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Zusammenfassung

Natur und Aktivit at des Be Sternsu Centauri: Mit insgesamt 408 Echelle Spektren, i
Beobachtungkampagnen uber 355 Nachte innerhalb vodafeen, aufgenommen migros
(Heidelberg Extended Range Optical Spectrograph), dendiviellenlangenbereich von 34
bis 86204 bei einem Aufldsungsvermogen von 20 000 besitzt, badiegte Arbeit auf eine
der ausgedehntesten homogenen Beobachtungskampagn¥aridéilitat eines Be Stern
Wahrend der Beobachtungsperiode wurden zahlreichengnigssionsausbriiche festgests
Ein detailliertes, allgemeines Schema des Verlaufs eingsbuchs wurde aufgestellt. U
die photospharische Variabilitat zu untersuchen, wweithe Zeitserienanalyse an den R4
algeschwindigkeiten zweier Gruppen von Linien durchpgfiiEine Periodensuche mit itef
tiver Periodenentfernung ergab sechs Perioden, die idregelsamten Beobachtungszeitrg
koharent blieben. Vier dieser Perioden liegen nahe bekdeor verdffentlichten 0.505 Tag
Periode. Die beiden anderen sind nahe 0.28 Tagen. Inneeivadb Periodengruppe ist d
Variationsmuster ununterscheidbar, wahrend es von @rapGruppe deutlich unterschiedli
ist. Dies zeigt, dalR es ebenso zwei unterschiedliche @bbdtimuster mit beiden Grupp
verknupft sind. Diese wurden als nichtradigleModen niedriger Ordnung modelliert. M
Hilfe des Schwebungsmusters der langerperiodischenpérkgnn eine Ausbruchsephemer
erhalten werden. Ausbriiche finden zu Zeiten maximaler Aog# statt. Die Ergebnisse we
den zu einem Bild des Be Sterp£en vereint.
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Abstract

Nature and activity of the Be star ;» Centauri: With a total of 408 echelle spectra obtair
with HERos(Heidelberg Extended Range Optical Spectrograph) durioigsérving runs coy
ering 355 nights in 4 years and the spectral range from 3486264 at a resolving power d
20000, this study is based on one of the most extensive hamogs observational records
the variability of any Be star. During the monitoring periodmerous line emission outbur
were observed. A detailed generalized pattern of an outbycte is derived. To investiga
the photospheric variability separate time series analys®&e performed for the mean rag
velocities of two groups of lines. A period search with item pre-whitening revealed s
periods which maintained phase coherence over the emtieeititerval covered. Four of the
are close to the previously reported 0.505-day period. Therdwo periods are near 0.28 d
Within either group of periods, the line-profile variahjlipatterns are indistinguishable frg
one another whereas the difference between the two grotgghily significant. This implie
that there are also two different stellar surface pattesssaated with the two groups. Th

longer period grioup can be used to derive an outburst eptient@utbursts occur at times
maximal amplitude. The results are assembled into a pictiuttee Be stay, Cen.
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have been modelled by means of non-radial low orgerodes. The beating pattern of the

of
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1. Introduction

Since the very first discovery of stellar line emissiomi@as by Secchi (1867), Be stars have
been subject to disputes about the origin of their numerpestgal peculiarities (Slettebak, 1976;
Jaschek & Groth, 1982; Underhill & Doazan, 1982; Sletteba®réw, 1987; Balona etal., 1994).
Only in the past decade could the geometry of the circunastelhvelopes by interferometric
methods (Stee etal., 1995; Quirrenbach etal., 1997) betljirebserved to be disk-like. Still
ongoing discussions focus intensely on the physical mestmaleading to the formation of the
circumstellar disk (Lamers & Pauldrach, 1991; Bjorkman &€laelli, 1993; Owocki etal., 1996)
and on the nature of the short-term variability of the stedlasorption lines and the integral light
(Smith, 1989; Baade & Balona, 1994). The primary candidatethe periodic component of the
rapid variability are nonradial pulsation and corotatiatj\e areas or star spots.

Not considering the apparently required rapid rotatiorett8bak, 1982; Hanuschik, 1989, e.g.),
which however is nasufficientas a defining criterion, the Be phenomenon covers a largengdea
space, in the Hertzsprung-Russell diagram as well as inlingya(Galaxy; LMC: Kjeldsen &
Baade 1994; SMC: Grebel et al. 1992) and variability pagtefiinere are stars whose Balmer line
emission is stable over decades, and there are others widiify on a time scale of hours, like
1 Cen. Itis therefore possible that there is more than one wag B star to become a (classical)
Be star.

With V' = 3.47mag ;1 Cen (=HR 5193 =HD 120 324; B2IV-Ve) is one of the apparentiglest
and with a HIPPARCOS distance t62 + 18 pc (Perryman etal., 1997) also most nearby Be stars
so that it ought not to be too exotic an object of its kind. Fiugh-signal-to-noiseq/N) echelle
spectroscopy a projected rotational velocityini, of 130kms~! has been derived (Brown &
Verschueren, 1997). This relatively low value (as compavitd the statistically established high
mean equatorial rotation velocity, of Be stars — cf., e.g., Slettebak 1982, Hanuschik 1989,
< wsini >= 230...270kms™") as well as the shape of thentemission during phases, when
it has significant strength (Hanuschik, 1989; Hanuschik £1896), both imply an intermediate
value of 30-45 degrees for the inclination angleyf the rotation axis.

1.1 Emission Variability

The most enigmatic Be-star variations are the line emissighursts. Up to now, a stringent def-
inition of an outburst has not been given, and any signiflgdiater and stronger than average
increase in the Balmer emission line strength has beerdcafieoutburst. Accordingly, the asso-
ciated parameter space is again quite large and ranges lfimsiaw (1-2 years) but spectacular
outbursts ofy Cas in the 1930’s (cf. Doazan et al. 1980, Hummel 1998) vigslin equivalent
width (the general convention is adopted that an equivalith is the more negative the stronger
the emission is) bgo.l,& within 1-3 days (Peters, 1988, e.g.) to even faster glactat take
place within hours (Oudmaijer & Drew, 1997).

Usually, all outbursts are thought to be events or periodsnbfanced mass transfer to the disk.
Attempts to find a link between the rapid periodic variabilit the photosphere and the episodic
mass loss usually did not exceed the level of conjecturesaee gegative results (Smith, 1989,
e.g.). However, Kambe et al. (1993a) find weak evidence feraimplitude of the stellar line
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profile variability being larger than average close to theetiof an outburst. In no case (excluding
some binaries) has a convincing scheme for the temporaft@ecme of outbursts been established
which apparentlyhappen at random. The best known examples of stars exkiliigquent, rapid
small or intermediate outbursts ax&ri (Smith, 1989; Smith etal., 1991) apdCen.

1.1.1 History of uCen

1 Cenwas first reported to exhibitdmission by Fleming (1890). Since then it has been observed
during numerous campaigns. The star is known to have losniission entirely for two times,
once around 1918 for nearly ten years, and the second timmelféd 7 through 1989. Summaries of
this behaviour were given by Peters (1979) and Hanuschik(@9893). In the 1977-1989 interval,

1 Cen exhibited only flickering emission (Baade etal., 1988ntschik etal., 1993). This activity
strengthened after 1989. Although the emission-peak helgineafter rose temporarily up to
values around 2 in units of the local continuum (Peters, 1,905till decayed at least twice (1992
and 1994) to close to unity between two emission episodexe3i995, there has been a steady
increase in the ratio of the emission peak height to the ambentinuum £/C ratio) from~ 1.8

in 1995t0 2.4 in 1996, 2.9 in 1997, and finally to 3.6 in Marc®89It seems, therefore, thatCen

is indeed building up a new persistent envelope, as repbst&tahl et al. (1995a) and Hanuschik
et al. (1996). The run of thHa-peak height from 1992 to 1997 is shown in Fig.1.1.

1.2 Stellar Line Profile Variability

Together with( Oph (Vogt & Penrod, 1983) Cen was the first Be star in which rapid variability
on a scale of 1/10 of the full width at half maximum (FWHM) ofetistellar line profiles was
noticed (Baade, 1984a; Baade, 1987a). It also shows, ofitbnhigh amplitude, the large-scale
asymmetry variability of the absorption lines which seembé typical of most Be stars (Baade,
1987b).

Part of this study in particular addresses the ambiguiBeade, 1984a; Harmanec, 1987; Baade,
1987b) in the characterization of the low-order line-pefilriability in the time domain: cyclic
vs. periodic, one-third of a day vs. one-half of a day, singgyiodic vs. multiply periodic, etc. The
published photometric results (Cuypers etal., 1989; D&hsmmer, 1991) have only increased
rather than lessened the confusion.

The restriction to low-order line-profile variations is ioged by the limited resolving power of
the FLASH/HEROS and Boller&Chivens spectra. On the other hand, the largebenrof spectral
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lines contained in the wavelength coverage of the$H/HEROS spectrographs (3450-86()
offers major multiplexing and differentiation advantages

1.3 Nonradial Pulsation

The most promising hypotheses for the periodic photospheriaibility are nonradial pulsation
(nrp) and rotational modulationrrfr). For the recent works advocating either the one or other
mechanism see e.g. Baade (1998), Balona (1998), and Baaddofd3(1994).

With the public availability of new models capable to caltel even relatively rapid rotating
mode pulsators under consideration of real intrinsic psfiit became possible to model a pul-
sating star individually for different spectral lines. Tpeeviously published grids (Schrijvers et
al., 1997, e.g.) are i.e.not suitable for slgwnode pulsations, neither do they use intrinsic line
profiles instead of approximating Gaussians.

Also it was possible to calculate photometric variationghwespect to temperature, geometric
surface, and geometric normal vector pertubations instédate first two, or sometimes even
only the first, alone. As it will be shown, taking into accoatitthree pertubations is crucial in
understanding the zero detection of photometric varighbilith the pulsational periods in this Be
star.

1.4 Goal and Structure of this Work

The scientific purpose of this work was to decide the longrigstiscussion about the nature of
the rapid periodic variability of Be stars. In the data obal for this task it would be furthermore
possible to look for photospheric variability that could ¢é@nnected to circumstellar emission
activity, and thus to give clues on the mechanism resporisitibe formation of the circumstellar
disk; still being an open problem since the first sighting efddar emission by Secchi (1867).

To achieve this, spectroscopic data of southern Be statg,Gen,n Cen,w CMa, and FW CMa
over observing runs lasting for months during several seass secured. In almost all runs the
ESO 50cm telescope was used together with the spectrograplo$d The instrument and the
particulars of the observations and data reduction areepteg in Chapter2, together with the
description of additional datasets provided by D. BaadeSi&defl (Sect. 2.2, Boller&Chivens at
the ESO 1.52m data, and Sect. 2.3, CAT/CES data).

Sighting the data in an early stage of the work | decided taentrate orn: Cen, which was the
most active of all observed stars. Chapter 3 lists the obgerircumstellar variability for this star,
and defines aHl¢ activity criterion that seems arbitrary at first look, butlywrove useful in deter-
mining consistent dates for the beginning of outbursts.@R). In Sect. 3.1 | extract the common
features of the emission outbursts but also discuss therdgeneity, while the individual phases
of the emission outburst are described in detail for vargrasips of representative spectral lines in
Sect. 3.2. These phases were named relative quiescente3(349, precursor phase (Sect. 3.2.2),
the outburst proper (Sect. 3.2.3), and relaxation (S&#8.The analysis of accompanyihg R
variations is presented in Sect. 3.3 and examples of tnansEsorption components appearing in
connection with the outbursts in Sect. 3.4.

An analysis of the spectral lines of photospheric originiieg in Chapter4. Sect. 4.1 presents
time series analyses (TSAS) of various scalar parameffetiseostellar line profiles. The large
temporal extent of thellAsSH/HEROSFCAT/CES observations is the basis for the analysis of tadia
velocities at high frequency resolution (Sects. 4.1.1 add}. The Boller&Chivens (Sect. 4.1.3)
data are complementary in that they only cover a short titeeval but at very high sampling and,
moreover, at the time of a line emission outburst (cf. Che§jteA TSA of the full line profiles
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in slices of constant width in velocity, which therefore ifs the entire spectral and temporal
information simultaneously, is performed in Sect.4.2. yOnl a non-parametric analysis does
the cyclical occurrence of narrow absorption features aufigositions within the photospheric
profiles becomes apparent. They are strongly enhancedydouibursts (Sect. 4.3).

The interpretation and modelling of the periodic varidabiliound in the photospheric lines is
subject of Chapter5.

Chapter 6 finally introduces a simple scheme, by which, basdte photospheric period analysis
results, the timing of the circumstellar outburst eventsnca only be reconstructed within the
HEROSdataset, but also for other previous datasets up to twedaesyago. Even a prediction
of the activity in summer 1997, that was submitted for pudilan in spring, could be confirmed
(Rivinius etal., 1997d; Rivinius etal., 1998e).

Chapter 7 summarizes the findings fo€en in Sect. 7.1 and compares the behaviour and proper-
ties ofx Cen with those of other Be stars, partially published eaiefound in our own extensive
Be star spectral database in Sect.7.2. The found periodsoareasy to distinguish from their
1 cycle per day aliases, special care is taken not only ontpessimicking of multiperiodicity by
aliasing problems, but also on the values of the periods skbrms. Therefore, Sect. 7.3 carefully
tests and critically discusses the reality of the periodsifb

The observations and analyses are assembled into a pidttine 8e stary Cen in Chapter8.
The variability of photospheric origin (Sect. 8.1) is revedl with respect to a number of proposed
explanations of the various observed phenomena. The riahpadsations are put into the context
of the current theoretical framework in Sect. 8.2 and pdssitechanisms that could result in mass
ejections are outlined. In Sect. 8.4, | attempt to give a giized gqualitative and mostly kinematic
description of an outburst. Finally, Sect. 8.5 summarisespgdary and future projects stimulated
by this work.

The content of this thesis has been published in the Eurapmamal Astronomy & Astrophysics
(Rivinius etal., 1998a; Rivinius etal., 1998b), in the BarStlewsletter (Rivinius etal., 1997d,;
Rivinius etal., 1998e), presented on meetings (Riviniad. e1997a; Rivinius etal., 1997b; Riv-
inius etal., 1998c¢; Rivinius etal., 1998d; Rivinius et&b98f), or is currently being prepared for
publication in Astronomy & Astrophysics in one more paper.



2. Instrumentation, Observations and Data Reduction

This work is based on eight spectroscopic observing runsSar'€La Silla observatory and also
incorporates three sets of previous observations (Ba&®4,)1The resolving powers range from

2 500 with the Boller&Chivens spectrograph at the ESO 1.5@Iescope (Sect. 2.2) over 20 000
with the Heidelberg EAsH and HERoOSspectrographs and fibre link to the ESO 0.5 or 1.52 meter
telescopes (Sect. 2.1) and finally>x®0 000 with the Coudé Echelle Spectrometer (CES) and the
ESO 1.4-m Coudé Auxiliary Telescope (CAT) (Sect. 2.3). Asuarizing journal of observations
and technical parameters characterizing the spectravidaain Table 2.1. The particulars of the
raw data and the reduction procedures applied to them acgilgied in the following subsections.
For the Boller&Chivens data the standard reduction andbiion techniques were used as im-
plemented in ESO-MbAS (1995). For the EASH and HEROSdata, a customized version of the
ESO-MDAS echelle context was developed (Stahl etal., 1995b). Natettinoughout the entire
thesis Modified Julian Date (MJB JD-2 400 000.5) is used.

2.1 FLASH/HEROSObservations
2.1.1 The Instrument

The fiber-linked echelle spectrograple kb s(HeidelbergextendedRangeOptical Spectrograph,
Kaufer 1998) is an upgrade of the AsH-spectrograph described by Mandel (1994) and Stahl et
al. (1995h). In HEROS a dichroic beam spilitter is used to divide the light bearo tato channels
after the echelle grating. Each channel has its own cragsedier, camera, and detector. The blue
one covers the range from 348@0 55604, and the red one from 5820to 8620A. The spectral
resolving power in both channelsig A\ ~ 20000. The link to the telescope was provided by a
10 m long glass fiber.

In 1996 the blue CCD system manufactured by Wright Instrumeétd. (1024x1024 22 pixel)
was replaced by a backthinned CCD by SiTe (2000x800 di%el) connected to a controller by
Instruments SA. The Signal-to-noise rafigN improved dramatically not only in the UV region,
but even in the optical range around 4800 the value incrdasgd %. However it was necessary to
create own software based on a routine library by Instrus®#At, since the utility provided by the
manufacturer was not optimized for astronomical purpo$hs.software written is an easy-to-use
command line based program for exposing and writing an inradiee Flexible Image Transfer
Standard (FITS) format to disk. The program was also givehadkinkakas observatory, Crete,
and the Astronomical Institute in Potsdam, who have implaeek such CCD sytems since then
and wanted to perform tests. Since the software is taylaredet needs of HROS it is however
not well suited for general astronomical use. A secondaspldy program was written to allow
quality checks and inspection of the data immediately aftegexposure.

The stability of the wavelength calibration of the red cheliwmas assessed by Kaufer et al. (1997).
They found the telluric water vapour lines in a time serieg Qfri of 84 spectra over 104 nights
to be stable to within 0.36m s ! rms, with a peak-to-peak range of ks . The standard de-
viation corresponds to 1/10 of a 22vixel and is caused by the shift of the lines of the ThAr-lamp
between subsequent calibration exposures, which wereatjyptaken every two hours. Schmutz
et al. (1997) tested the blue channel using the interst€arA3934 line ine Cap.



Table 2.1: The u Cen observing campaigns

Observing Telescope No. of sp_ectra/ Instrument Typica_l Typical Resolving Spectral
season No. of Nights exposure time  S/N power range
1985 June/July | CAT 81/10 CES+Reticon 20 min >500 80000 6650-6708
1986 April CAT 111/10 CES+Reticon 20 min >500 80000 6650-6708
1987 April CAT 119/10 CES+Reticon 20 min >500 80000 6650-6708
1992 June/July | ESO 0.5m 28/28 EASH 15-30 min 104 20000 4050-67%0
1995 Feb.-May | ESO 0.5m 96/118 EROS 20min 110 20000 3450-8620
1995 June ESO 1.52m 348/8 Boller&Chivens 1.5-6 min  250-350 2500 38500A
1995 June CAT 2714 CES+CCD 15-20 min 320 60000 4537-4563
1996 Jan.-April | ESO 0.5m 87/103 HROS 30 min 135 20000 3450-8620
1996 May/June| ESO 0.5m  115/27 EROS 30 min 165 20000 3450-8620
1997 Jan.&Mar.| ESO 0.5m 64/68 HROS 20-30 min 160 20000 3450-8620
1997 April ESO1.52m 18/11 EROS 4min 184 20000 3450-8620
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2.2 Boller&Chivens Observations
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Figure2.1: The dynamical spectrum of
the Felt \5169 emission line from April to
June, 1996. Grey-scale values represent
the continuum-normalized flux of the spec-
tra; the scale is shown on the right side of
the upper panel. Horizontal black stripes
are due to major time gaps, which were not
interpolated across. Tickmarks on the right
side mark the times of exposure of the orig-
inal spectra. Above the grey-scale picture,
all actual line profiles are overplotted to
give an idea of the variability and the noise.
The appearance of the emission from date
B Ll 1 i) MJD 50 183 on coincides with a major out-
-400  -200 0 200 400 burst. Note the variation of the velocities of
Velocity [Kmss] the emission peaks

50220 B

J0-2400000. 5

Since howevet Cap has a variable photospheric contribution to this ling i S/N is not as
high as ing Ori, their rms value of 0.Ems™' for the blue channel is to be regarded as a lower
stability limit.

2.1.2 Data Reduction

After the extraction and merger of the echelle orders, a lgagth dependent ripple became ap-
parent at the order boundaries. It is noticeable at both ehdise blue channel, namely from
3450A to 3600A and from 5100 to 5560A where towards either end of the detector the peak-
to-valley amplitude reaches 5%. At all other wavelengthsluding the whole red channel, the
ripples are of the order of 1% or less.

FLASH, the predecessor of#ROS had the same spectral resolution, but only one channetrcov
ing the wavelength range from 40800 6750A.

