
TjisfiA/iEotsi'i't' c)r;:s(:rLr]rtij4j\4]PTr(:%\f 

[HOB: (:][E(x[:T:nh/[f) ]i:]\rTy[]3L(]iff]vi[E:isr]r!S (ZMf 

i;]E {ST/U&S; losf BUMvALRjcice; 

By James Bernard Stevens 

Doctor of Philosophy 

Faculty of Science 

Department of Physics and Astronomy 



i j & n T / E ] & s r i i r ( D F S ( ) L r r F L \ A 4 F r r o f 4 

ABSTRACT 

vSuSrritczMsicxPviif 

Doctor of Philosophy 

T n % E ( : n t c t m d 3 T i % j L A a E ^ r ^ n t o & n w i # f T S ( ] F 

I3E Iff :%:-R/lY ]3]]SL/IR1E:S 

By James Bernard Stevens 

This thesis contains results from a long-term campaign to monitor the behaviour of 

Be/X-ray binary systems at multiple wavelengths. The work presented in this the-

sis concentrates on the application of Be/X-ray binary observations to contribute to 

the understanding of the Be star phenomenon itself. I present studies of the X-ray 

behaviour of these systems - effectively using the Neutron Star as a probe of the Be 

star's envelope - and seek correlation between this and the behaviour of the Be star 

inferred from optical and infrared observations. I attempt to model the X-ray light-

curves as accretion from a circumstellar disc, and investigate the validity of these 

techniques by considering recent claims that the orbiting neutron stars in Be/X-ray 

binaries perturb the Be stars' circumstellar discs. Finally, I present a study of 

Be/X-ray binaries in the Magellanic Clouds, identifying optical counterparts to a 

number of recently discovered systems. 



CONTENTS 

CHAPTER 1 - BE STARS 18 

1.1 OBSERVATIONAL CHARACTERISTICS OF BE STARS 18 

1.1.1 Emission Lines 20 

1.1.2 Infrared excess 23 

1.1.3 UV Obseiyations 25 

1.1.4 Direct imaging 25 

1.1.5 The variability of Be stars 25 

1.1.1.1 Disc loss and regeneration 26 

1.1.1.2 V/R variability 27 

1.1.1.3 Short term variability 27 

1.1.6 Population characteristics 27 

1.2 BE STAR CIRCUMSTELLAR ENVELOPES 28 

1.2.1 Evidence for disc shaped envelopes 28 

1.2.1.1 Optical emission lines 28 

1.1.1.2 IR and radio continuum emission 29 

1.3 FORMATION OF BE STAR ENVELOPES 30 

1.3.1.1 Rotationally flattened discs 31 

1.3.1.2 The Wind Compressed Disc model 31 

1.1.1.3 Rotation-pulsation model 36 

1.1.1.4 The decelerated wind model 37 

1.1.1.5 Viscous Excretion Model 37 

1.4 V/R CYCLES AND ASSOCL\TED VARIABILITY 38 

1.1.1 One-armed global oscillations 39 

1.1.2 Prograde or retrograde precession? 40 

1.5 SUMMARY 42 

CHAPTER 2 - BE/X-RAY BINARIES 44 

2.1 HISTORICAL BACKGROUND TO X-RAY BINARIES 45 

2.2 BINARY STARS 48 

2.2.1 Binary orbits 48 

2.2.2 Roche potential and Roche lobes 48 

1.3 ENERGY SOURCE OF X-RAY BINARIES 51 

1.4 HIGH MASS X-RAY BINARIES 51 

1.4.1 Supergiant X-ray binaries 53 

1.4.2 Be/X-ray binaries 57 

1.5 ACCRETING NEUTRON STARS 59 

1.1.1 X-ray pulsars 60 



1.1.2 X-ray pulse arrival timing 60 

1.1.3 X-ray pulse profiles 61 

1.1.4 Centrifugal inhibition of accretion 63 

1.6 PERIODIC OUTBURSTS IN BE/X-RAY BINARIES 64 

1.7 BE/X-RAY BINARY EVOLUTION 69 

1.7.1 Origin of High Mass X-ray binaries 69 

1.7.1.1 Surviving a supernova explosion 69 

1.7.1.2 Mass transfer in massive binaries 70 

1.7.2 Neutron star kick velocities from supernova explosions 70 

1.7.3 Do Be/X-ray binaries die in Gamma Ray Bursts? 71 

1.8 ISOLATED AND X-RAY BINARY BE STAR POPULATIONS 72 

1.8.1 Spectral types 72 

1.8.2 Interaction between neutron star and circumstellar disc 73 

1.9 NEUTRON STARS AS PROBES OF BE STAR DISCS 76 

CHAPTER 3 - A LONG TERM STUDY OF THE BE/X-RAY BINARY 4U 1145-619 78 

1.1 SOURCE HISTORY 79 

1.2 OBSERVATIONS 80 

1.2.1 UBV Photometry 80 

1.2.2 Infrared Photometry 81 

1.1.3 Optical Spectroscopy 83 

1.1.3.1 Ha and Hp Spectroscopy 83 

1.1.1.2 Classification Region Spectroscopy 86 

1.3 ASTROPHYSICALPARAMETERS 88 

1.3.1 UBV Photometij SS 

1.1.2 Stromgren Photometry 89 

1.1.1.1 Circumstellar and interstellar reddening and derived intrinsic photometric indices 91 

1.1.1.2 Luminosity 92 

LI.1.3 Effective Temperature 93 

1.1.1.4 Radius 93 

1.1.1.5 Mass and Gravity 94 

1.1.3 Optical Spectroscopy 94 

1.1.3.1 Spectral Classification 94 

1.1.1.2 Rotational Velocity 95 

1.1.1.3 Diffuse Interstellar Bands 95 

1.1.4 4U 1145-619 -A model for the system 96 

7.7. j FAe MOfwre 98 

1.4 DISCLOSS AND RELATED X-RAY ACTIVITY 100 

1.4.1 Recent Be star activity 100 

1.1.2 Collated source history 101 



1.1.1.1 Be star activity from optical and infrared data 101 

1.1.1.2 X-ray flux history 104 

1.1.3 Correlations between Be star activity and X-ray emission 106 

1.1.4 Accretion mechanisms 108 

1.5 SPECTRAL V ARIAB ILITY 109 

1.6 SUMMARY 118 

1.6.1 Astrophysical parameters 118 

1.1.2 Discloss and related X-ray behaviour 119 

1.1.3 Spectral variability 119 

CHAPTER 4 - MODELLING THE X-RAY LIGHTCURVES OF BE/X-RAY BINARIES. 120 

1.1 INTRODUCTION 121 

1.2 BE/X-RAY BINARY X-RAY LIGHTCURVE MODEL 122 

1.2.1 Accretion onto a compact object 122 

1.1.2 The orbits of Be/X-ray binaries 124 

1.1.3 Be star disc model 128 

1.1.4 X-ray lightcurve model 128 

1.3 RESULTS 1 3 0 

1.3.1 Dependence on Be star wind parameters 131 

1.3.1.1 Initial wind outflow velocity and power-law gradient 131 

1.3.1.2 Disc sound speed/temperature 151 

1.1.1.3 Disc rotation model 153 

1.1.2 Dependence on orbital parameters 155 

1.1.1.1 Orbital eccentricity 155 

1.1.1.2 Orbital period 158 

1.4 MODELLING THE X-RAY LIGHTCURVE OF E X O 2 0 3 0 + 3 7 5 159 

1.4.1 Source history 159 

1.1.2 The X-ray lightcurve of EXO 2030-^-375 160 

1.5 POSSIBLE EVIDENCE FOR B E STAR DISC PERTURBATION BY AN ORBITING NEUTRON STAR... 1 6 6 

1.1.1 Observations 167 

1.1.2 Spectra variability 167 

1.1.2.1 Variability on timescales of minutes and hours 167 

1.1.1.2 Night to night variability 168 

1.1.3 Cause of night to night variability 170 

1.6 SUMMARY 172 

1.1.1 Model predictions 172 

1.1.2 Model fit to the X-ray lightcurve of EXO 2030-t-375 174 

1.1.3 Binary interaction 176 

CHAPTER 5 - OPTICAL COUNTERPARTS TO BE/X-RAY BINARIES IN THE 

MAGELLANIC CLOUDS 177 



1.1 INTRODUCTION 1 7 8 

1.1.1 X-ray binaries in normal galaxies 179 

1.1.2 High Mass X-ray Binaries in the Magellanic Clouds 179 

1.2 OBSERVATIONS 182 

1.2.1 CCD Photometry 182 

1.1.2 Systematic errors 186 

1.1.3 Optical spectroscopy 187 

1.3 RESULTS AND DISCUSSION OF INDIVIDUAL SOURCES 189 

A 7 RX 

7.7.2 793 

7.7..) /lXyOOJ7-722 796 

7.7.4 7 ; x y W j 7 . & 7 2 j 7 798 

7.7. J 70053.8-7226 2 W 

7.7.6 7;% yOOJ4.9-7226 20J 

7.7 .7 72X70707.0-7327 2 0 9 

7.7.8 7(XJ0777.6-7330 272 

1.1,1.1 Spectral classification 214 

7.7.9 EXO 0537.7-6609 276 

7.7.70 M)544-644 279 

1.4 DISCUSSION 2 2 3 

C H A P T E R 6 - C O N C L U S I O N S A N D F U R T H E R W O R K 226 

6.1 SUMMARY OF SIGNIFICANT RESULTS 226 

6.7.7 4 [ / 7 7 4 J - 6 7 9 226 

6.1.2 Be/X-ray binaiy lightcurve models 22 7 

6.1.3 Optical counterparts to Magellanic Cloud Be/X-ray binaries 2 2 7 

6.2 POSSIBILITIES FOR FURTHER INVESTIGATION 228 

6.2.1 Disc perturbation by orbiting neutron star 228 

6.2.2 Enhanced X-ray lightcurve models 228 

6.2.3 Identification of optical counterparts to Be/X-ray binaries 229 

6.2.4 Association of LMC/SMC HMXBs with SNRs 229 

A C K N O W L E D G E M E N T S 230 

B I B L I O G R A P H Y 233 



FIGURES 

FIGURE 1 -1. HA, FE IIA5317 AND HE I A 5 8 7 6 EMISSION LINE PROFILES FOR NINE BE STARS. FE II AND 

HE I FLUX SCALES ARE EXPANDED BY A FACTOR OF 10 RELATIVE TO THE HA SCALE. TAKEN 

FROM HUMMEL & VRANKEN (1995) . EACH ARE NORMALISED TO THE LOCAL CONTINUUM, 

THEN OFFSET SO THATTHE CONTINUUM FLUX IS APPROXIMATELY 1.0 (HA), 0 . 0 (FEII) AND-1.0 

(HE I) 21 

FIGURE 1-2. INFRARED SPECTRA O F E X O 2 0 3 0 + 3 7 5 - TAKEN FROM REIG, STEVENS, COE ET/U.. 

( 1 9 9 8 ) 2 2 

FIGURE 1 -3. SPECTRAL ENERGY DISTRIBUTIONS OF BE STARS A ERI, (D PER, A CEN AND X OPH. 

