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ZUSAMMENFASSUNG

Be-Doppelstene mit hei3en,kompakten Begleitem

In dieserArbeit wurdeuntersuchtwelcheBedeutunglie EntwicklungengerDoppelstern
systemefiir die Entstehungler Be-Sternehat. Es wurde nachgwiesen,daRder Be-Stern
59 Cyg ein entwiclelter Doppelsterrist, der einensdO-Beleiter hat. Der Begleiterwurde
durcheine schwacheHeli -Absorptionnachgaiesen.Die Bahnelementeind die Sterm-
nassenvurdenbestimmt.Im Spektrumvon 59 Cyg wurdencharakteristisch&trukturen
identi ziert. DiessindeineEmissionskmponentanit nur einemEmissionspealeinepha-
sengekppelteV /R-Variationundeine“knotige” Strukturder AbsorptionslinienLaut Ste
et al. (2000)werdendieseStrukturenvon einemheilen kompaktenBegleiter verursach
(sdOoderWD), dereinenSektorderScheibedesBe-SternghotoionisiertAufgrunddieses
Modells und mit einemProgrammvon Hummel& Ste (2001)wurdedie Emissionsaria-
bilitdt von 59 Cyg erfolgreichreproduziertDie Strukturendie im Spektrumvon 59 Cyg
beobachtetvurden,wurdenauchfir denBe+sdO-Doppelstern Perund fir HR 2142
nachgwiesen.DieseStrukturerwudendaherals Indikatorenfir Be-Doppelsternenit hei-
RenkompakterBegleiternbetrachtetEswurdenachgaiesendalfHR 2142ein Be+ sdO-
Doppelsterrist. Die spektralevariabilitdtweitererKandidatenvurdeuntersuchtEswurde
vorgeschlagengalRFY CMa ein Be+sdO-Doppelsterrunddal? Dra ein Be+WD-Dop-
pelsternist. Die Annahme,dal3ein bestimmterAnteil der Be-Sternedurch Massen-und
Drehimpulsibertragh einemengenDoppelsternsystemntstandeist, wurdebestatigt.

SUMMARY

Be binary starswith hot, compactcompanions

In thisstudytheimportanceof closebinaryevolutionfor Be starformationwasinvestigated
TheBestar59 Cygwascon rmedto beanevolvedbinarywith asdOcompanionThecom-
panionwascon rmed by aweakHel1 absorptionOrbitalelementandstellarmassesvere
determinedIn the spectrumof 59 Cyg, characteristideaturesvereidenti ed. Thesearea
single-pea&d emissioncomponenta phase-lock&d V /R variability, anda “knotty” struc-
ture of the absorptiorlines. Accordingto Ste et al. (2000), thesefeaturesare causecby
a hot, compactcompanion(sdO or WD) that photoionizesa sectorof the disc of the Be
star Assumingthis modelanda codeof Hummel& Ste (2001),the emissionvariability
of 59 CygwassuccessfullyeproducedThefeaturespbseredin the spectrunof 59 Cyg,
werecon rmed for the Be+sdObinary Perandfor HR2142,t00. Hence thesefeatures
weretaken asindicatorsfor Be binarieswith hot, compacttompanionsHR 2142wascon-
rmed to beaBe+ sdObinary Thespectralariability of furthercandidatesvasexamined.
It wassuggestethatFY CMais aBe+ sdObinaryandthat Drais aBe+WD binary The
assumptiorthata fraction of the Be starsformedby massandangularmomentuntransfer,
in closebinarysystemsvascon rmed.
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Chapter 1

Intr oduction

About 10 to 20% of all B-type starsin the Milky Way are Be stars,shortfor B
emissionline stars(Maederetal. 1999).By de nition thesestarsareB-type stars
of luminosity classlll, IV or V having oneor moreBalmerlinesin emissionat
sometime (Jaschelet al. 1981). They are known sincethe secondhalf of the
19th centurywhen Secchi(1867)discoveredthe rst starshaving line emission
in its spectrum( Cas). The emissionarisesfrom a geometricallythin, gaseous,
circumstellardiscwhichis excitedby the UV radiationof the Be star

Be starsarevariableon differenttime scalegangingfrom secondsminutesand
hours(Harmanecl984)to several yearsand decadegPorter& Rivinius 2003).
Variability onintermediatdime scalesof P ' 3 to 500daysis usuallyexplained
with binarity (Carrieret al. 2002). Although they have beenknown for quite a
long time, dueto their numerousspectralpecularities Be starsare still not yet
fully explainedanda matterof debate(Slettebakl1976;Jaschek& Groth 1982;
Slettebal& Snov 1987;Balonaetal. 1994;Smithetal. 2000;Maeder& Eenens
2003).

1.1 Astrophysical context

Apart from massand metallicity, stellarevolution is affectedby angularveloc-
ity (Maeder& Meynet2000). This holdsespeciallyfor starson the uppermain
sequence.However, the effect of rotationand, hence,the evolution of massve
starsis still notfully understoodLanger& Heger(1998);Heger& Langer(2000)
foundthatthe outerlayersof rotatingmassve starsmay spin up dueto the evo-
lution of theangularmomenturdistribution. In this context the  limit (Maeder
1999)is of speci cinterestwheretheeffective gravity becomegerodueto critical
rotation.

Be starsarea groupof starsthatbelongsto the mostrapid rotators. With rota-
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CHAPTER1. INTRODUCTION

tional velocitiesof roughly 70% (Slettebakl982),75% (VanBever & Vanbe&eren
1997)of their break-upvelocity, they rotateclosesto thecritical limit. Recently
Owocki (2003)demonstratedhatit is very likely that Be starsrotateevenabout
100%critical. Dueto their rapidrotation,Be starsareimportantfor studiesof the
evolution of massve stars.

1.2 Formation scenariosof Be stars

Threescenariodiave beenproposedo explain therapidrotationof the Be stars:
Firstly, Be starsarebornasrapidrotatorsandareableto avoid spin-davn during
their furtherevolution. Secondlythey getspunup dueto corecontractionoccur

ing whenthehydrogeninsidethe coreis exhausted And thirdly, they form dueto

closebinaryevolution.

Initially, Kri & Harmane¢1975)suggestethatall Be starsmaybeinteracting,
closebinaries.In thatcasethediscwould beanaccretiordisc. However, thiswas
ruled out, sincemostBe starsdo not belongto actve masstransferbinarieswith
Rochelobe lling giants(Baadel992; Waterset al. 1991; Floquetet al. 1989;
Gies2000). Hence,currentbinary scenariogliscussthe Be starsnot ascompo-
nentsof closebinarieswheremassandangularmomentumtransferoccurs,but
asremnantf closebinariesafterthe massandangularmomentuntransferwas
completed(Rappapori& van denHeuwel 1982;Polset al. 1991; Van Bever &
Vanbeeren1997;Berger& Gies2001). TheRochelobeover ow of theoriginal
primarycomponentanresultin arejuvenatedspun-upew primarythatappears
asarapidly rotatingBe star

The fraction of Be starswithin visual binary systemscorrespondgo that of
normalB-type stars(Jaschel& Jascheki987). The fractionof Be starsin spec-
troscopidbinariess moredif cult to estimate Dueto thelargerotationvelocities,
thespectralinesof Be starsarevery broad.Accuratemeasurementsf radial ve-
locities(Verschuere®& David 1999)andthusstudiesonradialvelocity variations
aredif cult. Thereforethedetectionof spectroscopiBe binariesis seriouslyin-
hibited (Jaschelk& JascheKl987). Accordingto obsenationalresults,thereis a
lack of eclipsingBe binaries(Plavec 1976)andinteractingBe binarieswith cool
companiongBaadel992).

A hypothesison the formationof single B starsis thatthey are ejectedfrom
binary systemsafter catastrophieventslik e supern@a explosions. In this case
the distribution of tangentialvelocities,resultingfrom a velocity kick whenthe
binary is disrupted,would be expectedto be wider thanthat of normal B-type
stars. However, Rinehart(2000) shaved that the velocity distributionsfor both
kinds of starsarein agreementThereforethelargede cit of provenBe binaries
remains.

2



1.3. MODEL PREDICTIONSFOREVOLVED BE BINARIES

Dueto the lack of con rmed Be binaries,closebinary evolution asa general
mechanisnfor Be starformation hasbeenlargely dismissed.But evenif close
binary evolution doesnot hold for the formation of Be starsin general,it can
explain the formationof at leasta fraction of that population. To understandhe
role of closebinary evolution for the physicsof Be stars,it is necessaryo know
thetruefractionof Be binarysystemsamongthem.

1.3 Model predictionsfor evolved Be binaries

Calculationsfor caseB?! closebinary evolution for intermediate-masmain se-
guencestarsleadto the resultthatbetween5% and20% (Van Bever & Vanbe-
eren1997)andupto 50% (Polsetal. 1991)of all Be starscould have formedthis
way representingpostmassexchangebinaries. Therefore,mary Be binary sys-
temswith evolved companionshouldexist which have not yet beendiscovered.
Dueto the expectedow massedor the companionst is dif cult to detectthem
by currentlyestablisheanethod<of radial velocities.

Polset al. (1991) and Vanbererenet al. (1998) shav evolution scenariosor
intermediate-massaseB close binary evolution for several initial massesand
ratesof massand angularmomentumtransfer At the end of the caseB mass
transfera binary systemwith a Be staranda helium staris formed.Typically, the
massof theheliumstarliesbetweer0.3and2.5M . Thismassandtheremaining
lifeftimes of therejuvenatede starandthe He-kurningsecondaryarecrucialfor
thefurtherevolution of the system.

If the lifetime of the helium star exceedsthat of the Be star it will remaina
helium staraslong asthe Be componenwill stayon the main sequencelUpon
leaving the main sequence nal stageas Be+sdO binary is reached. If the
lifetime of the helium staris shorterthanthat of the Be starandthe massof the
heliumstarlieswithin 0.85and2.5-3.0M , aseconderiodof massransfercan
occur(caseBB?). If themassf theheliumstaratthis stageof evolutionis smaller
than2.2M , it will loseenoughmassby masstransferor a stellarwind to form
aBe+WD binary Otherwisejt cannotioseenoughmassandwill developinto a
neutronstarforming a Be/X-raybinaryasits nal stage.

Accordingto Van Bever & Vanbeeren(1997)and Raguzea (2001), 70% of
theevolvedBe binary systemshouldhave a white dwarf companionWD), 20%

1The primary componentof the binary system lls its Roche lobe during its hydrogen
shell burning phase. This occursin most massve close binarieswith orbital periodsbetween
4< P 1000d andinitial primarymassesmallerthan40-50M (Vanbeverenetal. 1998).

2The primary componenbf the massve closebinary expandssigni cantly duringits helium
shell buring phaseandcan Il its Rochelobe for a secondtime. Therefore,a secondperiod of
massransfercanoccur(Vanbe&erenetal. 1998).
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a helium star(sdO),and 10% a neutronstar (NS). Following Polset al. (1991),
even morethan80% of the evolved companionshouldbe helium stars,andthe
white dwarfs shouldoutnumbethe neutronstarcompaniongy afactorof 10.

About 30 Be/X-ray binarieswith a neutronstarcompaniorhave beendetected
(van den Heuwel & Rappaportl987). Theseoptically faint systemsare well
obsenable as high-luminosity X-ray sourceswith typical X-ray luminositiesof
10*-10%® erges. The X-raysareformeddueto accretiorof thedensestellarwind
of the Be starby the neutronstar

Despitetheir large predictednumberBe+ WD binariesareyet to be obsened.
Thesesystemsshouldbe detectableas low-luminosity X-ray sourceswith typi-
cal X-ray luminositiesof 10?°-10*® erg=s (Waterset al. 1989). The X-rays are
generatedsin Be/X-raybinariesby wind accretionby the WD.

The bestway to discover helium starcompanionss to studythe XUV ux of
Be starsat wavelengthsbelov 900 A (Polsetal. 1991). In this spectralregion
the ux isincreasinglydominatedby the heliumstar However, dueto the strong
interstellarextinction in this wavelengthrange,only nearbyobjectswill be de-
tectableby this method. Contradictoryto the large numberpredicted,only one
Be+sdObinary, Per hassofarbeenfound.

1.4 TheBe+sdObinary Per

TheBe+sdOnatureof Perwasdiscoveredby Poeclert(1979,1981).Hefound
adouble-peakd Hell emissionat 4686 A that doesnot appearin B-type stars.
It hasa large velocity amplitudeand moves out of phasewith the Hel lines,
attributedto the Be primary He suggestedhatthis featureshouldarisein a disc
aroundasmallhotsecondary

Thalleret al. (1995)andGieset al. (1998)found the spectralsignatureof the
secondarycomponentof Perby Dopplertomographicreconstructiorof high
resolutionUV spectrapbsenedwith the IUE satellite(InternationalUltraviolet
Explorer)andthe Hubble SpaceTelescopaespectiely. The secondargpectrum
is dominatedby Felv andFevV lineswhich are similar to thoseobseredin hot
sdOstars. Moreover, Perhasnot beenidenti ed asan X-ray source.With an
orbital periodof roughly 127 d andmassef 21 M and3-4 M according
to Poeclert (1981)and9.3 M and1.14M accordingto Gieset al. (1998),
respectrely, PermatchesheBe+ sdOscenario.

