot of 
spectra during the night when the C IV edge velocity was at min imum. For comparison a few He II 
spectra during max imum CIV edge velocity are overplotted. Equivalent width measurements of 
the emission are p lot ted in Figure 3, together with the scaled values for the CIV edge. The striking 
coincidence of the two quanti t ies is highly suggestive of a causal relat ionship. The max imum 
Hel l emission (around MJD = 7.5), corresponding to min imum C i v edge velocity, was marked 
by sudden, ra ther complex, changes near the line center, as i l lustrated in Figure 5 in the form of 
quotient spectra. 
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XCep 061 (n)fp 17 and 18October 1989 Hell 

Calar Alto wavelength (A) 43 spectra 

4670 4675 4680 4685 4690 4695 4700 
l—i—i—r—|—i—i—i—i—|—i—i—i—i—]—i—i—i—i 11 i i—;—i—i—|—i—i—i—i—|—i—l—i—I—|—l—l—r 

_ i i i 1 i i L J i i i_! ' ' ' I ' i i I i i ' I 11' i I i i ' t i i i_l i_i i I i_i i I LJ t_ 

-1200 -1000 -800 -600 -400 -200 0 200 400 600 800 1000 1200 
velocity (kra/s) (stellar rest frame) 

F i g u r e 4: Sample profiles of He II A4686 during epochs where the C IV blue edge velocity was at its minimum 
(MJD = 7.5) and maximum (MJD = 8.5). The time sequence of the 40 spectra at the top are shown in Fig. 
5. The time intervals between the 3 spectra during the second night was from top to bottom 35 min. and 
15 min. respectively 

2 .3 T h e H e I A4713 a b s o r p t i o n line 

The weak photospher ic He I absorption line showed small superposed absorpt ion features moving 
from blue to red (Figure 6). A period search with the CLEAN algor i thm at each resolution 
element across the profile (closely following Gies and Kulavanijaya 1988) shows a period of 6.5h 
and a possible second per iod of 12h. Figure 7 shows how the power is distr ibuted across the profile 
as a function of frequency. A phase/ampl i tude d iagram for the 6.5h period is displayed in figure 
8. We interpret these variat ions as due to nonradial pulsat ion with I = —m = 5 (most probable 
value, derived from the slope and ampli tude of the phase- t ime diagram) for the 6.5h period. The 
12h per iod is probably a I = —m = 3 mode. The significant ampl i tude m in imum near the center 
of the line is a t t r ibu ted to a nonzero A'-value, K being the rat io between horizontal and vertical 
pu lsat ion ampl i tude, as demonst ra ted by Kambe et al. (1990). 

3 D i s c u s s i o n 

The close correspondence in behavior of the high-velocity CIV edge and the low-velocity He II line 
(F igure 3) is remarkable. How accurate t he min imum CIV velocity coincides with the max imum 
emission st rength cannot be determined bet ter t han about two hours with the available t ime res
olut ion. In a very simplified spherical picture wi th a monotonical ly increasing velocity law with 
j9 = 1, ini t ial velocity of 20 k m s _ 1 and a stellar radius of 20 RQ the t ime to travel from 200 to 2000 
k m s _ 1 is about one day. The much shorter observed t ime delay suggests tha t the lines are spatially 
not far separated from each other. Such a velocity/density st ructure is possibly explainable by a 
shocked wind model , similar to what Owocki (1991) predicts, but several caveats inhibit a strong 
conclusion. F i rs t , the star is a rapid rotator: us in f ~ 200 k m s , which implies for a supergiant 
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XCep06I(n)fp 17-18 October 1989 Hell 
CalarAlto wavelength (A) 40 spectra 

4676 4680 4684 4688 4692 

-600 -400 -200 0 200 400 600 
velocity (km/s) (stellar rest frame) 

F igure 5: Quotient spectra of He II A4686 around the epoch when the CIV blue edge velocity went through 
its minimum. An average of the first 8 spectra was taken as a reference spectrum 

a very high rotat ion ra te , and deviations from a spherical flow are expected. Secondly, we don't 
know how and where the Hel l line is formed: model calculations by Gabler et al. (1990), which 
neglect rotat ion, produce much stronger wings than observed. As the emission peaks are found 
at about ± u s i n i , rotat ion most likely plays a dominant role in the line formation process. New 
work in this direction is undertaken (see Mazzali et al. 1991). Other observations, however, argue 
strongly tha t the Hel l line must be formed very close to the star: Fullerton (1990) also found a 
two day period in the equivalent width of the C i v AA5801.12 and the He I A5876 absorption lines 
in spectra taken in 1985 and 1986. This suggests that the 2 days has persisted over several years, 
rather than being a one t ime event. The question remains of course what the 2 day period actually 
reflects. The est imated rotat ion period of A Cep is about 4.5 days, about twice the breakup rotat ion 
period. More study is obviously needed to find out whether the clock is the rotat ion rate of the 
star ( implying surface inhomogeneit ies) or is of orbi tal origin. 

The short period of 6.5h excludes tha t the moving absorpt ion features in the He I line are carried 
around the star due to rotat ion alone. This favors an interpretat ion in terms of non-radial pulsation. 
The equivalent width of the He I line varies, however, which is possibly caused by temperature effects 
(see also Simon 1991, this volume). Such effects are usually neglected in the NRP analysis. 

Since the beginning of the DAC in the Si IV P Cygni profile fell outside the t ime span covered 
by IUE we could not study a possible link with the near-photospheric behavior. 
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».Cep 06I(n)fp 17-18 October 1989 He I 
Calar Alio & Kill 1'cak wavelength (A) 52 spectra 
4706 4708 4710 4712 4714 4716 4718 
P ' i ' i ' I i i ' i ' n 1005 

-400 -300 -2O0 -100 0 100 200 300 400 
velocity (km/s) (stellar rest frame) 

F i g u r e 6: Example of time evolution of the small absorption features progressing through the deep photo-
spheric He I A 4713 line. We interpret this behavior as due to non-radial pulsations. The velocity scale is 
shifted 75 km/s to correct for the systematic motion of this star. The transition from Calar Alto to Kitt 
Peak data is around MJD = 7.55 

4 Conclusions 

We think we have progressed one step closer to answering the question posed in the title, although 
we are still far from a complete understanding. The close correspondence between the CIV edge 
variability and the equivalent width variations of several optical lines suggests that the region where 
the highest wind velocity is observed is connected to the region near the photosphere. This has 
obvious consequences for the interpretation of the steep blue edge in P Cygni profiles. Our present 
working hypothesis is that the described covariability exists in many early-type stars. One could 
argue however, that A Cep might be an exceptional star (it is a runaway star with a rare spectral 
type and very high rotation rate), and that the results obtained are not transferable to other early-
type stars. But it is perhaps just because of its unusual properties that this star reveals the same 
physical effects more pronounced than others. The only way to find out is simply to observe more 
stars. 
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X CcpOó I (n)fp 17-21 October 1989 lie I 
CIJiAN wavelength (A) 167 spectra 

4706 4708 4710 4712 4714 4716 4718 
1 1 ' r 

Average spectrum 
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velocity (km/s) (stellar rest frame) 

F i g u r e 7: Power periodogram from a CLEAN spectral analysis of all Kitt Peak and Calar Al to data over 

5 nights. The strongest signal is found around 3.7 cycles/day, for which period the phase and amplitude 

across the profile are plotted in Fig. 8. A second peak around 2 cycles/day can be identified. The other 

peaks in the diagram are probably not real 
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XCep06I(n)fp 17 - 21 October 1989 He I 

Calar Alto & Kilt Peak wavelength (A) Period = 3.7 cycles/day = 
4706 4708 4710 4712 4714 4716 

6.5 h 
4718 

r 

-200 -100 0 100 
velocity (km/s) (stellar rest frame) 

400 

F igu re 8: Phase and amplitude across the He I A4713 absorption line for a period of 6.5 hours. From the 
slope and the range in phase one can derive the most probable non-radial pulsation mode I = — m = 5. The 
dip in amplitude in the center of the line is attributed to a horizontal component in the pulsation (K > 1) 
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Coordinated ultraviolet and H a spectroscopy of 
O-type stars* 

L. Kaper, H.F. Henrichs, H. Ando, K. Bjorkman, A.W. Fullerton, 
D.R. Gies, R. Hirata, E. Kambe, D. McDavid, and J.S. Nichols 

(To be submitted to Astronomy and Astrophysics) 

Abstract 

As part of our search for the origin of stellar-wind variability, we have conducted simultaneous 
ultraviolet and optical spectroscopy of a few bright 0 stars. Just prior to the development of a 
discrete absorption component (DAC) in UV P Cygni lines an extra emission component appears 
in the Ha line. This emission component disappears rapidly and is followed by an increase in 
blue-shifted absorption. The changes in the Ha line take place at low velocity (0 — 0.21/00) on 
a timescale equal to the recurrence timescale of the DACs. The close coincidence in time of the 
observed variations shows that the wind variability, which is most prominently observed in the form 
of DACs at high supersonic velocity (near v^,), is also present in the Ha forming region, which is 
presumably close to the star. These observations and the fact that the timescale of the variations 
is comparable to the rotation period of the star suggest that a stellar magnetic field might play an 
important role in controlling the base of the stellar wind. 

Keywords: Stars: early-type - Stars: magnetic fields - Stars: individual £ Per - Stars: individual 
19 Cep - Stars: mass loss 

'Based on observations collected with the International Ultraviolet Explorer {torn Vilspa, Madrid, Spain, 
and GSFC, Gieenbelt, U.S.A. and the 1.52m telescope with Aurélie at O.H.P., Prance 
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1 Introduction 

Winds of O-type stars are strongly variable on timescales down to less than one hour. Time-resolved 
series of high-resolution UV spectra, obtained with the International Ultraviolet Explorer (IUE), 
have shown that the variations in UV resonance lines are not chaotic, but occur in a well-defined 
"pattern" (e.g. Prinja et al. 1987, Henrichs et al. 1988). In unsaturated lines the so-called discrete 
absorption components (DACs) are frequently observed, which are the most prominent features of 
wind variability in these stars. Other forms of wind variability, in particular the observed variations 
near the blue edge in saturated lines and variations at low velocity in P Cygni profiles, are now 
known to be part of the same phenomenon, as it appears that the timescales are identical, and 
which form of the variability is observed is a matter of optical depth of the underlying wind profile 
and radial dependence of the density of the ion considered (Henrichs et al. 1993) 

Stellar winds reach their supersonic outflow velocities of ultimately up to three times the surface 
escape velocity of the star by means of radiation pressure exerted by continuum photons on trace 
ions via spectral lines (Lucy & Solomon 1970, Castor et al. 1975). The mass-loss rate, terminal 
velocity, and shape of P Cygni lines are reasonably well predicted by the steady-state radiation-
driven wind theory (Kudritzki & Hummer 1990 and references therein). Variability is not considered 
in this theoretical work, and the agreement between theory and observation is satisfactory for time-
averaged profiles, leaving the variability unexplained. Because of their specific shape, DACs are 
readily recognized in single snapshots. Howarth & Prinja (1989) found DACS in more than 80% of 
the spectra of a sample of 203 galactic 0 stars. Henrichs (1984) and Grady et al. 1987 found DACs 
also in many Be stars, although not in non-supergiant B stars. Therefore, the occurrence of DACs 
is a fundamental property of hot-star winds, and understanding how DACs develop is considered 
to be essential for understanding the physics of stellar winds. 

Theoretical work showed that the line driving of these winds is intrinsically unstable (Lucy & 
Solomon 1970, Owocki & Rybicki 1984). Time-dependent, ID hydrodynamical calculations (Owocki 
et al. 1988) showed that small perturbations (in velocity or density) at the base of the radiation-
driven wind grow exponentially, when moving away from the star. This leads to a stellar wind 
which is strongly structured by shocks, because high-velocity, low-density plasma runs into more 
slowly moving, high-density material in front. Lucy (1982a, 1982b) suggested that such a shocked 
stellar wind (although in a different form) could explain the observed X-ray luminosity of OB stars. 
Further, he argued that the flat bottom in saturated P Cygni profiles, which is unexplained in the 
classical monotonie velocity case, could result from the existence of multiple scattering surfaces 
connected with the non-monotonic velocity structure of the wind (see however Puis et al. 1993, for 
a detailed discussion). These structures in the stellar wind lead to the formation of time-dependent 
P Cygni profiles with DAC-like appearance, rather similar to what is observed (Puis et al. 1993. 
There are, however, several aspects which need to be investigated before a claim can be made that 
DAC formation is understood. 

A critical point in this issue is the question how the beginning of a DAC is triggered. Is this 
an intrinsic property of any perturbed radiation-driven wind, or is in addition to this mechanism 
the behavior of the flow controlled from near the stellar surface by some other means? In the 
initial history of a DAC, one observes superposed on the P Cygni line blue-shifted broad, weak 
absorption at about 0 . 5 ^ which gradually develops into a narrow DAC, which moves ultimately 
to the terminal velocity (v^) of the stellar wind (Henrichs et al. 1988), Prinja et al. 1990). This 
typically takes a day to a week, depending on the star. In a previous paper (Henrichs et al. 1993 
it was found that in the 07.5III(n)((f)) star £ Per the subordinate Niv line at 1718 A showed 
variations at velocities in the velocity regime below —500 km s"1 which accurately followed the 
beginning of DACs in the Si IV line. Because this NIV line is formed only close to the star where 
the density is high enough, this observation demonstrated that DACs can be traced back to the 
low, but still supersonic, velocity regime. 
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Name 

£Per 
19 Cep 

HD 

24912 
209975 

Sp. type 

07.5 m(n)((f)) 
09.5 lb 

V 

4.0 
5.1 

«rad 
(kms- 1 ) 

59 
-15 

t/rot sin i 
(kms"1) 

200 
75 

Table 1: Target stars 

A related key issue is the recurrence timescale of DACs, which was found, for the stars observed, 
to scale roughly proportional to vrot sint (Prinja 1988, Henrichs et al. 1988), which is in the order 
of a few days. In addition, studies over several years revealed that the detailed DAC "pattern" 
stays rather similar over the years (Kaper et al. 1990). The quasi-periodic development of DACs 
is therefore most likely due to the rotation of the star, but what ties the stellar wind to the stellar 
surface is not known. Because of the very high degree of complexity, the structure of a rotating 
expanding wind has not been studied in sufficient detail to predict the time-dependency of the 
P Cygni profiles as has been done for the non-rotating case by Puls et al. (1993). 

In the light of the arguments given above, we have concentrated our current research on finding 
how close to the star signatures related to the beginning of DACs can be traced back. We have 
organized several multiwavelength and multisite observing campaigns to study the time behavior 
of the UV P Cygni profiles simultaneously with optical lines like Ha and He II 4686 A. Because it 
will take some time to complete the reduction of these extensive datasets, we present here the first 
results of the Ha and UV spectra of £ Per and 19 Cep obtained in October 1991. 

In the next section the reduction methods applied to our observations are briefly described. 
Section 3 summarizes the results. The simultaneous Ha and DAC behavior and the role of rotation 
is described in section 4. The importance of magnetic fields is discussed in section 5. The conclusions 
are summarized in the last section. 

2 Observations 

2.1 UV spectroscopy 

Properties of our two target stars are given in Table 1. High dispersion ultraviolet spectra were 
obtained with the SWP camera onboard the IUE satellite between 23 and 27 October 1991. We 
collected 36 spectra of £ Per with typical exposure time of 70 seconds, and 14 spectra of 19 Cep 
with an exposure time of 330 seconds. The time intervals between the exposures were carefully 
planned, based on observed timescales of earlier years. The spacecraft appeared extremely stable 
during our observing run, and the background radiation was very low. This dataset has therefore a 
superior quality compared to all earlier datasets. The reduction was done in our standard manner 
(see Henrichs et al. 1993), using the IUEDR software package (Giddings 1983a). Interstellar lines 
were used to align the wavelength calibration and échelle-ripple correction was performed with the 
method described by Barker (1984). The spectra were mapped on a uniform wavelength grid of 
0.1 A. Reseau marks were removed by linear interpolation. The maximum signal to noise of the 
spectra is about 30 (see Henrichs et al. 1993). 

