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ZUSAMMENFASSUNG

Be-Doppelsterne mit heißen,kompaktenBegleitern
In dieserArbeit wurdeuntersucht,welcheBedeutungdie EntwicklungengerDoppelstern-
systemefür die Entstehungder Be-Sternehat.Es wurdenachgewiesen,daßder Be-Stern
59 Cyg ein entwickelterDoppelsternist, dereinensdO-Begleiterhat.Der Begleiterwurde
durcheineschwacheHe I I -Absorptionnachgewiesen.Die Bahnelementeund die Sterm-
nassenwurdenbestimmt.Im Spektrumvon 59 Cyg wurdencharakteristischeStrukturen
identi�ziert. DiessindeineEmissionskomponentemit nureinemEmissionspeak,einepha-
sengekoppelteV /R-Variationundeine“knotige” StrukturderAbsorptionslinien.LautŠte�
et al. (2000)werdendieseStrukturenvon einemheißen,kompaktenBegleiter verursacht
(sdOoderWD), dereinenSektorderScheibedesBe-Sternsphotoionisiert.Aufgrunddieses
Modellsundmit einemProgrammvon Hummel& Šte� (2001)wurdedie Emissionsvaria-
bilität von 59 Cyg erfolgreichreproduziert.Die Strukturen,die im Spektrumvon 59 Cyg
beobachtetwurden,wurdenauchfür den Be+ sdO-Doppelstern� Per und für HR2142
nachgewiesen.DieseStrukturenwudendaheralsIndikatorenfür Be-Doppelsternemit hei-
ßen,kompaktenBegleiternbetrachtet.Eswurdenachgewiesen,daßHR2142einBe+ sdO-
Doppelsternist. Die spektraleVariabilitätweitererKandidatenwurdeuntersucht.Eswurde
vorgeschlagen,daßFY CMa ein Be+ sdO-Doppelsternunddaß� Dra ein Be+ WD-Dop-
pelsternist. Die Annahme,daßein bestimmterAnteil der Be-SternedurchMassen-und
Drehimpulsübertragin einemengenDoppelsternsystementstandenist, wurdebestätigt.

SUMMARY

Be binary starswith hot, compactcompanions
In thisstudytheimportanceof closebinaryevolutionfor Bestarformationwasinvestigated.
TheBestar59Cygwascon�rmedto beanevolvedbinarywith asdOcompanion.Thecom-
panionwascon�rmedby aweakHe I I absorption.Orbitalelementsandstellarmasseswere
determined.In thespectrumof 59 Cyg, characteristicfeatureswereidenti�ed. Thesearea
single-peaked emissioncomponent,a phase-locked V /R variability, anda “knotty” struc-
ture of the absorptionlines.Accordingto Šte� et al. (2000),thesefeaturesarecausedby
a hot, compactcompanion(sdOor WD) that photoionizesa sectorof the disc of the Be
star. Assumingthis modelanda codeof Hummel& Šte� (2001),theemissionvariability
of 59 Cyg wassuccessfullyreproduced.Thefeatures,observed in thespectrumof 59 Cyg,
werecon�rmed for theBe+ sdObinary � Perandfor HR2142,too.Hence,thesefeatures
weretakenasindicatorsfor Be binarieswith hot,compactcompanions.HR2142wascon-
�rmed to beaBe+ sdObinary. Thespectralvariability of furthercandidateswasexamined.
It wassuggestedthatFY CMais aBe+ sdObinaryandthat� Dra is aBe+ WD binary. The
assumptionthata fractionof theBe starsformedby massandangularmomentumtransfer
in closebinarysystemswascon�rmed.
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Chapter 1

Intr oduction

About 10 to 20% of all B-type starsin the Milk y Way areBe stars,shortfor B
emissionline stars(Maederetal. 1999).By de�nition thesestarsareB-typestars
of luminosity classIII, IV or V having oneor moreBalmerlines in emissionat
sometime (Jascheket al. 1981). They areknown sincethe secondhalf of the
19thcenturywhenSecchi(1867)discoveredthe �rst starshowing line emission
in its spectrum(
 Cas).Theemissionarisesfrom a geometricallythin, gaseous,
circumstellardiscwhich is excitedby theUV radiationof theBe star.

Bestarsarevariableondifferenttimescalesrangingfrom seconds,minutesand
hours(Harmanec1984) to several yearsanddecades(Porter& Rivinius 2003).
Variability on intermediatetime scalesof P ' 3 to 500daysis usuallyexplained
with binarity (Carrieret al. 2002). Although they have beenknown for quite a
long time, dueto their numerousspectralpecularities,Be starsarestill not yet
fully explainedanda matterof debate(Slettebak1976;Jaschek& Groth 1982;
Slettebak& Snow 1987;Balonaet al. 1994;Smithet al. 2000;Maeder& Eenens
2003).

1.1 Astrophysicalcontext

Apart from massandmetallicity, stellarevolution is affectedby angularveloc-
ity (Maeder& Meynet2000). This holdsespeciallyfor starson the uppermain
sequence.However, the effect of rotationand,hence,the evolution of massive
starsis still not fully understood.Langer& Heger(1998);Heger& Langer(2000)
found that theouterlayersof rotatingmassive starsmayspinup dueto theevo-
lution of theangularmomentumdistribution. In this context the
 limit (Maeder
1999)is of speci�c interestwheretheeffectivegravity becomeszeroduetocritical
rotation.

Be starsarea groupof starsthatbelongsto themostrapidrotators.With rota-
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CHAPTER1. INTRODUCTION

tionalvelocitiesof roughly70%(Slettebak1982),75%(VanBever& Vanbeveren
1997)of their break-upvelocity, they rotateclosestto thecritical limit. Recently,
Owocki (2003)demonstratedthat it is very likely thatBe starsrotateevenabout
100%critical. Dueto their rapidrotation,Bestarsareimportantfor studiesof the
evolutionof massivestars.

1.2 Formation scenariosof Be stars

Threescenarioshave beenproposedto explain therapidrotationof theBe stars:
Firstly, Be starsarebornasrapidrotatorsandareableto avoid spin-down during
their furtherevolution. Secondly, they getspunup dueto corecontractionoccur-
ing whenthehydrogeninsidethecoreis exhausted.And thirdly, they form dueto
closebinaryevolution.

Initially, K�rí� & Harmanec(1975)suggestedthatall Bestarsmaybeinteracting,
closebinaries.In thatcase,thediscwouldbeanaccretiondisc.However, thiswas
ruledout, sincemostBe starsdo not belongto active masstransferbinarieswith
Rochelobe �lling giants(Baade1992;Waterset al. 1991;Floquetet al. 1989;
Gies2000). Hence,currentbinaryscenariosdiscussthe Be starsnot ascompo-
nentsof closebinarieswheremassandangularmomentumtransferoccurs,but
asremnantsof closebinariesafter themassandangularmomentumtransferwas
completed(Rappaport& van denHeuvel 1982;Pols et al. 1991;Van Bever &
Vanbeveren1997;Berger& Gies2001).TheRochelobeover�ow of theoriginal
primarycomponentcanresultin a rejuvenated,spun-upnew primarythatappears
asa rapidly rotatingBestar.

The fraction of Be starswithin visual binary systemscorrespondsto that of
normalB-typestars(Jaschek& Jaschek1987). Thefractionof Be starsin spec-
troscopicbinariesis moredif�cult to estimate.Dueto thelargerotationvelocities,
thespectrallinesof Be starsareverybroad.Accuratemeasurementsof radialve-
locities(Verschueren& David 1999)andthusstudiesonradialvelocityvariations
aredif�cult. Therefore,thedetectionof spectroscopicBe binariesis seriouslyin-
hibited(Jaschek& Jaschek1987). Accordingto observationalresults,thereis a
lack of eclipsingBe binaries(Plavec1976)andinteractingBe binarieswith cool
companions(Baade1992).

A hypothesison the formationof singleB starsis that they areejectedfrom
binary systemsafter catastrophiceventslike supernova explosions. In this case
the distribution of tangentialvelocities,resultingfrom a velocity kick whenthe
binary is disrupted,would be expectedto be wider than that of normalB-type
stars. However, Rinehart(2000)showed that the velocity distributionsfor both
kindsof starsarein agreement.Therefore,thelargede�cit of provenBe binaries
remains.

2



1.3. MODEL PREDICTIONSFOREVOLVED BE BINARIES

Due to the lack of con�rmed Be binaries,closebinary evolution asa general
mechanismfor Be starformationhasbeenlargely dismissed.But even if close
binary evolution doesnot hold for the formation of Be starsin general,it can
explain the formationof at leasta fractionof thatpopulation.To understandthe
role of closebinaryevolution for thephysicsof Be stars,it is necessaryto know
thetruefractionof Be binarysystemsamongthem.

1.3 Model predictionsfor evolvedBe binaries

Calculationsfor caseB1 closebinary evolution for intermediate-massmain se-
quencestarsleadto the resultthatbetween5% and20%(VanBever & Vanbev-
eren1997)andup to 50%(Polsetal. 1991)of all Bestarscouldhave formedthis
way representingpostmassexchangebinaries. Therefore,many Be binary sys-
temswith evolvedcompanionsshouldexist which have not yet beendiscovered.
Due to theexpectedlow massesfor thecompanionsit is dif�cult to detectthem
by currentlyestablishedmethodsof radialvelocities.

Pols et al. (1991)andVanbeverenet al. (1998)show evolution scenariosfor
intermediate-masscaseB closebinary evolution for several initial massesand
ratesof massandangularmomentumtransfer. At the endof the caseB mass
transfera binarysystemwith a Be staranda heliumstaris formed.Typically, the
massof theheliumstarliesbetween0.3and2.5M � . Thismassandtheremaining
lifeftimesof therejuvenatedBe starandtheHe-burningsecondaryarecrucialfor
thefurtherevolutionof thesystem.

If the lifetime of the helium starexceedsthat of the Be star, it will remaina
helium staraslong astheBe componentwill stayon themain sequence.Upon
leaving the main sequencea �nal stageas Be+ sdO binary is reached. If the
lifetime of theheliumstaris shorterthanthatof theBe starandthemassof the
heliumstarlieswithin 0.85and2.5–3.0M � , asecondperiodof masstransfercan
occur(caseBB2). If themassof theheliumstaratthisstageof evolutionis smaller
than2.2 M � , it will loseenoughmassby masstransferor a stellarwind to form
a Be+ WD binary. Otherwise,it cannotloseenoughmassandwill developinto a
neutronstarformingaBe/X-raybinaryasits �nal stage.

Accordingto Van Bever & Vanbeveren(1997)andRaguzova (2001),70% of
theevolvedBebinarysystemsshouldhaveawhitedwarf companion(WD), 20%

1The primary componentof the binary system�lls its Roche lobe during its hydrogen
shell burning phase. This occursin most massive closebinarieswith orbital periodsbetween
4< P � � 1000d andinitial primarymassessmallerthan40–50M � (Vanbeverenet al. 1998).

2The primarycomponentof themassive closebinary expandssigni�cantly during its helium
shell buring phaseandcan�ll its Rochelobe for a secondtime. Therefore,a secondperiodof
masstransfercanoccur(Vanbeverenet al. 1998).

3



CHAPTER1. INTRODUCTION

a helium star(sdO),and10% a neutronstar(NS). Following Polset al. (1991),
evenmorethan80%of theevolvedcompanionsshouldbeheliumstars,andthe
whitedwarfsshouldoutnumbertheneutronstarcompanionsby a factorof 10.

About 30 Be/X-raybinarieswith a neutronstarcompanionhave beendetected
(van den Heuvel & Rappaport1987). Theseoptically faint systemsare well
observableashigh-luminosityX-ray sourceswith typical X-ray luminositiesof
1034–1038 erg=s. TheX-raysareformeddueto accretionof thedensestellarwind
of theBe starby theneutronstar.

Despitetheir largepredictednumberBe+ WD binariesareyet to beobserved.
Thesesystemsshouldbe detectableas low-luminosity X-ray sourceswith typi-
cal X-ray luminositiesof 1029–1033 erg=s (Waterset al. 1989). The X-rays are
generatedasin Be/X-raybinariesby wind accretionby theWD.

Thebestway to discover heliumstarcompanionsis to studytheXUV �ux of
Be starsat wavelengthsbelow 900 Å (Polset al. 1991). In this spectralregion
the�ux is increasinglydominatedby theheliumstar. However, dueto thestrong
interstellarextinction in this wavelengthrange,only nearbyobjectswill be de-
tectableby this method. Contradictoryto the large numberpredicted,only one
Be+ sdObinary, � Per, hassofarbeenfound.

1.4 The Be+ sdObinary � Per

TheBe+ sdOnatureof � Perwasdiscoveredby Poeckert (1979,1981).Hefound
a double-peaked HeI I emissionat 4686Å that doesnot appearin B-type stars.
It hasa large velocity amplitudeand moves out of phasewith the He I lines,
attributedto theBe primary. He suggestedthat this featureshouldarisein a disc
aroundasmallhot secondary.

Thaller et al. (1995)andGieset al. (1998)found the spectralsignatureof the
secondarycomponentof � Per by Doppler tomographicreconstructionof high
resolutionUV spectra,observedwith the IUE satellite(InternationalUltraviolet
Explorer)andtheHubbleSpaceTelescoperespectively. Thesecondaryspectrum
is dominatedby FeIV andFeV lines which aresimilar to thoseobserved in hot
sdOstars.Moreover, � Perhasnot beenidenti�ed asanX-ray source.With an
orbital periodof roughly 127 d andmassesof 21 M � and3–4 M � according
to Poeckert (1981) and 9.3 M � and 1.14 M � accordingto Gies et al. (1998),
respectively, � PermatchestheBe+ sdOscenario.

BesidestheHe I I emission,� Pershowsadditionalfeaturesthatareinherentin
a Be+sdOnature.Thesearesingle-peakedHe I emission,moving in anti-phase
to the Be staranalogousto the He I I emission,phase-linked V/R variationsof
theline pro�les, andtheformationof deepshell lines,reappearingperiodicallyat
speci�c orbital phases.
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1.5. CANDIDATESFORBE BINARIESWITH SDO/ WD COMPANIONS

Hummel& Šte� (2001)showed that thesefeaturesareexplicable, if it is as-
sumedthata sectorof theBe disc is illuminatedby theUV continuumradiation
of thehotsecondary. Thisareabecomeshotterandmoreionizedandgivesriseto
extraemission.This emissionis single-peakedandis thecauseof theV/R varia-
bility of theline pro�les. Theshell linesoccurwhentheheatedsectorpassesthe
line of sightbetweentheobserverandtheBe star.

1.5 Candidatesfor Be binaries with sdO/ WD com-
panions

Similar featureslike thoseobservedin thespectrumof � Perwerealsofoundin
the spectrumof 59 Cyg. Tarasov & Tuominen(1987)reporteda V/R variabili-
ty andvariationsof the radial velocitiesof H� . They suggestedthat 59 Cyg is
a binary with an orbital periodof roughly 29 d. Rivinius & Šte� (2000)found
a periodicity of the radial velocitiesof He I 4471andC IV 1548andderived an
orbital periodof 28.1702d. They discoveredthat the He I emissionat 6678Å
movesin anti-phaseto theBestarandfoundapossibleHeI I emissionat4686Å.
Harmanecet al. (2002)analyzedphotometricdataof 59 Cyg anddeterminedan
orbital periodof 28.1971d. They reporteda cyclic V /R variability of He I at
6678Å. These�ndings suggestthat59Cyg is alsoaBe+sdObinary.

HR2142is a known Be binary with an orbital periodof roughly 86 d (Peters
1983). It shows two short-livedshell phaseswhich areconnectedto the orbital
phase.They appearshortly beforeandafter superiorconjunctionwhenthe sec-
ondaryis in front of the primary. Peters(1983)arguesthat the observed shell
phasesoccurdueto masstransferin aclosebinarysystem.Thesecondaryshould,
therefore,be a Rochelobe �lling giant. Waterset al. (1991)studiedthe energy
distribution of HR2142. They wereunableto establishthe signatureof a giant
starandhencesuggestthatthesecondaryis ahotheliumstar.

Furthercandidatesfor Bebinarieswith evolvedcompanionswereselected.One
criterionwastheoccuranceof satelliteabsorptions.Thesesmallabsorptioncores
appearin theblueor redwing of speci�c emissionlinesat certainorbital phases.
Sincethey cannotbe explainedby a disc arounda singlestarandare found in
thespectraof many known Be binarieslike � Per, 59 Cyg, HR2142,4Her, and
48 Per, they aretakenasindicatorsfor binarity (Maintzetal. 2003).

Promisingcandidatesfor Be+ WD binariesare � Dra and 48Per. They are
suspectedto be X-ray sourceswith X-ray luminositiesof a few 1031 erg=s (Pe-
ters 1982). Furthercandidatesfor Be binarieswith hot, compactcompanions
are4 Her, 88 Her, 17 Tau, � Tau, and� Tau (Polset al. 1991). Like � Dra and
48Per, theseareknown or suspectedspectroscopicBebinarystarsshowing satel-
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lite absorptions.Strangevariationsin thespectrumof FY CMain early1987were
reportedby Peters(1988). As they resemblethe featuresobserved in � Perthis
staris alsoacandidatefor anevolvedBe binary.

1.6 Scienti�c aim of this work

Thescienti�c aim of thepresentstudyis to con�rm 59 Cyg asa Be+ sdObinary
andto establishspectralfeaturesthatcharacterizeBe binarieswith hot, compact
companions.Thesecharacteristicfeaturesareto be identi�ed by comparingthe
short-periodicfeaturesvisible in thespectraof thethreestarsin question,namely
59 Cyg, thesuspectedBe+ sdObinaryHR2142,andthecon�rmed Be+ sdObi-
nary� Per. Finally, by searchingthesefeaturesin thespectraof candidatestars,it
is expectedto revealfurtherevolvedBebinarieswith sdOor hotWD companions
from asampleof promisingcandidates.

For thatpurpose,archivedspectroscopicdataof 59 Cyg, � Per, HR2142,and
someof the above mentionedfurther programmestarswereavailable,observed
with theechellespectrographsHEROS, describedin section2.1,andFEROS dur-
ing severalobservingrunsfrom 1990till 1999(section2.2).Furtherspectrawere
obtainedwithin thescopeof joint projectsbetweentheLandessternwarteHeidel-
berg (LSW), theUniversitätssternwarteMünchen(USM) andtheCzechAcademy
of Sciencesbetween2000and2003(section2.3and2.4). Additional spectrafor
59 Cyg wereobserved during the NEON summerschoolat the Observatoirede
HauteProvence(OHP),France,in 2001(section2.5.1). Spectraof 59 Cyg and
HR2142,coveringthespectralrangearoundH� andHe I 6678,wereprovidedby
the StellarDepartmentof the CzechAcademyof Sciences(section2.5.2). Fur-
thermore,spectraof 59 Cyg, observedduring theMUSICOS-campaignin 1998,
coveringH� andHe I 6678,(section2.5.3)aswell asIUE datawerealsoavailable
(section2.5.4).

In chapter3 the individual characteristicsof 59 Cyg areanalysed.Basedon
the descriptionof the stellar spectrum(section3.1), the measurementof radial
velocitiesandtheproblemsoccuringdueto rapidrotationarediscussed(section
3.2). By applyingthefrequency analysisto theradialvelocitiestheorbital period
is derived (section3.3). The direct evidencefor the secondary, the He I I 4686
absorptionline, is describedin section3.4, wherealsopossibleimplicationsfor
thedeterminationof the orbital parametersdueto this resultarediscussed.The
orbital elementsareestimatedin section3.5. Massesfor bothbinarycomponents
arederivedfor likely valuesof binary inclinations.Stellarparametersderivedin
this studyarecomparedto thosefound in the literature(section3.6). In section
3.7thephase-lockedvariability is analysed.

TheHe I 6678emissionof 59Cygwasmodelledusingthesectormodelof Hum-
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mel & Šte� (2001). In this modelit is assumedthata sectorof thecircumstellar
discof theBe staris photoionizedby thecontinuumradiationof thehotcompan-
ion. Thiscausesextraemissionwhich is responsiblefor theshort-termvariability
observed in the line pro�les of 59 Cyg. The modellingresultsarepresentedin
chapter4.

In chapter5 it is demonstratedthat � PerandHR2142show the samephase-
locked variability featuresas59 Cyg. They aretaken to identify further Be bi-
narieswith sdOor hot WD companionswithin a preselectedsampleof candidate
stars.

Chapter6 marksthediscussionof thiswork'sresultsandchapter7 its summary.
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Chapter 2

Observationsand data reduction

2.1 The HEROS spectrograph

This studyis baseduponlong-termobservations.Most of thedatawereobtained
with the high-resolutionspectrographHEROS (Fig. 2.1 and2.2). HEROS, short
for Heidelberg ExtendedRangeOptical Spectrograph(Kaufer 1996,1998), is
anupgradeof the�bre-link edechellespectrographFLASH (Fiber-L inkedAstro-
nomicalSpectrographof Heidelberg), developedat theLandessternwarte(LSW)
Heidelberg in 1988(Mandel1988,1994).

HEROS hastwo separateoptical channelswith a resolvingpower of �= � � �
20000. After the light is dispersedat the echellegrating of the spectrograph,
the beamis dividedby a dichroic beamsplitter into a blue anda red channelat
roughly5700Å. Thebluechannelcoversaspectralrangeof about3450–5600Å,
theredchannelof roughly5800–8650Å. Both channelsarecontrolledby inde-
pendentcomputersystems.Due to the two optical channelsa large wavelength
rangeof morethan5200Å canbeobservedsimultaneously. Theformer FLASH

spectrographconsistedof the red HEROS channelonly with a spectralcoverage
of about4000–6700Å. Thetechnicaldataof thespectrographaresummarizedin
Tables2.1and2.2.

Thespectrographis linkedto aguidingunit at thetelescopeby meansof a10m
optical�bre connection.Theguidingunit includesa�at�eld anda thorium-argon
lamp for the calibrationsthroughthe �bre. This makes possibleto install the
spectrographdetachedfrom thetelescopeat a mechanicallyandthermallystable
place.Sinceonly theguidingunit with a weightof 30 kg needsto beinstalledat
thetelescopeitself, thespectrographcanalsobeusedin combinationwith small
telescopes.
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CHAPTER2. OBSERVATIONS AND DATA REDUCTION

Figure2.1: EchellespectrographHEROS. TheformerFLASH spectrographconsistingof
thewhite box andtheCCD system(smallmetalcylinder, attachedto the left sideof the
box) constitutesthe “red channel”of HEROS. HEROS is an upgradeof FLASH wherea
secondopticalsystem(the“blue channel”,thelongblacktubeat theright sideof thebox)
wasadded.Thewhiteboxcontainstheoptical�bre mounting,thecollimator, theechelle
grating,andthebeamsplitter.

2.2 Ar chivedHEROS and FEROS data

Spectraof 59 Cyg, � Per, HR2142,andfurther candidatesfor Be binarieswith
hot, compactcompanionsweretakenwith HEROS andFLASH respectively dur-
ing � ve observingrunsbetween1990and1999. Thesecampaignsare listed in
Table2.3. The individual starsandthenumberof spectraobtainedareshown in
Table2.4. Thesedata,storedin the HEROS / FLASH archives,wereavailablefor
thepresentstudy.

With the high-resolutionspectrographFEROS (FiberfedExtendedRangeOp-
tical Spectrograph)andtheESO1.52m telescopeat La Silla spectraof HR2142
andanotherBe binary candidate,HR6819,wereobserved in 1999. FEROS is a
�bre-link ed echellespectrographwith a resolvingpower of �= � � � 48000. It
coversaspectralrangeof about3600to 9200Å. Thespectrographwasmainlyde-
velopedandbuilt at theLandessternwarteHeidelberg (Kauferet al. 1997,1999).
Two optical�bres areinstalled.This allows simultaneousexposureof objectand
sky, or simultaneousobservationandcalibration.It hasanEEV 2048� 4096 15
� m pixel CCD detectorwith a maximumquantumef�ciency of 98%at 4500Å.
Including telescopeanddetector, FEROS reachesa peakef�ciency of 27%. At
3700Å, in theextremeblue,theef�ciency is 7%, andat 9000Å, in theextreme
red,it is 8%. Thespectrographis mountedin thethermallystabilizedandhumid-
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Figure2.2: Schematiclayoutof FLASH (solidlines)respectively HEROS (with additional
opticalsystem,dashedlines).Thelight beam(longsingledashes)entersthespectrograph
by theoptical�bre. After de�ectionattheechellegratingthebeamisdividedbyadichroic
�lter . Theredlight (� > 5700Å) passesinto theredchannel(shortdashes),thebluelight
is re�ectedinto thebluechannel(dasheddottedline).

ity controlledCoudéroomof theESO1.52m telescope.
During anobservingrun from 1998Decembertill 1999Januaryonespectrum

of HR2142wastaken. During a furthercampaignin July andAugust1999nine
morespectraof HR2142andtwelve spectraof HR6819wereobserved. These
datawerealsoavailablefor this study.

