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Conclusions s 

Inn this thesis we have concentrated on the pulsational and magnetic properties of a number 
off  different kinds of early B-type stars: Be, /3 Cephei and Slowly Pulsating B (SPB) stars. We 
presentt in-depth studies of a few carefully chosen targets, which are representative for the 
varietyy of phenomena associated with these massive stars. In all three types of stars several 
neww radial and/or non-radial pulsation modes are found, the character of which differed con-
siderably.. By studying the stellar wind variations we could in a few cases derive the rotational 
periodd of the star very precisely, which allowed us to search for the presence of a magnetic 
field.. For the first time, magnetic fields were indeed found in these types of stars, which we 
havee modeled as simple dipole fields with a typical strength of a few hundred gauss, inclined 
withh the stellar rotation axis. With present-day instrumentation this is about the weakest field 
thatt can be detected in such stars. With no exception, abundance anomalies are found to be 
associatedd with these magnetic stars, for which we carried out a quantitative analysis. In each 
case,, the pulsation modes and the interaction between the magnetically confined wind and 
thee environment of the star differ. 

7.11 Pulsations 

Pulsationss give rise to radial velocity, equivalent-width and line-profile variations. These phe-
nomenaa are analysed in detail by means of a variety of techniques. The /?Cep stars host p 
modes,, which are mainly radial, but also weaker non-radial modes are found. In SPB stars 
non-radiall  g modes are excited, which have longer periods. Theoretical studies have shown 
thatt in both cases a K mechanism is at work. For Be stars both p and g modes are found but g 
modess seem to be more frequently present. 

Inn classical Be stars the combination of high rotation rate and beating of non-radial pul-
sationss with closely spaced frequencies is considered to be one of the possible explanations 
forr the eruptive character of the Be phenomenon. We discovered several pulsation periods in 
thee stars studied in this thesis, but detecting the beating of pulsation modes and their possible 
connectionn with outbursts was not possible with the available datasets. Even with three years 
off  observations of the Be star LJ Ori, for which we detected a small emission-line outburst in 
19988 and several periods, the expected beating of pulsations modes could not be established. 
Homogeneouss observations with a very long time base of many more years are needed. 
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AA few examples, such as the star /?Cep itself, are intrinsically slow rotators and nev-
erthelesss show the Be phenomenon. For these slowly rotating Be stars another mechanism 
thann rapid rotation must be considered to provide the specific angular momentum needed to 
ejectt material. In such cases the magnetic field, which forces the wind outflow to corotate 
withh the star til l a certain distance above the surface, may provide the necessary conditions. 
AA magnetic field could also explain why a star has closely spaced pulsation frequencies, as 
neededd for the beating effect with a very long timescale of years to occur. Identifying this 
mechanism,, which may also play a role for classical Be stars, is a very big challenge for B 
starr research. 

7.22 Magnetic field 

AA magnetic field was discovered by Henrichs et al. (2000) in j3 Cep, which is the prototype of 
(3(3 Cep stars but which is also a slowly rotating Be star. In this thesis we present the discoveries 
off  magnetic fields in the /?Cep star V 2052 Oph, in the SPB star C, Cas and in the classical Be 
starr UJ Ori. No magnetic fields were known to exist in such stars before. 

Thee magnetic fields in these four early B-type stars are very similar. Their behavior is 
welll  explained in the framework of an oblique rotating magnetic dipole. The fields are weak, 
off  the order of a few hundred Gauss at the magnetic pole. Although the sample of magnetic 
BB stars with early subtype is still small, we propose that their magnetic fields have the same 
origin.. No mechanism has been identified that can generate a magnetic field in such massive 
stars,, which have only a very thin convective zone just below the surface, as opposed to solar-
typee stars in which the magnetic field is generated in a deep outer convective zone. The field 
couldd be generated in the convective core, and then has to be driven to the surface, but no 
transportt mechanism is known. The magnetic field in these B stars could also be fossil, i.e. 
presentt since the formation of the star. More theoretical investigations are needed to decide 
whichh hypothesis is correct. 