2.2 Ha spectroscopy 

The Ha spectra were obtained from October 21 to 28, 1991, at the Haute Provence Observatory 
with the Aurélie spectrograph attached to the 1.52m telescope in Coudé focus. We observed our 
targets in high resolution (R ~ 35 000) and used a 2 x 2048 Thomson CCD as detector. The offset 
level and dark current were regularly checked. Th-Ar spectra and tungsten flatfields were taken 
frequently to perform the wavelength calibration and to correct for pixel-to-pixel variations. The 
exposure times ranged from 10 to 30 minutes, depending on the weather conditions (reflected in the 
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£ Per 07 5 IIKnX(D) 2 1 - 2 7 October 1991 
Si IV Wavelength (A) MV Wavelength (A) IUE Ha Wavelength (A) OHF 
1380 1390 1400 1410 1714 1716 1718 1720 6550 6560 6570 6580 

Velocity (km/s) (stellar rest frame) Velocity (km/s) (stellar rest frame) 

1.2 1.4 1.6 18 
Ha Equivalent width (A) 

F igu re 1: The time behavior of the Si IV doublet, N IV singlet and Ha line in £ Per. (a) Upper panel: Si IV 
overplots. Lower panel: fluxes are converted into levels of grey; arrows denote mid-exposure epochs. Three 
series of DACs can be identified, the two strongest components are separated in time by about two days; (b) 
Same as (a), but for the Niv line. The periodic behavior of the absorption between —200 and —700 km s - 1 

corresponds to the development of DACs in the Si IV doublet; (c) Upper panel: overplot of 14 Ha spectra. 
The variations occur mostly in the line core. The horizontal bar denotes the region over which the equivalent 
width was measured. Lower panel: The equivalent width of the Ha line as a function of time. The time axis 
is aligned with the two other figures. The measured EW is lowest just prior to the development of DACs in 
the Si IV doublet and the enhancement in absorption of the N IV line 

variable s t rength of the water vapor lines), which resulted in a signal-to-noise rat io of about 200. In 
the wavelength cal ibrat ion we took into account the correction for the earth 's mot ion with respect 
to the heliocentric restframe. The spectra were sampled at a uniform wavelength grid of 0.1 A. To 
rectify the spectra, a polynomial with three coefficients was fit through five selected wavelength 
intervals at bo th sides of the H a profile. 

3 R e s u l t s 

We summarize the results obta ined for our two stars. In Fig. l a we present the Si IV resonance 
doublet of £ Per as a function of t ime. Discrete absorpt ion components migrate from intermediate 
(~ O.StJoo), wi th vx = 2350 k m s _ 1 , to high velocities. This is repeated on a t imescale of two 
days, in accordance wi th what was found in previous studies (Prinja et al. 1987, Henrichs et al. 
1988). The terminal velocity of the wind has been determined from the highest velocity reached 
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19 Cep O 9.5 lb 21 - 27 October 1991 

R!E Si IV Wavelength (A) Wavelength (A) OHP Ha 

1380 1385 1390 1395 1400 1405 6550 6560 6570 6580 

Velocity (kni/s) (stellar rest frame) 

Ha Equivalent width (A) 

Figure 2: (a) The Si IV resonance doublet of 19 Cep. The upper panel shows an overplot of the spectra. In 
the middle panel quotient spectra with respect to a constructed reference spectrum are displayed (see text). 
In the lower panel quotient fluxes are converted into levels of grey; arrows denote mid-exposure epochs. Two 
series of DACs can be identified. The white dots denote the central velocities of DACs, as derived from 
model fits, (b ) Same as Fig. lc, but for 19 Cep. Again, the measured equivalent width is lowest just prior 
to the development of DACs in the Si IV doublet 

by the DACs (cf. Henrichs et al. 1988, Pr in ja et al. 1990). Close inspection of the last DAC event 
shows tha t it consists of two components, the second one being much weaker and star t ing about 
one day later than the first one. The DACs appear in the Si IV resonance line at HJD 3.4, 5.4, and 
6.3. The emission par t of the profile is constant wi th t ime. Similar to what was found by Henrichs 
et al. (1993), we find tha t the repeat ing pa t te rn of high-velocity DACs in Si IV very significantly 
correspond to enhanced-absorpt ion phases between - 2 0 0 and —700 km s _ 1 in the subordinate N i v 
P Cygni line at 1718 A (Fig. l b ) . Thus from the UV lines we can conclude tha t in the case of £ Per 
the DACs already develop in a region where the flow has reached a velocity of only 200 km s _ 1 . 

The equivalent widths (EW) of the H a spectra of £ Per were measured between - 4 0 0 and 400 
km s _ 1 , and are p lot ted as a function of t ime in Fig. l c (lower panel) . The t ime axes of the three 
panels are aligned. It is clear tha t the E W also varies in concert wi th the DACs in Si IV: the min ima 
occur just pr ior to the development of a DAC. A lower E W corresponds to par t ia l filling of the Ha 
profile by emission and to the absence of extra, blue-shifted absorpt ion, which is present during the 
appearance of a DAC in the UV line profiles. Dur ing our October 1991 run we found three min ima 
in the E W : a t HJD 2.6, 4.6, and 5.7, i.e. about 15 hours before the development of a DAC, where 
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we estimate an uncertainty of a few hours due to only partial coverage of Ha data. To illustrate 
the nature of the changes, we describe the detailed behavior of the Ha line. At HJD 1.6 the Ha 
line in £ Per is strongly in absorption. During the following night, at HJD 2.6, the profile is partly 
filled in with emission. Around HJD 3.4 the Ha profile returned almost to the status of two days 
before, but at HJD 4.4 a small emission component appears in the red wing and an enhancement of 
blue-shifted absorption is present around —400? km s_ 1 . This emission component becomes very 
pronounced at HJD 4.6, but the absorption enhancement has disappeared. Some incipient emission 
is present at HJD 5.3, but the extra, blue-shifted absorption results in a high value of the total 
equivalent width. At HJD 5.7 the Ha profile is again filled in by emission. 

For the 09.51b supergiant 19 Cep we find a very similar result, with the difference that the 
timescale is much longer than in £ Per. In the upper panel of Fig. 2 we overplotted 14 Si IV 
profiles, obtained with IUE. Because the variations in the absorption part of the profiles are much 
shallower than in the case of £ Per, we divided the spectra by a reference template which was 
constructed from 74 IUE spectra of 19 Cep, taken between 1986 and 1991. The details of obtaining 
this template are described by Kaper et al. (1993, Chapter 5). The resulting quotient spectra are 
shown in the middle panel of Fig. 2, and the corresponding grey-scale plots appear in the lower 
panel. Due to unavoidable imperfections of the method we use for making the template spectrum, 
some quotient spectra have fluxes above unity, but this does not influence the conclusions. The 
white dots represent the central velocity of the DACs, as derived from model fits (see Kaper et al. 
1993, Chapter 5, for further details of these fits). 

Like in £ Per we also observe in 19 Cep incipient emission in the Ha line. In the first Ha 
spectrum (HJD 1.5) an emission reversal is present in the absorption core of the profile. Around 
HJD 2.4 the central emission reaches maximum strength and gets weaker during the following 
nights. The time lag between the strongest emission in Ha and the start of a DAC in Si IV is about 
1.5 days, approximately 3 times longer than in the case of £ Per. We have not observed Ha without 
a central emission reversal. In May 1993 we observed 19 Cep again in Ha, but not with IUE, 
and detected a very strong emission peak in the center of the profile (see Fig. 3). This emission 
approached the continuum on May 21 and decreased rapidly in strength. On May 23 the central 
emission had returned to the "normal" level, similar to the spectra of October 1991. 

4 S imul taneous H a and DAC behavior 

Ha variability in O stars is well known. Ebbets (1982) studied the structure and variability of Ha 
emission in early-type supergiants and found variations on a dynamical timescale of 1 to 10 days, 
but no period was found. Earlier work on Ha is also described in this paper. The nature of the 
variations suggested that the velocity of the outflowing material fluctuated with an amphtude of 
~ 100 km s_ 1 and that the fluctuations are not globally symmetric. In the present paper we have 
shown for the first time that, at least in £ Per and 19 Cep, the Ha variations are closely related to 
the DAC phenomenon. It is plausible to adopt that the low-velocity Ha absorption is formed close 
to the photosphere. (A quantification of the radial extent of the Ha region has to follow from a 
star-specific model calculation). The observed rise in Ha emission preceding the development of a 
DAC in UV lines formed in the stellar wind, and the accompanying blue-shifted absorption at low 
velocity (a few hundred km s_ 1) in Ha during the appearance of a DAC therefore indicate that 
variations at the base of the stellar wind are related to changes in regions further out in the wind. 

19 Cep is a much slower rotator than £ Per (see Table 1) and the difference in timescale of the 
parallel variations in the Ha and the UV resonance lines in the two stars strongly indicates therefore 
that rotation is the key parameter. The time lag between Ha emission and the development of a 
DAC is approximately a third of a day for £ Per and about one day for 19 Cep. This ratio is of 
the same order of magnitude as the inverse ratio of v sin t of these stars. Because emission features 
are formed in a region outside the projected stellar disk, we expect that the material causing 
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Ha Wavelength (A) OHP May 1993 

6550 6560 6570 6580 

1 

9 
E 
S 0.9 
« 

0.8 

-1000 -500 0 500 1000 
Velocity (km/s) (stellar rest frame) 

Figure 3: A very strong emission component was observed in the Ha line of 19 Cep in the night of May 
21, 1993 at OHP (thick line), which decayed in 48 hours (thin line) to a level comparable to the profiles 
observed in October 1991 in Fig. 2 

this emission will be carried into the line of sight by the rotation of the star. The simultaneous 
expansion of the stellar wind will then cause the observed variability in absorption in the form of 
DACs. The time lag between Ha emission and the development of a DAC is therefore determined 
by the rotation period of the star and the outflow velocity. For our two program stars the final 
outflow velocity does not differ very much, and we expect that the time lag for both stars is of the 
order of a quarter of the rotation period. 

In this model one expects that a larger amplitude Ha variation would correspond to a stronger 
DAC. We would have predicted that the additional strong Ha emission observed in May 1991 
should have been followed by a strong DAC such as detected in August 1986 (see Henrichs 1991, 
and Chapter 4 and 5), but unfortunately there exist no coordinated UV data. 

There are also other optical lines which behave in a similar fashion. Henrichs (1991) detected 
simultaneous changes in the equivalent widths of the He II 4686A line and the C IV resonance 
doublet at 1550 A for the 06.5 supergiant A Cep. The modulation of the Hen line occurs on a 
two-day period and most likely reflects the (co)rotation of the unhomogeneous stellar wind close to 
the star (Conti & Leep 1974). The Civ P Cygni profile shows extra absorption due to material in 
the line of sight at velocities exceeding 2200 km s_1 when the central absorption of the Hell line 
gets stronger (i.e. when extra material rotates in front of the supergiant). Unfortunately, the UV 
resonance lines were to saturated to follow the evolution of DACs during this observing period, but 
the observations did indicate that variations close to the star can be accompanied by variations 
in the wind at high velocity (cf. Henrichs et al. 1993). Recently, Fullerton et al. (1992) found 
propagating absorption enhancements in the He I 5876 A profile in the wind of the extreme Of 
supergiant HD151804. The behavior of these features resembles the acceleration of DACs in UV 
resonance lines. 

5 Magnet ic fields 

From the evidence given above we conclude that stellar-wind variability in general originates close 
to the star. The timescales of the variability in the observations presented in this paper, together 
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with the observed changes in the He II 4686 A line mentioned above, suggest that the base of the 
wind, where Ha and He 11 4686 A are formed, corotates with the star. This, in turn, requires 
a localized region attached to the stellar surface. The strongest candidate for causing such a 
distribution is a magnetic field configuration, which rotates at the base of the wind. This field 
needs only to be strong enough to cause an inhomogeneity in the wind. Unfortunately, there are 
no confirmed magnetic field detections of our program stars. The detection limit is of the order 
of 100 G. However, present techniques allow detection of only the component of the field strength 
in the line of sight (see Landstreet 1992 for a review), and in the model described above, this 
component will be modulated with the stellar rotation period, which means that most of the time a 
very low field component could be detectable. From the theoretical side one expects such low fields 
to be present in 0 stars under certain conditions (Maheswaran & Cassinelli 1988, 1992). Models of 
magnetically coupled winds in early-type stars have been considered by Friend & MacGregor 1984. 
MacGregor et al. 1992 derive an upper limit for magnetic field strengths (< 100 G) by considering 
the consequences of such winds for the rotational evolution of 0 and B stars. Based on these 
arguments we predict therefore that weak fields (about 100 G or less) should be found in £ Per and 
19 Cep, which will be the most significant test for our model. It is clear that a serious attempt to 
detect such fields is highly needed. 

In the picture as described here, DACs should occur shortly after a magnetic structure appears 
at the approaching limb. A simple dipole field aligned with the stellar rotation axis would therefore 
not cause DACs to form, and a considerable tilt of the magnetic axis of such a field will cause two 
DACs per revolution. Higher order fields will give rise to more DACs in a given rotation period. 
The strength of the DACs will then also be a function of the field strength, because the degree of 
inhomogeneity will determine the contrast with the "normal" stellar wind. 

6 Conclusions 

We have presented strong observational evidence that the variability of the winds in two 0 stars, 
as observed in the form of DACs in the UV, can be traced back to the region where Ha is formed, 
which is close to the stellar surface. Rotation plays an essential role in determining the timescale. 
The model described here can explain the found proportionality between the recurrence timescale 
of DACs and v r o tsint. The implication is that in addition to the instability of the acceleration 
mechanism of radiation-driven winds which leads to a clumpy wind structure, at least a second 
ingredient is needed to explain the observations. We argue that the most likely explanation for the 
occurrence of these variations is the presence of a magnetic field. Detection of such a field would 
be the key test for such a model. 
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Chapter 8 

Long-term periodic variability in U V absorption lines 
of the Be star 7 Cas: on the relation with V / R 
variations in the H/3 line* 

J.H. Telting and L. Kaper 

(Submitted to Astronomy and Astrophysics) 

Abstract 

We present a quantitative study of the variability in ultraviolet resonance lines of N v, Si IV, and CIV 
of the Be star 7 Cas. For this purpose we used IUE spectra obtained over a period of eleven years. 
Variability occurs in the form of discrete absorption components (DACs), which are formed in the 
fast-outflowing radiatively driven part of the stellar wind. We constructed a template spectrum 
from spectra containing no or minor extra absorption due to DACs and modelled the isolated 
DACs in the obtained quotient spectra. Besides the frequently observed narrow components (vt 

typically < 250 km s"1) at high velocity, we found several broad components occurring at low and 
intermediate wind velocities. 

We confirm the finding of Doazan et al. (1987) who reported that the number of observed 
DACs is associated with the cyclic V/R variability of the Balmer-emission lines. We show that 
when V /R<1 the central optical depth of DACs is significantly lower than when V/R>1. In our 
interpretation this is due to a correlation between the column density associated with the DACs 
and the phase of the V/R cycle. 

We find that the H/3 observations of Doazan et al. are consistent with a model in which the 
cyclic V/R variability is due to a global, one-armed oscillation moving through an equatorial disc. 
We suggest that the higher column density of DACs in phases of V/R>1 is the result of the higher 
density in the region of their origin, namely close to or in the part of the equatorial disc which is 
rotating towards the observer. 

Keywords: Stars: emission-line - Stars: Be - Stars: circumstellar matter - Stars: individual: 7 
Cas 

'Based on observations by the International Ultraviolet Explorer collected at the Villafranca Satellite 
Tracking Station of the European Space Agency 

129 
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1 In t roduc t ion 

By definition a B star is classified as Be if the Ha line has once been observed in emission and 
the star is not a supergiant. Be stars display a wide range of specific properties. Among those 
are rapid rotation and extreme spectral variability on time scales ranging from hours to decades. 
Extended reviews describing the properties of Be stars are presented by e.g. Doazan (1982) and 
Slettebak (1988). 

