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Chapter 7 

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 U V 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 i g u r e 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 ra t io of about 200. In 

the wavelength cal ibrat ion we took into account the correction for the ear th '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 b o t h 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 migra te from intermediate 

(~ O.StJoo), wi th vx = 2350 k m s _ 1 , to high velocities. This is repeated on a timescale of two 

days, in accordance wi th what was found in previous studies (Prinja et al. 1987, Henrichs et al. 

1988). The te rminal 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) 

Figu re 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 inja 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 s tar t ing about 

one day later t h a n the first one. The DACs appear in the Si IV resonance line at HJD 3.4, 5.4, and 

6.3. The emission pa r 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 t e rn of high-velocity DACs in Si IV very significantly 

correspond to enhanced-absorpt ion phases between - 2 0 0 and —700 k m s _ 1 in the subordinate N i v 

P Cygni line a t 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 k m s _ 1 . 

The equivalent widths ( E W ) of the H a spectra of £ Per were measured between - 4 0 0 a n d 400 

k m s _ 1 , and are p lo t 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 t ha t the E W also varies in concert wi th the DACs in Si IV: the min ima 

occur jus t prior 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. During 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 D A C 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. 

Acknowledgement s 

We are grateful to the many observatory staffs for their efficient scheduling and support. HFH 
thanks Rolf Kudritzki and his colleagues at the Sternwarte in München for their friendly hospitality. 
LK receives funds from NWO under grant 371-072-037. HFH greatfully acknowledges a Huygens 
fellowship from NWO during the time this research was carried out. 