BesidegheHell emission, Pershowsadditionalfeatureghatareinherentin
aBe+sdOnature.Thesearesingle-peakd Hel emissionmoving in anti-phase
to the Be staranalogoudo the Hell emission,phase-linlked V/R variationsof
theline pro les, andtheformationof deepshelllines,reappearingeriodicallyat
speci c orbital phases.
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1.5. CANDIDATESFORBE BINARIESWITH SDO/ WD COMPANIONS

Hummel& Ste (2001)shaved that thesefeaturesare explicable, if it is as-
sumedthat a sectorof the Be discis illuminatedby the UV continuumradiation
of thehot secondaryThis areabecomesotterandmoreionizedandgivesriseto
extraemission.This emissionis single-peakdandis the causeof the V/R varia-
bility of theline pro les. Theshelllinesoccurwhenthe heatedsectorpasseshe
line of sightbetweertheobsener andthe Be star

1.5 Candidatesfor Be binaries with sdO/WD com-
panions

Similar featuredik e thoseobsenedin the spectrumof Perwerealsofoundin
the spectrumof 59 Cyg. Taras@ & Tuominen(1987)reporteda V/R variabili-
ty andvariationsof the radial velocitiesof H . They suggestedhat 59 Cyg is
a binary with an orbital period of roughly 29 d. Rivinius & Ste (2000)found
a periodicity of the radial velocitiesof Hel 4471and Civ 1548 andderived an
orbital period of 28.1702d. They discoveredthatthe Hel emissionat 6678 A
movesin anti-phaseo the Be starandfoundapossibleHei1 emissionat 4686A.
Harmanecet al. (2002)analyzedphotometricdataof 59 Cyg anddeterminedan
orbital period of 28.1971d. They reporteda cyclic V/R variability of Hel at
6678A. Thesendings suggesthat59 Cygis alsoa Be+sdObinary.

HR2142is a known Be binary with an orbital period of roughly 86 d (Peters
1983). It shaws two short-lived shell phasesvhich are connectedo the orbital
phase.They appearshortly beforeandafter superiorconjunctionwhenthe sec-
ondaryis in front of the primary. Peters(1983) amguesthat the obsened shell
phase®ccurdueto masdgransferin aclosebinarysystem.Thesecondarghould,
therefore,be a Rochelobe lling giant. Waterset al. (1991) studiedthe enegy
distribution of HR2142. They were unableto establishthe signatureof a giant
starandhencesuggesthatthe secondarys a hot heliumstatr

Furthercandidate$or Be binarieswith evolvedcompanionsvereselectedOne
criterionwasthe occurancef satelliteabsorptionsThesesmallabsorptiorcores
appeatin the blue or redwing of speci c emissionlinesat certainorbital phases.
Sincethey cannotbe explainedby a disc arounda single starand arefound in
the spectraof mary known Be binarieslike Per 59 Cyg, HR2142,4Her, and
48 Per they aretakenasindicatorsfor binarity (Maintz etal. 2003).

Promisingcandidatedor Be+WD binariesare Dra and 48Per They are
suspectedo be X-ray sourceswith X-ray luminositiesof a few 103! erg=s (Pe-
ters 1982). Furthercandidatedor Be binarieswith hot, compactcompanions
are4 Her, 88 Her, 17 Tau, Tau,and Tau(Polsetal. 1991). Like Draand
48Per theseareknown or suspectedpectroscopiBe binarystarsshaving satel-
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lite absorptionsStrangevariationsin thespectrunof FY CMain early1987were
reportedby Peterg(1988). As they resemblehe featuresobseredin  Perthis
staris alsoa candidatdor anevolvedBe binary.

1.6 Scienti ¢ aim of this work

Thescienti ¢ aim of the presentstudyis to con rm 59 Cyg asa Be+sdObinary
andto establishspectrafeatureghat characterizéBe binarieswith hot, compact
companions.Thesecharacteristideaturesareto beidenti ed by comparingthe
short-periodideaturesvisible in the spectreof thethreestarsin questionpnamely
59 Cyg, the suspectede+ sdObinaryHR 2142,andthe con rmed Be + sdObi-
nary Per Finally, by searchinghesefeaturesn thespectreof candidatestars,jt
is expectedo revealfurtherevolvedBe binarieswith sdOor hotWD companions
from a sampleof promisingcandidates.

For that purpose archved spectroscopidataof 59 Cyg, Per HR2142,and
someof the abore mentionedfurther programmestarswere available, obsered
with the echellespectrographBlEROS, describedn section2.1,and FEROS dur-
ing severalobservingunsfrom 1990till 1999(section2.2). Furtherspectravere
obtainedwithin the scopeof joint projectsbetweerthe LandessternarteHeidel-
beig (LSW), theUniversitatssternarteMinchen(USM) andthe CzechAcademy
of Sciencedbetween2000and2003(section2.3and?2.4). Additional spectraor
59 Cyg were obsered during the NEON summerschoolat the Obsenatoire de
HauteProvence(OHP), France,in 2001 (section2.5.1). Spectraof 59 Cyg and
HR2142,coveringthespectrarangearoundH andHel 6678,wereprovidedby
the Stellar Departmenbf the CzechAcademyof Scienceqsection2.5.2). Fur
thermore spectraof 59 Cyg, obsened duringthe MUSICOS-campaigin 1998,
coveringH andHel 6678,(section2.5.3)aswell aslUE datawerealsoavailable
(section2.5.4).

In chapter3 the individual characteristiceof 59 Cyg are analysed.Basedon
the descriptionof the stellar spectrum(section3.1), the measuremendf radial
velocitiesandthe problemsoccuringdueto rapidrotationarediscussedsection
3.2). By applyingthefrequeng analysisto theradial velocitiesthe orbital period
is derived (section3.3). The direct evidencefor the secondarythe Hell 4686
absorptionline, is describedn section3.4, wherealso possibleimplicationsfor
the determinatiorof the orbital parameterslueto this resultarediscussed.The
orbital elementsareestimatedn section3.5. Massedor bothbinarycomponents
arederivedfor likely valuesof binaryinclinations. Stellarparameterslerivedin
this studyarecomparedo thosefoundin the literature(section3.6). In section
3.7thephase-lockdvariability is analysed.

TheHel 6678emissiorof 59 Cygwasmodelledusingthesectomodelof Hum-
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mel & Ste (2001). In this modelit is assumedhata sectorof the circumstellar
discof the Be staris photoionizedoy the continuumradiationof the hot compan-
ion. This cause®xtraemissionwhichis responsibldor the short-termvariability

obsenedin theline pro les of 59 Cyg. The modellingresultsare presentedn

chapter.

In chapter5 it is demonstratethat PerandHR 2142 shav the samephase-
locked variability featuresas 59 Cyg. They aretaken to identify further Be bi-
narieswith sdOor hot WD companionsvithin a preselectedampleof candidate
stars.

Chaptel6 marksthediscussiorof thiswork'sresultsandchapter7 its summary
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Chapter 2

Observations and data reduction

2.1 The HEROS spectrograph

This studyis baseduponlong-termobsenations.Most of the datawereobtained
with the high-resolutionspectrograptHeros (Fig. 2.1 and2.2). HEROS, short
for Heidelbeg ExtendedRangeOptical SpectrographKaufer 1996, 1998), is
anupgradeof the bre-link edechellespectrograplirLAsH (Fiber-Linked Astro-
nomical Spectrograptof Heidelbeg), developedat the Landessternarte (LSW)
Heidelbeg in 1988(Mandel1988,1994).

HEROS hastwo separateptical channelswith a resolvingpower of =
20000. After the light is dispersedat the echellegrating of the spectrograph,
the beamis divided by a dichroic beamsplitter into a blue anda red channelat
roughly5700A. Thebluechannekoversaspectrarangeof about3450-5600A,
the red channelof roughly 5800-8650A. Both channelsare controlledby inde-
pendentcomputersystems.Due to the two optical channelsa large wavelength
rangeof morethan5200A canbe obsened simultaneously The former FLASH
spectrograpltonsisteddf the red HEROS channelonly with a spectralcoverage
of about4000-6700A. Thetechnicaldataof thespectrograparesummarizedn
Tables2.1and2.2.

Thespectrograpls linkedto aguidingunit atthetelescopdy meanofal0m
optical bre connectionTheguidingunitincludesa at eld andathorium-agon
lamp for the calibrationsthroughthe bre. This makes possibleto install the
spectrograplietachedrom the telescopeat a mechanicallyandthermallystable
place.Sinceonly the guiding unit with aweightof 30 kg needgso beinstalledat
the telescopetself, the spectrograpltanalsobe usedin combinationwith small
telescopes.
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Figure 2.1: EchellespectrograpldEros. TheformerFLASH spectrograpleonsistingof
thewhite box andthe CCD system(small metalcylinder, attachedo the left sideof the
box) constituteghe “red channel’of HEROS. HEROS is anupgradeof FLASH wherea
secondpticalsystem(the“blue channel” thelong blacktubeattheright sideof thebox)
wasadded.Thewhite box containsthe optical bre mounting,the collimator, theechelle
grating,andthe beamsplitter

2.2 Archived HEROS and FEROS data

Spectraof 59 Cyg, Per HR2142,andfurther candidategor Be binarieswith
hot, compactcompanionsveretaken with HEROS and FLASH respectrely dur-
ing ve observingrunsbetweenl990and1999. Thesecampaignsarelistedin
Table2.3. Theindividual starsandthe numberof spectraobtainedare shown in
Table2.4. Thesedata,storedin the HEROS/ FLASH archves,wereavailablefor
thepresenstudy
With the high-resolutionspectrographieros (Fiberfed ExtendedRangeOp-
tical Spectrographpandthe ESO1.52m telescopet La Silla spectreof HR 2142
andanotherBe binary candidate HR 6819, wereobseredin 1999. FEROS is a
bre-link ed echellespectrographwith a resolvingpower of = 48000. It
coversaspectralangeof about3600to 9200A. Thespectrograpwasmainly de-
velopedandhbuilt atthe LandessternarteHeidelbeg (Kauferetal. 1997,1999).
Two optical bres areinstalled. This allows simultaneougxposureof objectand
sky, or simultaneousbsenationandcalibration.It hasanEEV 2048 4096 15
m pixel CCD detectorwith a maximumquantumef ciency of 98% at 4500A.
Including telescopeand detectoy FEROS reachesa peakef ciency of 27%. At
3700A, in the extremeblue, the ef ciency is 7%, andat 9000A, in the extreme
red,it is 8%. The spectrograpliis mountedn thethermallystabilizedandhumid-
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Figure2.2: Schematidayoutof FLASH (solidlines)respectiely HEROS (with additional
opticalsystemgdashedines). Thelight beam(long singledashesgnterghespectrograph
bytheoptical bre. After de ectionattheechellegratingthebeamis dividedby adichroic
lter. Theredlight ( >5700A) passeinto theredchannelshortdashes)thebluelight
is re ectedinto the bluechanneldashedlottedline).

ity controlledCoudéroomof the ESO1.52m telescope.

During anobservingrun from 1998 Decembetill 1999 Januaryonespectrum
of HR2142wastaken. During a further campaignn July andAugust1999nine
more spectraof HR 2142 andtwelve spectraof HR 6819wereobsened. These
datawerealsoavailablefor this study

2.3 Joint projects

Within thescopeof joint projectswith theUniversitatssternarteMinchen(USM)
andthe CzechAcademyof SciencegAV CR) a new monitoringcampaigrof ac-
tive Be and Bn starswith the HEROS spectrograplstartedin May 2000. The
co-operatiorwith the CzechAcademyof Sciencesvasplannedo lastfor thefol-
lowing two to threeyears. For that purposea new (longer)electroniccablehad
to be preparedor the connectiorof the CCD camerato the computerof the blue
HEROS channel.It hadto be extendedby several meterswhich turnedout to be
quitecritical.

HEROS wasinstalledatthe60 cm telescopef the USM atthe WendelsteirOb-
senatoryfrom mid-Maytill theendof July2000(Tah 2.5). Dueto technicalprob-
lemswith the new cablefor the blue channel HEROS wasusedin “FLASH con-
guration”. This meanghatonly the red channelwith the spectralrangeshifted
to 4000-6700A wasused. 50% of the observingnights were available to the

11



CHAPTERZ2. OBSER/ATIONS AND DATA REDUCTION

Table 2.1: Technicaldataof the echellespectrograpfEROS.

Generaltechnicaldata

Optical bre (corediameter) 100 m
Collimator f /4.5,f =360mm
Echellegrating 31.6 lines/ mm
Blazeangle 634

Spectrakesolvingpower, = 200001
Signal-to-noiseatio, S=N 100perPixel 2
Stability < 1lkm=s

1 Overthewholewavelengthrangeof the spectrograph
2 For a6 mag staranda 1 hourexposureat 5500A with a50 cm telescope,
measure@stheinverseof thermsin unitsof the continuum

Table 2.2: Technicaldataof the blueandthered channebf the HEROS spectograph.

Redchannel Blue channel

Wavelengthrange 5800-8650A 3450-5600A
Cross-disperser 300lines/ mm 400lines/ mm
Blazewavelength 5000A 3900A
Camera f /2.8,f =300mm f /2.8,f =300mm
CCD EEV, LN,-cooled, SIiTE, LN,-cooled,
1152 77022 m pixel 2000 800 15 m pixel

Be-starproject.