7.33 Chemical abundances 

Chemicall  peculiarities at the stellar surface are usually associated with the presence of a 
magneticc field. Microscopic diffusion effects allow elements with a high atomic mass to sink 
inn the atmosphere under the dominant influence of gravity, while elements which can absorb 
photonss of many wavelengths from the outward flow of radiation through the star, are lifted 
towardss the surface. The presence of a magnetic field inhibits mixing motions in the outer 
layers,, and hence produces chemical peculiarities. 

Abnormall  chemical abundances were indeed found in the four studied B stars. In partic-
ularr /?Cep, C Cas and u Ori are N-enriched. V2052 Oph was found to belong to the class of 
He-strongg stars, which are all expected to be magnetic. 
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7.44 Rotation 
Inn the case of magnetic stars with an outflowing wind, studying the periodic variation of 
thee line profiles of UV resonance lines can provide a precise value of the stellar rotation 
period,, which is usually extremely difficult to obtain and of great interest. It is imperative to 
knoww the rotation period of a star to properly analyse its pulsation properties, in particular 
inn the presence of a magnetic field, which causes additional pulsation modes and rotational 
modulation.. This is of high asteroseismological interest, since all quantities that determine 
thee pulsation modes are known from observations. Such asteroseismological studies provide 
insightt in the stellar structure and in the evolutionary status, which cannot be obtained in 
otherr ways. 

Wee first searched for stars with a variable wind with a specific signature. We used the large 
databasee with a long time span from the IUE satellite and determined their rotational period. 
AA significant number of spectra of V 2052 Oph were especially taken for this purpose. With 
thee found periods, which are in the order of a few days with an accuracy of a few seconds, 
wee consequently searched for the modulation of the magnetic field. 

Inn the three magnetic B stars discovered in this thesis, the rotational modulation was 
investigatedd and found in several observables, such as depth and equivalent widths of spectral 
lines.. This can be interpreted as a geometrical effect due to the inclination of the magnetic 
dipolee to the rotation axis. 

Inn the classical Be star u Ori, high-density material was found to cross the visible stellar 
hemispheree with the rotation period and is thought to be associated with specific zones, such 
ass the intersection regions between the magnetic equator and the rotational equator. 

7.55 Circumstellar environment 

Lett us consider a magnetic, pulsating, rotating early B-type star. Depending on the properties 
off  the wind and on the strength of the magnetic field, which controls the outflow to a certain 
extent,extent, there will be a corotating zone around the star within which the wind material, coming 
fromm the magnetic poles, will be concentrated. This zone is situated in the plane of the mag-
neticc equator. Its changing aspect while the star rotates is the origin of the observed periodic 
variationss in the UV resonance lines, although the formation of the associated line shapes is 
nott clear. This applies to V 2052 Oph and £ Cas. If this zone is dense enough, it becomes a 
disk,, seen as emission in the Balmer lines. This is the case in /? Cep. The focused wind gives 
riserise to X-ray emission, which can be modeled. The X-ray brightness of none of our targets 
was,, however, above the detection limit of the available X-ray satellites. 

Thee magnetic equator crosses the plane of the rotation equator at two intersection regions, 
onee at each side of the star. If the rotation velocity of the star is high enough, the material tends 
too stay in the rotation plane, conserving its angular momentum instead of following the field 
lines,, and form a disk there, i.e. the material flows from the magnetic equator to the rotation 
equatorr via the intersection regions. This might be what happens in a; Ori: the rotational 
modulationn of some observables indicates that there is wind material in the magnetic equator 
andd in two regions of high density in the intersection areas. A sketch of such a magnetic Be 
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starr is shown in Fig. 7.1. 

Forr classical Be stars it is usually assumed that material is ejected from the rotation equa-
torr directly into the keplerian Ha disk, because of the combined action of the rotation and 
somee other mechanism, such as pulsations. This could also be the case in to Ori, whereas the 
magneticc field plays a role in the distribution of the material in the envelope. It is important 
too realise that the region close to the stellar surface, in which the magnetic field lines can 
constrainn the wind outflow, is in a corotating zone (or disk). At larger radius, the magnetic 
fieldd is too weak and any material staying in that region must be in a keplerian orbit. The Ha 
diskk of a Be star, at large radius, is therefore keplerian, although the intersection regions are 
corotating. . 

