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Introduction n 

Generall introduction 
Johnn Telting 

Astronomicall  Institute Anton Pannekoek, University of Amsterdam, and Center for High Energy Astrophysics, 
Kruislaann 403, 1098 SJ Amsterdam, Netherlands 

Thee first part of this thesis consists of four chapters about long-
termm variability in Be stars, analysing the changes in structure 
andd size of Be-star discs. The second part consists of four chap-
terss about absorption line-profile variations due to pulsations 
inn early-type stars, investigating whether it is possible to spec-
troscopicallyy identify pulsation modes. The separate chapters 
havee been or wil l be published in the astronomical literature. 

1.. Equatorial discs around Be stars 

Moree than a century ago, Secchi (1867) discovered a star with 
spectrall  lines that are brighter than the spectral continuum; be-
foree then only spectral absorption lines had been observed in 
celestiall  objects. This star, 7 Cas, became a prototype of the 
Bee stars, a group of hot non-supergiant stars, labelled after 
theirr spectral type and the fact that they show, or have shown, 
emissionn lines in their spectrum. About 20% of all B stars are 
Bee stars. General features of Be stars are: rapid rotation, com-
plexx emission-line profiles that are often double peaked, and 
opticall  and infrared continuum excesses. Be stars are particu-
larlyy interesting because they show variability of absorption and 
emission-linee profiles and of the optical and infrared brightness, 
onn time scales ranging from hours to years. In spite of many at-
tempts,, no explanation for the Be phenomenon has been found 
soo far. Major reviews on Be stars have been given by Doazan 
(1982)) and Slettebak (1988). 

Inn 1931 Struve put forward a model to explain the ob-
servedd emission-line profiles of Be stars. According to this 
modell  Be stars have an equatorial disc where ionized Hydro-
genn can recombine to form the emission lines, and the double 
peakedd structure of these lines is due to the velocity structure 
off  gas in the disc and to self-absorption in the disc. In 1974 
Gehrzz et al. showed that the (near-)infrared flux excesses are 
duee to optically thin free-free emission in the envelope. Even 
thoughh polarisation measurements were consistent with flat-
tenedd circumstellar envelopes (see reviews by Coyne & McLean 
1982,, Cassinelli 1987), the picture of an equatorial disc has 

longg been questioned (see e.g. Doazan & Thomas 1982). Van 
denn Heuvel & Rappaport (1987) support Struve's model as they 
pointt out that the observed X-ray flux of Be/X-ray binaries in-
dicatee that the compact objects in these binaries accrete from a 
relativelyy dense, low-velocityy wind, confirming the existence of 
disc-likee winds. Now that recent radio and Ha interferometry 
measurementss have resolved non-spherical envelopes around 
Bee stars (e.g. Dougherty & Taylor 1992, Vakili et al. 1994), the 
ideaa of equatorial discs has generally been accepted. 
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Fig.. 1. Struve's (1931) rotational model as sketched by Slettebak 
(1979) ) 

Onee of the fundamental problems in Be-star physics is 
thee formation mechanism of equatorial discs. The role of 
radiationn pressure, magnetic fields, rapid rotation and non-
radiall  pulsations has been considered (see review articles in 
Proc.. IAU Symp. 162, eds. Balonaet al. 1994). Recently pro-
posedd mechanisms are the bi-stability of radiation-driven winds 
(Lamerss & Pauldrach 1991), the expulsion of material from the 
starr due to angular-momentum transport caused by stellar oscil-
lationss (Lee et al. 1991), and the rotational compression of the 
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polarr wind towards the equatorial plane (Bjorkman & Cassinelli 
1993;; for radiatively driven winds this latter model may not pro-
videe the necessary compression towards the equatorial plane, 
seee Owocki 1996). However, the proposed disc-formation mod-
elss have not been successful in explaining the disc densities 
ass derived from the observed infrared excesses (Waters et al. 
1987)) and from the observed emission-line strengths (Poeck-
ert&&  Marlborough 1978, Dachs et al. 1992). 