FLUXES ARE NORMALISED TO THE 5 1 8 . 3 - A FLUX FOR ALL EXCEPT O PER (NORMALISED TO 

7 2 4 . 1 - A) . THE SOLID LINES IN EACH CASE REPRESENT THE BEST FIT KURUCZ MODELS WITH 

PARAMETERS AS ANNOTATED ON EACH PLOT 2 4 

FIGURE 1-4. WIND COMPRESSED DISC MODEL PREDICTIONS. LEFT: THE RATIO OF TERMINAL WIND 

VELOCITY TO STELLAR ESCAPE VELOCITY AS A FUNCTION OF SPECTRAL TYPE. RIGHT: THE 

THRESHOLD ROTATION VELOCITY FOR DISC CREATION AS A FRACTION OF THE STELLAR ESCAPE 

VELOCITY AS A FUNCTION OF SPECTRAL TYPE. TAKEN FROM B JORKMAN (1994) 3 2 

FIGURE 1 -5. TWO-DIMENSIONAL SCHEMATIC OF A WIND COMPRESSED DISC. THE WIND STREAMLINES 

ARE SHOWN BEING DEFLECTED TOWARD THE EQUATOR. THE INSET DIAGRAM SHOWS THE 

STANDING SHOCKS FORMING EITHER SIDE OF THE EQUATOR. TAKEN FROM BJORKMAN & 

CASSINELLI(1993) 33 

FIGURE 1 -6 . DISTRIBUTION OF V / R CYCLE PERIODS BY SPECTRAL TYPE. OPEN CIRCLES REPRESENT 

STARS KNOWN OR SUSPECTED TO BE BINARIES. TAKEN FROM OKAZAKI ( 1996 ) 4 1 

FIGURE 1-7. V / R VARIATIONS IN THE HA LINE OF H D 2 4 5 7 7 0 , WITH A PERIODICITY OF - 18 MONTHS 

(TAKEN FROM NEGUERUELA ET AL. ( 1 9 9 8 ) 41 

FIGURE 2-1 . X-RAY IMAGE OF THE GALACTIC PLANE FROM THE E X O S A T GALACTIC SURVEY, 

SHOWING THE CONCENTRATION OF BRIGHT X-RAY POINT SOURCES AT LOW GALACTIC 

LATITUDES, AND TOWARDS THE CENTRE OF THE GALAXY 4 5 

FIGURE 2-2 . SKY DISTRIBUTIONS OF (TOP) HIGH-MASS X-RAY BINARIES AND (BOTTOM) LOW-MASS 

X-RAY BINARIES. THE OPEN CIRCLES IN THE LOWER MAP REPRESENT GLOBULAR CLUSTER 

SOURCES. THE MAPS ARE BASED ON THE CATALOGUE OF VAN PARADUS (1995) 47 

FIGURE 2-3 . EQUIPOTENTIAL SURFACES OF A CLOSE BINARY SYSTEM, SHOWING THE L I AND L 2 

LAGRANGL^N POINTS AND THE ROCHE LOBE 4 9 

FIGURE 2-4 . HERTZSPRUNG-RUSSEL DL\GRAM WITH THE POSITIONS OF THE OPTICAL COUNTERPARTS 

TO SUPERGIANT AND BE STAR X-RAY BINARIES MARKED 5 3 



FIGURE 2-5 . ROCHE GEOMETRY CALCULATED FOR A SYSTEM WITH MASSES AND ORBITAL SEPARATION 

SIMILAR TO THE SUPERGIANT X-RAY BINARY CEN X - 3 5 4 

FIGURE 2-6 . MASS-TRANSFER VIA A STRONG STELLAR WIND IN A SUPERGL«iNT X-RAY BINARY. THE 

SUPERGL^T IS TIDALLY AND ROTATIONALLY DISTORTED, ITS WIND IS ENHANCED THROUGH THE 

LINE OF CENTRES BY THE GRAVITATIONAL INFLUENCE OF THE COMPACT COMPANION, LEADING 

TO A TIDAL STREAM THROUGH THE INNER LAGRANGIAN POINT (L, ) 55 

FIGURE 2 - 7 . MASS TRANSFER VIA ROCHE LOBE OVERFLOW IN A SUPERGIANT X-RAY BINARY. THE 

SUPERGIANT FILLS ITS ROCHE LOBE, AT THE INNER LAGRANGIAN POINT (L,) THE NET GRAVITY 

IS ZERO, AND MATERL\L FALLS INTO THE GRAVITATIONAL WELL OP THE COMPACT OBJECT, 

FORMING AN ACCRETION DISK 5 6 

FIGURE 2-8 . X-RAY LIGHTCURVE OF THE SUPERGIANT X-RAY BINARY S M C X-1 . THE RED CURVE 

REPRESENTS ONE-DAY AVERAGE FLUXES PUBUCLY AVAILABLE FROM THE RXTE ASM, THE 

BLUE CURVE IS A 10-DAY MOVING AVERAGE OF THE COUNT-RATE 57 

FIGURE 2-9 . SCHEMATIC OF A BE/X-RAY BINARY SYSTEM. THE ECCENTRICITY OF THE NEUTRON 

STAR'S ORBIT CAUSES IT TO ENCOUNTER VARYING VELOCITY/DENSITY WIND MATERIAL 

THROUGHOUT THE ORBITAL CYCLE 58 

FIGURE 2-10 . SCHEMATIC OF AN X-RAY PUSLAR SHOWING HOW THE PULSATIONS RESULT FROM A 

MISALIGNMENT OF THE MAGNETIC AND ROTATION AXES OF THE NEUTRON STAR. X-RAYS ARE 

EMITTED IN BEAMS FROM THE MAGNETIC POLES WHICH SWEEP ACROSS THE LINE OF SIGHT 

LEADING TO PERIODIC PULSES OF X-RAY FLUX 61 

FIGURE 2-11 . CORBET DIAGRAM (AFTER CORBET 1986) SHOWING THE DIFFERENT RELATIONSHIPS 

BETWEEN ORBITAL PERIOD AND PULSE PERIOD FOR X-RAY PULSARS IN SUPERGIANT SYSTEMS 

(WIND-FED AND ROCHE-LOBE OVERFLOW-FED) AND IN BE STAR SYSTEMS 63 

FIGURE 2-12 . SUMMARY OF ALL DETECTED OUTBURSTS OF TRANSIENT PULSARS SEEN BY B A T S E 

SINCE THE LAUNCH OF THE COMPTON GAMMA RAY OBSERVATORY. NOTE THE PERIODICITY 

EVIDENT IN THE RECURRENT OUTBURSTS OF SOURCES G R O J2058+42 , A 0 5 3 5 + 2 6 2 , 4 U 1145-

619, 2S1845-024 ANDEXO 2030+375 67 

FIGURE 2-13 . X-RAY LIGHTCURVE FOR 4 U 1 1 4 5 - 6 1 9 , PLOTTED USING PUBLIC DATA TAKEN FROM THE 

A S M . THE PREDICTED DATES OF X-RAY OUTBURSTS ARE INDICATED WITH GREEN LINES. 

68 

FIGURE 2-14 . SPECTRA OF THE BE/X-RAY BINARY 4 U 0 1 1 5 + 6 3 4 SHOWING THE EVOLUTION OF THE HA 

AND HE I LINES OVER - 1 . 5 YEARS FROM SHELL PROFILES TO V / R CYCLES. TAKEN FROM 

NEGUERUELAETAL. ( 1 9 9 8 ) 75 

FIGURE 3-1. TOP: INFRARED 7, AT AND L LIGHTCURVES FOR V 8 0 1 CEN, THE BE STAR COMPONENT 

OF THE X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 , OBTAINED FROM THE S A A O BETWEEN 1993 AND 1998. 



BOTTOM: J - K INDEX FOR THE SAME PERIOD. REFER TO TABLE 3 - 2 FOR A COMPLETE LOG OF 

OBSERVATIONS AND RESULTS 82 

FIGURE 3-2. HA LINE PROFILES OF V 8 0 1 CEN BETWEEN 1993 AND 1998. SPECTRA WERE OBTAINED 

FROM THE S A A O AND THE A A T . ALL SPECTRA WERE NORMALISED TO A SPLINE FIT TO THE 

LOCAL CONTINUUM, AND OFFSET TO ONE ANOTHER IN INCREMENTS OF 1 FLUX UNITS 85 

FIGURE 3-3 . CLASSIFICATION REGION SPECTRUM OF V 8 0 1 CEN,THEBE STAR COMPONENT OFTHEX-

RAY BINARY 4 U 1 1 4 5 - 6 1 9 . THE DISPLAYED SPECTRUM IS A COMPOSITE OFTWO OBSERVATIONS 

MADE ON 2 1 ^ AND 2 3 ^ JUNE 1997 87 

FIGURE 3-4 . LOCATION OF V 8 0 1 CEN IN COLOUR-COLOUR DIAGRAM. THE ACTUAL PHOTOMETRIC 

INDICES ARE SHOWN IN TABLE 3-1. ALSO PLOTTED IS THE REDDENING VECTOR, WITH DATA 

POINTS PLOTTED AT INCREMENTS OF 0 .05 IN E(B- V) 89 

FIGURE 3-5. OBSERVED LATITUDE DISTRIBUTION OF BE/X-RAY BINARY SYSTEMS IN GALACTIC CO-

ORDINATES. ALSO PLOTTED IS THE DISTRIBUTION OF MASSIVE STARS (+/- 1%), CORRECTED FOR 

THE SUN'S DISTANCE ABOVE THE GALACTIC PLANE 9 9 

FIGURE 3-6 . COLOUR-MAGNITUDE DIAGRAM FOR V 8 0 1 CEN, USING Y AND (B - Y) DATA TAKEN FROM 

E S O ' S LONG-TERM PHOTOMETRY OF VARIABLES PROJECT CATALOGUES (STERKEN ET AL. 

1995) 102 

FIGURE 3-7 . T o p AND SECOND PANEL: LiGHTCURVES OF 4 U 1 1 4 5 - 6 1 9 FOR THE PERIOD 1 9 7 8 - 1 9 9 4 , IN 

STROMGREN FILTER BANDS, DATA TAKEN FROM PAKULL ET AL. (1980) , E S O ^ LONG TERM 

PHOTOMETRIC VARIABLE PROJECT CATALOGUES (STERKEN ET AL. 1995) , DENSHAM & 

CHARLES (1982) , AND FROM HAMMERSCHLAG-HENSBERGE ETAL. (1980) . ARROWS SHOW THE 

DATES OF DETECTED X-RAY OUTBURSTS, AND ARE SIZED TO GIVE A CRUDE INDICATION OF THE 

INTENSITY OF THE OUTBURST. THIRD PANEL: IR ^ B A N D LIGHTCURVE FROM 1978-1996; THE 

OPEN CIRCLES REPRESENT OUR DATA, OTHER DATA TAKEN FROM GLASS (1979) , AND WATERS 

ETAL. (1988) . BOTTOM PANEL: E W ( H A ) PLOT, 1978-1996 . OPEN CIRCLES AGAIN REPRESENT 

OUR OWN DATA, OTHER DATA TAKEN FROM COOK AND WARWICK (1987B) . NOTE THE TWO 

PREVIOUS EPISODES OF DISC-LOSS INDICATED BY A DECLINE IN THE OPTICAL LUMINOSITY OF THE 

SOURCE. MOST RECENT DATA SHOW A THIRD SUCH DISC-LOSS EVENT 103 

FIGURE 3-8. THE X-RAY UGHTCURVE OF 4 U 1 1 4 5 - 6 1 9 FOR THE PERIOD 1973 - 1996, IN THE 2 - 1 0 

KEV RANGE. ALL VALUES EXCEPT THE M E POINTS ARE CALCULATED ASSUMING A 

POWER LAW SPECTRUM. THIS IS TO FACILITATE COMPARISON OF MEASUREMENTS MADE IN 

DIFFERENT ENERGY BANDS, AND VALUES MAY BE IN ERROR BY AS MUCH AS A FACTOR OF 2 

FROM ONE SATELLITE TO ANOTHER. NOTE THAT THE POINT IS AN UPPER LIMIT. 