2.3 Joint projects

Within thescopeof joint projectswith theUniversitätssternwarteMünchen(USM)
andtheCzechAcademyof Sciences(AV �CR) a new monitoringcampaignof ac-
tive Be and Bn starswith the HEROS spectrographstartedin May 2000. The
co-operationwith theCzechAcademyof Scienceswasplannedto lastfor thefol-
lowing two to threeyears.For that purposea new (longer)electroniccablehad
to bepreparedfor theconnectionof theCCD camerato thecomputerof theblue
HEROS channel.It hadto beextendedby severalmeterswhich turnedout to be
quitecritical.

HEROS wasinstalledat the60cm telescopeof theUSM at theWendelsteinOb-
servatoryfrommid-Maytill theendof July2000(Tab. 2.5).Dueto technicalprob-
lemswith thenew cablefor thebluechannel,HEROS wasusedin “FLASH con-
�guration”. This meansthatonly theredchannelwith thespectralrangeshifted
to 4000–6700Å wasused. 50% of the observingnightswereavailable to the
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CHAPTER2. OBSERVATIONS AND DATA REDUCTION

Table2.1: Technicaldataof theechellespectrographHEROS.

Generaltechnicaldata

Optical�bre (corediameter) 100� m
Collimator f / 4.5,f = 360mm
Echellegrating 31.6 lines/ mm
Blazeangle 63:4�

Spectralresolvingpower, �= � � � 200001

Signal-to-noiseratio,S=N � 100perPixel 2

Stability < 1 km=s

1 : Over thewholewavelengthrangeof thespectrograph
2 : For a 6 mag staranda 1 hourexposureat 5500Å with a 50cm telescope,

measuredastheinverseof thermsin unitsof thecontinuum

Table2.2: Technicaldataof theblueandtheredchannelof theHEROS spectograph.

Redchannel Bluechannel

Wavelengthrange 5800–8650Å 3450–5600Å
Cross-disperser 300lines/ mm 400lines/ mm
Blazewavelength 5000Å 3900Å
Camera f / 2.8,f = 300mm f /2.8,f = 300mm
CCD EEV, LN2-cooled, SiTE, LN2-cooled,

1152� 770 22� m pixel 2000� 800 15� m pixel

Be-starproject.
At theendof July2000HEROS wasdismountedatWendelsteinandtransported

to theObservatoryof theCzechAcademyof Sciencesin Ond�rejov whereit was
installedat the2-m telescopeof theStellarDepartment.The telescopeunit was
attachedto the Cassegrain focus. The telescopeis in operationsince1967and
is usedfor high dispersionspectroscopy. A Coudéslit spectrographwith a new
CCDsystemis alsoavailable.TheCCDhasreplacedanearlierReticondetector.

A long-termcooperationbetweenthe Ond�rejov Observatory and the Landes-
sternwarteHeidelberg granted50% of theobservingtime to the Be starproject.
The problemswith the extendedcablecould be �x ed in early August2000. In-
tegratedcircuits of the control card, responsiblefor the datatransfer, hadto be
replaced.Then,theobservationscouldbecarriedout with bothHEROS channels
asplanned. At the endof September2001problemswith the blue channeloc-
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Table 2.3: Observingcampaignswith HEROS / FLASH between1990and1999. During
thesecampaignsspectrawereobtainedof 59Cyg,� Per, HR2142,andfurthercandidates
for Bebinarieswith evolvedhotcompanions.(LSW: Landessternwarte;DSAZ: German-
SpanishAstronomicalCenter;ESO:EuropeanSouthernObservatory)

Observingcampaign Observatory Telescope Instrument

1990 LSW Heidelberg, Germany Waltz–72cm FLASH

1991 LSW Tautenburg, Germany 2 m FLASH

1997Aug. – 1998Feb. LSW Heidelberg, Germany Waltz–72cm HEROS

1998July– Oct. CalarAlto, DSAZ, Spain 1.23m HEROS

1999May – July La Silla, ESO,Chile ESO50cm HEROS

Table 2.4: Spectraof 59 Cyg, � Per, HR2142, and other Be binary candidateswith
hot, compactcompanions.They wereobtainedwith theHEROS / FLASH spectrographat
differentobservatoriesduring1990and1999(cf. Tab. 2.3).Spectraobservedwith FLASH

areindicatedwith “f ”. Spectraobservedwith theblue/ redchannelof HEROS aremarked
with “b” / “r”.

Year 59Cyg � Per HR2142 � Dra 4Her 48Per � Tau

1990 10f — — — — — —
1991 — — — 195f — — 1f
1997 1b/ 1r 4b/ 7r — — — 1b/ 1r —
1998 38b/ 38r 8b/ 8r — — 2b/ 2r — 3b/ 3r
1999 — — 11b/ 11r — — — —

curedagain.As it wasplannedto dismountHEROS duringthewinter months,it
wasdecidedto continuetheobservationsonly with theredchannelin thespectral
rangeof 5800–8650Å.

Dueto thebadweatherin Ond�rejov, HEROS wasdismountedin October2001
andobservationswereinterruptedfor thewinterseason.TheHEROS observations
wererestartedatbeginningof March2002.During thewinterbreaktheproblems
with the blue channelwere �x ed. Due to theseproblemsmore spectrain the
red wavelengthrangeof 5800–8650Å thanin the blue onewererecorded(cf.
Tab. 2.6).

During thewinter of 2002/2003theHEROS observationswereagaindiscontin-
ued. In 2003the observationswererestartedalreadyin February. HEROS was
dismountedagainat the endof May 2003. In June2003the mirror of the 2 m
telescopewasremovedandnewly coated.
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Table 2.5: Observingcampaignswith HEROS / FLASH between2000 and 2003. One
majoraim of thesecampaignswasto obtainfurtherseriesof spectrafor 59 Cyg, � Per,
HR2142,anda numberof suspectedBe binarieswith evolved hot companions.(USM:
UniversitätssternwarteMünchen)

Observingcampaign Observatory Telescope Instrument

2000May – July Wendelstein,USM 60cm FLASH

2000August– 2001October Ond�rejov Observatory 2 m HEROS

2002March– October Ond�rejov Observatory 2 m HEROS

2003February– May Ond�rejov Observatory 2 m HEROS

The numberof spectraobtainedof 59 Cyg and the otherstarsscheduledfor
observationduringMay 2000andMay 2003arelisted in Table2.6. Due to this
monitoringcampaignthenumberof availablespectrahasincreasedconsiderably.
Exceptfor 48 Per, at leastten spectrawereobtainedfor thosestars,for which
no spectrawereavailablebefore. 67 spectracoveringthe red spectralrangeand
58 covering the blue onecould be securedfor 59 Cyg. The time basisfor the
observationscould therebybe extendedfor threemore years. The long-term
HEROS / FLASH observationsallowed for collection of very homogeneousdata
sets.

2.4 HEROS data reduction

Goodobservingconditionsandthelargenumberof availablenights,allowedfor a
largenumberof spectrato beobtainedduringtheseasons2000and2001.There-
fore,datareductionrequireda lot of time in theearlyphaseof theproject.It was
carriedout with thehelpof a M IDAS packagefor thereductionof echellespectra
thatwasspeciallymodi�ed andadaptedto HEROS data(Stahlet al. 1995).Since
bothHEROS channelsarecontrolledby independentcomputersystems,the“red”
andthe“blue” datahadto bereducedseparately.

First thecalibrationexposureswerechecked. If theechelleordershadshifted
lessthan 0.3 pixel on exposurestaken every two hours,all �at�elds could be
averagedto createa master�at. This wasnecessaryto increasethe S/N ratio
of the �at�eld in bluespectralregion. Themaster�at wastaken for the �at�eld
correction.In this way anincreaseof noisein thespectradueto reductioncould
be avoided, in particular in the blue wavelengthrange,wherethe CCD is less
sensitive.

Thentheamountof scatteredlight betweentheechelleorderswasdetermined.
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Table2.6: Numberof spectraobtainedfor theprogrammestarsof thisstudybetweenMay
2000andMay 2003. (f / W: FLASH observationsat Wendelstein;f / O: FLASH observa-
tions in Ond�rejov; blue: Observationswith theblue HEROS channel;red: Observations
with theredHEROS channel)

Programme 2000 2001 2002 2003

Stars f / W f / O blue red blue red blue red blue red

59Cyg 13 4 21 21 10 18 10 11 — —
� Per 21 4 24 25 4 12 1 1 — —

HR2142 — — 10 10 1 5 3 3 3 3
� Dra 20 1 1 1 14 22 23 23 — —
4 Her 15 — 1 1 1 4 19 19 — —
88Her — — 1 1 — — — — — —
48Per — — 6 7 — 3 — — — —
� Tau — — 9 9 — 2 1 1 — —
� Tau — — 6 6 2 4 — — — —
17Tau — — 8 9 — 3 — — — —

Thestray-lightwasmodelledby atwo-dimensionalsplinefunctionandsubtracted
from theobjectand�at�eld spectrum.

Theorderde�nition wasdoneby a �t to theechelleordersvisible in themaster
�at. This procedurewasnot applicableto very blue objects. For theseobjects
moreechelleorderswerevisible in thebluepartof thespectrumthanfor themas-
ter �at. To avoid the lossof theseorders,objectspectrawereusedfor theorder
de�nition instead,wherethe echelleorderswere clearly de�ned. After de�ni-
tion andextractionof theechelleorders,theobjectspectrawerecorrectedfor the
background.

For thewavelengthcalibrationthorium-argonspectra,takenbeforeandafterthe
objectspectrum,wereaveraged.About300thoriumandargonlines,identi�ed in
theaveragedthorium-argonspectrum,wereusedfor deriving thedispersioncoef-
�cients of theechelleordersof theobjectspectrum.They wereusedto rebinthe
objectspectrumto awavelengthscale.Simultaneouslytheheliocentriccorrection
wasapplied.

Finally, the calibratedordersweremerged. Due to imperfectionsof the �at-
�elding procedure,low frequency waves,theso-calledripples,remained.In the
overlappingpartstheserippleswereof the orderof 1% of the continuum�ux.
Thus,they couldbeneglected.

In earlier reductionsof HEROS datathe normalisationwas doneby �tting a
spline function to the merged and calibratedspectra. The continuumwas de-
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�ned by a numberof �x ed points. It turnedout that this procedurefails in the
caseof thespectraobservedsince2000. Thepositionsof opticalcomponentsof
theHEROS spectrographseemto havechangedslightly comparedto theprevious
years.Therefore,theordersaremorebentthanin theyearsbefore.To overcome
thisproblematwo-dimensionalpolynomial�t wasperformedfor everyspectrum,
beforeextractingthe individual orders.This �t wasusedfor the �nal normalisa-
tion of thedata.

2.5 Additional spectra

2.5.1 NEON summerschool2001

Eleven additionalspectrafor 59 Cyg wereobtainedduring the NEON summer
schoolfor observing.It washeldat theObservatoiredeHauteProvence(OHP),
France,from July9–21,2001.Two of thesespectrawerekindly providedby Yu-
lia Goranova,Arjan Bik, Martin Stuhlinger, andThomasRivinius. Sevenspectra
coverthewavelengthrangeof 4600–5100Å. This rangeincludestheHe I I line at
4686Å which is themostprominentline in sdOstars.Four spectrarangingfrom
4400to 4600Å.

Thespectrawereobservedwith theslit spectrographAURELIE andthe1.52m
telescopeat a spectralresolutionof �= � � = 25000. The telescopeis a twin of
theESO1.52m telescopeat La Silla andis in operationsince1969. The spec-
trograph'sresolvingpowerreachesupto �= � � = 110000.TheCCDdetectorhas
1024� 2048 13.5� m pixel andwasmanufacturedby EEV.

ThedatawerereducedusingthestandardM IDAS toolsfor long-slit datareduc-
tion. Thenormalisationwasdonewith a spline�t to thecalibratedspectra.The
continuumwasde�ned by a numberof �x ed wavelengthpoints. The S/N ratio
wasmeasuredin thewavelengthrangeof 4760–4800Å astheinverseof therms
in unitsof thecontinuumandturnedout to beroughly160.

The four spectracovering the region of roughly 4400–4600 Å could not be
normalized. In this spectralrangea lot of line emissionis present,and many
blendedlinesarevisible (cf. Fig. 3.1, section3). Therefore,it is not possibleto
�nd reliablewavelengthpointsfor thecontinuumde�nition. Thesespectrawere
not takeninto accountfor quantitativeanalyses.

2.5.2 Reticonspectra

Additionally, 27 spectrafor 59 Cyg and two spectrafor HR2142 were kindly
providedby theStellarDepartmentof theCzechAcademyof Sciencesin Ond�re-
jov. They cover the spectralregion of about6300–6740Å, including H� and
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Table 2.7: Numbersof opticalspectraavailablefor 59 Cyg obtaindfrom 1990till 2002
(f: Observationswith the FLASH spectrograph;b: Observationswith the blue HEROS

channel;r: Observationswith theredHEROS channel;Ret: Reticonspectrafrom Ond�re-
jov, coveringH� / He I 6678;MUS: DatatakenduringtheMUSICOScampaign,covering
H� / He I 6678;NEON:DataobtainedduringtheNEONsummerschoolatOHP, covering
theHe I I line at 4686Å). Thetotalnumbersof spectracoveringtheblueandredspectral
range,thespectralregion of H� andHe I 6678,andthespectralregion of He I I 4686are
givenin thelastfor colums.

59Cyg FLASH / HEROS Ret MUS NEON Total

Year f b r blue red H� He I I

1990 10 — — — — — 10 10 10 10
1994 — — — 7 — — — — 7 —
1995 — — — 4 — — — — 4 —
1996 — — — 4 — — — — 4 —
1997 — 1 1 2 — — 1 1 3 1
1998 — 38 38 — 7 — 38 38 45 38
1999 — — — 11 — — — — 11 —
2000 17 21 21 — — — 38 38 38 38
2001 — 10 18 — — 7 10 18 18 10
2002 — 10 11 — — — 10 11 11 10

He I 6678.TheS/N ratio,measuredin thewavelengthrangeof 6620–6650Å as
theinverseof thermsin unitsof thecontinuum,is roughly400.

Thespectraweretakenwith a Reticon1872RF detectoron loanfrom theLick
Observatoryandthe2m telescopeof theStellarDepartmentin Ond�rejov in Coudé
focus. TheReticonsystemwasinstalledin 1992. It hasonerow of 1872pixels
(photodiodes)with a width of 15 � m. The spectralresolution�= � � is roughly
8500.

Thespectrawereof high interestto thepresentstudy, sincethey wereobtained
in theyears1994till 1997and1999,whenFLASH andlaterHEROS providedno
or only onesinglespectrum.Thereby, the large six-yeargapbetween1991and
1996 in the datasetof 59 Cyg, could at leastbe �lled with respectto H� and
He I 6678.

2.5.3 MUSICOS campaign1998

DuringtheMUSICOS(Multi-SiteContinuousSpectroscopy) campaignfrom1998
November20 till December13 (Schäfer2000) seven spectraof 59 Cyg were
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obtained. They cover the spectralrangeof 6530–6720 Å, including H� and
HeI 6678. The S/N ratio is roughly 200. It was measuredin the wavelength
rangeof 6620–6650Å astheinverseof thermsin unitsof thecontinuum.

Thespectrawereobservedwith theslit spectrographAURELIE andthe1.52m
telescopeatOHP, France(cf. section2.5.1).Thespectralresolutionwas�= � � =
25000.Thesespectrawerekindly madeavailablefor this study.

An overview of all opticaldataavailablefor 59 Cyg is givenin Table2.7.

2.5.4 IUE data

The IUE (InternationalUltraviolet Explorer) satellitewaslaunchedin 1978and
wasin operationtill 1996.It collectedmorethan110000spectrain theultraviolet
rangeof morethan9000objectswith � 1.5 to 21 mag. Thesatellitecarrieda 45
cm Cassegrain telescopeandtwo spectrographs,covering the spectralrangesof
about1150–2000Å and1900–3300Å. Both spectrographscould be operated
in high andlow resolutionwith spectralresolvingpowersof �= � � = 12000and
�= � � � a few 100.

IUE high resolutionspectraof 59 Cyg, � Per, HR2142,and FY CMa in the
spectralrangeof about1150–2000Å wereinvestigated.They weredownloaded
from the IUE Final Archive. The datain this archive arealreadyreduced.For
59 Cyg 193spectrawereavailable.For � Peronly 16 spectracouldbeobtained.
For HR2142andfor FY CMa asmany as88 and96 spectra,respectively, were
available.
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Chapter 3

59Cyg, a secondBe+ sdObinary

The Be star 59 Cyg (HD 200120, HR8047; B1Ve, Slettebak1982; B1.5Vne,
Chauvilleet al. 2001) is the brightestcomponentof a multiple systemof stars
which belongsto the Cyg OB7 association.Emissionlines werediscoveredby
EdwardS.King in 1904(reportedby Pickering1905).A variability onatimescale
of 28 to 29 dayswas reportedby several authors(Barker 1983; Doazanet al.
1985). Tarasov & Tuominen(1987) found a V/R variability anda variationof
theradialvelocitiesof H� . They suggestedthat59 Cyg is a spectroscopicbinary
with an orbital period of roughly 29 d. Rivinius & Šte� (2000) analysedthe
radialvelocitiesof He I 4471andC IV 1548.They foundaperiodicityandderived
anorbital periodof 28.1702d. They discoveredthattheHe I emissionat6678Å
movesin anti-phaseto theBestar. Furthermore,they foundapossibleemissionof
He I I 4686.Harmanecetal. (2002)analyzedphotometricdataof 59Cyg,spanning
43years,anddeterminedanorbitalperiodof 28.1971d. They foundacyclic V/R
variability of He I 6678. These�ndings suggestthat 59 Cyg is alsoa Be+sdO
binarylike � Per.

3.1 The optical spectrumof 59Cyg

Theopticalspectrumof 59Cygis characterizedby verybroadlines,revealingthe
starto bea rapid rotator. Literaturevaluesfor v sini rangefrom a low estimate
of 260 km=s (Slettebak1982),up to 450 km=s (Hutchings& Stoeckley 1977;
Harmanecetal.2002).Asaconsequence,mostof theweakerlinesin theobserved
wavelengthrangefrom 3800 to 8600 Å, which are formed by typically single
ionizedmetalsandHe I , aresmearedoutor blendedinto broadabsorptionbands.
Suchbandsarevisible in thewingsof thestrongerphotosphericabsorptionlines,
namelytheBalmerseriesandsomeof thestrongerHe I lines.

Furthermore,duringtheentireinterval, observedfrom 1990to 2002,thespec-
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Figure3.1: A typical regionof thespectrumof 59Cyg,whereit is dif�cult to distinguish
betweenemissionandabsorptionlines.

trumof 59 Cygwascharacterizedby verystrongemission.Broaddouble-peaked
emissionlines, includingmany blends,is visible throughouttheobservedwave-
length range. The broadabsorptionbandsand the strongemissionlines make
it quitedif�cult to identify singlelines unambiguously, or to determinethepho-
tosphericcontinuum. In somepartsof the spectrum,for instancebetween4500
and4600Å, it is almostimpossibleto distinguishbetweenabsorptionor double-
peakedemissionlinesand,thus,to identify thecontinuum(Fig. 3.1).

Thecommonprocedureto handlethis kind of problem,namelyby subtracting
thespectrumof asimilarstarof thesamespectraltype,but withoutemissionlines
fails for 59 Cyg,asit doesfor mostBe stars.Thephotosphereof suchrapidrota-
torscannotbedescribedbyasinglesetof parameters.Sinceeffectivetemperature,
Te� , andgravity, ge� , arenotconstantthroughoutthestellarsurfaceof rapidly ro-
tating stars,their spectraare compositespectraarising from local atmospheres
with differentvaluesfor Te� andge� (Maeder& Meynet2000). Therefore,it is
normallynot possibleto �nd a suitablestarfor acorrection.

Modellingthephotospheric�ux of arapidrotatorwith localatmosphereswould
beanalternative. A model,however, is only asgoodastheparametersused.This
holds for the knowledgeof the true rotationvelocity and inclination aswell as
for the assumedstellar input parameterslike polar temperatureor polar gravity,
whichareusedto calculatethelocal valueson thestellarsurface.

Only few spectrallinesarestrongor conspicuousenoughto beclearlyidenti�-
able.TheusefullinesaretheBalmerlinesfromH� toH10, thePaschenlinesP14 to
P20, theheliumsingletlinesHe I 5016(S–P0), He I 6678,4922,4388,4144,4009
(P0 –D), He I 5048(P0 –S),theheliumtriplet linesHe I 7065,4713,4121(P0 –S),

20



3.1. THE OPTICAL SPECTRUM OF59 CYG

Figure3.2: Balmerlines(left) andabsorptionlines(right) of 59Cyg. Theline pro�les are
theaverageof all suitableindividual spectra.Thesharpabsorptionfeaturein H� at about
� 150km=s is causedby interstellarCaI I absorptionat3968Å. He I 4471is blendedwith
Mg I I 4481,which is centredat roughly+ 650km=s.

He I 5876,4471,4026,3820(P0 –D), andthe metal lines C I I 4267,Mg I I 4481,
FeI I 5018,5169,Si I I 6347,O I 7772–5,and8446.Mostof theselinesshow emis-
sioncomponentsand/orblends.

Due to very strongline emission,E/C� 1.9 on average,H� is very broadand
no photosphericabsorptionwings arevisible (Fig. 3.2, left). The otherBalmer
linesarevisible in absorptionwith a centralemissioncomponent(Fig. 3.2, left).
Thisemissionis still strongin H� , but weakensfrom H
 to H10 veryquickly. The
Paschenlines aswell asHe I 7065,Si I I 6347,andFeI I 5169arevisible in pure
emission(Fig. 3.3, left). P18 is blendedwith O I 8446,which is alsoin emission.
He I 6678,4388,5876,andO I 7772show absorptionwings and,in part, strong
centralemission(Fig. 3.3,right).

The blendedHe I 4471 and Mg I I 4481 lines, as well as the He I 4026, 4144,
4009,and3820linesarevisible in absorption(Fig. 3.2, right). He I 5048,4713,
andC I I 4267(Fig. 3.2,right) areveryweakabsorptionlinesandseemto be�lled
in by emissionand/oralmostcompletelysmearedout by rotation.TheHe I 5016
line is blendedwith FeI I 5018 and the HeI 4922 line with FeI I4925 (Fig. 3.3,
right). Theseheliumlinesshow absorptionwings.Theiron linesarein emission.
He I 4121is in absorptionandblendedwith H� .
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Figure3.3: Pureemissionlines(left), emissionlineswith photosphericabsorptionwings,
andblendedlines (right) of 59 Cyg. The line pro�les aretheaverageof all suitablein-
dividual spectra.The blue emissionwing of O I 8446is blendedwith the Paschenline
P18.Next to thatblendthedouble-peakedemissionline P17is visible,centredat roughly
+ 750 km=s. The red emissionwing of FeI I 5169is broadenedby blendingwith other
lines. He I 7065and the red emissionwing of He I 5876 are pervadedby atmospheric
absorptionbands. The interstellarNa I absorptionline at 5890 Å is visible at about
+ 700km=s next to He I 5876.

3.2 Radial velocities

Sincemostof the identi�ed absorptionlines show emissionfeaturesor blends,
only four strongphotosphericlinescanbeconsideredfor reliableradialvelocity
measurementsin orderto determinetheorbital parametersof thebinarysystem.
Thesearetheheliumtriplet linesHe I 4471and4026andtheheliumsingletlines
HeI 4144and4009(Figs.3.2,right, and3.4). Theselinesareclearlyde�ned, i.e.
they have suf�cient contrastbetweenline depthandcontinuum�ux, andshow
almostno emissioncontribution from the circumstellardisc of the Be star (cf.
section3.7).

The numberof spectrasuitedfor accurateradial velocity measurementscom-
paredto the numberof availablespectradiffers considerablyfor the individual
lines(Tab. 3.1). This is mostobviousfor He I 4026and4009,for which no spec-
tratakenearlierthan1997canbeused.Themainreasonis thatthesespectrawere

22
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Figure 3.4: Dynamicalspectra(cf. section3.4) of the absorptionlines usedfor radial
velocitymeasurements.
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Table3.1: Numberof spectrafor theabsorptionlinesof 59Cyg,suitablefor radialveloc-
ity measurements,peryearandin total. Theresultingtime basisfor theperiodanalysis
for eachof thoselinesis alsogiven.

Line He I 4009 He I 4026 He I 4144 He I 4471

1990 – – 8 9
1997 1 1 1 1
1998 24 34 22 34
2000 21 21 19 35
2001 5 9 5 10
2002 1 2 – 2

Totalnumber 52 67 55 91

Timebasis 6 years 6 years 12years 13years

takenwith thespectrographFLASH with a spectralrangeof about4000to 6700
Å. In this caseHe I 4026and4009weretoo closeto thebeginningof the �nally
reducedspectra,whereerrorsdue to CCD artefactsandbadnormalizationcan
play a major role. In somecasesthis waseven true for He I 4144. Furthermore,
thosespectrawith avery low signalto noiseratio werenotconsidered.