Various observations of Be stars over a broad range of the spectrum indicate that Be stars have a 
non-spherical envelope. The energy distribution shows an excess due to free-free radiation from the 
near IR (Gehrz et al. 1974), through the far IR (Coté and Waters 1987), to the radio domain (Taylor 
et al. 1987). Coté and Waters found that Be stars with a large IR excess at I2fi show polarization 
in the visual, and suggested that the IR excess is caused by a non-spherical density distribution. 
The Balrner emission lines have widths of a few hundred km s_ 1 and are often double-peaked, 
which can be understood if the line-forming region is rotating (see e.g. Sobolev 1960, Huang 1972, 
Marlborough 1969). These emission lines are primarily formed by recombination in circumstellar 
matter. Dachs et al. (1986) conclude that the shape of measured Ha profiles is consistent with the 
expected shape of profiles originating in a flat differentially rotating disc-shaped envelope. Further 
observational support for the presence of an equatorial disc in Be-star envelopes results from X-ray 
observations of Be/X-ray binaries (e.g. Van den Heuvel and Rappaport 1987). To explain the X-ray 
luminosity by accretion of wind material on a compact object, a dense low-velocity outflow in the 
equatorial plane is needed (Waters et al. 1988, Waters 1989). Furthermore, Dougherty and Taylor 
(1992) have resolved the circumstellar envelope of the Be star $ Per at 15 GHz, and find that 
this envelope is highly non-spherical. All the above mentioned observations are consistent with the 
presence of a slowly expanding, relatively high-density, disc-like wind around Be stars. 

XIV observations show that Be stars also have winds with terminal velocities in the order of 
1000km s - 1 , which are observed in resonance lines of Nv , Siivand Civ. The derived mass-loss 
rates of 10 - 9 - 1 0 _ n M 0 / y r and the dependence of these rates on stellar luminosity (Snow 1982) 
suggest that these stellar winds are radiatively driven, like the winds of more luminous 0 and OB 
supergiant stars, although Abbott (1982) argues that radiation-driven winds of cooler B-type stars 
can not be self-initiating. The mass-loss rates derived from the IR excess, however, are a factor of 
102 to 104 times larger than those derived from the UV (Waters et al. 1987). 

To combine these two types of stellar winds a two-component model describing the Be-star 
envelope was proposed (see e.g. Telting et al. 1993 for the case of 7 Cas): a dense equatorial 
(differentially rotating) disc in which the Baimer emission lines and the IR excess are formed, and 
a rapidly expanding radiation-driven wind streaming from higher latitudes of the star, which forms 
the UV resonance lines. Recent work of Bjorkman and Cassinelli (1993) gives a physical basis for 
the presence of an equatorial disc in rapidly rotating B-type stars. If the rotation speed exceeds 
a critical value, the supersonic wind that leaves the stellar surface at high latitude travels along 
trajectories that cross the equatorial plane. A dense equatorial disc is formed due to ram pressure 
confinement of the stellar wind. 

Variability occurs in both types of the Be stellar wind. Long-term variability (time scales 
of 2-15 years) in the ratio of the intensity of the violet and red peak of the Balrner emission 
lines (V/R variation) is commonly observed in the spectra of Be stars (see e.g. Dachs (1987)). 
Telting et al. (1993) discussed, based on observations of 7 Cas, models that may explain this 
V/R behaviour. They concluded that the model which is most consistent with both V/R and 
IR continuum observations consists of a star surrounded by a rotating non-axisymmetric, disc-like 
wind, which is not face-on. Physical models for the cause of asymmetry in disc-like structures are 
given by Okazaki (1991) and Papaloizou et al. (1992), who discuss global one-armed oscillations. 
Papaloizou et al. found that due to the gravitational potential of an oblate (i.e. rapidly rotating) 
star, oscillations in the disc on time scales of V/R variations can exist. 
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Many Be stars show variable discrete absorption components (DACs) in UV resonance lines 
(Henrichs 1984, Grady et al. 1987, Prinja 1989). A remarkable fact is that all B-type stars with 
My > - 7 mag that show DACs are Be stars. DACs appear in UV spectra of more than 80% of all 
O-type stars (Howarth and Prinja 1989). The origin of DACs is not known. 

Doazan et al. (1989) found observational evidence for a correlation between the long-term cyclic 
V/R variability and changes of the equivalent width of UV resonance lines of the Be star 59 Cyg. 
Doazan et al. (1987) report evidence for a correlation between the H/3 V/R variability and the 
occurrence/presence of DACs in UV lines of 7 Cas. These observations indicate that the equatorial 
and polar wind regions are somehow linked. 

7 Cassiopeiae (HR264, HD5394) was the first emission line star that was discovered (Secchi 
1867) and is one of the best studied Be stars. Its visual magnitude (mv ~ 2.25) makes 7 Cas the 
brightest Be star of the northern hemisphere. Its spectral type is B0.5D7e (Lesh 1968) and vsint 
is 230 km s"1 (Slettebak 1982). 

Doazan et al. (1983) and Goraya and Tur (1988) give detailed descriptions of long-term vari
ations in the optical spectrum of 7 Cas. This century 7 Cas underwent two phases of Balmer 
emission. The first one ended in a B phase after spectacular light and spectral variations, including 
V/R variations, and two B-shell episodes. Presently 7 Cas is in the second Be phase of this century, 
which started around 1946. Since then the visual brightness is gradually increasing. V/R variation 
of the Balmer lines began around 1970 and has a cyclic behaviour with an increasing period of 
about 5±2 years. The Balmer emission lines showed no V/R variations between 1946 and 1970. 

The presence of DACs in spectra of 7 Cas was first discovered by Hammerschlag-Hensberge 
(1979), who found blue-shifted absorption enhancements in the resonance lines of N v, Si IV, and 
Civ. Henrichs et al. (1983) studied the properties of DACs in ultraviolet spectra of 7 Cas obtained 
from 1978 to 1980. They found that DACs were present in 18 out of the 28 spectra. Doazan et 
al. (1987) reported that "the occurrence of high-velocity DACs in UV resonance lines exhibits a 
long-term variability pattern, which is associated with the cyclic V/R variations of the Balmer 
emission lines. DACs are frequently observed when V/R>1, while they are absent or rarely present 
when V /R<1" . 

The objective of this study is to quantify the correlation between DAC variability in UV res
onance lines and the observed V/R variability of the H/3 line of 7 Cas. We used 133 archival 
IUE spectra of 7 Cas , which were obtained from 1978 to 1989. We use the method of Henrichs 
et al. (1983) to derive central velocities, central optical depths, widths, and column densities of 
DACs. In the next section we describe the reduction of the high-resolution IUE images of 7 Cas. In 
section 3 we discuss the analysis of these spectra. We describe our DAC fitting method in section 
4 and summarize the fit results in section 5. In section 6 the results are compared with the V/R 
variability of the H/3 line. In section 7 we discuss the implications of the correlative behaviour of 
DAC and V/R variability and discuss a model which might explain the observations. In the last 
section our conclusions are summarized. 

2 Observat ions and reduction 

Table 1 presents a listing of the collected high-resolution ultraviolet spectra of 7 Cas. These IUE 
spectra were selected to give a complete time coverage (see e.g. Fig. 8), with sufficient time resolution 
to examine the history of the occurrence and persistence of discrete absorption components in 
resonance doublet lines of Nv, SiIV, and Civ (see Table 2). The selected spectra were taken 
in the years 1978 through 1989 with the Short-Wavelength Prime (SWP) camera (1150-1950 A), 
mostly in the large aperture (LAP) mode. The spectra have a spectral resolution of about 0.05 A. 
A description of the instrument is given by Boggess et al. (1978a,b). 

Raw data from the IUE satellite were processed at the ground stations GSFC and VILSPA 
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Sep 19 

'85 Feb 14 
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Aug 05 
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Dec 11 
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5567 
5658 
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6609 
6615 
6632 
6646 
6695 
6705 
6709 
6714 
6745 
674* 
6775 
6776 
6833 
6862 
6994 
7016 
7061 
7167 
7196 
7616 
7577 
7577 
7577 
7577 
7577 
7677 
7577 
7577 
7577 
7577 

c 
1 102 
1 071 
1 053 
1 063 
1 066 
1 047 
1 053 
1 066 
1 049 
1 033 
1 037 
1 046 
1 043 
1 036 
1 050 
1 073 
I 075 
1 063 
1 043 
1 045 
1 017 
1 046 
1 037 
0 991 
1 006 
0 995 
1 048 
1 014 
1 073 
1 029 
1 031 
1 034 
0 998 
0 998 
1 006 
1 012 
1 017 
1 014 
1 023 
1 027 
1 025 
1 02* 
1 011 

Table 1: List of selected IUE spectra of 7 Cas. The first column gives the SWP image number 
of the spectra. The column marked 'A' specifies which aperture was used during the observation 
(Small or Large). The column marked 'C' lists the factor which was used to scale the spectrum to 
the intensity of the average spectrum. Images marked with an asterisk were used to construct a 
template spectrum (see Sect. 3) 

with the IUESIPS#1 and IUESIPS#2 data reduction packages. We reduced the resulting GPHOT 
and PHOT images with the IUEDR software package (Giddings 1983a,b). The IUEDR program 
provides spectrum extraction, wavelength calibration, improved inter-order background subtraction 
and echelle ripple calibration, which is all briefly discussed in the following. 

We extracted echelle orders #66 to #125, corresponding to the wavelength range 1150-1950 A. 
Small and large aperture GPHOT and PHOT images were sampled at a single spacial grid (spacing 
of \ /2 pixels), which enabled us to apply the same data reduction simulation in our fit routines (see 
Sect. 4.1) for all types (PHOT and GPHOT) of spectra. 

Wavelength calibration was performed by matching the wavelengths of interstellar lines of Fell 
(A = 1608.456A), Sill (A = 1304.372A) and Sll (A = 1253.812A and A = 1259.520A) to their 
laboratory wavelengths. We checked the positioning of the wavelength scale using the interstellar 
Unes of CH (A = 1335.70A) and Sill (A = 1526.7lA). We find the error in the wavelength scale 
to be less than 5km/s. We did not correct for the radial space velocity of the star which is about 
4km/s (Ferlet et al. 1980). 

The background illumination was estimated by inter-order count rates. In spectral regions where 
the echelle orders axe very close, the signal from the object itself can spread into the inter-order 
regions of the image, and, consequently, the background intensities in these spectral regions will be 
overestimated. Therefore, a semi-empirical background correction method which is based on the 
work of Bianchi and Bohlin (1984) is applied. This method corrects the background subtraction 
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for wavelengths shorter than 1400 A. We adopted a halation correction factor of HALC = 0.15 for 
all spectra. 

Echelle ripple correction was done by an algorithm developed by Barker (1984). This algorithm 
scales the flux values of adjacent orders such that the orders overlap properly. 

The spectra were mapped on a uniform wavelength grid with a spacing of 0.1 A. For every 
wavelength point the intensity is given in fluxnumbers per second. We could not convert these 
intensities to normal flux units because no proper absolute flux calibration for high-dispersion IUE 
spectra is available. 

The spectra were smoothed over the reseau marks by linear interpolation between the average 
flux values of three wavelength points on either side of a reseau mark. 

To be able to compare the DAC behaviour with the long-term V/R variations as observed in 
the Balmer emission lines, we collected H/3 V/R data from the literature. We use H/3 data of 7 
Cas which were obtained in 1969-1976 by Cowley et al. (1976), and in 1976-1986 by Doazan et 
al. (1987). These data are plotted in e.g. Fig. l i b . V/R measurements of other Balmer lines do 
not have a time coverage as complete as that of the H/3 line. 

3 Analysis of the U V spectra of 7 Cas 

Flux scaling. In Fig. 1 we present the average of the 133 spectra of 7 Cas. It appeared that 
the continuum levels of individual small aperture (SAP) spectra could deviate up to 48% from the 
continuum level of the average spectrum, which might be the result of incorrect centering of the 
stellar image in the aperture. To facilitate the comparison of the spectra we scaled each spectrum 
such that the integrated flux in five well-chosen wavelength regions is the same as in the average 
spectrum. Scaling factors were derived for wavelength domains in which we do not expect to And 
variability: 1155-1210A ( d ) , 1265-1300A (C2), 1430-1500A (C3), 1580-1680A (C4) and 1760-
1810 A (C5). We divided the integrated flux of a domain by the integrated flux of the same domain 
of the average spectrum. For each spectrum we averaged the five scaling factors weighted by the 
number of wavelength points of each region. We used the resulting average to scale each complete 
SWP spectrum. The average scaling factors are listed in Table 1. 

Template spectrum for wavelength regions with DACs. In order to isolate the discrete 
absorption components occurring in the resonance doublets of N v, SiIV and Civ, we constructed 
a template spectrum from spectra with presumably no DACs present: we averaged the 20 scaled 
spectra with the highest integrated flux in the spectral regions where DACs occur, 1230-1247A, 
1385-1406 A and 1538-1553 A. The spectra thus selected are marked by a star in Table 1; 19 LAP 
spectra each with 8 seconds exposure time and one SAP spectrum with 12 seconds exposure time. 
Over the full SWP wavelength range the fluxes of these scaled spectra overlap within the noise 
(S/N ~ 25). Parts of the template spectrum and image SWP29343 are plotted in Fig. 2, which 
shows that these two spectra are practically identical except in those wavelength regions where 
DACs occur. 

The shapes of the persistent P Cygni profiles in our template are very similar to the shapes 
seen by Henrichs et al. (1983), who used spectra observed in 1980. We see maximum absorption at 
approximately -200 km s_ 1 , -100 km s_ 1 , and -150 km s - 1 for the N v, Siiv, and CIV principal 
doublet lines respectively. The FWHM of the principal Siiv doublet line is at least 600 km s"1, 
which is larger than twice the measured projected rotation velocity (vsint ~ 230 km s - 1 ) . The 
asymmetric shape of the doublet profiles and the large FWHM of the doublet lines clearly indicate 
that these lines are formed in the rapidly outflowing wind of the star. 

Error determination for detected flux values. The 20 scaled spectra from which the template 
is built are relatively DAC free, and can therefore be used to estimate the noise at a wavelength 
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F i g u r e 1: Average of all 133 spectra of 7 Cas listed in Table 1, covering the whole wavelength range of the 
SWP camera (1150-1950 A). Rest wavelengths of the doublets of interest are indicated 

point as a function of flux. We defined the variance of the flux values per wavelength point as 

°h 
(E*\2) - (E^)2 /JVsPe 

(JVspec ~ 1) 
(1) 

where Nspec = 20 is the number of spectra considered and F\ is the scaled flux of each of the 20 
spect ra at wavelength A, given in fluxnumbers per second (FN /s ) . Figure 3 displays the relative 
s tandard deviat ion of the flux at a given wavelength as a function of the mean flux value, < F > > , 
at t ha t wavelength. One can see tha t towards low flux values the relative deviation increases and 
tha t for flux levels higher than F\ ~ 1500 F N / s the relative error is approximately 0.04. We 
b inned the determined relat ionship in bins of 200 F N / s . We omit ted wavelength points longward 
of 1925 A, because reseau marks in this wavelength region tend to drift and also fluctuate in size 
(i.e. they cover varying wavelength ranges), thus giving rise to incorrect error est imates. Over 7500 
wavelength points were used to derive the relationship between crpx and < F > > , which we used to 
fit models to the spectral da ta (Sect. 4.2). 

