
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Spectroscopic diagnostics of pulsation in rotating stars

Schrijvers, C.

Publication date
1999

Link to publication

Citation for published version (APA):
Schrijvers, C. (1999). Spectroscopic diagnostics of pulsation in rotating stars. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/spectroscopic-diagnostics-of-pulsation-in-rotating-stars(c139fbe9-65df-4854-8c24-a63d989b6430).html


1 

General introduction 

1.1 Introduction 

Looking at the sky on a clear night, one can easily get the impression that stars are 
quiet and static objects. Careful observation shows that this is by no means true. A star, 
born out of matter in the interstellar medium, spends most of its life in the hydrogen-
burning main-sequence stage. Consuming its nuclear fuel, it changes its internal struc
ture on an evolutionary timescale. There are many stellar activities on timescales which 
are much shorter. This study deals with one such stellar activity: nonradial pulsation. 

This thesis consists of two parts. The first four chapters (2 to 5) describe theory and 
analysis methods. The last five chapters (6 to 10) describe the application to stars. I 
first give below a general introduction, which becomes more specific to the end, and 
emphasize the role of /3 Cephei stars in this thesis. 

1.2 Nonradial pulsations 

Nonradial pulsations are the general type of stellar eigen-oscillations. Two types of 
stellar oscillation are distinguished: radial and nonradial. The radial oscillation is the 
simple type in which a star oscillates around its equilibrium state, by expanding and 
contracting periodically, while keeping its spherical shape. In the case of nonradial 
pulsations the total volume is more or less conserved, and neighboring segments of 
the star oscillate in different phases. Theoretically, radial oscillation may be regarded 
as a special case of nonradial oscillation. 

Stars differ from each other in mass, chemical content and evolutionary stage. From 
the perspective of the theory of nonradial oscillations, stars act like musical instru
ments which can pulsate in modes that are typical for a given star at a specific moment 
in its life. By studying the stars' pulsations one obtains information about its inter
nal structure. This provides one of the very few methods to probe the inside of stars, 
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Chapter 1. Genera 1 in trod uc tion 

and can be used as a test for stellar structure theory. For this reason, this branch of 
astrophysics is called asteroseismology 

1.3 Historical background 

The concept of pulsating stars entered the natural philosophy during the second half 
of the nineteenth century when Lord Kelvin (1863) developed his theory of nonradial 
pulsation and Ritter (1879) developed a theory of radial pulsation. By bringing the 
two concepts together and treating them as manifestations of the same phenomenon, 
Eddington (1926) founded the general theory of pulsating stars. Until the 1950s the 
main concern of pulsation theory were the Cepheid stars, which were accepted to pul
sate radially. Efforts to further develop the theory of nonradial pulsations were scarce: 
Pekeris (1938) obtained the exact analytic solution for adiabatic nonradial oscillations 
in a homogeneous compressible model whereas Cowling (1941) extended this study 
to a polytiope model. By suggesting that the periodic broadening of spectral lines of 
fi Canis Majoris is the result of nonradial pulsations, Ledoux (1951) initiated an inten
sified development of the theory of nonradial pulsations. Following Ledoux's theory, 
Osaki (1971) calculated line profiles for a nonradially pulsating star and compared the 
result to observations. 

In 1962 Leigh ton, Hoyes & Simon discovered the solar 5-minute oscillation. The 
resolution of solar oscillation into discrete eigenmodes by Deubner (1975) opened the 
door for Ando & Osaki (1975) to establish that the 5-minute oscillation are high-degree 
nonradial p-modes. In the subsequent years, low-degree p-modes were discovered by 
analysis of line profiles in the integrated light of the solar disk. With these discoveries, 
the possibility arose to undertake a helioseismological approach to probe the solar inte
rior. New developments in the techniques of observing solar pulsations, such as polar 
telescopes, whole-earth networks and space missions, have dramatically improved the 
results of helioseismology The results from helioseismology include increasingly ac
curate determinations of the sun's internal rotation rate, its central temperature and 
helium abundance, and predictions of its neutrino output. 

Owing to the development of high-precision spectroscopy with the use of solid-
state detectors, several classes of nonradially pulsating stars were discovered. The rise 
of scientific computing allowed the numerical treatment of nonradial pulsation mod
els. These developments caused an increased interest and an explosion of knowledge 
about nonradial pulsation in stars and its connection to related phenomena, such as 
evolutionary scenarios and the Be phenomenon. Presently, the field of asteroseismo
logy is growing very rapidly. For a more complete review of the historical background, 
see the textbook of Unno (1989). 