For measuringradial velocities,threemethodswere testedfor bestaccuracy:
Firstly, determinationof thepositionof spectrallinesby �tting a Gaussianto the
line centresinteractively; secondly, decompositionof observed spectraby min-
imizing the Fourier transformof the compositespectrawith KOREL (Hadrava
1995,1997);andthirdly, standardcross-correlation(Simkin1973;Hill 1993).

3.2.1 Fitting the line position with a Gaussian

In thecaseof rapidlyrotatingstarsvisibleathigh inclination,measuringtheposi-
tion of theline centresby �tting a Gaussianto thepro�le doesnot typically yield
goodresults.Due to thehigh stellarrotationneighbouringlines mayblendinto
onepro�le, resultingin anasymmetricline shape.Fitting a symmetricGaussian
to suchanasymmetricpro�le leadsto ambiguousresults.In thecaseof 59 Cyg
thesameis truefor �tting a Gaussianto theline coresonly, evenif the�t is per-
formedinteractively. This is visible whenthe startingandendingpointsfor the
�ts are varied,even if the Gaussianis �tted only to a small region aroundthe
deepestpoint of thepro�le. Theuncertaintiesof suchmeasurementsweremuch
largerthanany realDoppler-shift.
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3.2.2 Fourier disentanglingof compositespectra

The programKOREL from Hadrava (1995, 1997) simultaneouslydecomposes
spectrallines of multiple stellarsystemsinto individual componentsanddeter-
minesthe orbital solutionof the system.This is doneby optimizing the coef�-
cientsof theFouriertransformsof thecompositespectraby aleastsquaremethod.

An observed spectrumis treatedmathematicallyas a compositespectrumof
several stellar componentsin termsof convolution with shifted delta functions
which correspondto the Doppler-shift. The Fourier transformseparatesthe un-
known modesof eachcomponentspectruminto an independentsetof equations
for multipliersof known functionsof theradialvelocitiesof the individual com-
ponents.Thesearesolvedby directcalculationof thecoef�cients andoptimized
by a simplex methodasa leastsquare�t with regardto theorbital elements.In
contrastto standardcross-correlation,KOREL correlatesa numberof observed
spectratakenatdifferentorbitalphasesatonce.Thedecomposedindividualspec-
traareusedinsteadof achosentemplate.KOREL enablesasimultaneousspectral
disentanglingandderivationof radialvelocitiesandorbitalelementsof amultiple
stellarsystemwith upto � vecomponents.As aby-productthecontributionof the
individualstellarcomponentsto theobservedline pro�les aredetermined.

This methodcanbesuccessfullyappliedif theshapeof theobservedline pro-
�les do not vary. Thestrengthof the individual linescanvary during theorbital
motiondueto effectsof binarity likeeclipsesof binarycomponentsor dueto air-
massandhumidity in�uencing the telluric spectrum.It fails if the line pro�les
show additional intrinsic variability leadingto a variableshapeof the pro�les.
Thiscouldbemisinterpretedasvariability accordingto theabovementionedvari-
ations.

As demonstratedin section3.7, even the four stronghelium absorptionlines
show variableemission,which is causedby the hot companion.This emission
turnedout to betoo strongfor theprogramto work properly. Therefore,it could
not beusedfor radialvelocity measurementsandthedeterminationof theorbital
elementsof 59 Cyg.

3.2.3 Cross-correlation

Due to the problemssketchedabove, standardcross-correlation(Simkin 1973;
Hill 1993)remainedtheonly methodapplicablefor reliableradialvelocity mea-
surementsof thephotosphericabsorptionlines. Theaveragespectrumof all suit-
ableindividualspectrawasusedasa templatefor thecorrelation.Sincethewidth
of the individual line pro�les (roughly1000km=s) is muchlarger thanthemax-
imum shift betweenthesinglespectrarelative to the template(lessthanroughly
70 km=s), a correctionof thetemplatespectrumfor theindividualDoppler-shifts

25



CHAPTER3. 59 CYG, A SECONDBE+ SDOBINARY

Figure 3.5: Radialvelocitiesanderrorsfor He I 4471,4026,4144,and4009,measured
by cross-correlation.

doesnot improvethe�nal results.Therefore,thetemplatewasnotcorrected.
Thebroadabsorptionlineswith theirasymmetricalshapewerealsoproblematic

for thecross-correlationmethod.Sincetheresultingcorrelationpeakswerebroad
andasymmetric,theexact positionof the peaks,correspondingto the radial ve-
locity of thespectralline, wasdif�cult to determine(Verschueren& David 1999).
Owing to verystrongline emissionthroughoutthestellarspectrum,only individ-
ual linesweresuitablefor thecorrelation.Spectralregionsincludingseverallines,
enablingminimisationof individualuncertainties,couldnotbeused.Spectrawith
comparatively highnoisecausedasubstructurein thecorrelationpeaks.

As mentionedbefore,thefour absorptionlinessuitablefor radialvelocitymea-
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Table3.2: Numberof H� spectraof 59 Cyg,givenperyear. Thetotal numberof spectra
is 150.Theresultingtimebasisis 13 years.

Year 1990 1994 1995 1996 1997 1998 1999 2000 2001 2002

Spectra 10 7 4 4 3 45 10 38 18 11

surementsarenot absolutelyfreeof emission.In theselinesemissionappearsat
speci�c orbital phasesandis con�ned to the line centres.Sincetheshapeof the
individuallinesis comparedto theshapeof thetemplate,thepositionof thecorre-
lationpeakis affectedmainlyby thepositionof theline asawhole,especiallythe
positionof theline wings.Emissioncomponentsin theline centrearelesscritical
andonly enhanceapossiblesubstructureof thecorrelationpeak.It turnedoutthat
noiseis a muchbiggerproblem.For eachspectralline thepro�les which aretoo
noisyarenot takeninto accountfor themeasurements.Therefore,thenumberof
spectrafor which radialvelocitiesweremeasuredvariesfor thedifferentspectral
lines.

Themostobjectivemethodwouldappearto beanautomatedmeasuringproce-
dure. This does,howerver, not renderthemostconsistentresultsbecauseof the
broad,asymmetric,andmoreor less�nely structuredcorrelationpeaks.Instead,
thepeakpositionwasmeasuredinteractively by centreinga Gaussianto theup-
permostpart of the correlationpeak(Verschueren& David 1999). The central
positionof thisGaussianwasthentakenastheDoppler-shift of thespectrum.

Theuncertaintywasestimatedby measuringthewidth of theuppermostpartof
thecorrelationpeak,wherethepeakis clearlyde�ned. In that region thebroad-
eningresultingfrom thebroadcorrelatedspectradoesnotplay animportantrole.
Thisallowsfor considerationof possiblemistakesconcerningthede�nition of the
peakcentresdueto the �ne structure.Theseratherlargeuncertainties(about10
to 25 km=s), shouldalsoprovide a goodestimatefor the systematicerrorsand,
therefore,includeuncertaintiesdueto errorsof calibrationor normalization. In
Figure3.5themeasureddatafor He I 4471,4026,4144,and4009areshown.

In addition, radial velocitieswere measuredfor H� , for which 150 suitable
spectrawereavailabletakenwithin aperiodof 13years(Tab. 3.2).Thiswasdone
by cross-correlationanalogousto theabsorptionlines. Thatmeansthewholeof
theline pro�les wereusedfor thecorrelation.Theaveragespectrumof all suitable
spectrawastakenasthe template.Unlike theabsorptionlines,H� is dominated
by strongdiscemissionvarying in strengthandshapeon a timescaleof abouta
yearbetween1990and2002(Fig. 3.6). Only emissionwings arevisible. The
absorptionis �lled in completely. Theshapeof theupperpartof theline pro�les
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Figure3.6: Longtermvariability of theemissionintensityof H� between1990and2002.
Thepro�les areaveragedfor theindividualyears(Tab. 3.2).Sincethenumberof available
spectraandtheorbital phasesrepresenteddiffer for every year, substructuresmayoccur
in theuppermostpartof theaveragedpro�les.

is stronglyin�uencedby thephase-lockedshort-termemissionvariability. During
speci�c orbital phasesthe pro�les differ stronglyfrom the averagedline pro�le
(Fig. 3.7).

It is not clearwhetherthephase-lockedemissionvariability affectsthebottom
partsof the H� emission,aswell, or if thereareadditionalprocesses,possibly
alteringtheemissionwingsarbitrarily. Therefore,theradialvelocitiesmeasured
in the emissionhave to be usedwith care. In contrast,Harmanecet al. (2002)
favour radialvelocitiesdeterminedfor thebottompartsof theH� andHe I 6678
emissionlines. They arguethat thesepartsof the emissionwings form closeto
theBe starin a symmetricallystablepart of thedisc. Therefore,they shouldbe
lessin�uencedby variableemissioncomponentsandrepresentthemotionof the
Bestarbetterthanabsorptionlineswhicharepartly �lled with emission.

In this study only the radial velocitiesderived for the stronghelium absorp-
tion lines wereusedfor the further investigationsof the Be primary. They are
preferred,sincethey form directly in the photosphereof the Be starandshould
representtheorbital motionof theBe starbest. In section3.5 it will bedemon-
stratedthat the emissioncontribution observed during specialorbital phasesin-
deedslightly alterstheradialvelocitiesmeasuredduringthesephases.Theeffects
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Figure 3.7: Individual pro�les (black) andaveragedpro�le (red) of H� . The average
spectrumwastakenastemplatefor thecross-correlation.Thenumbersdenotetheorbital
phasesduringwhich to theindividual spectraweretaken.

on the radial velocity curve of the Be starand the determinationof the orbital
elementsarediscussed.

3.3 Orbital period

Thestudyof Rivinius& Šte� (2000)usedHEROS spectraobtainedbetween1990
and 1998 in combinationwith IUE datafor their analysis. The presentstudy
determinestheorbitalparametersof 59Cygonthebasisof radialvelocitiesof the
HEROS dataalone.This wasmadepossibleby themonitoringcampaigncarried
out at Wendelsteinand Ond�rejov observatoriesfrom 2000 to 2002. About 50
additionalspectraof 59 Cyg weretaken,extendingthe time basisby threemore
years(Tab. 3.1) totalling13years.

For eachof the four heliumlinesdiscussedabove, He I 4471,4144,4026,and
4009, a separatetime seriesanalysiswas carriedout. In a �rst stepthe phase
dispersionminimizationmethod,PDM, asdescribedby Stellingwerf(1978),was
appliedto theradial velocitiesof theabsorptionlines. Themethodworks in the
following way: Assuminga rangeof possibleperiods,for eachof the observed
line pro�les thecorrespondingphasesaredetermined.Thentheradialvelocities
derivedfor thosespectrallinesaresortedinto a numberof phasebins,according

29



CHAPTER3. 59 CYG, A SECONDBE+ SDOBINARY

Figure 3.8: Resultsobtainedwith thePDM methodfor He I 4471radialvelocities,using
a stepsizeof 0.001d and20 phasebins. In the upperpanelthe entireexploredperiod
rangefrom 0 up to 100 daysis displayed.The lower panelshows the rangearoundthe
earlierreported28/29-daysperiodicity.

to the computedphases.The meanof the standarddeviations is calculatedfor
eachindividual bin. The betterthe dataaresortedinto thosebins of the given
periodthe lower therespective standarddeviationswill be. Sincethis methodis
independentof the signal shapeandcan handlelesshomogeneousdatasets,it
is well suitedto give anoverview of possibleperiodsandproblemsarisingfrom
aliasing.

Theperiodsearchwascarriedout for a periodinterval from 0 up to 100days,
using stepsizesbetween0.001and 0.0001d. The numberof phasebins was
varied from 5 up to 30. Only for He I 4471 and4026more than 20 bins were
used,wheremorethan60 suitablespectrawereavailable.For theotherlinesthis
many binswouldhavecausedproblemsbecauseof emptybins(Tab. 3.1).Varying
thestepsizesfor theperiod-searchandthenumberof phasebinsdid not leadto
signi�cantly differentresults.

Togetherwith somealiases,the earlier reportedperiodicity of 28 to 29 days
is presentunambiguouslyin theHeI 4471radialvelocities(Fig. 3.8),but cannot
be detectedreliably in the other lines. In He I 4471additionalstrongerminima
appearat about twice and threetimes the 28 to 29 day period, but signi�cant
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Figure 3.9: Resultsof theperiodsearchobtainedwith the PDM methodfor C IV 1548,
He I 6678,andH� . Sincetherearenootherrelevantminima,only thetimeinterval around
the28-dayperiodis shown. Themethodwasappliedwith 20 phasebinsanda stepsize
in time of 0.001d.

minimacorrespondingto alternativeorbital periodsarenot to bebefound.
It is not too surprisingthatHe I 4144,4026,and4009do not show any signi�-

cantminima. As demonstratedin Table3.1,thetime basisof He I 4026and4009
spansonlyover6years,andonly 67and52measuredradialvelocitiesrespectively
aretrustworthy. This is abouthalf theamountof time comparedto He I 4471for
which a time basisof 13 yearsand91 spectraareavailable. The time basisof
12 yearsfor He I 4144is aboutthesameasfor He I 4471. But thereareonly 55
suitablespectraavailablefor HeI 4144. This is only roughlyhalf theamountof
datacomparedto He I 4471.

To con�rm thatthe28-dayperiodis theonly relevantone,thePDM methodwas
alsoappliedto theradialvelocitiesof theultraviolet C IV doubletline at 1548Å.
For this line 181IUE spectraobtainedbetween1978and1994areavailable,i.e.
a time basisof 17 years.Theradialvelocitiesweredeterminedby measuringthe
positionof theblueline wing relativeto thecentralwavelengthusingthegraphical
cursor. This is preferableto othermethods,sincethebluepartof the line pro�le
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Figure3.10: Resultsof thefrequency analysiswith AOV for He I 4471:Window function
(upperpanel)and power spectrum(lower panel)are shown for the entire investigated
frequency space(left) andin therangeof theorbitalperiod(right).

is lessvariablecomparedto therestof thepro�le, which is blendedwith theother
line of thedoubletat1551Å.

Furthermore,the radial velocitiesof the short-termvariableemissioncompo-
nentweremeasuredin He I 6678,wherethisemissionis visiblebest.Thischarac-
teristic featureoccursin mostlineswith emissionandis assumedto arisedueto
thesecondarycomponentof thebinary. It is discussedin section3.7. ThePDM
methodwasalsoappliedto thesedata.137spectrawereavailablefor HeI 6678,
spanninga timeinterval of 13years.Theradialvelocitiesweremeasureby �tting
aGaussianto thepeakof theemissionfeature.

For C IV 1548andHe I 6678theperiodsearchwascarriedoutwithin aninterval
from 0 up to 100days,too,usingastepsizeof 0.001d and20phasebins.Strong
minima appearonly for a periodaround28 dayswith additionalstrongminima
at abouttwice andthreetimesthat value. Theseresultscon�rm the �ndings for
HeI 4471. Theminimafound for C IV 1548andHe I 6678aremorepronounced
andbetterde�ned (i.e. narrower) thanfor He I 4471,in particularfor He I 6678
(Fig. 3.9,topandcentralpanel).

The PDM methodwasalso appliedto H� and led to the sameresultsas for
HeI 4471,C IV 1548,andHeI 6678(Fig.3.9,lowerpanel).Theperiodicityaround
28 daysis con�rmed. In all dataavailablefor this work, thereis only oneperiod
foundwith thePDM method,representingtheorbitalmotionof thebinary.

Two more time seriesanalysistechniqueswereappliedto the radial velocity
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Figure 3.11: Radial velocitiesof He I 4144 sortedwith periodsof 25.49 d (left) and
28.192d (right).

dataof the four photosphericlines. Thesemethodsarethe analysis-of-variance
method,AOV, from Schwarzenberg-Czerny (1989)andthemethodfrom Scargle
(1982)to computeperiodogrammesfor unevenlydistributeddata.Otherthanthe
PDM method,they alsoprovide informationaboutamplitudeandphaseof the
variability, andwill alsoidentify non-sinusoidalvariationsthroughthepower of
the harmonicfrequencies,to allow for an initial guessof the eccentricity. Both
methodsare implementedin the M IDAS TSA packagefor time seriesanalyses
(Schwarzenberg-Czerny 1993;ESO-M IDAS 1995). In orderto beableto search
for morethanoneperiod,i.e. includingtheharmonics,a procedureasdescribed
by Kaufer et al. (1996)wasused,wherepreviously found periodsareremoved
iteratively by �tting sinusoidsto theoriginaldata.This is equivalentto aCLEAN
procedurewith unity gain. The explored frequency spacerangedfrom 0 up to
1 c=d, usinga stepsizeof 10� 4 and10� 5 c=d. Both methodswereappliedto all
datafrom all four photosphericabsorptionlines.

For He I 4471onesigni�cant periodwasfound, asexpected,between28 and
29 days.Both methods,AOV andScargle, yieldedthesamevalueof P = 28.192
� 0.004d. In Figure3.10window functionandpower spectrumareshown, com-
putedwith AOV. Thewindow functionhasno featuresin thefrequency rangeof
thedetectedperiodandshould,therefore,have no in�uence. Figure3.12shows
theradialvelocitiesfor He I 4471,sortedwith the28.192d period.

Whenastepsizeof 10� 5 c=d wasapplied,a periodabove thesigni�cancelevel
of 3� wasalso found for HeI 4144with both methods. With a valueof 25.49
� 0.02d it is outsidetheexpectedrange.Its power is lessthanhalf thepower of
the28.192d perioddetectedfor He I 4471.As shown in Figure3.11,thedataare
sortedwell by the 28.192d period,with even lessscatterthanwith the 25.49d
period(seealsoFigure3.12). Thevelocity amplitudeis roughly thesameasthe
oneof HeI 4471sortedwith the28.192d period(Fig. 3.12).

For He I 4026 and4009 no reliableperiodwas found. But as shown in Fig-
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Figure 3.12: Radialvelocitiesof theabsorptionlinesHe I 4471,4026,4144,and4009,
sortedwith theorbitalperiodof 28.192d.

ure3.12,alsoHe I 4026is sortedwell by the28.192d period,againwith roughly
thesamevelocityamplitude.He I 4009mayvarywith thatperiod,too(Fig. 3.12),
but theradialvelocity variationsaresmall. It is not clearwhy it doesnot behave
like theotherthreelines.Therefore,it is notpossibleto makeareliablestatement
aboutthis line.

Again it is not surprisingthatno periodabove the3� thresholdwasfound for
HeI 4026,sincethetime basisfor He I 4026is only abouthalf that for He I 4471
and4144(Tab. 3.1). The 25.49d period,detectedfor He I 4144, is very likely
not real. It only turnsup if the very small stepsizeof 10� 5 c=d is applied,but
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Figure 3.13: Averagedspectrumandindividual line pro�les showing thespectralregion
of He I I 4686. A reliableHe I I emissionis hardlydetectable.Thenumberson the right
indicatetheorbitalphasesduringwhich thesinglesectrawereobseved.

not if 10� 4 c=d is used. In contrast,the 28.192d period in HeI 4471 is found
with bothstepsizesandhasabouttwice thepower thanthe25.49d period.Since
thereareabouttwice asmany spectraavailablefor He I 4471thanfor He I 4144
(Tab. 3.1), the detectionof a true periodicity for He I 4471is muchmorelikely
thanfor HeI 4144. Consideringalsothe resultsof thePDM method,in particu-
lar for C IV 1548andHe I 6678,the28.192d periodis theonly trustworthy one,
consideredto betheorbitalperiodof theBebinarysystem.All following investi-
gationsin thiswork will usethisperiod.

Orbital parameterswerecalculatedusingtheradialvelocitiesof He I 4471and
will bediscussedin section3.5.

Basedonastudyof V magnitudeobservationsspanningover43yearsHarmanec
et al. (2002)founda periodfor 59 Cyg of 28.1971� 0.0038d. Within theerrors
thatperiodagreeswith theperiodobtainedin thepresentstudy.

3.4 He II 4686

Dueto thestrongline broadening,theresultingblends,andthestrongline emis-
sionin largepartsof thespectrumof 59Cyg (seesection3.1),it wasnotpossible
to �nd a clearsignatureof a hot,compactcompanionin theindividual spectraor
the averagedone(Fig. 3.13). Therefore,dynamicalspectrahadto be computed
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Figure 3.14: Line pro�les anddynamicalspectraof theHe I I 4686andHe I I 1640lines.
The individual spectraweresortedinto 30 phasebins andaveragedin eachbin seper-
atly. Weakabsorptionfeaturesarevisible, moving in anti-phaseto the Be primary (cf.
Figs. 3.15 and3.24). Thesefeaturesare interpretedasabsorptionlines, formed in the
photosphereof thesecondarystar.

whicharemoresensitive to weakfeatures.
For thatpurposethefull cyclewasdividedevenlyby sortingthesingleline pro-

�les into 30 phasebins. All spectrawithin onebin wereaveraged.Theaveraged
spectrawereplottedbin by bin into a two-dimensionalframeusingvelocity as
abscissaandphaseasordinate.The local intensitiesarerepresentedby different
colours.Phase0.0 correspondswith thesuperiorconjunctionof theprimary, i.e.
whenthesecondaryis in front of theBestar.

SeveralHe I I lines, in particularHe I I 4686which shouldbevery prominentin
ansdO-star, andseveralmultipleionizedmetallinescharacteristicfor O-typestars
weresearchedfor.

A weakabsorptionfeaturewas found in the dynamicalspectraof He I I 4686
andHe I I 1640 (Fig.3.14). As it moves in anti-phaseto the Be primary with a
velocity amplitudeof roughly � 100km=s in both lines (Fig. 3.15,cf. Fig. 3.14
for HeI I 1640). This a distinctive featureof thesecondarystaronly. Sinceeven
early B-type starsdo not show He I I 4686, the absorptionmustoriginatein the
photosphereof the secondaryand,hence,contitutesa direct evidencefor a hot,
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Figure3.15:ComparisonbetweenHe I 4471(left) andHe I I 4686(right). He I 4471forms
in thephotoshpereof theBe star. He I I 4686movesin anti-phaseto He I 4471andhasa
largervelocitycurve. Therefore,it mustoriginatein thephotosphereof thehotsecondary.

compactcompanion.
OtherthanHe I I 1640,which alsohassomephotosphericcontribution from the

Be star, themuchclearerHeI I 4686featurecaneasilybetracedin thedynamical
spectrum.Theradialvelocity in eachphasebin wasmeasuredthreetimesinterac-
tively with thegraphicalcursorandaveraged.Theresultingradialvelocitieswere
usedfor anindependentstudyof theorbital parameters(section3.5).

In the averagedspectrumof the 99 usablespectrathe He I I 4686 absorption
featureis alreadyvisible, but cannotbeidenti�ed unambiguously(Fig. 3.16,left
column,upperpanel).Sinceit is not yet correctedwith regardto theorbital mo-
tion, the whole pro�le is muchbroaderand lesspronounced.For analysis,the
spectrahadto becorrectedwith respectto theorbitalmotion.

The radial velocitiesmeasuredfor He I I 4686 were also usedfor correcting
the 30 phase-binnedspectra,extractedfrom the dynamicalspectrum,for their
Doppler-shift dueto theorbital motion. Theseshift-correctedspectrawereaver-
agedandclearly show the He I I 4686absorptionline, which is quitesharpcom-
paredto thebroadlinesof theBe star(Fig. 3.16,left column,middlepanel).The
equivalentwidth of He I I 4686in thecombinedspectrumis 14mÅ.

For comparison,the sameprocedurewas appliedto the He I I 1640 data(see
Fig. 3.16, right column,middle panel). The coreof the resultingline pro�le is
alsonarrowercomparedto theonevisible in theaveragedspectrumof theoriginal
data(Fig. 3.16,right column,upperpanel),but theline wingsseemto beslightly
broader. This suggestsmeanthat the pro�le of He I I 1640 is a compositeof a
largecontributionby theBeprimaryandasmalleronefrom thesecondary, which
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Figure3.16: Averagedspectraof He I I 4686andHe I I 1640:Averageof all originalspec-
tra (upperpanels),averageof Doppler-shift correctedpro�les (middlepanels),compari-
sonbetweenthemeansof theoriginal(black)andtheshift-corrected(red)spectra(bottom
panels).

is focusedaroundtheline centrewith a lower rotationalbroadening.

The sameprocedure,namely extracting, shift-correcting,and averagingthe
phase-binnedpro�les of a dynamicalspectrumwasalsoappliedto severalother
lines characteristicfor O-type stars. Their examination,however, renderedno
furtherfeatures.

The detectionof the He I I 4686absorptionline i.e the direct proof of the sec-
ondarycomponentof 59 Cyg enablesan independentcheckof the orbital ele-
ments.Thisdiscoverygaveroomto narrow down thecharacteristicparametersof
thebinarysystem.
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Table 3.3: Orbital elementsof 59 Cyg computedfor He I 4471(photosphericabsorption
of theprimary)with VELOC andFOTEL.