At theendof July 2000HEROS wasdismountedat Wendelsteirandtransported
to the Obsenatory of the CzechAcademyof Sciencesn Ondrejov whereit was
installedat the 2-m telescopeof the StellarDepartment.The telescopeaunit was
attachedo the Cassgrainfocus. The telescopés in operationsince 1967 and
is usedfor high dispersionspectroscop A Coudéslit spectrographvith a nev
CCD systemis alsoavailable. The CCD hasreplacedanearlierReticondetector

A long-termcooperatiorbetweenthe Ondrejov Obsenatory andthe Landes-
sternvarte Heidelbeg granted50% of the observingtime to the Be starproject.
The problemswith the extendedcablecould be x edin early August2000. In-
tegratedcircuits of the control card, responsibldor the datatransfer hadto be
replaced.Then,the obsenationscould be carriedout with both HEROS channels
asplanned. At the endof Septembef001 problemswith the blue channeloc-

12
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Table 2.3: Observingcampaignsvith HEROS/ FLASH betweenl1990and1999. During
thesecampaignspectravereobtainedof 59 Cyg, Per HR 2142 andfurthercandidates
for Be binarieswith evolved hot companions(LSW: Landessternarte;DSAZ: German-
SpanishAstronomicalCenter;ESO:EuropearSoutherrObsenratory)

Observingcampaign Obsenatory Telescope Instrument
1990 LSW Heidelbeg, Germaly Waltz—72cm FLASH
1991 LSW Tautenlurg, Germary 2m FLASH
1997Aug. —1998Feh LSW Heidelbeg, Germaly 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 candidatesvith
hot, compacttompanionsThey wereobtainedwith the HEROS/ FLASH spectrograplat
differentobseratoriesduring1990and1999(cf. Tah 2.3). Spectrabbseredwith FLASH
areindicatedwith “f”. Spectraobseredwith theblue/ redchannebf 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 during the winter months,it
wasdecidedo continuethe obsenationsonly with theredchannelin thespectral
rangeof 5800-8650A.

Dueto the badweatherin Ondrejov, HEROS wasdismountedn October2001
andobsenationswereinterruptedor thewinter seasonThe HEROS obsenrations
wererestartedat beginningof March2002.During thewinter breakthe problems
with the blue channelwere x ed. Due to theseproblemsmore spectrain the
red wavelengthrangeof 5800-8650A thanin the blue one were recorded(cf.
Tah 2.6).

During thewinter of 2002/2003he HEROS obsenationswereagaindiscontin-
ued. In 2003the obsenationswererestartedalreadyin February HEROS was
dismountedagainat the end of May 2003. In June2003the mirror of the2 m
telescopavasremovedandnewly coated.

13
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Table 2.5: Observingcampaignswith HEROS/FLASH between2000and 2003. One
major aim of thesecampaignavasto obtainfurther seriesof spectrafor 59 Cyg, Per
HR2142,anda numberof suspectede binarieswith evolved hot companions.(USM:
Universitatssternarte Miinchen)

Observingcampaign Obsenatory Telescope Instrument
2000May — July WendelsteinjJSM 60cm FLASH
2000August—20010ctober Ondrejov Obsenatory 2m HEROS
2002March— October Ondrejov Obsenatory 2m HEROS
2003February- May Ondrejov Obsenatory 2m HEROS

The numberof spectraobtainedof 59 Cyg andthe other starsscheduledor
obsenationduring May 2000andMay 2003arelistedin Table2.6. Dueto this
monitoringcampaigrthe numberof availablespectrehasincreaseaonsiderably
Exceptfor 48 Per at leastten spectrawere obtainedfor thosestars,for which
no spectrawere availablebefore. 67 spectracovering the red spectralrangeand
58 covering the blue one could be securedfor 59 Cyg. The time basisfor the
obsenations could therebybe extendedfor three more years. The long-term
HEROS/FLASH obsenationsallowed for collection of very homogeneouslata
sets.

2.4 HEROSdatareduction

Goodobservingconditionsandthelargenumberof availablenights,allowedfor a
large numberof spectrao be obtainedduringthe season2000and2001. There-
fore, datareductionrequiredalot of timein the early phaseof the project. It was
carriedout with the helpof a MIDAS packagdor thereductionof echellespectra
thatwasspeciallymodi ed andadaptedo HEROS data(Stahletal. 1995). Since
both HEROS channelsrecontrolledby independentomputersystemsthe “red”
andthe“blue” datahadto bereducedseparately

First the calibrationexposuresverechecled. If the echelleordershadshifted
lessthan 0.3 pixel on exposurestaken every two hours,all at elds could be
averagedto createa master at. This was necessaryo increasethe S/N ratio
of the ateld in bluespectralregion. The masterat wastakenfor the at eld
correction.In this way anincreaseof noisein the spectradueto reductioncould
be avoided, in particularin the blue wavelengthrange,wherethe CCD is less
sensitve.

Thentheamountof scatteredight betweerthe echelleorderswasdetermined.

14
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Table2.6: Numberof spectraobtainedor theprogrammestarsof this studybetweerMay
2000andMay 2003. (f/W: FLASH obserationsat Wendelsteinf/O: FLASH obsena-
tionsin Ondejov; blue: Obsenationswith the blue HEROS channel;red: Obsenrations
with thered HEROS 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| — —
88 Her — — 1 1\ — — - = = —
48 Per — — 6 7| — 3] — —| — —
Tau — | — 9 9| — 2 1 1| — —
Tau — | — 6 6 2 4 — —| — —

17 Tau —| — 8 9| — 3| — —| — —

Thestray-lightwasmodelledby atwo-dimensionasplinefunctionandsubtracted
from theobjectand at eld spectrum.

Theorderde nition wasdoneby a t to theechelleordersvisible in themaster
at. This procedurewas not applicableto very blue objects. For theseobjects
moreechelleorderswerevisible in the bluepartof the spectrunthanfor themas-
ter at. To avoid thelossof theseorders,objectspectravereusedfor the order
de nition instead,wherethe echelleorderswere clearly de ned. After de ni-
tion andextractionof theechelleordersthe objectspectraverecorrectedor the
background.

For thewavelengthcalibrationthorium-agonspectratakenbeforeandafterthe
objectspectrumwereaveraged About 300thoriumandargonlines,identi ed in
theaveragedhorium-agonspectrumwereusedfor derving thedispersiorcoef-
cients of the echelleordersof the objectspectrum.They wereusedto rebinthe
objectspectrunto awavelengthscale.Simultaneouslyheheliocentriccorrection
wasapplied.

Finally, the calibratedorderswere meiged. Due to imperfectionsof the at-
elding procedure|ow frequeny waves,the so-calledripples,remained.In the
overlappingpartstheseripples were of the orderof 1% of the continuum ux.
Thus,they couldbe ngglected.

In earlier reductionsof HEROS datathe normalisationwas doneby tting a
spline function to the meged and calibratedspectra. The continuumwas de-
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ned by a numberof x ed points. It turnedout that this procedurefails in the

caseof the spectraobsered since2000. The positionsof optical component®f

the HEROS spectrograplseento have changedlightly comparedo the previous
years.Thereforethe ordersaremorebentthanin the yearsbefore.To overcome
this problematwo-dimensionapolynomial t wasperformedor everyspectrum,
beforeextractingtheindividual orders.This t wasusedfor the nal normalisa-
tion of thedata.

2.5 Additional spectra

2.5.1 NEON summerschool2001

Eleven additionalspectrafor 59 Cyg were obtainedduring the NEON summer
schoolfor observing.It washeld at the Obsenatoirede HauteProvence(OHP),
Francefrom July9-21,2001. Two of thesespectraverekindly providedby Yu-
lia Goranwa, Arjan Bik, Martin Stuhlinger andThomasRivinius. Sevenspectra
coverthewavelengthrangeof 4600-5100A. ThisrangeincludestheHeli line at
4686A which is the mostprominentine in sdOstars.Four spectraangingfrom
4400to 4600A.

The spectravereobsenedwith the slit spectrograpURELIE andthe 1.52m

telescopeat a spectralresolutionof = = 25000. The telescopas a twin of
the ESO1.52m telescopeat La Silla andis in operationsince1969. The spec-
trographsresolvingpowerreachesipto =  =110000. The CCD detectothas

1024 2048 13.5 m pixel andwasmanufcturedoy EEV.

Thedatawerereducedusingthe standardviiDAS toolsfor long-slit datareduc-
tion. The normalisatiorwasdonewith a spline t to the calibratedspectra.The
continuumwasde ned by a numberof x edwavelengthpoints. The S/N ratio
wasmeasuredn thewavelengthrangeof 4760-4800A astheinverseof therms
in unitsof the continuumandturnedout to beroughly 160.

The four spectracovering the region of roughly 4400-4600A could not be
normalized. In this spectralrangea lot of line emissionis present,and mary
blendedines arevisible (cf. Fig. 3.1, section3). Therefore|t is not possibleto
nd reliablewavelengthpointsfor the continuumde nition. Thesespectravere
nottakeninto accountor quantitatve analyses.

2.5.2 Reticonspectra

Additionally, 27 spectrafor 59 Cyg andtwo spectrafor HR 2142 were kindly
providedby the StellarDepartmenbf the CzechAcademyof Sciencesn Ondre-
jov. They cover the spectralregion of about6300-6740A, includingH and
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Table 2.7: Numbersof optical spectraavailablefor 59 Cyg obtaindfrom 1990till 2002
(f: Obsenationswith the FLASH spectrographb: Obsenationswith the blue HEROS
channely: Obserationswith thered HEROS channel;Ret: Reticonspectrarom Ondre-
jov, coveringH /Hel 6678;MUS: DatatakenduringtheMUSICOScampaigngovering
H /Hel 6678;NEON: DataobtainedduringtheNEON summeischoolat OHP, covering
theHell line at4686A). Thetotal numbersof spectracoveringthe blue andredspectral
range,the spectralregionof H andHel 6678,andthe spectralregion of Hell 4686are
givenin thelastfor colums.

59Cyg | FLASH/HEROS | Ret | MUS | NEON Total

Year f b r blue red H Hell
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

Hel16678.TheS/N ratio, measuredn thewavelengthrangeof 6620-6650A as
theinverseof thermsin unitsof the continuum,is roughly400.

The spectraveretakenwith a Reticon1872RF detectoron loanfrom the Lick
Obsenatoryandthe2 m telescop®f the StellarDepartmenin Ondrejov in Coudé
focus. The Reticonsystemwasinstalledin 1992. It hasonerow of 1872pixels
(photodiodes)vith awidth of 15 m. The spectralresolution = is roughly
8500.

The spectravereof highinterestto the presenstudy sincethey wereobtained
in theyears1994till 1997and1999,whenFLASH andlater HEROS providedno
or only onesinglespectrum.Thereby the large six-yeargapbetweenl991and
1996in the datasetof 59 Cyg, could at leastbe lled with respectto H and
Hel 6678.

2.5.3 MUSICOS campaign1998

DuringtheMUSICOS(M ulti- Site ContinuousSpectroscop) campaigrfrom 1998
November20 till Decemberl3 (Schafer2000) seven spectraof 59 Cyg were
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obtained. They cover the spectralrangeof 6530-6720 A, including H and
Hel1 6678. The S/N ratio is roughly 200. It was measuredn the wavelength
rangeof 6620-6650A astheinverseof thermsin unitsof the continuum.

The spectravereobsenedwith the slit spectrograpURELIE andthe 1.52m
telescopat OHP, France(cf. section2.5.1). The spectrakesolutionwas = =
25000. Thesespectraverekindly madeavailablefor this study

An overview of all opticaldataavailablefor 59 Cygis givenin Table2.7.

2.5.4 |UE data

The lUE (InternationalJltraviolet Explorer) satellitewaslaunchedn 1978and

wasin operatiortill 1996.1t collectedmorethan110000spectran theultraviolet

rangeof morethan90000bjectswith 1.5to 21 mag. Thesatellitecarrieda 45

cm Cassgrain telescopeandtwo spectrographs;overing the spectralrangesof

about1150-2000A and1900-3300A. Both spectrographsould be operated
in high andlow resolutionwith spectrakesolvingpowersof = =12000and
= afew 100.

IUE high resolutionspectraof 59 Cyg, Per HR2142,andFY CMa in the
spectrarangeof about1150-2000A wereinvestigated They weredownloaded
from the IUE Final Archive. The datain this archve are alreadyreduced. For
59 Cyg 193 spectravereavailable. For Peronly 16 spectracould be obtained.
For HR2142andfor FY CMa asmary as88 and 96 spectrarespectrely, were
available.
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Chapter 3

59 Cyg, a secondBe+ sdO binary

The Be star59 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 were discoveredby
EdwardS.King in 1904(reportedoy Pickering1905).A variability onatimescale
of 28 to 29 dayswas reportedby several authors(Barker 1983; Doazanet al.
1985). Tarase & Tuominen(1987)founda V/R variability and a variation of
theradialvelocitiesof H . They suggestedhat59 Cygis a spectroscopibinary
with an orbital period of roughly 29 d. Rivinius & Ste (2000) analysedthe
radialvelocitiesof Hel1 4471andC1v 1548.They foundaperiodicityandderived
anorbital periodof 28.1702d. They discoveredthattheHel emissionat6678A
movesin anti-phaseo theBe star Furthermorethey foundapossibleemissiorof
Hell 4686.Harmaneetal. (2002)analyzegphotometriddataof 59 Cyg, spanning
43yearsanddeterminedanorbital periodof 28.1971d. They foundacyclic V/R
variability of He1 6678. These ndings suggesthat 59 Cyg is alsoa Be+sdO
binarylike Per

3.1 The optical spectrum of 59 Cyg

Theopticalspectrunof 59 Cygis characterizethy very broadlines, revealingthe
starto be arapidrotator Literaturevaluesfor v sini rangefrom alow estimate
of 260 km=s (Slettebak1982), up to 450 km=s (Hutchings& Stoecklg 1977;
Harmane@tal. 2002).As aconsequencanostof thewealerlinesin theobsened
wavelengthrangefrom 3800to 8600 A, which are formed by typically single
ionizedmetalsandHe1 , aresmeareaut or blendednto broadabsorptiorbands.
Suchbandsarevisible in thewingsof the strongemphotospheri@bsorptiorlines,
namelythe Balmerseriesandsomeof thestrongerHe! lines.
Furthermoreduringthe entireinterval, obsenedfrom 1990to 2002,the spec-
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Figure 3.1: A typicalregion of the spectrunof 59 Cyg, whereit is dif cult to distinguish
betweeremissionandabsorptiorlines.

trum of 59 Cyg wascharacterizedby very strongemission.Broaddouble-pea&d
emissionlines, including mary blends,is visible throughoutthe obsened wave-
lengthrange. The broadabsorptionbandsand the strongemissionlines make
it quite dif cult to identify singlelines unambiguouslyor to determinethe pho-
tosphericcontinuum. In somepartsof the spectrumfor instancebetweerd500
and4600A, it is almostimpossibleto distinguishbetweerabsorptioror double-
pealedemissioninesand,thus,to identify the continuum(Fig. 3.1).