The signal-to-noise ratioS{/ N; for some typical values see Table 2.1) was measured fortheth
FLASH and the HEROSdata as the inverse of the rms (in units of the continuum)eémnthvelength
range 4760-4808. In May 1996 the more sensitive CCD was implemented in the lchannel
of HEROS This is reflected by the increase of the typiS#IV at comparable exposure times. For
the later runs of 1997 a new fiber link was implemented. Thedvgd throughput permitted from
then on the exposure times to be shortened by one third witbsimg inS/N .

The standard reduction, extraction, and visualizatiorhefdata is described in detail by Stahl et
al. (1995b). To represent the large amount of data we dighkgpectra as dynamical spectra (cf.
Fig. 2.1), i.e. time (or phase)-vs.-velocity grey-scaletynies around the rest wavelength of the
spectral line.

2.2 Boller&Chivens Observations

During 8 consecutive nights in 1995 June, low-resolutioecta were obtained with the Boller &
Chivens spectrograph attached to the ESO 1.52-m telescapea 2048-pixel CCD, the spectra



2 Instrumentation, Observations and Data Reduction

Table 2.2: Modified Julian dates (MJE& JD-2400000.5) and numbers of observations obtained in the
observing nights with the Boller&Chivens spectrograph on the ESR-fin telescope and the CAT/CES.
One B&C observation yielded one ‘upper’ and ‘lower’ spectrum each (cf. Setjt. 2

Modified No. of
Julian Date observations
B&C CAT/CES
49890 28
49891 36
49892 34 3
49893 51 8
49 894 56 8
49 895 51 8
49 896 35
49 897 57

covered approximately the range from 3400 to 5A0The resolving power as deduced from the
helium and argon lines of the comparison spectra, which teden 3 - 5 times per night, is 2 500.
The typical rms of a third-order polynomial fitted to 35-40Ate&omparison lines is Bms .

In order to approximately equalize the detected signal twemobserved range in wavelength, a
BG-24 filter was inserted into the beam. The primary purpdsieeoobservations was the monitor-
ing of rapid Balmer jump variations the results of which v reported elsewheréi(eﬂ, Baade,
Cuypers in preparation). Since at this short wavelengttogineric dispersion would normally
strongly compromise the spectrophotometric fidelity of tlaa, the telescope was drastically
defocussed in order to scramble the atmospheric spectteeantrance slit. The amount of defo-
cussing was chosen such as to stay in the linear regime ofetieetdr and to keep the exposure
times in the range between 90 and 120 seconds where stiotilleffects are of no importance.
Only at times of poor sky transparency was it necessary t@ase the exposure time (up to 6
minutes); this concerned 19% of all observations.

Since the observations were more nearly of the telescop@ tham of the stellar image, the
resulting ‘long-slit’ spectra featured two maxima along #it axis. This permitted the extraction
of two spectra (hereafter called ‘lower’ and ‘upper’) pepesure.

Inspecting the data, a systematic radial velocity diffeeeshetween ‘upper’ and ‘lower’ spectra
became apparent, which decreases linearly frokn38~" at 35004 to 13km s~ at 45004 and
from there on remains constant. The explanation for thieifhce is that, as RV measurements
were not among the original aims of the observations, thegectrum was only extracted at the
center of the slit but used to calibrate both the ‘lower’ anpger’ spectra. The arc spectra were
also taken relatively infrequently.

Because the exposure levels were high and particle events fes in number, no signal-to-
noise optimized extraction procedure was applied. Thealpl/N per extracted spectral pixel is
between 250 and 350 and very nearly identical for both uppei@ver spectra.

The total database accumulated in this way consists of 3g&tu and ‘lower’ spectra each. A
statistical overview is given in Table 2.2.



2.3 CAT/CES Observations

2.3 CAT/CES Observations

The CES is a pre-dispersed (as opposed to cross-dispemaatiogiraph so that only part of one
order can be observed at a time. It is fed by the ESO 1.4-m €8udtiliary Telescope (CAT).

In 1995, the wavelength region from 4537-456%as chosen to monitor the i line at 4553A.

At a resolving power of 60000 the point spread function wasad by 3.6 pixels. A second
order polynomial fitted to the positions of 15-20 thoriumelinhad a standard deviation of 0.02-
0.025A. An optimal extraction technique was applied to removeigirhits from the data.
However, this wavelength range turned out to be heavilyamimated by double peaked Fe
emission lines which reached up to three percent of the rmaunti level. The average of the
FLASH spectra from 1992, when the emission was weak even in theeBdines, was used to
obtain the uncontaminated absorption line profiles and twanwe the continuum rectification. By
subtracting these profiles from the CAT/CES spectra it wasipte to isolate the emission line
spectrum. The emission lines proved to have been constantloy four days of observations to
within the noise. Accordingly, the remaining variabilig/intrinsic to the photospheric §i 4553
line. This was confirmed by comparison with the variabilifyree residuals of the $ii A\4568 line,
part of which was covered at the very edge of the wavelengttera

Profiles of several lines that were obtained (see also Ba8#lg) from 1983 to 1990 with the
CAT/CES equipped with a Reticon detector prior to 1990 anith \&i CCD from 1990 on have
been kindly provided by D. Baade.

Besides the data already listed in Table 2.1, these arequafiHa A6678 (March 1984, 8 spectra
over 3 nights; Feb. 1987, 3/3; and March 1990, 8/3), Hel71 (June 1983, 20/14; March 1984,
8/8; and July 1985, 5/2), 8i A\4553 (March 1984, 3/3), anddid(June 1985, 4/15; Jan. 1986, 4/4;
April 1986, 13/10; Feb.1987, 3/3; and April 1987, 9/10). Tusage of a Reticon resulted in a
S/N which in almost all cases exceeded 500, often quite sulsttgnbut at exposure times of
15-20 minutes. The resolving power is 80 000-100 000.

2.4 Data of other Be Stars

Besidesy Cen, also other Be stars were observed with$H/HEROS (see Table 2.3). Most of
these stars have been observed only once or for a few timesirigla season. However, more ex-
tensive campaigns were carried out for a few stars, e.g. 28(Qybbesing, 1998). These datasets
will not be reviewed in detail in this thesis, but for at leastne of the findings it can be proven
that they are a quite general property of Be stars ratherahamusual phenomenon foundin
Cen only.



2 Instrumentation, Observations and Data Reduction

Table 2.3: A complete list of Be stars observed by the Heidelberg Hot Star Grodphérosand RLASH.

If a campaign took place over new years eve, the whole campaign is notee fggahin which the major
part of the observations were taken. For each season the number of speien.ig e observations were
performed at La Silla, Calar Alto, Tautenburg, and the Konigstuhl

1990 1991 1992 1995 1996 1997 Remarks
BN Gem OS8V:pevan 1 12 - - - - 7
~ Cas BOIVe| - - - - 1 - 7
FR CMa BlVpe| - — - 1 — — 2
nCen B1.5Vne - — - 46 294 80 14
59Cyg B1.5Vnnel 12 - - - 1 1 57
x CMa Bl1l.5lVne| - - - - - 4 7
1 Cen B2Vnpe, - — 28 96 202 82 1
FW CMa B2Vne| - — - - 8 48 1
 Per B2Vpe| - - - - - 7 5,7
x Oph B2Vne| - — - 1 - - 2
wCMa B2IV-Ve | - — - - 99 128 1
A Eri B2IlVne | - - - - - 8 1
0 Cen B2IlVne| - — - - 1 — 7
¢ Tau B2lv| 1 — - - — 1 5,7
28 Cyg B2.5Ve| - - - - - 98 1
48 Per B3Ve| - - - - - 1 7
eCap B3Vp| - - - 6 61 - 1,4
a Eri B3vpe| - - - - 4 - 7
48 Lib B3lVe | - — - 1 8 — 2,5,6
w Ori B3llle - - - - - 14 1
PP Car B4Vne - — — 1 - - 2
A Cyg B5Ve| - - - - 1 - 7
0 CrB B6Vnne| - 130 1 - — — 3
x Dra B6lllpe | - 195 1 - — — 3,5
e PSA B8Ve| - — 38 — 1 - 7
Pleione B8IVevar] 2 39 - - - 4 5,7
w Car B8llle| - - - 1 10 7 4
v Pup B8III| — — - 1 8 7 4
51 Oph A0V | - — - 1 — — 2

1: Search for multiperiodicity and outbursts (in coll. withBaade and étefl)

2: ASTRO-2 & WUPPE support observations (in coll. with K. Bjman)

3: Search for high order line profile variability (Stumpf,a9)

4: Quasi emission bump (Baade, 1989a; Baade, 1989b) mimwjtén coll. with D. Baade and Stefl)

5: V/R variability — polarimetry — interferometry connection €nll. with D. McDavid and Ph. Stee)

6: Search for narrow optical absorption components (Hanks Vrancken, 1995; Hanuschik & Vrancken, 1996) (in
coll. with R. Hanuschik)

7: Test observations

Note that only the main collaborators are given in this list.
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3. Circumstellar Emission Variability

3.1 Commonalities and Different Appearances of Outbursts

Fig. 3.1 illustrates that the variability of the equivalevitith of Ha, Pas, and Fal A5169 is very
complex. Similarly to the photometric variability of Be Exa(éteﬂ etal., 1995Stefl & Balona,
1996, e.g.), it can be understood as composed of variatio@sop 3 different time scales. Long-
term season-to-season variations of the &fjuivalent width become easily apparent from the
comparison of the mean emission level in the individual pabels of Fig. 3.1 and are assumed
to be connected with changes of the total disk mass. The @tilike variations discussed below
are at the short end of the time scales. In addition, therebadinks to trends on a time scale of
months.

There are indications that the Boller & Chivens (Sect. 3.ar®l some of the CAT (Sect. 3.3.3)
observations were obtained during outbursts. Only in syate long-term monitoring data from
HEROSoNe can unambiguously recognise and follow the entire dpwednt of the emission out-
bursts. In the period 1995-1997, 11 outbursts of differ&mingths were detected. In Table 3.1
their dates and strengths are listed.

Rather than commenting on individual events it is attempige to abstract and describe typical
states and patterns which may ultimately form the basisHerphysical understanding of the
observations. Fig. 3.1 represents a schematic pictureCafn’s line-emission outbursts. It needs
to be understood that this scheme is not representativeygbanticular outburst, although a few
outbursts with such a course of thextléquivalent width were observed in 1995. Rather, Fig.3.1
is typical in the sense that it combines all main phases obtitleurst as they appear in equivalent
width, E/C ratio, emission wing strength and peak separation at diftdevels of the quiescent
emission. The four primary phases of an outburst cycle ape(iods of (relative) quiescence, (ii)
sudden, short (5—13 days) drops in strength of all circullastemission lines (termed 'precursor’
phase below), (iii) subsequent rapid increase (within 2ddys) of the emission strength, which
henceforth will be called outburst for brevity, and (iv) tin@nsition phase which after the outburst
eventually evolves into relative quiescence (10-35 dagd)far which the term relaxation was
chosen. The details of the main phases are provided in S&ct. 3

Already from this coarse description it is clear that a @nggtalar quantity such as the often used
equivalent width or also th&/C ratio cannot adequately describe the temporal run of arucattb
Only based on the variability of the entire line profile tlgpbssible. Particularly the initial phases
of an outburst can look significantly different if monitoreddifferent spectral lines or at different
levels of the quiescent emission and also if recorded as/@gui widths orE/C ratios. For
instance, at low emission levels, the equivalent width isangensitive indicator of the onset of an
outburst. So long as the underlying absorption profile idfitet in, the decrease of the emission
peak height can be compensated by the enhanced emissios. Wihgrefore the total equivalent
width may remain about constant, whereas the outburst caadsl be well recognised in ttie/C
ratio. This happened during the outbursts observed in 19B8ilarly, exclusive usage of the/C
ratio cannot overcome this problem either, since the pemhhimcreases only after the extended
emission wings have appeared.
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Figure 3.1: Equivalent widths of emission lines of F&5169 (top), Pa with CallA8542 (middle), and
Ha (bottom) during the lHROSmMonitoring period. The typical measuring error is 28 rThe offset from
1995 to 1996 in the FeA5169 line is caused by a somewhat different echelle ripple pattern (cf23Bct.
The lines mark special events discussed in Sect. 3.2.3, and the arrowatpbédates of the spectra plotted
in Fig.3.4

The problem of a suitable scalar quantity concerns not drvayull description of the outburst, but
also the choice of the criterion which defines the moment wtheroutbursts starts. The analysis
shows that the emission in the wings of higher Balmer lineainiy HJ, is a reliable indicator
at all quiescent emission levels covered by the monitorfgexample is given in Fig.3.3. The
strengths of the wing was measured by fitting a Gaussian tedhplete line profile. Due to
emission in the line core, the derived equivalent widthssgstematically wrong in their absolute
value, but their gradient is high just at the beginning ofahéburst (see Fig. 3.1). The method is
not influenced by a missing precursor phase in equivalenthvedd/orE /C variations and was
also used in order to determine the outbursts dates in Table 3

In many actual outbursts some of the phases listed above p@saamissing. The apparent
lack of a precursor phase, when the mean emission is weakf amilyi equivalent widths are
measured, was already mentioned. A corresponding thbghBla may belW, ~ —4... — 6 A,
E/C = 1.5-2. A corresponding limit can be presumed for the Paschen boe# would fall in
phases of relative quiescence not covered by the obsarsaflthe precursor phase is getting more
conspicuous with increasing average strength of the eomis§ihen, the initial drop in emission
strength can reach as much as 30% as observed in 1997, When—12A , andE/C ~ 3. By
contrast, the outburst phase appears more conspicuoustidarean emission strength is weak.
This was the case in 1995, whereas after the additionaldeeref theHa emission strength in
1996 and 1997 the outburst phases were mostly missiHgriand still weak in the Paschen lines.
The above also suggests how the appearance of line emiagiomrsts will evolve further if the
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3.2 Phases of a Line Emission Outburst

T
relative p:!rec. out- Telaxation
quiescence phase  burst phase

Figure 3.2: A schematic picture of a line
emission outburst. The outburst phases de-
scribed in Sects.3.1 and 3.2 are marked.
For outbursts at times of weak mean line
emission, the upper panel rather describes
the variability of theE/C ratio whereas
the ordinate is more nearly equivalent
width (which numerically would increase
towards the bottom of the figure) when the
average emission is strong. The bold line
represents the time interval, in which the
guasiperiodic V/R variations appear (see
| | | Sect.3.3). The middle panel shows the
! s ! s emission in the wings of the higher Balmer
T T T T lines, which can be used as a convenient
; ; indicator of the outburst onset, regardless
of the mean emission level in the quiescent
phase (for more details see Sect. 3.1). The
run of the emission peak separation was
derived from the Sil lines. The Fel lines
‘ | | show the same variability, but the value in
. ! . ! . the quiescent phase is mostly not defined,
° 20 40 except for the strongest lines at times of
time (day) highest quiescent emission (see Fig. 3.5)

E/C

H I wings

peak sep.

emission at quiescence from the disk continues to strengthevould be interesting to test this
prediction observationally.

3.2 Phases of a Line Emission Outburst
3.2.1 Relative Quiescence

According to Fig. 3.1, the emission strength,o€en is changing most of the time. Therefore,
one can only define phases of relative quiescence when tlaioas are minimal. Even during
such relative quiescence the Balmer emission slowly dedayis definition is independent of the
emission strength.

In the observations, the end of such a phase can be found B d9%odified Julian Date
(MJD=JD-2400000.5x 50170, nearly 80 days after the last major event had occured. The
following description is based on this period, but the sedtring the relative quiescence before
MJD 49 785 look essentially the same. The small differencighinibe explained by the shorter
time that had elapsed since the preceding outburst.

Balmer lines: At this stage, the emission profiles have sharply definedsdgsd the central
reversal is very pronounced. Thg R-ratio is only slightly variable around unity. The contrilmun

of NLTE effects and scattering to the line wings is quite wesikthat the photospheric absorption
wings are still visible. The quiesceHin-line is shown in Fig. 3.4.

Paschen lines: The emission in the Paschen series is shallow in the speetingke observed
(Paschen discontinuity to Pg@. The peak height of Rg, the blue side of which is slightly
blended with CaiA\8542, does not exceell/C'=1.1. This level of the Paschen emission dur-
ing quiescent phases may be crudely recurrent whereas¢ngt of the Balmer emission during
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3 Circumstellar Emission Variability

Table 3.1: Times and relative amplitudes of line emission outburst detected in HrRBlobservations in

the period 1995 - 1997. MJD refers to the beginning of the outbassderived from the time of increase of
the strength of the Hlemission wings and is accurate to within a day (see Sect. 3.1). The relatinge of

the (total) equivalent width of Hl and Pas is expressed as a percentage of the value at the beginning of the
respective outburst. The typical errors are 1-4 percentage pointefbhtivalues and 10-20 for Ra The
range of this errors reflects mainly the gradual long-term increase ofiemisEhe usage oK indicates

that the actual beginning of the burst was not covered by the data, buhaugsbeen shortly before

Season MJD Ho Pa;
precursor burst precursor burst
1995| 49787 +13 -12 +55 —46
49 836 -30 —60
49858 -19
1996 | <50103 -15 -10
50152 +8 -9 —51
50181 +18 -13 +43 —69
<50219 -6 -14
1997 | 50454 +13 +18 —-15
50515 +38 +52 19
50533 +5 +9
50544 +5 +12

quiescence takes on a much larger range of values. The loeveasal is much less pronounced
than in the Balmer series, though detectable. Apart fromRaschen lines, three other lines
within the Bracket continuum were detected in the obsergeattsal range: Cai 8498,8542
and O1\8446. The first two are weak and moreover blended with Padaiesy But the latter is
stronger than one would expect judging from the\@774 blend. It is a fluorescence line of the
Ly transition (Briot, 1981), and its strength should, therefscale witfH«. The quiescent Ra
line profile is shown in Fig. 3.4.

Silicon: Weak SiiiA6347 emission is present (Fig.3.4) whereas Bi 4131,5056 are missing.
Of the two main phases of relative quiescence in 1995 and, litB@6later one was weaker in
SinnA6347 emission. As can be seen in Fig. 3.5, also the peak siepanas smaller.

Iron: During relative quiescence, Feemission is not detectable down to the noise limit which,
given the large number of potential lines, corresponds teak eight of half a percent above the
continuum level.

Helium: The emission profiles of Heare highly variable in both shape and strength even at
quiescence. However, the absolute level of activity andviiecities of the emission peaks are
generally lower than during an outburst, and the emissiakgare narrower than in other stages.

3.2.2 Precursor Phase

An imminent outburst announces itself by a short (5-13 daig)ificant (see Sect. 3.1 and also
Fig. 1.1) drop in the peak height of all emission lines présdrihe time. A second defining
constituent of this phase is an increase of the extendedsiemigvings which is best visible in
higher Balmer lines (cf. Fig3.3). |H« these wings may compensate the change in equivalent
width caused by the drop of the peak height, however not quié cases. The balancing is more
perfect in H3, and from Hy on the wings grow more strongly than the peaks decrease.

In most outburst cycles, this phase is the most distinctbpgaizable feature; a proto-typical
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Figure 3.3: The H line of u Cen shortly before (full line) and during an outburst (dashed linéhe T
strength of the wings is measured by means of fitting a Gaussian to thgetertine profile. Although
the absolute numbers of the equivalent width measured by this prodealte@bviously systematic errors
and should therefore not be taken at face value, the quantity is far moigveettschanges of the broad
emission superimposing the wings than to variations of the emiggaks. Since the wings were found to
be the most general indicator for outbursts, this quantity can be asedritor the activity

example is displayed in Fig. 3.1 around MJD 50510, but thecedHa-peak height is also well
visible in Fig.3.4. This behaviour is not peculiar gcCen as is shown by the case of the Be
star HD 76 534 in which Oudmaijer & Drew (1997) observed thié riecovery of a previously
drastically reduced W emission in only 3 hours.