N o r m a l i z a t i o n . In order to be able to fit our model of discrete absorpt ion components to the 
ultraviolet spectra of 7 Cas we divided each scaled spectrum by the template spectrum. We defined 
the normal ized flux as 

Ix = F A / f t=mpUt e ( 2 j 

where i ^ e m p a t e i s the flux of the template spectrum at wavelength A. We est imated the error of 
the normal ized flux using the previously derived relationship for <jfx and the measured flux, and 
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Figure 2: Template spectrum (hollow curve) and image SWP29343 (solid curve) on a velocity scale around 
the Nv, SiIV, and Civ resonance doublets. The velocity scale is relative to the rest wavelength of the 
short-wavelength doublet line. Rest wavelengths of the doublet lines are indicated 
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F igu re 3: Relative standard deviation of the flux values per wavelength point, <TfA /<F\>, of the 20 template 
spectra (see Table 1) as a function of the mean flux at that wavelength, <F\>. Solitary points are due to 
reseau marks. The hollow line depicts the average in bins of 200 FN/s 
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Ai in A A2 in A f j f 2 
N v 1238.808 1242.796 0.156 0.0778 
Si iv 1393.755 1402.770 0.536 0.266 
Civ 1548.188 1550.762 0.190 0.0950 

Table 2: Laboratory wavelengths and oscillator strengths 

the following relation for the relative standard deviation of the normalized flux values, crix : 

(£)" - (£)' + (SF)''*-
Two examples of normalized (i.e. quotient) UV spectra of 7 Cas are displayed in Fig. 4. This 

figure shows the spectral regions of the N v , Siiv and Civ doublets, for a spectrum with and a 
spectrum without DACs. The regions with higher noise correspond to lower flux values in the 
original spectrum. The average flux is highest in the N v region and lowest in the CIV region (see 
Fig. 2). This gives rise to the different overall noise levels seen in the different normalized spectral 
regions. 

We have used the quotient spectra to derive model parameters for DACs, if present. We 
emphasize that all derived quantities we present are given with respect to the template, i.e. they 
correspond to properties of the isolated DACs themselves. 

4 Model l ing DACs in resonance l ines of 7 Cas 

4.1 Model l ing d iscrete absorpt ion componen ts 

In the previous section we described how we converted 133 high-resolution IUE spectra of 7 Cas 
to quotient spectra with respect to a template. By dividing through the template we assume that 
the material forming the DACs does not influence the shape of the persistent P Cygni profile that 
is formed by the steady high-velocity wind. To relate the observed absorption enhancements in 
the quotient spectra to column densities, we apply the theory of resonance-line radiation-transfer 
in expanding atmospheres as described by Caroff et al. (1972) and Lucy (1984), to the case of 
outflowing local density enhancements of the stellar wind. These authors consider the formation of 
a resonance line by pure scattering in a rapidly and differentially expanding atmosphere. Photons of 
the central source are scattered out of the line of sight, resulting in blue-shifted absorption. Under 
the conditions as described in these papers the optical depth is proportional to the reciprocal 
velocity gradient of the gas: 

ire2 ,c fdvy1 

r = nj— [ — ) (4) 

where c is the speed of light, 
If we assume that DACs are formed in dense outflowing plane-parallel slabs in the line of sight 

in which the plasma has a Maxwellian velocity distribution, we can apply the formalism given by 
Henrichs et al. (1983) to model single-line absorption profiles in normalized spectra. Ignoring the 
intrinsic flux contribution of the material in the slabs they adopt 

I{v) = exp{-Tc4>{v)) (5) 

with the Gaussian profile function 

HHVY V) = exp - — M , (6) 
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where v is the velocity with respect to the stellar rest frame, rc is the optical depth at the centre 
of the line, vc is the Doppler displacement of the centre of the line, and where vt is the broadening 
parameter in units of velocity. It is assumed that for a doublet the velocity displacement and 
the broadening parameter are the same for both doublet lines. With velocity scaled to the rest 
wavelength of the principal line of the doublet, the shifted central velocities of the doublet lines are 
related as 

A2 A2 - Ai 
«2 = T-VI + —r c . (7) 

Ai Ai 

Indices 1 and 2 refer to the principal and secondary doublet line respectively. We define the doublet 
separation vsput (in km s - 1 ) as 

vspiit = t>2 - t>, = (vi + c) ( 2 ~ M . (8) 

Following Henrichs et al. (1983) the column density of an absorption component, Ncoi, can be 
expressed, using Eqs. (4) and (6), as 

*e /Ao (1 + vc/c) 

which gives the column density for either of the two components of the doublet. In this equation 
Ao is the laboratory wavelength of the considered line. Since the derived column densities of both 
doublet components are the same, the central optical depths of the components are related as 

where the indices 1 and 2 again apply to the principal and secondary doublet line. Consequently, 
using Eqs. (5), (6), (8) and (10), discrete absorption components of a resonance doublet in a 
spectrum normalized at unity can be modelled as 

I(v) = exp(-Ti^i(v) -T2(f>2(v)) 

- exp < -rcexp -

exp KM-c^^v3*)!}- (u) 

which is a model with three free parameters, rc, vc and vt, now referring to the line profile parameters 
of the principal doublet line. Models for multiple DACs are obtained by multiplying as many of 
the expressions in Eq. (11) as DACs are present in the spectrum: 

I(v) = ƒ,(») • I2(v) • • INDAC(V) (12) 

where JVDAC is the number of DACs to be modelled. Hence, the number of free parameters in a 
model for multiple DACs equals three times the number of DACs that are modelled. 

Before we compared the theoretical profile (Eq. 12) with the reduced spectra of 7 Cas, we first 
convolved the theoretical profile with the instrumental profile which is assumed to have a Gaussian 
shape with FWHM = 3 pixels (each pixel corresponds to a velocity range of 7.7 km s - 1 , see 
Tumrose and Thompson 1984). We used this instrumental profile for images obtained with both 
small and large aperture, since the resulting point spread function of the SWP camera with either 
of these apertures is practically the same (see Tumrose and Thompson 1984). Then we rebinned 
the convolved theoretical spectrum similarly to the spectrum extraction routine in the IUEDR 
reduction program. This routine effectively rebins the spectra on a grid with 1.414 times the pixel 
width. Finally the model spectrum was mapped to a uniform wavelength grid with 0.1 A sample 
width. We used the resulting profile as a model for DACs in a quotient spectrum. 
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4.2 Fit t ing the model 

We fitted the model to the quotient spectra spectra of 7 Cas at wavelength regions around the 
resonance doublets of N V, Siiv, and Civ. Fits were attempted on absorption features that ex
ceed the average noise level. Since, for a given spectrum, DACs in lines of different ions tend to 
appear at more or less the same velocity, we could facilitate the identification of small absorption 
enhancements by overplotting the three doublets on a velocity scale. When no indication of extra 
absorption in the normalized spectra was found, no fit was attempted. When multiple DACs were 
apparent in the spectra, we applied a model containing multiple exponential Gaussians. We fitted 
our model to spectral data within the velocity range -2500 km s - 1 to +2500 km s_ 1 (relative to 
the principal doublet line). This implies that the model is fitted to 207 data points in the case 
of the N v doublet, to 232 data points in the SiIV doublet region and to 258 data points in the 
spectral region around the C iv doublet. Since signal to noise estimates of the spectra are available 
(see previous section), we used the x2 criterion to find the best model parameters for the observed 
absorption features. We used these parameters to calculate the column density (Eq. (9)) corre
sponding to the absorption features. The laboratory wavelengths and the oscillator strengths of 
the doublets are given in Table 2. 

Using the \ 2 method implies that formal errors on the derived values of the line-profile param
eters vc, TC and wt, can be derived. We used these formal errors to calculate the standard deviation 
of the column density, <Twcol, of the modelled absorption components: 

(°Wcol)
2 _ ji , _2 + 2A2(t; t,rc) 

AT2 Tc ~Vl ' it -r 

+ ( g* V _ 2A2( t ,t' t ;c) _ 2A2(rc,t;c) 
\ V C + C / Vt(vc + C) TC(VC+C) 

where aTc, cvn and <rVc are the derived errors on parameters TC, v t, and vc respectively. Symbols 
A2(x, y) denote the covariance of x and y. Only the first three terms on the right hand side of Eq. 
(13) contribute significantly to the error on the column density. 

Figure 4 shows examples of the residual spectra at two different epochs. We see that the spectra 
are well normalized and that the models fit satisfactoryly. Table 3 lists, for all spectra to which fits 
were made, the fitted line profile parameters, TC, VC and vc and the reduced x2 value. Velocities vc 

and vt are given in km s - 1 . Table 3 also lists the values of the derived column densities, Nco\, in 
units of 1013cm . All errors in this table are la errors. Considering the x2 values of Table 3, we 
conclude that the normalization procedure we used serves the aim of fitting DAC models very well. 

For a few spectra, however, badly normalized continuum regions caused the fitting routine to 
find components with very large broadening parameters, vt > 1000 km s_ 1 . We did not include 
these results in Table 3. The spectra for which these problems occurred are: SWP1449, SWP14274, 
SWP14430, SWP15702 and SWP21581. 

While fitting the models we found minor absorption contributions in three of the spectra we used 
to create our template spectrum: SWP17979, SWP18136 and SWP18206. However, these DACs 
are too small to affect the template spectrum significantly, and therefore we did not reconstruct 
our template. 

5 Propert ies of DACs in the spectra of 7 Cas 

Below we summarize the results obtained from the modelling procedure described in the previous 
section. The derived properties of DACs in the spectra of 7 Cas, as listed in Table 3, are consistent 
with the results of Henrichs et al. (1983). Since we used improved IUE data reduction methods 
(see Sect. 3) and applied error estimates (Fig. 3) to the fitting routine, the uncertainties in our 
results are considerably smaller than those given by Henrichs et al. 
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Figure 4: Residual spectra of two high-resolution SWP images of 7 Cas around the Nv, Si IV, and the 
CIV resonance doublets. Rest wavelengths of the doublet lines are indicated. Velocities are relative to 
the rest wavelength of the principal doublet lines. Top) Normalized spectrum of image SWP26822. The 
spectrum seems free of DACs. This spectrum is one of the spectra selected to create the template. Bo t tom) 
Normalized spectrum of image SWP32676 with fitted DAC models. This spectrum clearly shows multiple 
DACs 
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Table 3: Results of fitting the model to residual spectra of 7 Cas. Fits were made to normalized 
data at the spectral regions around the N v , Si I Van d Civresonance doublets. The first column 
gives the SWP image number of each spectrum on which a fit was made. For each doublet the 
parameters of the best-fitting (multiple) DAC model, vc, rc, vt, and the derived column densities, 
JVCI,1, are listed. The column density is given in units of 1013cm -2. Velocities vc and vt are given 
in units of km/s. For each doublet the fifth column lists the reduced x2 value of the best fit. All 
quoted errors are 1 a errors. 

We find DACs in 62 out of 133 UV spectra of 7 Cas. In 40 spectra DACs appear in all three 
considered doublets. In 17 spectra multiple components are present in one or more of the 
three doublets. We find a total number of DACs of 62, 62, and 74 in the wavelength regions 
around the Nv, the SiIV, and the Civ doublet respectively. 
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Table 3: Continued 

• The vast majority of the DACs have a central velocity, relative to the stellar rest frame, in 
the range -900 to -1500 km s"1. Errors in the central velocities of individual DACs are 
typically in the order of 1%. In 38 spectra we find 41 sets of three matching components, 
i.e. a DAC in each of the considered doublets at practically the same velocity. The mean 
central velocity of each of these sets of 3 DACs has a l<r error of less than 20 km s~*. 

• The central optical depth of the components varies from the detection limit («0.15) up to 
approximately T C =1.0 , T C =1 .5 , and rc=3.2 for the Nv, SiIV, and Civ doublet respectively. 
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vt 
80.6 

7 .0 
69.1 
12 1 
78 7 

2 . 4 
60 3 
10.9 
48 5 
6 0 

20 2 
6 .4 

100.7 
5.1 

106.7 
7 . 3 

63 8 
1.8 

Nm] 
3.02 
0.21 
1.34 
0 19 
7.65 
0.20 
2.04 
0.34 
2.46 
0.37 
0.79 
0.12 
4 25 
0 19 
3 16 
0 18 

8 27 
0.21 

y2 

1.39 

1.06 

1.41 

1.76 

1.44 

Vc 

- 1 3 4 9 9 
4 . 0 

- 1 1 4 3 . 5 
7 . 3 

- 1 3 0 4 . 1 
2 . 0 

- 1 3 1 1.9 
10.2 

- 1 2 2 2 . 4 
7 . 5 

- 1 1 3 2 . 6 
3 . 5 

- 1 3 0 2 . 9 
3 .4 

- 7 4 7 . 9 
35.0 

- 6 5 2 . 9 
3.9 

— 1265.8 
8 . 5 

- 1 2 8 0 . 3 
1.7 

- 9 3 3 . 7 
36 0 

Tc 

0.845 
0.047 
0.289 
0.074 
2.166 
0.125 
1.014 
0.058 
0.377 
0.188 
0.755 
0.328 
1.036 
0.061 
0.262 
0.066 
1.268 
0.151 
0.292 
0.034 
3.141 
0.206 
0.129 
0.025 

Civ 
vt 

100.8 
5 . 3 

39 7 
11.5 
79.4 

2 . 6 
9ft 3 
10.2 
23 9 
21.1 
16.8 

7 . 7 
92.4 

4 5 
197.1 
27.2 
52.0 

6.4 
97 6 
1 1 8 
67.9 

2 . 1 
218.8 

39 7 

Nrnl 
19.43 
0.91 
2.61 
0.56 

39 24 
1.57 

22.72 
2.59 
2.05 
1.90 
2.90 
0.60 

21.82 
1.02 

1 1.73 
2 43 

15.01 
2.09 
6.51 
0.68 

48 65 
2 28 
6.42 
0.98 

Tab le 3: Continued 
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F i g u r e 5: Top) The derived central optical depth, TC, of an absorption component in the Nv wavelength 
region as a function of its central velocity, vc. Error bars indicate \a errors. M idd le ) As Top) for DACs in 
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Figure 6: As Fig. 5, but for the derived broadening parameter, vt 

Figure 5 shows that these high values are only reached by DACs at outflow velocities larger 
than 1200 km s_ 1 . We find maximum optical depth at approximately —1300 km s_ 1 . 

• Whereas DACs are usually described as narrow components, the large range in derived values 
(up to 600 km s_1) and the distribution of the broadening parameter vt (see Fig. 6) indicate 
that a distinction can be made between narrow and broad components. We adopt an arbitrary 
discriminative value of 250 km s_1 for narrow components. 

Broad components are mostly found in the Siiv and Civ doublets; we find only one such 
DAC in the Nv doublet region. Narrow components have a tendency to appear at outflow 
velocities exceeding 900 km s_ 1 . About 50% of the broad components in Si IV is found at 
outflow velocities less than 900 km s_ 1 . A typical 1<7 error value for the broadening parameter 
of narrow components is 10 km s_ 1 . Errors in vt of broad DACs are usually larger than 30 
km s_ 1 . In the figures broad components can be identified by their relatively large uncertainty 
in vc. 

• The highest column densities we derive are Ncoi w 40 • 1013cm -2, iVcoI as 10 • 10 , 3cm - 2 , and 
ATcol w 49 - 1013cm -2 for the Nv , Siiv, and Civ doublet, respectively. Figure 7 displays 
the column density of the DACs as a function of their central velocity. This figure clearly 
shows that narrow components (which have small error bars) fill only a restricted area in the 
JVcoi versus vc diagrams. Maximum values of JVcoi are found at approximately -1300 km s_ 1 . 
Narrow components with outflow velocities less than approximately 1200 km s_ 1 mostly have 
relatively small column densities, i.e. Nco\ < 8 X 1013cm -2 for the Nv and Civ doublet and 
Â coi < 3 X 1013cm -2 for the Siiv doublet. 

Kaper et al. (1992) showed that for 0 stars single DACs follow tracks through a JVcoi versus 
vc diagram. Low-velocity broad DACs gradually evolve into high-velocity narrow DACs. With 
increasing central velocity the column density first increases, then peaks at approximately 0.75 
times the terminal velocity and thereafter decreases to the detection level as the DACs almost 
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Figure 7: As Fig. 5, but for the derived column density, iVco| 

reach the terminal velocity of the 0-star wind. Henrichs et al. (1983) apparent ly found the high-
velocity par t of such a DAC evolution in the case of 7 Cas . Al though the t ime resolution of the 
spect ra of 7 Cas we used did not allow monitoring one single DAC in t ime, we find that the results 
as presented in Fig. 7 are consistent with the findings of Kaper et al. (1992) for 0 stars. 