REFERENCES FOR X-RAY DATA ARE: VELA, PRIEDHORSKY & TERREL 1983; AR/EL V, WATSON, 

WARWICK&RlCKETTS 1981; E7NSrE7Af,MEREGHETriETAL. 1987;EX0;FAr,MEREGHETTIET 



AL. 1987; C 0 0 K & WARWICK 1987A, 1987B; G/ZAAfAT, GREBENEVETAL. 1992; 

WILSON ET AL. 1994; CORBET & REMILLARD 1996 105 

FIGURE 3-9. LINE PROFILES AND FIRST DERIVATIVES FOR THE HA LINE OF V 8 0 1 CEN 115 

FIGURE 3-10. RELATIONSHIP BETWEEN PROJECTED ROTATIONAL VELOCITIES (AW )̂ AND STRENGTH OF 

LINE EMISSION (EW), FOR HA (LEFT) AND HE I ( 6 6 7 8 A ) (RIGHT) 115 

FIGURE 3-11 . RELATIONSHIP BETWEEN THE STRENGTH OF LINE EMISSION AND RADIUS OF EMITTING 

REGION FOR HA (LEFT) AND HE I ( 6 6 7 8 A ) (RIGHT) 117 

FIGURE 4-1 . GEOMETRY OF A BE/X-RAY BINARY ORBIT, ILLUSTRATING DEFINITIONS OF TERMS USED 

IN THE DERIVATION OF ORBITAL PROPERTIES 125 

FIGURE 4-2 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OF THE BE/X-RAY BINARY 4U1145-619. THE MODEL IS AS DESCRIBED IN 

SECTION 4-2 , THE POWER-LAW GRADIENT = 2.0, THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 1000 KM s ' 133 

FIGURE 4-3 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OF THE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 . THE MODEL IS AS DESCRIBED IN 

SECTION 4-2 , THE POWER-LAW GRADIENT N = 2 .25 , THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 5 0 0 KM S"' 135 

FIGURE 4-4 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OF THE BE/X-RAY BINARY 4U1145-619. THE MODEL IS AS DESCRIBED D4 

SECTION 4 - 2 , THE POWER-LAW GRADIENT W = 2.5, THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 100 KM S' ' 137 

FIGURE 4-5 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OF THE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 . THE MODEL IS AS DESCRIBED IN 

SECTION 4 - 2 , THE POWER-LAW GRADIENT N = 2 .75 , THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 5 0 KM S ' 139 

FIGURE 4-6 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OF THE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 . THE MODEL IS AS DESCRIBED IN 

SECTION 4-2 , THE POWER-LAW GRADIENT Af = 3, THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 2 0 KM S ' 141 

FIGURE 4-7 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OF THE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 . THE MODEL IS AS DESCRIBED IN 

SECTION 4-2 , THE POWER-LAW GRADIENT W = 3 .25, THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 10 KM s ' 143 

FIGURE 4-8 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OFTHE BE/X-RAY BINARY 4U1145-619. THE MODEL IS AS DESCRIBED IN 

10 



SECTION 4 - 2 , THE POWER-LAW GRADIENT Af = 3.5, THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 6 KM S"' 145 

FIGURE 4-9 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OFTHE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 . THE MODEL IS AS DESCRIBED IN 

SECTION 4 - 2 , THE POWER-LAW GRADIENT Af = 3 .75 , THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 3 KM s ' 147 

FIGURE 4 - 1 0 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR A SYSTEM WITH ORBITAL PARAMETERS 

EQUAL TO THOSE OF THE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 . THE MODEL IS AS DESCRIBED IN 

SECTION 4 - 2 , THE POWER-LAW GRADIENT N = 4 , THE OUTFLOW VELOCITY AT THE STELLAR 

SURFACE HAS BEEN VARIED FROM 0 TO 1.5 KM s ' 149 

FIGURE 4 - 1 1 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR VARIOUS ADOPTED SOUND SPEEDS IN 

THE BE STAR DISC 152 

FIGURE 4 - 1 2 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR DIFFERENT MODELS OF ROTATIONAL 

VELOCITY IN THE BE STAR DISC. IN EACH CASE THE ORBITAL PARAMETERS OF THE SYSTEMS 

HAVE BEEN CHOSEN EQUAL TO THOSE OF THE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 , THE POWER-LAW 

GRADIENT / / = 3 .0 , AND THE INTITAL OUTFLOW VELOCITY OF THE BE STAR'S WIND Vg = 1.0 KM S' 

'. THE VALUE OF A HAS BEEN VARIED FROM -0.5 (KEPLERL\N DISC) TO - 1 . 0 (CONSERVATION OF 

ANGULAR MOMENTUM IN THE OUT-FLOWING MATERIAL) 154 

FIGURE 4 - 1 3 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR VARIOUS ORBITAL ECCENTRICITIES. IN 

EACH PLOT, THE ORBITAL PARAMETERS (EXCEPT ECCENTRICITY) HAVE BEEN CHOSEN EQUAL TO 

THOSE OFTHE BE/X-RAY BINARY 4 U 1 1 4 5 - 6 1 9 , THE WIND PARAMETERS - ANNOTATED ON EACH 

PLOT- WERE KEPT CONSTANT, AND THE ORBITAL ECCENTRICITY VARIED FROM 0 TO 0.5 157 

FIGURE 4 - 1 4 . X-RAY LIGHTCURVE MODEL PREDICTIONS FOR VARIOUS ADOPTED ORBITAL PERIODS. 

IN EACH CASE THE INITIAL OUTFLOW VELOCITY WAS KEPT CONSTANT AT 1 KM S'̂  AND THE DISC 

POWER-LAW GRADIENT CONSTANT AT W = 3 .5 159 

FIGURE 4 - 1 5 . X-RAY LIGHTCURVE OFTHE BE/X-RAY BINARY E X 0 2 0 3 0 + 3 7 5 . DATA FROM THE ALL 

ON THE ̂ 0.55/ X-JM X TlfM/NG SArELLfTE WERE FOLDED ON THE ORBITAL PERIOD OF 

46.02-DAYS AND AVERAGED IN BINS OF 0.04-ORBITAL PHASE 162 

FIGURE 4 - 1 6 . X-RAY LIGHTCURVE AND MODEL FITS FOR E X O 20304-375 163 

FIGURE 4 - 1 7 . LEFT: HA LINE PROFILES OF V 8 0 1 CEN ON THE NIGHT OF 1997 APRIL 12. SPECTRA 

WERE OBTAINED AT INTERVALS OF A FEW MINUTES, AND HAVE BEEN BINNED INTO 

APPROXIMATELY 3 0 MINUTE BINS. RIGHT: RESIDUALS AFTER SUBTRACTION OF A MEAN 

SPECTRUM 168 

11 



FIGURE 4-18 . LEFT: HA LINE PROFILES OF V 8 0 1 CEN ON 5 CONSECUTIVE NIGHTS IN 1997 APRIL. 

WHERE MULTIPLE SPECTRA WERE OBTAINED ON ONE NIGHT, A MEAN OF THESE SPECTRA IS 

SHOWN. RIGHT: RESIDUALS AFTER SUBTRACTION OFTHE 14™ APRIL SPECTRUM 169 

FIGURE 4-19 . LEFT: HE I (A = 6 6 7 8 ) LINE PROFILES OF V 8 0 1 CEN ON 5 CONSECUTIVE NIGHTS IN 1997 

APRIL. WHERE MULTIPLE SPECTRA WERE OBTAINED ON ONE NIGHT, A MEAN OF THESE SPECTRA 

IS SHOWN. RIGHT: RESIDUALS AFTER SUBTRACTION OF THE 14™ APRIL SPECTRUM 170 

FIGURE 5-1 . 3 X 3 ARC-MINUTE FINDING CHARTFORTHERXJ0032.9-7348 WITH PROPOSED 

COUNTERPART MARKED AS OBJECT NUMBER 1 191 

FIGURE 5-2 . EMISSION-COLOUR DL^GRAM FOR OBJECTS IN THE FIELD OF R X J0032 .9 -7348 . THE 

PROPOSED COUNTERPART IS MARKED AS OBJECT NUMBER 1. LEFT-HAND PLOT SHOWS ALL 

OBJECTS IN C C D FRAME, RIGHT HAND PLOT SHOWS THOSE OBJECTS WITHIN 124 ARC-MINUTES 

(TWICE THE UNCERTAINTY RADIUS) OF THE BEST X-RAY POSITION. OBJECTS LYING WITHIN THE 

UNCERTAINTY RADIUS ARE PLOTTED AS FILLED CIRCLES. (SEE ALSO NOTE CONCERNING AXIS 

LABELS IN SECTION 5 .2 .2) 192 

FIGURE 5-3 . HA SPECTRUM OF THE PROPOSED COUNTERPART TO R X J0032 .9 -7348 192 

FIGURE 5-4 . 3 X 3 ARC-MINUTE FINDING CHART FOR R X J 0 0 4 9 . 1 - 7 2 5 0 WITH PROPOSED 

COUNTERPART MARKED AS OBJECT NUMBER 1 194 

FIGURE 5 -5 . EMISSION COLOUR DIAGRAM FOR OBJECTS IN THE FIELD O F R X J 0 0 4 9 . 1 - 7 2 5 0 . THE 

PROPOSED COUNTERPART IS MARKED AS OBJECT NUMBER 1. LEFT HAND PLOT SHOWS ALL 

OBJECTS IN C C D FRAME, RIGHT HAND PLOT SHOWS THOSE OBJECTS WITHIN 4 4 ARCMINUTES 

(TWICE THE UNCERTAINTY RADIUS) OF THE BEST X-RAY POSITION. OBJECTS LYING WITHIN THE 

UNCERTAINTY RADIUS ARE PLOTTED AS FILLED CIRCLES. (SEE ALSO NOTE CONCERNING AXIS 

LABELS IN SECTION 5 .2 .2 ) 195 

FIGURE 5-6. 3 x 3 ARC-MINUTE FINDING CHART FOR AX J(X)51-722 WITH PROPOSED COUNTERPART 

MARKED 197 

FIGURE 5-7. HA SPECTRUM OF THE PROPOSED OPTICAL COUNTERPART TO AX J0051-722 197 

FIGURE 5 - 8 . 3 x 3 ARC-MINUTE FINDING CHART FOR R X J 0 0 5 1 . 8 - 7 2 3 1 . THE CANDIDATE 

COUNTERPART OBSERVED IN THIS WORK IS MARKED AS OBJECT NUMBER 2, THE OBJECT MARKED 

AS NUMBER 1 IS THE OBJECT REPORTED TO SHOW HA ACTIVITY BY ISRAEL ET AL 199 

FIGURE 5-9. HA SPECTRUM OF STAR 2 - A CANDIDATE COUNTERPART TO RX J(X)51.8-7231 199 

FIGURE 5-10. 3 x 3 ARC-MINUTE FINDING CHART FOR RX J0053.8-7226 WITH PROPOSED 

COUNTERPART MARKED AS OBJECT NUMBER 1. THIS OBJECT IS A DOUBLE - THE EASTERNMOST 

COMPONENT IS PROPOSED AS THE BE STAR COUNTERPART 2 0 1 

FIGURE 5-11. EMISSION-COLOUR DIAGRAM FOR OBJECTS IN THE FIELD O F R X J0053.8-7226. THE 

LEFT HAND PLOT SHOWS ALL OBJECTS IN THE C C D FRAME, THE RIGHT HAND PLOT SHOWS ALL 

12 



OBJECTS WITHIN 30" (TWICE THE POSITIONAL UNCERTAINTY) OF THE X-RAY POSITION. 