1.4 Basic properties of nonradial pulsations 

The intention of this section is to familiarize the reader with the concepts that are used 
throughout this work. In order to illustrate some of the basic properties of nonradial 
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1.4. Basic properties ofnonradial pulsations 
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Fig. 1.1. Examples of oscillation patterns for selected normal modes. From the left 
to the right, the figure shows two sectoral modes (C=2 and (—5), two tesseral modes 
(|m|=4 and \m\=2, both have £=5), and one zonal mode ((=5, m=0). For each mode 
one sees three plots of the radial component of the surface-velocity field, for inclina
tion angles i = 75°, i = 45° and i = 15° (top to bottom). The positions of the visible 
pole is indicated by a bright dot. The dark regions indicate the surface areas which 
move towards the center of the star, and the light regions are the areas which move 
away from the center 

pulsations, an extremely simple pulsation model is used. 
Consider a non-rotating spherically symmetric star without a magnetic field. Such 

a star can be regarded to be in an unperturbed state. On this equilibrium state we 
superpose a time-dependent perturbation of the physical variables describing the star, 
which we take proportional to Ye

m(6, 4>)&iut, where Ye
m(0,4>) denotes the spherical har

monic function which defines the shape of the perturbation as a function of colatitude 
6 and azimuth <?; u> is the angular frequency of the oscillation and t is time. In princi
ple, one could have chosen functions other than spherical harmonics, as long as these 
functions form a complete orthogonal set. The Ye

m appears to be the most convenient 
choice for describing motions on a sphere. The function Y™(6, <j>) is expressed by 

Yt
m (6, 0) = Wf Pjm | (cos 6) e,m4'1 (1.1) 

where Pp denotes the associated Legendre polynomial of degree £ (£-0,1,2,...) and 
order m (m=-£, -£+ 1, ...,0, ...,£- 1,1), and N™ is a normalisation constant. Then all 
physical parameters are expressed as a linear combination of Ye

m(0,4>)etuJt. As a conse
quence, all coefficients in the linearized basic equations (e.g. Poisson's equation, the 
radiative diffusion equation, and the equations of conservation of mass, momentum 
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Chapter 1. General introduction 

and energy) are functions of the distance r to the stellar center only; they are indepen
dent of 9, <p and t. An arbitrary displacement is then expressed as: 

£ r = J2tr,ni(r)Ye
m(0.é)e'"\ (1.2) 

n,l,m 

where n is the radial order, which corresponds to the number of nodes between surface 
and center. Note the mutual independence of the radial, angular and temporal parts in 
this equation. Because modes with different n, £ or m do not interact in the linear the
ory, we can study each mode separately. This procedure is called normal mode analysis 
and the expression of a physical radial displacement at the surface of the star becomes: 

fr = AN?Pp (cos 6) cos(^ + mcj>) , (1.3) 

where A is the pulsation amplitude. This representation expresses a normal mode as 
a wave that is travelling around the equator with a phase velocity (|y) = ——. In our 
convention (similar to Unno et al, 1989) the sign of m represents the direction in which 
the wave travels, relative to the direction in which the star revolves around its rotation 
axis: a negative value of m indicates a prograde wave (travelling in the same direction 
as the rotation), a positive value corresponds to a retrograde travelling wave (oriented 
opposite to the rotation). 

The observed pulsation frequency of a mode, w0bs, is related to its frequency in the 
frame of the star, the rotation rate fi of the star, and the m-value of the mode. In most 
cases the rotation rate will dominate the observed frequency, leading to 

<A>bs = w — mfl, (1.4) 

which is appropriate for bumps moving from the blue to the red across the line profile, 
i.e. for prograde modes and for most retrograde modes. In the special case of a ret
rograde mode with a travelling speed of the pattern that exceeds the rotation rate, the 
relation is 

^obs = rriQ - w, (1.5) 

which corresponds to the exceptional case of bumps that migrate from the red to the 
blue across the line profiles. 

An illustration of the patterns of oscillation at the stellar surface is given in Figure 
1.1 for different normal modes. As can be seen from this figure, I corresponds to the 
total number of node lines on the surface, which are the great-circles that separate the 
regions of opposite phase. The number of node lines that cross the equator is equal 
to m. For non radial oscillations (1^0), we distinguish three types of normal modes: 
sectoral {(.— \m\), zonal (m=0) and tesseral (i>\m\, m/0) modes. A radial oscillation 
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mode corresponds to (=0. 
Mathematical elaboration of the adiabatic normal mode oscillation of a nonrotating 

nonmagnetic star leads to the distinction of two kinds of restoring forces: pressure and 
gravity. The frequency domains of the waves that correspond to these restoring forces 
are separated by two characteristic frequencies: the Lamb frequency 