Thee disc-formation models have so far mainly been con-
cernedd with steady-state discs. However, it is obvious from ob-
servationss obtained during the past century that the envelopes 
off  Be stars are far from steady. Be stars can turn into regular B 
starss (which have no discs) and vice versa, or can display Be 
shelll  spectra. The brightness of some Be stars increases grad-
uallyy over decades, which has generally been interpreted as 
circumstellarr discs that grow in size and/or density. Emission-
linee profiles change their shape on time scales of several years 
(V/RR variability, see below), which reflects long-term variations 
inn the disc-like envelope. In the first part of this thesis a number 
off  unsolved issues regarding the long-term variability of Be-star 
discss is addressed. 

1.1.1.1. Optical and infrared continuum 

Thee spectral energy distributions of Be stars are composed of 
photosphericc emission and a contribution from the equatorial 
disc.. Since the optical depth of the free-bound and free-free 
emissionn in the disc depends on wavelength, the slope of the 
spectrall  energy distribution contains essential information on 
thee radial density distribution in the disc. From optical and 
infraredd photometry the radial density gradient and the base 
densityy of the disc can be derived (see e.g. Waters 1986). In 
general,, the derived radial density distributions correspond to 
discss with outflowing gas. 

Inn Chapters 2 and 5 of this thesis, we investigate the long-
termm variability of the optical and infrared continua of the Be 
starss 7 Cas (B0.5IVe) and X Per (BOVe), respectively. The 
discc of X Per is highly variable, and at some epochs absent. 
Therefore,, X Per is a perfect object to study the formation of a 
Be-starr disc. Using the model of Waters (1986) we derive disc 
growthh rates and disc decline rates for X Per, which can be used 
too constrain the current disc-formation models. 

1.2.1.2. V/R variability 

Thee double-peaked emission lines of many Be stars show long-
termm variability of the ratio of the intensity of the violet (V) 
andd the red (R) peak in the profile, on time scales of years to 
decades.. Models that have been proposed to explain the V/R 
variabilityy either imply subsequent infall and outflow phases of 
thee envelope (see Doazan 1982), or the revolution of azimuthal 
structuree in the disc. The latter has been proposed in the form of 
revolvingg elliptical rings (Huang 1972), as azimuthal structure 
invokedd by the presence of a companion (Cowley & Gugula 
1973),, or as disc oscillations (see Section 1.4). 

Subsequentt phases of infall and outflow in the disc could 
certainlyy produce V/R variations, but will certainly also lead 
too a variable radial density distribution and hence to different 
slopess of the spectral energy distribution as a function of V/R. 
Inn Chapter 2 we relate the long-term changes in the slope of 
thee optical and infrared energy distribution of 7 Cas with the 
observedd V/R variations, and conclude that the proposed model 
off  subsequent phases of infall and outflow in the envelope is 
inconsistentt with the observations. 

1.3.1.3. Discrete absorption components 

High-resolutionn ultraviolet spectroscopy has shown that early-
typee stars possess low-density high-velocity radiatively-driven 
winds.. In Be stars the high-density low-velocity equatorial disc 
coexistss with the radiatively-driven wind blowing at higher lat-
itudes. . 

Thee wavelength domain covered by the IUE satellite con-
tainss lines of several ions that are responsible for the line-driving 
off  the wind. Hammerschlag-Hensberge (1979) discovered blue-
shiftedd absorption enhancements in the P-Cygni type profiles 
off  the resonance lines of N v, Si iv, and C iv of 7 Cas (see also 
Henrichss et al. 1983). Similar discrete absorption components 
(DACs)) have been observed in practically all O stars and in 
manyy Be stars (see, e.g., Henrichs 1984, Grady et al. 1987, 
Howarthh & Prinja 1989). DACs reflect density enhancements in 
thee wind, that migrate outwards on time scales that are longer 
thann that of the flow speed in the wind. 