Whetherr a pulsating magnetic B star becomes a Be star (i.e. enters a phase with its Balmer 
liness in emission) or not, wil l not only depend on the pulsation properties and rotation rate, 
butt probably also on whether the wind and magnetic dipole are strong enough to create a 
magneticallyy confined wind and intersection regions with higher density. One of the key 
questions,, which remains to be answered, is which property determines the initiation and the 
timescalee of the duration of the Be phase. This temporary phase can last several years to 
decadess or even longer. It is obvious that the rotation by itself cannot be the cause, as the 
changee of rotation rate due to the evolution of the star is far too slow. A variable magnetic 
fieldfield is a good option, but so far no observational or theoretical evidence exists to support 
thiss hypothesis. Long-term magnetic studies of B stars during and outside a Be phase are 
required. . 

Figuree 7.1: Sketch of a magnetic Be star. The wind flows from the poles to the magnetic equatorial 
plane,, while the Ha disk is in the rotation equatorial plane. The intersection regions of the two planes 
aree shown. The right- and left hand panels show the same geometrical configuration but half a rotation 
periodd apart. The dotted parallel on the stellar surface indicates the position of the magnetic axis as the 
starr rotates. The positive and negative poles are indicated when they can be seen by the observer. 
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7.66 Theory and models 
Neww models are presently being developed (Cassinelli et al. 2002; Ud-Doula & Owocki 2002; 
Preusss et al. 2002) to investigate the role of the magnetic field in early B-type stars. Cassinelli 
ett al. proposed a magnetically torqued model for Be stars for which a magnetic field of 300 G 
iss needed for a B2 star to have a disk. Ud-Doula & Owocki studied the channeling of the wind 
byy a magnetic dipole. Preuss et al. investigated the regions of stability for material around a 
magneticc dipole. These models can be still be improved,, however, and the sample of magnetic 
early-BB stars discovered in our pioneering work is still too small to properly confront theory 
andd observations. It is expected that in the coming years this field will quickly develop. 

7.77 Future work 

7.7.11 New magnetic candidates 

Fromm the newly discovered magnetic B stars, we can derive a list of common properties, 
whichh helps to select new candidates for future observations. The rotational wind modula-
tionn of the UV resonance lines is the prime indirect indicator of the presence of a magnetic 
fieldfield (Henrichs 2001). Any star showing these typical variations should be considered as an 
excellentt target for the search for a magnetic field. A second criterion is the presence of 
aa peculiar chemical abundance distribution. From stellar atmosphere models the chemical 
compositionn of these stars can be predicted. Anomalies in this composition could therefore 
providee candidates to search for a magnetic field. In particular, He-strong and He-weak stars 
aree all expected to be magnetic (Hunger & Groote 1999). 

7.7.22 New instruments 

Inn the coming years, progress both in the analysis of stellar pulsations and magnetic fields of 
earlyy B-type stars should be especially interesting. 

Thee CoRot satellite is expected to be launched by the end of 2005. This satellite is de-
signedd to measure light variability in stars with high accuracy, and will follow each target dur-
ingg several months consecutively. To detect non-radial pulsations via light variability rather 
thann spectral variations requires a very high precision in pointing the star and guiding the 
telescopee during the observations. The data that CoRot will provide will therefore be the best 
everr obtained for pulsation analysis, not only in terms of time coverage (many months with-
outt interruption) but also of small time samples (very short exposure times). It is without 
doubtt that CoRot will discover new pulsation periods in the B-type stars that it will observe. 

Thee detection of magnetic fields in early type stars is strongly limited by the instrument 
used.. Presently, the Musicos spectropolarimeter at the Pic du Midi is the best available in 
thee world to search for stellar magnetic fields. Discovering even weaker fields than those 
presentedd in this thesis requires, however, much more sensitive instruments, especially for 
thee rapidly rotating Be stars. The new EsPaDOnS spectropolarimeter is planned to be oper-
ationall  at the 4-meter telescope in Hawaii in early 2003. This instrument is expected to be 
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betweenn 10 to 20 times more efficient than Musicos. The search for magnetic fields in early 
B-typee stars with EsPaDOnS will therefore certainly provide new discoveries and therefore 
contributee to improve models of the circumstellar environment of these stars. High resolution 
interferometryy could also probably allow the detection of clouds of material orbiting around 
somee of these stars and help in improving our knowledge of their circumstellar environment. 
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