j2 ((i + \)c2 Pê 
L( = ^ — * T T . (1-6) 

with c the local speed of sound, and the Brunt-Vaisala frequency 

„..„WJSft.SSfi, (L7) 

where g is the local gravitational acceleration and l\ the usual adiabatic coefficient. 
High-frequency oscillations (^2 > Lj, N2) are dominated by pressure perturbations, 
which are considered as acoustic, shear-free waves, called p-modes. For low-frequency 
oscillations (to2 < if, N2), the restoring force is mainly due to buoyancy. These waves 
are considered as isobaric gravitational waves, called g-modes. In the intermediate 
frequency-region (to2 between L] and N2), a wave is damped, resulting in a tempo
rary oscillation called an evanescent wave. In general all three frequency domains 
exist in different regions of the same star. The idea of pure p-modes and g-modes is a 
highly idealized conception. A real, physical pulsation has a mixture of restoring forces 
(e.g. Clement 1993), that can be referred to as pressure-modified gravitational waves 
or gravitation-modified acoustic waves. In the case of rotation or magnetic fields, ad
ditional restoring forces like Coriolis force and magnetic forces come into play. 

1.5 Observational evidence for nonradial pulsations 

Many groups of stars have been found to be pulsating variables. The classical 
Cepheids, RR Lyrae stars and Mira variables were found to exhibit radial, spherically 
symmetric pulsations. Their variations in light and radial velocity are succesfully ex
plained by a model of periodic expansions and contractions of the star as a whole. 
Until the 1970s the existence of nonradial pulsations in stars was suspected but not 
confirmed. However, various new observational techniques such as the resolution of 
stellar images by interferometry, surface Doppler imaging and the use of eclipses in 
binaries, together with new theoretical interpretations of the observations, provoked 
the discovery of several classes of nonradially pulsating stars. At present it is accepted 
that nonradial pulsations occur in O-stars, 3 Cephei stars, SPBs (slowly pulsating B-
type stars), LBVs (luminous blue variables), Be stars, 7 Dor stars, Ap stars, S Scuti 
stars, white dwarfs and solar type stars. The variability observed in some other types 
of stars is suspected to be caused by nonradial pulsations as well. 
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Fig. 1.2. The surface velocity field (top) related to the nonradial pulsation in a rotating 
star redistributes the flux over the line profile (bottom). The white line around the star 
indicates the equator, whereas the visible pole is indicated by a dot. The dark regions 
move towards the observer, which causes a blue-shift of the intrinsic absorption lines 
emitted from that area. The light regions move away from the observer, causing a 
red-shift of the intrinsic absorption lines. This results in the typical pattern of bumps 
and troughs in the line profiles of pulsating stars. As the pattern revolves around the 
rotating star, the bumps and troughs typically travel from the blue to the red across 
the line-profile (see Figure 1.3). This illustration is based on the very similar figure 
from Vogt & Penrod (1983) 

1.6 Spectral line profile variations due to nonradial pul
sations 

When we look at the light of stars as a function of its wavelength by means of spec
troscopic techniques, we find various features which are specific for the layer of the 
atmosphere of the observed star, from where the photons were emitted. A spectral ab
sorption line is one such feature. If we were able to observe the absorption line profile 
from a tiny part of the stellar atmosphere, it would be the result of the atomic properties 
and distribution at that particular spot of the stellar surface layers. We call such a local 
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1.6. Spectral line profile variations due to nonradial pulsations 
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Fig. 1.3. Moving bumps migrating across a line profile. Here we show the line-profile 
variations for two selected normal modes. The top row shows a sectoral mode of 
degree £=4, whereas the bottom row shows a tesseral mode with degree £=8 and 
order ]m|=6. We show 8 line profiles during one complete pulsation cycle. The last 
figure is identical to the first one. The phase (or time) increases to the right. The 
line profiles in the figure (thick line) show the regions of increased or decreased flux, 
that migrate through the profile. We overplotted the line-profile in the non-pulsating 
case, with a thin line. The residuals, which show only the variations caused by the 
pulsation mode, are drawn below the line profile. In the profile-plots the wavelength 
increases to the right. The pictures above the line profiles show the distribution of the 
radial component of the surface-velocity field, as in Figure 1.1 

absorption line profile an intrinsic line profile1. The actual shape of an absorption profile 
as we observe it, is a consequence of more than the atmospheric constituents and their 
distribution alone. It is related to the stellar geometry and global atmospheric velocity 
fields as well. 

For example, when a star rotates, different parts of the stellar surface have differ
ent relative velocities with respect to the observer. Therefore, each intrinsic profile is 
shifted in wavelength space by the Doppler effect. The absorption line profile as we 
measure it, is the integrated effect of Doppler-shifted intrinsic line profiles over the vis
ible stellar disk. In general, the intrinsic line profile will be smeared out in wavelength 
space by the velocity distribution at the stellar surface. 