Doazann et al. (1987, 1989) found observational evidence 
forr a correlation between the long-term cyclic V/R variability 
off  Balmer emission lines and the presence of DACs and changes 
inn the equivalent width of UV resonance lines of the Be stars 
77 Cas and 59 Cyg. In Chapter 3 we analyse the high-resolution 
IUEE spectra of 7 Cas, to quantify the relation between the pres-
encee of DACs and the V/R variation of this star. Using the 
DAC-anlysiss method proposed by Henrichs et al. (1983) we de-
rivee that the column density of the density enhancements in the 
polarr wind of 7 Cas is linked to the V/R variation that originates 
inn the equatorial disc-like wind. We suggest that in 7 Cas this 
linkk might be due to one-armed global disc oscillations. 

1.4.1.4. One-armed global disc oscillations 

Ann elegant explanation of the V/R variations is provided by 
modelss concerning one-armed global disc oscillations (Kato 
1983,, Okazaki 1991, Papaloizou et al. 1992, Okazaki 1996). 
Thee gas motions in the disc are assumed to be quasi-Keplerian; 
thee elliptical orbits of individual particles line up to form a 
densityy enhancement and rarefication as a function of azimuth. 
Thiss density enhancement revolves very slowly around the star; 
whenn the density enhancement is on the approaching side of the 
discc we see more blue-shifted line emission, when it is located at 
thee receding side of the disc we see more red-shifted emission. 
Thee influence of various forces on the non-Keplerian potential in 
thee disc governs whether the oscillations are retrograde (with the 
oppositee rotational sense as the stellar rotation and the rotation 
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ll  = 2 , \m\ = 2 
sectorall  mode 

II  = 5 , |m| - 6 
sectorall  mode 

II  = 5 , \m\ = 4 
tesserall  mode 

II  = 6 , \m\ = 2 
tesserall  mode 

II  » 5 , (m| = 0 
zonall  mode 

Fig.. 2. Non-radial oscillations; here we sketch the radial part of the velocity field for three values of the inclination i=\5° (bottom), i=45°, 
andd i=75° (top), with the pole indicated by a dark dot. The nodal circles are white; the adjacent patches move in opposite directions. The 
indicess of the spherical harmonics I and m give the total number of nodal circles and the number of nodal circles along meridians, respectively. 
Sectorall  modes have £=\m\ (all nodal circles along meridians); zonal modes have |m|=0 (none of the nodal circles along meridians). Sectoral 
andd tesseral oscillations are travelling waves, zonal oscillation modes are standing waves. The sign of m depicts whether the travelling waves 
movee progradely or retrogradely with respect to the rotation of the star 

off  the disc particles) or prograde (travelling in the same direction 
ass the stellar rotation). 

Inn Chapter 4 we show that the long-term V/R behaviour of 
thee emission-line profiles of the Be star /3' Mon (B3 Ve; Cow-
leyy & Gugula 1973) implies that for this star the disc oscillation 
iss prograde. The fact that the duration of the V/R cycles in 
77 Cas increases with time (Chapter 3, Doazan 1987) is not yet 
accountedd for in any of the models proposed to explain the V/R 
variation. . 

7.5.. Summary 

Wee have quantitatively analysed the long-term behaviour of the 
discss of two Be stars, and by doing so we could reduce the num-
berr of possible explanations for the observed V/R variability. 
Wee have argued that the model involving disc pulsations can 
explainn some of the major features of V/R variability. Addi-
tionally,, we have derived, for the first time, the growth rate of 
aa Be-star disc, which gives essential information for studies of 
thee formation mechanism of Be-star discs. 