Orbital parameter VELOC VELOC FOTEL

1. Solution 2. Solution

Orbital period,P 28.192d �x ed 28.192d �x ed 28.192d �x ed
Superiorconj.,TSC (MJD) 51018.85 51019.25�x ed 51018.78� 1.4
Periastron,T0 (MJD) 51034.62 51035.37�x ed 51034.55� 1.4
Eccentricity, e 0.27 0.11�x ed 0.266� 0.076
Periastronlength,� 287.5o 294.9o 288.3� 19.8o

Velocityamplitude,K 1 24.77km=s 24.73km=s 26.4� 3.9km=s
Systemvelocity, v0 3.46km=s 4.56km=s 4.25� 1.51km=s

Table3.4: Orbital elementsof 59 Cyg computedfor He I I 4686(photosphericabsorption
of thesecondary)with VELOC andFOTEL.

Orbital parameter VELOC FOTEL

Orbital period,P 28.192d �x ed 28.192d �x ed
Superiorconj.,TSC (MJD) 51019.25 51019.2� 0.22
Periastron,T0 (MJD) 51035.37 51035.32� 0.22
Eccentricity, e 0.11 0.113� 0.005
Periastronlength,� 113.5o 112.8� 2.8o

Velocityamplitude,K 2 120.13km=s 120.12� 0.76km=s
Systemvelocity, v0 � 0.92km=s � 0.99� 0.45km=s

3.5 Orbital parameters

Theorbital elementsof 59 Cyg werecomputedwith theprogramsVELOC from
Schmutzetal. (1997)andFOTEL from Hadrava (1990)usingtheradialvelocities
derived for the He I 4471 and He I I 4686 lines. The orbital periodof 28.192d
establishedearlier wasassumedas a �x ed parameter. The resultsare given in
Tables3.3and3.4.

VELOC �ts a radial velocity curve to a setof measuredradial velocities. The
parametersof thevelocity curve aretheorbital elements.They arevariedwithin
seperatelyde�ned limits for eachof theparameters.Theoptimumsetof orbital
elementsis foundif thermserror, determinedby a � 2-test,is minimal.

FOTEL allows for simultaneous�tting of radial velocity andlight curves. The
orbital elementsarederivedby �tting a radial velocity curve to measuredradial
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Figure3.17:Measuredradialvelocitiesandorbitalsolutionsfor He I 4471calculatedwith
VELOC. In theupperpanelthe�rst solutionwith e= 0.27isshown. Phase0.0corresponds
to the time of superiorconjuctionTSC = MJD 51018.85. The lower panelshows the
solutionfor �x edeccentricitye= 0.11.ThedataaresortedusingthecorrespondingTSC =
MJD 51019.25.

velocities.For eachorbital parametera startvalueanda stepsizeis givenfor the
parametersearch.Thequalityof the�t is checkedby a lastsquaremethod.

Thecomputedeccentricitiesof thebinaryorbitsfor thetwo linesdiffer consid-
erably. The computationrenderedan eccentricityof e = 0.27for He I 4471and
of e = 0.11for HeI I 4686respectively. Theotherorbital elements(exceptfor the
velocity amplitudeof course)agreequite well. In orderto decidewhich of the
derivedeccentricitiesis themoreaccurateone,a furtherorbitalsolutionoperating
HeI 4471wascomputed. Eccentricityandpoint of time of the periastronpas-
sage,T0, were�x ed to thevaluesfoundfor HeI I 4686. This wasdoneto enable
a �t of theradialvelocitieswithin thescopeof theorbital solutionaspreviously
establishedfor the secondarycomponent.The measuredradial velocitiesof the
secondarycomponentarelessproneto dirt effectsthanthoseof theprimary, and,
hence,morereliable.Thesolutionthusestablisheddiffersonly slightly from the
�rst one,exceptfor theeccentricity. Thevelocityamplitudesof 24.77km=sfound
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Figure 3.18: Orbital solutionsfor theprimaryandsecondarycomponentcalculatedwith
VELOC: Measuredradial velocitiesand orbital solution for He I I 4686 (black), orbital
solutionfor He I 4471with e = 0.11(black)ande = 0.27(red).

in the �rst solutionand24.73km=s foundwith the �x edeccentricityof e = 0.11
(secondsolution)arealmostidentical.Theresultsaregivenin Table3.3.

Both solutionsareplottedin Figure3.17includingthemeasuredradialveloci-
tiesto testthe �ts againstthedata.Thephaseswerecalculatedusingthetime of
superiorconjunction,TSC, asepochfor phasezero. For eachsolution,TSC was
derivedfrom thecorrespondingvalueof theperiastronpassage,T0. Theslightly
differentvaluesof T0 and,therefore,of TSC resultin a smallphaseshift between
the solutions. Both solutions�t the measureddatequite reasonable,even if the
solutionfor e = 0.27seemsto beslightly better.

In Figure3.18theorbitalsolutionsfor theprimaryandsecondarycomponentare
plotted.Additionally, thederivedradialvelocitiesfor He I I 4686areshown,which
areverywell approximatedby the�t. Thetwo radialvelocitycurvescomputedfor
theBe primarydiffer dueto thedifferenteccentricities.For e = 0.11theprimary
is maximallyblueshiftedandthesecondaryis maximallyredshiftedatphase0.29.
The maximalredshiftof the primary or the maximalblueshiftof the secondary,
respectively, is reachedat phase0.72.For aneccentricityof e = 0.27theprimary
is maximallyblueshiftedatphase0.35andmaximallyredshiftedatphase0.68.

The phaseof the maximal redshift for e = 0.27 lies within a rangeof orbital
phasesin which very strongemissionis visible at the innerpartof thebluewing
of almostall emissionlines(Figs.3.19and3.20,seealsosection3.7,Fig. 3.25).
Thecorrespondingphaseof maximalblueshiftbelongsto a phaseinterval where
strongemissionis visible at theinnerpartof theredwing of theheliumemission
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Figure 3.19: Observed line pro�les of He I 6678,shown for anentireorbital cycle. The
variableemissionis visible in the red part of the pro�les in the rangeof phase0.25 at
roughly + 200 km=s. In the blue it appearsaroundphase0.75 at roughly � 200 km=s.
The invariant disc emissionis only weakly pronounced,but clearly visible in the blue
betweenphase0.05and0.5 around� 200 km=s. In the red it is dif�cult to detect,but
shouldbefoundbetweenphases0.5and1.0at roughly+ 200km=s.

lines(Figs.3.19and3.20(right), seealsosection3.7,Fig. 3.25,upperpanel).

In section3.7 it is demonstratedthat almostall analysedabsorptionlines are
contaminatedat least to someextent by an emissioncomponentthat variesin
anti-phaseto the Be primary. Asymmetric�lling of theabsorptionwings of the
line pro�les during the above mentionedorbital phasescancausea shift of the
apparentline cores,resultingin too high radial velocities. Hence,the phasesof
maximalvelocitiesareshifted,giving a too high eccentricity. This canexplain
why theeccentricityderivedfrom theradialvelocitiesof He I 4471is higherthan
theonefoundfor HeI I 4686.

In Figure3.21theradialvelocitiesof all componentsmeasuredin thespectrum
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Figure 3.20: Dynamicalspectraof H� (left) andHe I 5876(right). Accordingto theor-
bital solutionwith eccentricitye= 0.27,thephaseof maximalblueshiftof theBeprimary
is 0.35andof maximalredshiftit is 0.68. Phase0.0correspondsto superiorconjunction
of theprimary. H� andHe I 5876show theenhancedemissionoccuringin thebluearound
phase0.68verywell. Theenhancedemissionin thered,visiblearoundphase0.35,is well
ponouncedin He I 5876.

of 59 Cyg are shown: HeI 4471 and He I I 4686, representingthe photospheric
absorptionsof theprimaryandthesecondary, theabovementionedvariableemis-
sion,beingin phasewith themotionof thesecondary, andtheinvariantemission1

of the Be disc, very well visible in the blue wing of He I 6678(Figs. 3.19 and
3.22,left). Additionally, theorbital solutionsfor theprimary, calculatedwith the
eccentricityof e = 0.11,andfor the secondaryareshown. The solutionfor the
primary is alsoplottedover theradialvelocitiesof the invariantdiscemissionto
accountfor thesuperimposedrotationalvelocityof thedisc.

The radial velocitiesof the variableemissioncomponentwere measuredby
�tting a Gaussianto thepositionof thecomponentin the individual line pro�les
of He I 6678.Theinvariantemissionfrom theBe discwasdeterminedanalogous
to theoneof He I I 4686by measuringtheradialvelocitiesof theemissionfeature
in eachbin of the dynamicalspectraof He I 6678and5876,H
 , andFeI I 5169
usingthe graphicalcursor. Theselines werechosenbecauseof their prominent
emissionfeature.To �nally gettheradialvelocities,theindividualmeasurements
areaveraged.Sincethe invariantdiscemissionis clearlyvisible only in theblue
wings of the line pro�les in a phaseinterval from 0.0 up to 0.5 (Fig. 3.22, cf.

1Theterm“invariantemission”denotesthatpartof thediscemissionwhich is not affectedby
thesecondarycomponentin abinarysystem.It correspondsto thedouble-peakedemissionwhich
is alsovisible in thespectraof singleBestars.
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Figure3.21: Emissionandabsorptioncomponentsfoundin thespectrumof 59Cyg. The
measuredradialvelocitiesareplottedagainsttheorbital phase.Red:Radialvelocitiesof
He I 4471,representingthephotosphereof theprimary, andorbital solutionfor e = 0.11;
black: Radialvelocitiesandorbital solutionfor He I I 4686,representingthephotosphere
of the secondary;green:Radialvelocitiesof the variableemission;blue: Radialveloc-
ities of the invariant disc emission,the orbital solution for the primary for e = 0.11 is
overplotted,shiftedby roughly� 200km=s (red).

Fig. 3.25,section3.7),theradialvelocitiesweremeasuredin therespectivephase
binsonly.

Theradialvelocitiesof theinvariantdiscemissionpeaksareapproximatedquite
well by theorbital solutionfor theprimarycalculatedwith thevaluesfor eccen-
tricity andtimeof theperiastronpassageof thesecondsolutionwith e= 0.11(see
Tab. 3.3). Sincethey weremeasuredduring orbital phaseswhenthe signi�cant
partsof theline pro�les arenotdisturbedby thevariableemission,this is astrong
hint that the eccentricityof 0.27 found for He I 4471with freely converging pa-
rametersis too high. Additionally, He I I 4686doesnot seemto becontaminated
by any kind of emissionandis not formedby B-typestars.Therefore,theorbital
solutionfoundwith theradialvelocitiesof thesecondaryis favouredfor theentire
system.In thefollowing, theorbital elementsderivedfrom thatcomputationwill
beadoptedfor theorbital parametersof thesystem.

Harmanecet al. (2002)publishedorbital elementscalculatedwith FOTEL for
radial velocitiesof 30 H� and29 He I 6678 line pro�les. The radial velocities
weremeasuredfor thesymmetricbottompartsof theH� emissionwings,for the
emissionwings, and for the absorptionwings of He I 6678. They useda �x ed
orbital periodof 28.1971d, determinedby photometry, anda �x ed eccentricity
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Figure 3.22: Dynamicalspectraof He I 6678(left) andH� (right). The invariantdisc
emissionis clearly visible in the blue part of the line wings betweenorbital phases0.0
and0.5at velocitiesof roughly� 200km=s.

of e = 0. For H� they found a velocity amplitudeof 13.0 � 1.0 km=s, for the
He I 6678emissionwings31.3� 1.6km=s, andfor theHeI 6678absorptionwings
25.4� 3.0km=s.

Furthermore,Harmanecetal. computedsinusoidal�ts to theV/R variationsof
44 H� and36 HeI 6678pro�les in orderto �nd thepoint of time whentheV/R
variability becomesminimalandto derive theamplitudeof this variation.Except
for onesolutionfor H� , again,a circularorbit anda �x edperiodwereassumed.
The solution, whereperiod and eccenticitywere allowed to converge, gave an
eccentricorbit with e = 0.524� 0.096anda periodof 28.965� 0.0049d. Within
theerrors,thisperiodagreeswell with theorbital periodobtainedin thiswork.

3.6 Parametersof the binary components

The detectionof a photosphericcomponentof the secondary, the He I I 4686ab-
sorption,allowedfor thederivationof theradialvelocity curvesfor bothcompo-
nentsof the binary systemtherebyenablingto determinethe masses,M 1 sin3 i
andM 2 sin3 i , semi-majoraxes,a1 sini anda2 sini , andtheseparation,asini , of
theprimaryandsecondarystarexceptfor a factorof sin3 i andsini , respectively.
To assessthis problem,massesanddimensionswerecalculatedfor a wide range
of inclinationangles.Since59 Cyg hasa very high v sini of roughly450km=s
andmore(Fig. 3.23),anddueto theshapeof theemissionpointingto a medium
to high inclination (Hanuschiket al. 1996),inclinationslower than40o arevery
unlikely andwerenot takeninto account.

45



CHAPTER3. 59 CYG, A SECONDBE+ SDOBINARY

Figure3.23:Averagedspectrumof He I 6678(black)androtationalbroadenedsynthetical
spectrumfor aB starwith Te� = 25000K (red).TheHe I 6678line is theaverageof 147
Doppler-shift correctedline pro�les. Thesyntheticalspectrumwasbroadenedwith 505
km=s.

To take thewholerangeof likely valuesinto consideration,computationswere
performedfor four possiblevelocity amplitudesfor theprimarycomponent,K 1.
BesidesK 1 = 24.77 km=s, resulting from this study, velocity amplitudesof
20km=sand30km=swereinvestigated.Thesevaluesenclosetherangeof radial
velocities,establishedfor the velocity amplitudeof the invariantdisc emission
which follows the Be primary. A velocity amplitudeof 13 km=s andan eccen-
tricity of e = 0.5publishedby Harmanecetal. (2002)werealsoincluded.For the
velocity amplitudeof the secondarythe valueof K 2 = 120.13km=s, asderived
in thepresentstudy, wasused.Both eccentricities,e = 0.11andthepresumably
overestimatede = 0.27,wereconsidered.The resultsfor the massesareshown
in Tables3.5 and3.6, for thesemi-majoraxesin Tables3.7 and3.8, andfor the
binaryseparationin Table3.9. In Table3.10valuesof thestellarparametersare
listedaspublishedby differentauthors.

Accordingto Popper's calibration(Popper1980),Harmanecet al. (2002)gave
an effective temperatureof logTe� = 4.413for 59 Cyg (cf. Table 3.10). This
correspondsto aslightly laterspectraltypethanB1. Takingthemassof 11.03M � ,
establishedfor B1-typestarsby Harmanec(1988),asan upperlimit for the Be
primary, only inclinationshigherthan55o arepossiblefor thesystem.For K 1 =
13 km=s ande = 0.27or 0.5, respectively alsoinclinationsaslow as50o would
be in agreementwith suchan upperlimit for the masses.But asdemonstrated
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Table 3.5: Massesfor the Be primary, M 1, for differentsetsof orbital parametersand
differentinclinationangles,givenin M � .

K 1 13km=s 20km=s 24:77km=s 30km=s

e 0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27

i
40o 22.99 20.90 15.21 25.47 23.16 27.24 24.76 29.24 26.58
45o 17.27 15.70 11.43 19.14 17.40 20.46 18.60 21.96 19.97
50o 13.58 12.35 8.99 15.05 13.68 16.09 14.63 17.28 15.71
55o 11.11 10.10 7.35 12.31 11.19 13.16 11.97 14.13 12.84
60o 9.40 8.55 6.22 10.42 9.47 11.14 10.13 11.96 10.87
65o 8.20 7.46 5.43 9.09 8.26 9.72 8.83 10.43 9.48
70o 7.36 6.69 4.87 8.15 7.41 8.72 7.93 9.36 8.51
75o 6.78 6.16 4.48 7.51 6.83 8.03 7.30 8.62 7.83
80o 6.39 5.81 4.23 7.08 6.44 7.57 6.89 8.13 7.39
85o 6.18 5.62 4.09 6.84 6.22 7.32 6.65 7.86 7.14
90o 6.11 5.55 4.04 6.77 6.15 7.23 6.58 7.77 7.06

Table 3.6: Massesfor thesecondarycomponent,M 2, for differentsetsof orbital param-
etersanddifferentinclinationangles,givenin M � .

K 1 13km=s 20km=s 24:77km=s 30km=s

e 0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27

i
40o 2.49 2.26 1.65 4.24 3.86 5.62 5.11 7.30 6.64
45o 1.87 1.70 1.24 3.19 2.90 4.22 3.84 5.49 4.99
50o 1.47 1.34 0.97 2.51 2.28 3.32 3.02 4.31 3.92
55o 1.20 1.09 0.80 2.05 1.86 2.71 2.47 3.53 3.21
60o 1.02 0.92 0.67 1.73 1.58 2.30 2.09 2.99 2.71
65o 0.89 0.81 0.59 1.51 1.38 2.00 1.82 2.61 2.37
70o 0.80 0.72 0.53 1.36 1.23 1.80 1.63 2.34 2.12
75o 0.73 0.67 0.49 1.25 1.14 1.66 1.50 2.15 1.96
80o 0.69 0.63 0.46 1.18 1.07 1.56 1.42 2.03 1.85
85o 0.67 0.61 0.44 1.14 1.04 1.51 1.37 1.96 1.78
90o 0.66 0.60 0.44 1.13 1.02 1.49 1.36 1.94 1.76
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Table3.7: Semi-majoraxesfor theBeprimary, a1, for differentsetsof orbitalparameters
anddifferentinclinationangles,givenin R� .

K1 13km=s 20km=s 24:77km=s 30km=s

e 0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27

i
40o 11.20 10.85 9.76 17.23 16.69 21.33 20.67 25.84 25.03
45o 10.18 9.86 8.87 15.66 15.17 19.39 18.79 23.49 22.75
50o 9.40 9.10 8.19 14.45 14.00 17.90 17.34 21.68 21.00
55o 8.79 8.51 7.66 13.52 13.09 16.74 16.22 20.28 19.64
60o 8.31 8.05 7.24 12.79 12.39 15.83 15.34 19.18 18.58
65o 7.94 7.69 6.92 12.22 11.84 15.13 14.66 18.33 17.75
70o 7.66 7.42 6.67 11.78 11.41 14.59 14.14 17.67 17.12
75o 7.45 7.22 6.49 11.46 11.10 14.20 13.75 17.19 16.66
80o 7.31 7.08 6.37 11.24 10.89 13.92 13.49 16.86 16.34
85o 7.22 7.00 6.29 11.11 10.77 13.77 13.34 16.67 16.15
90o 7.20 6.97 6.27 11.07 10.73 13.71 13.28 16.61 16.09

Table3.8: Semi-majoraxesfor thesecondarycomponent,a2, for differentsetsof orbital
parametersanddifferentinclinationangles,givenin R � .

K 1 13km=s 20km=s 24:77km=s 30km=s

e 0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27

i
40o 103.47 100.23 90.15 103.47 100.23 103.47 100.23 103.47 100.23
45o 94.05 91.11 81.95 94.05 91.11 94.05 91.11 94.05 91.11
50o 86.82 84.10 75.64 86.82 84.10 86.82 84.10 86.82 84.10
55o 81.19 78.65 70.74 81.19 78.65 81.19 78.65 81.19 78.65
60o 76.79 74.39 66.91 76.79 74.39 76.79 74.39 76.79 74.39
65o 73.38 71.09 63.94 73.38 71.09 73.38 71.09 73.38 71.09
70o 70.77 68.56 61.67 70.77 68.56 70.77 68.56 70.77 68.56
75o 68.85 66.70 59.99 68.85 66.70 68.85 66.70 68.85 66.70
80o 67.53 65.42 58.84 67.53 65.42 67.53 65.42 67.53 65.42
85o 66.76 64.67 58.17 66.76 64.67 66.76 64.67 66.76 64.67
90o 66.51 64.43 57.95 66.51 64.43 66.51 64.43 66.51 64.43
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Table3.9: Separationof thebinarycomponents,a = a1 + a2, for differentsetsof orbital
parametersanddifferentinclinationangles,givenin R � .

K 1 13km=s 20km=s 24:77km=s 30km=s

e 0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27

i
40o 114.66 111.08 99.91 120.69 116.92 124.80 120.90 129.30 125.26
45o 104.23 100.97 90.82 109.71 106.28 113.45 109.90 117.54 113.87
50o 96.21 93.20 83.83 101.27 98.11 104.72 101.44 108.50 105.11
55o 89.97 87.16 78.40 94.71 91.74 97.93 94.87 101.46 98.29
60o 85.10 82.44 74.15 89.58 86.78 92.63 89.73 95.97 92.97
65o 81.32 78.78 70.86 85.60 82.92 88.51 85.74 91.71 88.84
70o 78.43 75.98 68.34 82.56 79.98 85.37 82.70 88.45 85.68
75o 76.30 73.92 66.48 80.31 77.80 83.05 80.45 86.05 83.36
80o 74.84 72.50 65.21 78.77 76.31 81.46 78.91 84.40 81.76
85o 73.98 71.67 64.46 77.87 75.44 80.53 78.01 83.43 80.82
90o 73.70 71.40 64.22 77.58 75.15 80.22 77.71 83.11 80.52

Table3.10: Publishedstellarparametersof 59 Cyg.

Parameter Slettebak(1982) Chauvilleetal. (2001) Harmanecetal. (2002)

Spectraltype B1Ve B1.5Vne B1Ve
logTe� 4.388 4.413
logg 3.97
V 4.74mag 4.797mag
v sin i 260km=s 382km=s 450km=s

in section3.5,theseeccentricitiesareoverestimatedandthevelocityamplitudeis
underestimatedwhereforetheresultingmassesweredisregarded.

59 Cyg shows no regularshell eventslike � PerandHR2142. Only oneshell
episodewasreportedin the1970s(e.g.Barker 1982).Apart from that,no further
shell eventswereobserved. Therefore,the inclination of the binary is probably
lessthan80o.

In thepresentstudyavelocityamplitudeof 24.77km=s for theBe primaryand
aneccentricityof e= 0.11for thebinarysystemwerefound.Therefore,theresults
for the stellarmassesM 1 andM 2 calculatedwith theseparametersarethe most
likely onesstronglysuggestingtheinclinationof thebinaryorbit to bemorethan
60o andlessthan80o.
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Table 3.11: Orbital and stellar parametersof 59 Cyg. All epochsare given in MJD
(JD� 2400000.5).All of theorbital solutionswerecalculatedwith FOTEL.

Publishedby Rivinius & Šte� (2000) Harmanecet al. (2002) This study

Orbital:
Period,P 28.1702� 0.0014d 28.1971� 0.0038d 28.192� 0.004d

TSC 51019.25
Tmin : RV 50013.11 50013.31� 0.62
T0 50018.9� 2.5 51035.37
e 0.20� 0.08 0 �x ed 0.11� 0.005

� 271� 35o — 293� 3o

K 1 26.1km=s 13.0� 1.0km=s 24.77km=s
K 2 60 � K 2 � 150km=s 120.13km=s

v0 -16.49� 0.76km=s � 0.92km=s

Stellar:
M 1 sin3 i 7.23M �

M 2 sin3 i 1.49M �

a1 sin i 13.71R�

a2 sin i 66.51R�

a sin i 80.22R�

i 45o < i < 90o 60o < i < 80o

M 1 10.78� M � 7.57< M 1 < 11.14M �

M 2 1 < M 2 < 2 M � 1.56< M 2 < 2.3M �

a1 13.92< a1 < 15.83R�

a2 67.53< a2 < 76.79R�

a � 90R� 81.46< a < 92.63R�

R1 5.31+ 1.5/� 0.96M �

1: Derivedby Harmanecetal. (2002)from T0

P: Orbital periodof thebinary
TSC : Timeof superiorconjunctionof theprimary, correspondsto orbitalphase0.0
Tmin : RV : Timeof minimal radialvelocity, correspondsto orbitalphase0.0
T0: Timeof periastronpassage
e: Eccentricity
� : Periastronlength
K 1, K 2: Velocityamplitudeof primary, secondary
v0: Systemvelocity
M 1 sin3 i , M 2 sin3 i ; M 1, M 2: Massesof theprimary, secondary
a1 sin i , a2 sin i ; a1, a2: Semi-majoraxesof theprimary, secondary
a sin i , a: Separationof thebinarycomponents(a1 sin i + a2 sin i anda1 + a2)
i : Inclinationof thebinarysystem
R1: Radiusof theprimary
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InterpolatingHarmanec'scalibration(Harmanec1988)for normalB1-typestars,
Harmanecet al. (2002)founda massof 10.78M � for theprimarycomponentof
59 Cyg (cf. Table3.11).

Themostinteresting�nding, however, is thatthemassesfor thesecondarystar,
M2, calculatedfor theabove mentionedvelocity rangeandaneccentricityof e =
0.11 (Tab. 3.6) are signi�cantly higher than thosefor normal sdO starshaving
masseslessthan1 M � . If the mostlikely velocity amplitudeK 1 = 24.77km=s
is adopted,thederivedvaluesfor M 2 lie between1.56and2.3 M � andevenare
above theChandrasekharlimit of 1.4 M � . This suggeststhat59 Cyg represents
anearlierstageof � Peror possiblyaprecursoryphaseof aBe/X-raybinary.

The orbital andstellar parametersfor both componentsof the binary system
establishedin this studyare listed in Tab. 3.11. For comparison,the resultsof
Rivinius& Šte� (2000)andHarmanecetal. (2002)arealsoshown.