Because no photometry was obtained parallel to te@dt observations, the possibility cannot
be directly dismissed that the precursor drop of By& ratio is caused predominantly by a cor-
responding increase of the continuum flux. In the precurbase of the outburst on MJD 50 515,
which was the deepest observed, the H/C value temporarily dropped from 3.0 to 2.4. If the de-
crease was caused only by a change of the continuum flux, latémiag by nearly @.2 would be
implied. This is more than virtually all optical peak-togkelight variations reported by Cuypers
et al. (1989), Balona (private communication), and the NIRE0S photometry (Perryman etal.,
1997) for the period 1987 to 1992. Taking into account alsdtbquency of the outbursts and the
density of the photometric data, such a large change in théncmm flux appears improbable.
Another test is to check th8/C amplitudes of various lines for consistency with pure amnim
variability. Unfortunately, there are too few metal linésit are of sufficient strength throughout
the outburst cycle and to which the test can be applied. Hewa&ccompanying major Balmer
decrement variations indicate that the results of this test would be negative.

3.2.3 Outbursts

Baade et al. (1988) present arguments that previous rapidadses in line emission fromCen
were due to the ejection of material by the star to its cirdettas disk. This justifies the notion
of outbursts. Hanuschik et al. (1993) distinguish betweendifferent kinds of outbursts which
can be identified by their strength. Two major and many minosts are found in the data but
no compelling evidence that they are genuinely differeminés. The difference between bursts
of different strengths may be blurred further by the depangef the appearance of bursts on
the mean emission strength. In 1995, the major burst unfatély started shortly before a gap in
our observing schedule (cf. the description of the behavddthe Fell lines given below). Both
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Figure 3.4: The variations oHa (leftmost), Pa; (mid left), Sin A6347 (mid right), and HeA6678 (right-
most), from relative quiescence (lowermost spectrum, MJD 50 180) logeetry first trace of circumstellar
variability, the beginning of the precursor (second, MJD 50 18w high velocity absorption event as de-
scribed in Sect. 3.4 (third, MJD 50 185), and the appearance at the end mir$tgohase(/ Ru, > 1,
fourth, MJD 50 195) to the late relaxation phad¥¥ Ru, =~ 1, fifth, MID 50 204). The dates of the spectra
are indicated as arrows in Fig. 3.1. Two similar high-velocity absongivents (Table 3.2 and Sect. 3.4) in
January 1997 are overplotted as dotted lines orN@678 (MJD 50 457 in the lower and MJD 50461 in the
upper spectrum). In the lower row it is shown how the dynamical speetralop from relative quiescence
through a major burst into the relaxation phase. The dynamical speareossr two smaller bursts around
MJD 50223 and MJD 50 232. The apparent long-term radial-velocity vanigiin the He\6678 line are
due to the highly uniform sampling of one spectrum per day, whichliteeBua strong beat pattern with
the photospheric periodicity is described in Chapter4. The featurei#; line seen in the dynamical

spectrum atv 50kms ™! is a CCD artifact

major outbursts were sampled with one spectrum per day. dktelnitemporal resolution only
minor bursts were observed withElROS the series of Boller&Chivens spectra was probably also
obtained during a minor outburst (Sect. 3.3.2).

Balmer lines: In 1996, the peak height &f«: dropped after the short precursor phase within a few
days by 0.3 in units of the local continuum, while the equéwilwidth change is roughly com-
pensated by the increasing wings (indicated by the dottediti Fig. 3.1, 1996 panel). The rapid
V/ R variability may occasionally have started already evemégrecursor phase, depending on
the strength of the burst. The emission wings still contihtgerise and, depending on the level of
the quiescent emission, may finally alsoHax overcompensate the decrease in emission strength
caused by the loss in peak height.

During the 1995 lROSobservations a major burst occurred, but unfortunately gtise to a gap

in the observing run, when the instrument was for two weektheftelescope. Nevertheless, the
onset of the burst on MJD 49 801 can be detected both in theagot widths (the dotted line in
Fig. 3.1, 1995 panel) and in the dynamical spectra.

Owing to the increasing optical thicknessk# during the past few years, the distinction between
major and minor bursts becomes on the basis of the variafitt,edHo emission less clear than
before when only a non-persistent emission disk surroutitedtar. However, this classification
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3.2 Phases of a Line Emission Outburst
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can still be retained if applied to other lines within thekbswavelength range, for instance to
those of Fel described below.

Paschen lines: The Paschen series exhibits the most drastic changes damimgitburst. The
emission strengthens by sevefalwhich is due not only to a strengthening in peak height, but
also to strongly enhanced wings. The central reversal hadyndisappeared and the peak height
of the line is of the order off/C ~ 1.2t01.3. The O1A8446 line is not showing this strong
variability. It has nearly not changed its peak height andnly slightly broader than before so
that after an outburst it is weaker than the neighbouring Bae, whereas it is stronger during
quiescence. Similarly tblc, major and minor outbursts are distinguishable by the auogsi of
the increase in emission as long as the persistent emissiart too strong. This was the case in
1995 and 1996, while in 1997 the distinction was less clear.

Silicon: The Sill-emission becomes visible M\4131,5056 and strengthens #@#347. The peaks
are at higher velocities compared to the stage of relatiiesgance. In SiA6347 also remnants
of the emission from the previous outburst are still visialdower velocities. This behaviour is
displayed in Fig.3.4 as a dynamical spectrum and is refléntdte peak separation which seems
to reach high values immediately (Fig. 3.5). It can also lmtbat major outbursts are far more
efficient in driving up the peak separation than are minosone

Iron: At the peak of major outbursts, the Feemission appears rather suddenly and within 10
days attains its maximum strength (cf. Fig.2.1). It thersigs throughout the outburst phase

17



3 Circumstellar Emission Variability

and shows a similar behaviour as thei-®mission. The distinction between major and minor
outbursts is clearest for these iron lines: only a majortdessis to persistent emission, while the
emission of a minor burst, if present at all, vanishes as tinstlceases.

Helium: In He1A6678 additional emission shows up at relatively high velesi The differences
between major and minor bursts are less strong in helium ttn are in lines formed farther
away from the star.

Finally, it should be pointed out that the pre-outburst iossmission peak height (Sect. 3.2.2) is
not always quite compensated for during the outburst artcthlearecovery also takes part of the
relaxation phase (Sect. 3.2.4). Inrare cases, a smallsgeiiay remain well into the next outburst
cycle.

3.2.4 Relaxation

In the two small bursts observed witheERos at sufficiently high temporal resolution (see Sect.
3.3) itis found that thd// R variability is most pronounced on the ascending branch e&this-
sion strength curve. The settling of the rapidR-variability is therefore adopted as the end of a
burst and the beginning of the following phase to which hiteedt is referred as the relaxation
phase.

Balmer lines: The wings of the emission lines attain their maximum strersgtthe beginning of
this phase. No trace of the photospheric profile is deteetabl

The decline of the wings sets in slowly while the emissionkpleeight finally increases. This
increase may continue for weeks, eventually turning ovier énslow decrease when relative qui-
escence develops.

Although theV/ R-variability has stopped, the ratio is stilbt unity. There is a general trend for
the red peak to remain lower than the blue one by several per@mnly after 10 to 20 days (for
major outbursts), the avera§@ R-ratio finally reaches unity. Line profiles that are repréeatve

of these stages are provided in Fig. 3.4.

Paschen lines:They are initially also still dominated by the broad wingsg(F3.4). During the
course of a couple of days the wings fade slowly, the peakhheligcreases quite linearly, and so
the shapes of the profiles asymptotically approach theespaince appearance.

Silicon and iron: Fig. 3.5 shows the measured peak separation fon6847 and two Fe lines.
The separation attains high values immediately after amtjest and then shrinks until the next
major burst. Subsequent minor bursts only have little imftgeon the peak separation. An exam-
ple of this behaviour is given in Fig. 2.1 in the form of a dyneahspectrum for Fe \5169.
Helium: Except for a further weakening and narrowing of the emissimmponents and ongoing
V/ R variability, the helium lines seem to be the first to reachghiescent phase.

3.3 CyclicV/R Variability

V/R is variable at virtually all times. It is perhaps the mostmyonced on the ascending branch
of the emission strength curve of an outburst (Sect. 3.218)s&en best in the strong Hines
such as those at\5876, 6678, and 7065. However, only during three, maybe four, minor bursts
covered sufficiently well by the observations and one in gatialished by Baade (1991) it was
possible to detect some temporal regularity in this behawvio

3.3.1 HERrosData

For the strongest and best observed small outburst @204 spectra during 5 nights) around
MJD 50 232, a time series analysis using Scargle’s (1982hadeindicates a fixed time scale of
0.622 + 0.005 days. The peak-to-peak amplitude-igd% around unity (Fig.3.6, lower panel).
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3.3 CyclicV/R Variability
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This variability is also visible in the emission 8fa. where not only the peak height but also the
position of the edges of the emission is varying with the sper@d. Phase diagrams fHin. and

the Hel lines are shown in Fig. 3.6, lower panel.

For the other well-observed (258r0sspectra during 6 nights) small outburst around MJD 50 223
the time scale is significantly different. During this evéimt same analysis technigque as above
reveals a period 0f.593 + 0.009 days with a lower amplitude of2% around unity (Fig. 3.6,
upper panel). No significant hydrogéf/ R-variability was detected during this phase; this might
be due to the lower amplitude. For a third minor outburst oDM0 246 the phase coverage is
not good enough to allow a reliable time series analysis éxtsp during 2 nights). However,
the variability has a similar time scale and a high amplitueig. 3.8 compares the power spectra
corresponding to the first two events to the power spectruall 6fEROSdata.

3.3.2 Boller&Chivens Data

A simple MIDAS procedure was written which automatically fits a second ropddynomial to

the continuum between 4820 and 494 @and one Gaussian each to the broad absorption and the
two emission components ofd Although both the full width at half maximum (FWHM) and
the separation of the two emission components exceed thamabwidth of a spectral resolution
element by no more than 30% and their peak heights amountyd 66-5% of the local contin-
uum, the fitting procedure seriously diverged in less thd®% of all spectra. The results proved
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3 Circumstellar Emission Variability
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to be fairly robust against modifications of the initial gses. Since, furthermore, the parameters
derived from ‘upper’ and ‘lower’ spectra agree well, thegeamumber of spectra and the high
temporal sampling provide for a meaningful time seriesysigl(TSA).
The period search in the Boller&Chivens spectra was peddrivith the analysis-of-variance
(AQV; Schwarzenberg-Czerny 1989) and Scargle’s (1982hattimplemented in the MAS
TSA package (Schwarzenberg-Czerny, 1993; ESDOAY, 1995). The analysis covers the fre-
quency range from 0 to 10c/d within which the window spectnirtually consists of nothing
but strong features at 0, 1, and 2c/d. Albeit the two methdeldgd essentially the same results,
the peaks of the window spectrum turned out to be much lesgriiisg in the AOV statistics.
Therefore, the results reported below rest mainly on the A@thod. Results on other quantities
measured in the B&C data, such as the radial velocity of iffeabsorption lines, are reported in
Sect.4.1.3.
Of the parameters fitted to the emission components, the FWhiVpeak height (in units of the
continuum), and the radial velocity were subjected to arsdpdl SA for the absorption and the
violet and red component. Only the results of the periodctesr the radial velocities (RVs) of
the emission peaks were negative, with a crude detectidhdidOkm s~! (peak to peak). The
positive detections are as follows:

1. The height of the violet peak varies with a cycle time of7®.8.

2. The red peak height varies cyclically with=0.571d but in antiphase with respect to the

violet peak.
3. The FWHM of the violet peak varies with a cycle time of 0.5/7dnd is in phase with the
variability in height of the violet peak.
4. The variability of the red FWHM has a cycle length of 0.588u is in antiphase with the
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3.3 CyclicV/R Variability
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Figure 3.8: Power spectra of H&\6678 during the bursts described in Sect.3.3. Contours in each panel
mark areas of constant power (in arbitrary units) as a function of radiatielov.r.t. the star’s systemic
velocity) and frequency. They were derived by Fourier analysing therfloairow slices of the line profile.
From left to right are shown (i) the burst during April 1986 foLin Baade’s (1991) CAT/CES data (Sect.
3.3.3), (ii) the burst detected in the 1995 B&C observations (Se22;3since He\6678 was not covered
by these data, H&\4471 is used instead), (iii) the burst on MJD 50223 and (iv) theam&JD 50 232,
both observed in 1996 with#Ros(Sect. 3.3.1), and, for comparison, (v) the power spectruatl t{EROS
spectra from 1995 to 1997. The first four panels display enhanced potteriange 1.4-1.7 ¢/d and at the
RVs of the emission components. These features correspond to thelcyBlieariability during outbursts
Sect.3.3. The fifth panel does not contain significant power at these freqadiegause the proportion of
HERoOsSspectra taken during outbursts is very small compared to the whole d&assty, the features at
f = 2c/d and somewhat lower radial velocities are due to the photosphericiigrigd. Chapter 4). Note
that for the CAT/CES data and the burst on MJD 50 232 (panels i anelsipectively) the blue power peak
is stronger than the red one At= 2 c/d

violet FWHM.
5. The velocity of the underlying broad absorption line alades cyclically, the cycle time
being 0.583 d.
For the peak heights, only a relatively minor part of theltptaver is accounted for by the periods
stated, and none of the variations should be considered taulyeperiodic. But the reality of
the repetitive behaviour is indisputable in all 4 cases waeithe differences between the quasi-
periods is regarded as insignificant. Fig. 3.7 shows the fiédad with P =0.583 d, which is
derived from the RVs of the broad absorption component aolgily the most reliable. It clearly
illustrates the pronounced cycli¢/ R variability of the H3 emission. (In the phase diagram for
the B&C data MJD = 0.0 has been arbitrarily chosen as the epbphase zero, irrespective of
the period.)
The length of thd’/ R cycles in the Boller&Chivens spectra is quite similar tosddound at other
epochs with HROS(Sect. 3.3.1). Since furthermore the prominence of rapiicy’/ R variabil-
ity seems to be linked to the outburst activity, thg bbservations suggest that the observing run
with the Boller&Chivens spectrograph fell into an outbwtj, Cen. This is also supported by the
preliminary periodic ephemeris for the outbursts which desved from a time series analysis of
stellar and circumstellar lines (Rivinius etal., 1998ca@ter 6).

3.3.3 Previous CAT/CES Data

Only the profiles of HeA6678 obtained on April 1-5, 9, and 10, 1986 (Baade, 1991) steidied
in more detail because only in them significantR variations were visible, especially during
April 1-5. After a re-analysis of the 71 spectra from these fiights, a cycle length of about 0.69
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3 Circumstellar Emission Variability

Table 3.2: Velocities and equivalent widths of the temporary high velocity absamptomponents during

3 events described in Sect. 3.4 for differentiHiees. The typical errors are 7kms™" for vpjve; and~
15mA for W,. For the HaA\3820,4026,4471 lines the average profile of the 1996 run has beteacted
before fitting a Gaussian to the additional absorption. Thereforesrargors are to be expected especially
for vpivel in these lines

Mod. Jul. Date 50185.31 50457.36 50461.36

Vhivel Wy Uhivel Wy Uhivel Wy

[kms '] [mA] | [kms '] [mA] | [kms '] [mA]

Hel\6678 212 80 -181 70 -210 60
Hel\5876 218 45 -194 15 —226 15
Hei 4471 -218 42 -173 20 not detectable
Hei1\4026 -238 43 not detectable not detectable
He1A3820 -250 33 =174 40 not detectable

days became apparent for thi¢ R variability. The corresponding power spectrum is preseire
Fig.3.8.

Like for the Boller&Chivens spectra (Sect. 3.3.2), the &y of the time scales and the corre-
lation between the occurrence Bf R variability and outbursts (Sect. 3.3) suggest that also the
CAT/CES spectra of April 1-5, 1986 were obtained during atboxst. In fact, this is again (cf.
Sect. 3.3.2) confirmed by the preliminary periodic ephesnéeiscribed and explained by Rivinius
et al. (1998c) for the times of outbursts. The few contempevas H profiles and their extreme
V/ R variability are reminiscent of those observed by Baade. €1888) during the 1987 February
outburst. But the phase of the initial sharp rise of the eimisstrength seems to have been just
missed.

3.4 Transient High-Velocity Absorption Components

During the precursor phase, but also at the beginning of #isut, transient high velocity ab-
sorption components may develop. They only appear at RVe magative thar-v sini, i.e. only
on the blue side and at super-rotational values. When treypm@sent, they can be seenailh
stronger He lines (Table 3.2 and Fig. 3.4). However they were not detkictdnydrogen or other
lines. Iny Cen, such an event was first observed by Peters (1986) in Ma8RFiwhen it was also
followed by an episode of enhancBd. emission.

In 1996, the increase of the emission wings of the major aattkegan around MJD 50 185 with
the appearance of the high-velocity absorptions (the dditte in Fig.3.1, 1996 panel). A sim-
ilar but weaker high-velocity absorption event was obsgimeJanuary 1997 on MJD 50 457. In
Peters’ observation$]« was in emission already at least one hour prior to the helinsogtion
event. In 1997, another event happened on MJD 50 461, i.g.4odbys after the one described
above. Interestingly, a single spectrum taken in betweamety on MJD 50 459, showed no trace
of additional absorption.

In all three cases the lifetime of the high-velocity absarptfeatures is unfortunately only ill-
constrained by the sampling of the data. In 1996 it was at westday and in 1997 at most two
days. For the same reason, nothing can be said about anplpassgration or not of the high-
velocity features. But from Table 3.2 it can be seen that fgivan spectral line all three events
occurred within a narrow range of onty20km s~'. Even the most pronounced event had only a
depth of about 2% of the continuum flux.
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4. Stellar Absorption Line Profile Variability

4.1 Time Series Analysis of Scalar Parameters
4.1.1 FLASH/HEROSObservations
4.1.1.1 Radial Velocities

In the 392 spectra obtained between 1992 and 1997 radiatitieto (RV's) were interactively
measured in two groups of lines by fitting Gaussians to thedanters.

Note that the bare position of the measured Gaussian hagext ghysical meaning. But in the
presence of noise a fitted function has the purely technibaratage of better numerical robust-
ness than quantities such as line profile moments. Moretheemteractive fitting of only the line
cores proved to provide a critical safeguard against tearfpioccuring profile anomalies (Sect.
4.3) which would otherwise have seriously hampered the sienes analysis.

The groups of lines consist of the He\4121,4168,4438 and the IBiAA4553,4568 lines, respec-
tively. They were chosen since they are least influencedngydimission. It was also attempted to
measure the RV in the wings of the lines. But the results grdodoe much noisier than the ones
measured in the line centers. This could either be causeldebseiection of relatively weak lines
at theS/N limit or it could be a more principal problem of undetectediafle, double-peaked
trace emission in the line wings.

SilAA4553,4568 never showed intrinsic emission in the availdalabase. Although the blue
wing of Sill A\4553 is blended with Fe\4549 emission, the line center can be measured with
the same accuracy asI8\4568. Nevertheless, these silicon lines seem to be sli¢ddly well
behaved than the helium lines measured. For the helium, lloes trace emission cannot be
excluded at the 0.5% level. However, intrinsic emissiomrésent, would be concentrated in the
line wings whereas there are no obvious inconsistenciegdest the selected lines (which would
arise from contamination by line emission). Accordinghg velocity variations in the line centers
should be of the star itself.

