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Chapterr 1 

Overview w 

1.. Introduction and Background 

AA Be star is a non-supergiant B-type star whose spectrum has, or had at some time, one 
orr more Balmer lines in emission (Collins 1987). The transition from a normal B-type 
absorptionn spectrum to a Be-type emission spectrum and back again on a time scale of 
yearss to decades is known as "the Be phenomenon". Beginning with the hypothesis of 
Struvee (1931) it has been generally attributed to rotationally enhanced mass loss from 
thee star leading to the formation of a circumstellar envelope in which the emission lines 
aree produced, followed by a gradual dissipation of the envelope. However, the funda-
mentall  mechanism behind the process has remained a mystery from the first (visual) 
observationn of the H/3 emission line in the spectrum of 7 Cas (BO.5 IVe) (Secchi 1866) 
upp to and including the present day. 

Thee historical development of the field can be traced through the published proceedings 
off  five IAU meetings devoted wholly or largely to Be stars (Slettebak 1976; Jaschek 
&&  Groth 1982; Slettebak & Snow 1987; Balona, Henrichs, & Le Contel 1994; Smith, 
Henrichs,, & Fabregat 2000). Two general review articles by Slettebak (1979, 1988) 
andd a detailed introduction (Underhill & Doazan 1982) are also recommended to the 
unfamiliarr reader. 

Figuree 1 (Peters 1986) illustrates the difference between the B and Be phases at Ha, 
whichh is the most common spectral feature of interest. A more subtle mode of variability 
takingg place within many of the emission line profiles which show a double peak during 
thee Be phase is a change in the intensity ratio of the V (violet) to R (red) peaks which 
iss sometimes quasi-cyclic, as shown in Figure 2 (Guo 1994). 

Aboutt 10% of all non-supergiant B-type stars may be classified as Be stars, with a 
maximumm of about 20% around B2 (Jaschek & Jaschek 1983) and dropping sharply 
towardd earlier spectral types but including the analogous Oe stars (Frost & Conti 1978). 
Thee highest rotation rates of normal stars are also found among the early B stars. 
Althoughh the maximum observed equatorial rotation velocities are less than 85% of 
thee "critical" velocity for centrifugal force to balance gravity at the equator (Slettebak 
1987),, rapid rotation clearly plays an important role in the mass loss process. However, 
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Fig-- 1-— Ha line profiles showing the transition within 8 months from Be (emission) to B 
(absorption)) phase for the Be star n Cen (B2 IV-Ve) (Peters 1986). 

aa further triggering mechanism is apparently required, which has led to a bewildering 
varietyy of hypotheses including nonradial pulsation, radiatively driven winds, flarelike 
magneticc activity, and binary interaction. None of these has been demonstrably verified 
too work for all Be stars, but none of them can be excluded either. Interestingly, for two 
Bee stars the outbursts have been found to be triggered by constructive interference of 
twoo nonradial pulsation modes (Rivinius et al. 1998; Tubbesing et al. 2000). 
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Fig-- 2.— Ha line profiles showing the V/R variations of the Ha emission line of the Be star 
CC Tau (Bl IVe-shell) (Guo 1994). 

Thee intrinsic polarization of Be stars was discovered as soon as astronomical stellar 
polarimetryy became an exact observational technique through the adaptation of po-
laroidd analyzers to early photoelectric photometers. (See Shurcliff 1962, Gehrels 1974, 
Serkowskii  1974, Tinbergen 1996, and Leroy 2000 for discussions of polarized light and 
thee history of its applications in astronomy, including the development of astronom-
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icall  instrumentation for the measurement of polarization.) Although Be stars were 
includedd in the beginning surveys which led to the discovery of the Galactic interstellar 
polarizationn (Hiltner 1949, Hall 1949), the first evidence of their intrinsic polarization 
wass the polarimetric variability observed by Behr (1959) and Coyne & Gehrels (1967). 
Serkowskii  (1968) called attention to the unusual wavelength dependence of the polariza-
tionn of Be stars as additional evidence that it must be at least partially intrinsic. (The 
highh ratio of blue to ultraviolet polarization was distinctly different from the normal 
patternn established by the earliest multiwavelength broad band UBVRI measurements.) 
Thee work of Poeckert, Bastien, & Landstreet (1979) is a good introduction to methods 
whichh have since been used to separate the intrinsic and interstellar components of the 
polarization,, including results with various degrees of confidence for 70 stars. 