6 D A C s a n d V / R v a r i a b i l i t y of 7 C a s 

We have invest igated the possible existence of a correlation between the DAC behaviour and the 
H/3 V / R variabil i ty of 7 Cas. In Figs. 8-11 we present the variations of DAC propert ies as a 
function of t ime. In the top panel of these figures the acquisit ion dates of all 133 IUE images are 
marked, including the spectra in which no DACs were found. The H/3 V / R variation is displayed 
in the b o t t o m panel of these figures. 

The variabil i ty of components seen in the N V doublet region is given in Fig. 8. The deduced 
DAC model parameters , vc, r c , and vt, as well as the derived column densities, are plot ted as a 
funct ion of t ime. Figures 9 and 10 give the same information, but based on the DACs detected in 
the SiIV and C i v regions, respectively. 

It appears from these figures tha t the DAC behaviour and the YJTL variations of 7 Cas are 
correlated. To quantify this correlation we chose to compare the mean values of DAC parameters 
for phases of V > R wi th those for phases of V<R . The bo t tom panel of Fig. 11 gives the complete 
V / R history of the H/3 emission line from 1969 to 1989. We fitted a function with six parameters 
to these data. This function has the form 

log(V/R) = A + (B+ Ct) sm{2*±~}, (14) 

where paramete r t denotes the t ime in J D . We assumed a constant relative error for the values of 
V / R , and scaled this error to get the reduced x 2 = l - From the fit we find A = -0 .006 ± 0.014, 
B = 0.297±0.035, C = 0.0000345±0.0000077, D = 1735±21, E = 0.206±0.015, and F = 6165±27. 
According to the fit bo th the per iod and the ampl i tude of the V / R cycle increase with t ime. We 
used this function to find t ime intervals wi th V > R and with V < R . 
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Figure 8: Properties of DACs detected in the N V doublet region of 7 Cas as a function of time. Error bars 
indicate la errors. From top to bottom: — IUE spectrum acquisition times — The central velocity vc of the 
components, in 103 km s — The central optical depth rc of the components — The width vt of the DACs 
— The derived column density iVco| of the components — The 10log of the V/R variation of the Balmer H/3 
emission line (data from Cowley et al. (1976) and Doazan et al. (1987)) 

In Table 4 we present the mean DAC characteristics for phases of V>R and phases of V<R. 
The bottom section of this table lists average values of the deduced model parameters, vc, rc, and 
vt, and of iVcoi of the DACs detected in each of these V/R phases. These quantities are listed for 
each of the doublets. We also list these quantities for a selection of all detected DACs, namely 
those with the largest outflow velocity in any of the doublets (top-velocity DAC). In Fig. 11a we 
show for this selection of DACs the central velocity as a function of time. 
From Figs. 8-11 and Tables 3 and 4 we derive the following conclusions: 

1. We confirm the finding of Doazan et al. (1987): there are significantly more DACs in phases 
of V>R than in phases of V<R. We find an average number of DACs of 2.6 per spectrum for 
phases of V>R, and of 0.6 per spectrum for phases of V<R. 

2. DACs occurring in the N V, CIV, and, to a lesser extent, the Si IV, doublet have higher column 
densities in phases of V>R than in phases of V<R. This is primarily due to significantly larger 
values of the central optical depth of components in phases of V>R than in phases of V<R. 
The mean column density of DACs found in the Nv doublet is 2.6 ± 0.6 times higher in the 
former than in the latter phase. This number is 1.6 ± 0.4 and 2.9 ± 0.6 for the Si IV and the 
C IV doublet respectively. The average central optical depths of the DACs detected in the N v 
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F igu re 9: As Figure 8, for DACs detected in the Si IV doublet region 

and Si IV doublet regions in phases of V < R indicate tha t these components are just deeper 
t han noise dips, which can have values up to rc ~ 0.15 (see Fig. 4). 

3. The average highest central velocity of the DACs is significantly higher in phases of V > R 
than in phases of V < R . 

4. We have computed the rat ios of column densities of 41 sets of three matching components, 
i.e. components appear ing in three doublets at practical ly equal velocities. We find that the 
rat io of column density of DACs detected in different doublet regions is varying with t ime. 
However, there is no obvious correlation between the variation in these ratios and the V / R 
variabil i ty. 

We can unders tand the first three conclusions if we assume tha t ( l ) the outflowing structures in the 
stellar wind of 7 Cas, which we detect as DACs in UV resonance lines, have higher (column) densities 
when V / R > 1 than when V / R < 1 (Table 4) and that (2) the optical depth of these structures 
decreases as they move away from the star (as a result of geometrical expansion). Then we expect 
to find 

• more DACs in phases of V > R , since the relatively high density of mat te r in the outflowing 

structures in these phases enables us to detect them more easily than during phases of V < R 

(1 ) , 

• stronger components in phases of V > R (1), 
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Figure 11: a) Selection of fastest DACs per SWP spectrum. Units are 103 km s _ 1 . b ) Observed V/R 
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Number of IUE spectra 
Total number of DACs 
Mean number of DACs per spectrum 
Number of DACs in N v region 
Number of DACs in Si IV region 
Number of DACs in CIV region 

Average vc 

N v Average vt 

doublet Average TC 

Average Nco] 
Average vc 

Si IV Average vt 

doublet Average Tc 

Average JVco| 
Average vc 

CIV Average vt 

doublet Average TC 

Average JVcoi 
Average vc 

Top Average vt 

velocities Average rc 

Average 7VC0| 

V>R 
21+37 = 58 

52+101 = 153 
2.6 
47 
49 
57 

-1268,2 ± 25.7 
119.8 ± 8.4 
0.424 ± 0.029 
17.62 ± 1.42 

-1168.1 ± 48.3 
146.2 ± 19.1 
0.461 ± 0.051 
4.16 ± 0.37 

-1207.1 ± 34.5 
119.8 ± 13.5 
0.812 ± 0.092 
17.38 ± 1.70 

-1328.5 ± 14.6 
96.3 ± 6.5 

0.650 ± 0.089 
13.44 ± 1.83 

V<R 
1+74 = 75 
3+42 = 45 

0.6 
15 
13 
17 

-1156.0 ± 44.0 
78.8 ± 13.3 

0.268 ± 0.038 
6.77 ± 1.38 

-1035.9 ± 76.3 
209.1 ± 51.8 
0.204 ± 0.052 
2.68 ± 0.56 

-1212.5 ± 35.8 
109.4 ± 23.2 
0.325 ± 0.083 
5.92 ± 1.13 

-1179.9 ± 35.5 
74.5 ± 9.7 

0.291 ± 0.052 
5.21 ± 0.98 

Table 4: Top sect ion: Distribution of spectra and detected DACs for time intervals with V>R 
and time intervals with V<R. The IUE data range coincides with two phases of V>R and two 
phases of V<R. Numbers of each of these 4 phases are listed separately in the first two rows of the 
table. Note the difference in the mean number of DACs per spectrum. Bo t t om section: Average 
values of parameters of DACs as a function of the V/R phase. These averages are computed for 
each of the three doublets separately and also for the selection of DACs as displayed in Fig. 11a 
(top-velocity DACs, see text). Error values denote \<r errors in mean. Note the difference of the 
mean values of rc (significant) and JVcoi (factor of 2) in each of the V/R phases. The mean central 
velocity of the top-velocity DACs differs significantly from phase to phase 

• lower average outflow velocities when the column densities are low, i.e. in phases of V<R, 
since beyond a certain distance from the star the structures are not dense enough to produce 
detectable absorption components (1 and 2), 

which is in accordance with what is observed. A consequence of assumption (2) is that the derived 
outflow velocities of DACs are always a lower limit for the terminal velocity, v^, of the wind. 
Assumption (2) is also made by Kaper et al. (1992) to explain the tracks that DACs follow in a 
iVco[ versus vc diagram. 

7 Discussion 

We have found strong evidence for a correlation between variations in V/R ratio and DAC be
haviour. During 11 years the H/3 V/R ratio and the DAC variability of 7 Cas exhibited a similar 
periodicity. The V/R variation of 7 Cas is believed to have its origin in an equatorial disc around 
the star. The Balmer emission lines are primarily formed by recombination in ionized regions of 
this high-density low-velocity wind. Since the strength of the emission lines depends on the density 



7. Discussion 149 

squared, we expect the regions of the wind closest to the star to contribute most to the emission 
strength if the density of the equatorial wind decreases outwards. EEL observations of 7 Cas revealed 
that this is indeed the case. The correlation between the V/R variability and the strength of DACs 
might therefore indicate that the structures in the high-velocity wind of 7 Cas start their outflowing 
motion close to the star. 

In our picture the V/R variability is caused by the revolution of a non-axisymmetric equatorial 
disc-ltke wind (Telt ing et al. 1993). If the asymmetrical structure of this disc rotates around the star, 
we expect V/R variation on the time scale of this rotation. The disc can have a non-axisymmetrical 
shape due to, for example, tidal interaction with a companion star (e.g. Cowley and Gugula 1973). 
However, there is no direct evidence for the existence of a companion of 7 Cas. Indirect evidence 
comes from the X-ray luminosity of 7 Cas. In 1976 7 Cas was identified as the optical counterpart 
of the low-luminosity, variable hard X-ray source MX 0053+604 (Jernigan 1976, Mason et al. 1976). 
The X-ray spectrum of 7 Cas is very similar to that of the X-ray pulsar X Per/4U 0352+30, which 
is known to be a Be star plus a neutron star in a (probably) wide orbit (White et al., 1982). No 
X-ray pulsation period has been found for 7 Cas, and no orbit can be determined, but in analogy 
with X Per the orbital period of a possible companion may well be in the order of years. However, 
if a binary companion would be directly responsible for the V/R variability, we would expect a 
strict periodicity, which is not observed. 

Another cause for a non-axisymmetrical shape of the disc is an one-armed global normal mode 
of the disc (Okazaki 1991, Papaloizou et al. 1992, Savonije and Heemskerk 1993). The drastic 
change in period of the V/R cycles (see Fig. 11) and the time scale of the V/R variation makes 
this cause of asymmetry the more favourable one. Okazaki found that for a disc with a large radius 
the rotation period of the m = 1 mode is larger than for a small disc. This is consistent with the 
observed increase of the visual and IR flux of 7 Cas and the increasing period of the V/R variation. 
Papaloizou et al. found that due to the gravitational potential of an oblate star, oscillations on 
time scales of V/R variations can exist in the disc. In the case of a one-armed oscillation of the 
equatorial disc, the wind particles in the high-density part of the wave pattern are moving towards 
us in phases of V>R, and are moving away from us in phases of V<R (see Fig. 12.) 

Figures 8-10 clearly show that in phases of V>R the column densities of detected DACs are 
much larger than in phases of V<R. This is consistent with a model in which the wind structures 
that cause DACs are formed near the stellar surface in an interacting region of the high-velocity 
polar wind and the low-velocity equatorial wind of 7 Cas, and travel around the star over an 
azimuthal angle ^ ~ 90° before they reach their final velocity, which is directed radially away from 
the star (see Fig. 12). We expect that these structures will have relatively high densities if they 
are formed near regions of the equatorial disc where the density is high, i.e. the region of the disc 
coming towards us in phases of V>R. Consequently, strong DACs will be found only in phases of 
V>R, since only then structures formed in high-density regions will end up in the line of sight. 
Structures formed near the high-density part of the equatorial disc will either miss or relatively 
rapidly cross the line of sight if they are formed at other epochs in the V/R cycle. 

There might be a phase lag between the V/R variation and the observed highest velocity reached 
by the DACs, the latter probably related to the strength of the DACs (see Fig. 11). This can be 
explained by adopting a value of <f> larger or smaller than 90°, depending on the phase difference 
of these variations. 

A theoretical background for the existence of an interacting region between the high-velocity 
polar wind and the low-velocity equatorial wind of Be stars is given by Bjorkman and Cassinelli 
(1993). Observational evidence comes, for instance, from the deduced radial velocity laws for disc 
and polar winds of Be stars and in the case of 7 Cas from the observed correlation between V/R 
and DAC variability. 

In Fig. 12 we present a schematic model for the stellar wind of 7 Cas close to the star. 
From detailed modelling Poeckert and Marlborough (1978) find that 7 Cas has an inclination i ~ 
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Figure 12: Schematic model for V /R variations and DACs in spectra of 7 Cas. We show a projection of the 
equatorial and polar winds onto the equatorial plane. The grey areas in the disc represent the high-density 
part of a one-armed oscillation of the disc. This high-density part revolves around the star on the time 
scale of the V /R variations of the Balmer lines. The dashed lines are trajectories of individual free stellar 
wind particles, based on a beta law for the radial velocity (i.e. the polar wind). These trajectories are 
calculated using Eq. (15) and parameters given in the text. The solid curve represents the path of a density 
enhancement of the polar wind, as is suggested by comparison of V/R variations and DAC variability. The 
structure starts off close to the star, near the equatorial plane, and gradually moves away from the star. Its 
trajectory will be ruled by the motions in the wind: outflow and rotation. Only for a particular azimuthal 
start-off position the structure ends up in the line of sight, where it can cause a DAC if its density is high 
enough. Top) The high-density part of the equatorial disc moves away from the observer; the emission lines 
have VjR. Structures of the fast polar wind that end up in the line of sight are formed near the low-density 
part of the equatorial disc: DACs are weak (or too weak to be detected). Bot tom) The high-density part 
of the equatorial disc moves towards the observer; the emission lines have V^R. Now the structures of the 
polar wind travelling to the line of sight are formed near the high-density part of the equatorial disc: the 
observer finds numerous (strong) DACs 
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45°. Polarization observations (Clarke 1990) and optical interferometry measurements (Mourard 
et al. 1989) are in agreement with this value of t. Although the star is inclined with respect to the 
observer we find a correlation between V/R variability caused in the disc and DAC variations of 
the wind in the line of sight. This indicates that the structures that form DACs can travel through 
the polar wind with significant velocity components directed away from the equatorial plane, which 
means that they do not follow the trajectories of the polar wind. For comparison we plotted in Fig. 
12 the trajectories of free polar wind particles in the equatorial plane (dashed curves), ignoring the 
presence of the disc. We assumed conservation of angular momentum (z=45°, vsinx=230 km s - 1 ) 
and a radial velocity distribution 

vr(T) = v0 + (Uoo - v0)(l - R . / r f , (15) 

where t>o=10 km s"1 is approximately half the sound speed at the surface of 7 Cas, «00^1600 
km s - t is the terminal velocity of the wind and /3=0.8. 

A one-armed mode moving through the equatorial disc could have further implications. Due to 
the growth of the disc, the revolution period of the mode and its amplitude increase (Fig. 11). If 
eventually the mode becomes unstable this could result in the collapse of the equatorial disc, as 
is suggested by the drastic line and continuum variations of 7 Cas in 1935-1941 (Goraya and Tux 
1988). A "normal" B-type star is what is left over from the original Be star, which will develop 
a new equatorial disc during the following years (Bjorkman and Cassinelli 1993). If this scenario 
applies to the history of 7 Cas, this could well be the explanation of the Be-phenomenon. 

8 S u m m a r y and conclusions 

We analysed 133 high-dispersion archival ITJE spectra of 7 Cassiopeiae taken over a period of eleven 
years and modelled the discrete absorption components which appear in the Nv, Siiv, and Civ 
doublets. We investigated possible correlations between observed DAC properties and the observed 
V/R variability of the H/3 line of 7 Cas. From the results of this study we derive the following 
conclusions. 

We detect discrete absorption components in 62 of the 133 analysed spectra. In 17 spectra 
multiple DACs are present. The number of components in the Nv, SiIV, and Civ doublet is 62, 
62, and 74, respectively. 

In many spectra DACs appear in different doublets at the same outflow velocity which indicates 
that these DACs are formed by absorption of stellar photons in one particular outflowing high-
density wind structure. 

In our data set the maximum outflow velocity of a DAC is approximately 1500 km s_ 1 . This 
value can be considered as a lower limit of the terminal velocity of the high-velocity low-density 
"polar" wind of 7 Cas. 

We find upper limits of the column densities of DACs of iVcol a 40 X 1013cm -2, JVcoi % 10 X 
1013cm -2, and Ncoi w 49 X 1013cnT2 for the Nv , Siiv, and Civ doublet, respectively. The 
components occupy only restricted areas in a column density versus central velocity diagram. 