On both data sets, a time series analysis was performed fretiigency range from 0 to 6 ¢/d. For
this purpose, Scargle’s (1982) method was adopted andopityifound periods were iteratively
removed using the procedure described by Kaufer et al. {19@&ving to the highly uniform
sampling, the window function is nearly featureless exdéept c/d-features, witm being small
integer numbers (Fig.4.1). It turned out that the previpssispected period of 0.505 day (Baade,
1984a) actually consists of four periodB;-Py, close to 0.5day. They are so closely spaced
(< 0.01 day) that they cannot be resolved in data strings meguttom single-season observing
runs. The possibility ofP = 0.33 d considered by Baade (1991) as an alternative to the (then
unresolved) 0.505-day period can be firmly rejected. A fiftt sixth period around 0.28 day were
found in the He RV’s only. Of all theseP; by far has the largest power and amplitude associated
with it (Table4.1). In Fig.4.2 the original RV data are shotagether with the residuals after
recursive, sinusoidal prewhitening and folded with thepeesive next period to be removed.
Prewhitening forP; reduces the scatter of the 392 HeV'’s after previous removal oP; from
13.5t0 12.Zms~!. In the power spectrum (Deeming, 1975) it is, in fact, asrgjrasP, of the

Hel radial velocity data after a sinefit witR; has been subtracted (Fig.4.1). As can be seen in
Fig. 4.7, folding the data witP5; andPg not only yields reasonable-looking RV curves but also
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Figure 4.1: Window functions (top panels) and power spectra (bottom panels) ¢ #Hreosradial veloc-
ities of the Ha group of lines (Sect.4.1.1). From left to right the full power spatthetween 0 and 6
c/d and the windows around the two groups of periods (Table 4.1 harers In the region around 3.5 c/d
the window function is featureless. The window centere@®gtis overplotted with an offset of 20. In the
lower panels, the power spectrum is plotted for the original data as waflexssuccessive prewhitening for
sinusoidal variations with period®,, P», Ps, P3 andP;. In the bottom power spectrum oriB is left

coherent patterns of the associated line profile varigbilihe amplitudes and phases, which are
by-products of the prewhitening by subtracting fitted siae®s, are also listed in Table 4.1.

4.1.1.2 Other Quantities

The radial velocities used in the previous section were oredsnteractively in spectral lines that
were chosen with great care to be free of emission effectesdlmeasurements were made in
lines cores only, so that fitted parameters other than thidgrobave no meaning. It was therefore
also tried to characterize the overall profile variationsalpplying an automatic procedure to a
larger number of spectral lines.

It turned out that the parameters of Gaussians fitted to thaenlme profile showed significant
medium-term variations. They are probably connected térieeemission activity (Chapter 3) and
possibly also to the temporary occurrence of additionabadtion spikes (Sect. 4.3). This suggests
that TSA's of global parameters can only be made over timiesshorter than the typical outburst
cycle length of 1-2 months (Chapter 3). This is much too stwresolve the fine structure of the
0.5- and 0.28-day groups of periods.

4.1.2 CAT/ICES +HEROSHeIA6678 Radial elocities

The CAT/CES spectra obtained in the 1980’s were all colteateannual runs of typically 10
nights. They themselves do not permit a proper analysiseofrthltiperiodicity to be performed.
But a combined TSA together with the A<SH/HEROSdata is desirable because this could lead to
more precise values of the periods and an assessment gbtiasie coherence on long time scales.
The latter is important for the interpretation of the natof¢he variability.
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4.1 Time Series Analysis of Scalar Parameters
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the averaged radial velocities of the cores
of the Hel A\4121,4168,4438 lines (Sect.
4.1.1). The periods, phases and amplitudes
of the fitted sine curves (smooth lines) are
given in Table 4.1, upper panel. The up-
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Unfortunately, the CAT/CES spectra are not ideally suitadtliis purpose: (i) They only cover
the single line of H&A6678 which is significantly contaminated by line emissioii). ome of
the CAT/CES observing runs happened to take place closedathaorst so that the line emission
is strongly variable. (iii) The narrow absorption spikesatéed in Sect. 4.3 are particularly
prominent in this line.

These shortcomings are partly compensated for by the vety $iN and spectral resolution.
Furthermore, the recovery of tha &sH/HEROS periods in the CAT/CES spectra, which have a
completely different temporal sampling, would further solidate the results of the TSA of the
FLASH/HEROSdata.

For such a combined analysis, also the RVs of the X678 line were measured in the A&SH/
HEROS spectra as described for the emission-free lines in Sekctl.4The CAT/CES He 6678
line profiles were filtered with a Gaussian with a half-widtiiresponding to the one of thegiHos
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4 Stellar Absorption Line Profile Variability
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CAT/CES data (cf. Sect. 4.1.2) of6678
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line-spread functions 7.5 kms~!). The radial velocities were measured in the same way as for
the ALASH/HEROS spectra.

First, a TSA only of the CAT/CES data over the range from 0 t@/tbwas performed, for each
observing run as well as all 1985-1987 data together. Sigmifipower appears again at periods of
0.5 and 0.28 day. No evidence was found for other periodsr@ups of periods) with significant
power. The structure of the power spectrum at 0.5 day canmatsbd to establish the periods
found in the EASH/HEROSdata. But it clearly cannot be accounted for by a single plesiad is
fully compatible with the TSA results of theLksH/HEROS data.

A comparison of the EASH/HEROS and the CAT/CES He\6678 radial velocities indicates a
somewhat higher amplitude for the CAT/CES data. This is giobba consequence of the imper-
fect degradation of the resolving power to that eABH/HEROS The large difference it$/N,
namely> 500 for CAT/CES vs. 100-200 for BROSswould have a similar effect. More impor-
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4.1 Time Series Analysis of Scalar Parameters

Table 4.1: Parameters for the sine fits (Sects. 4.1.1 and 4.1.2 and Figs. 4.2 araf th8 RV-variability

in the line cores of HEAA4121,4168,4438 (top), of 8i AA4553,4568 (middle), and H&6678 (bottom).

The HeiA6678 data also include 291 CAT/CES spectra taken from 1985 to 1987 afijparent lack of

Ps in this data set is a consequence of the limited time base of the data 9185 to 1987. Although

the amplitude associated wifh; andPs is strong enough to be detected in thelHiaes, it is not seen

at the 3kms~! level in the Sin lines. Note that the periods in the upper and middle panel have been
derived using Scargle’s method, while those in the lower panel were dattiwith Stellingwerf’s phase
dispersion minimization method. The reasons for using different tquba are discussed in Sect.4.1.2

HelA\4121,4168,4438 (FASH/HER0S1992-1997):

PeriodP Phasey at Amplitude A
[days] MJD 50 000 fms 1]
P | 09502925 + 09000006 0897 + 0°010 14.3+1.0
Py | 09507519 £ 09000009  0°150 &+ 0°016 8.4+0.9
Py | 09494523 + 09000011  0P646 + 0°019 5.8 +0.7
Ps | 09516358 £ 09000015 0922 + (0°022 4.8 +0.7
Ps | 09281405 + 0000005 0850 + 0°017 7.6+£0.7
Pe | 09279137 £ 09000008  0P425 + 0°032 3.3+0.7
SinAM4553,4568 (EASH/HER0S1992-1997):
PeriodP Phasep at Amplitude A
[days] MJD 50 000 fms!]
P | 09502917 + 09000007  0°872 + 0°013 14.8+1.2
Py | 09507519 £+ 09000010  O°177 +0°018 9.7+1.1
Ps | 09494523 + 09000009 0°612 + 0°018 9.0+£1.0
Ps | 09516262 + 09000024  0°884 =+ (P041 3.8+ 1.0
Ps not significant
Ps not significant
Hel\6678 (CAT/CES 1985-1987 and. EsH/HER0S1992-1997):
PeriodP Phasey at Amplitude A
[days] MJD 50 000 fms™']
P | 09502927 + 09000003  0P950 & 0P011 17.0+1.2
P2 not applicable
Py | 09494510 + 09000004  0P610 & 0022 80+1.1
P, | 09516328 + 09000005 0°898 + (0°016 10.1 £ 1.1
Ps | 09281403 + 09000002 07841 + 0°019 85+1.0
Pe | 09279086 + 09000003  0°136 + 0°043 36+1.0

tantly, the comparison finds no hint of a difference betwdenttvo data sets in the zero point.
This conclusion is necessarily somewhat uncertain dueg®ktiviously limited phase coverage
of all 0.5-day periods by the 10-day CAT/CES observing ruBsit a correction for any such
systematic difference was not applied.

The final combined data set consists of 332&H/HEROSand 291 CAT/CES radial velocities of
HelA6678. The latter only comprise the main data strings fronottserving runs in 1985, 1986,
and 1987. Given the very high level of activity of the starhistline, inclusion of a few isolated
profiles would do more harm than good.

The TSA was done as described for the emission-free linegatidh 4.1.1, i.e. with Scargle’s
method. In addition, Stellingwerf’s (1978) phase disp@raininimization (PDM) technique was
used. Since the merged data are not as homogenous asAbe/HEROS data alone, Scargle’s
method, which is based on the assumption of sinusoidalbilityais less effective than the PDM
method which is independent of the signal shape. |.e.theedtiases produced by the five years
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4 Stellar Absorption Line Profile Variability

Table 4.2: Overview of the periods derived from the time series analysis of thie®B&hivens spectra as
a function of spectral line group and (absorption) line profile paramiiote that the 0.28 day period value
is theadoptednumber; for a discussion see Sects. 4.1.3.1-4.1.3.3, and Secte&spextively. The short
time base of only 8 nights excluded detection of the 0.505-d groppiadds (Sect. 4.1.1)

V/R RV Depth FWHM
HB 058 058 028  0.28
Hy(-He) | — 058 058  0.28
H10-H12| - 058 062 0.28
Hel - 058 - -

gap between 1987 and 1992 are of comparable height if coohjpyt&cargle’s method due to the
significant non-sinusodial shape of the CAT/CES RV curve (Sig. 4.3). Besides this problem,
the Scargle statistics always gives sharp peaks that deirveithin the errors with the results of
the PDM method. It is however not possible for the Scarglehoutalone to distinguish these
peaks from their close aliases.

The periods listed in Table4.1 (bottom panel) are based @M method. They do not only
agree with those derived from theASH/HEROS spectra but actually improve on them. Con-
versely, the phases and amplitudes for the combined datsadeto be derived using Scargle’s
method (Table 4.1, bottom panel). Owing to the amplitudeinbgeneity, they are less certain
than are those of theLAsSH/HEROS data subset.

A histogram of theP, phases of the CAT/CES data shows that the observations thex -
evenly distributed (see also Fig. 4.3, second panel). Foother periods some phase-clustering
is still noticeable but much less pronounced. For this neagas only possible to conclude that
the CAT/CES results are not in conflict with the hypothesisPgfbeing present. Its value can,
therefore, not be improved by combining the two data sets.

The remarkable agreement of the periods derived for the tim@ups of spectral lines and the two
data sets from two different instruments as evidenced bile®ab is indicative of their numerical
and physical stability and their phase coherence on a timle st a decade. Nevertheless, Sect.
7.3 carefully analyses (and rejects) numerous possiblesswf systematic errors.

4.1.3 Boller&Chivens Observations

As described in Sect. 3.3.2, we used the analysis-of-vegi§AOV; Schwarzenberg-Czerny 1989)
and Scargle’s (1982) method implemented in theoMs TSA package (ESO-MAs, 1995;
Schwarzenberg-Czerny, 1993) to analyze the Boller&Clsvdata in the range from 0 to 10c/d.
As for the emission lines, results achieved with both methiod the photospheric lines do not
significantly deviate from each other. However the main paakthe window function at 1 and
2c/d are less strong in the AQV statistics so that the folhgumnainly rests on this method. In
most of the parameters fitted, there are quite noticeablat-tdgnight variations, the elimination
of which made the features in the AOV statistics reportedwdiecome more significant. But it
was carefully verified that this trend removal did not intnod these features.

‘Upper’ and ‘lower’ spectra (see Sect. 3.3.2) Sect. 2.2 faleacription of the observations and
their reduction) were at least initially always kept separalowever, robust regression analyses
showed the information content of the sets of ‘upper’ anddo spectra to be very much the same.
Apart from the modulation-to-noise ratio, which for somesetvables differed quite noticeably,
significant differences were neither found between the tilmgendence of ‘upper’ and ‘lower’
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spectra.

The short time baseline of only 8 nights a priori excludeddiédn of the 0.505 d period found in

the HEROSspectra (Sect. 4.1.1). But it can be suspected to contrilmtieeably to the apparent

noise associated with some other variabilities. Morea¥er,short time baseline does not permit
the question to be addressed whether the variations ayepteuiodic, i.e., not merely a transient

phenomenon. In fact, the latter appears relatively likely.

An overview of the results is provided in Table 4.2.

4.1.3.1 Radial Velocities

A non-interactive MDAS procedure was used to measure positions, full widths atnhakimum
(FWHM), and line depths by simultaneously fitting a secondko polynomial (to approximate
the continuum) and a Gaussian over a range-©50km s~ around the nominal positions of 26
spectral lines. Separate mean values were formed4feri2 as well as for the Helines at 3820,
3927, 4009, 4026, 4121, 4144, 4388, 4471, and #9X0r either data set a linear regression
analysis was performed between the measurements made‘loviie€ and the ‘upper’ spectra.
From these regression analyses, a typical errar dfikm s—! was derived.

Furthermore, there is a systematic difference betweereitijppd ‘lower’ spectra which decreases
linearly from 30km s ! at 35004 to 13km s ! at 45004 and from there on remains constant. The
explanation for this difference is that, as RV measuremeaei® not among the original aims of
the observations, the arc spectrum was only extracted aetiter of the slit but used to calibrate
both the ‘lower’ and ‘upper’ spectra. The arc spectra wese &ken relatively infrequently. Since
the difference between ‘lower’ and ‘upper’ spectrum is eysitic and because of the very high
temporal sampling, the overall significance of a time seaigalysis should at the frequencies of
interest (0.5-2 c/d) be unabated.
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4 Stellar Absorption Line Profile Variability

The most prominent feature in the AOV (and Scargle) statistppeared at a position correspond-
ing to 0.585-0.003 d which correction for a small trend changed only insignifibato 0.583
day. For the Balmer lines this feature is 2.5 times as straren c/d peaks whereas in the case
of the helium lines they are of comparable strength. The pealklley amplitudes are-50 and
15kms~! for the Balmer and the helium lines, respectively. Fig. 4sbldys examples of the
resulting RV curves.

It is obvious from Fig. 4.4 that even though the formal siguifice of the 0.583-day time scale is
high, the deviations from a simple sinusoidal variationegaally important. On the other hand,
after prewhitening for a sinusoidal variation with the @&y period, no significant peaks re-
mained in the AOV and Scargle statistics that were not olslyorelated to the window spectrum.
Because even after explicit separate fitting of the two donissomponents described in Sect. 3.3.2
the broad stellar absorption ofdshows the same RV curve as do the other Balmer lines, it is not
likely that in the higher Balmer lines underlying undetecté/ R variability masquerades as RV
variability. However, it is not excluded that indthere are variable broad emission wings which
the decomposition process described in Sect. 3.3.2 doénatatie. An indication of this possi-
bility may be that the violet emission peak is highest whenahsorption core is most redshifted
and vice versa.

Given the special nature and purpose of the Boller&Chiveeetsa, one must be concerned that
the RV variations, even though quasi-periodic, are onlyréifaat. In fact, this could be imagined
in several ways. However, we have not found a possibilityré@e back any of them to the
antiphased variability of the peak height and width of thigwdosely space®# andR components

of the HG emission (Sect. 3.3.2). The virtual identity of the quassiipds should, therefore, prove
the reality of the RV variations.

Folding the stellar RV’s with both 0.281 and 0.622 day (cfctSe4.1.1, 4.1.3.2, and 4.1.3.3) did
not yield meaningful phase diagrams.

4.1.3.2 Line Depths

Line depths in units of the adjacent continuum were derivedatioing the fitted height of the
Gaussian (Sect. 4.1.3.1) with the value of the simultargditted second-order polynomial ap-
proximating the run of the neighbouring continuum. Foumldsdts were studied: (i) the mean of
the Balmer lines H10-H12, (ii) K, (iii) H3, and (iv) the mean of the Hdines at 3820, 4026,
4388, and 4474 Periodic variability of the helium line depths was not fisbeven after a sophis-
ticated correction for the night-to-night variations.

In the Scargle statistics for H10-H12, the strongest festat a period of 0.62 day, and the one for
H~ appears at 0.59 day. The modulation-to-noise ratio of tleseldiagrams is low with a peak-
to-peak amplitude of onlyx 2% of the continuum flux. Furthermore, even though the difiee
between 0.62 and 0.583 day is not large, the latter quagiehexhich is also the one of the RV’s
(Sect.4.1.3.1), including 41 does not nearly adequately describe the variability oftéyaths of
H10-H12. Still more discrepant is the case of the fitted depthe broad H absorption (Sect.
3.3.2). In the AQV statistics of the trend corrected datay ahe 0.395/0.653/0.283-d group of
periods is clearly visible which are discussed in Sect3431.Phase diagrams for all 3 groups of
Balmer lines are shown in Fig. 4.5.

4.1.3.3 Full Widths at Half Maximum (FWHM’s)

Using the same procedure as before (Sects.4.1.3.1 and24.4.8istinction between upper and
lower spectra proved to be unnecessary), the TSA of the méatNFof HS (Sect. 3.3.2), H-He,
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and H8-H10 found pronounced peaks in the AOV spectra near(ier of decreasing strength)
0.395, 0.653, and 0.283 d, respectively, which are all 1iddes of one another. By contrast, no
trace of a variation with 0.58 d could be detected, even aftmoval of substantial night-to-night
variations. The peak-to-valley amplitudes are slightlssi¢éhan 5, 10 and 15%, respectively, for
the three sets of Balmer lines.

Phase plots with these three periods do not permit theiifiignce to be distinguished. The
practical identity of the period of 0.283 d (only the thitdemgest feature in the AOV spectra of
the FWHM values) withP; = 0.281d in the HEROS RV’s is striking. P5 is associated with
the RV’'s of Hel lines but apparently not of 8i lines (Sect.4.1.1). It is, therefore, disturbing
that in the mean of the FWHM's of the helium lines at 3820, 4G2¥88, and 4474 significant
periodic variation was not found even after careful remafahe night-to-night variability. Fig.
4.6 nevertheless shows the H8-H10 data plotted versus phas®281-day period.
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4.2 Full-Profile Time Series Analysis of the 1995-199HMEROS Spectra

Radial velocity, line depth, and FWHM are similar to photdritedata global, stellar disk-inte-
grated quantities that strongly underutilize the Doppiet phase information contained in the line
profiles by mixing it all into just one number. In addition teese parameters, we have therefore
for several spectral lines also analyzed the temporal fluatians as a function of the position
within the line profile. A full description of the procedure given in Kaufer et al. (1996); it is
based on the MIDAS TSA package ((ESO8Ms, 1995; Schwarzenberg-Czerny, 1993)). For any
non-chaotic global stellar variability, a global relatioan be expected between the phases of the
flux variations in all bins. The detection of such a phasetimiancreases the confidence level of
the associated period considerably.

Albeit the analysis of the line-profile variations is giveard, their physical interpretation are
postponed to Chapter5. Here the method is applied to a hameoge subset of the database, also
to provide independent evidence of the multiperiodicityivial from the scalar quantities. Such
a subset is formed by thedkosdata observed from 1995 to 1997. A schematic summary of the
results of all 21 lines analyzed is given in Table 4.3.

Based on the periods and phases derived from the time seagsis of the RV data (Table4.1),
phase-dynamical spectra of the pulsation cycle patterral gix periods in HeA4121 (free of
detectable line emission) andiiG4267 (only slightly contaminated) are shown in Figs.4.7 and
4.8. Both lines have a central depth of about 10% below tha loentinuum. The typical peak-
to-peak amplitude of the patterns is of the order of 1% forstinenger modulations.