As an example, consider an absorption line profile of a rotating star. Rapid rota
tion gives the profile a broad appearance with a shape of half an ellipse. The short-
wavelength side of the profile originated at the limb of the stellar disk that is moving 
towards us, while the long-wavelength side comes from the opposite limb that is mov
ing away from us. Therefore, the line profile of a rotating star can be interpreted as 

'The intrinsic line profile usually refers to the flux profile (integrated over the visible hemisphere) or 
the intensity profile (defined for a given angle between the surface normal and observer). Both these 
quantities result from an integration of photons from a range of depths in the atmosphere, not just one 
specific level 
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a map of the stellar surface. Suppose that the rotating star undergoes an oscillation. 
Because neighboring parts of the visible stellar surface have different velocities su
perposed on the rotational velocity, the flux in the rotationally broadened absorption 
profile is redistributed by the pulsation. This effect is schematically visualized in Fig
ure 1.2. At specific points in wavelength space, the flux is enhanced by the collective 
effect of Doppler-shifted photons, while in other points the flux is less. By this mech
anism, the absorption line profile of a rotating star that exhibits nonradial pulsation, 
is like an image of the oscillation pattern on the stellar surface, called a Doppler image. 
This method was first applied by Vogt & Penrod (1983). 

A schematic picture of the behavior of an absorption line profile, caused by the 
oscillation of a rotating star, is shown in Figure 1.3. The line profiles in the figure 
show the regions of increased or decreased flux, that migrate across the profile. These 
features, called 'moving bumps', are characteristic for nonradial pulsations. Obviously, 
all properties of an oscillation contribute to the precise shape and behaviour of the line 
profile. For example, the number of moving bumps is an indication of the degree of the 
oscillation mode, the amplitude of the moving bumps is co-determined by the velocity 
amplitude of the oscillation, and the speed by which the bumps move across the profile 
is determined by the combined effect of the oscillation frequency and the rotation of 
the star. 

1.7 Nonradial pulsations in (3 Cephei stars 

As mentioned in Section 1.5, nonradial pulsations have been discovered in many types 
of stars, distributed all over the Hertzsprung-Russell diagram. This work is largely 
focussed on a class of stars called the 0 Cephei stars, 0 Cephei stars are a group of early 
B stars which show rapid variations of brightness, radial velocity, and line profiles. The 
variations have periods that range from about two to seven hours, and persist over 
extended intervals of time. It is accepted that the observed variations are caused by 
pulsations. 

0 Cephei was amongst the first group of stars of this type, discovered to be short-
period variables by Frost in 1902. In the first decades after this discovery, in which 
the topic received little attention, only the periods of the light and radial velocity vari
ations of a few 0 Cephei stars were established (e.g. Frost 1902, 1906, Albrecht 1908, 
Guthnick 1913, Meyer 1934). The investigations of Stiuve and his colleagues, resulting 
in several observational studies of selected 0 Cephei stars, revived the subject in the 
1950s (see Struve 1955). After the J Cephei stars sank into oblivion in the 1960s, the 
production of both theoretical and observational results in the 1970s greatly improved 
our knowledge of these objects. The development of solid-state detectors and the rise 
of high-resolution spectroscopy radically improved the techniques to study the vari
ability in the 0 Cephei stars. Since then, many new 0 Cephei stars were discovered, 
and the number of well-studied cases increased significantly. Excellent reviews on 
this subject were presented by Lesh & Aizenmann (1978) and Sterken & Jerzykiewicz 
(1993). 
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1.7. Nonradial pulsations in ;3 Cephei stars 

It took until the first half of this decade before a satisfactory explanation was given 
for the driving mechanism of the pulsations in 0 Cephei stars. Simon (1982) already 
showed that an enhancement of the metal opacities in these stars would provide a 
natural explanation of the driving mechanism. It took till 1992 before Simon's predic
tion was proved by new extensive calculations of the opacity (e.g. Iglesias et ol. 1992; 
Seaton et ol. 1994), which firmly established the «-mechanism (Baker & Kippenhahn 
1962) as the driving mechanism of the pulsations in B Cephei stars. The modified opac
ities also allowed a prediction of the positions in the Hertzsprung-Russell diagram at 
which 0 Cephei type variability is expected to occur (see Figure 1.4). 