We confirm the previously found (Doazan et al. 1987) correlation between the V/R variability 
of the H/3 line and the presence of DACs in the UV spectra. Significantly more discrete absorption 
components are seen in phases of V>R than in phases of V<R. The average number of DACs per 
spectrum, i.e. all three doublets considered, is 2.6 for phases of V>R, and 0.6 for phases of V<R. 
This is due to the fact that the wind structures responsible for the absorption components have 
significant higher column densities in phases of V>R than in phases of V<R. The mean column 
density of DACs found in the N V doublet is 2.6±0.4 times higher in the former than in the latter 
phase. This number is 1.6±0.4 and 2.9±0.6 for the SiIV and the Civ doublet, respectively. 

We find no evidence for a relation between the ratios of the column density of DACs detected 
in different doublets and the V/R variability. Hence we conclude that the ionization state of the 
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polar wind is not affected by the cause of the V/R variability. 
We propose that the observed correlation between the V/R variation and the variation of the 

column densities of DACs is due to the presence of a global density perturbation in the disc. 
The precise location of the revolving perturbation as a function of time is then the cause of both 
quasi-periodic V/R and quasi-periodic DAC variability. 



Chapter 9 

Raman scattering as a diagnostic tool in the massive 
X-ray binary 4U1700-37 

L. Kaper, G. Hammerschlag-Hensberge, and R.J. Takens 

(Nature 347, 18 October 1990, p. 652) 

Abstract 

HD153919, an extreme Of star (spectral type 0 6 . 5 1 ^ , Walborn 1973), has been identified as the 
optical counterpart of the 3.411 day eclipsing massive X-ray binary 4U1700-37 (Jones et al. 1973) by 
spectroscopic (Conti & Cowley 1975, Hammerschlag-Hensberge 1978, Fahlman & Walker 1980) and 
photometric (Van Paradijs et al. 1978) studies which revealed periodic optical variations in phase 
with the X-ray period. Here we report that the ultraviolet spectra taken with the International 
Ultraviolet Explorer satellite also vary in phase with the X-ray emission. In an interval of ~200 A 
centered on the subordinate He II line at 1640 A, emission lines 2-3 A wide appear and disappear, 
with maximum flux at binary phase 0.5 (when the neutron star is in front of the 0 supergiant) and 
minimum flux around phase 0.8. We suggest that these variable lines are due to Raman scattering 
of extreme ultraviolet photons emitted by the X-ray source by He II ions. These Raman lines can 
thus be used to reconstruct a part of the unobserved extreme ultraviolet spectrum in the Hell 
scattering zone. 
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The ultraviolet spectrum of HD153919 shows saturated P Cygni profiles (Dupree et al. 1978, 
Hammerschlag-Hensberge et al. 1990) of the resonance lines of Nv at 1240 A, Si IV at 1400 A and 
Civ at 1550 A, indicative of a strong, dense stellar wind. The mass-loss rate is estimated to be 
6 X lO"6Af0/yr and the terminal velocity of the wind is ~ 2200 km s"1 (Howarth & Prinja 1989). 

The X-ray light curve of the system exhibits strong flaring activity and a very long and variable 
eclipse duration (Branduardi et al. 1978, Haberl et al. 1989). X-ray pulsations have not been 
detected (Gottwald et al. 1986), but the similarity of the X-ray spectrum of 1700-37 to those of 
other X-ray pulsars (White et al. 1983) indicates that the X-ray source is an accreting neutron star. 
Also the optical mass function (Hammerschlag-Hensberge 1978) favours a neutron star companion. 
The average (uneclipsed) X-ray luminosity of ~ 1036 erg s"1 can be explained by accretion of 
stellar-wind material from the supergiant onto the neutron star. The X-ray light curve often shows 
absorption dips around phase 0.75, accompanied by an overall increase in spectral hardness ratio 
after phase 0.7 (Mason et al. 1976), which indicates the presence of material trailing the neutron 
star in its orbit. Observations of the time-dependent behaviour of the Hei 5876 A and the Ha line 
(Conti & Cowley 1975, Fahlman h Walker 1980) support this interpretation. 

We reduced all existing high-resolution ultraviolet spectra of HD153919 obtained by the Inter
national Ultraviolet Explorer (WE) satellite, using the IUEDR software package on the Starlink 
network (Giddings 1983), which resulted in a total of 60 SWP spectra (short wavelength: 1150-
1950 A) spread over 9 years (1978-1986). The (old) small-aperture spectra were corrected for flux 
losses during observation, while wavelength calibration was performed by shifting interstellar lines 
towards their rest-wavelength (for more details, see Hammerschlag-Hensberge et al. 1990). 

Figure 1 shows the region centered around the subordinate He II A1640 A line for three averaged 
spectra around <j> = 0.15, <f> = 0.45 and 0 = 0.80. The three spectra are quite different. A number 
of 2-3 A wide (weak) emission lines are present around phase 0.45 and absent around phase 0.80. 
For comparison, the same spectra are shown in an interval around 1450 A: here no differences 
are found. A grey-scale representation of all 60 spectra around 1640 A, sorted by binary phase, 
demonstrates that the variations are a clear function of orbital phase. To represent more clearly the 
differences between the individual spectra, we subtracted the averaged <p = 0.8 spectrum from all 
spectra. The emission lines are variable in flux, with a maximum around <f> = 0.5 and a minimum 
at <f> — 0.8. There is an abrupt decrease in flux after the maximum is reached. Figure 2a shows 
the flux averaged over all observable lines as a function of orbital phase. This picture remarkably 
resembles the variation with orbital phase of the X-ray spectral hardness (Mason et al. 1976), 
which suggests that the obscuration of the emission Unes is connected with the rise in NH column 
density during late phases (Haberl et al. 1989). 

To obtain information on the region of formation of these broad emission lines, we measured 
their central wavelengths as a function of binary phase. In figure 2b the velocity shift of the emission 
lines is plotted as a function of orbital phase. The data were fit (least-squares) with a sinusoidal 
function of the form: Av = a + /?sin(2ir^ — 7) was applied to the data, where Au is the mean 
velocity difference. The best fit (with 2«r errors) obtained was 

Av = (26 ± 8) sin(27r[0 - (0.87 ± 0.04)])Jfcm/5 (1) 

The parameter a is "uninteresting" in the sense of Avni (1976) The binary nature of the system 
is indicated by the Doppler shift of the emission lines. The velocity amplitude differs per line; the 
value of /? is an average over all Unes. The velocity variation is not in phase with either the 0 star 
or the neutron star. To decide precisely where the emission Unes are formed, a detailed model of 
the system is needed to derive conclusions from the phase difference and velocity information. 

Analysis leads to the following results: (1) the emission Unes are broad: 2-3 A wide; (2) they are 
concentrated in a region of ~ 200 A centered around Hell A1640 A. Other parts of the 1150-1950 
A region covered by the SWP camera do not show the above mentioned variations (Fig. 3); (3) 
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Figure 1: The upper part of the figure shows three averaged spectra (around <j> = 0.15, <j> — 0.45 and 
tj> = 0.80) for two spectral regions centered around 1450 A (top) and the subordinate Hell line at 1640 A 
(bottom). Under each display the difference spectrum of the 4> = 0.45 and <p = 0.80 spectra is shown. The 
lower part of the figure shows a grey-scale image of all 60 archival IUE spectra in the same wavelength region, 
arranged according to orbital phase. Here, the averaged spectrum around 0 = 0.8 was subtracted from all 
spectra. The grey scale represents the flux difference: white corresponds to maximum flux difference 

the lines vary in flux; they reach a max imum at phase 0.5 (when the neutron star is in front of 
the 0 star) , and decrease abrupt ly to a m in imum near phase 0.8; (4) the central wavelength of the 
emission lines is Doppler shifted according to binary phase. 

We suggest Raman scatter ing (see e.g. Nussbaumer et al. 1989) as a mechanism for the for
mat ion of the observed variable emission lines. This process is like fluorescent scatter ing, with the 
difference that the intermediate state (excited a tom) in Raman scatter ing, does not correspond to 
an eigenstate of the a tom. It can be described as lying in the far wing of a nearby energy level with 
suitable quantum numbers, so the Lorentz profile of this energy level appears in the cross-section; 
this makes the cross-section for R a m a n scatter ing quite small. To compensate for this the input 
must be a strong emission line (assumed frequency I/,-). This line should be rather close to a strong 
line (frequency u0) of a very abundant ion. In practice, the la t ter line should arise from the ground 
state of this ion. After absorpt ion of a photon at frequency vo, the ion must have an alternative 
way back, star t ing wi th emission of a photon of frequency v^; when i/] = u0 the process is called 
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F i g u r e 2: a) Flux, averaged over all observable emission lines, shown as a function of orbital phase. There 
is an abrupt decrease in flux towards late phases; b) Velocity shift of the emission lines with respect to their 
mean central wavelength plotted against orbital phase. There is a small, but significant, phase shift with 
respect to the velocity curve of the O star 
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Figure 3: A smoothed difference spectrum (of the averaged <j> = 0.5 and 0 = 0.8 spectra) from 1400 to 
1900 A showing the region of emission lines centered around Hell 1640 A. The Loientz shape of the upper 
energy level of He II 256 A can be deduced from this figure 

resonant scattering (in the far wing). A Raman-scattered photon vj has frequency: 

Vj = Vi + i/, - i/0 (2) 

Because the wing of the upper level of i>o ls intermediate state, the cross-section for Raman scat
tering varies as (u, — VQ)~2, and only lines with frequency v, close to v$ are good candidates. Then, 
according to equation (2), Uf is close to V\. A resonance line, like Lyman a, cannot provide the 
frequency vo, because there is no v\ / VQ. Emission lines close to Lyman 3, however, can be Raman 
scattered to the spectral region around Balmer a. The large line width is characteristic for this 
scattering: according to equation (2) we have Avf = Ai/,; expressed in the usual way this gives 

vf 

"i Ai/, 

Vj Vi (3) 

This width is enhanced by a factor Vi/vf (in our case a factor of six, see below) compared to the 
width of the line of frequency «/,-. Both the large width, and the lack of any identification, point 
to Raman scattering as underlying mechanism for the emission lines. The abundant ion involved 
(corresponding to v0 and v^) is easily identified as singly ionized helium, which is very abundant 
in the stellar wind of an Oö-SIaf1" star. In the SWP high-resolution spectra the emission fines 
are concentrated in an interval between 1525 and 1750 A. This is symmetric around A 1640, the 
"Balmer a" line of Hen. So the EUV "input" fines should be found close to 256 A, the Hen 
"Lyman /3" line. 

The wavelengths of the Raman-scattered emission fines can be used to compute the wavelengths 
of the corresponding EUV fines (see Table 1). It is, however, not trivial to identify the emission 
fines in the EUV region. Except for the Sun, a stellar EUV spectrum below 300 A is never observed 
in high resolution. In solar flare spectra (Behring et al. 1976, Dere 1978), many emission fines 
from highly ionized species, like Si X, Fe XXII, S X, are found in this region. But these spectra 
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1 Ram an 

1522 
1529 
1558 
1565 
1572 
1581 
1587 
1593 
1598 
1606 
1612 
1618 
1622 
1627 
1636 
1643 
1648 
1653 
1660 

A E U V 

253.24 
253.43 
254.21 
254.40 
254.58 
254.83 
254.97 
255.13 
255.26 
255.46 
255.62 
255.76 
255.87 
256.00 
256.21 
256.38 
256.50 
256.62 
256.79 

•"Raman 

1668 
1678 
1683 
1694 
1707 
1713 
1721 
1727 
1743 
1749 
1757 
1762 
1788 
1806 
1815 
1824 
1831 
1850 

^EUV 
256.98 
257.21 
257.33 
257.59 
257.90 
258.02 
258.20 
258.35 
258.70 
258.83 
259.00 
259.11 
259.66 
260.04 
260.23 
260.41 
260.55 
260.93 

Table 1: A list of observed Raman lines and the corresponding wavelengths (in A) of the input 
EUV emission lines 

are not of high enough resolution to resolve all lines (also the physical conditions may be quite 
different from those around a neutron star). The most recently calculated (but incomplete) X-ray 
spectra (MacFarlane & Cassinelli 1989) of optically-thin plasmas contain in this wavelength region 
much less than the ~ 35 EUV lines listed in Table 1. Neither theoretical (Mewe et al. 1985, 
Raymond & Smith 1977) nor laboratory (Kelly 1987) EUV contain enough information to make 
unique identifications. 

The flux variation of these Raman lines is probably connected with the obscuration of the 
neutron star by dense filaments in the disrupted stellar wind (Blondin et al. 1990). The diagnostic 
properties of Raman scattering may profit from high resolution UV observations with Hubble Space 
Telescope in near future. We expect that observations with the Hubble telescope of other massive 
X-ray binaries with O-star companions, such as Cen X-3, Cyg X-l, and LMC X-4 (which are too 
faint for IUE!)., can help to solve the identification problem. In particular, the lower metalicity in 
the Large Magellanic Cloud may result in emission line fluxes of different strength. Further, we 
expect progress in theoretical spectra in the next few years (J.C. Raymond, private communication) 
which may make Raman scattering a powerful diagnostic tool to study parts of the unknown EUV 
spectrum. 
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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 Cm 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 In t roduc t ion 

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 igu re 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 im 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 saturat ion, 
fiducial marks , I T F t runcat ion, or otherwise identified as faulty are rejected at this stage. 

The wavelength-scale cal ibrat ion is carried out by measur ing 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 mean deviat ion AA of these three lines with respect to their laboratory wavelength; a mean 
wavelength shift of the form m A A ^constant is applied to the spectrum, where m is the echelle 
order number . A subsequent check on the wavelength al ignment is made using the interstel lar line 
of Fe II at 1608.456 A, which was found to have a measured mean wavelength of 1608.450 A, with 
a s tandard deviat ion of 0.020 A and an extreme range of 1608.41-1608.49 A. This deviation is less 
than the ins t rumenta l resolut ion 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) and a s tandard value (for early-type stars) of 0.15 
for the parameter used for the halat ion correction. This a lgor i thm does not give perfect results, as 
can be seen in regions of saturat ion, which sometimes have negative fluxes. 

Echelle r ipple 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 tem pa rame te rs 

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) 
M0 /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 M0 for the 
X-ray source 4U1700-37 (which is similar to the most-probable mass of 1.77 M0 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 igu re 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 
faci l i tate the inspect ion of the 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 spectra in the lower panel. These figures show that orbi tal changes occur at low, 
in termediate, and high blue-shifted velocities in the P Cygni absorpt ion. 

The wide spectral range of the SWP camera (1150-1950 A) enabled us to est imate tha variance 
in the flux as a function of the flux value. We first computed tha variance at each wavelength point 
(sampling ra te 0.1 A) for the 22 selected spectra, using all points outside the regions containing the 
studied lines and order overlaps (see Henrichs et al. 1993). The result ing 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 igu re 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 photon noise. Real variability is then characterized by 
Oobs/oexp > l j where <70(,s is the measured standard deviation at a given wavelength point and 
<rexp is the expected s tandard deviat ion corresponding to the average flux at tha t wavelength. In 
pract ice one expects that the cr-ratio is unity if no variations are present. 

4.1 P C y g n i abso rp t i on 

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, both at high and at low velocity (al though the la t ter 
less pronounced). Around phase 0.5, when the compact object is in front of the supergiant, the 
Si IV absorpt ion at high (~ - 7 0 0 to - 1 3 0 0 km s _ 1 ) and low velocities (~ - 3 0 0 to - 5 0 0 k m s"1) 
is weaker than at other phases, while the saturated par t in between does not change. The CIV 
absorpt ion also varies at high (~ - 7 0 0 to - 1 3 0 0 km s _ 1 ) velocities, whereas at low velocities we 
do not find significant variat ions. 