3.7 Emissionvariability phase-locked to the orbital
period

Basedon the periodof 28.192d found in the presentstudythe short-termvar-
iability of 59 Cyg is analysed. In this context “short-termvariability” denotes
variationsthatarelockedto theorbitalperiodandreappearaftereachcycleat the
sameorbital phase.In Figures3.24,3.25,and3.26dynamicalspectraareshown
for severalabsorptionandemissionlinesof differentions. They werecomputed
for a velocity rangeof � 1000up to � 2000km=s aroundthecentralwavelength
of thestudiedlines. Theline pro�les weresortedinto 20 phasebinsapplyingthe
sameprocedureasin section3.4.

The dynamicalspectraof the photosphericabsorptionlines show the orbital
motionof theBe primarycomponentclearlyby a periodicalshift of theline pro-
�les throughouttheorbital cycle (Fig. 3.24).However, theinnerpartsof theblue
andredabsorptionwings,closeto theline centres,do not alwaysseemto behave
homogeneously. During someorbital phasesthe innerbluewingsmove towards
the blue wing of the spectrallines, while the inner red wings seemto move to
theoppositedirectioni.e. redwards. The resulting“knotty” structureof the line
centres(seesection3.7.1)is well visible in He I 4471andH� (Fig. 3.24).It could
be misinterpretedasan effect of incorrectphase-binningdueto a wrongperiod.
Theobservedpro�le cannotbeexplainedwithouttakinginto accounttheemission
contribution.

The ultraviolet carbondoubletline C IV 1548,partly originatingfrom absorp-
tion in thestellarwind of theBestar, followstheorbitalmotionof theBeprimary,
too.
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Figure 3.24: Line pro�les anddynamicalspectraof absorptionlinesof 59 Cyg. Addi-
tionally, theultraviolet wind absorptionline C IV 1548is shown.
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Figure 3.25: Line pro�les anddynamicalspectraof emissionlinesof 59 Cyg.
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Figure 3.26: Line pro�les anddynamicalspectraof blendedlinesof 59 Cyg.

As mentionedabove, an inspectionof the dynamicalspectraof the emission
lines(Fig.3.25)revealsthepresenceof two clearlydistinguishableemissioncom-
ponents.Oneis phase-lockedto theorbital periodandvariesin emissionstrength
overoneorbital cycle (section3.7.2).Theotheroneconsistsof two parts,visible
in theblueandredwingsof the line pro�les. They follow themotionof theun-
derlyingphotosphericabsorptionpro�le andarelocatedat velocitiesof roughly
+ 200km=s and� 200km=s. They representtheblueandredcomponentsof the
double-peakeddiscemissionwhich is alsovisible in singleBestars.

To distinguishthedouble-peakeddiscemissionfrom thephase-locked,variable
emissioncomponent,it is named“invariantemission”,asde�ned in section3.5,
page43. This meansthat it is not variablein emissionstrengthover oneorbital
cycle. But sinceit representsthestageof theentirecircumstellardiscof theBe
star, it varies,of course,on a larger timescalemeasuredin years(Fig. 3.27). In
general,thebluecomponentof theinvariantdiscemissionis visible moreclearly
thantheredone.

The invariantdisc emissionis bestvisible in the blue wings of HeI 6678and
HeI 5876betweenorbital phases0.0 and0.5 at roughly � 200 km=s (Fig. 3.25,
seealsoFig. 3.19,page42). In lineswith strongemissioncontribution, like H�
andH� , or in blendedlines, like O I 7772–5andFeI I 5169,(Fig. 3.25) it mixes
moreandmorewith thephase-lockedemission.This is mostobvious in thered
partof theline pro�les atphasesbetween0.05and0.4. It is, therefore,moredif�-
cult to �nd anddistinguishtheinvariantfrom thephase-locked,variableemission
component.

The phase-locked emissioncomponentis variablein strengthover oneorbital
cycle andbestvisible in HeI 6678,5876,and7065(Fig. 3.25,cf. Fig. 3.19,sec-
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Figure3.27: Long-termvariability of theemissionstrength.Dynamicalspectraof H� for
1998(left) in comparisonto 2000(right). The invariantandthesuperimposingvariable
emissioncomponentarevery well visible in thebluewing of theline pro�les at roughly
� 200 km=s. The invariantemissionis bestvisible betweenorbital phases0.0 and0.5.
Thephase-locked,variableemissionhasa higherintensityandis mostobviousbetween
phases0.6and0.9.

tion 3.5). It movesin anti-phaseto theBe primaryandis con�ned to a velocity
rangeof roughly � 200 km=s. In this rangethe invariantdisc emissionalsoap-
pears.This is a hint that the variableemissioncomponentis formedin the disc
surroundingtheBe star, too. It is strongestpronouncedat roughly� 200km=s in
theblueandroughly+ 200km=sin theredline wing respectively. In He I 6678the
underlyingabsorptionpro�le is alsowell visible, allowing for directcomparison
of thecomponents.

In Figure3.27dynamicalspectraof H� areshown for thedataobtainedin 1998
and2000separately. Both emissioncomponentsareclearlyvisible, especiallyin
theblueline wing at roughly� 200km=s. They aremuchstrongerin 2000com-
paredto 1998. Thesameis foundfor H� andHeI 6678,bothshowing emission
components.In He I 7065,having nearlyno invariantdiscemission,thevariable
emissionis enhancedin 2000,too. The fact, that theemissionstrengthsof both
componentsbehave analogously, suggeststhatthevariableemissionformsin the
sameregionastheconstantemission,namelyin theBe disc.
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Figure 3.28: Centralpartsof the emissionlines He I 6678(left) andHe I 5876 (right).
Thecutvaluesfor theline intensitiesarechosenin awaythatthecourseof bothemission
components,theinvariantandthephase-lockedone,becomesclearlyvisible. Theknotty
absorptionstructureappearswhenthe variableemissioncomponentis lesspronounced
like in He I 5876.

3.7.1 Knotty absorption structur e

A “knotty” absorptionstructurelike the one observed in the absorptionlines
(Fig. 3.24) is also visible well in the line centresof someemissionlines, e.g.
HeI 5876,H� , andP17(Fig. 3.25). A comparisonof H� (Fig. 3.25),H
 , and
H� (Fig. 3.24) reveals the natureof this feature. All three lines show sucha
“knotty” structureof theunderlyingabsorptionpro�le, becomingmoreandmore
pronouncedin H
 andH� owing to increasingemissioncontribution. H� seemsto
befreeof emission.In H
 bothemissioncomponents,thestandarddiscemission
following the Be primary andthe variableemissionmoving in anti-phaseto the
Be star, arealreadydiscernible.Especiallyin thebluewing bothcomponentsare
clearlydistinguishable.Comparedto H� , theknotty structureis moredeveloped.
H� basicallylooks like H
 but shows muchmoreemission.Theknotty structure
is morepronouncedaswell.

In emissionlines with a lesspronouncedvariableemissioncomponentwithin
� 100km=s like He I 5876andP17theknotty structureis alsovisible quitewell.
But it is not visible in emissionlines like He I 6678 or H� with strongcentral
emission.Thisis demonstratedin Figure3.28,wherethecentralpartsof He I 6678
and5876arecompared.Hence,it follows thatthe“knotty” structureis causedby
superpositionof thevariableemissioncomponentandtheabsorptionpro�le of a
spectralline (Fig. 3.29, lower left panel). Vice versa,a spectralline musthave
a contribution of thevariableemissioncomponentif its line centreshows sucha
knottyabsorptionstructure.
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3.7.2 Variable emission

Asalreadymentionedin section3.2,almostall spectrallinesof 59Cygshow some
emissionat leastduringcertainorbital phases.This temporaryemission,appear-
ing asasingle-peakedfeaturein thecentralpartsof theline pro�les, is thevariable
emissioncomponent.Even if the emissionis too weakto producea clearemis-
sion feature,it will causea knotty structurein theunderlyingabsorptionpro�le.
This is alsotruefor theabsorptionlinesusedor theradialvelocitymeasurements
to derive theorbital elements.Theknotty absorptionis presentin thedynamical
spectraof He I 4471,4144,and4026(Fig. 3.24). Therefore,it wasnot possible
to determinethecorrectradialvelocitiesfor all orbital phases.This resultedin an
overestimationof theeccentricityof thebinarysystem(cf. section3.5).

To con�rm this �nding HeI 6678 is comparedto He I 4471 and the blend of
He I 4922andFeI I 4924(Fig. 3.29).In this �gure, theradialvelocitiesof thetwo
emissioncomponents,thevariableandtheinvariantdiscemission,weremeasured
by �tting a Gaussianto their positionin thesingleline pro�les of He I 6678.The
resultswereplottedin a two-dimensionalframeanalogousto thedynamicalspec-
tra. Thebluepartof theinvariantdiscemissionis representedby bluecrosses,the
redpartby redcrosses.Thevariablecomponentmoving in anti-phaseto theBe
primary is shown by blackcircles. For a betterunderstandinghow theemission,
especiallythevariableone,alterstheappearanceof theabsorptionpro�les, thera-
dial velocitiesof thevariablecomponentwereplottedover thedynamicalspectra
of thepresentedlines.

Thepresenceof thevariableemissioncomponentis thekey to understandthe
quite complicatedstructureof spectrallines with strong emissionlike H� or
blendswith emissioncontribution. Thisis demonstratedfor theblendof He I 4922
andFeI I 4924(Fig. 3.29,lowerpanel).Someof thestructureswhicharefoundin
theblendedline arewell identifyableasfeaturescausedby thevariableemission
component.The emissionsuperposingthe HeI 4922absorptionline is marked
with blue, the emissionsuperposingthe FeI I 4924emissionline with black cir-
cles.

In Figures3.30and3.31theshort-termemissionvariability of 59Cyg is shown
for an entireorbital cycle with line pro�les in an one-dimensionalframe. The
20 phase-binned,averagedline pro�les wereextractedfrom the two-dimesional
dynamicalspectra.They wereplottedwith increasingphaseupwards.Absorption
andemissionlineswith differentemissionstrengthsarecompared.

Thevariableemissioncomponentis visiblebestin He I 6678,sincetheinvariant
discemissionis only little pronouncedthere.Shortlyaftersuperiorconjunction,
whenthesecondarystaris in front of the primary, an emissionfeaturebecomes
visible in the red wing of the line pro�le at a velocity of roughly + 100 km=s.
With increasingstrengththiscomponentmovesfurtherto theredpartof thespec-
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Figure 3.29: Identi�cation of variableemissionin differenttypesof line pro�les. Up-
perpanel,left: Radialvelocitiesof invariant(blueandredcrosses)andvariableemission
component(black circles),measuredfor He I 6678; upperpanel,right: He I 6678emis-
sion; lower panel,left: He I 4471absorption;lower panel,right: Blendof He I 4922and
FeI I 4924. The radialvelocitiesof thevariableemissionareplottedover thedynamical
spectrato show their in�uence on thepro�les.

trum. At orbitalphasesbetween0.2and0.3awell de�nded,stronglypronounced
emissionpeakis visibleat roughly+ 200km=swheretheredpartof theinvariant
disc emissionis located,too. The featurebecomesweaker andbroaderaround
phase0.35. It startsto move a little bit backto thebluepartof thespectrumand
disappearsaroundphase0.45. The weakemissionfeaturevisible around0.5 at
roughly+ 200km=s is attributedentirelyto theinvariantdiscemission.

At orbital phase0.4, just beforethe above describedfeaturehastotally disa-
peard,asecondemissionpeakformsin thecentreof theline pro�le. While it gets

58



3.7. PHASE-LOCKEDEMISSIONVARIABILITY

Figure 3.30: Phase-lockedvariability of thevariableemissioncomponentthroughoutan
entireorbital cycle for emissionlineswith differentemissionstrengths.Thespectrawere
sortedin 20phasebinsandaveragedfor eachbin within avelocityrangeof � 1000km=s.
Theaveragedlinesareplottedoneover anotherwith increasingorbitalphase.
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Figure 3.31: Short-termvariability of absorptionlines for an entireorbital cycle. The
spectraweresortedinto 20 phasebinsandaveragedfor eachbin. Theaveragedpro�les
areplottedoneover the otherwith increasingorbital phase.A phase-locked variability
dueto thevariableemissionis notdetectable.

strongerandbroaderit movesmoreandmoreto the blue part of the spectrum.
Aroundphase0.65it is verybroadandstronglypronounced,showing acharacter-
istic double-peaked structure,the so-calledsatelliteabsorption(Fig. 3.32). This
featureis visible in many known Bebinaries.It is notexplicableby adiscaround
asingleBestar. Therefore,it is takenasacharacteristicfeatureof Bebinaries(cf.
section5). Aroundphase0.7thebluepeakof thisemissionfeaturebecomesmore
enhanced,while the red peakdecreases.Betweenphases0.75 and0.85 a well
de�ned, lesspronounced,andnarrow singleemissionpeakis visible, locatedat
roughly� 200km=s. It becomesweaker aroundphase0.9andstartsto disappear
around0.95.

Thiskind of variability patternis alsofoundin theotherlineswith variabledisc
emission. In lines with strongerinvariantemissionlike H� andH� it is more
dif�cult to discoverandto interpret,but neverthelesspresent.

In the phase-binnedandaveragedpro�les of He I 4471and4144an emission
componentis hardlydetectable.But someof thesinglespectrashow weakemis-
sion peakscloseto their line centre. Sinceboth lines show a knotty absorption
structurein the dynamicalspectraat leasta small componentof variabledisc
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Figure 3.32: Satelliteabsorptionvisible in thebluewing of He I 6678(black)andshift-
corrected,averagedpro�le of He I 6678 (red). In the spectrumof 59 Cyg satelliteab-
sorptionsoccuratorbitalphasesaround0.68which is shortlyaftertheperiastronpassage
(phase0.57).

emissionmustbe there.This is furtherstrengthenedby the �nding that in 2000,
comparedto 1998, the knotty structurebecamemorepronouncedin He I 4471,
andtheline seemsto be�lled in alittle bit in thecentralpartsof thepro�le, where
the variableemissionis concentrated.This is interpretedasan increaseof the
variablediscemissionanalogousto thelongtermbehaviour of theemissionlines.
A constantcontribution from theBe discis not detectable.

3.7.3 Phase-lockedvariability of the equivalent width

Equivalentwidths were measuredfor H� , H� , and He I 6678. The equivalent
widthsand,therefore,theemissionstrengthof thestrongemissionlinesH� and
H� areclearly connectedto the orbital cycle (Fig. 3.33). SinceH� andH� are
dominatedby emission,their equivalentwidths arenegative by de�nition. For
convenience,they weremultiplicatedby a factorof � 1 andshown for two orbital
cycles. For He I 6678, a variability is not detectableunambiguously, sincethe
emissionis tooweakto producesucha feature.

Theshapeof thecurvesgivenby thevaluesof theequivalentwidthsof H� and
H� clearly follows themotionof thesecondarycomponent.This behaviour can
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Figure 3.33: Variability of theequivalentwidthsof H� andH� in 1998and2000. The
valuesweremultiplicatedby a factorof � 1 andplottedfor two orbital cycles.

be explainedqualitatively by the illuminateddisc sector. At phases0.0 and0.5
thesectoris directly in front or behindtheBe star, respectively. Sincethebinary
is visible at an inclination larger than60o andlower than80o, theplaneandthe
edgeof the Be discarewell visible. At phase0.0 theprojectedareaof the disc
sectorin directiontoanobserver, includingplaneandedgeof thedisc,is maximal.
Therefore,a maximalamountof variableemission,originatingin theilluminated
sector, is visible. At phase0.5 the projectedareaof the disc sectoris minimal,
sinceonly the surfaceof the sectoris visible, but not the edge. The amountof
variableemission,detectablefor anobserver, is expectedto beminimal.

As shown in Figure3.33,this expectationis not matchedby the observations.
Theequivalentwidthsstartto increaseagainaroundphase0.4,insteadof showing
aminimumatphase0.5.This is explicableby theperiastronpassagewhich takes
placeat phase0.57. WhenthesecondarymovestowardstheBe star, it is closer
to the disc andilluminatesa larger sector. Additionally, it is expectedthat also
deeperlayerswill bephotoionized.Thisisexpectedto resultin enhancedemission
aroundperiastron,which is exactlywhatis observed.Therefore,thepropertiesof
the periodicvariability of the equivalentwidths con�rms an eccentricorbit for
59Cyg (cf. (Harmanecetal. 2002)).
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Long-termvariationsarealsodetectablein thebehaviourof theequivalentwidths
(Fig.3.33).In 1998,maximumvaluesfor theequivalentwidthsof H� andH� oc-
curand,hence,maximalemissionstrengthis detectableatphases0.0and1.0,re-
spectively, andaround0.5.Thesephasescorrespondto superiorandinferior con-
junction,whenthesecondaryis in front or behindtheBe primary. Theemission
strengthis minimal aroundphase0.25,whentheilluminatedsectoris maximally
redshifted.Aroundphase0.75,whenthediscsectoris maximallyblueshifted,a
secondminimumis detectable.But it is lesspronouncedthantheoneoccuringat
phase0.25.

In 2000, the emissionwas strongerin general(cf. Fig. 3.27). For H� and
H� , theemissionstrengthwasminimal at phase0.4. In contrastto 1998,no fur-
ther minimum occured. Onemaximumappearedaroundphase0.8 for H� and
aroundphase0.9 for H� . Thesemaximaweremuchstrongerpronouncedthan
thetwo differentmaxima,visible for H� andH� in 1998.Sincetheemissionwas
strongerin 2000, the emissionstrengtharoundperiastron,as describedabove,
is expectedto be alsoenhanced.This shouldresult in larger valuesderived for
the correspondingequivalentwidths. This is observed, sincethe maximumof
emissionstrengtharoundandafter periastronis muchstrongerpronouncedand
muchbroaderin 2000thanin 1998.This con�rms the�nding thatthesizeof the
illuminateddiscsectorvarieswith theorbital phase.
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Chapter 4

Modelling the phase-lockedemission
variability

The short-termemissionvariability of 59 Cyg (cf. section3.7.2)resemblesthat
observedfor � Per. A He I 6678emission,moving in anti-phaseto theBeprimary,
wasreportedfor � Perby severalauthors(e.g.Giesetal. 1993;Bo�i ć etal. 1995;
Šte� et al. 2000).Accordingto Šte� et al. (2000),this variability is causedby an
emissioncomponentthatoriginatesin asectorof thecircumstellardisctheBestar
which facesthesecondary. This sectoris partially photoionizedby theradiation
of thehot companion.Sincethis emissioncomponentarisesonly in a partof the
discof theBe star, it is single-peakedandlinkedto themotionof thesecondary.
Thus,it movesin anti-phaseto theradialvelocitycurveof theBeprimary.

Assumingthismodel,Hummel& Šte� (2001)successfullyreproducedthevar-
iability of the He I 6678 and He I 5876 emissionof � Per. Contrary to earlier
models,thismodelis the�rst quantitativemodelandrequirestheleastnumberof
physicalcomponents,i.e. theBeprimary, thehotsecondary, andthecircumstellar
discof theBe star. In thefollowing, thismodelis adaptedto 59 Cyg.

4.1 Model-geometryof 59Cyg

Theassumedgeometryof theprimarycomponentof 59 Cyg,viewedfrom above
theorbitalplane,is shown in Figure4.1for orbitalphases0.0,0.25,0.5,and0.75.
Phase0.0correspondsto superiorconjunctionof theprimary, whenthesecondary
and,hence,thephotoionizeddiscsectorarein front of theBe star. Theprimary
is surroundedby a circumstellardisc,co-planarto theorbital planeof thebinary
system.Thediscsectorthatfacesthesecondarycomponentis illuminatedby the
radiationof thehotcompanion.

In Fig. 4.1 the He I 6678emissionobserved at the givenorbital phasesis also
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Figure 4.1: Model-geometryof 59 Cyg, viewed from above the orbital plane, and
He I 6678emissionfor orbital phases0.0,0.25,0.5,and0.75(from left to right). Light-
blue:Be primary;yellow: Circumstellardiscof theBestar;green:Discsectorfacingthe
secondary, photoionizedby theUV continuumradiationof thesdOstar. Thelongarrows
markthesenseof rotationof thedisc. Theshortarrow marksthedirectionof movement
of theBe star.

shown. The emissionis dominatedby the V/R variability. In the scopeof the
model,this is causedby thesingle-peakedemission,originatingin theilluminated
disc sector. The invariant double-peaked emissionof the circumstellardisc of
the Be starappearsasa small emissionpeakin the inner part of the blue wing
at roughly � 200km=s (phase0.25)or theredwing at about+ 200km=s (phase
0.75)of He I 6678.At orbitalphase0.5,theinvariantemissionisdetectablein both
line wings. At phase0.0 the line pro�le is almostfeatureless,exceptfor a weak
emissionpeak.This is thesingle-peakedemissionthatjustbecomesvisible in the
redwing of theline pro�le. Themodeldoesnotallow for non-zeroeccentricities.
However, it shouldbe notedthat, accordingto the orbital parametersderived in
section3.5,theperiastronis situatedatorbital phase0.57.

4.2 Sectormodel

Theparametersof theemissionregionsof individuallinescanbedeterminedwith
thesectormodelby Hummel& Šte� (2001). In this modeltheabove described
geometryis assumed.Theemissionwhicharisesfrom adiscsectoris modelledby
�tting phase-resolvedline pro�les over anentireorbital cycle. It is assumedthat
thesectoris photoionizedby the UV continuumradiationof the hot companion
andnot by single �uorescencelines. Hence,the incomingexciting radiationis
expectedto be independentof wavelength. The phase-locked variability of the
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emissionlines is assumedto be causedby geometriceffects. This variability is
simulated,therefore,by modellingthetime-dependentgeometricaldistributionof
theemission.

In the model it is assumedthat discsaroundBe starsin binary systemsand
aroundsingleBe starshave thesamephysicalproperties.Thedisc is assumedto
bein theequatorialplaneof theprimary, which is alsoassumedto betheorbital
planeof thebinary. Thediscis takentobeaxisymmetricin densityandisothermal.
Thetemperatureof thediscis approximatedas2/3of theeffective temperatureof
theBe primary. Dueto thesecondarystar, which affectsthegravitationalpoten-
tial and the kinematicsof the disc of the Be star, the rotationalvelocity of the
circumstellargasis not Keplerian.Theseeffectsareconsideredasa disturbance
to a Keplerian�o w.

Thediscsectoris de�ned by two angles� 1 and� 2. Themodelallows to �x a
phaseshift � � , which is theanglebetweenthenode-line,connectingthebinary
components,andthe centreof the photoionizedsector(� 1 + � 2) / 2. This is re-
quiredif symmetricemissionpro�les appearbeforeor after phases0.0 and0.5.
Theseorbital phasescorrespondto superiorandinferior conjunction.

The model is restrictedto circular orbits andorbital inclinations� 84o. The
Rocheradiusof theprimarystarlimits theradialextensionof thedisc. Effectsof
self-absorptionin thedisc,shell absorption,andstellarobscurationareincluded
in themodel.

The input parametersfor the modelare the inner andouter radiusof the line
emittingregion, Ri andRd, theemissivity of thesector, Sl , the inclination i , the
equatorialradiusR? andtheeffective temperatureTe� of theBe star, theKepler
rotation,i.e. therotationvelocityat theinnerradiusof thedisc,vK , theoccupation
densityn0, thefull openingangleof thesector, � 2 � � 1, aphaseshift of thecentre
of emission,� � , andtheionisationradiusof thesecondary, Rsec. Theparameters
Ri , Rd, vK , i , n0, Sl , � 2 � � 1, � � , andRsec canbe �tted. Up to six of these
parameterscanbemodelledsimultaneously. For themulti-parameter�t asimplex
methodis used.

4.3 Modelling and results

The above describedsectormodelwasappliedto �t the He I 6678 emissionof
59 Cyg. An effective temperatureof logTe� = 4.413(Harmanecet al. 2002)was
adopted.Modelswerecalculatedfor arangeof likely inclinationsandcorrespond-
ing primarymassesasdeterminedin section3.6. For an inclinationof i = 65o a
primarymassof M 1 = 9.72M � , for i = 70o amassof M 1 = 8.72M � , andfor i =
75o amassof M 1 = 8.03M � wasadopted.In contrastto theinclination,which is
aninput parameterfor themodel,thestellarmassis not directly used.It is taken
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Figure 4.2: Modelling results(red) for theHe I 6678emissionof 59 Cyg. Theobserved
line pro�les (black) arephase-binnedandaveragedfor eachbin. Upper left: Model 1;
Upperright: Model2; Lower left: Model3; Lower right: Model 4. Theinputparameters
for themodelsarelistedin Tab. 4.1.
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Figure 4.3: Modelling resultsfor theHe I 6678emissionof 59 Cyg. Dynamicalspectra
for the observed andmodelleddata. Upper left: Doppler-shift correctedobserved line
pro�les of He I 6678;Upperright: Model 5; Middle left: Model 1; Middle right: Model
2; Lower left: Model 3; Lower right: Model 4. The input parametersfor themodelsare
listedin Tab. 4.1.

to calculatetheKeplerianvelocity for agivenstellarradius.
With their evolutionarymodels,Claret& Giménez(1995)derivedstellarradii

andeffectivetemperaturesfor initial massesbetween7.5and11M � . Comparedto
radii derived from observationalfundamentalparametercalibrations(Harmanec
1988),theseradii seemto besystematicallysmaller. SinceMaintz et al. (2002),
modellingthe line pro�le variability of singleBe stars,alsoderived quite small
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Table 4.1: Input parametersfor the modelsof He I 6678shown in Figs.4.2 and4.3 (i :
Inclination;Req: Equatorialradius;VKepler : Kepplervelocity; � 2 � � 1: Openingangleof
theilluminateddiscsector).