OBJECTS LYING WITHIN THE UNCERTAINTY RADIUS ARE PLOTTED AS FILLED CIRCLES. (SEE ALSO 

NOTE CONCERNING AXIS LABELS IN SECTION 5 .2 .2 ) 2 0 3 

FIGURE 5-12 . HA SPECTRUM OF THE COMPONENT OF THE PAIR OF STARS MARKED AS 

OBJECT 1 IN FIGURE 5 - 1 0 2 0 4 

FIGURE 5-13 . HA SPECTRUM OF THE F2 STAR - 2 ARCSEC WEST OFTHE PROPOSED BESTAR OPTICAL 

COUNTERPART 2 0 4 

FIGURE 5-14 . FINDING CHART FOR R X J 0 0 5 4 . 9 - 7 2 2 6 2 0 6 

FIGURE 5-15 . EMISSION-COLOUR DIAGRAM FOR OBJECTS IN THE FIELD O F R X J0054 .9 -7226 . THE 

LEFT HAND PLOT SHOWS ALL OBJECTS IN THE C C D FRAME, THE RIGHT HAND PLOT SHOWS ALL 

OBJECTS WITHIN 2 0 " (TWICE THE POSITIONAL UNCERTAINTY) OF THE X-RAY POSITION. 

OBJECTS LYING WITHIN THE UNCERTAINTY RADIUS ARE PLOTTED AS FILLED CIRCLES. (SEE ALSO 

NOTE CONCERNING AXIS LABELS IN SECTION 5 .2 .2 ) 207 

FIGURE 5-16 . HA SPECTRUM OF THE PROPOSED OPTICAL COUNTERPART TO R X J 0 0 5 4 . 9 - 7 2 2 6 207 

FIGURE 5 -17 . L o w RESOLUTION FLUX CALIBRATED SPECTRUM OF THE PROPOSED OPTICAL 

COUNTERPART TO R X J 0 0 5 4 . 9 - 7 2 2 6 208 

FIGURE 5-18 . 3 X 3 ARC-MINUTE FINDER CHART FOR R X J O l O l . 0 - 7 3 2 1 2 1 0 

FIGURE 5-19 . A 4 VS. DIAGRAM FOR OBJECTS IN THE FIELD OFRX JOlOl .0 -7321 . (SEE ALSO NOTE 

CONCERNING AXIS LABELS IN SECHON 5 .2 .2 ) 2 1 1 

FIGURE 5 - 2 0 . HA SPECTRUM OFTHE PROPOSED OPTICAL COUNTERPART TO R X JO101.0-7321 211 

FIGURE 5-21 . EMISSION-COLOUR DL4GRAM FOR OBJECTS IN THE FIELD O F R X JOl 17 .6-7330 . THE 

LEFT HAND PLOT SHOWS ALL OBJECTS IN THE C C D FRAME, THE RIGHT HAND PLOT SHOWS ALL 

OBJECTS WITHIN 20" (TWICE THE POSITIONAL UNCERTAINTY) OF THE X-RAY POSITION. 

OBJECTS LYING WITHIN THE UNCERTAINTY RADIUS ARE PLOTTED AS FILLED CIRCLES. (SEE ALSO 

NOTE CONCERNING AXIS LABELS IN SECTION 5 .2 .2 ) 2 1 3 

FIGURE 5-22 . CLASSIFICATION REGION SPECTRUM OF THE PROPOSED COUNTERPART TO R X JOl 1 7 . 6 -

7 3 3 0 . THE SPECTRUM IS A COMPOSITE OF SPECTRA OBTAINED ON 1996 JANUARY 18™ AND 

OCTOBER 6™ 213 

FIGURE 5-23 . 3 x 3 ARC-MINUTE FINDER CHART FOR E X O 0 5 3 1 . 1 - 6 6 0 9 2 1 6 

FIGURE 5-24 . EMISSION-COLOUR DL\GRAM FOR OBJECTS IN THE FIELD OF E X O 0 5 3 1 . 1 - 6 6 0 9 . THE 

LEFT HAND PLOT SHOWS ALL OBJECTS IN THE C C D FRAME, THE RIGHT HAND PLOT SHOWS ALL 

OBJECTS WITHIN 18" (TWICE THE POSITIONAL UNCERTAINTY) OF THE X-RAY POSITION. 

OBJECTS LYING WITHIN THE UNCERTAINTY RADIUS ARE PLOTTED AS FILLED CIRCLES. (SEE ALSO 

NOTE CONCERNING AXIS LABELS IN SECTION 5 .2 .2 ) 217 

13 



FIGURE 5-25 . HA SPECTRUM OF THE NORTHERN COMPONENT OF THE PAIR OF CANDIDATE OPTICAL 

COUNTERPARTS TO EXO 0531.1 -6609 218 

FIGURE 5-26 . LOW-RESOLUTION FLUX CALIBRATED SPECTRUM OF THE NORTHERN COMPONENT OF 

THE PAIR OF CANDIDATE OPTICAL COUNTERPARTS TO E X O 0531 .1 -6609 2 1 8 

FIGURE 5-27 . FINDING CHART FOR H 0 5 4 4 - 6 6 5 WITH PROPOSED COUNTERPART MARKED AS OBJECT 

NUMBER 1 219 

FIGURE 5-28 . EMISSION-COLOUR DIAGRAM FOR OBJECTS IN THE FIELD OF H 0 5 4 4 - 6 6 5 . THE LEFT 

HAND PLOT SHOWS ALL OBJECTS IN THE C C D FRAME, THE RIGHT HAND PLOT SHOWS ALL 

OBJECTS WITHIN 1' (TWICE THE POSITIONAL UNCERTAINTY) OF THE X-RAY POSITION. OBJECTS 

LYING WITHIN THE UNCERTAINTY RADIUS ARE PLOTTED AS FILLED CIRCLES. (SEE ALSO NOTE 

CONCERNING AXIS LABELS IN SECTION 5.2 .2) 2 2 0 

FIGURE 5-29 . HA SPECTRUM OF THE PROPOSED COUNTERPART TO H 0 5 4 4 - 6 6 5 221 

FIGURE 5-30 . LOW-RESOLUTION FLUX CALIBRATED SPECTRUM OF THE PROPOSED COUNTERPART TO 

H0544-665 221 

FIGURE 5-31 . RELATIONSHIP BETWEEN EW(HA) AND R-HA FOR OPTICAL COUNTERPART 

CANDIDATES IN THIS STUDY 2 2 4 

14 



TABLES 

TABLE 3-1. PHOTOMETRY OF V 8 0 1 CEN, THE BE STAR COMPONENT OFTHEX-RAYBINARY4U1145-

6 1 9 , OBTAINED FROM THE S A A O ON 11™ NOVEMBER 1997. THE INDICES ARE PLOTTED ON A 

DL«iGRAM, ALONG WITH REDDENING VECTOR IN FIGURE 3 - 4 80 

TABLE 3-2. INFRARED PHOTOMETRY OF V 8 0 1 CEN, OBTAINED FROM THE S A A O , 1993 TO 1998 81 

TABLE 3-3. LOG OF SPECTROSCOPIC OBSERVATIONS OF V 8 0 1 CEN BETWEEN 1993 AND 1998. THE 

UNCERTAINTY IN EQUIVALENT WIDTH MEASUREMENTS IS TYPICALLY OF THE ORDER OF 10%, 
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"During our professional careers, all of us have encoun-

tered terms and phrases which have left us bewildered as to 

their meaning. In some instances, I suspect that the bewil-

George W. Collins 
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Chapter 1 - Be Stars 

In this chapter I present a review of our current knowledge of the Be star phenome-

non. I first describe the observational characteristics with which we identify stars 

of this type, and the physical properties that can be inferred from these observable 

properties. I then review past attempts to describe unified models of the Be star 

phenomenon - both ad hoc models which intend only to describe the observable 

properties, and physical models which attempt to provide a physical basis to ex-

plain the observable properties. I describe some of the problems yet to be over-

come in order to reach a full understanding of the Be star phenomenon; discussing 

inconsistencies between the models and observations, and proposals for how theory 

and observation might be reconciled. 

1.1 Observational characteristics of Be stars 

The use of the suffix 'e' applied to the spectral type of a star to denote the presence 

of emission lines in the stellar spectrum was first proposed to the International As-

tronomical Union in 1922 by A. Fowler. He proposed however that the 'e' suffix 

should be omitted from those spectral types whose members normally displayed 

such emission lines in their spectra. This definition remains almost unchanged to 

this day - we now exclude super giant stars (stars of luminosity class I or II). A 

working definition generally accepted by the astronomical community is that of 

Jaschek, Slettebak & Jaschek (1981): 

"A apgcfrwrn or AW 

of n/Mg, OMg or /Morg BaZmgr " 
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Chapter 1 - Be Stars 

The term 'Be star' has however grown to become a generic term for a class of ob-

ject, whose members show similar observational characteristics which are discussed 

later in this section. As there are some late O-type stars, and some early A-type 

stars which show similar observational characteristics, and there are no reasons to 

believe that these characteristics arise from different physical mechanisms in the 

earlier or later spectral types, it is convenient to allow these objects to belong 

within the definition. Throughout this work therefore, I have adopted the definition 

proposed by Jaschek et al. broadened slightly to include early A-type and late O-

type non-supergiant stars with similar properties. The line emission of Be stars is 

reviewed in more detail in Section 1.1.1. 

In addition to emission in the Baimer lines. Be stars show a luminosity excess at 

long wavelengths, causing a Be star of a given spectral type to appear brighter at in-

frared wavelengths than a B-type star of the same spectral type. The infrared ex-

cess is reviewed in detail in Section 1.1.2. As this excess flux is most apparent at 

infrared wavelengths it is generally referred to as an infrared excess, though the ex-

cess flux is still significant in the optical region of the spectrum - while acknowl-

edging that the term can therefore be misleading, I shall conform to convention in 

this work and refer to the excess flux as an infrared excess. 

Be stars commonly show variability in the earlier described observable properties 

on many timescales, from hours to years, though there are examples of Be stars 

which show no variations at all on observable timescales. Emission lines are seen 

to vary in strength, sometimes disappearing altogether, leaving the Be star indistin-

guishable from a normal B type star. Line shapes vary on long timescales - most 

evidently in the V/R cycles described in Section 1.1.5.2 - and also display transient 

features on timescales of hours. 
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1.1.1 Emission Lines 

Our definition of a Be star relies upon the presence of emission in the Baimer series 

of Hydrogen. The strongest emission - and therefore the most common diagnostic 

of Be stars - is seen in the Ha line; optical spectra often reveal emission - albeit 

weaker - in Ha, Hp and successively higher order transitions. Clark (1997, et al. 

2000) showed from UKIRT spectra that Be stars also display emission in the 

Paschen and Brackett series of Hydrogen. In Figure 1-2 (taken from Reig, Stevens, 

Coe et al.) we show Paschen and Brackett emission lines in infrared spectra of the 

Be star counterpart to the Be/X-ray binary EXO 2030+375. 

Emission lines show many profiles, single or double peaked, symmetric or asym-

metric. Often (especially in HP and later lines of the Baimer series) an emission 

core is superposed on broader absorption wings (see for instance the Ha profile for 

17 Tau in Figure 1-1). 

Another commonly observed line profile is termed a 'shell profile', characterised 

by emission lines reversed by narrow absorption cores; stars that display such line 

profiles are often termed 'shell stars' and often show narrow absorption in many 

metallic lines. Many stars have been observed to change from classic Be star line 

profiles to 'shell' profiles and vice versa (Ha profile of xji Per in Figure 1-1). 