Thee fact that the light from Be stars is up to 2% linearly polarized is strong evidence 
thatt some fundamental asymmetry is present. Coyne & Kmszewski (1969), Capps, 
Coyne,, & Dyck (1973), and Gehrz, Hackwell, & Jones (1974) explained the intrinsic 
polarizationn as due to scattering of light from the central star by free electrons in the 
rotationallyy flattened equatorial circumstellar envelope or disk where the spectral emis-
sionn lines originate, with the wavelength dependence being caused by neutral hydrogen 
opacity.. If the plane of the disk is not perpendicular to the line of sight, the scattering 
regionn has an apparent asymmetry, leading to a net polarization at a position angle 
parallell  to the projection of the stellar rotation axis onto the plane of the sky, which 
shouldd be perpendicular to the direction of the apparent elongation of the disk. Thus 
thee polarization and its wavelength dependence are still being studied very profitably 
ass indicators of the density, temperature, and geometry of Be-star envelopes, and po-
larizationn observations are generally accepted as some of the strongest evidence that 
thee envelopes must be equatorially flattened (or at least considerably asymmetric). An 
outstandingg modern verification of the rotational flattening model is the interferometric 
imagingg of the circumstellar disk of £ Tau by Quirrenbach et al. (1994), as shown in 
Figuree 3 below. 

Thee basic disk model was quantified in analytical detail in a series of theoretical pa-
perss by Brown & McLean (1977), Brown, McLean, & Emslie (1978), McLean & Brown 
(1978),, and McLean (1979). Poeckert & Marlborough (1978) produced a detailed model 
forr the circumstellar envelope of 7 Cas using a numerical approach to match observations 
off  both the emission line profiles and the broad band polarization. Another series of 
theoreticall  papers (Brown & Fox 1989, Fox & Brown 1991, Fox 1991, and Fox 1994) ad-
dressedd the depolarizing effect of the finite size of the star (see also Cassinelli, Norsieck, 
&&  Murison 1987 and Brown, Carlaw, & Cassinelli 1989) and the effect of occupation of 
thee scattering disk by the star. An interesting theoretical discussion by Fox & Henrichs 
(1994)) explored the possibility of polarimetric detection of clumps or condensations in 
thee outflowing winds of early type stars. Such density enhancements might be expected 
too exist in correspondence with the discrete absorption components (DACs) commonly 
observedd in the winds of early type stars by UV spectroscopy, but none have ever been 
clearlyy observed. 
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Onn the observational front, Coyne (1975) monitored the polarization of several Be stars 
overr periods of five to eight years and found variability on a time scale of hundreds of 
days,, with superimposed changes on a time scale of days. For stars with known radial 
velocityy or binary light-curve variations, he found no correlations with the polarization. 
Huang,, Hsu, & Guo (1989) closely monitored 14 Be stars for about six months with 
similarr results, except for an indication of possible orbital periodicity in the polarization 
off  the Be binary CX Dra (B4 IV(e)). A spectacular observation of short term changes 
inn the polarization of a Be star was the outburst of u Ori (B2 Hie) (Hayes & Guinan 
1984;; Brown & Henrichs 1987; Sonneborn et al. 1988), in which the onset and decline of 
aa major mass loss event were covered continuously over an interval of about 100 days. 

Beginningg with Clarke & McLean (1974), who used a tilted narrow band interference 
filterr to scan the polarization across the H/3 lines of several bright Be stars, polarimetry 
off  Be stars has been done with increasing spectral resolution in order to derive more 
detailedd information about the envelope characteristics (Poeckert & Marlborough 1977). 
McLeann et al. (1979) improved the technique of emission line scanning with a high 
resolutionn spectropolarimeter using a Digicon detector, which led to detailed maps of 
thee velocity structure of Be disks, indicating a complicated combination of rotation and 
expansion.. A low resolution optical spectropolarimeter (Nordsieck et al. 1992) has been 
inn operation since 1989 to monitor the polarization of Be stars and to provide support 
forr a similar space-based ultraviolet spectropolarimeter. Combining the data from these 
twoo instruments resulted in the discovery of an unexpected decrease in the polarization 
off  Be stars in the near ultraviolet, which has been attributed to heavy circumstellar 
blanketingg by Fe lines (Bjorkman et al. 1991). 