Parameter i Req VKepler � 2 � � 1

Model 1 65o 6.0R� 680km=s 100o

Model 2 70o 6.0R� 644km=s 120o

Model 3 70o 5.25R� 688km=s 90o

Model 4 75o 5.25R� 661km=s 100o

Model 5 75o 5.31R� 622km=s 110o

radii comparedto observationalcalibrations,only radii of 3.0, 3.5, and4.0 R�

wereconsideredfor themodelling.For eachcombinationof inclinationandstellar
mass,simulationswerecarriedout for thesethreeradii.

In the literaturestellarradii aregiven for non-rotatingor slowly rotatingstars
only. SinceBe starsrotatecloseto their critical limit (Owocki 2003),their equa-
torial radii areroughly 1.5 timeslarger thantheir polar ones(Harmanec1988).
Stellarradii asgivenin the literaturefor non-rotatingstarscorrespondquitewell
to the polar radii of starsthat rotatecritically. Therefore,the above mentioned
radii have to bemultiplied by a factorof 1.5 to getanestimatefor theequatorial
radii. Thesearerequiredasinput parameterfor the modelandto derive Kepler
velocitiesfor givenstellarmasses.

To takethe�ndings of Harmanecetal. (2002)into account,modelswerecalcu-
latedfor anequatorialradiusof 5.31R� , too. This radiuswasderivedfor 59Cyg
by Harmanecet al. usingtheHIPPARCOS parallax.Modelswerealsocomputed
for a stellarradiusof 4.85R� . Accordingto Harmanec's calibration(1988),this
is theradiusof a starwith aneffective temperatureof logTe� = 4.413asderived
for 59 Cyg by Harmanecet al. (2002). The correspondingstellarmassadopted
was10.78M � .

Modelling resultsareshown in Figs.4.2and4.3. In Table4.1 theinputparam-
etersfor thesemodelsaregiven. The modelsmatchthe generalappearanceof
thevariability well. TheparametersdescribingtheBediscareverysimilar for all
models. Concerninginclination, Keplerianrotationto derive the primary mass,
andequatorialradius,nomarkedsetof best�tting parametersis found.Themod-
els, calculatedfor differentcombinationsof theseparameters,yield comparable
results.Therefore,it is not possibleto further constraintheseparametersby the
modelling.

In general,modelscomputedwith equatorialradii of 5.25and6.0 R� (corre-
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spondingto polarradii of 3.5and4.0R� ) matchtheobserveddatabetter. This is
truealsofor modelswith higherKeplervelocitiesandthussmallerradii. Models
�tting well thevariability in thebluewing donotmatchwell thevariability in the
red wing andvice versa. In general,the observationsarematchedquite well if
discsectorswith openinganglesbetween90o and120o wereassumed.Themod-
elsreproducethevariability in thebluewing better, if sectorswith largeropening
anglesareassumed,while the variability in the red wing is bettermatchedwith
lower openingangles.Modelsadoptingthe stellarradiusderived by Harmanec
et al. (2002)matchthedatabetterif an inclinationof 75o is usedinsteadof 65o

or 70o.
The single-peaked emissionis more stronglypronouncedin the blue than in

thered line wing. This mayprovide a cluewhy thevariability in theblueor red
line wing is matchedby differentsetsof inputparameters,in particularfor orbital
phasesaround0.68. Also thevaluesfor theequivalentwidthsof H� andH� are
generallylargerbetweenorbitalphases0.5and1.0,especiallyaftertheperiastron
passageat phase0.57,thanbetweenphases0.0 and0.5 (cf. section3.7.3). This
is interpretedassumingthata largerpartof thediscof theBe starbecomespho-
toionizedwhenthesecondaryis closerto theouteredgeof thedisc.Thissupports
thatthesingle-peakedemissionin thebluewing is generallybettermatchedby a
discsectorwith largeropeningangle.Sincethesectormodelis only designedfor
circularbinaryorbitsandhencefor a constantopeningangle,this �nding cannot
becheckedby thismodel.

Dueto thesuccessfulmodellingof thephase-lockedvariability of theHe I 6678
emission,theassumptionsfor thediscmodelarecon�rmed. A photoionizeddisc
sectorfacinga hot companioncanexplain the characteristicfeatureswhich are
attributedto evolvedBebinarieswith hot,compactcompanions.

71



CHAPTER4. MODELLING THE PHASE-LOCKEDEMISSION

72



Chapter 5

Bebinaries with evolvedcompanions

Many Be starsshow weak absorptioncoresin the blue or red peakof double-
peakedemissionlines(Fig. 5.1). ConcerningH� , theseabsorptioncoresaredif-
ferentfrom thetelluric line nearH� which is presentin theredcomponentof the
double-peaked emission. Theseso-calledsatelliteabsorptionsoccurat speci�c
orbital phasesandreappearperiodicallyin thespectraof e.g. 59 Cyg, � Per, and
HR2142.Suchfeaturescannotbeexplainedby adiscaroundasingleBestar. As
satelliteabsorptionsarevisible in thespectraof many con�rmedBebinaries,they
aretaken asindicatorfor binarity (Maintz et al. 2003). They wereusedaspre-
selectioncriterion for candidatestarsfor evolvedBe binarieswith hot, compact
companions.

Thecon�rmed Be+sdObinaries� Perand59 Cyg,andthewell-known Be bi-
naryHR2142show commonspectralfeaturesthatareexplicableby thepresence
of a hot, compactcompanion.Thesefeaturesreappearperiodicallywith the or-
bital periodof thebinarysystems.They includephase-lockedemissionvariability
andshort-livedshellphasesandaretakenascharacteristicfeaturesfor evolvedBe
binarieswith hot companions.Thesespectralfeaturesareusedfor theidenti�ca-
tion of Be+ sdOandBe+ WD binarieswithin a sampleof preselectedcandidate
starsfor evolvedBe binaries.If thesefeaturesaredetectedunambiguouslyin the
spectrumof acandidatestar, thisstaris con�rmedto beanevolvedBebinarywith
asdOor WD companion.

Thespectralvariability of � PerandHR2142is describedin sections5.1 and
5.2.A comparisonof theperiodicspectralfeaturesof 59Cyg,� Per, andHR2142,
which areassumedto characterizeBe binarieswith hot, compactcompanions,is
presentedin section5.3. In section5.4thesefeaturesareusedto identify Be+sdO
or Be+ WD binarieswithin a sampleof preselectedcandidatesfor evolved Be
binarysystems.

73
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Figure 5.1: Satelliteabsorptions,visible in the blue or red peakof the doublepeaked
emissionpro�les of H� , H� , andH
 of thecon�rmed Bebinaries4 Her, HR2142,� Per,
59Cyg,and48 PerandthesuspectedBe binariesHR4009,� Dra,andHR6819.

5.1 � Per

The �rst Be starprovedto bea Be+ sdObinarywas� Per(HD 10516,HR496;
B1.5Ve,Slettebak1982;B0.5III–Ve+sdO6,Thalleret al. 1995,Gieset al. 1998).
Sincethe beginning of the 20th century(Cannon1910; Ludendorff 1910) it is
known to bea spectroscopicbinarywith a periodof P ' 127d. Its opticalspec-
trum is characterizedby broadphotosphericabsorptionpro�les, strongemission
of hydrogenandmetallines,strongblends,like in 59 Cyg, andshell absorption
featuresin the coresof BalmerandHe I lines. Theseshell lines have maximal
intensityaroundsuperiorconjunctionof theprimary, i.e. whenthesecondaryis
in front of theBe star(cf. Poeckert 1981andŠte� et al. 2000;Fig. 5.2). In some
lines,shellfeaturesarevisibleonly aroundthetimeof superiorconjunction.

Using high resolutionspectrograms,Poeckert (1979,1981) found He I I 4686
emissionandderivedaradialvelocitycurve. Sincethishada largeamplitudeand
wasin anti-phaseto theradialvelocitycurveof theBeprimary, hesuggestedthat
� Perconsistsof a rapidly rotatingearlyB-typestaranda hot peculiarcompan-
ion. The companionwould be the helium-richremnantof a oncemoremassive
starthat hadtransferredmassandangularmomentumto the nowadaysprimary.
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Figure 5.2: Examplesof broadabsorption,emission,andshell linesof � Per. Thenum-
bersindicatetheorbital phase.He I 5016is blendedby FeI I 5018. Thesharpabsorption
closeto He I 5876is theinterstellarNa I line at5890Å.

He assumedboth componentsto have circumstellardiscs. The He I I emission
shouldthenarisein thediscof thesecondary. An orbital solutionfor thebinary
systemgavemassesof 21 M � for theprimaryand3.4M � for thesecondarystar,
respectively (Tab. 5.1).

Furthermore,Poeckert discoveredshell linesof H I andHe I , following theve-
locity curve of theprimary, andweaker secondaryshell lines of He I , following
theradialvelocity curve of thecompanion.He founda phase-lockedstrengthen-
ing of HeI shell lines,which wereassumedto form in the circumstellardiscof
theBestar, closeto primarysuperiorconjunction.Becauseof thisenhancedshell
phaseanda phase-lockedV/R variability of theBalmeremissionlines,Poeckert
suggestedthatthepartof theBediscfacingthesecondary, is aregionof enhanced
density.

Gieset al. (1993)found that the He I 6678emissionresolvesinto two compo-
nentsatquadraturephases.Bothcomponentsmovein anti-phaseto themotionof
theprimary. Thevelocity curve of thestrongercomponentwasfoundto bevery
similar to theoneof theHeI I emission.Therefore,it wasassumedto originatein
thecircumstellargascloseto thesecondary. Theweakercomponentwith smaller
semi-amplitudewould,then,form in agasstreambetweenthebinarycomponents.
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Table5.1: Publishedstellarparametersandorbitalelementsof � Per.

Publishedby Poeckert (1981) Bo�i ć et al. (1995) Gieset al. (1998)

Primary:
Spectraltype B0 to B2 B0.5IVe B0.5III–Ve
Te� 29300K
logg 3.7
v sin i 450km=s 500km=s 450km=s

Secondary:
Spectraltype O-type sdO
Te� 50000K 53000� 3000K
logg 4.2� 0.1

Orbital elements:
Period,P 126.696� 1.987d 126.6731� 0.0071d 126.6731� 0.0071d 1

TSC (MJD) 35046.23 50122.94
T (p = 0:0) (MJD) 24473.0
T0 (MJD) 43554.8� 71.7
pT 0 0.62� 0.06

Eccentricity, e 0.02� 0.04 0.0 0.01

Periastronlength,� 145� 20.3o

K 1 16.8� 1.7km=s 10.39� 0.68km=s 9.97km=s
K 2 105.3� 7.4km=s 100.8� 6.2km=s 81.3� 0.6km=s

Systemvelocity, v0 � 8.4� 1.4km=s � 6.12km=s � 1.98km=s

Stell. parameters:
M 1 sin3 i 21.1� 5.6M � 16.35M � 8.91� 0.26M �

M 2 sin3 i 3.4� 0.8M � 1.69M � 1.09� 0.09M �

a1 sin i 42.0� 4.3R�

a2 sin i 264.4� 18.7R�

a sin i 306.3� 23.0R� 278.2R� 228.3� 2.5R�

Inclination,i 80o – 88o 65o < i < 90o 80o

Massof prim.,M 1 16.4< M 1 < 21.8M � 9.3 � 0.3M �

Massof sec.,M 2 1.7< M 2 < 2.2M � 1.14� 0.04M �

Binaryseparation,a 278< a < 307R� 232R�

1: Orbital elementadoptedfrom Bo�i ć et al. (1995)

TSC : Timeof superiorconjunctionof theprimary, orbital phase0.0
T (p = 0:0): Timeof orbital phase0.0,usedby Poeckert (1981)insteadof TSC

T0: Timeof periastronpassage
pT 0 : Orbital phaseof periastronpassage
K 1, K 2: Velocityamplitudeof primary, secondary
M 1 sin3 i , M 2 sin3 i : Massof primary, secondary
a1 sin i , a2 sin i : Semi-majoraxisof primary, secondary
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Additionally, theequivalentwidth of theHe I 6678emissionasawholewasfound
to increaseverymuchnearsuperiorconjunctionof theprimary.

Bo�i ć et al. (1995)determinedorbital elementsfor bothbinarycomponentson
thebasisof radialvelocitiesmeasuredfor theemissionwingsof Balmerlinesand
the HeI 6678 emission(Tab. 5.1). In contrastto Gies et al. (1993), they inter-
pretedtheHe I 6678emissionasdouble-peakedemission,arisingin thecircum-
stellardiscof thesecondaryentirely, like thedouble-peakedHeI I 4686emission.
They foundthattheemissionof theBalmerlinesandof He I 6678hadweakened
simultaneouslyin recentyears. Sincethis emissionwas thoughtto arisein the
circumstellardiscsof primaryandsecondarycomponent,respectively thesimul-
taneousvariability wasinterpretedasbinaryinteraction.

A featuresimilar to the He I 6678 emissionwas discovered in HeI 5876 by
Hummel& Vrancken(1995).They argue,however, thatall HeI emissionforms
in thediscaroundtheBeprimary.

Directevidencefor ahotcompanionof � Perwasfoundby Thalleretal. (1995)
andGieset al. (1998).Usinghigh resolutionUV spectraobservedwith IUE and
theHubbleSpaceTelescope,respectively, they reconstructedtheindividualspec-
tra of bothcomponentswith Dopplertomography. Theresultingspectrumof the
secondaryis similar to theoneof a sdO6star(Thalleret al. 1995).Furthermore,
Gieset al. (1998)measuredradialvelocitiesof lines in thereconstructedspectra
andderivedanorbital solutionfor thebinary(Tab. 5.1).

Šte� etal. (2000)showedthatthevariableHe I 6678emissionfeatureoriginates
entirely in the outerpart of the circumstellardiscof theBe primary. The varia-
bility is fully explainedby photoionizationof a discsectorby theUV continuum
radiationof the secondary. This sectorfacesthe secondarycomponent.Emis-
sion featureswith phase-locked variationswerefound in threemoreHe I lines.
In contrastto Poeckert (1981),they found that themaximumshell absorptionin
He I 6678appearedat orbital phase0.8. (Phase0.0 correspondsto superiorcon-
junctionof theprimary.) Additionally, along-termV/R variabilityof theemission
lineshasstartedin 1996.Thisvariability andtheshift of theshellphasemaximum
is explicable,if a globaldensitypatternin termsof a one-armeddiscoscillation
(Okazaki1991,1997)is assumed,asit occursalsoin singleBestars.

Assumingtheabovementionedilluminateddiscsector, Hummel& Šte� (2001)
successfullymodelledthephase-lockedvariabilitystructureof He I 6678and5876.
Accordingto the modelling,both emissionlines arisein a region within 10 R?

in the circumstellardisc of the primary. This agreeswith an emissionradiusof
10 stellarradii found for H� by interferometricobservations(Quirrenbachet al.
1997).

Vanbeverenet al. (1998)computedevolutionarytracksfor � Perandclassi�ed
it asan intermediate-masspost caseB masstransfersystem(for de�nition see
footnoteon page3).
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Figure 5.3: Examplesof broadabsorption,emission,andshell lines of HR2142. The
numbersindicatetheorbitalphase.He I 5016is blendedby FeI I 5018.Thesharpabsorp-
tion closeto He I 5876is the interstellarNa I line at 5890Å. O I 8446is blendedby P18
in thebluewing.

5.2 HR 2142

HR2142(HD 41335;B2IVe,Slettebak1982;B1.5IIIen,Chauvilleet al. 2001)is
a well studiedBe binary with an orbital periodof 80.860d (Peters1983). The
rapidly rotatingBeprimaryhasav sini of roughly350–400km=s(Peters1972;
Slettebak1982).It showsphase-lockedshort-termvariability of thesamekind as
observedin thespectraof � Perand59Cyg.

Theopticalspectrumis characterizedby broadabsorptionlinesandstrongline
emission(Fig. 5.3). TheBalmerlinesarevisible in absorptionwith a strongcen-
tral double-peakedemissionfeature,decreasingin strengthquickly towardshigher
lines. The Paschenlines show very strongemission. He I is in absorption,but
someof thelinesshow acentralemissionliketheBalmerlines.FeI I , O I 7772–5,
andO I 8446arevisible in emission.C I I 4267is visible in absorption.

V/R variationsof theemissioncomponentsin H� , H
 , andH� werereported
sincethe early 20th century(Perrine1923). Miczaika (1949)found centralab-
sorptioncomponentsin theemissionfeaturesof H� –H� . Permanentweakcentral
absorptionswerefoundin H� , H
 , andstrongerFeI I linesby Peters(1971).
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Table5.2: Orbitalelementsfor theBebinaryHR2142from Peters(1983).

Orbital parameter HR2142

Orbital period,P 80.860� 0.005d
Superiorconj.,TSC (MJD) 41990.0� 1.1
Eccentricity, e 0.0
Velocityamplitude,K 1 9.4 � 0.9km=s
Systemvelocity, v0 24.1� 0.6km=s
Massfunction,f (M ) 0.007� 0.002M �

Binaryseparation,a sin i 14.9� 1.4R�

The most conspicuousfeatureof HR2142 is a “two-componentshell phase”
(Peters1972,1983),occuringstrictly periodicallyaroundsuperiorconjunctionof
theprimary. It consistsof a pimaryanda secondaryshellphasewith roughlythe
sameintensityof theBalmercores.Thepimaryshellphaselastsroughly6 d. It is
characterizedby redshiftedshell lines. Thedurationof thesecondaryshellphase
is only 1.5 d. The secondaryshell lines areblueshifted. Betweenprimary and
secondaryshell phasethereis a gapof about� ve days. Shell featuresappearin
theBalmercores,He I 3889,3964,and5016.

Shellfeaturesappearin H� alreadyatorbitalphase0.895.In thehigherBalmer
lines they becomevisible at phase0.925. The sharpBalmercoresandthe shell
featuresin the helium lines reachmaximalstrengthat phase0.965. Finally, the
intensity decreasesrapidly as the star approachessuperiorconjunction(phase
0.0). The shell lines disappearat phase0.980. They reappearagainduring the
secondaryshell phase,lasting from phase0.027–0.044, with about the same
strength.

Petersinterpretedtheoccuranceof the two shell phasesin termsof binary in-
teraction. HR2142 is, therefore,assumedto be a mass-transferbinary system.
The companionis supposedto be a cool giant, �lling its Roche-lobe,andtrans-
fering materialto theBe primary. In this scenariothepimaryshellphaseoccurs,
when the Be primary is visible througha main gasstreamfrom the secondary.
Thesecondaryshellphaseis explicable,if theBe staris visible through“counter
streaming”material.

Onthebasisof radialvelocities,measuredfor theabsorptionwingsof thebroad
BalmerandHe I lines, Petersderived an orbital solution for the binary system
(Tab. 5.2). Theorbital periodis soaccuratethat it waspossibleto predicta shell
phasefor 2002February26till March10. Theprimaryshellphasewasmonitored
with the echellespectrographFEROS at the ESO 1.52 m telescopeat La Silla,
Chile. Unfortunately, observingtime wasavailableonly till March6. Therefore,
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thesecondaryshellphasecouldnot beobserved.
The natureof the companionstar hasnot beenidenti�ed yet. Peters(1983)

arguedin favour of a cool, Roche-lobe�lling giant. SinceWaterset al. (1991),
however, couldnot �nd asignatureof acoolgiantstarin theinfraredspectralen-
ergy distributionof thebinary, they suggestedthatthecompanionis a hot helium
star.

5.3 Characteristic featuresdue to a hot companion

Theanalysisof 59 Cyg revealedspectralfeatureswhich areexplicablewithin the
scopeof thesectormodeldescribedby Šte� etal. (2000);Hummel& Šte� (2001).
Thismodelis basedontheassumptionthataBestaris anevolvedBebinarywith
a hot, low-masssecondarycomponent.Thecompanionis eithera heliumstaror
a hot white dwarf. Theabovementionedspectralfeaturesaregenerallypredicted
by thismodeland,therefore,characteristicfor this kind of doublestars.

Thesefeaturesarisedueto emissionthat originatesin a sectorof the Be disc
which is photoionizedby thehot secondary. This emissionis detectablein three
ways: Firstly, assingle-peakedemissionthatmovesin anti-phaseto thevelocity
curve of the pimary, secondly, asphase-locked V/R variability, and thirdly, as
knottyabsorptionstructurevisible in thecentralpartsof absorptionlinesor emis-
sionlineswith only litte variableemission.If on of thesefeaturesis foundin the
spectrumof aBestar, then,it is apromisingcandidatefor aBe+ sdOor Be+ WD
binary. If all of thesefeaturesareunambiguouslycon�rmed, thentheBe staris a
Be+ sdOor Be+ WD binary. Therefore,thesefeaturescanbeusedfor thesearch
for candidatesaswell asfor theproof of evolvedBe binarieswith hot, compact
companions.

The illuminateddiscsectoris locked to the positionof the secondary. Its sur-
facearea,visible for anobserver, hencevarieswith orbital phase.This holdsin
particularfor binarieswith larger inclination angles,whenalso the edgeof the
sectorbecomesvisible. This resultsin acyclic variability of theline strengthand,
therefore,the equivalentwidths of optically thick emissionlines which form in
that sector. Sucha variability is clearly detectableonly for Be starsonly which
show noregularshellevents.Therefore,suchvariationsarenot takenasageneral
signatureof evolvedBe binarieswith hotcompanions.

A hot,compactcompanionin anevolvedBebinaryisassumedtobethestripped-
down heliumcoreof anoncemoremassive star. Suchanobjecthasa very high
effective temperature.As it is an O-typestar, its spectrumis characterizedby
photosphericHe I I absorption. A double-peaked He I I emissioncan arisein a
circumstellardiscaroundthatstar(Poeckert 1981). Thepresenceof a He I I ab-
sorptionor emissionin thespectrumof a Be staris, therefore,thedirectproof of
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Figure 5.4: He I I 4686: Averagedline pro�les (upper left) and dynamicalspectraof
59 Cyg(upperright), � Per(lower left), andHR2142(lower right).

anevolvedBe binarywith a hot,compactcompanion.
If absorptioncoresappearin thehydrogenor heliumlinesof aBe star, thenthe

starpassesthrougha shell episode.Accordingto the sectormodel,short-lived
shellphasesin thehydrogenandheliumlinesareexpectedto occurperiodically
aroundsuperiorconjunctionif a evolvedBe binaryis visible at high inclinations.
Shell linesform whentheilluminateddiscsectorpassestheline of sight towards
an observer. More light canbe absorbeddue to the enhancedexcitation of the
circumstellarmatterin thispartof theBedisc.Periodicallyappearingshellevents
are,therefore,a furthercharacteristicfeaturethatrevealsa Be+ sdOor Be+ WD
binary, but only if thediscof theBestaris observededge-on.

In thefollowing sectionsit will bedemonstratedthatthespectralfeatures,char-

81



CHAPTER5. BE BINARIESWITH EVOLVED COMPANIONS

acteristicfor Be+ sdO or Be+ WD binaries,occur not only in the spectraof
59 Cyg and � Per, but also in the spectrumof HR2142, for which a Be+ sdO
naturehasyet to becon�rmed.

5.3.1 HeII 4686

In Fig. 5.4 averagedline pro�les anddynamicalspectraof 59 Cyg, � Per, and
HR2142 are shown. They cover the region of HeI I 4686. The averagedline
pro�les of all threestarslook very similar. Only for � Per a reliableemission
featureis visible. Dueto thestrongemissionof neighbouringlinesin thisspectral
regionandthelargerotationalbroadeningof theline pro�les, areliableHe I I 4686
emissionis not detectablein the averagedline pro�les of 59 Cyg andHR2142.
TheHeI I 4686absorptionfoundin thespectrumof 59Cyg is clearlyvisibleonly
if theline pro�les areshift-correctedandaveraged.

A weak absorptionfeatureis clearly detectablein the dynamicalspectraof
59 Cyg and� Per. Thedouble-peakedHe I I 4686emissionof � Peris only litte
pronouncedin thedynamicalspectrum.HR2142showsno reliableabsorptionor
emissionfeature.

5.3.2 Short-term emissionvariability

Theshort-termemissionvariability is verywell visible in thespectrumof 59Cyg,
in particularin HeI 6678(Fig. 5.5, upperleft). It appearsassingle-peaked disc
emissionthatmovesin anti-phaseto theprimarycomponentandasphase-locked
V/R variability. Sucha single-peakedemissionis lesspronouncedin � Per, but
still very well visible in He I 6678(Fig. 5.5, upperright), in particularbetween
phases0.65and0.95at a velocity of roughly � 150km=s in theblueabsorption
wing. In theredabsorptionwing it is mostpronouncedbetweenphases0.15and
0.35atavelocityof roughly+ 100km=s. ConcerningtheHe I 6678emission,the
similarity between59 Cygand� Peris striking.