The orbi tal changes at 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 that these variations are also caused 
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Vela X-l/HD 77581 B0.5 lb 1978- 1992 Al ID 
1UE Wavelength (A) 22 spectra 

1845 1850 1855 1860 1865 1870 

i i i r r i i i i f i . T i T't 'H-

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

F igu re 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 ionizat ion of wind mater ia l in the line of sight. We would like to stress tha t in a stellar wind 
wi th a velocity s t ructure 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 A im 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 A im 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 N4 + 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 A im 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 km s - , most likely caused by changes in st rength of the P Cygni emission 
(see Fig. 8). 

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

A l though Hatchet t & McCray (1977) originally predicted orbital modulat 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 inate lines. To support our interpretat ion (Kaper et al. 1990) tha t the orbital modulat ion 
of the subord inate He II 1640 A and N i v 1718 A lines is caused by the presence of varying Raman-
scat tered emission l ines, we investigated the t ime-behaviour of the subordinate C III line at 2296 A. 

C III and NIV bo th belong to the isoelectronic sequence of Be I, and the 2s2p ' P° - 2p2 ' D 
t rans 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 spectrum and the sensitivity of the LWP 
camera, results in a very small signal to noise rat 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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F igure 8: As Fig. 6; Orbital variations in the red Nv 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 l ine, while 
a variable Raman emission line (central wavelength 1713 A, Kaper et al. 1990) is visible in the 
bins from —1200 to —800 km s - 1 . We can not exclude tha t the velocity bin centered a t —800 
k m s _ 1 exhibits some modulat ion caused by ionization by the X-ray source, but 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-scat tered emission line, and not by the HM-effect. 

5 Ion i za t i on zone in a s te l la r w i n d w i t h a m o n o t o n i e ve loc i t y s t r uc tu re 

Orbi tal modulat ion as described above gives information about the velocity structure 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 assumpt ion. Tarter et al. 
(1969) and Tarter and Salpeter (1969) studied the interact ion of X-ray sources with optically thin 
and optically thick environments, respectively. They derived that the electron tempera ture Te and 
the ionization equil ibrium in the surrounding (assumed uniform) med ium depend sensitively on the 
parameter : 

, LX r) = — -
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F igu re 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 paramete r £ determines the rat io of photon flux to part icle density and is therefore a measure 
for the number of ionizing photons available per ion at distance r . For the "opt ical ly-thin" ap
prox imat ion (i.e. absorpt ive at 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 part icle 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 spectrum was described by 
a therma l bremsst rah lung spect rum. 

Hatchet t and McCray (1977) applied the formalism of Tarter 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 int roducing the nondimensional variable q, denned by: 

e 
nXD2 

(4) 

wi th nx the number density at the orbit of the X-ray source and D the distance from the center 
of the pr imary to the X-ray source. If the med ium is not optically thin, the column density N (i.e. 
the in tegrated part ic le density n, measured from the X-ray source) is also needed to determine the 
s ta te of the gas. For a wind wi th constant velocity, surfaces of constant column density are to a 
good approx imat ion congruent to surfaces of constant q. If the velocity structure 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) 
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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 radi i from the center of the pr imary. According to HM, 
surfaces of constant column density do not coincide as well wi th surfaces of constant q as in the 
constant velocity case. They solved the radiat ive transfer problem in detail (in the optical ly-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 parameters of Tab. 2. 
Fur thermore, we computed the to ta l column density N measured from the X-ray source in a stellar 
wind with a density st ructure as given by Eq. (5). In Fig. 11 we show our results for HD77581 
(Vela X-1) for two values of the parameter /3 (Eq. 1), i.e. 0.5 and 1.0, which delimit the range of 
this parameter derived from observations. In the figure we indicated the region where variations in 
P Cygni absorpt ion are observed (for the SiIV, C i v and 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 input ) , which can give an indicat ion 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 interstel lar 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 est 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)/voc 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 A im, Si IV, and Civ 
are indicated; b ) For a /3 = 1.0 velocity law 



6. Discussion 177 

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 
C3 + , 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 C3 + 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 



178 10. Stellar winds in HMXRBs 

HD-539'9(4U1700-37) 

6 

5 

4 

o. 3 

2 

0 
0 02 0.4 06 08 1 

v(r)/v. 

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 

observat ions. Therefore, we investigate whether a nonmono ton i c velocity structure can account 
for the "s tab le" saturat ion in the Si IV and C IV profiles of HD77581. 

The UV profiles formed in the wind of the 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 Hel l 1640 A are probably not caused by ionization effects induced by the X-ray source, but 
by variable R a m a n scattered 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. Al though the higher mass-loss 
ra te of HD153919 (and lower luminosity of the X-ray source) will certainly result in a smaller size 
of the ionization zone than in the case of HD77581, the HM-effect is still expected to occur in this 
system in the case of a monotonie stellar wind. However, as said, it is not observed. This can be 
unders 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 structure is non-monotonic. 

Observat ions give only information about the radial velocity of the ions contr ibut ing 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 saturated P Cygni lines and t ime-dependent ID 
hydrodynamica l calculations of radiatively-driven wind flows of single early-type stars (see Owocki 
1992; and references therein) strongly suggest that the velocity structure of these stellar winds 
is highly non-monotonic, in par t icu lar due to the presence of shocks. We find that such a non
monoton ic velocity s t ructure 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 terminal velocities quoted by Pr in ja et al. (1990): 1105 km s~' for HD77581 
and 1820 km 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 - 1200 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 l imit 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 Nv 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 N4 + 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. 

Acknowledgements 

LK receives funds from the Netherlands Foundation of Scientific Research (NWO) under grant 
782-371-037. J. van Paradijs, R. Takens, and H. Henrichs are thanked for carefully reading the 



180 JO. Stellar winds in HMXRBs 

manuscript. We acknowledge the referee A. Dupree for her comments which helped to improve the 
paper. H. Henrichs developed the software to produce the grey-scale pictures in Figs. 2-5. 



Chapter 11 

Spectroscopic evidence for photo-ionization wakes in 
Vela X - l and 4U1700-37 

L. Kaper and G. Hammerschlag-Hensberge 

(Submitted to Astronomy and Astrophysics Letters) 

Abstract 

We present high-resolution, high signal-to-noise spectra of HD77581 and HD153919, the optical 
counterparts of the high-mass X-ray binaries Vela X-l and 4U1700-37, respectively. The spec
tral lines show in unprecedented detail changes related to the presence of the X-ray source. For 
HD77581, at inferior conjunction of the neutron star an extra absorption component appears in 
the blue wing of the absorption lines. This feature first increases in strength (up till binary phase 
4> = 0.6) whereafter it slowly decreases; at the same time it shifts more towards the blue. The 
observed velocities are low. from —50 km s - 1 at $ = 0.5 up to —250 km s - 1 at 4> = 0.8. For 
HD153919, the observed variations are similar in character, but stronger and more complicated. 
For both systems we find significant variations in the P Cygni emission of the same lines, which 
are orbit dependent. 

Based on the phase dependence of the velocity and strength of the absorption component, we 
show that it is unlikely that this component is related to an accretion wake, or to a gas stream 
through the inner Lagrangean point. We suggest that this component results from the presence of 
an X-ray induced photo-ionization wake in the system, trailing the X-ray source in its orbit. Fur
thermore, variations in X-ray luminosity most probably induce changes in the geometrical structure 
of the photo-ionization wake which may explain the observed orbit-to-orbit variations. 

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 CAT/CES combination at ESO, La Silla, Chile 
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1 Introduction 

The stellar wind of OB supergiants, which provides the mass flux to power the X-ray source in 
high-mass X-ray binaries (HMXRB) such as Vela X-l and 4U1700-37, is driven by the transfer 
of momentum from continuum photons, emitted by the supergiant, to the plasma via scattering 
and absorption in numerous spectral lines formed in the stellar wind. These lines are concentrated 
around the maximum of the spectral energy distribution of the 0 8 supergiant, i.e. in the extreme 
ultraviolet wavelength region. This acceleration mechanism of the wind can be influenced by the 
X-rays originating from the compact object, since these will enhance the degree of ionization in 
its surroundings. Inside this Strömgren zone the radiative acceleration is quenched because for 
this highly ionized plasma most spectral lines are at X-ray wavelengths, and cannot support the 
acceleration of the flow (MacGregor & Vitello 1982). Collisions between the radiation-driven wind 
and the stagnant, highly ionized plasma will result in strong shocks and create dense sheets of gas 
trailing the X-ray source (Pransson & Fabian 1980). 

Two-dimensional hydrodynamics calculations by Blondin and co-workers (1990,1991), in which 
many effects influencing the wind dynamics around the compact object (gravitation, radiative 
acceleration, photo-ionization, X-ray heating/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 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. 

Evidence for X-ray photo-ionization of wind material in HMXRBs has been inferred from 
the orbital variations of the strong P Cygni lines in their UV spectra (e.g. Dupree et al. 1980, 
Hammerschlag-Hensberge 1980), an effect predicted by Hatchett & McCray (1977). When the 
X-ray source moves in front of the supergiant, the amount of blue-shifted P Cygni absorption di
minishes, indicative of a Strömgren zone around the compact star. Furthermore, X-ray observations 
show an increase in X-ray hardness ratio towards late orbital phases (Mason et al. 1976, Haberl et 
al. 1989, and Haberl & White 1990). The emitted soft X-rays are thought to be (partly) absorbed 
by the accretion wake and/or the tidal stream obscuring the line of sight towards the X-ray source 
at late orbital phases. The change in strength of Raman-scattered emission lines in UV spectra of 
HD153919 with binary phase is consistent with the X-ray observations (Kaper et al. 1990). 

Optical spectra of bright HMXRBs have revealed enhancements in blue-shifted absorption in 
strong spectral lines during and after the passage of the compact object through the line of sight 
towards the supergiant. Wallerstein (1974), Zuiderwijk et al. (1974), and Bessell et al. (1975) pub
lished Ha spectra of HD77581 showing periodic changes in this blue-shifted absorption. Zuiderwijk 
(1979) reported that an extra absorption component was present in his H/3 data, variable in both 
strength and velocity. For HD153919, Conti & Cowley (1975) mentioned that most absorption and 
emission lines show little, if any, variation with orbital phase. Like Fahlman & Walker (1980) they 
find that phase-dependent absorption components are present in the *Ha and He i 5876 A lines. 
Usually, this late-phase absorption is attributed to the presence of a gas stream in the system that 
partly obscures the supergiant. However, the nature of this stream is not clear and widely different 
suggestions about its geometry have been put forward. 

To study the structure of the mass-accretion flow in HMXRBs in detail, we observed two bright 
optical counterparts: HD77581 (Vela X-l) and HD153919 (4U1700-37), taking advantage of the 
strong development in observing techniques over the last decade. In the next section we describe 
the reduction of the spectra we obtained. The results are described in section 3. In the last 
section we discuss how our results constrain on the geometry of the mass-accretion flow in these 
two HMXRBs, 
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HD77581 (Vela X -1 ) 
4855 4860 4865 4870 
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F igure 1: Normalized H/3 profiles of HD77581 (Vela X-1). The spectra have been shifted vertically according 
to orbital phase, indicated at the left side of each spectrum. The tickmarks on the vertical scale are placed at 
10% intervals. The dashed line represents the average spectrum. Note, however, that the spectra at <j> = 0.6 
and tf> = 0.7 are not sequential: we started the observations at 0 = 0.7 

2 O b s e r v a t i o n s 

Spectra of HD77581 (BO.5 lab, V = 6.9) and HD153919 (06 .5 Iaf+, V = 6.5) were obtained 
with the Coudé Echelle Spectrograph (CES) at tached to the Coudé Auxil iary Telescope a t the 
European Southern Observatory in La Silla, Chile. We used the blue pa th and the short camera 
with a th inned, backside-i l luminated CCD ( R C A # 9 , 1024 X 640 pixels). Spectra were taken in 
the wavelength regions around He I 4471.48 A, He n 4685.75 A (only for HD153919), and H/3 at 
4861.33 A. We moni tored these lines during two shifts of three nights, from June 2 n d to 5 t h and 
June 8 t h to 1 1 t h , 1992. In this way we covered almost two orbits of HD153919 (Porb = 3.41 days) 
and par t of an orbit of HD77581 ( P o r b = 8.91 days). 

Wi th an exposure t ime of half an hour a signal-to-noise rat io of about 200 or more was ob
tained. Due to the high spectral resolution (R=60 000, i.e. ~ 5 km s~1 per resolution element) and, 
consequently, the small spectral coverage of about 30 A, we had to change the central wavelength 
frequently. To correct for any ins t rumenta l effects cal ibration frames ( lamp flatfields and Th-Ar 
spectra) were obtained after each change of central wavelength. 

The spectra were reduced using the MIDAS software package and an opt imal extract ion rout ine 
based on the method given by Home (1986). The main advantage for these high-signal-to-noise 
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F igu re 2: As Fig. 1: the He I line of HD77581 at 4471 A. The orbital variations as observed in the H/3 line 
also occur in this line, but are weaker 

spectra is the efficient detect ion and deletion of cosmic-ray events. The spectra were normalized 
using a second order polynomial fit to five carefully selected wavelength regions without spectral 
lines. The wavelength scale was converted t o the system's rest-frame velocity scale, using 7 = — 7 
and - 6 4 . 5 k m s"1 for HD77581 and HD153919, respectively (Van Paradi js et al. 1976, Gies 1987). 

3 Results 

3.1 HD77581 (Vela X - l ) 

In Figs. 1 and 2 we show spectra of H/3 and the He I line at 4471 A for HD77581 as a function 
of b inary phase. The displayed spectra a re averages of two exposures taken within one night, 
except for the spectra at <f> — 0.37 (using the ephemeris of Deeter et al. 1987) which are single. 
For comparison, the average of al l exposures is indicated with a dashed line. One can clearly see 
an ext ra absorpt ion component superposed on the photospheric absorpt ion line (assumed to be 
symmetr ic) and s tar t ing at about - 5 0 km s~' around phase <j> = 0.5, when the X-ray source is 
in the line of sight. This ex t ra component strengthens rapidly and reaches max imum strength at 
<f> ~ 0.6; subsequently, the absorpt ion component shifts towards higher negative velocities and gets 
weaker. At 4> = 0.8 the component is still present, extending from ~ —175 to ~ —350 km s _ 1 and 
centered at —250 k m s _ 1 . In the H/3 line, a significant red emission component is present in the 
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Figure 3: As Fig. 1; a) The He I line of HD153919 at 4471 A: shown are averages of several spectra sometimes 
belonging to separate orbits. Around <j> = 0.65 the blue-shifted absorption gets much stronger. Note the 
changes in the P Cygni emission and the small absorption contribution at 650 km s - 1 around <j> = 0.95; 
b) The strong emission line of He n at 4686 A exhibits small but significant variations. Normalization of 
these spectra was quite difficult due to the extended wings of the profile, c) The H/3 line is of P Cygni type 
and shows variations similar to those in the He I line. At <j> ~ 0.95 some extra emission seems present at the 
line center 
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Figure 4: The position of the material giving rise to the extra absorption in spectra of HD77581 is sketched 
if one adopts v^ = 1100 km s_1 

spectra taken at (p = 0.5 and <j> = 0.8. 

3.2 HD153919 (4U1700-37) 

The spectra of HD153919, displayed in Fig. 3, clearly show the presence of orbital variations in 
its line profiles. The spectra shown are the averages of several individual exposures, some of them 
belonging to a different orbit (neglecting the orbit-to-orbit variations). The H/3 line (Fig. 3a) and 
the He I line at 4471 A (Fig. 3c) have P Cygni-type profiles and show a similar dependence on 
orbital phase. Around <j> — 0.6 (ephemeris of Haberl et al. 1989) the blue-shifted absorption 
strengthens greatly and widens, extending from ~ 50 to ~ -650 km s_ 1 . Around <j> = 0.95, when 
the X-ray source is almost in superior conjunction, the blue-shifted absorption is still stronger 
than at <f> = 0.36, and around -650 km s_ 1 a small absorption component is visible, probably 
related to the extra absorption found at earlier phases. Also the emission component varies in 
strength. At (j> ~ 0.6 and especially at 4> ~ 0.95 the emission is stronger than at other phases. 
We note that the precise phase at which the emission reaches maximum strength depends on the 
orbit {4>\ ~ 0.58,0.66 and fc ~ 0.86,0.97 for the first and second rise in two different orbits). At 
<j> ~ 0.95 an extra emission component centered at zero velocity seems to be present in the H/3 line. 