In addition to the presence of Hydrogen emission. Be stars also often show He I 

lines in emission, as well as many singly ionised metals. More 'extreme' Be stars 

(those with EW(Ha) > 10 A) frequently show Fe II lines in emission. Figure 1-1 -

taken from Hummel & Vranken (1995) - shows Fe n 15317 and He 115876 lines in 

addition to Ha lines for 9 Be stars. 
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Figure 1-1. Fe II15317 and He 115876 emission line profiles for nine Be stars. Fe LL 

and He I flux scales are expanded by a factor of 10 relative to the Ha scale. Taken from 

Hummel & Vranken (1995). Each are normalised to the local continuum, then offset so 

that the continuum flux is approximately 1.0 (Ha), 0.0 (Fe IL) and -1.0 (He I) 
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1.1.2 Infrared excess 

Apart from emission in the Baimer series, the infrared excess is a major character-

istic of Be stars. At IR wavelengths the excess flux can be large enough to produce 

an extra few magnitudes of luminosity. Figure 1-3 shows the energy distribution of 

4 Be stars (a Eri, cp Per, 5 Cen and % Oph) with best fit Kurucz models (Waters 

1986) showing clear excess flux at long wavelengths in all cases except a Eri. 

Even at optical wavelengths the contribution to the continuum flux can be signifi-

cant - in Chapter 3 (and in Stevens et al. 1997) I show that the F band excess flux 

in the Be star V801 Cen can be as large as 67 ~ 0.6 magnitudes. The excess flux, 

noticed first through infrared photometry, is also significant at wavelengths longer 

than the JHKL infrared photometric indices - Cote & Waters (1987) studied a sam-

ple of 101 Be stars with the IRAS satellite and found the excess flux present at 

wavelengths between 12 and 60^. At optical and infrared wavelengths the excess 

can be approximated by a power law distribution, however, at longer wavelengths 

(mm and radio) few Be stars have been detected. Taylor et al. (1990) detected only 

6 Be stars from a sample of 21, whereas their upper limits to those undetected are 

mostly below the flux expected by extrapolating from IR flux distributions. Obser-

vations such as these have led to a commonly held belief that some mechanism 

causes a change in disc structure at a certain radius leading to a change in the spec-

tral gradient. 

Waters (1986) developed an ad hoc model to fit to infrared excesses derived from 

IRAS observations of four Be stars. The model consisted of a disc with some 

opening angle 9 and a density distribution of the form: 

(1-1) 

in which the IR excess flux is produced via free-free and bound-free emission pow-

ered by photospheric UV continuum photons. 
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The model was found to reproduce the IR excess well, but with densities much 

greater, and with higher mass loss, than is suggested by observations of UV reso-

nance lines. Hence it would appear that different regions of the wind have very dif-

ferent physical conditions. 
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Figure 1-3. Spectral energy distributions of Be stars a Eri, cp Per, 8 Cen and % Oph. Fluxes 
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each plot. 
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1.1.3 UV Observations 

At first sight, observations of Be stars at UV wavelengths appear to be contradic-

tory to those at optical and infrared wavelengths. Whilst optical and infrared emis-

sion lines show little deviation from rest wavelengths - indicating wind outflow 

velocities little more than -100 km s"̂  - the wavelength shifts of UV line profiles 

often indicate wind velocities up to -1000 km From l.U.E. observations of 

V801 Cen - the optical counterpart to the Be/X-ray binary 4U1145-619 and subject 

of Chapter 3 - Bianchi & Bemacca (1980) found evidence for a wind with terminal 

velocity of 1800 km s"\ In Chapter 3 I present optical spectra of the same object 

which show no evidence for outflow velocities greater than 100 km s ' \ Attempts to 

resolve this apparent paradox generally involve proposals of more than one compo-

nent to the stellar envelope, often with a low-density/high-velocity polar wind and a 

high-density/low-velocity equatorial wind. Such models are discussed in greater 

depth in Section 1.2. 

1.1.4 Direct imaging 

Be stars have recently been imaged at optical (Ha) and radio wavelengths (Vakili, 

Mourard & Stee 1994, Dougherty & Taylor 1992). The Be star \j/ Per was included 

in both studies and the alignment of the images is good. The linear polarisation of 

\|/ Per is found to be perpendicular to the major axis. Thus the most direct observa-

tions point to a disc-like geometry for the circumstellar envelope. It is generally 

accepted that the envelopes of Be stars are disc-like. However, beyond this, the 

detailed geometry is unclear. 

1.1.5 The variability of Be stars 

As already mentioned, variability is a frequent characteristic of Be stars, and affects 

all of the observed properties. Individual Be stars show different degrees of vari-

ability, some may appear unchanged for long periods (of the order of years), while 

others change from Be star to normal B star in periods of the order of months -
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with the Ha emission line reversing to show normal absorption. The underlying 

cause of this variability is not fully understood, not least because the cause of the 

Be phenomenon itself is not known, but through our ad hoc models we can at least 

infer some properties of the circumstellar envelopes of Be stars through the study of 

correlations between the observed properties as they vary. 

1.1.5.1 Disc loss and regeneration 

One of the more easily understood variations that Be stars display is variability in 

the degree of Be characteristics that it displays, generally understood as a variation 

in the size or density of the circumstellar envelope that gives rise to these proper-

ties. As has been mentioned already, stars have been observed to change from Be 

to B-type stars and back again, indicating complete loss and/or generation of a cir-

cumstellar envelope. Other stars may show less extreme variability indicating only 

a gain or loss of part of their circumstellar envelope. These variations manifest 

themselves as reductions in the strength of Ha emission and the infrared excess. 

Dougherty & Taylor (1994) studied archival JHK IR data of a sample of 125 Be 

stars; their sample was chosen to include stars with at least 2 separate observations, 

from a number of surveys covering a 19 year period. Of this sample, -18 per cent 

showed variability according to the authors' criteria. The timescales of variability 

extended to 73 days, and in some cases were as short as 18.5 days - the latter a 

lower limit owing to the sampling timescale used. The amplitude of variability fell 

in the range 0.2 - 1.2 magnitudes in the K band. The degree of variability was 

shown to increase with wavelength - consistent with the variability being due to 

changes in the strength of a continuum component with a 'redder' spectral slope 

than that of the stellar photosphere. Clark (1997) points out that stars displaying 

variability on timescales shorter than 18.5 days would have been missed by Dough-

erty & Taylor's study (and many Be stars have been found in other studies to show 

variability on these timescales), and that the percentage of variable Be stars is 

probably a lot higher than 18 per cent. 
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1.1.5.2 V/R variability 

Be star emission line profiles can be divided into symmetric and asymmetric pro-

files, and into single or double peaked profiles. It is common to parameterise dou-

ble peaked profiles by measuring the ratio of strength of the two peaks. Termed the 

V/R ratio - where V is the maximum flux in the shorter wavelength (violet) peak, 

and R is the maximum flux in the longer wavelength (red) peak - variability in this 

ratio is hence termed 'V/R variability'. Be stars often display cyclical variability in 

this parameter. The characteristics of these variations, and possible causes, are dis-

cussed in greater depth in Section 1.4. 

1.1.5.3 Short term variability 

The shortest timescale variability displayed by Be stars is in the form of transient 

absorption features in the line profiles. These features - termed Discrete Absorp-

tion Components (DACs) - also show time variation in wavelength, tending to 

move across the line profile implying Doppler shifting of a rotating or pulsating 

entity giving rise to the absorption. 

1.1.6 Population characteristics 

Many studies of Be stars statistics have been made to determine the proportion of 

Be type stars per spectral type bin. It is important however to take into account the 

overluminosity of Be stars compared to B stars of similar mass and age, the spectral 

type changes during constant mass evolution, and the spectral type change due to 

rapid rotation. 

Briot & Zorec (1994) calculated statistics taking into account the following: 

® Be stars are intrinsically brighter than B type stars, and this excess flux is 

greater for the earlier type Be stars. If statistics are calculated up to some limit-

ing magnitude, a larger volume of Be stars than B stars will be included, thus 

artificially increasing the Be/B ratio. 
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® Stars' apparent spectral types change as they evolve (with constant mass) from 

the main sequence up the giant branch. Hence in any comparison of popula-

tions, we must consider the ZAMS spectral type of a star, rather than its current 

spectral type. 

• Because of the rapid rotation of Be stars, the spectral type of a particular star 

must be corrected to that which it would show if it were not rotating. 

Their results show that the observed maximum occurrence of Be stars at a spectral 

type of B2 remains when evolutionary and intrinsic brightening effects are taken 

into account, but shifts to B1 when rotational effects are considered. 

1.2 Be star circumstellar envelopes 

The consensus amongst authors of works on Be stars is that the observable proper-

ties of these stars result from the existence of an extended envelope. This envelope 

gives rise to the Baimer (and other) emission lines through the re-processing of en-

ergetic UV photons. The excess infrared flux arises from free-free and bound-free 

emission in this envelope. 

As mentioned in Section 1.1.3, an apparent paradox arises when we consider UV 

observations. The adopted solution is to assume a two component envelope with 

the optical emission lines and infrared excess arising from an equator!ally concen-

trated low-velocity dense wind, the UV absorption lines arising in a high-velocity 

low-density wind originating at high latitudes. 

1.2.1 Evidence for disc shaped envelopes 

1.2.1.1 Optical emission lines 

Evidence for the flattened disc geometry comes from the double peaked profiles of 

emission lines. Many authors have investigated the strength and shape of the opti-
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cal emission lines of Be stars as indicators of disc geometry, Dachs (1986) reports a 

correlation between FWHM(Ha), it's strength, and v sin i. This suggests rotation 

as cause of line broadening in Be stars, and is suggestive of a flattened envelope. 

One problem however is that the widths of both Ha (optically thick) and Fell (opti-

cally thin) are wider than the rotational velocity of the underlying star would sug-

gest. Additional broadening mechanisms (electron scattering and non-coherent 

scattering) can add to the observed width of Ha lines, but the Fell lines should only 

be kinematically broadened (Hummel & Vranken 1995). The observed line widths 

therefore suggest that the inner regions of the envelope are rotating more rapidly 

than the surface of the star. This implies that some mechanism must exist to trans-

fer angular momentum into the wind. 

1,2.1.2 IR and radio continuum emission 

A small number of bright Be stars have been detected at radio wavelengths (Taylor 

et al. 1987, 1990). Spectral indices from radio data appear steeper than those found 

from ERAS observations. This suggests that a turnover in the spectral continuum 

occurs somewhere between the IR and radio bands. 

Three possible explanations for the turnover have been proposed: reacceleration of 

the wind at large radii, a change in the geometry of the wind at large radii, or a 

change in the ionisation of the wind at large radii. Waters et al. (1991) predict 

through theoretical models that the degree of ionisation should be fairly constant 

throughout the disc. 

Chen et al. (1992) suggest that stellar UV radiation cannot penetrate the dense in-

ner regions of the wind, but that a thin disc geometry would allow the UV photons 

to add a driving force to the outer regions of the disc, reaccelerating the wind. 

Waters & Marlboro (1994) show that the radio spectral continuum can be repro-

duced by a slab model, with density decreasing with the square of radius (ie. a con-
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stant outflow velocity). The observed turnover in the spectrum can therefore be ex-

plained if we assume a thin, but diverging, inner disc, with a slab-like constant out-

flow velocity, outer disc. Waters & Marlborough speculate that wind streamlines 

bent toward the equator by Coriolis forces (as in the wind compressed disc model -

see Section 1.3.1.2) act to collimate the inner regions of the disc. At larger radii, 

the wind has much less velocity perpendicular to the disc plane, but greater velocity 

in a radial direction. Hence at large radii, the collimating mechanism is much less 

efficient allowing the disc to flare into a thicker slab. 