In HR2142suchvariablediscemissionis clearlydetectableonly in H� (Fig.5.5,
lowerpanel).Thecourseof theweaksingle-peakedfeature,moving out of phase
to the double-peaked invariantdisc emission,is marked in Fig. 5.5 (lower right
panel).Comparedto theinvariantemission,thephaseof thevariableemissionis
shiftedby roughly0.25. It is not clearwhy this phaseshift occurs.Possiblythis
couldbedueto asuperpositionof a long-termvariability likea one-armedglobal
oscillationasin � Per. There,thephaseof themaximumstrengthof theshelllines
is shiftedfrom superiorconjunctionat phase0.0 (Poeckert 1981)to aboutphase
0.8after1996(Šte� etal. 2000).However, thedetectionof asingle-peakedemis-
sionvariability in H� showsthatavariableemissioncomponentis alsopresentin
thespectrumof HR2142.
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�

Figure 5.5: Short-termemissionvariability in dynamicalspectraof 59 Cyg (upperpanel
left), � Per (upperpanel right), and HR2142 (lower panel). For 59 Cyg and � Per
He I 6678is shown, while for HR2142H� is shown. Sincethesingle-peaked emission
is only lesspronouncedin H� , additionally, thecourseof thefeatureis demonstratedby
blackdotsin thelower right panel.

In Figure5.6 phase-binnedspectraare shown to demonstratethe appearance
of the phase-locked emissionvariability in single line pro�les. The pro�les are
plottedoneover theotherwith inceasingphase.Thesingle-peakedemissionvis-
ible in He I 6678is shown for 59 Cyg (upperpanelleft) and� Per(upperpanel
right). In the lower panelthe line pro�le variability of H� is shown for 59 Cyg
(left) andHR2142(right). Due to the strongunderlyinginvariantemission,the
variablecomponentis dif�cult to detectin thephase-binnedpro�les of HR2142.
A weakredemissionpeakis clearlyvisiblebetweenphases0.0to 0.3atvelocities
of roughly + 150 km=s. The emissionpeakis bestvisible, however, in the blue
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Figure 5.6: Short-termemissionvariability of 59 Cyg (upperleft andlower left), � Per
(upperright), andHR2142(lower right). The line pro�les arephase-binnedandplotted
oneover theotherwith orbitalphaseincreasingupwards.

84



5.3. CHARACTERISTICFEATURESDUE TO A HOT COMPANION

Figure 5.7: Short-termemissionvariability of H� , shown for � Per(left) andHR2142
(right). The line pro�les arephase-binnedandplottedoneover the other, accordingto
theirorbitalphase.

wing betweenphases0.8to 0.85atvelocitiesof roughly� 50 km=s.

Theshort-termemissionvariability of H� is shown in Fig. 5.7 for � Per(left)
andHR2142(right). Despiteof the differencein phasewhenthe shell features
appear, thesimilarity of theline pro�les is evident.For instancetheredemission
peakof the double-peaked line pro�le visible in � Perat phase0.15 is strongly
pronouncedandbroad,like in thepro�le of HR2142at phase0.0. A V/R varia-
bility of theblueandredemissionpeaksis presentin bothstars.

5.3.3 Knotty absorption structur e

Figure5.8shows spectrallinesin which a knotty structureof theabsorptionpro-
�le is evident.Sucha structureis very well visible in 59 Cyg in He I 4471(upper
panelleft) andH� (upperpanelright). In � Perit is well pronouncedin He I 6678
(middlepanelleft) andHe I 4471(middlepanelright). In HR2142aknottystruc-
tureis only little pronounced,but clearlydetectablein HeI 6678(lowerpanelleft)
andH� (lowerpanelright).
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Figure 5.8: Knotty absorptionstructurein the line pro�les of 59 Cyg, He I 4471(upper
panelleft) andH� (upperpanelright), � Per, He I 6678(middlepanelleft) andH� (middle
panelright), andHR2142,He I 6678(lower panelleft) andH� (lower panelright).
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Figure5.9: Shelllinesof � PerandHR2142.Upperpanel:Individual line pro�les of H�
for � Per(left) andHR2142(right). Thenumberson the left sideof theplotsmark the
orbital phaseat which thespectraweretaken;Lower panel:Phase-binned,averagedline
pro�les of H
 , coveringanorbital cycle, for � Per(left) andHR2142(right).

5.3.4 Short-livedshell phases

Anothercommonfeatureof � PerandHR2142is theoccuranceof anenhanced
shell phase. Shell lines appearin hydrogenand helium lines beforeand after
superiorconjunction.In Figure5.9,upperpanel,individualpro�les of shell lines
of H� are shown for both stars. The orbital phasesduring which the spectra
weretaken aregiven on the left sideof the plots. For both starsthe shell lines
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appearingbeforesuperiorconjunctionareblueshifted.After conjunction,they are
redshifted.

In Figure5.9, lower panel,phase-binned,averagedline pro�les areshown to
demonstratethecourseof theshellphases.Otherthanin HR2142,theoccurance
of themostpronouncedshell linesof � Perbeforesuperiorconjunctionis shifted
to earlierphasesbetween0.7and0.8.This is attributedto aglobaldensitypattern
in theinnerpartof thecircumstellardiscof theprimarycomponentof � Per(Šte�
et al. 2000).Besidesthis, theshellphasesof bothstarstakeasimilar course.

For 59Cyg,only oneshellepisodeis reportedfor theearly1970s(Barker1982).
Exceptof this, no futhershell eventwasobserved. The inclinationof 59 Cyg is
lower than80o. Therefore,regularshellphasesarenotexpectedto occur. Instead
Hummel(1998)explainedthatparticularshell eventsby adoptinga temporarily
tilted disk.

5.3.5 Conclusions

In the last sectionsit wasdemonstratedthat the spectralfeatures,characteristic
for Be+ sdOor Be+ WD binaries,arealsodetectablein thespectrumof HR2142.
Thevariableemission,forming in a Be binarydueto thepresenceof a hot com-
panion,is clearlyvisible asphase-lockedV/R variability in H� andH� . In H� ,
thevariableemissionisalsotraceableassingle-peakedemissioncomponent,mov-
ing in anti-phaseto the double-peaked invariantemission. A knotty absorption
structureis very well visible in H� . HR2142shows anenhancedshellphasethat
is similar to the shell phaseof � Per. As HR2142is not known to be an X-ray
source(which would beindicative for anaccretingwhite dwarf), it is assumedto
beaBe+ sdObinarysuchas� Perand59 Cyg.

The formationandappearanceof the above desribedfeaturescanbe entirely
explainedby a singlephysicalcomponent,namelythediscof the Be star. They
occurin thespectraof all con�rmed Be+ sdObinaries.Therefore,suchfeatures
canbetakenasreliableindicatorsfor Be binarieswith evolvedcompanions.

5.4 Candidatesfor evolvedBe binaries

In the following sectionsthe spectraof promisingcandidatesfor evolvedbinary
systemsare studied. Spectralfeaturescharacteristicfor Be+ sdO or Be+ WD
binariesareidenti�ed in thespectraof thecandidatestars.
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Figure 5.10: Comparisonof H� andHe I 5876line pro�les of FY CMa (left, takenfrom
Cao2001)and� Per(right). Thenumbersin theright �gure indicatetheorbitalphases.

5.4.1 FY CMa

FY CMa (HD 58978,HR2855)is known assingleB0.5IVe star(Slettebak1982)
showing emissionin theBalmerandHe I lines in theopticalandmasslossvia a
wind in the UV (Peters1988). During 1987April till May striking activity was
observedby Peters(1988)in thecircumstellarenvelope.TheV peakof the for-
mer invariantH� emissionfeaturehadincreasedin strengthby 30% on May 2.
A double-peaked emissionappearedin the blue absorptionwing of He I 6678.
This featurewasinterpretedasa structured,inversePCygni-typepro�le by Pe-
ters. Theseline pro�les stayeduntil theendof theobservingrun on May 6 and
werevisible againin spectratakenon 1987August25 and26. IUE observations
taken during the event in early May showed redshiftedshell lines of intermedi-
ately ionizedspecieslike S I I I andnarrow blueshiftedcomponentsin N V. Such
featureswerenot observed two monthsbefore. A line pro�le of HeI 5876from
1987February11/12(Fig. 5.10,left) alsoremindedof aninversePCygni pro�le
(Dachsetal. 1992;Cao2001).

All thesespectralchangeswereexplainedby simultaneouslyinfalling andout-
�o wing matterin front of the star (Peters1988;Cao2001). Due to large-scale
magneticloopsmaterialoriginatingcloseto thepolewould fall backon thestar,
causingsuddenaccretionevents. IUE dataarecompatiblewith theoccuranceof
severalsucheventssince1979(Peters1988).

89



CHAPTER5. BE BINARIESWITH EVOLVED COMPANIONS

Figure 5.11: Resultsof thefrequency analysiswith theAOV methodfor FY CMa. Win-
dow function (upperpanel)andpower spectrum(lower panel)areshown for the entire
studiedfrequency space(left), andin therangeof theorbitalperiod(right).

However, transientshell phasesarealsoknown for FY CMa. Chauvilleet al.
(2001)for instanceobservedverysharpanddeepshelllinesin H
 andHeI 4471.

In Figure5.10theHe I 5876line pro�le of FY CMa, which wasinterpretedas
inversePCygnipro�le by Cao,andan“unusual”H� pro�le arecomparedto line
pro�les of � Per. The pro�les of FY CMa aretaken from Cao(2001). They al-
mostlook like mirror imagesof the line pro�les of � Per. Due to this similarity
andtheobservedshelllinesin H
 andHeI 4471(Chauvilleetal. 2001),it is con-
cludedthatthesefeaturesarecausedby ashellphaseandthatFY CMarepresents
a furtherevolvedBe binarywith ahot,compactcompanion.

As no opticaldataof FY CMa wereavailable,a periodanalysiswascarriedout
using96 high resolutionIUE spectrataken in theshortwavelengthrange.They
weredownloadedfrom the IUE Final Archive. Radialvelocitiesweremeasured
with cross-correlation(seesection3.1) for theN V doubletline at 1238and1242
Å. A frequency analysis,carriedout with AOV (seesection3.2),yieldeda single
stableperiodaround37.2d (Fig. 5.11). Orbital elementswerederivedwith the
programVELOC (seesection3.4), allowing alsotheperiodasfree parameterto
converge. Theresultsarelisted in Table5.3. Theorbital periodwasfoundto be
37.26d.

In Figure5.13dynamicalspectraof theNV doubletlinesat 1238and1242Å,
theC IV doubletlinesat 1548and1550Å, Si I I 1265,andHe I I 1640areshown.
They arewell sortedby the37.26d period.Thestructureof theabsorptionpro�les
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Figure 5.12: Measuredradialvelocitiesfor theN V doubletline at 1238and1242Å of
FY CMa andorbital solution,calculatedwith theprogramVELOC.

of Si I I 1265and HeI I 1640remind of the knotty absorptionstructurefound in
many linesof 59Cyg.

Sterkenet al. (1996)foundperiodicvariability in photometricdataof FY CMa
with aperiodof 92.7d. Thisperiodis not compatiblewith theperioddetermined
in this study. Testingthe phasesof all publishedspectra,i.e. the occuranceof
shellphases,inversePCygni-typepro�les etc.,alsopointsto aperiodof 37days.
Peters(1988) reportsthat the “unusualfeatures”observed in H� andHe I 6678
pro�les on 1987May 6 wereidenticalto thoseobserved in 1987August25/26.
If a periodof 37.26d is assumed,thesefeaturesreappearedexactly after three
cycles. Therefore,it is concludedthatFY CMa is a spectroscopicbinarywith an

Table5.3: Orbitalelementsof FY CMacomputedwith theprogramVELOC.

Orbital parameter FY CMa

Orbital period,P 37.26d
Superiorconj.,TSC (MJD) 51033.21
Periastron,T0 (MJD) 51027.6
Eccentricity, e 0.14
Periastronlength,� 28o

Velocityamplitude,K 1 37.11km=s
Systemvelocity, v0 -23.63km=s
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Figure 5.13: Dynamicalspectrafor the NV doubletlines at 1238and 1242 Å (upper
left), theC IV doubletlinesat 1548and1550Å (upperright), Si I I 1265(lower left), and
He I I 1640(lower right) of FY CMa.

orbital periodof 37.26d. Dueto theoccuranceof shell features(Chauvilleet al.
2001)andthe analogyto � Per(Fig. 5.10) it suggestedthat FY CMa is alsoan
evolvedBe binary with a hot companion.These�ndings shouldbe checked by
theanalysisof opticaldata.

5.4.2 � Dra

� Dra (HD 109387,HR4787;B5IIIe Slettebak1982;B5-6IVpeChauvilleet al.
2001)is a suspectedX-ray sourcewith anX-ray luminosityof a few 1031 erg=s
(Peters1982). It is, hence,a candidatefor a Be+ WD binary. Juzaet al. (1991)
derivedanorbital periodof 61.55d anda radialvelocity amplitudeof K 1 = 6 to
7 km=s. They determinedacircularorbit.
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Figure 5.14: Dynamicalspectraof emissionandabsorptionlinesof � Dra. Upperleft:
H� ; Upperright: He I 6678;Middle left: H� ; Middle right: He I 4471;Lower left: H
 ;
Lower right: FeI I 5169.
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Figure 5.15: Line pro�le variability of � Dra. Left: Individual line pro�les of H� taken
at different orbital phases.The phasesare denotedin the plot. Right: Phase-binned,
averagedline pro�les of H� , covering oneorbital cycle. The linesareplottedoneover
theotherwith increasingorbitalphase.

Adoptingthis orbital period,thespectralvariability of � Dra wasanalyzedus-
ing theavailableHEROS data. A HeI I 4686emissionor absorptionwasnot dis-
covered. Shell lines are also not visible. In Figure 5.14 dynamicalspectraof
the Balmer lines H� to H
 , He I 6678,4471,andFeI I 5169areplotted. H� is
dominatedby emission. The centralparts,wherethe variableemissionshould
bevisible, looksverycomplicated.A single-peakedemissionis hardlytraceable,
stronglyremindingof HR2142.Theblueandredemissionpeaksof H� alsoshow
acomplicatedasubstructure.It is notpossibleto detectasingle-peakedemission
feature,althoughthe centralpartsof H� look like therewould be someknotty
absorptionstructure.Also H� stronglyremindto HR2142.

A knotty absorptionstructureis, however, pronouncedin H
 . He I 6678,4471,
andthecentralpartof theFeI I 5169emissionalsoshow aknottyabsorptionstruc-
ture. FeI I 5169remindsof thecorrespondingline of � Per. Theemissionmoves
smoothlyaccordingto theprimariesmotionandseemsnot to bedisturbedby any
additionalcomponent.

Individual line pro�les of H� andphase-binnedline pro�les of H� areshown
in Fig. 5.15.H� showsastrongvariability of theline shape.A phase-lockedV/R
variability is dif�cult to detectsincetheH� pro�les show no clearblue andred
emissionpeaks.Theblueandredemissionpeaksof H� vary both in shapeand
strength.Thisvariability is verysimilar to theoneobservedfor � Per, but without
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shelllines.Also, aweaklypronouncedphase-lockedV/R variability is detectable
in H� . This is evenbettervisible in individualline pro�les. Also this line strongly
remindsto H� of � Per.

Only theknottyabsorptionstructure,typical for aBe+ sdOor Be+WD nature,
is clearly detectablefor � Dra. However, the generallevel of similarity is quite
high. Therefore,taking into accountthe X-ray luminosity, it is suggestedthat
� Dra is aBe+ WD binary.

5.4.3 4 Her

4 Her (HD 142926,HR5938;B7IVe Slettebak1982)is a Be binarywith an or-
bital periodof 46.192d (Koubskýet al. 1997). Adopting this period,dynami-
cal spectrawerecalculatedfor the Balmerlines up to H� andfor He I 6678and
FeI I 5169(Fig. 5.16).Thevariability observedin H� resemblesthatobservedin
HR2142and� Dra. Since4 Her is a shellstar, all linesshow clearlyde�ned ab-
sorptioncores,but no particularenhancementsaroundsuperiorconjunction.The
absorptionmaybe“knotty”. A single-peakedemission,moving in anti-phaseto
the absorptionpro�le, is not clearly detectable.A Be+ sdOor Be+ WD nature
cannotbe ruled out, but alsono further evidencesupportingsucha naturewas
found.

5.4.4 HR 6819

For the southernBe starHR6819(HD 167128; B3IIIe Slettebak1982;B3IIIep
Chauville et al. 2001) twelve spectrawere obtainedwith FEROS in 1999 from
July 17 till August4 (Fig. 5.17). It is not known to bea binary, but theobserved
radialvelocity variations(Fig. 5.17)leave little roomfor otherinterpretations.It
is evidentfrom theline pro�les thatonly abouthalf anorbitalcyclewasobserved.
The orbital periodof that systemis hencein a rangeof about30 to 60 daysde-
pendingoneccentricity.

Theperiodicline pro�le variability revealstwo stellarcomponents,averybroad
onewith a high v sini anda “normal” one. The broadcomponentis well visi-
ble in HeI4471(Fig. 5.17,left, fourth line pro�le from the bottom). At roughly
� 100 km=s a weak additionalabsorptioncomponentbecomesapparentin the
bluewing of thepro�le. While themainabsorptionmovestowardstheredpartof
thespectrum,this componentseemsto roughlystayin place.

In Fig. 5.18dynamicalspectraareshown, computedfor H� for orbital periods
of 30 d, 35 d, and40 d. Thesespectracon�rm thepresenceof at leasttwo stellar
components.An absorptionpro�le seemsto be superimposedby an emission
moving in anti-phaseto theabsorption.Sincebothcomponentsarevisible in the
spectra,HR6819probablyrepresentsa Be+ B binary. The narrower absorption
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Figure5.16: Dynamicalspectrafor 4 Her: Upperleft: H� ; Upperright: H� ; Middle left:
H
 ; Middle right: H� ; Lower left: He I 6678;Lower right: FeI I 5169.
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Figure 5.17: Individual line pro�les of HR6819,taken from 1999July 17 to August4.
Left: H� ; right: He I 4471.

componentwould, then,be a normalB-type star, while the broaderabsorption
componentaswell astheemissionbelongto theBestar.

5.4.5 Further candidates

For the programmestars48Per, 88 Her, 17 Tau, � Tau, and� Tau only a little
numberof spectrawasavailablefor thepresentstudy(cf. section2.3,Tab. 2.6).
Hence,it wasnot possibleto make assumptionsabouta Be+ sdO or Be+ WD
nature.

Figure5.18: Dynamicalspectraof HR6819for H� , phasedwith anorbitalperiodof 30d
(left), 35 d (middle),and40d (right).

97



CHAPTER5. BE BINARIESWITH EVOLVED COMPANIONS

98



Chapter 6

Discussion

6.1 Dir ectdetectionof the companionspectrum

Thelargenumberof spectraenabledthedetectionof aweakHe I I 4686absorption
in the phase-binneddynamicalspectrumof that particularspectralregion (sec-
tion 3.4).Thisfeaturemovesin anti-phaseto thevelocitycurveof theBeprimary.
SinceHe I I 4686doesnot occurin B-typestars,it mustrepresenta photospheric
absorptionline of thesecondarycomponentof thebinary. Thisconstitutesadirect
proof for thecompanionandcon�rms theBe+ sdOnatureof 59Cyg. Apart from
� Per, it is theonly con�rmed Bebinarywith ahelium-starcompanion.Thereare
strongindicationsthata third star, HR2142,is alsoaBe+sdObinary. Insteadof a
directproof,all threeessentialfeaturesfor anindirectcon�rmationwerefound.A
He I I 4686emissionasreportedby Rivinius& Šte� (2000)couldnotbecon�rmed
for 59 Cyg.

A radial velocity curve was determinedfor HeI I 4686 by measuringthe tra-
jectory of the absorptionfeatureinteractively in the dynamicalspectrum. The
resultingvelocitieswereusedto deriveanorbital solutionfor thesecondary(sec-
tion 3.5) andto shift-correctthephase-binnedline pro�les which wereextracted
from the dynamicalspectrum. The averagedspectrumof theseshift-corrected
linesshowsanarrow absorptionpro�le with anequivalentwidth of 14mÅ.

6.2 Orbital period

The orbital periodof the binary system(derived by meansof the radial veloci-
tiesof He I 4471)is 28.192� 0.004d (section3.3). For this line 99 spectrawere
available,coveringa time interval of 13 years.This periodcon�rms the �nding
of Tarasov & Tuominen(1987)who, in the late1980s,suggestedthat59 Cyg is
a spectroscopicbinarywith a 29-d period.Theperiodof 28.1971� 0.0038d, de-
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rivedby Harmanecetal. (2002)onthebasisof photometricobservationsspanning
43years,is in goodagreementwith theperiodestblishedin this study.

Rivinius & Šte� (2000)determinedan orbital periodof 28.1702� 0.0014d.
Thedifferenceto the28.19-d period,foundby Harmanecet al. andin this work,
may have resultedfrom their additionaluseof IUE spectraof C IV 1548to �nd
thecorrectperiodin their analysisof theHe I 4471absorptionpro�les takenwith
theHEROS spectrographbetween1990and1998.SinceC IV 1548is a line thatis
in part formedin thestellarwind, it maynot representthe trueorbital motionof
theBe star.

6.3 Orbital elements

In thepresentstudy, theorbitalelementsweredeterminedfor theprimaryandsec-
ondarycomponentof 59 Cyg, usingtheradialvelocitiesmeasuredfor He I 4471
andHe I I 4686(section3.5).Theamplitudeof theradialvelocitycurveof thepri-
maryis K 1 = 24.77km=s. For thesecondaryit is K 2 = 120.13km=s. Thevalues
derived for the epoch(time of the periastronpassage,T0), periastronlength,� ,
andsystemicvelocity, v0, for both componentsagreewell. Only the valuesfor
the eccentricitydiffer signi�cantly. For the primary an eccentricityof e = 0.27
andfor the secondaryof e = 0.11wasfound. The reasonfor that differenceis
the appearanceof emissionduring speci�c orbital phasesin the line pro�les of
HeI 4471.

In contrastto Rivinius & Šte� (2000)and this work, Harmanecet al. (2002)
arguethatonly theouterwingsof theemissionlinesshouldre�ect theorbitalmo-
tion of theBe starcorrectly(cf. Bo�i ć et al. 1995).This emissionarisesfrom the
innerpartsof thediscaroundtheBestar. There,thecircumstellarmattershouldbe
distributedmoreaxially symmetricandnot beaffectedby possibleasymmetries
in theouterpartsof thedisc. They measuredradialvelocitiesfor theouterwings
of theH� andHe I 6678emissionandfor theabsorptionwingsof He I 6678.As-
suminga circularorbit, they deriveda velocity amplitudeof 13.0� 1.0 km=s for
H� , of 31.3� 1.6km=sfor theHeI 6678emission,andof 25.4� 3.0km=sfor the
HeI 6678absorptionwings.They favour theresultfor H� andassumeit to bethe
truevelocityamplitudeof theprimarycomponentof thebinary.

Rivinius & Šte� (2000),who alsousedtheHeI 4471absorptionfor their study
of theorbital elementsof 59 Cyg, founda velocity amplitudeof 27.2� 8.5km=s
for the Be star. Concerningthis �nding, Harmanecet al. (2002) argue that a
variableemissioncontribution, observed asphase-locked V/R variationin lines
like He I 6678and5876,coulddisturbthephotosphericpro�les by �lling in the
linewingsasymmetrically. Asaconsequence,thepositionof theabsorptionwings
are shifted and the measuredradial velocitiesof the line pro�les are too high.
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Sincethis kind of emissionis alsovisible in HeI 4471,thevelocitiesderivedare
expectedto betoo large,leadingto awrongvelocityamplitudefor theprimary.

In principle,this is exactlywhatis expectedto happenduringtheorbitalphases
whenthesingle-peaked emissionbecomesvery strongin the red or bluepart of
the line pro�le. However, asdemonstratedin section3.7, this variableemission
componentaffectsonly the centralpartsof the line pro�les signi�cantly and is
con�ned to a velocity rangeof roughly � 200 km=s. The outerpartsof the line
wings are lessin�uenced. That is true even for lines with strongemissionlike
He I 6678andH� . In lineswith lessemissionthelinecentresarealsolessaffected.
In analmostpureabsorptionline, suchasHe I 4471,thewingsarenot expected
to show this effect. Furthermore,only a limited numberof lines closeto the
abovementionedspecialorbital phasesareexpectedto bein�uenced,resultingin
measuredradialvelocitieswhich areslightly too high. Therefore,themaineffect
would be an overestimationof the eccentricityof the binary orbit dueto a shift
of thevelocity maximumto higheror lower orbital phases,respectively. But the
velocityamplitudeitself will belittle affected.