Note the similarity of the cycle patterns &, P2, Ps, andP, (Fig. 4.7) whereas the ones asso-
ciated withP; andPg (Fig. 4.8) are distinctly different from the former ones laty similar to
one another. Also in in all other lines without strong entiaghe patterns basically look the same
within each group of periods (i.e. 0.28 and 0.5 d, respdglive

Below the dynamical spectra, Figs. 4.7 and 4.8 also incloeedsults of the full-profile time series
analysis. They fully confirm the periods found in the radielocities (Table 4.1). However, the
uncertainties are higher because the noise in the § '-wide profile slices is obviously much
larger than in a line-integrated quantity such as the ragdbdcity. This analysis method also
returns, for each velocity bin, the phase and the power di datected period. These quantities
provide strong diagnostics of the nature of the variab{idjes & Kullavanijaya, 1988; Telting &
Schrijvers, 1997); their exploitation will be presenteddhapter5.
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Figure 4.7: Spectral variability patterns qf Cen (cf. Sect. 4.2). The grey-scale pictures are dynamical
spectra of the pulsation cycles for the Kld121 (top row) and @ 4267 (middle row) lines; they are
presented as residuals from the respective mean profile in order to enhanistitiey of the variability
pattern. Note that for each period all phases are shown twice. A total of 88Irggrom 1992 to 1997
were sorted into 25 phase bins. All spectra falling into the same ghiaseere averaged to minimize
the influence of other variabilities and noise (i.e. no prewhiteningapgdied). From left to right, periods
P1, P, andPs as derived from the RV’s of helium lines (Table 4.1) were used to phasspéctra. The
similarity of the variations is striking. The lower row shows ttesults of the time series analysis of the
line fluxes in bins of &m s~ ! width as described in Sect. 4.2. In the upper and lower row of the lowérmos
sub-panels the power and the phase of the variability are shown, reshedth both cases separately
for each velocity bin. Filled symbols are used for values derived from\H&21 (), open symbols for
C11M\4267 @). The dotted lines mark the systemic velocitygfs = 14.5km s~!, which was derived from
the mean RV of the Sil A\A\4553,4568 lines, and the rangewgfs £+ v sini. The power outside this range in
C11\4267 visible inP; is due to trace emission variablity in this line. In lines with strengmission like
HelA\6678,5876 this contribution is stronger. The solid lines inktbttom panels are the linear regression
of the phase with velocity computed f@r; only (in order to underline again the similarity between the
properties of these four variabilities)
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Figure 4.8: Same as Fig. 4.7, but f@?, and theP5/Ps group of periods. Note the difference in slope (rate
of phase progression) between fAggroup of periods displayed in Fig 4.7 and represente@®pgnd the
‘PsIPg group of periods
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Table 4.3: The spectral lines studied with the full-profile time series analysibriique (Sect. 4.2). The
symbols show in a self-explanatory way how significant the detectibpsradsP; -Pg (Table 4.1) are

Line Pr Py P3Py Ps  Ps
Heix3820 | v v VvV V) Vo=
Nux3iz () () - - V) -
Heix4009 | v v v v W)
Heixd026 | v v v v, W)
Heixd121 | v v W)
Heind144 | v v vV V) Vv )
cuxdaz267 | v v v W) v oV
onx3ir | (v) () - - «) -
Heix4388 | v/ v v Y
Heixd471 | v Vv v Vv
Mgnx448l| v v () - v W)
Simass3 | v W) V) W) W) (W)
Simxs68 | v V) W) - - -
Heixd713 | v v v Y
Heix4922 | / VooV
Held5016 | v v Vv voo-
Heix5048 | v (V) V N
Heix5876 | v v v vV VWV oV
Sinxe347 | v/ V) (V) - Vo=
Heix6678 | Vv v VvV VvV VvV V
Heia7065 | v VvV V) VvV )

4.2.1 ThePy Group of Periods
4.2.1.1 Blue Power Excess

A striking property of this variability is the strong asymimein a part of the observed spectral
lines. This asymmetry is not a consequence of forbidden coemts in the triplet Helines,
but present in both singlet and triplet lines. Rather itasatith the strength of the line. Figure
4.9 shows some weak lines in the upper left edge, some strdings in the upper row from
left to right and HeA\4026, 4471 as maximal asymmetry in the lower left. In a rougse
this sequence probes the formation depth of the lines, tlakest ones being formed at deepest
locations. However lines of Hethat are formed even higher again show perfectly symmetric
profiles. These are HaA5876, 6678, 7065 and are shown in the lower row, middle arid.ri§y
behaviour with similar properties was found by Tubbesing2®Cyg (1998). In this star he found
a correlation between the mean radial velocity of a line adtrength, that points to the same
direction, i.e.the stronger, the more the line was shifieéwards. Again the HE\A5876, 6678,
7065 lines did not follow this trend. Tubbesing showed thase He lines can be understood
as transitional between stellar and circumstellar vditgbrepresented by the Hdines without
emission and the Balmer lines, respectively. Further sigipothis finding is given bytefl et al.
(Stefl etal., 1998a) and in Sect.4.2.1.2.

The asymmetry of the pulsational power is not well undeto®uggested solutions include
abiabaticity, but also the dissipation of pulsational gggwave leakage) into the circumstellar
environment (Townsend, 1997b).

35



4 Stellar Absorption Line Profile Variability

4.2.1.2 Periodic Variability beyondsin

To some extent an influence of the photospheric variabilityhe close circumstellar environment
can be shown directly. In Helines exhibiting clear emission contribution, secondaegahs of
variation power appear well outsidesini. The variability causing this power is detected at the
very same frequency as the photospheric variability. lfixem phase relation to the photospheric
features is maintained. Already earlier a searchlightagalvas proposed by Penrod, (reported
e.g. by Baade, 1987) in which a hatp wave crest (or a spot) would excite the material in the disk
above this region stronger than in the rest of the disk. Tlis mejected by Smith (1989) on the
base of his extensivi Eri dataset. However, we found this phase-locked emissi@oiine of our
program stars to be undoubtly present only for real stronggaon and therefore quite massive
disks. X Eri was not observed in such a stage.

In turn, the presence of a hot crest was reported already teydP@991) based on IUE data. She
derived a timescale df0.8 + 2 hours for UV flux variations, which she interpreted as terapee
variability in the order of 500 K. Peters also concluded thatrapidV/ R behaviour of Be stars
is more complex than a simple phase locked variability instaes observed by her. Albeit this
certainly also holds fop Cen, the “searchlight” might still be part of the observedalaility. In
stars for which none or only minor irregular variability ibserved, as e.g.CMa or 28 Cyg, the
searchlight type of behaviour is clearly dominant (Tubbgsil998, and Sect. 7.20f this work).

4.2.2 ThePs Group of Periods

The phase progression throughout the profile amounts ta @ty while the power distribution
across the profile is a triple structure with the main peakeasi/stemic velocity. The only property
that cannot be modelled by state-of-the-art nonradialgpials models (Sect. 5.4) is the presence
of slight power beyond sin i, again in the He lines emerging from the upper photosphere/inner
disk regions.
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4.2 Full-Profile Time Series Analysis of the 1995-139¥R0OS Spectra
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Figure 4.9: Spectral variability patterns @?, for twelve spectral lines observed from 1992 to 1997 with
HErROS Shown are the mean profiles in the respective upper panels, the powibutist in the middle
panels and the phase propagation across the line profile in the lowesparted power excess on the
blue side for some lines is discussed in Sect.4.2.1.1, the adalifpower outside sin i for lines showing
emission in Sect. 4.2.1.2
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4.3 Sharp Absorption Spikes

normalized flux

—600 —-400 -200 0 200 400 600
velocity [km/s] Figure 4.11: Upper panel: A proto-typical
6 example of a sharp blue absorption spike
r (cf. Sect. 4.3) and its development ob-
L served on April 4, 1986 by Baade (1991).
Lo4 Note the signs of an appearing red spike
about 5.7 hours after the blue spike was
first visible. Lower panel: Three ex-
amples of sharp red absorption spikes in
the SiliA4553 line observed with the
CAT/CES on June 26, 1995 (lower spec-
trum) and June 27, 1995 (upper spectra).
The temporal separation of the spectra was
22.5 and 0.7 hours, respectively. From the
1995 spectra contaminating neighbouring
Fell emission lines have been subtracted.
600 400 200 o 200 200 w00 The mean line profile at that time is indi-
Velocity [km/s] cated by the dotted line

Normalized Flux

4.3 Sharp Absorption Spikes

In addition to the features migrating across most of thevidith of the profiles (Figs. 4.7 and
4.8), conspicuous narrow absorption spikes appear froentiintime close to the line wings (Figs.
4.11 and 4.13). Although such features may be observed imighy, their occurence is strongly
enhanced during precursor and early phases of a line emissitiburst (see Sect. 3.2 for the
definition of the phases of an outburst cycle). Since theaeabsorption features in question
appear even in lines which seem to be the least contamingittiet fpresence of the circumstellar
disk (e.g., Sill A\4553,4568) they are unlikely to be circumstellar in origin.

The FWHM of these spike-like features only amounts to 40 ki 5e. about 15% of x v sin .
Their life cycle lasts 2-3 hours during which their equivaleidth (EW) rises and falls following
roughly one half of a sine curve. The maximum equivalent kwidtabout 6-8% of the main
line’s mean value. Since the contribution of irregular E¥iability is equally strong, it cannot
be judged if a spike is true additional absorption or if the fluijust redistributed. During their
evolution, the features shift in radial velocity by no mdnan 15kms!. Even in different years,
they appear at the same position to witki@0 kms™'. An example of the development of these
parameters during the lifetime of such a feature is showngnFL2.

Narrow absorption spikes can occur in both the blue and tthevieg but are never seen in both
wings simultaneously. Although the data do not cover onlecfudle of this variability, the spectra
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shown in Figs.4.11 and 4.13 suggest that the blue and redsspile part of one and the same
pattern, separated by about 0.5 in phase (the cycle lenglisdassed below). This is well sup-
ported by their occurence at about the same distance frofmtheenter, namely 90-100 km's

or three-quarters af sini.

A remarkable related variability is the simultaneous apgeee and disappearance of very ex-
tended (up to 250 knts from the line center) absorption in the respective othegwihich takes
on the shape of a straight, linear ramp. However tlE®éisdata, other than CAT/CES data, have
too low a resolution and too strong noise to study more tharbire occurence of spikes. Not
even this is possible of course for the B&C data.

During outbursts, when spikes are observed more reguéadyclic behaviour becomes apparent.
Spikes in successive nights can well be phased with a cyale d¢f 0.5 day, which in such short
time strings is indistinguishable from the photospherte-day group of periods. The enhanced
power at 2 c/d in the blue wing of Hdine profiles observed during outbursts in 1986 April and
on MJD 50 232 (Fig. 3.8) is due to the waxing and waning of tiegskes at roughly constant RV
during outbursts. That only in the blue such enhanced posveisible is probably an artifact of
the insufficient phase coverage.

Spikes and ramps not only have a recurrence time as the maiogperic variability, they also
appear always at the same phases of the line profile vatyatiliue spikes always coincide with
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4.3 Sharp Absorption Spikes

1.1 -

Normalized Flux

1 hour

e Figure4.13: The development of a
4040 4950 4080 toro % biue absorption spike (cf. Sect. 4.3) in
HEROS spectra taken on May 25, 1996
(MJD50232), the beginning of a minor
burst. Time increases from bottom to top
with the spacing between spectra being
proportional to the time elapsed between
them; a vertical bar in the upper panel pro-
vides the scale. The upper panel shows the
photospheric Sii triplet around 4560,
while the lower panel displays H&6678,
where also thé//R variability (cf. Sect.
3.3.2) is visible. Note again (cf. Fig.
4.11) the presence of a nearly linear wing
(“ramp”) on the side opposite to the extra
6660 6670 6680 6690 absorption. A similar wing on the blue side
Wavelength [A] is visible in the first (lowermost) spectrum
of this night

Normalized Flux
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phases of maximum blue shift of the line core, whereas spikethe red side of the line appear
around the phase of maximum redshift of the core. Whethepltasing of the spikes is governed
by only one period of the 0.5 day group or by any combinatiopesfods, is however not possibly
to say. The spikes do not occur over time spans long enoughot® the recurrence time to be
identified with one of the photospheric periods.

The above description of the absorption spikes and accoymganamp-like wings inu Cen is
practically identical to that given by Smith (1985) for Spie « Vir). This well-known, bright

[ Cephei star had according to photometric reports (e.g. Lb81H8, Sterken et al. 1986) by the
time of Smith’s observations already stopped its photometrCephei type activity. However,
in 3 observing runs in 1983 February, 1984 February, and M&# Smith found line-profile
variability, including spikes, always to be present in SpidOnly the amplitude of the spikes
varied quite considerably. A handful of spectra taken ot&iy Baade (unpublished) in 1984
February and 1985 January also show traces of the spikes/digd by Smith. Other unpublished
spectra obtained in 1993 with.EsH (cf. Chapter 2) still show prominent spikes from time to time
The presence of such variability in a non-emission line litarSpica re-inforces the conclusion
drawn foru Cen that the variability is probably not circumstellar ifgam. Finally, the line profile
variability observed in the Mg 24481 line of 28 CMa (Baade, 1984b) may also fall into the same
category.
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4 Stellar Absorption Line Profile Variability

It was shown already in Sect. 3.4 that in the very early phatas outburst the line profile vari-
ability pattern can deviate significantly from its mean appace. While the main periodicity
persists, additional power appears at slightly lower feggpies (Fig. 3.8). This shows well that the
power spectrum of: Cen is variable. Such a behaviour was found in other Be sltams,(éteﬂ
etal., 1998b) and might well be related to the finding of Kartt®#93b), who observed different
power distributions across the profiles)dEri at different stages of this star’s activity.
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5. Nonradial Pulsation Modelling

The variability analysis of a scalar quantity derived frdm entire profile has the advantage that
the information content is focused in a single number ancbffeets of noise are reduced. How-
ever, especially for asymmetry variations physical infation is lost. To exploit this information
two techniques have been developped in recent years, theemiamethod (Aerts etal., 1992;
Aerts & Waelkens, 1993), and the full-profile 2D method (&eKullavanijaya, 1988; Telting &
Schrijvers, 1997). However, it is not entirely clear how presence of circumstellar emission in
the line wings influences the moment meth&defl et al. (1998a) have shown for the staEMa
that the moment method alone would give misleading resoita fine like HaA6678. Only with
prior knowlegde, derived from EROsdata (cf. Table 2.3), about the present periods and the fact
that part of the variability resides mainly in the emissitirie moment method could be used to fit
a biperiodic solution. Sincg Cen shows clear emission components in the strongetifies and
trace emission cannot be excluded for even the weakest linestrict myself to the full-profile
2D method.

5.1 The Nonradial Pulsation Model

The observed distribution of the periods leave little ro@ndther interpretations than nonradial
pulsation frp). However, a mode identification by means of accurate physiodelling is still

to be derived.

Townsend’s (1997a; 1997b) spectroscopic modelling codrst® and KyLIE are used to investi-
gate the variability observed jnCen. BRUCE calculates the pulsational disturbances of a rotating
stellar surface. The technique used to calculate the oottimodifications is based on the simi-
larity transformation technique introduced by Eckart (Q98és given by Lee&Saio (1987a). This
technique is especially suitable for slow pulsators, and fbrg-modes. The input for BucEare
the stellar parameters, and the angular pulsational indind amplitude of each mode.

BRucE starts with a rotationally modified but pulsationally urtdibed star, that is represented by
a grid of about 50 000 points, of which the half is visible. Tatational modifications include von
Zeipel's (1924) gravity darkening theorem, using the staddralue of3 = 0.25 being appropriate
for early type stars (Townsend, 1997b).

While for a non-rotating star the disturbances caused bysafonal mode can be described com-
pletely by one single set of angular indideandm, the coupling between modes becomes more
and more important the faster the star rotates (Neverth@l@sode can still be identified unam-
bigously by these numbers). Lee&Saio (1987a) have showvtrthibaequations can be written in
vector form, so that the coupling is completely describea Inyatrix of infinite dimension. How-
ever, according to Townsend (1997b), a matrix dimensior06fi& sufficient in practice to ensure
a stable result. These rotationally modified modes are tked,wnder Cowling approximation
and adiabatic conditions, to calculate the pertubatiorsetapplied to the grid that represents the
undisturbed star:

1. The pulsational velocity field that superimposes thetiaia
2. The temperature pertubations
3. The variations of the visible surface
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5 Nonradial Pulsation Modelling

Table 5.1: Adopted stellar parameter ranges. Note that the combinatianarafi are restricted to sini =
130kms~!. The finally chosen parameters are emphasized

Parameter Range
Radius,R, polar [Re] | 4.8...5.8...6.2, step 0.2
TemperatureTeq polar [kK] 20, 21,22, 23
Mass,M, [Mg] 7,8,9, 10
Rotation,v [kms™] 170,200, 260
Inclination, s [degree] 50,40, 30

4. The deviation of the local surface normal vector from tdial direction

The information of these perturbations for each visiblal groint is written to an unformatted
output file to be used by the subsequent calculation of obbénquantities.

KYLIE then reads this file and integrates over the grid calculayd8ifu CE to derive observables.
To do so, KrLIE needs an input grid containing information about the undigtd instrinsic ob-
servables of a stellar surface element. These intrinsierebles depend on temperature, gravity,
wavelength and inclination angle.

KYLIE can be used not only to calculate phase-dependant spéutralofiles but also to estimate
the photometric variability due to a given mode. In the fisse the input grid would have to
contain intrinsic line profiles of a given spectral line, lehior the second case the flux emerging
from a standard surface element under different condii®ngeded.

5.2 Grid of Stellar Models
5.2.1 Stellar Parameters

To represent the undisturbed configuration of the rotatiag the stellar parameters polar radius
R, polar, POlar temperatur@eg po1ar, MassM,, the rotational velocitys, and the inclination
are required. Since the latter two are not independant favengstar but conncted via the ob-
servedv sin 4, only certain combinations are acceptable. A completefgerameters is given by
R*,polara Teff,polara M, and (U, Z) .

Physical parameters for Cen have been derived using Walraven photometry by de Geals et
(1989). They derivedg = 21 000K, logg = 3.94, log L, /L = 3.6, and a distance of 145 pc.
However, the HIPPARCOS distance is a little greater, 162ylicating that radius and luminosity
could be higher. Brown & Verschueren (1997) derivedn i = 130 kms~' from high resolution
echelle spectroscopy. The emission line profile type (Hetmilsetal., 1996) points to a low to
intermediate inclination of about 30 to 45 degree. Fromelasservations the edge values of the
parameter grid shown in Table 5.1 were derived, for whiclsatidnal models were calculated.
For the calculation of the flux variability to estimate theofgmetric amplitudes an absolute cali-
brated flux grid described in Sect.5.2.2.1 was used.

To compute the spectroscopically observable stellar béitiafrom the perturbations of the stellar
surface calculated by BJCE, KYLIE needs the intrinsic profile for each surface element. They
were interpolated from the models introduced in Sect. 2.2

5.2.2 Stellar Atmospheres

Gummersbach et al. (1998) have calculated a grid nfa& 9 atmospheric models for different
metallicities. The grid was meanwhile extended by Korn & ¥A@998), now reaching from
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5.2 Grid of Stellar Models

Table 5.2: Adopted and derived parameters for the pulsationally undisturbed star

Adopted
Parameter Value
Polar radius Ry polar 5.8Rg
Polar temperaturéeg polar 22 000K
Mass,M, 8Mg
Rotation,v 200km s~ !
Inclination, s 40

Derived
Parameter Value
Equatorial radiusRy equ 6.278R
Equatorial temperatur@eg equ | 20216 K
Polar gravity,log g,,o1ar 3.814
Equatorial gravitylog geq, 3.667
Stellar luminositylog L, /Lg 3.797
Rotational periodP;; 1.59days
Critical period,Prit 0.76 days
Critical velocity, verit 418kms~!

Terr = 9000 K to 50000K in steps of 1000 K, and from the lowest numericatiywerginglog g

to an upper limit oflog ¢ = 5.0, stepwidth 0.1 dex. Of these a subset of solar metallicitge
in the range of 18 000 K T, < 23000K and3.5 < logg < 4.3 were selected . The parameter
chosen finally and the derived quantities for the undistidtellar surface are given in Table 5.2.

5.2.2.1 Fluxes

The stellar fluxes computed from this grid were used as inpta fbr KyLIE to model the photo-
metric variability. This grid is however not able to covee tvariations due to point 4 in the above
list. The proper way out would have been to calculate angbeddant intensity spectra instead of
flux spectra.

To overcome this difficulty, the correct treatment of limbrldaning is crucial. In this work
parametrized linear limb darkening coefficients for thendtad photometric band4JBV and
uvhy) by Diaz-Cordovés et al. (1995) are used, obtained by sepmre fits to the computed values
for ATLAS 9 atmospheres.

5.2.2.2 Intrinsic Line Profiles

Besides the absolute flux,TAAS 9 also gives the atmospheric structure needed as input telmod
the intrinsic line profiles. For the selected models abord,TE line profile grid has been calcu-
lated using the BT-code (Baschek etal., 1966). The calculated profiles iredidd, H5, Hy, HF,

and the HeA)\ 4009, 4026, 4144, 4168, 4388, 4437, 4713, 4713, 4922, 5@4&B, 5876, and
6678 lines. The microturbulence was chosen to be 10Kma typical value derived for early B
stars analysed with this method (Kaufer etal., 1994, e.g.).