2.. Non-radial pulsations in early-type rotating stars 

Thee theory of non-radial pulsation was developed by Lord 
Kelvinn (Thomson 1863) before that of radial pulsation. Through 
thee interest in Cepheids the theory of radial pulsation showed 
muchh progress in the first half of this century; the lack of appli-
cabilityy kept the development of non-radial oscillation theory 

att a slow pace. It was only in the 1950's that Ledoux (1951) 
suggestedd that the observed variability in the broadening of the 
spectrall  lines of /3 CMa (a prototype of the (3 Cephei vari-
ables)) is due to non-radial pulsations. Osaki (1971) calculated 
linee profiles of non-radially pulsating stars and compared them 
withh observations available at that time; with the work of Smith 
(1977),, who used a similar model to fit  line-profile variations, 
thee field of pulsation-mode identification came off the ground. 
AA splendid review on non-radially oscillating stars is given by 
Unnoetal.. (1989). 

Thee Sun is the best studied non-radial pulsator; it pulsates in 
virtuallyy all detectable oscillation modes with harmonic degree 
II  ranging from zero (i.e. a radial oscillation) to ~1000 (see 
Figuree 2 for an explanation of the spherical harmonic indices 
II  and \m\). Helioseismology poses severe constraints on the 
internall  solar structure and the expected solar neutrino output. 

Al ll  over the Hertzsprung-Russell diagram there are groups 
off  stars that pulsate in non-radial modes. The research presented 
inn the second part of this thesis applies to (slightly evolved) 
early-typee stars, such as 5 Scuti variables (AF type), /3 Cephei 
variabless (early B type) and ( Ophiuchi variables (OB type, 
rapidd rotators). These stars have apparent pulsation periods of 
aa few hours, and with the present observing facilities pulsation 
harmonicc degrees up to ~ 15 can be derived spectroscopically 
(seee Chapter 7). 

Thee study of pulsations in stars provides direct tests for 
thee validity of stellar evolution models. With the current obser-
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Fig.. 3. The pulsation introduces local velocity shifts in the line profile. 
Ass the star rotates the pattern of bumps and troughs moves from blue 
too red through the profile. Taken from Vogt & Penrod (1983) 

vationall  capabilities, the prospect of asteroseismology seems 
promising:: one can compare the observed pulsation character-
isticss with those of stellar models, and thereby constrain the 
internall  structure of the modelled stars. Such a comparison is 
onlyy possible if the observations can lead to convincing identifi-
cationss of the stellar pulsation modes. For non-radial pulsations 
thee relevant parameters are the degree I and azimuthal order m, 
whichh specify the shape of the pulsation mode (see Figure 2). 
Thee intrinsic pulsation frequency is physically linked with the 
degreee I of the pulsation (see e.g. Dziembowski & Pamyatnykh 
19933 and Gautschy & Saio 1993 for /3 Cephei stars). For ro-
tatingg stars the azimuthal order affects the apparent frequency, 
sincee the modal pattern is rotating with the star. Hence, for 
asteroseismologicall  purposes one needs accurately determined 
valuess of I, m and the observed frequency. 

2.1.2.1. Pulsation-mode identification 

Thee non-radial pulsations divide the stellar surface into re-
gionss with different velocity fields and temperatures. If the 
amplitudee of the pulsation is large enough, the pulsational mo-
tionss and temperature variations across the surface of the star 
cann be detected. The temperature variations lead to brightness 
changess which can be observed photometrically. Heynderickx 
ett al. (1994) and Cugier et al. (1994) have shown how to iden-

tifyy low-degree (£<3) pulsation modes of /3 Cephei stars from 
multi-passbandd photometry. The pulsational temperature varia-
tionss lead to line-profile variability due to both local brightness 
andd equivalent-width variations. Similarly, the pulsational ve-
locityy field gives rise to line-profile variations due to the associ-
atedd Doppler shifts. Due to the rotation of the star the variability 
att the stellar surface is Doppler mapped on the absorption line 
profiles,, creating a pattern of peaks and troughs that move from 
bluee to red through the line profile (Vogt & Penrod 1983, see 
Figuree 3). Such profile variations have been successfully mod-
elledd as the result of non-radial pulsations (see e.g. Smith 1986, 
Vogt&Penrodd 1983, Baade 1984, Gies& Kullavanijaya 1988, 
Kambee et al. 1990, Reid et al. 1993). 