The commonprocedureo handlethis kind of problem,namelyby subtracting
thespectrunof asimilar starof thesamespectratype, but withoutemissiorlines
fails for 59 Cyg, asit doesfor mostBe stars.The photospheref suchrapidrota-
torscannotbedescribedy asinglesetof parametersSinceeffectivetemperature,
Te , andgravity, ge , arenotconstanthroughouthe stellarsurfaceof rapidly ro-
tating stars,their spectraare compositespectraarising from local atmospheres
with differentvaluesfor T andge (Maeder& Meynet2000). Therefore,it is
normallynot possibleto nd asuitablestarfor a correction.

Modellingthephotosphericux of arapidrotatorwith localatmospherewould
beanalternatve. A model,however, is only asgoodasthe parametersised.This
holdsfor the knowledgeof the true rotationvelocity andinclination aswell as
for the assumedbstellarinput parameterdik e polar temperaturer polar gravity,
which areusedto calculatethelocal valuesonthe stellarsurface.

Only few spectralinesarestrongor conspicuougnoughto beclearlyidenti -
able.TheusefullinesaretheBalmerlinesfromH toH, thePascherinesP;,4to
P»o, theheliumsingletlinesHel 5016(S—P°), Hel 6678,4922,4388,4144,4009
(P°-D), He1 5048(P° —S), theheliumtriplet linesHe 7065,4713,4121(P° -S),
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Figure 3.2: Balmerlines(left) andabsorptiorines(right) of 59 Cyg. Theline pro les are
the averageof all suitableindividual spectra.The sharpabsorptiorfeaturein H atabout

150km=sis causedy interstellarCail absorptiorat 3968A. Hel 4471is blendedwith
Mg 11 4481,whichis centredat roughly+ 650km=s.

Hel 5876,4471,4026,3820(P°-D), andthe metallines C114267,Mg 11 4481,
Fel1 5018,5169,Si11 6347,017772-5and8446.Most of thesdinesshov emis-
sioncomponentgand/orblends.

Dueto very strongline emissionE/C 1.9onaverageH is very broadand
no photospheri@absorptionwings are visible (Fig. 3.2, left). The otherBalmer
linesarevisible in absorptionwith a centralemissioncomponen{(Fig. 3.2, left).
Thisemissionis still strongin H , but wealensfromH to Hyo veryquickly. The
Paschenines aswell asHel 7065, Sill 6347,and Fell 5169arevisible in pure
emission(Fig. 3.3, left). Pyg is blendedwith O18446,which is alsoin emission.
Hel1 6678,4388,5876,andO1 7772shon absorptionwings and,in part, strong
centralemission(Fig. 3.3, right).

The blendedHei1 4471 and Mg 11 4481 lines, as well asthe Hel 4026, 4144,
4009,and3820lines arevisible in absorption(Fig. 3.2, right). Hel15048,4713,
andC114267(Fig. 3.2,right) arevery weakabsorptiorlinesandseento be lled
in by emissionand/oralmostcompletelysmearedut by rotation. The Hel1 5016
line is blendedwith Fell 5018 andthe Hel 4922 line with Fel14925 (Fig. 3.3,
right). Theseheliumlinesshown absorptionwings. Theiron linesarein emission.
Hel1 4121isin absorptiorandblendedwith H .
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Figure 3.3: Pureemissiorlines(left), emissioriineswith photospheri@absorptiorwings,
andblendedlines (right) of 59 Cyg. Theline pro les arethe averageof all suitablein-
dividual spectra. The blue emissionwing of O18446is blendedwith the Pascherline
P18.Next to thatblendthe double-pead emissiorline P17is visible, centredatroughly
+ 750 km=s. Theredemissionwing of Fell 5169is broadenedy blendingwith other
lines. Hel 7065 andthe red emissionwing of Hel 5876 are penadedby atmospheric
absorptionbands. The interstellarNai absorptionline at 5890 A is visible at about
+ 700km=s next to He1 5876.

3.2 Radial velocities

Sincemostof the identi ed absorptionlines shav emissionfeaturesor blends,
only four strongphotospheridines canbe consideredor reliableradial velocity
measurements orderto determinethe orbital parametersf the binary system.
Thesearetheheliumtriplet linesHel 4471and4026andthe heliumsingletlines
Hel 4144and4009(Figs.3.2,right, and3.4). Thesdinesareclearlyde ned, i.e.

they have sufcient contrastbetweenline depthand continuum ux, andshow

almostno emissioncontribution from the circumstellardisc of the Be star (cf.

section3.7).

The numberof spectrasuitedfor accurateradial velocity measurementsom-
paredto the numberof available spectradiffers considerablyfor the individual
lines(Tah 3.1). Thisis mostobviousfor Hel 4026and4009,for which no spec-
tratakenearlierthan1997canbeused.Themainreasons thatthesespectravere
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Figure 3.4: Dynamicalspectra(cf. section3.4) of the absorptionlines usedfor radial
velocity measurements.
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Table 3.1: Numberof spectrdor theabsorptiorinesof 59 Cyg, suitablefor radialveloc-
ity measurementqeryearandin total. The resultingtime basisfor the periodanalysis
for eachof thoselinesis alsogiven.

Line He14009 He14026 Hei14144 Hei4471
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
Total number 52 67 55 91
Time basis 6 years 6years 12years 13years

takenwith the spectrograptrLAsH with a spectralrangeof about4000to 6700
A. In this caseHe1 4026and4009weretoo closeto the beginning of the nally
reducedspectra,whereerrorsdueto CCD artefactsand bad normalizationcan
play a majorrole. In somecaseghis waseventrue for Hel 4144. Furthermore,
thosespectrawith avery low signalto noiseratio werenot considered.

For measuringadial velocities,three methodswere testedfor bestaccurag:
Firstly, determinatiorof the positionof spectralinesby tting a Gaussiaro the
line centresinteractvely; secondly decompositiorof obsered spectraby min-
imizing the Fourier transformof the compositespectrawith KorReL (Hadrava
1995,1997);andthirdly, standardtross-correlatioiSimkin 1973;Hill 1993).

3.2.1 Fitting the line position with a Gaussian

In the caseof rapidly rotatingstarsvisible athighinclination,measuringhe posi-
tion of theline centreduy tting a Gaussiario the pro le doesnottypically yield
goodresults. Due to the high stellarrotationneighbouringines may blendinto
onepro le, resultingin anasymmetridine shape.Fitting a symmetricGaussian
to suchanasymmetrigoro le leadsto ambiguougesults. In the caseof 59 Cyg
thesamaeis truefor tting a Gaussiario theline coresonly, evenif the t is per
formedinteractvely. This is visible whenthe startingandendingpointsfor the
ts arevaried,evenif the Gaussianis tted only to a small region aroundthe
deepespoint of thepro le. Theuncertaintie®f suchmeasurementaeremuch
largerthanary realDopplershift.
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3.2.2 Fourier disentanglingof compositespectra

The programKoOREL from Hadrava (1995, 1997) simultaneouslydecomposes
spectrallines of multiple stellar systemsinto individual componentsand deter
minesthe orbital solution of the system. This is doneby optimizing the coef-
cientsof the Fouriertransformsf thecompositespectraby aleastsquaremethod.

An obsened spectrumis treatedmathematicallyas a compositespectrumof
several stellar componentsn termsof convolution with shifted deltafunctions
which correspondo the Dopplershift. The Fourier transformseparateshe un-
known modesof eachcomponenspectruminto anindependensetof equations
for multipliers of known functionsof the radial velocitiesof the individual com-
ponents.Thesearesolved by direct calculationof the coefcients andoptimized
by a simplex methodasa leastsquaret with regardto the orbital elements.In
contrastto standardcross-correlationKoREL correlatesa numberof obsenred
spectraakenatdifferentorbital phasestonce. Thedecomposethdividual spec-
traareusedinsteadof achosertemplate KOREL enables simultaneouspectral
disentanglingandderiationof radialvelocitiesandorbital elementof amultiple
stellarsystemwith upto ve componentsAs a by-productthe contribution of the
individual stellarcomponentso the obsenedline pro les aredetermined.

This methodcanbe successfullyappliedif the shapeof the obsenedline pro-

les do notvary. The strengthof theindividual lines canvary duringthe orbital
motiondueto effectsof binarity lik e eclipsesof binarycomponent®r dueto air-
massand humidity in uencing the telluric spectrum. It fails if the line pro les
showv additionalintrinsic variability leadingto a variable shapeof the pro les.
This couldbemisinterpretedsvariability accordingo theabose mentionedvari-
ations.

As demonstratedn section3.7, even the four stronghelium absorptionlines
shav variableemission,which is causedby the hot companion. This emission
turnedout to betoo strongfor the programto work properly Therefore,t could
not be usedfor radialvelocity measurementsndthe determinatiorof the orbital
elementf 59 Cyg.

3.2.3 Cross-corelation

Due to the problemssketchedabove, standardcross-correlatio{Simkin 1973;
Hill 1993)remainedhe only methodapplicablefor reliableradial velocity mea-
surement®f the photospheri@bsorptioriines. The averagespectrunof all suit-
ableindividual spectravasusedasatemplatefor the correlation.Sincethewidth
of the individual line pro les (roughly 1000km=s) is muchlargerthanthe max-
imum shift betweenthe single spectrarelative to the template(lessthanroughly
70 km=s), a correctionof thetemplatespectrunfor theindividual Dopplershifts
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Figure 3.5: Radialvelocitiesanderrorsfor Hel1 4471,4026,4144,and4009, measured
by cross-correlation.

doesnotimprovethe nal results.Thereforethetemplatewasnotcorrected.

Thebroadabsorptioriineswith theirasymmetricathapewverealsoproblematic
for thecross-correlatiomethod.Sincetheresultingcorrelationpeakswverebroad
andasymmetric the exact positionof the peaks,correspondindo the radial ve-
locity of thespectraline, wasdif cult to determingVerschuere& David 1999).
Owingto very strongline emissionthroughouthe stellarspectrumpnly individ-
uallinesweresuitablefor thecorrelation.Spectraregionsincludingseverallines,
enablingminimisationof individualuncertaintiescouldnotbeused.Spectrawith
comparatrely high noisecauseda substructurén the correlationpeaks.

As mentionedbefore thefour absorptiodines suitablefor radialvelocity mea-
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Table 3.2: Numberof H spectraof 59 Cyg, givenperyear Thetotal numberof spectra
is 150. Theresultingtime basisis 13 years.

Year | 1990 1994 1995 1996 1997 1998 1999 2000 2001 2002

Spectra| 10 7 4 4 3 45 10 38 18 11

surementarenot absolutelyfree of emission.In theselines emissionappearst
speci c orbital phasesandis con ned to theline centres.Sincethe shapeof the
individuallinesis comparedo theshapeof thetemplate the positionof thecorre-
lation peakis affectedmainly by thepositionof theline asawhole,especiallythe
positionof theline wings. Emissioncomponenti theline centrearelesscritical

andonly enhance possiblesubstructuref thecorrelationpeak.It turnedoutthat
noiseis a muchbiggerproblem. For eachspectraline the pro les which aretoo

noisy arenot takeninto accountfor the measurementsl herefore the numberof

spectrafor which radialvelocitiesweremeasuredariesfor the differentspectral
lines.

Themostobjectve methodwould appearto beanautomatedneasuringproce-
dure. This does,howener, not renderthe mostconsistentresultsbecausef the
broad,asymmetricandmoreor less nely structuredcorrelationpeaks.Instead,
the peakpositionwas measurednteractvely by centreinga Gaussiarto the up-
permostpart of the correlationpeak (Verschuerer& David 1999). The central
positionof this Gaussiarwasthentakenasthe Dopplershift of the spectrum.

Theuncertaintywasestimatedy measuringhewidth of theuppermospartof
the correlationpeak,wherethe peakis clearlyde ned. In thatregion the broad-
eningresultingfrom the broadcorrelatedspectradoesnot play animportantrole.
Thisallowsfor consideratiorof possiblemistalesconcerninghede nition of the
peakcentresdueto the ne structure.Theseratherlarge uncertaintiegabout10
to 25 km=s), shouldalsoprovide a good estimatefor the systematicerrorsand,
therefore,include uncertaintiedueto errorsof calibrationor normalization. In
Figure3.5themeasuredlatafor Hel 4471,4026,4144,and4009areshowvn.