Analysiss of the modern spectropolarimetric observations requires more sophisticated 
theoreticall  treatments of polarization by electron scattering with neutral hydrogen opac-
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Fig.. 3.— Maximum-entropy reconstruction of < Tau in the Ha emission line (Quirrenbach et 
al.. 1994). The arrow indicates the position angle of the linear polarization. 
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ity.. Hillier (1994) developed a numerical method to solve the polarized radiation transfer 
equation,, while Wood, Bjorkman, Whitney, & Code (1996) applied a Monte Carlo com-
putationall  scheme to simulate the polarization by tracing stellar photons in their inter-
activee paths through the circumstellar envelope. Wood, Bjorkman, & Bjorkman (1997) 
weree able to use their Monte Carlo code to model successfully the spectropolarimetry 
off  C Tau, with the conclusion that the disk appears to be optically thick but geometri-
callyy thin, and the surprising discovery that multiple scattering actually increases the 
polarizationn over the degree predicted by the single scattering approximation. 

2.. Outline 

Thiss thesis is focused on the observational approach of continuum linear polarimetry to 
compilee data characterizing the long term variability of a representative sample of Be 
starss which can be used together with other forms of observational data to constrain the 
changess in physical stellar and circumstellar parameters involved in the Be phenomenon. 

Thee scientific results presented here cover about 15 years of continuous annual mon-
itoring,, which has considerable archival value in itself. Careful attention to detail in 
maintainingg a consistent observational system has shown that significant variability in 
polarizationn on all time scales is far less common than was widely claimed at the time 
thee project began. Some interesting cases of clearly variable polarization are only be-
ginningg to become apparent, while theoretical methods are being developed for the 
physicall  interpretation of the variability. Specifically, the correlation between variations 
inn polarization and V/R variability in the Ha line profiles favors Keplerian rotation 
off  the circumstellar disks, and parameters derived from the fitting of a model to the 
UBVRIUBVRI wavelength dependence of the polarization gives evidence that Be disks are geo-
metricallyy thin. These results may eventually be brought to bear on the disk formation 
process. . 

Chapterr 2 describes the beginning of an observational program at The University of 
Texass McDonald Observatory, intended to document the long term changes in polar-
izationn of a representative sample of bright and well-studied Be stars corresponding to 
thee growth and decay of their circumstellar envelopes in transitions from normal B to 
activee Be phases and the reverse. A UBVRI filter system was chosen in order to make 
thee best use of existing observations, which were mostly broad band. Comparison of 
thee new measurements with the preceding 20 years of data taken from the literature 
revealedd significant long term changes in £ Tau and it Aqr (Bl III-IVe) . 

Chapterr 3 summarizes the next four years of annual monitoring. It is primarily de-
votedd to devising a statistical scheme to identify both night-to-night and year-to-year 
variabilityy based on the small samples of data acquired in annual observing runs cover-
ingg about one week each for summer and winter objects. Once again C Tau and 7r Aqr 
showedd variable polarization on a time scale of years. However, no convincing evidence 
wass found for short term night-to-night variations of any of the program stars. 
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Chapterr 4 continues the annual monitoring program with a report on the next four 
yearss and a cumulative summary of all the data back to the beginning of the project. 
Thee only compelling case of variability was ir Aqr, which had declined from nearly the 
highestt polarization of any Be star to an almost completely unpolarized state over the 
fulll  eight-year time period. The wavelength dependence of the polarization had become 
steadilyy weaker, as expected since neutral hydrogen absorption is proportional to the 
squaree of the electron density N* while electron scattering is proportional to Ne. 