Townsend (1997a, his Sect. 7.5.6) has compared the intespsttra based method with integra-
tion techniques using limb darkened intrinsic flux spectid Bmb darkened Gaussians fipv
modelling.While the deviations from the complete methagarly minor for limb darkened com-
puted intrinsic profiles, the results based on Gaussiangrassic profiles might differ strongly.

45



5 Nonradial Pulsation Modelling

l=2m=-1 l=3,m=-1 l=4m=-1
5.0 1075 T T T = 5.0 1075 [ T T T = 5.0 1075 T T T |
4.0 1075 | E 4.0 1075 | 3 4.0 1075 E
5 3.0 105 F : 4 530 105F : 1 530 105E E
5 E 1 & E 1 5 E 1
3 c %1; 1 = £ %l; 1 = c B
2 20 105 F o 4 2 20105F H 4 £ 20 105F E
Rl E % ] = = o % E R E 3
s E E E L o o gf NS E
10 1075 ] 10 1076 ¢ P o . g ]
15 < 15 PO | S 15 p
P L @ b L'D 0@ P %
F o4 F o F o4
e & 1 wgn e &
£ 05 b £ 05 [ D% b £ 05 b
=3 =] i) H =3
: X : — : £
I a7 I o7 I a7
o B 0 gt " 0 o "
o5 LB L L] o5 L1 L N o5 LB L L]
~200 0 200 ~200 o 200 ~200 0 200
Velocity [km/s] Velocity [km/s] Velocity [km/s]
l=1m=-1 l=2,m=-2
50 1075 —— ‘ —r 5.0 1075 —— : 7
4.0 105 £ E 4.0 1075 & E
. L A s En o E
§ 30 1078 F % o 1 BsowsE ™ E
20 105 F ik 5 4 £ 20105F g E
£ 20109 F §%  §1 4 Teowcr CE N ]
C o 0 m ° ] C 0! mo ]
1.0 1075 s C 'Eﬁn B E 10 1075 F - %d B E
et | c Ty o 3
sl ? | e ! @MN A
15 P Pomiha | Nl 15 [ o | e S
=] ) =]
& E F 59
[ o] [ o
s g = 1E .
L C ] o C ]
g o - ] 2 osh ]
z 05 | . . £ osp .
eI 3 : .
[ o] [ o]
or % ‘m‘ﬁ% 7 0 7
o5 LB, K\\\’ o5 LB, L]

-200 0 200 ' —200 0 200
Velocity [km/s] Velocity [km/s]

Figure5.1: A set of calculated pulsational modes f@r, at fixed stellar parameters5.8Re,
22000 K, 8Mg, 200 km s~ *, 40°) and pulsational amplitudel(= 13 km s~ '). The model data is displayed
as bullets ¢), while the Ha A4388 line data is plotted for comparison with circle. (Only (2,-1), (2,-2),
and (3,-1) reproduce the power and phase distribution, while trex atodes do not fit the phase variation
across the profile very well. However, for (2,-2) and (3,-1) the répction is not only less good, but to be
strong enough, unphysical flow velocities on the stellar surface wad to be assumed. Asymmetries in
the variability wrt. the line center are a consequence of the use afsidrstellar profiles, that is not entirely
symmetric itself for HeA4388 due to a weak blend on the violet side

Since the limb darkening can vary strongly across a spelit&l any smooth parametrization
might be entirely wrong (Townsend, 1997a, his Fig.7.9). iBns from the intensity spectra
based method to the limb darkened intrinsic profile methodbeafully attributed to an incorrect

limb darkening law used. As mentioned above however, thegiatibns are usually small, even if
the continuum value for limb darkening is applied acrosditteprofile. So rather than using the
approach suitable for the continuum variability (Sect. A2 the linear limb darkening parameter
is adopted to be constant here with a value of 0.4.
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Figure5.2: A sequence of models fd?;, (2,-1) to illustrate the influence of the stellar paramefeiand
(v.i). In the upper right the model {eg po1ar = 22 000K is shown, because the fast rotating models with
lower temperature had equatorial temprature extrema outside the loweddmy of the atmosphere grid

5.3 Modelling uCen

In Chapt. 4 it was shown that each period group has a commaabidy pattern. The analysis is
therefore concentrated on the strongest variability inegigroup, i.eP; andPs. Already from a
naked-eye inspection of the phased spectra (Fig. 4.7)itmsomes clear that the angular indices
cannot be too high.

5.3.1 Spectroscopic Modelling ofP,

The variations that are connectedRp are concentrated in the line wings. The associated power
of the variability reaches a minumum at or close to the adbgtellar radial velocitysys. In the
case of pulsation, this behaviour is indicative for largezuntal velocities.
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Figure 5.3: Best spectroscopic fit models for the (2,-2), (2,-1), (3,-1), apd]Inodes foP; . Asymmetries
in the modelled variability wrt. the line center are a consequence of thefustrinsic stellar profiles, that
is not entirely symmetric itself for H&4388 due to a weak blend on the violet side

This points to long-period pulsation, compared to the tddisdamental mode, in gravitationally
controlledg-modes in which the flows are mostly horizontal. The phastkiliigion across the
line profile is nearly a straight line that spans a phaserdiffee from—v sin to 4+ sin s of about

1.6 7.

As snapshot calculations of pulsational modes revealedetnograde sectorial or tesserat (>

0), as well as no zonal modes:(= 0) were able to reproduce the observed spectral variability.
Also all prograde modes withn > 2 could be excluded, for they would have resulted in extremly
high temperature pertubations in the order of several tus of Kelvin.

48



5.3 Modellingu. Cen

T T
0.04 — _
— 0.02 —
Qo L .
(o]
E L |
. o _
< 0
3
..::‘) — —
ey o _
£ - i
<
-0.02 _
-0.04 — _
I I I | I I I I | I I I I | 1 I I

5 55 6
Stellar Radius

Figure 5.4: Photometric model amplitudes of the Stromgteband for theP; (2,-1) mode as function

of the stellar radius. Displayed are only models wWitlx ,01ar = 22000 K. Each symboltype denotes a
common stellar mass of the modelsM#% (o), 8 Mg(e), and 9M (+), while the lines connect points of
common ¥,i), the uppermost having the most rapid rotation for each mass. “Negatiwplitudes are used
to denote the phase-jump 080°

Of the remaining possibilities the onty = —2 mode with, at first order, acceptable pertubation
amplitudes was (2,-2), noted dsr{).

So five modes have been selected to be calculated in detadlpvering the entire stellar parameter
grid of 288 combinations presented in Table5.1. The ang#itwas chosen in a way that the
maximal vectorial velocity pertubation on the star waskas ' in all cases. These modes are:
(1,-1), (2,-1), (2,-2), (3,-1), and (4,-1). The spectraklchosen to be modelled was theil4388
line, which represents best the cross section of the véitjabisplayed in Figs. 4.9 and 4.10.

For a given mode, with respect to the spectroscopic vaitighihe results depend on the chosen
stellar parameter set as follows (cf. Fig. 5.2):

Polar radius: The influence on the spectroscopic signature is neglectible

Polar temperature: The cooler the star is adopted, the more power is detectétde ¢to the
center of the line

Stellar mass: The influence on the spectroscopic signature is neglectible

Rotation/inclination The faster the star rotates, the more the power is “smeaeetirts the
center

Four modes exist with different sets of stellar parameteas satisfy the spectroscopic input con-
ditions, i.e.fit the observed phase and power distributfon$®; (Fig.5.3).
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Figure 5.5: Photometric variability of the best spectroscopic fit models for the?§, (2,-1), (3,-1), and
(1,-1) modes. Only the (2,-1) mode can reproduce the non-detectiphaddmetric variability with the
PeriodP;

5.3.2 Photometric Modelling ofP;

The dependance of the photometric behaviour of a given modeeostellar parameters however
looks entirely different than for the spectroscopic res(df. Fig. 5.4):

Polar radius: The variation strength changes strongly and may even ceyssand invert (i.e.
exhibit a phase jump of80°)

Polar temperature: The influence is neglectible

Stellar mass: The variation strength changes slightly

Rotation/inclination The variations may change strongly, depending on the régpanode
Especially the first point in this list is of special relevarfor ;. Cen. The theoretical possibility of
such a behaviour, the cancellation of the photometric geaitions, was investigated already by
Townsend (1997a; 1997b). A common argument againsin Be stars is that the periods derived
from spectroscopy are photometrically not or only weaklted&able. As Townsend has shown,
the cancellation of the photometric variations is mainlpeteding of the interplay of pulsational
vs. rotational vs. critical period. Thus if imCen this cancellation is applicable (cf.Figs.5.5 and
5.4), it might also explain other Be stars.
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Figure5.6: A set of calculated pulsational modes f@?; at fixed stellar parameterss.8 Re,

22000K, 8M, 200 kms~',40°) and pulsational amplituded(= 8 kms™"'). The model data is displayed
as bullets ¢), while the Ha\4388 line data is plotted for comparison with circleks Only (3,-2) and (4,-2)
reproduce the power and phase distriution, while the other modestdid the phase or power variation
across the profile very well.

5.3.3 Spectroscopic Modelling ofP5

Similar as forP;, most values ofl(m) could be excluded on the base of snap-shot calculations,
rendering the calculation of an intensive grid necessaty fan again five modes: (2,-2), (3,-3),
(3,-2), (4,-2), and (5,-2) which are shown in Fig.5.6. WHitgth (2,-2) and (3,-2) reproduce the
triple peakedness of the power very well, (4,-2) and (3,epraduce the phase variability best.
Thus (3,-2) is the pulsational mode of choice f8y. Generally the appearance of this shorter
period is less sensitive on the choice of the stellar pararsdhan it is forP; .
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5 Nonradial Pulsation Modelling

5.3.4 Photometric Modelling of P5

Both (4,-2) and (3,-2) have modelled amplitudes that woeldtnall enough to remain undetected
in photometric studies, i.e. afew mmags, taking into acttherhigh level of incoherent variability
(Sect. 7.4). (2,-2) however can safely be excluded by ith bigpected amplitude.

5.4 Other spectral lines

It was possible to model the behaviour of the INel388 line in quite some detail. As Figs.4.9
and 4.10 show however, there are differences from line & [irhe questions how representative
the line chosen was and if can one and the same pertubati@mmpatcount for these differences
remains. Partly this was discussed already non-pararaliyrio Sect. 4.2.1. Still yet unexplained
differences mainly about the power ratio of the line certethe wing exist.
Due to the advantage of the use of intrinsic stellar proftlesjndividual dependance of the line on
Tex andlog g can be taken into account. Albeit all modelled lines are of Hifferences clearly
exist. Since the surface effects in the list of pertubatiares evaluated equally for all lines, the
modelled differences have to arise from fhig-log ¢ dependance.
Figures5.7 and 5.8 show the modelled variability companetie observed properties for a set of
six spectral lines each. If one neglects the blue power exaed the power beyondsin 7 in some
lines, the variability is modelled well with the parametdesived from the modelling of the Ha
4388 line. Forp; this is expressed mainly in the reduced power in the lineezdantsome line,
especially He) 4121. ForP; the observed lines did behave more diverse. These diffesemue
modelled especially well:

1. The supressed power in the center ofid121

2. The enhanced power in the center of tha Me4026, 4144 lines

3. The nearly equally strong power in the wings ofIN&875
As to my knowlegde, this is the first study in which differepestral lines, observed simultane-
ously, are modelled bgrp in such a (successful) way.

Table 5.3: Pulsational model parameters of all observed modess the fraction of horizontal/vertical
amplitude, whilelv|max is the actual maximal velocity on the stellar surface due to the respectite mo

Period| | m Pobs Pcorot k ‘U ‘max

[day] [day] kms !
Py 2 -1 045029 097358 1.65 13
Py 2 -1 095075 097458 1.70 10
Py 2 -1 094945 o0d7180 1.57 7
Py 2 -1 095164 047650 1.79 4
P 3 -2 092814 094358 0.58 7
Ps 3 -2 042791 094303 0.56 3
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Figure 5.7: The variability of other He lines modelled by the (2,-1) mode &f, (e) compared with the
respective dateoj. The parameters used are noted in Tables5.2 and 5.3

53



5 Nonradial Pulsation Modelling

Hei\ 4026 He) 4121 He ) 4144
1008 oot g ' 5 Loosf T
B 1 i i 3 & L %}
o2 it g I o -
Lol b b b by 0.554 S T I B oo b b vy T b by
4022 4024 4026 4028 4030 4116 4118 4120 4122 4124 4126 4140 4142 4144 4146 4148

Wauelength [A1

-zo0

wauvelength [4]1

Wauelength [A1

Q 200 400 —400 -z00 o 200
Velocity [kmr/s] Velocity [kKms/s]
2.0 1075 —— T —— 2.0 1075 —— T T . 2.0 1075 T T ——
15 1075 3 15 106 [ 3 15 105 3
L C 1 = L 1 & ]
3 —5 [ | g -5 [ | : —5 |
£ 1.0 1075 4 % 10 1051 . 4 £ 1010 4
u C J X C J X |
50 10-6 3 5.0 10-6 3 50 106 3
E ] £ o ] ]
15 @ m 15 [ ey 8 15
[ ] [o ] [ ]
[ ] [ ] b ]
1 — 1+ — 1= -
[ ] [ ] [ o
g B . d S om N
8 ook 18 aafe 1 8 ho 5 9
o o0s5pP - g 051 - g 05F o o O
A~ [ ] l [ ] A~ [ ]
[ ] [o ] [ ]
[ ] [ ] b ]
or-& B 0 B 0 b
[ ] L ] L o m O ]
s ] Lo q I 0 o
_o05 B o5 @ 1@mP, _os B_E R L 100
—200 —200 0 200 —200 0 200
Velocity [km/s] Velocity [km/s]
Hel\ 5876 He\ 6678
x E 3 x
% E El %
& E 1 &
B E E B
b =} 09941 1+ 1 1 11 Ly vy 1y
6670 6675 6680 6685
Wauelength [A1
Velocity [kms/s]
2.0 1075 —— T —— 2.0 1075 —— T T . 2.0 1075 —— T ——
15 1075 3 15 106 [ 3 15 105 3
b E 1 & £ 1 & ]
3 —5 [ | g -5 [ | : —5 |
£ 1.0 1075 4 % 10 1051 4 £ 1010 4
u C J X C J X |
50 10-6 3 50 1076 2 3 50 106 3
15 B = 15 ] 15 F =
Lo ] L ] L ]
1 - 1p - 1 -
[ ] b o F ]
L ] [ ] r ]
[N B ] [ C ] [N C ]
] [ opo i ] L o @ 05l i
& o5 R g 05 4 g 05| ]
= C j ~ C ] = C ]
or - op - or -
F — B |- 4
L ] [ r ]
Bo q r r q
o Lm0 T L] _os L —0s L .
—200 0 200 —200 0 200 —200 0 200

Velocity [km/s]

Figure 5.8: The variability of other He lines modelled by the (3,-2) mode f@¥ (¢) compared with the
respective datac]. The parameters used are noted in Tables5.2 and 5.3. Note especially th#tiébot

Velocity [km/s]

Velocity [km/s]

absolute power as well as the power ratios of the core and wings agree well
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6. Serendipity: The Timing of Outbursts

While the latter chapters the data was introduced, clads#ie the immediate findings were
discussed, this chapter tells the story of the most impbresult of this work, that was derived by
assembling the previous findings into a unified scheme:

Working on the datasets available in November 1996, | gofiitke multiperiodic solutions for
the photospheric variability. As a test | summed up all thaowkn four sinewaves to see how
good the reconstruction of the data would be. Doing so, Iutaled also the overall beating-
modified amplitude as a function of time. It became appatsit there are strong maxima with
secondary maxima due to the tri-periodicity of tRegroup. It reminded me to the dataset taken
by Hanuschik et al. (1993), who have observed a sequence jof maninor — major — minor

— major outbursts. A first estimate of the time elapsed beatve® major outbursts quite well
agreed with the beat-period.

| then compared the calculated overall amplitude to the giomsspecifically for the 1996 season,
when the outbursts were easily recognizable (cf. Fig. 6uef left). Obviously something was in
the air. Reconstructing the amplitudes for 1995 gave les®ob, but by no means inconsistent
results (cf. Fig. 6.1, upper right). Encouraged, | caladaback the (then) ten years to Hanuschik’s
data. The dates did not fit very well. The temporal structude libwever (cf. Fig. 6.1, upper left).
Even the minor outbursts observed by Hanuschik had a camespce in the overall amplitude.
The pattern seemed shifted, what can well be attributed yfdhé accuracy limit of the derived
periods.

In an experimental model the amount of ejected mass waslatddiby:

1. allowing the amplitudes of all three modes to grow
2. defining an outburst threshold for the vectorial ampétsdm
3. damping the amplitudes and ejecting mass so long as tehitbld was exceeded

At this stage | was quite confident that | had found somethityyet did not dare to tell anybody
but my advisors and collaborators. For the next run in ea®§971lhowever | precalculated the
expected beat amplitude and mass ejections. Unforturnételsun should start quite exactly with
an outbursts and end with one, with little happening in betwé&Ve have been lucky. The onset of
the outburst in the beginning was clearly observed, and maybn the first hints of rising activity
in the end (cf. Fig. 6.1, lower right, first datastring). Thmvinced not only myself, but also my
colleagues, and following a suggestion of Dietrich Baademtvisited him at ESO we prepared
a Be Star Newsletter (BSN) contribution for the followingug, in which we would submit an
activity prediction for Summer 1997 (Rivinius etal., 199.7& was received by the BSN editors
on 1997 February 20 (MJD =50 500).

Our final run at ther ESO 50cm telescope was scheduled forstdson, again unfavourably
framed between two expected larger outbursts and only tvedlesnones during the run. Since the
ESO 50cm was already planned to finish operations and beitigbailted immediately after our
last observing night, it seemed to be the last chance tonsuith a prediction with a timebase of
two months. Again, we've been lucky enough to observe theurst at the beginning and the mi-
nor ones, but this time the one at the end was missed (cf. Rigdsver right, second datastring).
Conny Aerts, Michelle Thaller, and Martin Kirster kindlgraed to take a few follow up spectra
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Figure 6.1: The observed emission activity (upper dots), the overall reconstructptitade of theP,
group (solid lines) and the times of zero phase differencéfby_» (o), A¢;_3(0), Agy_3(dots (bottom
part of the panels). The sizes of the symbols denote the relative tamper. It can be well seen thas + Ps
causes only minor additional effects, if at all. The observed activity wasetefiom Hxy for Hanuschik’s
data (upper left), while for 1995 (upper right), 1996 (lower ledind 1997 (lower right) the Hdata (see
Fig. 3.3) is shown. The uncertainty of the periods may cause shifteiarder of ten days, but the temporal
pattern of the outbursts can still be recognized

with CAT/CES and from the United States, but with the restdcwavelength coverage of the
instruments used it unfortunately was not possible to extieclear activity monitoring quantity
from the wavelength range taken.

It became apparent that the above model reconstructednedist rise of emission and the relative
sizes of outbursts, but the stronger an outburst was, thierefiwas calculated compared with
observations. The smaller an outburst was, the better ire@mstructed. Since this systematic
error was stable for all calculated seasons, i.e.also 86,18 was not related to the accuracy
of the periods. As, entirely phenemenological, solutiowds found that the outburslate is
actually constrained not by the overall amplitude sum, lyuthie difference of the phases, while
the strengthof an outburst can be explained with the overall amplitude.

There are at least two conditions for an outburst to be statied: First the phase difference

of two given modes must be close to zero, and second the amptie sum of these two modes
has to exceed a threshold.

With the additional detection dP4, but the outbursts still being well reproduced by the Period
P1 to P3, the lucky circumstances of this finding became even moag:cle

At one hand, the outbursts are abundant enough to obsenféciest number of events. At the
other hand, only two out of six possible combinations leasttong outbursts, not even counting
the non-contribution ofP; and Pg that will be discussed later (Sect.8.2.2). If the mechanism
would be more efficient, it is well imaginable that a kind ofgitpermanent mass-ejection would
happen, so that no timing scheme could have been derivesl aldu ensures that no further modes
of the P; group are excited with significant amplitude.