In addition, radial velocitieswere measuredor H , for which 150 suitable
spectravereavailabletakenwithin aperiodof 13years(Tah 3.2). Thiswasdone
by cross-correlatiomnalogoudo the absorptionlines. That meansthe whole of
theline pro les wereusedfor thecorrelation.Theaveragespectrunof all suitable
spectravastaken asthe template.Unlike the absorptiorlines,H is dominated
by strongdisc emissionvaryingin strengthandshapeon a timescaleof abouta
year betweenl1990and 2002 (Fig. 3.6). Only emissionwings arevisible. The
absorptions lled in completely The shapeof the upperpartof theline pro les
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Figure 3.6: Longtermvariability of theemissionintensityof H betweer1990and2002.
Thepro les areaveragedor theindividual yearg(Tah 3.2). Sincethenumberof available
spectraandthe orbital phasesepresentediffer for every year substructuresay occur
in theuppermospartof theaveragedoro les.

is stronglyin uencedby thephase-lockdshort-termemissiorvariability. During
speci c orbital phaseghe pro les differ stronglyfrom the averagedine pro le
(Fig. 3.7).

It is not clearwhetherthe phase-lockd emissionvariability affectsthe bottom
partsof theH emission,aswell, or if thereare additionalprocessespossibly
alteringthe emissionwings arbitrarily. Therefore the radial velocitiesmeasured
in the emissionhave to be usedwith care. In contrast,Harmanecet al. (2002)
favour radial velocitiesdeterminedor the bottompartsof theH andHel 6678
emissionlines. They arguethatthesepartsof the emissionwings form closeto
the Be starin a symmetricallystablepart of the disc. Therefore they shouldbe
lessin uenced by variableemissioncomponentandrepresenthe motion of the
Be starbetterthanabsorptiorlineswhich arepartly lled with emission.

In this study only the radial velocitiesderived for the stronghelium absorp-
tion lines were usedfor the further investigationsof the Be primary. They are
preferred,sincethey form directly in the photospheref the Be starandshould
representhe orbital motion of the Be starbest. In section3.5it will be demon-
stratedthat the emissioncontrikbution obsened during specialorbital phasesn-
deedslightly alterstheradialvelocitiesmeasurediuringthesephasesTheeffects
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Figure 3.7: Individual pro les (black) and averagedpro le (red)of H . The average
spectrumwastakenastemplatefor the cross-correlationThe numbersdenotethe orbital
phasesluringwhichto theindividual spectraveretaken.

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

3.3 Orbital period

Thestudyof Rivinius& Ste (2000)usedHEROS spectraobtainedbetweenl 990
and 1998in combinationwith IUE datafor their analysis. The presentstudy
determinesheorbital parametersf 59 Cyg onthebasisof radialvelocitiesof the
HEROS dataalone. This wasmadepossibleby the monitoringcampaigncarried
out at Wendelsteinand Ondrejov obsenatoriesfrom 2000to 2002. About 50
additionalspectraof 59 Cyg weretaken, extendingthe time basisby threemore
years(Tah 3.1)totalling 13 years.

For eachof the four heliumlines discussedbove, He1 4471,4144,4026,and
4009, a separatdime seriesanalysiswas carriedout. In a rst stepthe phase
dispersiomminimizationmethod,PDM, asdescribedy Stellingwerf(1978),was
appliedto the radial velocitiesof the absorptiorines. The methodworksin the
following way: Assuminga rangeof possibleperiods,for eachof the obsered
line pro les the correspondingphasesaredetermined.Thenthe radial velocities
derivedfor thosespectralines aresortedinto a numberof phasebins,according
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Figure 3.8: Resultsobtainedwith the PDM methodfor He1 447 1radialvelocities,using
a stepsizeof 0.001d and20 phasebins. In the upperpanelthe entire explored period
rangefrom O up to 100 daysis displayed. The lower panelshavs the rangearoundthe
earlierreported28/29-daygeriodicity

to the computedphases.The meanof the standarddeviationsis calculatedfor
eachindividual bin. The betterthe dataare sortedinto thosebins of the given
periodthe lower the respectre standarddeviationswill be. Sincethis methodis
independenbf the signal shapeand can handlelesshomogeneouslatasets, it
is well suitedto give an overview of possibleperiodsandproblemsarisingfrom
aliasing.

The periodsearchwascarriedout for a periodinterval from 0 up to 100 days,
using stepsizesbetween0.001and 0.0001d. The numberof phasebins was
variedfrom 5 up to 30. Only for He1 4471 and 4026 more than 20 bins were
used wheremorethan60 suitablespectravereavailable. For the otherlinesthis
mary binswould have causegroblemsecausef emptybins(Tah 3.1). Varying
the stepsizesfor the period-searctandthe numberof phasebinsdid not leadto
signi cantly differentresults.

Togetherwith somealiases,the earlier reportedperiodicity of 28 to 29 days
is presenunambiguouslyn the He 4471 radial velocities(Fig. 3.8), but cannot
be detectedeliably in the otherlines. In Hel 4471 additionalstrongerminima
appearat abouttwice and threetimesthe 28 to 29 day period, but signi cant
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Figure 3.9: Resultsof the periodsearchobtainedwith the PDM methodfor C1v 1548,
Hel 6678,andH . Sincetherearenootherrelevantminima,only thetimeinterval around
the 28-dayperiodis shavn. The methodwasappliedwith 20 phasebinsanda stepsize
in time of 0.001d.

minimacorrespondingo alternatve orbital periodsarenotto bebefound.

It is nottoo surprisingthatHel 4144,4026,and4009do not show ary signi -
cantminima. As demonstratech Table3.1,thetime basisof Hel 4026and4009
spanonly over6 yearsandonly 67 and52 measuredadialvelocitiesrespectrely
aretrustworthy. Thisis abouthalf the amountof time comparedo Hel 4471for
which a time basisof 13 yearsand 91 spectraare available. The time basisof
12 yearsfor Hel 4144is aboutthe sameasfor Hel 4471. But thereareonly 55
suitablespectraavailablefor Hel1 4144. Thisis only roughly half the amountof
datacomparedo Hel 4471.

To con rm thatthe28-dayperiodis theonly relevantone,the PDM methodwas
alsoappliedto the radial velocitiesof the ultraviolet C1v doubletline at 1548A.
For this line 181 1UE spectraobtainedbetweenl978and1994areavailable,i.e.
atime basisof 17 years.Theradial velocitiesweredeterminedy measuringhe
positionof theblueline wing relative to thecentralwavelengthusingthegraphical
cursor Thisis preferableto othermethodssincethe blue partof theline pro le
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Figure 3.10: Resultsof thefrequeng analysiswith AOV for Hel 4471:Window function
(upperpanel)and power spectrum(lower panel)are shavn for the entire investigated
frequeny spacqgleft) andin therangeof the orbital period(right).

is lessvariablecomparedo therestof thepro le, whichis blendedwith the other
line of thedoubletat 1551A.

Furthermorethe radial velocitiesof the short-termvariableemissioncompo-
nentweremeasuredh Hel 6678,wherethis emissions visible best. Thischarac-
teristic featureoccursin mostlines with emissionandis assumedo arisedueto
the secondarycomponenbf the binary. It is discussedn section3.7. The PDM
methodwasalsoappliedto thesedata. 137 spectrawvereavailablefor Hel 6678,
spanningatime interval of 13 years.Theradialvelocitiesweremeasurdy tting
a Gaussiaro the peakof theemissionfeature.

For C1v 1548andHe| 6678theperiodsearchwascarriedoutwithin aninterval
from O up to 100days,too, usinga stepsizeof 0.001d and20 phasebins. Strong
minima appearonly for a periodaround28 dayswith additionalstrongminima
at abouttwice andthreetimesthatvalue. Theseresultscon rm the ndings for
Hel 4471. Theminimafoundfor Civ 1548andHel 6678aremorepronounced
andbetterde ned (i.e. narraver) thanfor Hel 4471,in particularfor Hel 6678
(Fig. 3.9,top andcentralpanel).

The PDM methodwas also appliedto H andled to the sameresultsasfor
Hel14471,Civ 1548,andHel 6678(Fig. 3.9,lowerpanel).Theperiodicityaround
28 daysis con rmed. In all dataavailablefor this work, thereis only oneperiod
foundwith the PDM method representinghe orbital motion of the binary.

Two more time seriesanalysistechniquesvere appliedto the radial velocity
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Figure 3.11: Radial velocitiesof Heil 4144 sortedwith periodsof 25.49d (left) and
28.192d (right).

dataof the four photospheridines. Thesemethodsarethe analysis-of-ariance
method,AQV, from Schwarzenbeg-Czerty (1989)andthe methodfrom Scagle
(1982)to computeperiodogramme®r unesenly distributeddata. Otherthanthe
PDM method,they also provide information aboutamplitudeand phaseof the
variability, andwill alsoidentify non-sinusoidaVariationsthroughthe power of
the harmonicfrequenciesto allow for aninitial guessof the eccentricity Both
methodsare implementedn the MIDAS TSA packagefor time seriesanalyses
(Schwarzenbay-Czerry 1993;ESO-MIDAS 1995). In orderto be ableto search
for morethanoneperiod,i.e. includingthe harmonicsa procedureasdescribed
by Kaufer et al. (1996) was used,where previously found periodsare removed
iteratively by tting sinusoiddo theoriginaldata.Thisis equialentto a CLEAN
procedurewith unity gain. The explored frequeng spacerangedfrom O up to
1 c=d, usinga stepsizeof 10 4 and10 °c=d. Both methodswereappliedto all
datafrom all four photospheri@absorptiorines.

For Hel 4471 onessigni cant periodwasfound, as expected,between28 and
29 days. Both methods AOV andScagle, yieldedthe samevalueof P = 28.192

0.004d. In Figure3.10window functionandpower spectrumareshown, com-
putedwith AOV. Thewindow function hasno featuresn the frequeng rangeof
the detectedperiodandshould,therefore have no in uence. Figure3.12shavs
theradialvelocitiesfor Hel 4471,sortedwith the 28.192d period.

Whenastepsizeof 10 ° c=d wasapplied,a periodabove thesigni cancelevel
of 3 wasalsofound for Hel 4144 with both methods. With a value of 25.49

0.02d it is outsidethe expectedrange.lIts power is lessthanhalf the power of
the28.192d perioddetectedor Hel 4471.As shovn in Figure3.11,thedataare
sortedwell by the 28.192d period, with evenlessscatterthanwith the 25.49d
period(seealsoFigure3.12). The velocity amplitudeis roughly the sameasthe
oneof Hel 4471sortedwith the 28.192d period(Fig. 3.12).

For Hel 4026 and 4009 no reliable period was found. But asshown in Fig-

33



CHAPTERS3. 59CYG, A SECONDBE + SDOBINARY

—_ F | T T T T | T T T T | T T T T | T T T T | B
% 100 £ E
i =i
= 0F E
o = -
50 F E
> 100 & E
% 100 — —
§ st
o 0F =
g - :
7 -50F E
> _100 E
% 100 £ E
& %0 E
< 0F E
& - -
7 50 F E
> _100 | £
% 100 - E
& 80 E
g 0F E
o - =
5 5o E
> —100 :—l AT (NI N N T N N N NN N NN SN NN NN SR |—:
0 0.5 1 1.5 2
Phase

Figure 3.12: Radialvelocitiesof the absorptionlinesHel 4471,4026,4144,and 4009,
sortedwith the orbital periodof 28.192d.

ure3.12,alsoHel 4026is sortedwell by the 28.192d period,againwith roughly
thesamevelocityamplitude.Hel 4009mayvary with thatperiod,too (Fig. 3.12),
but theradial velocity variationsaresmall. It is not clearwhy it doesnot behae
liketheotherthreelines. Thereforejt is notpossibleto make areliablestatement
aboutthisline.

Againit is not surprisingthatno periodabove the 3 thresholdwasfound for
Hel 4026,sincethetime basisfor Hel1 4026is only abouthalf thatfor He1 4471
and4144(Tah 3.1). The 25.49d period, detectedor Hel 4144, is very likely
not real. It only turnsup if the very small stepsizeof 10 °c=d is applied,but
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Figure 3.13: Averagedspectrumandindividual line pro les shawing the spectrakegion
of Hel1 4686. A reliableHe1 emissionis hardly detectable.The numberson the right
indicatetheorbital phasesluringwhich the singlesectrawvereobseed.

not if 10 4c=d is used. In contrast,the 28.192d periodin Hel 4471is found
with bothstepsizesandhasabouttwice the powerthanthe 25.49d period. Since
thereareabouttwice asmary spectraavailablefor Hel 4471thanfor Hel 4144
(Tah 3.1), the detectionof a true periodicity for Hel1 4471is muchmorelikely
thanfor Hel 4144. Consideringalsothe resultsof the PDM method,in particu-
lar for C1v 1548andHe1 6678,the 28.192d periodis the only trustworthy one,
consideredo betheorbital periodof the Be binary system All following investi-
gationsin thiswork will usethis period.

Orbital parametersverecalculatedusingthe radial velocitiesof He1 4471and
will bediscussedn section3.5.

Basednastudyof V magnitudeobsenationsspanningver43yearsHarmanec
etal. (2002)founda periodfor 59 Cyg of 28.1971 0.0038d. Within the errors
thatperiodagreeswith the periodobtainedn the presenstudy

3.4 Hell 4686

Dueto the strongline broadeningtheresultingblends,andthe strongline emis-
sionin large partsof the spectrunmof 59 Cyg (seesection3.1),it wasnot possible
to nd aclearsignatureof a hot,compactcompanionn theindividual spectreor

the averagedone (Fig. 3.13). Therefore,dynamicalspectrahadto be computed
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Figure 3.14: Line pro les anddynamicalspectreof the Hel1 4686andHel1 1640lines.
The individual spectrawere sortedinto 30 phasebins and averagedin eachbin seper
atly. Weakabsorptionfeaturesare visible, moving in anti-phasdo the Be primary (cf.
Figs. 3.15and 3.24). Thesefeaturesare interpretedas absorptionlines, formedin the
photospheref the secondargtar

which aremoresensitve to weakfeatures.