Variouss methods to spectroscopically identify the pulsation 
parameterss have been proposed. Smith (1977, 1986) has fitted 
observedd line profiles and time series of profiles with a model 
whichh includes the pulsational velocity field. This profile fitting 
processs involves a considerable number of parameters which 
aree not all independent, and hence the uniqueness of the identi-
ficationfication of the parameters t and m is in some cases questionable. 
Nevertheless,, this approach provides a flexibilit y upon which 
onee can always fall back if other methods fail. 

Balonaa (1986) and Aerts et al. (1992) developed the "mo-
mentt method", with which one investigates the variations of 
thee first few statistical moments of the line profiles (which are 
relatedd to the centroid velocity, line width, and line skewness), 
ass a function of time. With this method one is able to separate 
thee relevant from the irrelevant parameters that are involved, 
andd values of I and m can be derived. Since the variations in 
thesee moments are only detectable for pulsation modes with 
C^>4C^>4 (assuming reasonable pulsation amplitudes), this method 
hass only limited applicability. 

Giess & Kullavanijaya (1988) and Kennelly et al. (1992) 
havee developed methods that examine a time series of spec-
traa with Fourier techniques. For each narrow wavelength in-
tervall  in the line profile the variations in normalized intensity 
aree Fourier transformed. Considering that the pulsations are 
Dopplerr mapped as line-profile variations, the mode identifica-
tionn is then attempted using the observed change in phase of the 
periodicc variations as a function of position in the line profile. 
(Thee method of Kennelly et al. involves a Fourier transform 
inn both time and wavelength domains.) In Chapters 6 and 7 
wee investigate for which part of parameter space this method 
iss applicable, and find that the meaning of the results of this 
methodd is different from what was originally thought. We show 
thatt if the rotational broadening of the absorption lines is large 
enough,, one can derive values of I up to ~15 and values of \m\ 
upp to ~ 10 with this method. With an application of the method 
too previously published spectral time series of e Per (B0.7III; 
Giess & Kullavanijaya 1988) and ( Oph (09.5 V ; Reid et al. 
1993)) we show that previous identifications of the pulsation 
parameterss might need to be revised. 

Withh the work of Lee et al. (1992) and Aerts & Waelkens 
(1993)) the question was raised how the effects of rotation on the 
pulsationall  velocity field disturb the ability to derive the pulsa-
tionn parameters £ and \m\. Through the Coriolis and centrifugal 
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forcess the stellar rotation affects the pulsational velocity field 
suchh that it cannot be approximated with one single spherical 
harmonicc function. In Chapters 6 to 8 we address this issue and 
showw that especially for low-degree pulsation modes (includ-
ingg radial modes) the effects of rotation become important. In 
rotatingg stars a radial pulsation can have the same line-profile 
variabilityy characteristics as that of non-radial modes. 

Inn Chapter 9 we analyse a large data set of spectra of the 
pulsatingg star 0 Cephei (first presented by Aerts et al. 1994). 
Withh the moment method and a method equivalent to that of 
Giess & Kullavanijaya we identify the pulsation indices of the 
non-radiall  pulsation mode in this star; both methods lead to 
thee same mode identification. In agreement with the UV wind 
variabilityy of 0 Cephei (B2 III) , we find in the optical pho-
tosphericc absorption lines evidence for rotational modulation, 
whichh might be associated with the presence of a magnetic field. 

2.2.2.2. Conclusions 

Thee first steps towards actual asteroseismology have been taken. 
Wee have shown that the line-profile variability contains enough 
informationn to identify pulsation modes, for modes with har-
monicc degree ££15. We now have to apply our analysis tech-
niquee to observations. However, there are only few existing 
dataa sets that are suitable for such an analysis, three of which 
havee already been re-analysed in this thesis. New extensive time 
seriess of spectra of rotating pulsating stars are needed to take 
furtherr steps towards asteroseismology. 
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