Chapterr 5 serves to document the transfer of the monitoring project from McDonald 
Observatory,, where the 0.9 m telescope was taken out of service, to the 0.4 m telescope 
att Limber Observatory, where a new polarimeter was custom-built to continue the 
program.. A careful comparison of standard star measurements verified that the two 
instrumentall  systems are well matched. No variability was formally detected for any of 
thee program stars over this four-year time period, but the colinear distribution of data 
pointss in cumulative Stokes parameter plots strongly suggests small but real changes in 
polarizationn for several of the stars being studied. A brief discussion is given for each 
individuall  star. 

Chapterr 6 explains a polarimetric test of the hypothesis that the commonly observed 
longg term quasi-periodic cycles in the amplitude ratio of the V (violet, or blue) to the 
RR (red) component of double-peaked emission line profiles in some Be stars are caused 
byy a slowly precessing "one-armed" density perturbation in the circumstellar disk. We 
usedd numerically generated perturbation models for the line profile variations as input 
too a Monte Carlo electron scattering simulation to calculate the expected behavior of 
thee polarization and found results consistent with the observations of two typical Be 
shelll  stars, C Tau and 48 Lib (B3:IV:e-shell). An important implication of this theory, if 
i tt is correct, is that the circumstellar disks of Be stars are in a state of Keplerian orbital 
motion. . 

Chapterr 7 is devoted to a theoretical model for the approximate calculation of the po-
larizationn of Be stars, using a spherical sector geometry to represent the circumstellar 
disk.. Details of the computational method are shown, with consideration of electron 
scattering,, correction for the finite apparent size of the central star, wavelength depen-
dencee of the polarization due to absorption by neutral hydrogen in the disk, and con-
volutionn with the instrumental system, subject to the fundamental limiting aasumption 
thatt the disk is optically thin. Application of the model to observational data for eight 
Bee stars gives good fits, and the results favor the idea that Be disks are geometrically 
thin. . 

Chapterr 8 presents the polarimetry results from an extended series of coordinated mul-
tiwavelengthh campaigns undertaken to investigate short term variability of OB emission 
linee stars, with emphasis on IUE UV and ground-based optical spectroscopy. A major 
goall  of these campaigns was to observationally distinguish between two proposed mod-
elss for variable mass loss: nonradial pulsations and photospheric active regions (spots). 
Att the time the campaigns began, there was so much published evidence for short term 
polarizationn variations that the prospects for correlation with simultaneous spectro-
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scopicc variations seemed good. Surprisingly, however, no polarization variations could 
bee independently identified out of the entire sample of eight Be stars and seven O stars. 
Inn some cases weak correspondence appears when the polarimetry data are matched 
againstt the observed spectroscopic cycles (see Chapter 9), so it is possible that there are 
polarizationn effects which are simply too small to measure with current instrumentation. 

Chapterr 9 concerns new survey polarimetry of a sample of bright emission line 0 
stars,, which in some respects are high luminosity counterparts of the Be stars. Most of 
thee program stars were observed intensively for polarization along with UV and optical 
spectroscopyy during a series of campaigns to investigate the origins of short term wind 
variabilityy and mass loss (see thesis papers of Kaper (1993) and de Jong (2000)). Two 
stars,, 68 Cyg (07.5 III:n((f)) ) and £ Per (07.5 III(n)((f))) , showed marginal correlations 
betweenn polarization and Ha emission that are consistent with wind models based on 
thee idea of corotating interaction regions. For the most part, though, it is demonstrated 
thatt the observed polarization may be readily accounted for as completely interstellar. 
Apparentlyy the strong radiation-driven winds of O stars do not allow the formation of 
Be-typee equatorial disks, even for the most rapid rotators. 

Chapterr 10 is a summary of this thesis written in the Dutch language. 

Appendixx A is a detailed description of AnyPol, a generic Glan prism photopolarimeter 
whichh was built in order to continue the monitoring program on the 0.4 m telescope at 
Limberr Observatory after the 0.9 m telescope of McDonald Observatory was taken out 
off  service. The design and construction of the polarimeter are explained by subsystem, 
includingg the physical and mechanical characteristics, the optical system, the electronics, 
andd the computer control and data acquisition functions. Statistical analysis of standard 
starr observations and comparison with the McDonald results validate the performance 
off  the instrument. 

Appendixx B is a complete list of papers published in refereed journals by the author. 
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