Altogether, the theoretical and observational discoveries during this century estab
lished nonradial pulsations as the mechanism behind the short-period variability in 
the 3 Cephei stars. 

logL/U 

loii|-p«riod uutabllity : 
I- 1 - 2 

X - 0.70. Z - 0.02 

K OP S9Z v.2.0 
OPAL EOS 

,«= 1 

No overshooting 

V r t = 0 

-J 1 l_ 
4.8 4 4 4.2 

Fig. 1.4. Theoretical instability domains for 6 Cephei and the SPB star models, calcu
lated from recent OP (opacity project) opacities. The thin dashed lines show evolu
tionary tracks for some stellar models with masses given in solar units. Taken from 
Pamyathnykh (1998) 

The definition of 0 Cephei stars changed many times. Former definitions included 
requirements based on the observational properties of the 'confirmed 0 Cephei stars' 
at that time, such as a low rotation rate or the presence of a radial mode. Most of these 
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additional requirements were the result of observational selection effects (see Section 
1.8). The primary requirement for an early-type star to be recognized as a 0 Cephei star 
did however not change, and states that a 0 Cephei star shows light and/or line-profile 
variations with periods as short as several hours. 

1.8 (3 Cephei stars: photometric versus spectroscopic ob
servations 

The first 0 Cephei stars were discovered by means of photographic spectroscopy. The 
spectrograms showed significant variations of the radial velocity, and a period was in 
some cases succesfully determined (e.g. Frost 1902, 1906, Albrecht 1908). These first 
3 Cephei stars had in common that one strong mode seemed to dominate the radial 
velocity variation. At that time, photometry and spectroscopy were limited to the use 
of photographic plates. Only light changes of a few hundreds of a magnitude could be 
detected with photographic photometry, which is not sufficient to study the variations 
in most 0 Cephei stars. 

This situation changed in the 1920s with the introduction of photoelectric tech
niques, with which a much higher accuracy could be achieved than with photographic 
plates. Also, photometry is much more efficient than spectroscopy, because the fraction 
of the light from the telescope that is used in spectroscopy is much smaller than with 
photometry. The introduction of photoelectic photometry caused a shift in the way 
that new 0 Cephei stars were discovered, by allowing systematic surveys of candidate 
stars. 

This caused an important change in our view of (3 Cephei stars. The '3 Cephei 
stars discovered with the photoelectic methods did not necessarily have large radial 
velocity variations, as is the case with the spectroscopically detected cases. Indeed, the 
0 Cephei stars that were discovered from photometry show only small radial velocity 
variations (Aerts 1999, private communication). 

Until the 1960s, photometry was highly prefered over spectroscopy for the study 
of 3 Cephei stars. The development of solid-state detectors was responsible for huge 
improvements in all fields of observational astronomy. The quality of both photo
metric and spectroscopic measurements increased dramatically with the use of CCD 
chips. Photometrically, new 0 Cephei stars could be found from accurate measure
ments of even weaker licht variations, and 0 Cephei stars were discovered in clusters 
(e.g. Balona & Engelbrecht 1985, Jerzykiewicz & Sterken 1992, Balona, Dziembowski 
k. Pamyatnykh 1997). The improvements in spectroscopic hardware allowed the de
tection of much smaller radial velocity variations. In addition to these accurate radial 
velocity measurements, the newly emerged field of high-resolution spectroscopy al
lowed the study of detailed features in line-profiles of 0 Cephei stars, like those dis
cussed in Section 1.6. Again, the conditions for new discoveries of 0 Cephei stars had 
changed. 

In spite of these considerable improvements in the astronomical hardware, pho
tometry remained the prefered technique because of economic reasons. Up to now, 

10 



. 1.9. Summary of this thesis 

all studies aimed at systematically discovering new ,3 Cephei stars from a list of candi
dates, were based on photometric surveys (e.g. Jerzykiewicz & Sterken 1997, Sterken k 
Jerzykiewicz 1983, Heynderickx 1991). Oppositely, the number of studies and surveys 
by means of high-resolution spectroscopy remains scarce. 

One of the main results of this thesis is that it emphasizes the importance of study
ing 8 Cephei stars by means of high-resolution spectroscopy. In the observational part 
we present the discovery of bright (V<3.5) 3 Cephei stars, and the detection of addi
tional modes of high £ in known (3 Cephei stars (Sections 1.6,1.7,1.8, and 1.9). All are 
well-studied objects which were also included in one or more photometric surveys. 
The new (3 Cephei stars have in common that their pulsation-related light and radial 
velocity variations are too small to be detected, and that they were not studied by high-
resolution spectroscopy before. This makes it probable that other bright 8 Cephei stars 
are still undiscovered, and that many modes of high I in known 3 Cephei stars are 
not yet detected. For asteroseismology one needs the detection and identification of 
several simultaneously present pulsation modes. Since modes with high I values (say 
£><i) can only be measured and identified by means of high-resolution spectroscopy, 
this technique is indispensable for the asteroseismology of 3 Cephei stars. 