For thatpurposehefull cycle wasdividedevenly by sortingthesingleline pro-
les into 30 phasebins. All spectrawithin onebin wereaveraged.The averaged
spectrawere plotted bin by bin into a two-dimensionaframe using velocity as
abscissandphaseasordinate. Thelocal intensitiesarerepresentetyy different
colours.Phaseé).0 correspondsvith the superiorconjunctionof the primary; i.e.
whenthe secondarys in front of the Be star

SeveralHell lines, in particularHe11 4686 which shouldbe very prominentin
ansdO-starandseveralmultiple ionizedmetallinescharacteristi¢or O-typestars
weresearchedor.

A weak absorptionfeaturewas found in the dynamicalspectraof Hel1 4686
andHell 1640 (Fig.3.14). As it movesin anti-phaseo the Be primary with a
velocity amplitudeof roughly 100km=sin bothlines (Fig. 3.15,cf. Fig. 3.14
for Hell 1640). This a distinctive featureof the secondarystaronly. Sinceeven
early B-type starsdo not shov Hell 4686, the absorptionmustoriginatein the
photospheref the secondaryand, hence,contitutesa direct evidencefor a hot,

36



Phase

3.4. HEIl 4686

1.5 T T 1.5
1 [ 1
52 4 3
[ ,;l i ﬁ'i 1 11 NS I R N
. i o £
(¥ i3 I g oy
0.5 - J -g 0.5 , 'r!li 1
L. ' a9
o [ 0
L o B
= 400 13
3 i = fll . 1 AR L 1 RV 0 NE ) S e
. pl : f‘ 5, Py
—0.5 550 N — -0.5 R v j
—-400-200 O 200 400 600 —400-200 0O 200 400 600
Velocity [km/s] Velocity [km/s]

Figure3.15: ComparisorbetweerHe| 4471 (left) andHe11 4686(right). Hel 4471forms
in the photoshperef the Be star Hell 4686 movesin anti-phasdo Hel 4471andhasa
largervelocity curve. Thereforejt mustoriginatein thephotospheref thehotsecondary

compacicompanion.

OtherthanHel1 1640,which alsohassomephotosphericontribution from the
Be star themuchclearerHel11 4686featurecaneasilybetracedin the dynamical
spectrum.Theradialvelocityin eachphasebin wasmeasuredhreetimesinterac-
tively with thegraphicalcursorandaveraged.Theresultingradialvelocitieswere
usedfor anindependenstudyof the orbital parametergsection3.5).

In the averagedspectrumof the 99 usablespectrathe Hell 4686 absorption
featureis alreadyvisible, but cannotbe identi ed unambiguouslyFig. 3.16,left
column,upperpanel). Sinceit is not yet correctedwith regardto the orbital mo-
tion, the whole pro le is muchbroaderandlesspronounced.For analysis,the
spectraehadto be correctedwith respecto the orbital motion.

The radial velocities measuredor Hell 4686 were also usedfor correcting
the 30 phase-binnedpectra,extractedfrom the dynamicalspectrum,for their
Dopplershift dueto the orbital motion. Theseshift-correctedspectravereaver
agedandclearly shav the Hell 4686 absorptionline, which is quite sharpcom-
paredto the broadlinesof the Be star(Fig. 3.16,left column,middle panel).The
equivalentwidth of Hel1 4686in the combinedspectrurris 14 mA.

For comparisonthe sameprocedurewas appliedto the Hell 1640 data(see
Fig. 3.16, right column, middle panel). The core of the resultingline pro le is
alsonarravercomparedo theonevisible in theaveragedspectrunof theoriginal
data(Fig. 3.16,right column,upperpanel),but theline wings seemto beslightly
broader This suggestsneanthat the pro le of Hell 1640is a compositeof a
large contribtution by the Be primaryanda smalleronefrom the secondarywhich
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Figure 3.16: Averagedspectreof Hell 4686andHel1 1640: Averageof all original spec-
tra (upperpanels) averageof Dopplershift correctedoro les (middle panels),compari-
sonbetweerthemeanf theoriginal (black)andtheshift-correctedred)spectrgbottom
panels).

is focusedaroundtheline centrewith alower rotationalbroadening.

The sameprocedure,namely extracting, shift-correcting,and averagingthe
phase-binnegro les of a dynamicalspectrumwasalsoappliedto several other
lines characteristidor O-type stars. Their examination,however, renderedno
furtherfeatures.

The detectionof the Hell 4686 absorptionline i.e the direct proof of the sec-
ondarycomponenif 59 Cyg enablesan independentheckof the orbital ele-
ments.This discovery gave roomto narrov down the characteristiparametersf
thebinarysystem.
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Table 3.3: Orbital elementsf 59 Cyg computedor Hel 4471 (photospheri@bsorption
of theprimary)with VELOC andFOTEL.

Orbital parameter VELOC VELOC FOTEL
1. Solution 2. Solution

Orbital period,P 28.192d xed | 28.192d x ed 28.192d x ed
Superiorconj., Tsc (MJD) 51018.85| 51019.25x ed 51018.78 1.4
PeriastronTy (MJD) 51034.62| 51035.37x ed 51034.55 1.4
Eccentricity e 0.27 0.11 x ed 0.266 0.076
Periastroriength, 287.5° 294.9° 288.3 19.8°
Velocity amplitude K 1 24.77km=s 24.73km=s | 26.4 3.9km=s
Systemvelocity, v 3.46km=s 4.56km=s | 4.25 1.51km=s

Table 3.4: Orbital elementf 59 Cyg computedor Hel 4686 (photospheri@bsorption
of thesecondaryyith 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
PeriastronTo (MJD) 51035.37 51035.32 0.22
Eccentricity e 0.11 0.113 0.005
Periastrorength, 113.5° 112.8 2.8°
Velocity amplitude K 120.13km=s | 120.12 0.76km=s
Systenmvelocity, vo 0.92km=s 0.99 0.45km=s

3.5 Orbital parameters

The orbital elementf 59 Cyg werecomputedwith the programsVELOC from
Schmutzetal. (1997)andFoTEL from Hadrava (1990)usingtheradialvelocities
derived for the He14471andHel1 4686 lines. The orbital period of 28.192d
establishecearlierwasassumedasa x ed parameter The resultsare given in
Tables3.3and3.4.

VELOC ts aradial velocity curve to a setof measuredadial velocities. The
parametersf the velocity curve arethe orbital elements.They arevariedwithin
seperatelyde ned limits for eachof the parametersThe optimumsetof orbital
elementss foundif thermserror, determinecy a 2-test,is minimal.

FoTEL allows for simultaneoustting of radial velocity andlight curves. The
orbital elementsarederived by tting aradial velocity curve to measuredadial
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Figure3.17: Measuredadialvelocitiesandorbital solutionsfor Hel 447 1calculatedvith
VELOC. Intheupperpanelthe rst solutionwith e=0.27is shavn. Phasé.0corresponds
to the time of superiorconjuctionTsc = MJD 51018.85. The lower panelshavs the
solutionfor x edeccentricitye = 0.11. Thedataaresortedusingthecorresponding sc =
MJD 51019.25.

velocities.For eachorbital parametean startvalueanda stepsizeis givenfor the
parametesearch.Thequality of the t is checledby alastsquaremethod.

Thecomputedeccentricitief the binary orbitsfor the two linesdiffer consid-
erably The computationrenderedan eccentricityof e = 0.27 for Hel1 4471and
of e=0.11for Hell 4686respectrely. Theotherorbital elementgexceptfor the
velocity amplitudeof course)agreequite well. In orderto decidewhich of the
derivedeccentricitiess themoreaccuratene,afurtherorbital solutionoperating
Hel 4471 was computed. Eccentricityand point of time of the periastronpas-
sage,To, were x edto the valuesfoundfor Hell 4686. This wasdoneto enable
a t of theradialvelocitieswithin the scopeof the orbital solutionaspreviously
establishedor the secondarycomponent.The measuredadial velocitiesof the
secondargomponentrelessproneto dirt effectsthanthoseof the primary, and,
hencemorereliable. The solutionthusestablishedliffers only slightly from the
rst one,exceptfor theeccentricity Thevelocityamplitudesof 24.77km=sfound
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Figure 3.18: Orbital solutionsfor the primary andsecondaromponentalculatedwith
VELOC: Measuredradial velocitiesand orbital solution for Hel1 4686 (black), orbital
solutionfor He1 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 Figure3.17includingthe measuredadial veloci-
tiesto testthe ts againsthe data. The phasesverecalculatedusingthe time of
superiorconjunction,Tsc, asepochfor phasezero. For eachsolution, Tsc was
derivedfrom the correspondingalueof the periastronpassagel,. Theslightly
differentvaluesof Ty and,therefore of Tsc resultin a smallphaseshift between
the solutions. Both solutions t the measuredlatequite reasonablegvenif the
solutionfor e = 0.27 seemdo beslightly better

In Figure3.18theorbital solutionsfor theprimaryandsecondargomponenare
plotted.Additionally, thederivedradialvelocitiesfor Hell 4686areshavn, which
areverywell approximatedby the t. Thetwo radialvelocity curvescomputedor
the Be primary differ dueto thedifferenteccentricitiesFor e = 0.11the primary
is maximallyblueshiftedandthe secondarys maximallyredshiftedat phased.29.
The maximalredshiftof the primary or the maximalblueshiftof the secondary
respectrely, is reachedat phased.72. For aneccentricityof e = 0.27the primary
is maximally blueshiftedat phased.35andmaximallyredshiftedat phase0.68.

The phaseof the maximalredshiftfor e = 0.27 lies within a rangeof orbital
phasesn which very strongemissionis visible at the inner partof the blue wing
of almostall emissionlines (Figs.3.19and3.20,seealsosection3.7, Fig. 3.25).
The correspondinghaseof maximalblueshiftbelongsto a phasenterval where
strongemissionis visible at theinnerpartof theredwing of the heliumemission
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Figure 3.19: Obseredline pro les of Hel 6678,shavn for anentireorbital cycle. The
variableemissionis visible in the red part of the pro les in the rangeof phase0.25 at
roughly + 200km=s. In the blue it appearsaroundphase0.75at roughly 200 km=s.
The invariant disc emissionis only weakly pronouncedbut clearly visible in the blue
betweenphase0.05and 0.5 around 200km=s. In theredit is dif cult to detect,but
shouldbefoundbetweemphase®.5and1.0atroughly+ 200km=s.

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

In section3.7 it is demonstratedhat almostall analysedabsorptionlines are
contaminatedat leastto someextent by an emissioncomponenthat variesin
anti-phaseo the Be primary Asymmetric lling of the absorptiorwings of the
line pro les during the abose mentionedorbital phasescan causea shift of the
apparentine cores,resultingin too high radial velocities. Hence,the phasesf
maximalvelocitiesare shifted, giving a too high eccentricity This canexplain
why the eccentricitydervedfrom theradial velocitiesof Hel 4471is higherthan
theonefoundfor Hell 4686.

In Figure3.21theradialvelocitiesof all componentsneasuredn the spectrum
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Figure 3.20: Dynamicalspectraof H (left) andHe1 5876 (right). Accordingto the or-

bital solutionwith eccentricitye = 0.27,the phaseof maximalblueshiftof the Be primary
is 0.35andof maximalredshiftit is 0.68. Phase).0 corresponds$o superiorconjunction
oftheprimary H andHeil 5876shav theenhance@missioroccuringin thebluearound
phased.68verywell. Theenhance@missionin thered,visible aroundphased.35,is well

ponouncedn Hel 5876.

of 59 Cyg are shavn: Hel4471andHell 4686, representinghe photospheric
absorption®f theprimaryandthe secondarytheabove mentionedvariableemis-
sion,beingin phasewith the motionof the secondaryandtheinvariantemissiort
of the Be disc, very well visible in the blue wing of He1 6678 (Figs. 3.19 and
3.22,left). Additionally, the orbital solutionsfor the primary, calculatedwith the
eccentricityof e = 0.11, andfor the secondaryareshovn. The solutionfor the
primaryis alsoplottedover the radial velocitiesof the invariantdisc emissionto
accounftor the superimposedotationalvelocity of thedisc.

The radial velocities of the variable emissioncomponentwere measuredy
tting a Gaussiarto the positionof the componenin theindividual line pro les
of Hel 6678. Theinvariantemissionfrom the Be discwasdeterminedanalogous
to theoneof Hell 4686by measuringheradialvelocitiesof the emissionfeature
in eachbin of the dynamicalspectraof Hel 6678and5876,H , andFeli 5169
usingthe graphicalcursor Theselines were chosenbecausef their prominent
emissionfeature.To nally gettheradialvelocities,theindividual measurements
areaveraged.Sincethe invariantdisc emissionis clearly visible only in the blue

wings of the line pro les in a phaseinterval from 0.0 up to 0.5 (Fig. 3.22, cf.

1Theterm“invariantemission”denoteghatpartof the discemissiorwhich is not affectedby
thesecondargomponentn abinarysystem It correspondso thedouble-peakdemissiorwhich
is alsovisible in the spectraof singleBe stars.
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Figure 3.21: Emissionandabsorptiorcomponent$oundin thespectrunof 59 Cyg. The
measuredadial velocitiesareplottedagainsthe orbital phase Red: Radialvelocitiesof
Hel 4471, representinghe photospher®f the primary andorbital solutionfor e =0.11;
black: Radialvelocitiesandorbital solutionfor Hell 4686, representinghe photosphere
of the secondarypreen: Radialvelocitiesof the variableemission;blue: Radialveloc-
ities of the invariant disc emission,the orbital solutionfor the primary for e = 0.11is
overplotted shiftedby roughly 200km=s (red).

Fig. 3.25,section3.7),theradialvelocitiesweremeasuredh therespectre phase
binsonly.