1.3 Formation of Be star envelopes 

Many models have been proposed to reproduce the observable properties of Be 

stars; some with more success than others. Whilst the ad hoc models cannot ex-

plain the existence of Be stars, it is hoped that by fitting the models to observations, 

the model parameters may lead to a greater understanding of the physical structure 

and dynamics of the circumstellar environment of these stars. Other models at-

tempt to explain the occurrence of Be stars, with limited success. It seems that we 

can create models which recreate the Be phenomenon but cannot fit these to obser-

vations, whilst we can create other models which reproduce the observations but 

provide no clues as to the formation of the Be phenomenon. 

One category of ad hoc models contains those that attempt to describe the global 

properties of the circumstellar environment. Usually they specify the geometry of 

the circumstellar envelope, and certain characteristics such as density distribution 

and outflow velocity. The second category contains those models which attempt to 

describe only a particular behavioural characteristic, such as V/R variability or Dis-

crete Absorption Components. 
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1.3.1.1 Rotationally flattened discs 

The earliest attempt to describe the Be phenomenon was proposed by Struve 

(1931). The model that he proposed involved B type stars rotating at close to their 

break-up velocity (where the gravitational forces at the equator are cancelled by the 

centrifugal forces) so that the stars shed material into a circumstellar envelope, 

which is flattened in to a disc geometry by rotation. 

Studies of the rotational velocities of Be stars indicate that while Be stars on the 

whole rotate more rapidly than analogous B type stars, their rotational velocities are 

significantly below the break-up velocity. Whilst it seems to be clear that the 

higher rotational velocities of Be stars play a role in the formation and consequent 

support of a circumstellar disc, it alone cannot explain the phenomenon. It is more 

likely that the high rotational velocities serve to alter the potential field such that 

whatever other mechanisms eject material from the stellar equator, less force is re-

quired to perform the task, so that the higher rotators are more susceptible to the ef-

fect. 

1.3.1.2 The Wind Compressed Disc model 

It is clear that rotation plays a large role in the formation of Be star discs. Be stars 

in general have higher values of vsin i than normal B type stars, though consider-

able overlap between the distributions of projected rotational velocities exists. It 

was initially believed that the higher rotational velocities led to the formation of the 

Be star discs. However, no Be star has been found with vsin i > Vcm where Vcrit is 

the critical break up velocity, and so some other mechanism must act to help form 

the extended envelope. The Wind Compressed Disc (WCD) model attempts to ex-

plain circumstellar disc formation though rapid rotation and radiatively driven mass 

Ios& 

Bjorkmann & Cassinelli (1993) showed that in a rotating axisymmetric model, 

wind streamlines are not radial, but are affected by centrifugal and coriolis forces in 

such a way that they are deflected towards the stellar equator. 
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In the non-rotating case, beyond the sonic point, the thermal force can no longer 

support the outflow over gravity, and the radiative force must be greater than the 

gravitational force if outflow is to continue. In the case of a rotating star, centrifugal 

forces support the outflow in addition to the radiative force. The centrifugal force 

decreases with the inverse cube of distance, much slower than the thermal pressure, 

and so between the sonic point and some distance where the centrifugal force has 

dwindled enough, outflow can continue though the radiative force is actually less 

than the graviational force. 

Figure 1-4 shows Bjorkmann & Cassinelli's 1-D model predictions for the rota-

tional velocity required to lead to disc creation. 
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Figure 1-4. Wind compressed disc model predictions. Left: the ratio of terminal wind ve-

locity to stellar escape velocity as a function of spectral type. Right: the threshold rotation 

velocity for disc creation as a fraction of the stellar escape velocity as a function of spectral 

type. Taken from Bjorkman (1994). 
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Figure 1-5. Two-dimensional schematic of a wind compressed disc. The wind streamlines 

are shown being deflected toward the equator. The inset diagram shows the standing 

shocks forming either side of the equator. Taken from Bjorkman & Cassinelli (1993). 

Figure 1-5 shows 2-dimensionally the streamlines of the wind, in the rotating star. 

In a non-rotating star the streamlines would all be radial, but in this rotating case 

the streamlines fall towards the equator for some distance until the radiative force is 

larger than the gravitational force and the streamlines bend back towards the radial 

directions. If the region within which the centrifugal force supports the wind is 

large enough, the streamlines will impinge on the equator. In this case, the stream-

lines from opposite hemispheres collide; the velocity of the wind perpendicular to 

the equatorial plane is supersonic, so the increased density and large pressure gradi-

ent causes shocks above and below the equator, hence a well collimated dense low 

velocity disc forms around the star. At higher latitudes the wind remains high ve-

locity low density, as indicated by UV observations. 

It is worth noting that for a disc to form, the relationship between the rotation speed 

of the star and the radial velocity of the wind must be such that the streamlines meet 
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at the equator before the radiative force becomes greater than the gravitational 

force. A fast wind must be accelerated by a greater radiative force, decreasing the 

size of the region within which the wind is bent towards the equator. On the other 

hand, a more rapidly rotating star will support a wind centrifugally up to greater 

distances, and the region in which the wind bends towards the equator is larger. 

Hence the critical velocity at which the star must rotate in order to form a disc in 

this way is related to the ratio of the wind terminal velocity to the escape velocity of 

the star. 

Using theoretical values for terminal wind velocities for a range of spectral types, 

Bjorkmann & Cassinelli (1993) find a minimum in the critical disc forming velocity 

at a spectral type of B2. Considering the maximum occurence of the Be star phe-

nomena at the same spectral type, the Wind Compressed Disc becomes an attractive 

explanation for the existence of the circumstellar disc. 

However, the predicted densities for a WCD are two orders of magnitude too small. 

The density can be estimated by equating the gas pressure with the ram pressure of 

the wind, resulting in a predicted density distribution that follows (for a B2V star): 

r 
(1-2) 

with n-3 and po =10 ' cm . 

Waters, Cote & Lamers (1987) fit similar density distributions to infrared fluxes 

(see 1.1.2), and determined values of n in the range 2.0 - 3.5, and po - 1 0 g cm'^. 

The radial distribution predicted by the WCD can hence be fitted to the observed 

infrared fluxes, but the actual densities predicted are too small to explain the mag-

nitude of the infrared excess. A similar result is found if the WCD predictions of 
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polarization are compared to observation - the same factor of -100 in density is re-

quired to reconcile observation to theory. 

It is worth noting that Zaal, Waters & Marlboro (1994) have discovered a star 

showing emission in the Bracket series (infrared) whilst the Baimer lines are seen 

to be in absorption. They conclude that a new type of Be star may exist with low 

density discs only detectable from IR emission lines. The inferred densities are 

-100 times less than those found for "classical" Be stars. The Wind Compressed 

Disc model could explain the existence of these objects, but any unified model for 

all Be stars would require some further mechanism to apply to the classical Be stars 

to explain the density of material in the circumstellar disc. 

A further problem for the Wind Compressed Disc model is the existence of low 

velocity shell profiles in many Be stars, which may be transient features. The WCD 

model leads to thin well-collimated discs. If not quite edge-on, a thin disc can only 

obscure half of the star, however optically thick. If the disc is seen exactly edge-on, 

the outer (thicker) parts of the disc obscure the star. The radial velocity in these 

outer regions should be larger than the inner regions, yet shell absorption features 

generally show very small or no velocities. 

A possible solution to the density problem is that mass loss rates may have been 

underestimated by an order of magnitude. Bjorkmann (1994) claims that this in-

crease in mass loss would reduce the line-driving force so that streamlines are bent 

towards the disc more readily. The result of this would be a higher wind velocity 

normal to the disc plane upon impact at the shock, and hence a higher compression 

of the disc. Another speculative possibility is that magnetic fields transfer angular 

momentum into the disc, hence stopping material in the inner disc from falling back 

onto the stellar surface. Indeed, it is known that some input of additional angular 

momentum is required to explain the widths of Ha and Fell emission lines in many 

Be stars (Hummel & Vranken 1995). 
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Optical and IR emission lines definitely do not show profiles consistent with in-fall 

near the star so some mechanism must prevent this. A magnetic field is one pro-

posed method of transferring additional angular momentum into the disc to rota-

tionally support it against this in-fall. The presence of magnetic fields might over-

come the 'shell profile' problem as, speculatively, magnetic field lines might be 

frozen into the disc material, causing magnetic stresses through twisting of the 

field, which could cause large scale disruptions leading to transient obscurations 

and hence shell profiles. 

Another source of variability could be instabilities in the shock. This could lead to 

a complex structure, altering the geometry and density, affecting radiative driving 

forces, and indirectly disc thickness. The result is that the disc could be 'clumpy' 

and geometrically thicker - again allowing a possible solution to the problem of low 

velocity shell profiles. 

1.3.1.3 Rotation-pulsation model 

A popular proposition as a mechanism to eject mass into an equatorial disc is Non-

Radial Pulsations (NRP), and specifically the interaction of the pulsating modes 

with the rotation of the star. 

Several Be stars have been shown to display non-radial pulsations as seen in the P 

Cep and 53 Per variables (Baade 1982, 1984a, 1984b; Vogt & Penrod 1983). Vogt 

& Penrod (1983) linked these NRP to mass loss activity in Be stars, and estimated 

that the pulsation energy in the case of ^ Oph is large enough to cause significant 

mass ejection. In the proposed model, the lower potential at the equator due to the 

rotation of the star allows the effects of NRP to cause equatorial mass-loss. Only 

the combined effects of rotation and NRP are sufficient to overcome the gravitional 

potential of the star. 

NRPs transfer angular momentum from the interior of a star to the stellar surface, 

where the material - already 'buoyant' with centrifugal forces - is imparted with 
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enough angular momentum to launch it from the surface into the circumstellar disc 

created by previous such ejections. The ejected material transfers angular momen-

tum into the existing envelope as the NRP dissipates (Osaki 1986). 

Moreover, it is suggested by Ando (1986) that interaction between the rotation of 

the star and the NRP can lead to a quasi-periodic cycle of energy exchange between 

rotational and pulsation. He proposes that this mechanism accelerates the equato-

rial material to break-up velocity at the acceleration phase of the cycle. Negueruela 

(1997) questions the strength of the rotation-pulsation model, citing the large num-

ber of free parameters and evidence from Smith (1989) indicating a lack of corre-

lated NRPs and Be behaviour in the star X Eri. 

1.3.1.4 The decelerated wind model 

The decelerated wind model is rare in that it provides an alternative to the accepted 

paradigm of Be star envelopes (high-density low-velocity disc with low-density 

high-velocity polar wind). According to the model, (Doazan 1987, Doazan et al. 

1986) the optical/infrared-UV paradox is explained by defining two spherically 

symmetric zones, centred on the star. The inner zone comprises a hot fast wind 

globally carrying mass away from the stellar surface, the outer zone contains more 

dense, slow moving material. The transition from the inner to outer zone occurs 

when the high-velocity mass outflow meets the interstellar medium, or material 

from previous ejections - the sudden deceleration giving rise to a dense, slow 

moving outer region. Polarimetric observations, and direct imaging of Be star discs 

provide strong evidence however for a flattened disc model. 