Another important reason to study 3 Cephei stars by means of high-resolution 
spectroscopy is the improvement of the statistics of these objects. As reviewed above, 
the history of discovering new 8 Cephei stars has had two stages. Firstly, only f3 Cephei 
stars were found with large radial velocity variations, dominated by a single period. 
Later, the sample was supplemented by 8 Cephei stars without detectable radial ve
locity variations and by cases that showed multiperiodic light variations. This work 
shows that our sample may still be incomplete, and that many of the pulsation prop
erties of the known j3 Cephei stars are still unknown. A third stage of spectroscopic 
mode-identifications is needed to complete our knowledge of the j3 Cephei stars. 

1.9 Summary of this thesis 

The goal of this study is to derive the pulsation mode(s) in stars, from time-series anal
yses of observed line profiles. It appears that a sophisticated line-profile synthesis code 
is indispensable for predicting the line profile behaviour. A correct time-series analysis 
of predicted profiles should then yield the imposed input parameters, before we build 
up enough confidence to apply the analysis to real cases. 

1.9.1 Parti: Theory and modeling 

Various methods to retrieve the pulsation parameters from spectroscopic observations 
have emerged. The oldest, and probably most succesful, method is the numerical fit
ting of observed line-profile variations with the simulated line-profile variations from 
numerical models describing the surface-velocity fields and surface-temperature vari
ations related to nonradial pulsations (Smith 1977,1986). The large number of free pa
rameters in such models, which are not all independent, poses problems regarding the 
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uniqueness of the solution. Parameters like I and m may well be mis-identified if the 
fitting method is applied without prior knowledge of the investigated star and its pul
sation properties. However, the technique of line-profile fitting is generally regarded 
as the ultimate step towards the accurate determination of pulsation parameters. Such 
fine tuning requires that most of the pulsation parameters are already constrained. 

A different method to spectroscopically identify pulsation parameters is the 'mo
ment method' developed by Balona (1986) and Aerts et al. (1992). The moment method 
is based on the variations of the first few velocity moments of the line profile, which 
are related to the centroid velocity, the width of the line profile, and its skewness. This 
method enables a separation of the parameters (' and m from the other pulsation prop
erties, which allows the identification of these quantities without knowledge of the 
other parameters of the pulsation. The moment method is applicable to pulsation 
modes with £^4, since the velocity moments are not detectable for higher /'-values. 

A new trend emerged as the observed line-profile variability was investigated by 
means of Fourier analysis techniques. Gies & Kullavanijaya (1988) and Kennelly et 
al. (1992) developed methods to interpret the results of such analyses. In both meth
ods, the normalized intensity variations at each position in the line profile are Fourier 
transformed. The latter method not only Fourier transforms the variability in the time 
domain but also in the wavelength domain. The Fourier analyses lead to information 
about the distribution of amplitude and phase of the variations across the line profile, 
for each of the detected frequencies. 

The first part of this thesis is built upon the work of Gies & Kullavanijaya. We 
develop a line-profile synthesis code that includes both the effects of NRP related sur
face velocity fields as well as the effects of changes in surface brightness and intrinsic 
equivalent width. Our model includes effects of stellar rotation (Lee et al. 1992, Aerts 
& Waelkens 1993) up to the first order in fl/oj, which means that the effects of the Cori-
olis force on the pulsation properties are taken into account. The model enables us to 
investigate the characteristics of the line-profile variability throughout the whole pa
rameter space. Kambe & Osaki (1988) created an atlas of modelled line profiles which 
they used to investigate the relevant parameter space. Their extensive simulations re
vealed many interesting aspects of the line-profile variability, such as the dependence 
of certain characteristics of the variations on specific parameters, and the recognition 
of uniqueness problems for specific areas of parameter space. 

The first part of this work is based on an investigation of the relevant parameter 
space, similar to that of Kambe & Osaki (1988). However, instead of a direct inspection 
of simulated line profiles and their variations, as in the approach of Kambe & Osaki, we 
put the emphasis on the characteristics of the diagnostic diagrams proposed by Gies & 
Kullavanijaya. We find that the diagnostic diagrams should be interpreted differently 
from what was previously accepted; the phase distribution across the line profile turns 
out to be directly related to the degree £ instead of to the order m. 