56



7. Discussion

7.1 Summary of the Results foru Cen

The circumstellar variability largely consists of diseretvents which can be characterised as out-
bursts during which matter is ejected by the star and pgssilin (partly) transferred to the disk.
The relative contributions of outbursts and stellar windh® total mass of the disk are currently
unconstrained. In any event,Cen is building up a new persistent disk which was not dedecte
between 1977 and 1989.

An outburst cycle appears to be composed of a sequence tfeajaiescence, a short pre-outburst
phase (precursor), the outburst, and an extended relaxatti@se. However, outbursts may differ
substantially not only in amplitude and duration, but atsthie relative prominence of the above
noted constituents. This depends on the absolute stremdiie alisk emission already present,
i.e., on the mass and optical thickness of the disk. Espgdrad burst and the relaxation phases
can be missing completely in outbursts during which the diskssion is strong. By contrast, the
precursor phase is the stronger the higher the disk emission

Even at low emission levels a new outburst may appear befereetaxation to the pre-outburst
level is completed. Also, relaxation may proceed more siamith increasing disk mass, so that
relative quiescence as defined in this paper may eventuallgrrbe reached any more once a
strong disk has been built up.

The relative quiescence is a phase of merely minor varighilithe hydrogen lines, the smallest
separation between double emission peaks of all phasesharadbsence of FHe emission lines.
As a precursor to an outburst, a sudden decrease in emissagrhpight occurs. At the same time,
broad emission wings appear. The outburst is defined by d agriease of the emission strength,
rapid cyclicV/ R-variability, high velocity absorptions, and a rapid irese of the emission peak
separation. In major outbursts, alsoiFemission lines appear. The relaxation phase can be
described briefly as the development from outburst intosmgirce phase.

For the first time in a Be star the time scale of the rapid cath¢/ R-variability was found to be
quite different from the period of the stellar line-profilariability (cf. Sect.3.3). However, this
V/ R variability seems to be linked to the outbursts. In fact,dtferences of:5% of the former
between different outbursts and the mean value of aboutd&y@ack consistent with an ejected
cloud of gas which orbits the star a few times at a small radni# it is dispersed or merges with
the disk or falls back to the star or some combination of tipgeeesses.

Especially at times of enhancéd/ R variability, short-lived discrete absorption componeoits
the stronger Helines may appear which are blueshifted by about 1.5 timesstiléar v sini.
They are, therefore, unlikely to arise from the photosphéree opposite is true of other sharp
absorption features which appear at both positive and ivegaglocities but are restricted to about
+0.7v sini. Because of their probable photospheric origin and associgvith the photospheric
line-profile variability, they are described only in Chager

Some of the generalizations that have been attempted istthdy of the outbursts gf Cenmay
also apply to other Be stars. However, with no second caserkito nearly as much detail, this
is arbitrarily uncertain. Especially the geometry of thekdand its orientation with respect to the
observer may lead to some modifications.
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7 Discussion

7.2 Comparison with other Be Stars

Outbursts do not seem to have been observed at the sameflde¢hibin other classical Be stars.
But those (less complete) observations that are availalgygest a number of similarities which
are worthwhile recalling:

1. Rapid de- and/or increases in equivalent width of emisiees have been seen in stars
like FY CMa (Peters, 1988\ Eri (Smith, 1989). Ori (Guinan & Hayes, 1984; Hayes &
Guinan, 1984), or HD 76 534 (Oudmaijer & Drew, 1997).

2. Enhanced wings of theddemission during an outburst have also been detectedGni
(Baade, 1986). Also the anticorrelation betwébmand Fal A5317 that has been observed
in a few profiles of HR2825 and HR5223 by Hanuschik et al. 1996il( Figs. 34d and 56d)
would fit into the description of an outburst phase. Whilelfhepeak height is reduced in
these spectra, FeA5317 and théla wings are enhanced. Also the peculiar shape ofiBr
59 Cyg observed by Waters & Marlborough (1994) is remarkabhilar to the Pg profile
of ;1 Cen during an outburst. But the exampleyo€as (McDavid & Gies, 1988) may be
indicative of this not being a uniform behaviour.

3. Rapid cyclic, or possibly even periodi¥;/R variations have been reported for various
other Be stars, e.g.CMa (1.37 days irH3, Baade 1982)) Eri (0.701 days, Bolton 1982;
0.714 days, Smith 1989) and EW Lac (0.7 days, Pavlovski & Siclem 1989).

4. A clear example for a precursor event in our own databasedn ink CMa (cf. Fig.7.1).
Also the photometric activity of this star found by Balon®9D), a sudden increase in
brightness together with the onset of rapid variabilitysteg within the next few days, is
compatible with the scenario sketched in Sect. 8.4.

5. wCMa and 28 Cyg in the BERoS dataset both show mono-perodjmv photospheric and
corresponding searchlight type behaviour. This is clesaln only for real strong emission
and no or only little irregular variability (Rivinius etal1998f, Fig.7.2). Only the time
series analysis did reveal this kind of variability alsq.i@en.

6. 1 Cen exhibits the most similar disk variability foCen (Rivinius etal., 1998f). The peak
separation variability typical for the relaxation, the lmutst bevaviour, weak precursor
events, and even indications for rapig R variability are observed.

7. HD 183133 has been identified photometrically as SPB siditlzerefore ag-mode pul-
sator (Waelkens etal., 1998), but has a higin i of 370kms™'. It consequently has not
only been reported to exhibHa-emission temporarily, but even periodic outbursts were
found with a spacing of 48 days (Lawson etal., 1994). Thisllerify was attributed to an
unknown companion then, but a re-investigation of this casens promising.

8. The photometric observations by Hipparcos are suitegddind analysis of Be stars only
in cases with not too strong medium term trends because wfuthfavourable sampling.
However they have also been examined with respect to otshiitabert & Floquet, 1998).
Three types of outbursts are found, i) short lived brightggj ii) long-lived brightenings
and iii) short lived fadings. The short lived patterns i) difjdare proposed to be caused by
the same mechanism seen under different angles, i.e. tijetdmings would be outbursts
observed in face-on disk, while the fadings would be outsusbserved in edge-on disks.
So e.gu Cen andv CMa are listed as type i) stars, whil€ap is noted as type iii) star.

It would, therefore, appear not only a necessary but peréngs reasonably promising undertak-
ing to search other Be stars for a similar behaviour so thedbomes clearer to what extenCen
is a representative case (cf. Sect. 8.5).
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7.3 The Genuineness of the Periods
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Figure 7.1: Following a phase of non-variability, thé«-emission ofx CMa was reduced significantly
within four days (upper left), while the other Balmer lines did shbe typical broad wing increase con-
nected to an outbursHg, upper right, cf. Fig.3.3). A localized, high velocity emission comgrunwvas
detected in lines of mostly close circumstellar origin, as in 56347 (lower left), while lines formed in
the outer disk regions as He(lower right) are, as i Cen, not (yet) affected.

7.3 The Genuineness of the Periods

Low-order line-profile variability such as the oneio€en seems to be almost a secondary defining
characteristic of Be stars (Baade, 1987b; Gies, 1994)dadtined B stars without emission lines
or 3 Cephei-type photometric variability (sometimes called $ars) it is much less frequently
found (Baade, 1987b). High-order line-profile variabilisyanother commonality of most Be
and Bn stars (Vogt & Penrod, 1983; Baade, 1987b; Gies, 19%4nb¢é etal., 1993aStefl et
al., 1995, e.g.). Low- and high-order line profile variai®gl usually have different, presumably
incommensurate periods (or time scales, cf. Gies 1994).ddery persistent multiperiodicity has
so far been found only ig Oph (Kambe etal., 1993a; Kambe etal., 1997) with periodsgo&i

the order of hours.

This study presents one of the most complex and perhaps alsb aomplete documentations
compiled so far of the spectroscopic variability of any Bar.stt is tempting to argue that, if the
first Be star, which is observed in this detail and, moreovery nearby, reveals such a wealth
of information, many, if not most, other Be stars will do trer® if observed in the same way.
However, it must be kept in mind thatCen was selected because of its known record of consider-
able activity of various types. Furthermore, before premay elevating the behaviour @f Cen

to a proto-type (a designation that ignores that protosyqe never like the serial models), the
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correctness of our analysis of this behaviour needs drigsessment:
In fact, fundamental problems with the TSA pfCen derive from (i) the proximity of the first
group of periods to an integer fraction of a day, (ii) the @rigngitude at which all observations
were made, and (iii) the, at this moment, unparalleled cerigyl of the power spectrum. Another
curious point is the regularity of the spacing of the frequies;, namelyf; — fo = 0.5%(fo — f1) =
0.5 (f3 — f1) = 0.0175 c/d. (With presently only two frequencies, no such pattem loe found
in the second group. The differeng¢e — fs ~ 0.029 c/d is not in any direct way related to the
frequency differences within the first group.) However, dagabase balances these circumstances,
and actually helps to ascertain the credibility of the figdimmong them, through (a) the large
number of observations, (b) their extension over some 3@6es (8000 merging all H&A6678
data from 1985 to 1997), (c) their inclusion of many spediras, (d) their ability to resolve
well the line profile variability in velocity, (e) their orig from different instruments, and (f) their
multiple coverage of all phases of mass loss events.
This potential of the database has been exploited in nuredests, including the checking and
eventual elimination of alternative hypotheses, in ordetrtess-test the reality of the multiperiodic
behaviour described in Sects. 4.1 and 4.2:
1. Then-c/d peaks in the power spectrum (Fig. 4.1) are not all dubegésampling.
The 2-c/d peak is with large statistical significance thehbid one. Only with periods in
this 2-c/d group can the dense CAT/CES series of profiledraateover a few nights (see
also (Fig. 7.3) as well as the sparsemnBH/HEROSseries extending over many months (cf.
Fig. 4.7) be combined into meaningful dynamical phase spect
2. The multiperiodicity does not arise from general aligsin
The periods describe not only the variability of the radibeity, a scalar quantity, but also
the one of thephaseacross the entire line profiles. It is extremely unlikelytthg using
the alias of a genuine period one can sort the line profilels tat the phase variation still
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Figure 7.3: Profiles of Ha A6678 obtained over the course of a single night (April 3, 1986)&gde (1991)
using CAT/CES. Only part of the data is shown in order not to oweetltne figure. The spectrum taken at
4:18 UT shows maximum blue asymmetry. The phase§the other spectra were calculated with respect
to this spectrum and periods Bf= .502 andP = 1.006 d. It can be easily seen that the profile variability
over the symmetric phase at 7:17 UT to the red asymmetry at 9:51 UT isongtstent with the phase
difference corresponding t8 = 1.006d. Comparable series of profiles occurred also in other CAT/CES
runs and in the IlHrRoSspectra taken during the intensive run in May/June 1996 (albeit athigiise and
lower resolution than in the CAT/CES spectra). Note thafifi& ratio of the emission components varies
on a similar but slightly longer time scale

looks smooth and monotonic as it clearly does in Figs. 4.74a8d

3. All candidate periods are robust against random seledfithe data points analysed.
When minor or major subsets of the RV measurements are eclfrdm the TSA, the
significance of peaks in the power spectra is reduced, anditidow spectrum changes.
But this is all in agreement with the expectations.

4. The positions of all relevant features in the power spattand, therefore, the values of the
periods, are very well defined.
Due to the length of the time baseline all peaks are well isdléFig. 4.1).

5. The variations maintain phase coherence for more thanadde
Backward-extrapolation of the phase of the strongest tians, with?; andPs;, computed
from the long EASH/HEROS observing runs matches the much earlier CAT/CES spectra
excellently. For the weaker variations, the phase is mooenain for the CAT/CES data,
but still in agreement with thetRsH/HEROSresults. Only forP, could this not be assessed
(Sect. 4.1.2).

6. The frequency splitting is not an artifact of the combimatof one or more periods with a
slow trend.
To within the errors the periods do not depend on whether bprior to the TSA a fitted
linear trend is subtracted from the data.

7. The same was ascertained by means of synthetic data wittathe sampling in time as the
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real observations. No combination of a single sinewave p&ttiod?;, noise, and a linear
trend introduced apparent multi-periodicity. The inputipg was always returned as the
only significant one.

8. The frequency splitting is not only apparent due to theegugsition of one or more short
periods and one or more longer ones corresponding to thevalospattern in the frequency
differences. In particular, the regularity of the frequewifferences with the 2-c/d group
cannot be explained in this way.

Prewhitening in different orders not only for the claimedipés but also for the beat periods
yielded in no case results that were nearly as satisfaceoshawn in Figs. 4.1 and 4.2.

9. The beat periods of the 0.5-c/d group do have a physia@laete of their own.

They govern the occurrence of line emission outbursts (Risgietal., 1997d; Rivinius et
al., 1998c, Chapter6). The times of outbursts are detedrima completely different way
and are moreover based on circumstellar emission lines 8imge it has been verified that
the multiplicity of the 0.5-c/d periods is real, this progglentirely independent evidence of
the correctness of the photospheric 0.5-day periods.
10. Effects of instrumental, calibration or measuremertdrsron the values of the periods or

their existence must be small.
The Hel and Silnl lines fall onto a number of different echelle orders, and X678 was
even observed with entirely different instruments delivgdifferent spectral formats. Nev-
ertheless, in all cases, the perigds — P, agree to within the uncertainties in both phase
and value (Table4.1).

In summary, the characterization by Tables 4.1 and 4.3 o$tibléar spectroscopic variability of

1 Cen has survived numerous critical tests and is supporteal dpnsiderable diversity of solid

observational facts.

7.4 Photometry

The spectroscopic periods can be compared with the phaticndeuble-wave period of 2.10 day
observed in 1987-1988 by Cuypers et al. (1989) and the pladtansingle-wave period of 1.06
day reported by Dachs & Lemmer (1991) for 1986-1989. ObWoukese two periods are the
same depending on whether or not even cycles are more stmigeach other than to odd cycles.
Only the data of Cuypers et al. are published. Our re-arsabgjgests a period near 1.05 day but
cannot distinguish between it and its 1 c/d alias near 23,dakide formally the longer period
even has a slightly higher significance.

Finally, the Hipparcos and Tycho photometry (Perryman.eti®197) is dominated by strong in-
coherent variability on longer timescales which is conably related to processes such as those
described in Paper I. However, the sampling of these datatislense enough to define times
of events that could be compared with those of any obsermedelinission outbursts (see Paper
). For the same reason it is also not possible to subtragtiahig-term variability from the light
curve, and in the data as published none of the 6 short pecimdd be recovered.

The photometric data are incompatible with a 0.5-day penibdreas there is no need to assume
that the spectroscopic data are better represented wit5aday double wave. In any event,
the co-existence of a double-wave spectroscopic varabilith a single-wave light curve of the
same period finds no easy match in current models for thebititjeof Be stars. But so does the
switching between single- and double-wave light curvesoastant period observed in other Be
stars (Balona etal., 1991). Such a mechanism, if activeialgoCen and working in the right
sense, could at least for the moment reconcile photometdspectroscopic behaviour.

62



7.5 Modelling Results

1 Cen definitively exhibits a quite complex behaviour evendde star. From the spectroscopic
point of view there is:

1. short term periodic variability of the photosphere (S&dt.1, pulsation)

2. short term irregular variability of the photosphere (S8, e.g. spikes)

3. short term transient periodic variability of the closskd{Sect. 3.3}/ R variability)

4. short term irregular variability of the close disk (S&c2.1, e.g. Helium lines)

5. short term burst type variability of the entire disk (Se8t2.2, 3.2.3, precursor and out-

bursts)

6. medium term burst type variability of the entire disk (582.4, relaxation)

7. long term variability of the entire disk (Sects. 1.1.13,&.9. B& Be episodes)
While the HEROS data contains over two dozen spectral lines that probeegntitifferent re-
gions of the star and disk, photometry observes the abdeel Nariations integrated into a single
number. Therefore photometry can develop its full powey amiconjunction with simultanoeus
spectroscopic observations to assist in the disentandfitize different variations.

7.5 Modelling Results

The combined constraints of the periodic part of the phdtesp variability derived from spec-
troscopy and photometry can be satisfiedrisg modelling. The results foP; unambigously
favour anl = 2, m = —1 tesseral mode. Sinde,, P3, andP; do have the same constraints, this
result also applies to them. The corotating period offfhgroup is about 0.73 day. The strongest
mode,P;, has a maximal physical velocity of about&i@ s~' on the stellar surfaceP, andP;
have a slightly lower amplitude, while it is much lower 8x (cf. Table 5.3). SimilarlyPs andPg
both can be understood as pulsation in a higher mode, k2),(8r which the corotating period
would be about 0.43 day.

7.6 The Predictability of Outburst Events

In Chapter6 it was shown how the dates of observed outbursbeareconstructed using the
results of the TSA on photospheric quantities. Since trevagit parameters, once derived, do not
change with the availability of new data except for an imgbyeriod accuracy, this technique
can be used to predict future outbursts events. Actualliz augrediction was submitted to the Be
Star Newsletter prior to the observations in March/ApriDI3during which this prediction was
confirmed (Rivinius etal., 1997d; Rivinius etal., 1998e).

Formally a “postdicition” of previously unknown datasessequal to a confirmed prediction, and
so | have searched the data that is sampled well enough wedmrtburst dates in the past ten
years. Since | knew the only major noreRos datasource for intensive monitoring (Hanuschik
etal., 1993) in advance (cf. Chapter6), only few events neeatBhowever:

1. Peters (1995; 1998) observations of an outburst in A@841lperfectly coincide with an
computed one.

2. An outburst event must have happened in early Februa§, 1@8n thea profile changed
from clear absorption and light activity on Feb. 4th/5thet@®s, 1989), to nearly filled up
absorption at Feb.19th (Ghosh etal., 1991) back to neanlg phsorption on March 4th
(Hanuschik etal., 1996). The outburst reconstruction ga®und Feb. 11th as date, with
any follow-up burst not before mid-March. Because this évess nearly ten years from
now, the 6 day difference from the alleged onset on Feb. 5the@omputed date on Feb
11th could be explained by the uncertainty of the derivedpsrand the fact that the activity
was still lightly increasing before the actual outbursttsizh
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3. Only minor emission was present on Mar. 17th (Ghosh et881), which rose t&/C =
1.2 in April 2nd (Peters, 1990) and decreased at least untillA4@&th. The only strong
computed outburst took place a few days prior to the first magien, on March 11th, for
which the same accuracy arguments apply as above.
As a rule the closer any reported outburst is to tlEREISdataset, the better its behaviour is recon-
structed due to the uncertainties of the TSA. Numerous ahthursts reported in the literature
are derived mainly from the fact that the star had emissioanihhad none a few weeks before
and thus an exact determination of the outburst dates wasosstble. So in all of these cases at
least one of the computed events is present in the gap betweabservations that could account

for the rise of emission.
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8. Conclusions, Outlook and some Speculations

The comprehensive spectral database offers the pogstbiktudy the time dependent phenomena
in the Be stay; Cen not only as isolated events but also to assemble thera irited picture of an
active Be star.

8.1 Photospheric Variability

In this study, detailed time series analyses of the stdlhar profile variability were performed
using conventional RV's as well as the flux in narrow veloditgs of fixed width and sampling
the entire line profile. Both results agree to within the exrd@hanks to the long time baseline, the
previously suspected 0.505-day period (Baade, 1984a)l dmiresolved into 4 distinct, closely
spaced periods. In the Fourier domain, the spacing betviregmvb outermost of the 4 frequencies
and the respective next inner one is about 0.034 c/d, whéneasne between the two innermost
ones is half that large.

The line-profile variability patterns associated with #hdésur periods are very nearly the same
for all lines investigated and can be best described as dlpgqusoidal low-order modulation
propagating across the line profiles over the full range-o&ini. Two additional periods close
to 0.28 day and with a different pattern of the line-profileiakility were also detected. Not
all 6 periods were detected in all of the 21 spectral linegstigated. In stronger lines such as
HelA\6678 or 5876, significant power seems to extend beyond thgerahtw sin which is
probably due to emission from the circumstellar disk. Sitheefrequencies of this variability are
indistinguishable from the photospheric ones, some infleesf the photospheric variability on
the circumstellar zone may be suspected.