Theradialvelocitiesof theinvariantdiscemissiorpeaksareapproximatedjuite
well by the orbital solutionfor the primary calculatedwith the valuesfor eccen-
tricity andtime of the periastrorpassagef thesecondsolutionwith e =0.11(see
Tah 3.3). Sincethey were measuredluring orbital phasesvhenthe signi cant
partsof theline pro les arenotdisturbedby thevariableemissionthisis a strong
hint that the eccentricityof 0.27 found for He1 4471 with freely corverging pa-
rametergs too high. Additionally, Hell 4686 doesnot seemto be contaminated
by any kind of emissionandis not formedby B-type stars.Therefore the orbital
solutionfoundwith theradialvelocitiesof thesecondarys favouredfor theentire
system.In thefollowing, the orbital elementglerivedfrom thatcomputationwill
beadoptedor the orbital parametersf the system.

Harmanecet al. (2002) publishedorbital elementscalculatedwith FOTEL for
radial velocitiesof 30 H and29 Hel 6678line pro les. The radial velocities
weremeasuredor the symmetricbottompartsof theH emissionwings,for the
emissionwings, and for the absorptionwings of Hel 6678. They useda x ed
orbital periodof 28.1971d, determinedoy photometryanda x ed eccentricity

44



Phase

3.6. PARAMETERSOF THE BINARY COMPONENTS

16 m——

0.5

Fhase

—05 y T8 . | :
—600 —400 —200 QO 200 400 600 —400 —2004 0 200 400 600
Velocity [km/s] Velocity [km/s]

Figure 3.22: Dynamicalspectraof Hel 6678 (left) andH (right). The invariantdisc
emissionis clearly visible in the blue part of the line wings betweenorbital phase$.0
and0.5atvelocitiesof roughly 200km=s.

of e= 0. For H they found a velocity amplitudeof 13.0 1.0 km=s, for the
Hel1 6678emissiorwings31.3 1.6km=s, andfor theHe 6678absorptiorwings
25.4 3.0kms=s.

FurthermoreHarmaneetal. computedsinusoidalts totheV/R variationsof
44H and36Hel 6678pro les in orderto nd the point of time whentheV/R
variability becomesninimal andto derive the amplitudeof this variation. Except
for onesolutionfor H , again,acircularorbit anda x edperiodwereassumed.
The solution, where period and eccenticitywere allowed to corverge, gave an
eccentricorbit with e = 0.524 0.096anda periodof 28.965 0.0049d. Within
theerrors,this periodagreesvell with the orbital periodobtainedn this work.

3.6 Parametersof the binary components

The detectionof a photosphericomponenbf the secondarythe Hell 4686 ab-
sorption,allowedfor the derivation of the radial velocity curvesfor bothcompo-
nentsof the binary systemtherebyenablingto determinethe massesM ; sin’i
andM, sin’ i, semi-majoraxes,a; sini anda, sini, andthe separationasini, of
the primary andsecondartarexceptfor afactorof sin®i andsini, respectiely.
To assesshis problem,massesanddimensionsverecalculatedor a wide range
of inclinationangles.Since59 Cyg hasa very high v sini of roughly 450 km=s
andmore(Fig. 3.23),anddueto the shapeof the emissionpointingto a medium
to high inclination (Hanuschiket al. 1996),inclinationslower than40° arevery
unlikely andwerenottakeninto account.
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Figure 3.23: Averagedpectrunof He1 6678(black)androtationalbroadenedynthetical
spectrunfor aB starwith T, =25000K (red). TheHel 6678line is theaverageof 147
Dopplershift correctedine pro les. The syntheticalspectrumwasbroadenedvith 505
km=s.

To take thewholerangeof likely valuesinto considerationcomputationsvere
performedfor four possiblevelocity amplitudedor the primary componentK ;.
BesidesK; = 24.77 km=s, resulting from this study velocity amplitudesof
20km=sand30 km=swereinvestigatedThesevaluesencloseherangeof radial
velocities, establishedor the velocity amplitudeof the invariantdisc emission
which follows the Be primary. A velocity amplitudeof 13 km=s andan eccen-
tricity of e = 0.5publishedby Harmaneetal. (2002)werealsoincluded.For the
velocity amplitudeof the secondanthe valueof K, = 120.13km=s, asderived
in the presenttudy wasused. Both eccentricitiesg = 0.11andthe presumably
overestimatea = 0.27,were considered.The resultsfor the massesare shavn
in Tables3.5and3.6, for the semi-majoraxesin Tables3.7 and 3.8, andfor the
binary separationn Table3.9. In Table3.10valuesof the stellarparametersire
listedaspublishedby differentauthors.

Accordingto Poppers calibration(Popperl980),Harmanecet al. (2002)gave
an effective temperatureof logT, = 4.413for 59 Cyg (cf. Table3.10). This
correspondso aslightly laterspectratypethanB1. Takingthemassf 11.03M ,
establishedor B1-type starsby Harmaned1988),asan upperlimit for the Be
primary, only inclinationshigherthan55° arepossiblefor the system.For K ; =
13 km=sande = 0.27 or 0.5, respectiely alsoinclinationsaslow as50° would
be in agreementvith suchan upperlimit for the masses.But asdemonstrated
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Table 3.5: Massedor the Be primary M 1, for differentsetsof orbital parameterand
differentinclinationanglesgivenin M

K1 13km=s 20km=s 24:77km=s 30km=s
0:11  0:27 05| 011 027| 011 027 011 027

40° | 22.99 20.90 15.21| 25.47 23.16| 27.24 24.76 | 29.24 26.58
45° | 17.27 15.70 11.43| 19.14 17.40| 20.46 18.60| 21.96 19.97
50° | 13.58 12.35 8.99| 15.05 13.68| 16.09 14.63| 17.28 15.71
55° | 11.11 10.10 7.35| 12.31 11.19| 13.16 11.97| 14.13 12.84
60° | 940 855 6.22] 1042 9.47|11.14 10.13| 11.96 10.87
65° | 820 7.46 5.43| 9.09 8.26| 9.72 8.83|10.43 9.8
70° | 736 6.69 4.87| 815 7.41| 872 7.93| 9.36 851
75° | 6.78 6.16 4.48| 751 6.83| 8.03 7.30| 862 7.83
80° | 639 581 423| 708 644| 757 689 813 7.39
85° | 6.18 562 4.09| 684 6.22| 732 665| 786 7.14
90° | 6.11 555 4.04| 677 6.15| 723 6.58| 7.77 7.06

Table 3.6: Massedor the secondarncomponentM », for differentsetsof orbital param-
etersanddifferentinclinationanglesgivenin M

K1 13km=s 20km=s 24:77km=s 30km=s
0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27

40° 249 226 165| 424 386| 562 511| 730 6.64
45° 187 170 124| 319 290| 422 384| 549 499
50° 147 134 097 251 228 332 3.02| 431 392
55° 120 109 080 205 186| 271 247| 353 321
60° 1.02 092 067 1.73 158 230 209| 299 271
65° 089 081 059| 151 138 200 1.82| 261 237
7° 080 0.72 053| 136 123 180 163| 234 212
75° 073 067 049| 125 114| 166 150| 215 1.96
80° 069 063 046| 118 1.07| 156 142| 2.03 1.85
85° 067 061 044| 114 104| 151 137| 19 1.78
9 066 060 044| 113 102 149 136| 194 1.76
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Table 3.7: Semi-majoraxesfor the Be primary az, for differentsetsof orbital parameters
anddifferentinclinationanglesgivenin R

K1 13km=s 20km=s 24:77km=s 30km=s
e 0:11 0:27 05| 011 027| 011 027| 011 027

|
40° | 11.20 10.85 9.76| 17.23 16.69| 21.33 20.67| 25.84 25.03
45° | 10.18 9.86 8.87| 15.66 15.17| 19.39 18.79| 23.49 22.75
50° | 9.40 9.10 8.19| 1445 14.00| 1790 17.34| 21.68 21.00
55° | 8.79 851 7.66| 1352 13.09| 16.74 16.22| 20.28 19.64
60° | 831 8.05 7.24|1279 1239|1583 15.34| 19.18 18.58
65° | 794 7.69 6.92| 1222 11.84| 1513 14.66| 18.33 17.75
70° | 7.66 7.42 6.67| 11.78 11.41| 1459 14.14| 17.67 17.12
75| 745 722 6.49| 1146 11.10| 14.20 13.75| 17.19 16.66
80° | 7.31 7.08 6.37|11.24 10.89| 13.92 1349| 16.86 16.34
85 | 722 7.00 6.29|11.11 10.77| 13.77 13.34| 16.67 16.15
90° | 7.20 6.97 6.27| 11.07 10.73| 13.71 13.28| 16.61 16.09

Table 3.8: Semi-majoraxesfor the secondargomponentas,, for differentsetsof orbital
parameteranddifferentinclinationanglesgivenin R

K1 13km=s 20km=s 24:77km=s 30km=s
0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27

40° | 103.47 100.23 90.15| 103.47 100.23| 103.47 100.23| 103.47 100.23
45° | 9405 91.11 81.95| 94.05 91.11| 94.05 91.11| 94.05 091.11
50° | 86.82 84.10 75.64| 86.82 84.10| 86.82 84.10| 86.82 84.10
55° | 81.19 78.65 70.74| 81.19 78.65| 81.19 78.65| 81.19 78.65
60° | 76.79 74.39 66.91| 76.79 74.39| 76.79 74.39| 76.79 74.39
65° | 73.38 71.09 63.94| 7338 71.09| 73.38 71.09| 73.38 71.09
70° | 70.77 6856 61.67| 70.77 6856| 70.77 6856| 70.77 68.56
75° | 68.85 66.70 59.99| 68.85 66.70| 68.85 66.70| 68.85 66.70
80° | 67.53 65.42 58.84| 67.53 65.42| 67.53 65.42| 67.53 65.42
85° | 66.76 64.67 58.17| 66.76 64.67| 66.76 64.67| 66.76 64.67
90° | 66.51 64.43 57.95| 66.51 64.43| 66.51 64.43| 66.51 64.43
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Table 3.9: Separatiorof the binarycomponentsa = a; + ap, for differentsetsof orbital
parameteranddifferentinclinationanglesgivenin R

K1 13km=s 20km=s 24:77km=s 30km=s
0:11 0:27 0:5 0:11 0:27 0:11 0:27 0:11 0:27
i
40° | 114.66 111.08 99.91| 120.69 116.92| 124.80 120.90| 129.30 125.26
45° | 104.23 100.97 90.82| 109.71 106.28| 113.45 109.90| 117.54 113.87
50° | 96.21 93.20 83.83| 101.27 98.11| 104.72 101.44| 108.50 105.11
b5° | 89.97 87.16 78.40| 94.71 91.74| 97.93 94.87| 10146 98.29
60° | 85.10 8244 74.15| 89.58 86.78| 92.63 89.73| 95.97 92.97
65° | 81.32 78.78 70.86| 85.60 82.92| 88.51 8574| 91.71 88.84
70° | 7843 7598 68.34| 8256 79.98| 85.37 82.70| 88.45 85.68
75° | 76.30 73.92 66.48| 80.31 77.80| 83.05 80.45| 86.05 83.36
8(° 7484 7250 65.21| 78.77 76.31| 8146 78.91| 84.40 81.76
85° 7398 7167 64.46| 7787 75.44| 8053 78.01| 83.43 80.82
9° 73.70 7140 64.22| 7758 75.15| 80.22 77.71| 83.11 80.52
Table 3.10: Publishedstellarparametersf 59 Cyg.

Parameter Slettebak1982) | Chauvilleetal. (2001) | Harmaneetal. (2002)

Spectratype B1Ve B1.5Vne Blve

log Te 4.388 4.413

logg 3.97

Vv 4.74mag 4.797mag

v sini 260km=s 382km=s 450km=s

in section3.5,theseeccentricitiesaareoverestimate@ndthevelocity amplitudeis
underestimatedhereforetheresultingmassesveredisregarded.

59 Cyg shaws no regular shelleventslike PerandHR 2142. Only oneshell
episodewvasreportedn the 1970s(e.g. Barker 1982). Apart from that, no further
shell eventswere obsened. Therefore the inclination of the binary is probably
lessthan80°.

In the presenstudya velocity amplitudeof 24.77km=s for the Be primaryand
aneccentricityof e= 0.11for thebinarysystemwerefound. Thereforetheresults
for the stellarmassedM; andM, calculatedwith theseparametersrethe most
likely onesstronglysuggestingheinclination of the binary orbit to be morethan
60° andlessthan80°.

49



CHAPTERS3. 59CYG, A SECONDBE + SDOBINARY

Table 3.11: Orbital and stellar parameterof 59 Cyg. All epochsare givenin MJD
(JD 2400000.5).All of theorbital solutionswerecalculatedvith FOTEL.