We performed extensive Monte-Carlo simulations of the diagnostic diagrams to 
investigate the suggested relation, and to develop a semi-empirical relation between 
the phase diagram and the lvalue of the responsible pulsation mode. Additionally, 
we find that the azimuthal order m of the mode is related to the phase distribution of 
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1.9. Summary of this thesis 

variations with the first harmonic of the pulsation frequency. 
These simulations led to a diagnostic that enables to identify pulsation degrees ( 

up to ~ 15 from the observable phase diagram, without prior knowledge of other pul
sation parameters. Values of \m\ up to ~10 can be derived from the non-sinusoidal 
component of the variations, if present. The application of this method provides a 
nice starting point for the determination of other stellar and pulsation parameters. For 
example, a fit of time-series of observed with modelled line profiles is much more 
straightforward if the values for t and m are already known. 

1.9.2 Part II: Observations and analyses 

The second part of this work is dedicated to applications of our newly developed 
mode-identification method to observations of real stars. During four observing runs 
with the CAT telesope at ESO La Silla we observed many stars, all with spectral types 
between BO and B3. Our primary goal of these runs was the acquisition time-series of 
high-resolution spectra for a few non-radially pulsating stars (see below), but our ob
serving strategy allowed to search for new candidates (inside or close to the 0 Cephei 
instability strip) as well. In many cases we could visually recognize traces of nonradial 
pulsations. A list of the observed stars is in Table 1.1. 

We present extensive datasets of the pulsating early-type stars 0 Lupi, v Centauri, 
e Centauri, w1 Scorpii, f Persei, and A Cephei. The stars 0 Lupi, to1 Scorpii, £ Persei 
and A Cephei were not known to exhibit nonradial pulsations, and the pulsation modes 
in e Centauri were never properly identified. Confirmation of 0 Cep type line-profile 
variability in v Centauri would make it the binary 0 Cephei star with the shortest 
orbital period. 

We detect and identify pulsation modes in each of these six stars. Some of the 
investigated objects turn out to be members of the small group of 0 Cephei stars in 
which multiple pulsation modes are excited. These multi-periodic stars are excellent 
targets for future asteroseismological studies, since the detection and identification of 
several simultaneous pulsation modes is indispensable for asteroseismology 

This work emphasizes the importance of studying 0 Cephei stars by means of high-
resolution spectroscopy. It makes probable that the current sample of the pulsating 
3 Cephei stars is biased towards those cases that exhibit one or more low-degree modes 
(say ^ 4 ) . There may exist a new group of 0 Cephei stars of which the pulsations are 
not yet discovered. The members of this group have in common that they exhibit 
modes of high degree only, which makes it impossible to detect these pulsations by 
means of photometry or low-resolution spectroscopy 

It is hoped that with the emergence of the generations of astronomical hardware, 
the smaller (1 meter class) telescopes become available for the more time-consuming 
projects such as the acquisition of time-series of high-resolution spectra (preferably 
in multi-site campains) over several weeks. The application of high-resolution spec
troscopy on the 0 Cephei stars allows the detection and identification of many simul
taneously present pulsation modes and provides a next step towards the application 
of seismology of 0 Cephei stars. 
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Chapter 1. General introduction 

Table 1.1. Additional program stars during the four runs in April 1996, May 1997, 
March 1998, and June 1998. For all stars, the spectral type is between BO and B3. The 
first column lists the object name or HR number. Columns 2, 3 and 4 list HD num
ber, visual magnitude, and projected rotational velocity (in kms^1 , respectively). The 
number of observations is in column 5. Stars in which we find (or suspect; see col
umn 9) line-profile variation that is typical for nonradial pulsations are indicated by 
'Y' in column 6. Such variation can be a clear pattern of bumps and peaks in a single 
line-profile, or an obvious difference between two or more line-profiles. In column 7, 
we make a distinction between high-degree modes (bumps and troughs in line pro
file) and low-degree modes (changes in width and shape of the line profile). Cases for 
which we observe changes in the number of bumps, or changes in the apparent ampli
tude of the line-profile variations, are suspected to be multi-periodic pulsators. These 
cases are marked by 'Y' in column 8. Comments are in column 9: 's ' indicates that we 
suspect pulsations, but that more observations are needed for confirmation; 'b' indi
cates a possible mis-identification caused by binarity; 'n' indicates cases for which the 
S/N was too low to be conclusive. Columns 3 and 4 are taken from Hoffleit & Warren 
(1991; BSC5) 