1.3.1.5 Viscous Excretion Model 

The viscous decretion disk model was first proposed for Be stars by Lee, Saio & 

Osaki (1991). They propose that material ejected from the stellar surface rotates in 

Keplerian orbits but drifts outwards because of viscous interaction, forming a thin 

collimated disc. 
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Okasaki (2000) has calculated certain characteristics of the outflow of viscous 

discs. Okasaki finds that the outflow in such discs is expected to be highly sub-

sonic out to of the order of 100 stellar radii. He also finds that such discs would be 

stable to global one-armed oscillations with periods matching those observed for 

V/R variations in Be stars. See the following section for further discussion of V/R 

variability. 

1.4 V/R Cycles and associated variability 

As already mentioned in 1.1.5.2, many Be stars display variability in the relative 

strengths of the two peaks in double peaked line profiles. The variations are known 

as V/R variations (where V and R represent respectively the emission strength of 

the violet and red components of the line). 

V/R variability is usually quasi-cyclical, developing from V/R > 1, through V/R = 

1, to V/R < 1, and so on. The periods of variability are of the order of years, the 

statistical mean being ~7 years (see Figure 1-6), and are not sensitive to the spectral 

type - hence mass, size, luminosity - of the underlying B star. When the V/R ratio 

is < 1 (ie. when the red peak is stronger) the whole line profile shifts blue ward, 

similarly when the V/R ratio is > 1 (when the blue peak is stronger) the profile 

shifts redward. Figure 1-7 shows Ha spectra of the Be star HD 245770, clearly in-

dicating a periodic variability in the V/R ratio. 

Explanations for the V/R cycles of Be stars rely on non-axisymmetrical discs, 

where the asymmetrical line profiles are due to some perturbation in the circum-

stellar disc. Support for this scenario is found in some Be stars with high inclina-

tions, where the underlying star appears to eclipse the perturbed region of the disc. 

The most successful models involve the precession of one-armed density waves in 

the circumstellar disc, though other models have been proposed to explain the non-

axisymmetry. 
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1.4.1 One-armed global oscillations 

Currently the most successful model developed to explain the existence of cyclic 

V/R variability in Be stars is the one-armed (m = 1 ) oscillation model due to Kato 

(1989) and Okazaki (1991). 

Theoretically, in a Keplerian (or near Keplerian) thin disc, the only possible oscil-

lations are m = 1 modes of low frequency (Okazaki 1997). The slow precession of 

a density perturbation results from a small perturbation from Keplerian rotation in 

the velocity field of the disc. According to the first one-armed oscillation model to 

be constructed, this perturbation of the velocity field results from the pressure force 

distribution in the disc (Okazaki 1991). Okazaki needed to assume an outer radius 

to the disc in order to produce finite oscillation periods. He found that the observed 

distribution of V/R cycle periods could be reproduced by assuming disc radii in the 

range 5 < Rdisc/R* < 20. The predicted perturbations precessed around the disc in a 

retrograde direction. 

Later Papaloizou et al. (1992) constructed a model that included the quadrupole 

potential of a rotationally flattened star. This deviation from a point mass potential 

forces the particles into precessing elliptical orbits. In this model, the oscillations 

are confined to the inner regions of the disc, their nature is hence insensitive to the 

overall dimensions of the disc, and no assumed disc size is necessary. The pre-

dicted perturbations precessed around the disc in a prograde direction. 

Recently, Okazaki (1997) has investigated a combination of the two effects and 

found that in late type Be stars, the confinement of the oscillation is due to the 

quadrupole moment of the central star. However, for early type Be stars, he finds 

that the confinement of the oscillation is mainly due to the radiative force due to an 

ensemble of optically thin lines (and optically thin continuum). The results of his 

model predict prograde precession with frequencies closely matching the distribu-

tion of observed V/R cycles. 
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Observations of correlated V/R and continuum variations are sparse. Such a corre-

lation has been observed in VI294 Aql (Hubert 1994). Hao et al (1996) find that 

the optical lightcurve of HDE 245770 (the Be star component of the X-ray binary 

A0535-I-26) can be fit by a combination of two sine functions of periods 506d and 

755d. They propose that the variability is due to geometrical effects of a one-armed 

oscillation, the longer period being the first overtone, the shorter period being the 

second overtone. 

1.4.2 Prograde or retrograde precession? 

In the previous section I discussed the different predictions of the various one-

armed oscillation models. In determining the applicability of certain models it is 

often of interest to determine whether the precession of the perturbation proposed to 

explain the V/R cycle is prograde or retrograde to the rotation of the star/disc. 

This determination can only be made with high inclination stars where the central 

star eclipses the perturbation. A cyclical V/R variation in the Ha line profile of the 

Be star p' Mon was shown to be consistent with prograde precession of a perturba-

tion (Telting et al. 1994). 
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Figure 1-6. Distribution of V/R cycle periods by spectral type. Open circles represent stars 

known or suspected to be binaries. Taken from Okazaki (1996). 
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Figure 1-7. V/R variations in the Ha line of HD245770, with a periodicity of ~ 18 months 

(taken from Negueruela et al. (1998). 
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1.5 Summary 

A Be star is a non-supergiant star of spectral class O, B, or A, whose spectra show, 

or have at one time showed, emission in the Hydrogen Baimer lines. Be stars have 

been identified in the range 0 5 to AO with a peak in the distribution around B2. 

Approximately 10% of all B type stars show Be behaviour. In addition to the line 

emission. Be stars show an excess continuum flux at optical, infra-red and radio 

wavelengths. 

In explaining the Be star phenomenon, two steps are required. Firstly, a physical 

model must be developed which reproduces the observations. Secondly, a theoreti-

cal model must be developed which explains the development of an object with the 

physical characteristics of the first model. 

Many physical models have been developed with varying success. These models 

involve a circumstellar envelope around the B star which gives rise to the emission 

lines and Infrared excess. Observations suggest that this circumstellar envelope is 

non-spherical, with a dense, slow moving equatorial disc, and a low-density, high 

velocity wind at higher latitudes. As more observations are made, the physical 

models have become more and more sophisticated. 

The attempts to explain the formation of such physical entities have been less suc-

cessful. The first simplistic models explained the formation of a circumstellar disc 

as due to the rapid rotation of the star, though most Be stars are rotating below the 

critical break-up velocity. One of the most successful models is the wind com-

pressed disc model, which explains the formation of a disc through collimation of 

an initially spherical wind by coriolis forces. This model however does not produce 

the required mass in the disc. It is likely that other mechanisms act to initially eject 

material from the star, then the mechanism proposed in the wind compressed disc 

model acts to form this material into a thin collimated disc. 
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The physical models developed to reproduce the observational characteristics of Be 

stars are limited by the observations available. Study at optical and infrared wave-

lengths constrains the models of the inner disc region, but the outer regions of discs 

prove difficult to study, as they are only expected to produce an observable contri-

bution to the spectrum at radio wavelengths. Attempts to detect Be stars at radio 

wavelengths have had limited success, hinting that a change to the structure and/or 

dynamics of the disc occurs at some radius to cause a downturn in the spectral 

slope. 

Some Be stars are found to be in binary systems, with an orbiting neutron star com-

panion. In these systems, the neutron star may accrete from any circumstellar ma-

terial, producing variable X-ray emission. These systems (reviewed in more detail 

in the following chapter) may provide a method for studying the outer regions of 

the disc, using the X-ray emission from the neutron star as a probe of the Be star's 

disc. 
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In this chapter I review X-ray binaries in general before concentrating on the sub-

class of this group that have Be star mass donors - Be/X-ray Binaries (Be/XRBs). 

In particular, I shall review certain aspects of Be/XRBs that are of relevance to the 

work presented in the following chapters of this thesis. 

I review existing literature on the observational characteristics of Be/XRBs, and 

how these can be related to the properties of the mass donating Be star. In other 

words, I describe how the orbiting neutron star can act as a probe of the conditions 

in the circumstellar environment of the Be star in these systems. Finally, I review 

the ongoing debate as to whether the orbit of the neutron star in Be/XRB systems 

changes or perturbs the circumstellar environment of the Be star. The results which 

I present in later chapters may be undermined if it is found that, some kind of mac-

roscopic uncertainty principle prevents us from learning the properties of the cir-

cumstellar envelope without it being perturbed from its 'natural' state by the pres-

ence of our neutron star probe. 

I shall also consider the similarities and differences between Be stars in X-ray bi-

nary systems and those which have no binary companion. If we intend to draw 

global conclusions about Be stars - binary or isolated - from observations of those 

that exist in X-ray binary systems, it is important to first establish that no funda-

mental differences exist between the two populations that will undermine the re-

sults. 
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2.1 Historical background to X-ray binaries 

X-ray astronomy is a relatively young science, bom in the 1960's as the X-ray por-

tion of the electromagnetic spectrum became accessible from rocket and balloon 

borne detectors. Many discrete sources of X-ray radiation were quickly identified, 

their distribution concentrated in line-of-sight with the Galactic plane implying that 

the majority of sources were Galactic in origin (Figure 2-1). 

The first explanations for the Galactic X-ray sources involved these objects being 

neutron stars formed in recent supemovae, young enough to be radiating significant 

thermal energy (Chiu & Saltpeter 1964). However, once instruments had been de-

veloped to enable determination of X-ray spectral energy distribution, and allow 

primitive spatial resolution, the model proved incapable of explaining observations. 

The Crab X-ray source was found to be spatially extended, and the X-ray source 

Sco X-1 was shown to have a non-Plankian X-ray spectrum (Jan van Paradijs, 

1998). 

At the same time, a model had been proposed for quasars that involved accretion of 

material onto a compact object leading to the emission of X-rays. This led to a 

proposal that the Galactic X-ray sources were mass exchanging binaries where the 

accreting component was a compact object (Burbidge 1972; Shklovsky 1967). 

Figure 2-1. X-ray image of the Galactic plane from the EXOSAT galactic survey, showing 

the concentration of bright X-ray point sources at low Galactic latitudes, and towards the 

centre of the Galaxy. 
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Following the determination of a 1-arc-minute error box for the X-ray source Cyg 

X-1 by Rappaport et al. (1971), it was associated with a radio source and a known 

8^ magnitude super giant star HD 226868 (Hjellming & Wade 1971; Braes & Miley 

1971). Assuming a normal mass for the supergiant star, the mass function deter-

mined from optical spectroscopic radial velocity measurements implied that the 

mass of the compact accreting object in the system was greater than 3 M exceed-

ing the theoretical mass limit for a neutron star. The first confirmed X-ray binary 

system was therefore likely to contain an accreting black hole. 

Shortly after the binary mass-transfer nature of Cyg X-1 was determined, the pul-

sating X-ray source Cen X-3 was identified as a neutron star with a spin period of 

4.8-seconds orbiting a M > lOM^ supergiant with an orbital period of 2.1-days 

(Giacconi et al. 1971; Schrier et al. 1972). This was followed by many more iden-

tifications of eclipsing X-ray pulsars with early type stars, and a galactic population 

of high-mass X-ray binary stars (HMXB) was quickly established. 

Late in the 1970's a population of X-ray sources concentrated toward the Galactic 

centre were identified as similar binary systems in which a compact object accretes 

from a low mass companion (M < 2 M ). In these systems the non-degenerate 

component of the binary fills its Roche-Lobe, transferring mass through the inner 

Lagrangian point to an accretion disk around the compact object. This accretion 

disk reprocesses incident X-rays into optical/UV photons which dominate the opti-

cal spectrum - in HMXB the optical spectrum is dominated by the mass donor star, 

which has a bolometric luminosity of similar order of magnitude to the X-ray 

source. 