Careful and fairly diverse tests could not seriously compse the reality of the reported multi-
periodicity.

Because (i) the basic period search could be performed argeshomogeneous data set, (ii) all
six periods maintained phase coherence over the courseud, yand (iii) the associated variability
patterns could serve nearly as textbook examples of theit, khe above findings should rank
among the most significant detections of photospheric paritbdic low-order variability in any
Be star.

Especially during the precursor phase announcing immileatemission outbursts and partly
through the early stages of the outburst itself, the stétiarprofile variability may change. Addi-
tional narrow absorption spikes appear at abb0i7v sini, but always do so only in one wing at
any given time. These features appear in a cyclical way, evtier cycle length is indistinguish-
able from the 0.5-day group of periods. An accompanying rsg@henomenon is the occurrence
of very extended, ramp-like wings which are always on the sifithe profile opposite of the
respective narrow absorption spike.

During a line-emission outburst the RV of some lines may teraply be dominated by other,
cyclic variations. In the one data set suitable for a TSA, eejength of 0.58 day was found
in Balmer and He lines. The same cycle length was also detected inthg ratio of the H3
emission.
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8.2 Nonradial Pulsations...
8.2.1 ...inthe Photosphere

As mentioned in Chapter 5, the pulsationsuden are likely to bg-modes judged already from
the properties of a single one of the observed modes. Fromhdoeetical point of view it is not
clear yet if and to what extent such modes are stabilized jug ratation (Soufi etal., 1998; Lee
& Saio, 1997; Lee & Saio, 1990; Lee & Saio, 1987b).

Pulsationalg-modes are generally accepted to be present in more slowdjors, the so called
slowly pulsating B-stars (SPB). Waelkens (1991) propo$edéd stars to be a distinct group of
variables, but only few members were found. Neverthele$garetical framwork for this class
was given by Dziembowski et al. (1993) and recalculated ateineded to other metallicities by
Pamyatnykh (1998). They derived as a specific featugernbde pulsating B stars that they should
have more but one mode excited of equal angular indieaslm, differing only in radial order
n, n being a high natural number. Such modes should differ ondyshghtly shifted period. The
difference between such two periods is givensyP/An. Recently, photometrical Hipparcos
observations that do not suffer from a 1c/d alias problenehagreased the number of known
SPB’s by 72 stars (Waelkens etal., 1998). These stars ngarfgctly fill up the instability strip
predicted by Pamyatnykh.

A major problem in extending the SPB phenomenon to rapidorgtas the low or missing periodic
photometric activity of Be and Bn stars, which in turn is a i criterion for an SPB. It is
however worth to recall here that the differences betweeridtr periods of the longer group are
1.8% — 0.9% — 1.8%, and may thus be explained if they are cadysednode pulsation of radial
ordersn =~ 50...100. In such a case a mode selection mechanism would have to kecivio at
least two modes unexcited; which otherwise would be locetéoe gaps of the double difference.
Also interesting would be an investigaton if the apparetafiof SPB’s towards faster rotators
could be explained by the phometric cancellation mechafi$rgect. 5.3).

8.2.2 ...Influencing the Disk

An influence of the pulsational waves on the close circunastednvironment was found for
the stronger modes in the lines formed presumably in theggpbere-disk transition region, as
HelA\5876, 6678, 7065. As EROSobservations confirmed also for other stars, this is a quite
general behaviour for Be stars (Tubbesing, 1998, e.g.; and ).

The observed asymmetry in the distribution of pulsatiormalgr across the line profile depending
on line strength might indicate wave leakage. However thelwed velocities are not even nearly
sufficient to explain the loss of a significant amount of nratie¢he circumstellar environment. A
strongly non-linear process has to act to accelerate therialabn the observed short timescales.
As was shown in Chapter6, the beating of the maBedo P; governs the outburst dates. It
remains to be shown if the process responsible for the ejecti matter can be explained by the
pulsation alone or if the beating just acts as trigger. Theeplations might point to a solution, if
one assumes that the observed absorption spikes at timatbofsts (Sect. 4.3) are indicative for
the above postulated non-linearity. Smith (1985) has meg@dhis type of variability in Spica to
be connected to Rossby waves. Rosshy wawvesddes) may attain very high horizontal velocities
before turbulence puts an upper limit, since the velocitigfi® a closed vortex pattern. However
these modes, driven by the Coriolis Force, are always @ideatainst the sense of rotation in the
equatorial plane.

Another idea was given by Osaki (1986), who proposed outwagllar momentum transport
by nrp waves. The photospheric material in the wave does move wiidrticle velocitybelow
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the local speed of sound. The speed of the pertubation ortehiar surface however, thghase
velocity of the wave, might not only be supersonic, but even be sufeatrto the rotational
velocity. If the waves in this picture would “break”, the fsgy” can be accelerated to the phase
velocity of the wave, and thus to supercritical velocitiasiging mass ejection. In Osaki’s original
model this “spraying” is a smooth process, inducedhygrowth and stopped by the damping of
thenrp due to energy leakage into the circumstellar environment.

In 1 Cen this assumption of growth and damping is not necessagypsitive interference of the
modes could bring the physical amplitude of the associatag\guite suddenly into the necessary
high regime. The outbursts start and stop as imposed by theepdifference of the contributing
modes. Also the apparent threshold that leads to obserabdts only forP; + P, or Py + Ps,

but only to very minor ones foP, + P3; and no direct contribution b, at all, may find an
explanation in this model. Only the amplitude sums of thd fi® combinations get into the
order of the speed of sound on the stellar surfate (. 25kms™"), if the physical amplitudes
derived from the modelling in Table 5.3 are assumed. Thupdngcle velocity might locally, in
the wave, but not globally, be high enough to induce strongutences and maybe even shocks.
The above would also explain the missing contributionPefand Ps, because as they belong to
different pertubation pattern, the superposition of these different pattern would not increase
the vectorial velocity on the stellar surface coherentlg.well does the superposition B + Pg

not exceed the postulated threshold.

8.3 B<« Be Episodes

The emission characteristics of Be stars is not of trulyletalature. Albeit most Be stars are
observed for decades with stable strong emission, thissamigventually may decay. In this
case the star becomes undistinguishable from a normallyajoithting B star. A few years of
no or only flickering activity later the envelope may build again. For Cen two non-emission
episodes are known, the first lasting for about a decade drb@h8 and the second from 1977
until about 1989.

For the calculation of the outburst dates we have taken o@oumnt only the three strongest periods
of theP; group. However, the fourth period does not only introduce imore timescale in the or-
der of the beat periods, but also a long term cylicity in theplitode pattern. The derived accuracy
of the period determination is not sufficient to calculatelaawhole century. However, within the
derived accuracy and assuming long term stability of theedesl periods and amplitudes, there
exist parameter sets, for which the strength of the beatiegte go through a minimum around
1920 and another one in the eighties, being maximal in thedifin view of the model sketched
in the previous section, a lower maximal velocity at the tiofigero phase difference could well
inhibit the equatorial mass loss mechanism, if the lowerimakvelocity would not exceed the
critical velocity for the wave to “spray”.

The property of both: Cen non-emission phases lasting about the same time wowcdchbgural
consequence of this hypothesis. That no flickering emiss@sobserved in the twenties is, with
respect to the techniques used, no prove of its absence.sEhmaption of the long term stability
of the period properties is at least satisfied back to 1986t(3&). | believe however, that this
riddle will be solved prior to 2040, whemCen may loose its recently built-up disk for the next
time.

67



8 Conclusions, Outlook and some Speculations

8.4 Star-to-Disk Mass Transfer

A short, purely descriptive picture of the kinematics of artboirst is inserted here. | derive
from it qualitative, observable phenomena and compare thigmthe actual variations. Smith
et al. (1991) and Hanuschik et al. (1993) developed ratimeitasi conjectures, which partly have
old historical roots, and also go through some numericaloises. In addition to the ephemeral
mass loss, there may also be a continuous wind (see Lamersil@r®eh 1991 and Bjorkman &
Cassinelli 1993 for winds of Be stars in general and Peter® 16r UV observations of: Cen)
which, too, is omitted from this description. This high-aeity mass loss is often assumed to be
more pronounced at higher stellar latitudes.

The initial growth mainly of the wings of the emission line®bpably indicates the presence of
rapidly rotating or other high-velocity gas close to ther,st&. an ejection of matter from the
star. This has been observed in other stars, too (Guinan &$jdp84; Hayes & Guinan, 1984;
Baade, 1986), and the apparent coarse correlatipndan between wing widths and excitation
level would further corroborate this notion. By analogy they Be stars, one would expect an
accompanying increase in linear polarization that is als® t this matter close to the star but
which would additionally show that the gas is concentratedatrds a plane (Hayes & Guinan,
1984; Guinan & Hayes, 1984; Baade, 1986). Since in the stagsreed only the amount of
polarization increased but the polarization angle renthommstant, that plane would be the plane
of the circumstellar disk (Hayes, 1980; Hayes & Guinan, 193drke, 1990).

If, therefore, the origin of the outbursts is in the centtal,salso the steep decrease in line emission
strength during the precursor phase should originate flenstar. The drop in emission strength
would thus not be caused by a sudden, temporary loss of citellar matter but rather be due to a
quickly reduced rate of recombinations in that matter. Rerdentral star to trigger this reduction,
one possibility would be a partial loss of the stellar iongzfar-ultraviolet flux. The same was also
surmised by Oudmaijer & Drew (1997), although mainly on tlsib of a very short time scale
of the recovery of the line emission. Another possibilitythat some locally highly increased
matter density (ejecta, see below) affects the recombimatbnditions by shielding of the stellar
radiation.

An interesting analogy between LBV’s andCas was revealed by Marlborough (1997). He sug-
gested that in extreme events as the majGas outbursts “a super,Cen-like process,” may eject
a layer that would behave as “false photosphere simulaticgpéer, less dense atmosphere”. In
the HEROSdata, already properties of the “normal'Cen process do support the notation of a
pseudophotosphere during an outburst. These are the bingd of the Balmer lines, that seem
to be superimposed by additional emission during an outlcirgig. 3.3). The wavelength range
of HEROS allowed a simultaneous study of these wings in all highernallines. It was found
that they do not scale with the upper level of the respeciing l.e. are of comparable strength for
all lines in which the central disk emission does not influetie outer wings.

Similar, but stable, features are known for late A to earlyBetsuper- and hypergiants (Kaufer
etal., 1996; Rivinius etal., 1997c, e.g.). Clear emissiaong® are visible in such stars, even if
the respective Balmer line has no narrow emission contabutom the stellar wind. This was
proposed to be produced by NLTE effects by Hubeny & Leithét8B9), and recent calculations
by the Munich group (Kudritzki, private comm.) have not oglynfirmed this in principle, but
shown that such wings can be suffiently strong to explain bsexved cases. So the broad wings
observed during the initial phases of an outburgt 6en might indicate a dense layer that starts to
get away from the central star, while in this layer tempdyagmperature and density conditions
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as in supergiants prevail. Photometric evidence for suelyer larises from the Hipparcos obser-
vations by Hubert & Floquet (1998), who conclude the presaicdiscrete high density emitting
plasma” during outbursts in a sample of stars.

Whether the gas ejection is concentrated at particuldasiehgitudes and whether an outburst
consists of only one continuous (or instantaneous) outflowewgeral separate ejections, can at
best be speculated about. The variability of the high-vglogbsorptions (Sect. 3.4) could be
an indication of a spatially and/or temporally inhomogarseoutflow (as might be the discrete
absorption components of UV resonance lines — Grady et 87a)9 But they could also result
from instabilities in the outflow (cf. e.g., Peters 1988).

A stronger hint at spatial inhomogeneities is provided l®yghdden onset of tHé/ R variability
and the subsequent slow decline of its amplitude. It migtdthéuted to a cloud of gas orbiting
the star. It would be most compact right after the ejectiothieystar. But as its azimuthal distribu-
tion (and orbit?) is circularized and/or more matter is &gdcthe amplitude of th&/ R variability
would decrease. For a non-critically rotating star, thel&egn orbital period of such a cloud of
gas might even be shorter than the stellar rotation perib@ i$ not impossible for plausible stel-
lar parameters gf Cen but requires that this gas be quite close to the steltéacgu If magnetic
fields play a role in confining the cloud of gas, the 0.6-daysgpariod (Sect. 3.3.2) could also
be due to the rotation of the central star. However,£&80 outburst-to-outburst variation of the
V/R time scales (Sect. 3.3 and Fig. 3.8) would rather favour th&ad-motion interpretation.

On the other hand, the apparent relative constancy of thdd@/@ycle length over 8 consecutive
nights (Sect. 3.3.2) would be more readily reconcilabléiie magnetic model. But the weight
of this argument is reduced because during the same timéghtyrmean separation between the
two HB emission peaks fluctuated By8% but did not systematically decrease. Accordingly, the
radius of the H-emitting zone would have remained constant (but matteldcstill have drifted
through it).

Finally, (part of) the ejected matter merges with the diskclhin this picture would be more or
less detached from the star. This is in accordance with thergbd decrease in separation between
the peaks of emission lines. In the absence of a new outhhistyould correspond to the phase
of relative quiescence. Since the emission peak separati@nii A6347 during this phase was
lower in 1996 than in 1995, Keplerian rotation as well as &rgmomentum conservation would
imply a higher radius of the line forming region in 1996. Altilgh a relative quiescence phase
could not be defined in 1997, the peak separation was abowathe as observed in the 1996
quiescent phase. However, now eveniFemission was present more persistently, with a peak
height of about 4-5 % above the continuum.

If the region of formation of the latter lines is purely ratetally supported, the rate of change
of their peak separation, 1-Ikms 'd~! (Fig.3.5), implies an expansion velocity of less than
5kms~! for basically all sets of reasonable parameters {&.g= 5.8Rq, verit = 418 kms ™!, cf.
Table5.2)sini = 0.64), using

D=

. Bpeax)
AUpeak = 2V¢rit Sin e <%

*

for Keplerian orbits, following Huang (1972) but modified the case of a non-critically rotating
star. The cumulative growth during a typical relaxation gghaf 50 days would then amount to
~ 6 - 105 km and the radius of the region from where the emission peide would accordingly
increase from the initial 2B, (for Avpeax = 350 km s 1) by 1.5-2R, to 4-5 R,.

69



8 Conclusions, Outlook and some Speculations

Note that this alone does not permit to distinguish betwéentwo extreme possibilities of all
ejected matter falling back to the star or merging with thekdiHowever, Fig. 2.1 indicates that
the projected equatorial velocity observed in thelRimes at the very beginning of the outbursts
can be as high as 220 km's which is about 170 % of sini. For inclination angles;, between
30 and 45 degrees, the upper limit of the actual velocity ef el ions is between 440 and
340km s, respectively. This range is sufficiently close to the atatreak-up velocity that gas at
the high end of the velocity distribution may conceivablydanough angular momentum to stay
in orbit.

If, alternatively, one adopts the case of conservation ghilar momentum,

Aw = 200t SIN 4 <M>l
peak rot R,

the absolute numbers change, of course, but not their ofaeagnitude.
This simple picture of the kinematics of an outburst doesaetn to be dominated by the presence
or not of a dynamically stable disk. One might conclude thigte basis of the very similar (but
poorly sampled) stron§y/ R variability observed by Baade et al. (1988) during the 198@r&ary
outburst ofy; Cen when there was close to no persistent ¢fnission. Observations by Baade
(1991) in early April, 1986, when thH« emission disappeared within less than 10 days, permit a
similar conjecture.
This description of an outburst leaves open the in some sep@asite question of the effect of
the outbursts on the disk. In particular, it does not stateiat extent outbursts contribute to
the replenishment of the disk which under the influence dfesteadiation pressure and internal
instabilities would otherwise dissipate. It would certpibe premature at this moment to attribute
all variations of emission lines of Be stars to outbursts of fipe tdescribed here because also
the high-velocity component of the mass loss from Be stags,their wind, undergoes drastic
variations which do not seem to be closely correlated with dtitbursts (Grady etal., 1987b;
Sonneborn etal., 1988).
The sudden drop in line emission from the disk which preceagsother early symptom of an
outburst is presently the strongest indication that théwst does not leave the disk unaffected.
The simple model considered here would suggest (see alduedhis effect is not the loss of
mass from the disk but a loss of ionising radiation reachiregdisk. Apart from a (not otherwise
postulated) real temporary reduction in stellar UV flux, thedel could also accommodate the
notion of shielding of the disk by the ejected cloud(s) of.gas

8.5 Connected and Future Projects

The results on the EROSdata of the Be stgt Cen has stimulated a number of, partially already
finished, secondary projects.
1. Sascha Tubbesing (1998, diploma thesis) observed th&aB2& Cyg with HEROS at the
Waltz telescope at the Landessternwarte. Although he faoundmission line outbursts,
both fastlpv and V/R variability was detected with a common period Bf = 0.6468
day. Variations are interpreted as non-radial pulsatidrikeostar with a mode of = 2. A
correlation between the average equivalent widths of siliges and their average blueshifts
was detected. For lines which are not influenced by the eonissithe circumstellar disk,
stronger lines exhibit a greater blueshift.
2. A further diploma thesis has been started by Monika Mamtnodel thdpv of several Be
stars using Townsend'’s (1997bRrBcE and KyLIE pulsational model and integrating code.
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She will model the spectroscopic as well was the photomedi@bility to ascertain if or if
not the photometric cancellation of thep in ;4 Cen can be assumed as general phenomenon
in Be stars.

3. A search for multiperiodicity in northern and equatoiitsd stars has been started at the
Landessternwarte and is being extended from the Calar Alsgroatory, using EROS
during 62 nights at the 1.23m telescope. The observatiom foia1999 for this task is
currently under consideration.

In the previous sections speculations and hypotheses teare iresented. Some of them can
be tested observationally, while for others the situatidghinbe used as input for closer theo-
retical examination. Owing to the achieved predictabitifyoutbursts, even scarce observational
resources as e.g. satellites can now be used for pointedvabisas of outbursts.

1. Forthe rapid decrease of emission strength at the imnedogginning of an outburst either
radiative shielding or an decrease of the ionising flux fromgtar itself has been proposed.
Both scenarios can be distinguishedui@en due to its intermediate inclination. From UV
spectra taken with the International Ultraviolet Exploiteis apparent that the outflow in
the equatorial plane does not obscure the star in the linéghf.sSo extreme UV flux
measurements probe the ionising flux emerging directly fitoerstar. If observed during an
outburst, the flux variations will decide between both sdesa Test observations with the
Extreme UltraViolet Explorer EUVE were performed on Aug@gt 1998. They confirmed
the detectability ofs Cen with the EUVE instruments. A monitoring of tywaCen outbursts
in early 1999 has been applied for.

2. The rapidV/R variability, if caused by an orbiting cloud, should have apact on the
polarisation of the system. David McDavid, who has unlimhitelescope access at the pri-
vate Limber observatory with his own polarimetric instrurhewill contribute polarimetric
monitoring to the northern-equatorial multiperiodicignapaign. Furthermore he will apply
for a small telescope on the southern hemisphere to obses/efdhey Cen outbursts in
detail.

3. To obtain close-up spectroscopic observations of anucsitiof  Cen, about ten days of
observing time with the newly built EROSinstrument at the ESO 1.52m telescope will be
applied for.

. StanStefl will apply for a simultaneous photometric telescopkegiat the SAAO or MSO.

. With the derived periods it seems promising to reanalys¢UE datasets obtained by Peters
(1991) and compare amplitude and phase to the modelled fhiabildly in the UV.

6. The model of mass ejection by breakingrnop waves has been re-investigated by Osaki

(1998), who also proposes an explanation for the observeatation spikes (Sect. 4.3)

7. Owaocki (private communications) plans to investigatedkolution of spatially and tempo-
rally localised mass ejections from the central star inteepl&rian disk taking into account
hydrodynamical and radiative forces.

(2>

8.6 Conclusion
As the major results of this thesis it should be recorded that

| The presumably not too exotige staru Cen does pulsate nonradially
|l These pulsations do trigger, if not account for, the ejectib mass into the close stellar
environment.
= Pulsational effects probably are to be identified with theskiforming process, the so
called Be phenomenon, i Cen
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