Object 

a Eri 
Q Pav 

v Eri 
DXEri 

A Eri 

23 0r i 
7 Ori 

Ï'2 Ori 

W O r i 

42 Ori 

7 Col 
7Mon 

CCMa 

/?CMa 

( 'CMa 
K CMa 

EYCMa 
e CMa 

to CMa 
PTPup 

HR 3037 

HD 

10144 
19392 

29248 

30076 

33328 
35149 

35468 

35715 
36695 

37018 
40494 

44112 
44402 

44743 
46328 

50013 
50707 

52089 

56139 

61068 
63578 

V 

0.46 
1.94 

3.93 

5.90 

4.27 

5.00 
1.64 

4.59 
5.34 

4.59 

4.36 
5.27 

3.02 

1.98 

4.33 
3.96 

4.83 

1.50 

3.85 

5.74 

5.23 

Ve sinz 

251 
39 

25 

240 

336 

295 

59 
141 

168 

71 

96 
152 

63 

36 
27 

199 
49 
44 

120 

38 
154 

N 

1 
2 

3 
2 

1 
1 

1 

1 
1 

1 

1 

2 

3 

5 
1 
1 

2 
1 

1 

2 

1 

NRP 

Y 

Y 

Y 
Y 

Y 

Degree 

hi 

hi 

lo 

hi 

Multi Comm 

n, s 

b, s 

n, s 
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Table 1.1. Continued ... 

Object 

QZ Pup 
V372 Car 

HR 3089 

X Car 
V375 Car 

71 Vel 
OS Pup 

HR 3359 

HR 3453 

HXVel 
HR 3476 
V357 Car 

HR 3819 

#Car 

#2Cru 
5 Cru 

C Cru 
a Cen 

o Mus 
H1 Cru 
f2 Cen 

a Vir 
// Cen 

cpCen 
v Cen 

r1 Lup 
BUCir 
K Cen 

S Lup 

£ Lup 

-Lib 

/JSCO 

TT SCO 

01 Sco 

HD 

64503 
64722 

64740 

65575 

67536 
68243 

69081 
72127 

74273 

74455 
74753 
79351 

83058 

93030 
104841 

106490 

106983 
108483 

109668 
112092 

113791 

116658 
120324 

121743 
121790 

126341 
129557 
132200 

136298 
136504 

139365 

142669 
143018 
144217 

V 

4.49 

5.70 

4.63 
3.47 

6.30 
4.27 

5.08 

4.99 

5.90 
5.51 
5.16 
3.44 

5.01 
2.76 
4.72 

2.80 

4.04 
3.91 

2.69 

4.03 
4.27 

0.98 
3.04 

3.83 
3.87 

4.56 
6.10 
3.13 
3.22 

3.37 

3.66 

3.88 
2.89 
2.62 

Ve sin i 

187 

147 

160 

95 
292 

119 
213 

163 

181 

285 
288 
30 

207 

151 
56 

194 

113 

245 
147 

48 

51 

159 

175 

126 
122 

30 
53 
28 

221 

133 

149 

156 
100 
130 

N 

7 

25 
1 

1 
7 
2 

2 

1 

3 
1 
1 

3 

20 
2 

1 

18 

1 
4 

14 
1 

1 

3 
2 

5 
4 

1 
1 
7 

2 

3 

3 
2 

1 
1 
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NRP 

Y 
Y 

Y 
Y 

Y 

Y 

Y 

Y 

Y 

Y 
Y 

Y 

Y 

Y 

Y 

Y 

Degree 

h i 

hi+lo 

hi 
hi 
hi 

hi 

hi 

hi 

hi 

hi 
hi 

lo 
hi 

hi 

hi 

hi 

Multi 

Y 

Y 

Y 

Comm 

n, s 

s 

s 

b, s 

n, s 



Chapter 1. General introduction 

Table 1.1. Continued ... 

Object 

v Sco 

a Sco 

HR6143 

jj? Sco 

HR6334 
6>Oph 

7 Ara 

v Sco 
V2052 Oph 

9 Ara 
HR6822 

o Tel 

HR6960 

HR7029 
APav 

crSgr 

HD 

145502 

147165 

148703 

151985 

154090 
157056 
157246 

158408 
163472 

165024 
167264 

169467 

171034 

172910 

173948 
175191 

V 

4.01 
2.89 

4.23 

3.57 
4.87 

3.27 
3.34 

2.69 

5.82 

3.66 

5.38 
3.51 

5.28 
4.87 

4.22 

2.02 

Ve sin i 

199 

53 

90 

57 

91 
35 

281 

73 

120 
117 

83 

35 

172 

65 
189 

201 

N 

4 

5 

6 
1 

4 
4 

3 

6 
7 

3 
4 

19 

3 
4 

4 

4 

NRP 

Y 

Y 
Y 

Y 

Y 

Y 

Y 

Y 
Y 

Y 

Degree 

hi 

hi 

lo 

hi+lo 

hi+lo 
hi 

hi 

hi 

Multi 

Y 

Y 

Y 

Comm 

n, s 

s 
s 

b, s 

n, s 

b ,s 
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