Figure 2-2 shows the positions on the sky of X-ray binaries taken from the cata-

logue of van Paradijs (1995). The two maps show HMXBs (top) and LMXBs 

(bottom, with Globular Cluster sources shown as open circles) plotted in Galactic 

co-ordinates. It is clear that both distributions are concentrated toward the Galactic 

plane, and that LMXBs are concentrated toward the Galactic centre. 
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Ignoring a small number of nearby high-latitude HMXB, van Paradijs (1998) cal-

culates the average latitude for HMXB objects of < >= 0.4 ±1.9°, consistent 

with a Population I origin. (See also Figure 3-5 for a comparison of the Be/X-ray 

binary distribution to the distribution of Population I stars). 

S 

binknes 

Figure 2-2. Sky distributions of (top) high-mass X-ray binaries and (bottom) low-mass X-

ray binaries. The open circles in the lower map represent Globular Cluster sources. The 

maps are based on the catalogue of van Paradijs (1995). 
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2.2 Binary stars 

Binary star systems contain two stars orbiting a common centre of mass. The orbits 

of binary systems follow ellipses described by Kepler's laws of planetary motion. 

The systems can be characterised by the type of each component (including their 

masses and radii) and their orbital separation. These parameters also largely deter-

mine the behaviour of the binary system. 

2.2.1 Binary orbits 

The orbits of stars in a binary system are described by Newton's general form of 

Kepler's third law: 

G(Mi+M2) 

Where a; and 02 are the semi-major axes of the orbits of stars of mass Mi and M2 

respectively, and P is the orbital period. The orbits are generally elliptical, with el-

lipticity e given by: 

2 1 (2-2) 
e = 1 

a 

where a and b are respectively the semi-major and -minor axes of the orbit of one 

of the stars with respect to the other. 

2.2.2 Roche potential and Roche lobes 

The gravitational potential of a binary system, in a co-rotating frame is described by 

the Roche potential: 

g ) ( r ) = --1 -11 — ( U X i H 
r - r J r — 2 
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where r; and r2 are the distances to the centre of mass of the two components of 

mass Ml and M2 respectively, m is the angular velocity. 

Roche Lobe 

• 

Figure 2-3. Equipotential surfaces of a close binary system, showing the LI and L2 La-

grangian points and the Roche Lobe. 

Figure 2-3 shows the equipotential surfaces in a binary system. Close to the sur-

faces of the individual stars, the potential forms approximately circular contours 

around each star. A critical contour exists which consists of two lobes, one sur-

rounding each star and connected at a point on the line of centres (a line joining the 

centres of mass of each star and that of the whole system). These lobes are referred 

to as Roche lobes, the point at which they meet as the inner Lagrangian point (L/ 

point). At the L; point, the net gravity on a particle due to the two stars vanishes -

hence matter may pass more easily from the companion to the primary through the 

Li point. 
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The behaviour of the binary system depends to a large extent on the sizes of the two 

components relative to their respective Roche lobes. Verbunt (1990) gives ap-

proximations to the average radius of the Roche lobes (accurate to ~2%): 

(^1) 
0.38 + 0.21og 

a 
'"'-J 

(2-4) 

and 

^Roche ( ^ 2 ) 0.46 
a 

(2-5) 

If both binary components lie well within their respective Roche lobes, the system 

is a detached binary. If one of the stars expands to fill its Roche lobe, the system 

becomes a semi-detached binary. Material is lost through the L; point, this material 

will then fall onto the companion star, either directly or - if the specific angular 

momentum of the transferred mass is too high for direct accretion - via an accretion 

disk. If the star that has filled its Roche lobe is the more massive of the binary 

components, the effect of the transfer of mass will be to reduce the orbital separa-

tion of the system, hence reducing the size of the Roche lobes further. In this way, 

Roche lobe overflow in a close binary system can be self-sustaining if it is the more 

massive star that is filling its Roche lobe. 

If both components fill their Roche lobes, the system becomes a contact binary, 

sharing a common envelope. Material can eventually be lost from the system 

through the outer Lagrangian point (L2). 
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2.3 Energy source of X-ray binaries 

For a star of mass M* and radius i?* the gravitational potential energy released by a 

mass m falling from infinity to the surface of the star is given by the equation 

(2^ ) 
Aii = 

& 

Where G is the gravitational constant. Not all of this energy will be converted to 

radiative energy - the efficiency with which gravitational energy is converted to 

electromagnetic energy is given by 

GAL 

Equation (2-7) shows that the efficiency is determined by the compactness of the 

accreting object For a black hole, the efficiency is -0.4, for a neutron 

star -0.1, for a white dwarf, only -10"^. 

2.4 High Mass X-ray Binaries 

X-ray binaries are usually sub-divided according to the type of mass-donor. High-

mass X-ray binary systems have mass-donors more massive than - lOM , while the 

low-mass X-ray binaries have mass-donors less massive than -2M . Roughly 

speaking, the reason for the void between 2 - 1 0 M is that stars with M > 10 M 

have stellar winds strong enough to power an accreting X-ray source, if the mass-

donor is slightly less massive, the wind is generally not strong enough to overcome 

centrifugal inhibition. Mass donating stars with M < 2 M can transfer mass 

through stable Roche-lobe overflow, but for more massive donors, the overflow is 

unstable and the neutron star quickly becomes engulfed in material obscuring the 

X-ray source. 

51 



Chapter 2 - Be/X-ray binaries 

HMXB can be further sub-divided according to the evolutionary status of the mass-

donating component. Be/X-ray binaries are Be star/Neutron star binaries in eccen-

tric orbits, the neutron star accreting from the Be star's equatorial disk. In super-

giant X-ray binaries, the neutron star orbits an evolved early-type star, accreting 

from the strong stellar wind. Figure 2-4 shows the relative positions of the two 

types of mass-donor in the Hertzsprung-Russel diagram. The supergiant systems 

are characterised by orbital periods of the order of a few days, and are generally 

persistant X-ray sources. On the other hand, the Be star systems have wide orbits 

with periods of the order of lO's - lOO's days, and are generally transient X-ray 

sources. 

Observationally, approximately equal numbers of Supergiant and Be star X-ray bi-

naries are known in the Galaxy. However, it is believed that Be/X-ray binaries are 

much more common that Supergiant X-ray binaries. Be/X-ray binaries spend much 

of their lifetime inactive ( A l l 18-615) and it is expected that there are of the order 

of 10 inactive Be/X-ray binaries for each active system. In contrast, SGXB tend to 

be persistent sources, hence only those sources which lie too distant to be detected 

will remain unknown to us. Bildsten et al. (1997) extrapolate observations to esti-

mate that the Galactic Be/X-ray binary systems number 10^ - 10^, while Meurs & 

van den Heuvel (1989) consider evolutionary models to estimate that the Galaxy 

contains ~ 10"̂  Be star/Neutron star binaries, approximately (2-6) x 10^ of which are 

potential X-ray binaries. The Galactic Supergiant systems number ~ 40. 
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Figure 2-4. Hertzsprung-Russel diagram with the positions of the optical counterparts to 

Supergiant and Be star X-ray binaries marked. 

2.4.1 Supergiant X-ray binaries 

Supergiant X-ray binary systems contain an OB supergiant (luminosity class I-II) 

earlier than ~B2, transferring mass to a compact companion - neutron star or black 

hole. The spectral type cut-off at B2 exists because the winds of later type super-

giants are not sufficiently strong for the accreting material to overcome the cen-

trifugal barrier imposed by the magnetosphere of the neutron star; see Section 

2.5.4). The orbits tend to be short (a few days) with low eccentricity. The close 

orbit leads to the supergiant filling or nearly filling its Roche-lobe. Mass transfer 

can then occur either through Roche-lobe overflow (Figure 2-7), or via a strong 

stellar wind (Figure 2-6), although in reality, there is likely to be less distinction 

between the two mechanisms as discussed below. 
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Figure 2-5 shows the Roche-lobe geometry for the SGXB Cen X-3, showing the 

supergiant only just under-filling its Roche-lobe, and tidally distorted (taken from 

Audley 1997). This tidal distortion, combined with X-ray heating of the supergiant 

by the neutron star, sometimes leads to ellipsoidal variations in the optical lightcur-

ves of SGXB. 

39,6 It -sec 
2.71 It -sec 

0.0603 

20 40 
X ( I t - s e c ) 

Figure 2-5. Roche geometry calculated for a system with masses and orbital separation 

similar to the Supergiant X-ray binary Cen X-3. 
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At the two extremes, mass transfer in SGXB depends upon the size of the super-

giant relative to its Roche-lobe. However, even for those systems in which the su-

pergiant under-fills its Roche lobe, the stellar wind is strongly enhanced along the 

line of centres due to the gravitational influence of the compact companion, leading 

to a tidal stream flowing through the inner Lagrangian point (Li). 

In the wind fed model, a neutron star moving with a relative velocity Vrei through 

the stellar wind with sound speed csound will capture material from a cylinder of ra-

dius rcapture for which the gravitational potential due to the compact object cancels 

the kinetic energy of the wind material. 
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Figure 2-6. Mass-transfer via a strong stellar wind in a supergiant X-ray binary. The su-

pergiant is tidally and rotationally distorted, its wind is enhanced through the line of centres 

by the gravitational influence of the compact companion, leading to a tidal stream through 

the inner Lagrangian point (L,). 
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In a Roche lobe overflow model, the radial velocity of the transferred material is 

much lower than the azimuthal velocity relative to the orbiting compact object and 

the specific angular momentum of the transferred mass is high. Accretion onto the 

compact object cannot occur until angular momentum has been lost, so the matter 

will settle in the lowest energy orbit that conserves angular momentum. Viscous 

interactions result from the differential Keplerian rotation, transporting angular 

momentum outwards through the disk, allowing the innermost material to fall onto 

the compact object. 
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Figure 2-7 . Mass transfer via Roche lobe overflow in a supergiant X-ray binary. The 

supergiant fills its Roche lobe, at the inner Lagrangian point (LJ the net gravity is zero, 

and material falls into the gravitational well of the compact object, forming an accretion 

disk. 
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Figure 2-8. X-ray lightcurve of the supergiant X-ray binary SMC X-1. The red curve rep-

resents one-day average fluxes publicly available from the RXTE ASM, the blue curve is a 

10-day moving average of the count-rate. 

In some SXRB, the X-ray lightcurves show clear modulation on timescales much 

longer than the orbital period of the system. Figure 2-8 shows the X-ray lightcurve 

of the SXRB SMC X-1 created from public data available from the RXTE ASM, 

showing a clear periodicity with a period of ~ 50 days, compared to an orbital pe-

riod of 3.89-days. In these systems, the X-ray lightcurve modulation is interpreted 

as due to a precessing warped accretion disk. 

2.4.2 Be/X-ray binaries 

Be/X-ray binaries were first recognised as a sub-group of X-ray binaries by Ma-

raschi, Treves & van den Heuvel (1976). The mass donor in these systems is a Be 

star, observationally of spectral type within the range 0 9 - B2. Orbital periods are 

of the order of tens of days and can be as long as hundreds of days, and the orbits 

typically have high eccentricity. 
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The Be star significantly under-fills its Roche lobe, and does not have a stellar wind 

as strong as those from Supergiants. The accretion material in these systems comes 

from the Be star's circumstellar disk, so that the X-ray luminosity of the source 

shows orbital modulation as well as long term, aperiodic variability due to varia-

tions in the structure and dynamics of the Be star's disk. The behavioural charac-

teristics specific to Be/X-ray binaries are discussed in more depth in the following 

sections. 
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Figure 2-9. Schematic of a Be/X-ray binary system. The eccentricity of the neutron star's 

orbit causes it to encounter varying velocity/density wind material throughout the orbital 

cycle. 
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