As shown in section3.5, theradialvelocitiesof theinvariantdiscemissionare
approximatedwell by anorbital solutionfor theBe primary, calculatedwith the
eccentricityof e = 0.11asfound for the secondary. This emissioncorresponds
to thedouble-peakedemissionof singleBe stars.For severalemissionlines the
velocity amplitudeof the invariantemissionwasexamined.The amplitudesde-
rivedlie between20and30km=s. Sincetheinvariantemissionfollowstheorbital
motionof theBe star, its velocity amplitudeis a reliablemeasurefor thevelocity
amplitudeof the primary componentof the binary. Therefore,a velocity am-
plitudeof roughly25 km=s is themostlikely one,andthevalueof 24.77km=s,
derivedwith theHe I 4471absorptionpro�les, is consideredto bethetruevelocity
amplitudeof theBe primary.

It is noteworthythatthevelocityamplitudemeasuredby Harmanecetal. (2002)
for the absorptionwings of He I 6678 is nearly the sameas the one found for
He I 4471in thisstudy. If theperiodicemissioncomponenthadastrongin�uence
on thevelocity measurementsin general,onewould expecttheeffect to bemuch
strongerif a line shows a strongphase-linkedV/R variability. This shouldresult
in ahighervelocityamplitudefor a line with morevariableemissioncontribution.
In this case,thevelocity amplitudederivedfor theabsorptionwingsof He I 6678
shouldbemuchlargerthantheonedeterminedfor He I 4471.

An overestimationof the eccentricityof the binary orbit may be avoidableif
only theouterwingsof thoseabsorptionlinesshowing variableemissionin their
line centresareconsidered.
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6.4 Stellar parametersof the binary components

The detectionof the secondarydoesnot only enablea correctionof the orbital
elementsderived for the Be primary but alsoa determinationof the massesand
semi-majoraxesof thebinarycomponents.Thesequantitieswerecomputedfor
binaryinclinationsbetween40and90o (section3.6).Dueto thehighv sini of at
least450km=s(Hutchings& Stoeckley 1977;Harmanecetal.2002;cf. Fig.3.23,
page46), low inclinationsareunlikely. Sinceneithereclipsesnor regular shell
eventsareobserved, very high inclinationsarealsoruled out. Accordingto an
effective temperatureof logTe� = 4.413(Harmanecet al. 2002),59 Cyg is a B-
type starof spectralclassbetween1 and1.5 (Harmanec1988). The massof a
B1 starof 11.03M � (Harmanec1988)is usedasa lower limit for theinclination.
This leadsto a an inclination for the binary systemlikely to be larger than60o

andlowerthan80o. Therefore,themassof theprimarylies in therangeof 7.57to
11.14M � andof thesecondarybetween1.56and2.3M � . Thesemi-majoraxisof
theprimaryorbit is in therangeof 13.92to 15.83R� andof thesecondaryorbit
between67.53and76.79R� .

Harmanecetal. (2002)derivedmassesfor thesecondaryandbinaryseparations
for the two extremesof possibleinclinationsof i = 45o and90o, respectively.
They assumedthe velocity amplitudeof 13 km=s, derived for the H� emission,
a circularorbit, anda primarymassof 10.78M � . Accordingto Harmanec's cal-
ibration (1988),this masscorrespondsto a starwith an effective temperatureof
logTe� = 4.413asdeterminedfor 59 Cyg. They founda massfor thesecondary
which is between1 and2 M � andaseparationof roughly90R� .

In contrastto Harmanecet al. (2002), the massesand separationsderived in
thepresentstudyarebasedon radialvelocity curvesof bothbinarycomponents.
Therefore,only thesevaluesaretakeninto accountin furtherdiscussions.

6.5 Variable and invariant discemission

Rivinius & Šte� (2000)found that onecomponentof the He I 6678emissionof
59 Cyg variesin anti-phaseto theorbital motionof theBe star. A similar result
wasfound by Gieset al. (1993) for � Per. In contrast,Harmanecet al. (2002)
showedthattheradialvelocitycurveof thewingsof thedouble-peakedHe I 6678
emissionfollows the motion of the Be star, analogousto the outerwings of the
H� emission. They concludethat the HeI 6678 emissionfollows fully the Be
primaryandthattheHe I 6678emissionoriginates,liketheouterwingsof theH�
emission,in theinnerregionof thecircumstellardiscof theBe star.

SinceHarmanecetal. (2002)derivedtheradialvelocitiesof theHe I 6678emis-
sionby measuringthepositionsof thedouble-peakedemissionwings,their �nd-
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ing is notcontradictoryto the�nding of Rivinius& Šte� (2000).As demonstrated
in section3.7.2,theHe I 6678emissionindeedconsistsof two componentswhich
aresuperimposedandwhich canbe distinguishedin the dynamicalspectrumof
that line. The �rst componentis the invariantdisc emission. This arisesin the
entirediscandis visibleasadouble-peakedemissionfeaturealsoin thespectrum
of singleBe stars. This wasthe componentwhich wasmeasuredby Harmanec
et al. (2002).Thesecondcomponentis thevariableemission.This only formsin
asectorof theBedisc,which is phase-lockedto thecompanion(Šte� et al. 2000;
Hummel& Šte� 2001).

As mentionedbefore,the variableemissionis traceablein mostemissionand
absorptionlines(section3.7). It occursasphase-locked,single-peakedemission
featureandV/R variability in the emissionlines, respectively. It is con�ned to
thecentralpartsof the line pro�les within thevelocity rangethat is enclosedby
the blue andred peaksof the invariantdisc emission. It is very well visible in
emissionlineslikeHe I 6678,5876,7065,H� , andH� . Furthermore,it causesthe
knottystructureof thepro�les of absorptionlineslikeHe I 4471(section3.7.1,cf.
section3.5).Theradialvelocitycurveof thevariableemissioncomponentis only
measurableif the positionof the single-peaked emissioncomponentin the line
pro�le is derived.

6.6 Sectormodel

The variabledisc emission,observable in the spectraof the Be+ sdO binaries
59Cygand� Per, hasbeenexplainedin differentwaysby differentauthors.Gies
et al. (1993)interpretedthevariableHe I 6678emissionof � Perin termsof two
differentemissioncomponents.Both componentswere found to move in anti-
phaseto thevelocity curve of theprimary. Thestrongercomponentwith a larger
semi-amplitudeis expectedto originatein thecircumstellargasnearthecompan-
ion. The weaker one,with smallersemi-amplitude,shouldform in a gas�o w
betweenthebinarycomponents.

Bo�i ć et al. (1995) arguedthat the HeI 6678 emissionof � Per is a double-
peaked emission,arisingin the circumstellardisc aroundthe secondarylike the
double-peakedHe I I 4686emission(cf. Poeckert 1981. Furthermore,they found
thatthestrengthof theBalmeremissionandof theHe I 6678emissiondecreased
simultaneously. Sincethey attributedtheoriginsof theseemissionlines to discs
aroundtheprimaryandthesecondary, they interpretedthissimultaneousdecrease
asakind of interactionbetweenthebinarycomponents.

Harmanecet al. (2002)measuredtheV/R variability of theH� andHe I 6678
emissionof 59 Cyg. They foundthattheV/R variability is roughlyin phasewith
theradialvelocitycurveof theH� emission.Thisis explainedby anenhancement
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of circumstellarmatterandemissionpowerin thepartof theBediscthatfacesthe
seondary.

Šte� et al. (2000)demonstratedfor � Perthat this emissionarisesin a sector
of the Be disc which facesthe secondarycomponentandis photoionizedby its
ultraviolet continuousradiation. This sectoris locked to the orbital motion of
thecompanion.Hence,theemissionthatformsin thissectoris single-peakedand
followsthemotionof thesecondaryin anti-phaseto theradialvelocitycurveof the
primary. Thesingle-peakedemissionappearsasphase-lockedV/R variability. As
shown in this study, it causesa knotty structurethat is visible in mostabsorption
lines.Suchastructureis alsovisible in thecentresof emissionline with asmaller
amountof variableemission.It is con�ned to thevelocity rangeenclosedby the
redandbluepartof thedouble-peakeddiscemission.Thephase-lockedvariability
of thevariableemissioncomponentis describedin section3.7.2.

The sectormodelnaturallyexplainsthe origin andappearanceof the variable
emissionandthe above mentioned�ndings. Two separatephysicalcomponents
(Giesetal. 1993)areno longerneeded.Thesimultaneousdecreaseof theBalmer
andHe I 6678emission(Bo�i ć etal.1995)is easilyexplicapleif thecorresponding
linesorigin in thesameenvironment,namelythediscsurroundingtheBestar(cf.
section3.7). TheV/R variability is well explainedby enhancedionisationin the
illuminateddiscsector(cf. Harmanecetal. 2002).

6.7 Modelling the variable discemission

Assumingthe sectormodel,Hummel& Šte� (2001)simulatedthe emissionof
theHe I 6678and5876linesof � Persuccessfully. They wereableto reproduce
thevariability of thesingle-peakedemission,whichappearsasphase-lockedV/R
variability or vice versa,andshell lines that arevisible in He I 5876at speci�c
orbitalphases.In thisstudy, theemissionof He I 6678of 59Cygwassuccessfully
reproducedwith thesamemodel(chapter4).

Several modelswere calculatedfor differentvaluesof inclination, equatorial
radius,andKeplervelocity at thestellarsurfacewhich allows for an indirectex-
aminationof the primary. The primary masses,calculatedfor the most likely
rangeof inclinations(section3.6), wereusedto derive reliableestimatesfor the
Keplervelocitiesfor thecorrespondingrangeof inclinations.Sincemostof these
modelsyieldedcomparableresults,it wasnot possibleto �nd a setof best�tting
valuesfor theabove mentionedinput parameters.Disc sectorswith openingan-
glesbetween90 and120�tted thedataquitewell. Theparametersfoundfor the
physicalconditionsof theBediscarecomparablefor all reliablemodels.

In general,the modelsmatchedthe observed databetter if Kepler velocities
wereassumedfor givenprimarymassesthat werederivedwith small equatorial
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radii. Modelscomputedwith stellarradii smallerastheonesfoundin calibrations
(cf. Harmanec1988),but comparableto thosefound with evolutionarymodels
(Claret& Giménez1995)�tted thespectraalsoa bit better. This maybe a hint
that polar radii of rapidly rotatingstarsaregenerallysmallerthanthoseof stars
with lower rotationvelocities(Maintz et al. 2002). Due to rotationalmixing or
masstransfera Be starcanbe lessmassive, but appearasa B-type stardueto
a highereffective temperature.Thenthe star is undermassive or overluminous,
respectively. Thiswasproposedfor � Perby Giesetal. (1998).

Thesingle-peakedemissionobservedin theblueandin theredpartof theline
wings is reproducedbetterby differentsetsof input parameters.For the same
input parameters,sometimesthe emissionvariability in the blue was matched
betterif sectorswith larger openingangleswereused. Vice versa,the emission
variability in theredwing wasbetter�tted assumingsmalleropeningangles.This
canbe explainedonly if the orbit of 59 Cyg is eccentric. Then,the sizeof the
photoionizedsectorchangesduringanorbitalcyclewith thetotalseparation,when
thesecondarymovestowardsor away from theBe disc. This is con�rmed by the
�nding that the equivalentwidths of H� and H� , which vary periodically, are
especiallystrongbetweenorbital phase0.5 and1.0 and, therefore,aroundand
after theperiastronpassage(phase0.57). Sincethesectormodelis designedfor
a constantsizeof the illuminateddisc sector, this �nding cannotbe proved by
modelling.

The successfulmodellingof the emissionobserved in � Perand59 Cyg con-
�rms the sectormodel and, therefore,the assumptionthat the above discussed
spectralfeaturesform dueto a disc sectorwhich is photoionizedby a hot com-
panion.

6.8 Candidatesfor Be+ sdOand Be+ WD binaries

A comparisonof the con�rmed Be+ sdObinaries59 Cyg and� Perandthe as-
sumedBe+ sdObinaryHR2142allowedfor determinationof characteristicspec-
tral features(section5). Thesearea double-peaked emissionor absorptionline
of He I I 4686,which is very prominentin sdOstars(Jaschek& Jaschek1987),
theabovediscussedfeaturescausedby thesingle-peakedsectoremission,andthe
occuranceof shell lines. Thelatterareformeddueto enhancedabsorptionif the
illuminateddiscsectoris visible in front of theprimary. Shelllinesare,therefore,
anotherfeaturethatis directlyconnectedto thesectormodel.Thesefeatureswere
takenasindicatorsfor identifyingevolvedBebinarieswith hot,compactcompan-
ions within a sampleof preselectedcandidates.Thepresenceof low luminosity
X-rays (1029–1033 erg=s Waterset al. 1989) enablesto distinguisha Be+ WD
binaryfrom aBe+ sdObinary.

105



CHAPTER6. DISCUSSION

Oneof the preselectioncriteria is the occuranceof satelliteabsorptionsin the
blue or red peakof emissionlines (Maintz et al. 2003). The formationof these
weakabsorptioncoresis observed in many known Be binaries. Sinceit is not
explicablewith adiscaroundasingleBestar, it is takenasindicatorfor binarity.

HR2142is awell known binarywith anorbitalperiodof 80.86d Peters(1983).
Peters(1972)mentioneda spectralsimilarity to � Per. Shell linesoccuronly in
hydrogenandheliumlines,but not in metallines.Thosearevisible in Bebinaries
with late-typecompanions.Despitethese�ndings, Peters(1983)proposedacool,
Rochelobe�lling giantcompanionto explainthestrictly periodictwo-component
shellphaseof HR2142by binaryinteraction.Shell lines,occuringshortlybefore
andaftersuperiorconjunction,wereassumedto becausedby gasstreamsbetween
the binary components.In contrastto this explanation,Poeckert (1981)pointed
out thatgasstreamsshouldonly bevisible beforeor afterconjunction,but not at
bothtimes.Watersetal. (1991)searchedfor acoolgiantcompanionin thespectral
energy distribution of HR2142. Sincethey couldnot �nd a spectralsignatureof
agiantstar, they suggesteda Be+ sdOnaturefor thecompanion.

HR2142couldnot bedirectly con�rmed to beaBe+ sdObinaryin thepresent
study, sinceHR2142 shows neiter a HeI I 4686 emissionnor absorption(sec-
tion 5.2). As mentionedbefore,HR2142shows an enhancedshell phaseanal-
ogousto � Per. Shell linesarevery well visible in H� to H� , andHe I 5016.The
variableemissioncomponentis visible as phase-locked V/R variability in H�
andH� . TheV/R variability in H� is alsoreportedby Peters(1972). In H� , the
motionof the single-peaked emissionis traceable.The knotty structureis more
dif�cult to identify, but well visible in H� .

In thisstudy, all spectralfeaturesarecon�rmedfor HR2142,whichareexpected
to occuraccordingto thesectormodel.SinceHR2142is not known asanX-ray
source,it is assumedto beanotherBe+sdObinary, like � Perand59 Cyg.

A further candidatefor an evolved Be binary with a hot, compactcompanion
is FY CMa. Peters(1988)andDachset al. (1992)observed line pro�les thatare
comparableto spectrallines observed for � Per(section5.4.1). Chauvilleet al.
(2001)observeddeepshelllinesin H
 andHe I 4471.On thebasisof IUE data,a
periodanalysiswascarriedout in this work andanorbital periodof 37.26d was
derived. Sterkenet al. (1996)publishedanorbital periodof roughly92 d. Since
themostlikely period,derivedfrom publishedspectroscopicdata,is alsoaround
37.2d, the92-daysperiodis ruledout. Furthermore,Peters(1988)reportedthat
oneof theabovementionedspectralfeatures,�rst observedonMay 6, reappeared
onAugust25/26.Thiscorrespondalmostexactly to aperiodof timeof 3� 37.26
days.Therefore,it is suggestedthatFY CMa is a Be binarywith a hot, compact
companion.Unfortunately, no own datawereavailablefor this study. To con�rm
aBe+ sdOnature,opticalspectrashouldbeinvestigated.

For � Dra an orbital periodof 61.55d wasderivedby Juzaet al. (1991). The
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dynamicalspectrabinnedwith this periodaresimilar to thoseof HR2142. The
phase-lockedvariability is similar to � Per. He I I wasnot foundin thespectrum.
Since� Dra is an X-ray source(Peters1982)anddueto the similarity to � Per
andHR2142,aBe+ WD natureis suggested.

6.9 Evolutionary state

Thedetectionof bothbinarycomponentsof 59 Cyg allowedfor derivationof the
stellarmasses.The massof the primary is between7.57and11.14M � andthe
massof the secondarylies in a of 1.56 to 2.3 M � . Therefore,it is possibleto
speculateabouttheevolutionarystageof 59Cygandapossiblefurtherevolution.

For � Per, Gieset al. (1998)publisheda primary massof 9.3 M � anda sec-
ondarymassof 1.14M � , assuminganinclinationof 80o. Bo�i ć etal. (1995)give
stellarmassesfor � Per for a rangeof possibleinclination larger than65o and
lower than90o. Themassof thepimaryis in a rangebetween16.4and21.8M �

andthesecondarybetween1.7and2.2M � .
Accordingto Vanbeverenet al. (1998),� Peris anintermediatemasspostcase

B mass-transferbinary. The subdwarf hasto be a corehelium burning remnant
of a oncemoremassive starafter a Rochelobe over�ow. The B-type star is a
formermassgainerthathasspun-upby masstransferandhasdevelopedinto aBe
star. Vanbeverenet al. (1998)calculatedevolutionarymodelsfor � Per, usingthe
componentmasseswhicharegivenby Giesetal. (1998)andBo�i ć et al. (1995).

To endupwith stellarmassesin therangegivenby Bo�i ć etal. (1995),theinitial
massesmusthave been10 M � for theprimaryand9 M � for thesecondary. Two
modelswerecalculatedfor initial orbitalperiodsof 4.4d and10d. After acaseB
masstransferthemassof theformerpimarydecreasedto 2.5M � andthemassof
theformersecondaryincreasedto 16.5M � . Theinitial periodsextendedto 46 d
and105d, respectively. In the�rst scenariowith shorterinitial perioda caseBB
masstransferfollows. In theothercase,theformerprimarylosesmassby aWolf-
Rayetlike stellarwind. Then,thebinary hasreachedthe observedevolutionary
stateof a Be+ sdObinarywith a massesof 1.7M � for thesdOand17.3M � for
theBe starandanorbital periodof 126d. Sincethemassof thesdOlies above
the Chandrasekharlimit of 1.4 M � , it will explodeasa supernova. Finally, the
systemwill developinto a Be/X-raybinaryor thesystemis disrupted,producing
asingleBe star.

Stellarmassesasgivenby Giesetal. (1998)areproducedif massesof 6 M � for
the initial primary, of 5 M � for theinitial secondary, andaninitial orbital period
of 13.5d areassumed.After a caseB masstransfertheinitial primarydeveloped
into asdOstarwith amassof 1.5M � . Theformersecondarydevelopedinto aBe
starwith a massof 9.5M � . In thefollowing, thesdOstarlosesmassby a stellar
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wind. Theobservedevolutionarystateis reached,whenthemassof thesdOhas
decreasedto 1.2 M � . The sdOwill continueto losemassby a stellarwind and
will develop into a WD. Finally, the binarywill develop into a Be+ WD system
andbecomea low X-Ray luminosityBe X-ray sourcelike � 2 Cruor HR4804.

Theseevolutionaryscenariosdo not matchtheobservedcomponentmassesof
59 Cyg perfectly, but alsononeof the modelsis ruled out. Accordingto Bo�i ć
et al. (1995),the rangeof likely massesfor the sdOcomponentsof 59 Cyg and
� Peragree.But thepossiblemassesfor theBecomponentof 59Cygaremuchtoo
low comparedto thelikely massrangefor theBe componentof � Per. Compared
to the massesfor � Per as given by Gies et al. (1998), the massesfor the Be
componentsof bothBe+sdObinariesmatch,but thesdOcomponentof 59Cygis
too massive. Sincethesemodelsaretypical of theformationof Be-typebinaries
(Vanbeverenetal. 1998),59Cygshouldevolve in asimilar way.

Most likely, it representsanearlierstagethan� PerafterthecaseB masstrans-
fer andbeforea caseBB masstransferor a stellarwind occurs. This would �t
theobservedmassof thesdOcompanionandtheorbital periodof 59 Cyg which
is muchshortercomparedto � Per. Sincethemassof 1.56M � for thesdOcom-
panionof 59 Cyg is only a lower limit given by an unlikely inclination of 80o,
all describedscenariosfor a further evolution areequallypossible.59 Cyg can
developto a Be+ WD binary, a Be/X-raybinaryor a singleBe starif thesystem
is disruptedby asupernovaexplotion. If thelifetime of theBestaris shorterthan
theoneof thesdOstar(Polsetal. 1991),59Cygwill stayaBe+ sdObinary, until
theBe starwill leave themainsequence.

6.10 Implications for Bestar formation

For 59Cyg,thebinarynaturewascon�rmedonly recently(Rivinius& Šte� 2000;
Harmanecetal. 2002).HR2142(Peters1972,1983)and� Dra (Juzaetal. 1991)
wereknown Be binaries,but the companionswerenot identi�ed. For FY CM,
binarity wassuggested(Gies2000). In the presentstudy, 59 Cyg andHR2142
werecon�rmed asBe+sdObinaries.FY CMa is suggestedto bea Be+ sdObi-
nary. � Dra is suggestedto be a Be+ WD binary. This demonstratesthat even
well studiedBestarscanhideaBe+ sdOor Be+ WD nature.

Modelsof closebinaryevolutionshow thatBestarscanform in abinarysystem
dueto massandangularmomentumtransfer(Polsetal. 1991;VanBever & Van-
beveren1997;Vanbeverenet al. 1998;Raguzova 2001). Gies(2000)lists 16 Be
binarysystemswith cool,Rochelobe�lling companions,11Bebinarieswith faint
or undetectedcompanionsincludingBe+sdO Be+ WD, andBe/X-raybinaries,
and13 possibleBe binaries.He shows thatexamplescanbe foundwhich seem
to matchmostof thepredictedstagesof closebinaryevolution. Furthermore,64
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Be/X-raybinariesareknown in theMilk y Way (Coe2000).Suchsystemscanbe
detectedeasilyin a largevolumedueto their X-ray luminosity. But accordingto
modelpredictions,they shouldonly representa small fraction of all evolvedBe
binaries.This con�rms thatat leasta fractionof Be starscanform dueto close
binaryevolution.

This studydemonstratesthat it is very likely thatmany of themissingspectro-
scopicBe binaries(Jaschek& Jaschek1987)areundetectedevolvedBe binaries
with sdOor WD companions.Thosebinariesarecharacterizedby spectralfea-
turescausedby extra emissionwhich arisesin a sectorof the Be disc that is il-
luminatedby thecontinuumradiationof thehot secondary. Thesearchfor such
featuresin thespectraof candidatestarsallows for easieridenti�cation of further
evolvedBebinaries.Time-consumingmonitoringcampaignscanthusbeconcen-
tratedto promisingcandidats.

The fraction of Be starswhich are formeddueto closebinary evolution and,
therefore,the fractionof Be+sdOandBe+ WD binariesremainsunknown. Es-
timateson the basisof the known Be/X-ray binariesarestronglydependenton
the assumedevolutionarymodel. E.g. Van Bever & Vanbeveren(1997)assert
that 5–20% of all Be starsare formed due to closebinary evolution. In con-
trast,Polset al. (1991);PortegiesZwart (1995)contenda fractionof 50–100%.
Improved methodsfor an easieridenti�cation of evolved Be binarieswith hot,
compactcompanionsareexpectedto leadto thedetectionof many suchbinaries
in the nearfuture. Hence,the useof characteristicfeatures,asdiscussedin this
study, will allow anassessmentof theseissueson thebasisof observations.
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Chapter 7

Conclusion

59 Cyg is con�rmed asBe+ sdObinary. Thecompanionwasdirectly con�rmed
by a He I I 4686 absorption. The lowest possiblemassfor the secondarylies
above the Chandrasekharlimit. Accordingto evolutionarymodelsfor Be bina-
ries, 59 Cyg representsa � Per like systemin an earlier stage. It can be the
progenitorof a Be+ WD or Be/X-ray binary. In the latter casethe helium star
would representaprogenitorof asupernova.

The appearanceof speci�c spectralfeatures,characteristicfor the con�rmed
Be+ sdObinaries59 Cyg and� Perandfor HR2142,is fully explainedby extra
emissionthatoriginatesin a sectorof theBe disc. This sectoris photoionizedby
the UV continuumradiationof the hot secondary. Thesecharacteristicfeatures
area single-peakedemissioncomponent,moving in anti-phaseto theprimary, a
phase-lockedV/R variability, a knotty structureof absorptionpro�les, andshell
lines.

Thesefeaturesweretakenasindicatorsto identify furtherBe binarieswith hot,
compactcompanions.HR2142wascon�rmed asBe+ sdObinary. It is suggested
thatFY CMais aBe+ sdObinary, too. � Drais suggestedto beaBe+ WD binary.
It is con�rmed thata fractionof theBestarsformeddueto closebinaryevolution.
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