The He II 4686 A line is strongly in emission (Fig. 3c). Most remarkable is the left wing of the 
profile, which shows a strange emission "shoulder" at (j> = 0.35 and which is very steep and linear 
around <j> = 0.6 (possibly because of an enhancement of blue-shifted absorption). The variations 
in the He II line resemble somewhat the observed behaviour of this line in HDE226868/Cyg X-l 
(Gies & Bolton 1986), although for HD153919 the emission line is much stronger. 
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4 Discussion 

Many authors have suggested that the line-profile variability is due to an accretion wake or a 
tidal stream, similar to the interpretation of the observed X-ray absorption at late orbital phases, 
which is well explained by obscuration of the X-ray source by these structures (Blondin et al. 
1990,1991). However, the relative velocity of the compact object with respect to the stellar wind 
causes the accretion wake to be directed away from the supergiant. A tidal stream through the 
inner Lagrangean point will be orientated along the line of centers (Blondin et al. 1991). In fact, 
Carlberg (1978) showed that no appreciable obscuration of the supergiant can be achieved by means 
of an accretion wake, given the expected characteristic dimension of about 1010 cm. It might be 
that close to <f> = 0.5 the stellar disk is partly covered by the above mentioned structures, but 
this will probably result in only a modest absorption enhancement in the spectral lines. That the 
amount of extra absorption observed at phases as late as <f> = 0.8 is caused by an accretion wake 
and/or a tidal stream seems highly unlikely. 

If one adopts a monotonie "beta"-velocity law for the stellar wind (with /7 = 0.8) and a terminal 
velocity v« = 1105 km s"1 for HD77581 and »«, = 1820 km s '1 for HD153919 (Prinja et al. 1990), 
one finds for the wind velocities at the location of the compact star: vw = 485 km s - 1 and vw = 1045 
km s~1 for HD77581 and HD153919, respectively (using the orbital parameters of Nagase (1989) 
for Vela X-l, and of Heap & Corcoran (1992) for 4U1700-37). These velocities are much higher 
than the typical velocities we find for the late-phase absorption component. Inverting the problem, 
one can use the observed velocities to obtain an estimate of the radius at which the absorption 
takes place. In Fig. 4 we have sketched the expected position of the absorbing material in the wind 
of HD77581 based on this method. 

From Fig. 4 and the reasons given above, we propose that the observed velocity, strength, and 
phase-dependence of the extra blue-shifted absorption in optical spectra of HD 77581 and HD153919 
are in agreement with the properties of a photo-ionization wake. Specifically in the case of a low 
value of the ionization parameter q, which determines the size of the Strömgren zone (for the 
definition of q see Hatchett & McCray 1977) a photo-ionization wake is expected. For HD77581, 
independent evidence for an extended Strömgren zone (q ~ 2) in the wind comes from the observed 
orbital modulation of UV resonance lines (Dupree et al. 1980). Recently, Kaper et al. (1993) 
reanalyzed the UV spectra of HD77581 and discovered that ionization effects also occur at very 
low wind velocities (up to t/w *- -250 km s - 1 ) , implying an even lower value of q. For such low 
values of q the numerical calculations of Blondin et al. (1990) show that the column density of the 
photo-ionization wake, which is located at the trailing border of the Strömgren zone, can become 
very large. For very small values of q the photo-ionization wake wraps around the supergiant, and 
can increase the observed column density even at late phases, possibly all the way into eclipse. 

Although a low value for q is expected for HD153919 (4U1700-37) as well (Hatchett k McCray 
1977), no orbital modulation is observed in the UV resonance lines of this system. This may 
indicate that velocity and density of the stellar wind depend non-monotonically on radius (Kaper 
et al. 1993). In this way the Strömgren zone, which is certainly present in the wind of HD153919, 
could be hidden from detection in the UV resonance lines, because sufficient scattering ions are left 
outside the Strömgren zone to keep these profiles saturated. 

As a final note, the ionization parameter q is proportional to the X-ray luminosity. For these 
systems, the observed X-ray luminosity is highly variable (Watson fc Griffiths 1977, Haberl et al. 
1989). Large flares, with sometimes a factor of 100 increase in X-ray luminosity, do occur on a time 
scale of a day. This will cause variations in q and therefore a changing size of the Strömgren zone. 
The precise phase and velocity dependence of the late-phase absorption will thus be a function of 
the X-ray luminosity, which could explain the observed orbit-to-orbit variations. 

Modelling of the late-phase absorption in optical spectra, using the 2-D hydrodynamical simula
tions of Blondin and coworkers, is presently underway. The results will be presented in a following 
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paper. Also simultaneous optical, UV, and X-ray observations of HD77581 are currently planned 
and will hopefully help us to construct a detailed model of the material flow within the system. 
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Chapter 12 

S amenvat t ing 

De heetste en helderste sterren in het universum, ook wel vroeg-type sterren of OB sterren genoemd, 
vormen het onderwerp van dit proefschrift. Vanwege hun grote massa, zo'n 10 tot 100 maal die 
van de Zon, verlopen de kernfusiereacties in het inwendige zeer snel. De opgewekte energie wordt 
na transport door het inwendige aan het oppervlak (de fotosfeer) uitgestraald. Per seconde zendt 
een OB ster een honderdduizend maal meer licht uit dan de Zon. Op hun weg naar bulten door de 
atmosfeer van de ster, botsen de talrijke lichtdeeltjes (fotonen) als het ware met materiedeeltjes in 
de steratmosfeer (dit ubotsings"proces noemt men absorptie, waarbij de geabsorbeerde straling een 
naar buiten gerichte druk produceert), wat tot gevolg heeft dat de buitenlagen van de atmosfeer 
weg worden weggeblazen. Zo'n uitstromende atmosfeer noemt men een sterrewind. Ook de Zon 
heeft zo'n wind, de zonnewind; met satellieten heeft men gemeten dat ter plaatse van de Aarde 
materiedeeltjes in de zonnewind een snelheid hebben van ongeveer 500 km s - 1 . In totaal verliest 
de Zon via de zonnewind meer dan 600 miljoen kilogram materiaal per seconde. Het magneetveld 
van de Aarde beschermt ons tegen al dit uitstromend materiaal afkomstig van de Zon. Alleen aan 
de magnetische polen stromen deeltjes uit de zonnewind soms naar binnen; als dit gebeurt, licht 
de dampkring op en ziet men het prachtige poollicht (ook wel: noorderlicht, aurora). 

Toch is het massaverlies van de Zon maar beperkt; OB sterren stoten per seconde bijna een 
miljard maal zoveel materie uit door middel van hun sterrewind. Het gas in deze sterrewinden 
bereikt snelheden van 1000 tot 3000 km s"1, dat is 1% van de snelheid van het licht. Deze ster
rewinden spelen dan ook een belangrijke rol in de energie- en massahuishouding van het interstellaire 
medium. Anderzijds wordt de levensloop van OB sterren zelf sterk beïnvloed door het optreden 
van dit grote massaverlies van ongeveer één a tien zonsmassa's in een miljoen jaar. Om de evolutie 
van OB sterren en hun relatie tot het interstellaire medium goed te kunnen begrijpen, is het van 
belang het massaverlies goed te bestuderen. Gelukkig laat een sterrewind zijn sporen na in het 
spectrum van de ster. Sterke spectraallijnen die in de uitstromende sterrewind worden gevormd, 
hebben een karakteristieke vorm, een zogenaamd P Cygni profiel. Dit type profiel, genoemd naar 
de ster P Cygni in het sterrenbeeld Zwaan die een extreem hoog massaverlies heeft, komt vooral 
voor in het ultraviolette (UV) deel van het spectrum, dat kan worden waargenomen met behulp 
van satellieten die zich buiten de aardse dampkring bevinden. 

In dit proefschrift worden de resultaten beschreven van een studie naar het tijdsafhankelijke 
gedrag van de winden van O-sterren. Het blijkt namelijk dat er sterke variaties kunnen optreden in 
de dichtheidsstructuur van de sterrewind, die zich uiten als veranderingen in de vorm van de P Cygni 
profielen. Smalle absorptie componenten (z.g. "Discrete Absorption Components", afgekort tot 
DACs) bewegen zich door deze profielen van lage naar hoge snelheid, en verschijnen met een 
grote regelmaat. De oorsprong van deze variabiliteit is onbekend, maar blijkt een fundamentele 
eigenschap te zijn van de stralingsgedreven winden van vroeg-type sterren. In de hoofdstukken 2 tot 
en met 5 wordt een gedetailleerde beschrijving gegeven van het optreden van variabiliteit in de wind 
van O-type sterren, in het bijzonder het gedrag van de smalle absorptie componenten. Hiervoor 
wordt gebruik gemaakt van een unieke collectie van UV spectra van een tiental heldere O sterren, 
die door ons is bijeengebracht gedurende de afgelopen zeven jaar. Een belangrijke conclusie van 
ons onderzoek is dat de karakteristieke tijdschaal van de variabiliteit in deze sterrewinden gegeven 
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wordt door de rotatie periode van de ster. Verder vinden wij verschillende aanwijzingen dat deze 
variabiliteit al dicht bij de ster plaats vindt. We stellen voor dat de basis van de sterrewind 
gedomineerd wordt door een (zwak) magneetveld dat verankerd is aan de ster en met deze mee 
draait. 

Dat de DACs htm oorsprong vinden dicht bij de ster, wordt ondersteund door de waarnemingen 
die wij presenteren in hoofdstuk 6 tot en met 8. Tegelijkertijd met de satellietwaarnemingen van 
het UV spectrum, met daarin de P Cygni profielen die ver in de wind worden gevormd, hebben 
we verscheidene heldere O-sterren gevolgd in het zichtbare deel van het spectrum. Hierin bevinden 
zich lijnen die gevormd worden bij de basis van de sterwind, dichtbij de ster. Wij hebben in een 
aantal gevallen overtuigend bewijs gevonden dat vlak voor het verschijnen van een DAC in een UV 
P Cygni profiel, de basis van de sterwind variaties vertoont. Deze waarnemingen passen precies in 
het plaatje dat het gedrag van de wind dichtbij de ster bepaald wordt door een magneetveld dat 
met de ster mee roteert. Dit magneetveld kan er voor zorgen dat op sommige plaatsen boven het 
steroppervlak gebieden van een hogere dichtheid voorkomen, die voor ons zichtbaar worden zodra 
zij voor de ster langs draaien. 

Hoe precies de DACs gevormd woiden is nog onduidelijk. Op dit moment werken verschillende 
onderzoekers aan een theoretische verklaring voor de door ons bestudeerde verschijnselen. Men 
zoekt de oplossing in het niet stabiel zijn van het versnellings mechanisme van stralings gedreven 
sterwinden. Dit zou dan resulteren in het "klonteren" van de sterwind. Deze "klonters" bewegen, 
sneller dan het geluid, in de vorm van schokgolven door de wind. Zo'n geschokte sterwind is 
veelbelovend, ook om andere eigenschappen van de sterrewind te verklaren. Wij hebben echter 
laten zien dat de rotatie van de ster zeker in rekening moet worden gebracht, zoals hierboven 
uiteengezet. 

Het tweede deel van dit proefschrift beschrijft spectroscopische waarnemingen van OB sterren 
die vergezeld worden door een compact object: een neutronen ster of een zwart gat, het overblijfsel 
van de explosieve ineenstorting van de kern van een voormalige O of B ster. Door het sterke 
zwaartekrachtsveld van het compacte object wordt materie ingevangen afkomstig van de sterrewind 
van de begeleidende OB ster. Dit materiaal valt met grote snelheid in de richting van het compacte 
object en wordt daarbij zo heet dat het röntgenstraling gaat uitzenden. Deze systemen noemt men 
zware röntgen dubbelster systemen, wegens de grote massa van de OB ster. Het interessante van 
deze systemen is onder meer dat de röntgenbron informatie kan verschaffen over de eigenschappen 
van de sterrewind van de OB ster (en andersom). 

In hoofdstuk 9 beschrijven we de ontdekking van een aantal brede emissielijnen in het UV spec
trum van een van de helderste zware röntgen dubbelsterren. Wij laten zien dat deze emissielijnen 
afkomstig zijn uit de omgeving van het compacte object en zichtbaar worden in het UV spectrum 
van de OB ster na te zijn verstrooid door deeltjes in de sterrewind. Het bijzondere van deze ont
dekking is dat voor het eerst dankzij deze zogenaamde Raman verstrooiing een deel van het extreem 
UV spectrum van een compact object is waargenomen met hoog oplossend vermogen. Aanwijzin
gen voor (ook) een geschokte structuur van de sterrewind in zware röntgen dubbelsterren worden 
gepresenteerd in hoofdstuk 10. Het optreden van dichtheid» fluctuaties die gepaard gaan met de 
schokken in de wind, kan tevens verklaren waarom de röntgen lichtkracht van deze systemen zo 
sterk varieert. In het laatste hoofdstuk worden waarnemingen beschreven van het gebied in de 
sterrewind vlakbij het compacte object. De waarnemingen kunnen het best verklaard worden door 
te veronderstellen dat zich in het systeem (in de sterrewind van de OB ster) een verdichting bevindt 
die het compacte object volgt in zijn baan rond de OB ster. 

Het bestuderen van variabele processen die zich afspelen in de wind van vroeg-type sterren, 
verschaft veel informatie over de structuur van de sterrewind zelf. In dit proefschrift wordt het 
gedrag van variaties in de sterrewind gedetailleerd beschreven en worden verklaringen voorgesteld 
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voor het optreden van de (verschillende vormen van) variabiliteit. Nauwkeurige, meer-dimensionale 
berekeningen van het tijdsafhankelijk gedrag van stralings gedreven sterrewinden, met daarbij in 
rekening gebracht de rotatie van de ster en een eventueel magneetveld, zullen nodig zijn om de 
waargenomen variabiliteit nader van een theoretische verklaring te kunnen voorzien. 
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Curriculum vitae 

De ben geboren op 27 augustus 1966 te Koog aan de Zaan. Zaanstad is tot op heden nog steeds 
mijn woonplaats; in 1984 behaalde ik het diploma Gymnasium/9 aan het Zaanlands Lyceum te 
Zaandam, alwaar ik een zeer prettige middelbare school tijd heb doorgemaakt. In hetzelfde jaar 
begon ik mijn studie sterrenkunde aan de Universiteit van Amsterdam. Mijn stageonderzoek bracht 
mij in aanraking met de variabiliteit in de wind van vroeg-type sterren en met mijn begeleider Huib 
Henrichs. Na de afronding van mijn studie in mei 1989 werd mij een 0.1.0. plaats aangeboden, 
aangevraagd door Huib Henrichs, Ed van den Heuvel en Henny Lamers met als onderwerp: "Fysica 
van wind variabiliteit in vroeg-type sterren". Ik heb het aanbod aanvaard; de resultaten van het 
uitgevoerde onderzoek ziet U nu voor U. Behalve het doen van onderzoek heb ik ook met veel 
plezier college gegeven en studenten begeleid bij het uitvoeren van hun stage onderzoek. 

Het internationale karakter van de sterrenkunde heeft mij altijd zeer aangesproken. Het be
zoeken van conferenties, workshops en zomerscholen in verre en minder verre oorden is mij goed 
bevallen: Duitsland, Frankrijk, Spanje, Zwitserland, de Canarische Eilanden, Zuid Afrika en de 
Verenigde Staten waren de bestemming van mijn vele reizen. Ik heb aan een tiental posters die 
zijn gepresenteerd tijdens deze conferenties een bijdrage geleverd. Verder heb ik een aantal voor
drachten gegeven. Het verrichten van waarnemingen met optische telescopen vanaf de grond of met 
behulp van een telescoop aan boord van een satelliet doet het bloed sneller stromen, zeker als je 
iets nieuws ontdekt. De bewaar goede herinneringen aan de (soms lange) nachten van verkenning 
van de sterrenhemel. Ook heb ik veel plezier beleefd aan de populaire voordrachten die ik door het 
hele land gegeven heb. 
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