Publishedby || Rivinius & Ste (2000) | Harmanecet al. (2002) This study
Orbital:
Period,P 28.1702 0.0014d 28.1971 0.003&d 28.192 0.004d
Tsc 51019.25
Tmin : RV 50013.1% 50013.31 0.62
To 50018.9 2.5 51035.37
e 0.20 0.08 0 xed 0.11 0.005
271 35° — 293 3°
K1 26.1km=s 13.0 1.0km=s 24.77km=s
K> 60 K, 150km=s 120.13km=s
Vo -16.49 0.76km=s 0.92km=s
Stellar:
M sindi 7.23M
M, sindi 1.49M
aj sini 13.71R
ap sini 66.51R
asini 80.22R
[ 45° <j <90° 60° <i <80°
M4 10.78 M 7.57<M1<11.14M
M, 1<M,<2M 1.56<M, <2.3M
a; 13.92<a; <15.83R
ap 67.53<a, <76.79R
a 90R 81.46<a<92.63R
R1 5.31+1.5/ 0.96M

1. Derivedby Harmaneetal. (2002)from Tg
P: Orbital periodof the binary
Tsc: Time of superiorconjunctionof the primary, corresponds$o orbital phased.0
Tmin:rv: Time of minimalradialvelocity, correspond$o orbital phased.0

To: Time of periastrorpassage
e: Eccentricity

. Periastroriength

K1, K2: Velocity amplitudeof primary, secondary
Vo: Systemvelocity
M, sin®i, M, sin®i; M1, M,: Masseof the primary, secondary

aj sini, az sini; az, az: Semi-majoraxesof the primary, secondary

asini, a: Separatiorof thebinarycomponentga; sini + a; sini anda; + az)
i: Inclinationof thebinarysystem
R1: Radiusof the primary
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InterpolatingHarmanecs calibration(Harmaned 988)for normalB1-typestars,
Harmaneetal. (2002)foundamassof 10.78M for the primary componenof
59 Cyg (cf. Table3.11).

Themostinterestingnding, however, is thatthe massesor the secondartar
M, calculatedor the abore mentionedvelocity rangeandan eccentricityof e =
0.11 (Tah 3.6) are signi cantly higherthanthosefor normal sdO starshaving
massedessthanl M . If the mostlikely velocity amplitudeK ; = 24.77km=s
is adoptedthe derived valuesfor M, lie betweenl.56and2.3M andevenare
above the Chandrasekhdmit of 1.4M . This suggestshat59 Cyg represents
anearlierstageof Peror possiblya precursoryphaseof a Be/X-raybinary.

The orbital and stellar parametergor both componentf the binary system
establishedn this studyarelisted in Tah 3.11. For comparisonthe resultsof
Rivinius & Ste (2000)andHarmaneetal. (2002)arealsoshown.

3.7 Emissionvariability phase-locledto the orbital
period

Basedon the period of 28.192d found in the presentstudy the short-termvar-
iability of 59 Cyg is analysed.In this contet “short-termvariability” denotes
variationsthatarelockedto the orbital periodandreappeaaftereachcycle atthe
sameorbital phase.In Figures3.24,3.25,and3.26 dynamicalspectraareshavn
for severalabsorptiorandemissionlines of differentions. They werecomputed
for avelocityrangeof 1000upto 2000km=s aroundthe centralwavelength
of the studiedlines. Theline pro les weresortedinto 20 phasebinsapplyingthe
sameprocedureasin section3.4.

The dynamicalspectraof the photospheriabsorptionlines shown the orbital
motion of the Be primary componentlearly by a periodicalshift of theline pro-
les throughouthe orbital cycle (Fig. 3.24). However, the inner partsof the blue
andredabsorptionvings, closeto theline centresdo not alwaysseemo behae
homogeneouslyDuring someorbital phaseghe inner blue wings move towards
the blue wing of the spectrallines, while the inner red wings seemto move to
the oppositedirectioni.e. redwards. Theresulting“knotty” structureof theline
centreqseesection3.7.1)is well visiblein He1 4471andH (Fig. 3.24).1t could
be misinterpretedasan effect of incorrectphase-binninglueto a wrong period.
Theobseredpro le cannotbeexplainedwithouttakinginto accountheemission

contrikution.

The ultraviolet carbondoubletline Civ 1548, partly originatingfrom absorp-
tion in thestellarwind of the Be star, followsthe orbital motionof theBe primary,
too.
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Figure 3.24: Line pro les anddynamicalspectraof absorptionines of 59 Cyg. Addi-
tionally, theultraviolet wind absorptioriine C1v 1548is shawvn.
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Figure 3.25: Line pro les anddynamicalspectraof emissionlinesof 59 Cyg.
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Figure 3.26: Line pro les anddynamicalspectreof blendedinesof 59 Cyg.

As mentionedabove, an inspectionof the dynamicalspectraof the emission
lines(Fig. 3.25)revealsthe presencef two clearlydistinguishablemissioncom-
ponentsOneis phase-lockdto the orbital periodandvariesin emissionstrength
over oneorbital cycle (section3.7.2). The otheroneconsistof two parts,visible
in the blueandredwings of theline pro les. They follow the motion of the un-
derlying photospheri@absorptionpro le andarelocatedat velocitiesof roughly
+200km=sand 200km=s. They representhe blueandred component®f the
double-peak&ddiscemissiorwhichis alsovisible in singleBe stars.

To distinguishthedouble-pea&ddiscemissionfrom the phase-lockd, variable
emissioncomponentjt is named‘invariantemission”,asde ned in section3.5,
page43. This meanghatit is not variablein emissionstrengthover oneorbital
cycle. But sinceit representshe stageof the entirecircumstellardisc of the Be
star it varies,of course,on alarger timescalemeasuredn years(Fig. 3.27). In
generaltheblue componentf theinvariantdisc emissionis visible moreclearly
thantheredone.

The invariantdisc emissionis bestvisible in the blue wings of Hel 6678 and
Hel 5876 betweenorbital phase®.0 and0.5 at roughly 200 km=s (Fig. 3.25,
seealsoFig. 3.19,page4?2). In lineswith strongemissioncontrikution, like H
andH , or in blendedlines, like O17772-5andFeil 5169, (Fig. 3.25) it mixes
moreandmorewith the phase-lockd emission.This is mostobviousin thered
partof theline pro les atphasedvetweer0.05and0.4. It is, thereforemoredif -
cultto nd anddistinguishtheinvariantfrom the phase-lockd, variableemission
component.

The phase-lockd emissioncomponents variablein strengthover oneorbital
cycle andbestvisible in Hel 6678,5876,and7065(Fig. 3.25,cf. Fig. 3.19,sec-
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Figure 3.27: Long-termvariability of theemissiorstrength. Dynamicalspectraof H  for
1998 (left) in comparisorto 2000(right). The invariantandthe superimposingariable
emissioncomponentrevery well visible in the bluewing of theline pro les at roughly

200km=s. The invariantemissionis bestvisible betweenorbital phase€.0 and0.5.
The phase-lockd, variableemissionhasa higherintensityandis mostobvious between
phase®.6and0.9.

tion 3.5). It movesin anti-phasdo the Be primary andis con ned to a velocity
rangeof roughly 200kms=s. In this rangethe invariantdisc emissionalso ap-
pears. This is a hint that the variableemissioncomponenis formedin the disc
surroundinghe Be star too. It is strongespronouncedtroughly 200km=sin
theblueandroughly+ 200km=sin theredline wing respectiely. In He1 6678the
underlyingabsorptiorpro le is alsowell visible, allowing for directcomparison
of thecomponents.

In Figure3.27dynamicalspectraof H areshaowvn for thedataobtainedn 1998
and2000separatelyBoth emissioncomponentsreclearly visible, especiallyin
theblueline wing atroughly 200km=s. They aremuchstrongerin 2000com-
paredto 1998. The sameis foundfor H andHel 6678,both shaving emission
componentsin Hel 7065, having nearlyno invariantdisc emission the variable
emissionis enhancedn 2000,too. The fact, thatthe emissionstrengthsof both
componentdehae analogouslysuggestshatthe variableemissionformsin the
sameregion asthe constanemissionnamelyin the Be disc.
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Figure 3.28: Centralpartsof the emissionlines Hel 6678 (left) and Hel 5876 (right).
Thecutvaluesfor theline intensitiesarechoserin away thatthe courseof bothemission
componentstheinvariantandthe phase-lockd one,becomeglearlyvisible. The knotty
absorptionstructureappearsvhenthe variableemissioncomponenis lesspronounced
likein Hel 5876.

3.7.1 Knotty absormption structure

A “knotty” absorptionstructurelike the one obsered in the absorptionlines
(Fig. 3.24)is alsovisible well in the line centresof someemissionlines, e.g.
He15876,H , andP17(Fig. 3.25). A comparisorof H (Fig. 3.25),H , and
H (Fig. 3.24) revealsthe natureof this feature. All threelines shav sucha
“knotty” structureof the underlyingabsorptiorpro le, becomingmoreandmore
pronouncedn H andH owingtoincreasingemissiorcontritution.H seemgo
befreeof emissionIn H bothemissioncomponentsthe standardliscemission
following the Be primary andthe variableemissionmoving in anti-phaseo the
Be star arealreadydiscernible.Especiallyin the bluewing bothcomponentsre
clearlydistinguishableComparedo H , the knotty structureis moredeveloped.
H basicallylookslike H but shovs muchmoreemission.Theknotty structure
is morepronounceaswell.

In emissionlines with a lesspronouncedsariableemissioncomponentwithin

100km=slike He1 5876andP17theknotty structureis alsovisible quite well.
But it is not visible in emissionlines like He1 6678 or H with strongcentral
emission.Thisis demonstrateth Figure3.28,wherethecentralpartsof Hel 6678
and5876arecomparedHence,it followsthatthe“knotty” structures causedy
superpositiorof the variableemissioncomponenandthe absorptiorpro le of a
spectralline (Fig. 3.29, lower left panel). Vice versa,a spectraline musthave
a contribution of the variableemissioncomponentf its line centreshavs sucha
knotty absorptiorstructure.
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3.7.2 Variable emission

As alreadymentionedn section3.2,almostall spectralinesof 59 Cygshav some
emissionat leastduring certainorbital phasesThis temporaryemissionappear
ing asasingle-peakdfeaturein thecentralpartsof theline pro les, isthevariable
emissioncomponent.Evenif the emissionis too weakto producea clearemis-
sionfeature,it will causea knotty structurein the underlyingabsorptiorpro le.
Thisis alsotruefor theabsorptiorlinesusedor theradial velocity measurements
to derie the orbital elements.The knotty absorptionis presenin the dynamical
spectraof He14471,4144,and4026 (Fig. 3.24). Therefore,it wasnot possible
to determineghe correctradial velocitiesfor all orbital phasesThisresultedn an
overestimatiorof the eccentricityof the binary system(cf. section3.5).

To con rm this nding Hel 6678is comparedo Hel 4471 andthe blend of
Hei 4922andFell 4924(Fig. 3.29).In this gure, theradialvelocitiesof thetwo
emissiorcomponentghevariableandtheinvariantdiscemissionweremeasured
by tting a Gaussiarto their positionin the singleline pro les of Hel 6678. The
resultswereplottedin atwo-dimensionaframeanalogougo thedynamicalspec-
tra. Thebluepartof theinvariantdiscemissions representefly bluecrossesthe
red partby red crosses.The variablecomponenimoving in anti-phaseo the Be
primaryis shavn by black circles. For a betterunderstandindgnow the emission,
especiallythevariableone,alterstheappearancef theabsorptiompro les, thera-
dial velocitiesof the variablecomponentvereplottedover the dynamicalspectra
of the presentedines.

The presencef the variableemissioncomponents the key to understandhe
quite complicatedstructureof spectrallines with strongemissionlike H or
blendswith emissiorcontribution. Thisis demonstratetbr theblendof Hel1 4922
andFell 4924(Fig. 3.29,lower panel).Someof the structuresvhich arefoundin
theblendedine arewell identifyableasfeaturescausedy the variableemission
component. The emissionsuperposinghe Hel 4922 absorptionline is marked
with blue, the emissionsuperposinghe Fell 4924 emissionline with black cir-
cles.

In Figures3.30and3.31theshort-termemissionvariability of 59 Cygis shovn
for an entire orbital cycle with line pro les in an one-dimensionaframe. The
20 phase-binnedaveragedine pro les were extractedfrom the two-dimesional
dynamicalspectraThey wereplottedwith increasingphaseupwards.Absorption
andemissionineswith differentemissionstrengthsarecompared.

Thevariableemissioncomponents visible bestin Hel 6678,sincetheinvariant
discemissionis only little pronouncedhere. Shortly after superiorconjunction,
whenthe secondanystaris 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 increasingstrengththis componentnovesfurtherto theredpartof the spec-
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Figure 3.29: Identi cation of variableemissionin differenttypesof line pro les. Up-
perpanel,left: Radialvelocitiesof invariant(blueandredcrossesgandvariableemission
componeniblack circles), measuredor Hel 6678; upperpanel,right: Hel 6678 emis-
sion; lower panel,left: Hel 4471absorptionjower panel,right: Blend of Hel1 4922and
Fell 4924. Theradial velocitiesof the variableemissionare plotted over the dynamical
spectrao shaw theirin uence onthepro les.

trum. At orbital phasedbetweerD.2and0.3awell de nded, stronglypronounced
emissionpeakis visible at roughly + 200km=s wheretheredpartof theinvariant
disc emissionis located,too. The featurebecomesvealer and broaderaround
phase0.35. It startsto move alittle bit backto the blue partof the spectrumand
disappearsroundphase0.45. The weak emissionfeaturevisible around0.5 at
roughly+200km=sis attributedentirelyto theinvariantdiscemission.

At orbital phase0.4, just beforethe above describedeaturehastotally disa-
peardaseconcemissiornpeakformsin thecentreof theline pro le. While it gets
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Figure 3.30: Phase-lood variability of the variableemissioncomponenthroughoutan
entireorbital cycle for emissionlineswith differentemissionstrengthsThe spectravere
sortedin 20 phasebinsandaveragedor eachbin within avelocityrangeof 1000km=s.
Theaveragedinesareplottedoneover anothemwith increasingorbital phase.

59



CHAPTERS3. 59CYG, A SECONDBE + SDOBINARY

Hel4471 Hel4144
27\\\\\\\\\\\\\\\\\\\\\71.0 27\\\\\\\\\\\\\\\\\\\\\71.0
:W: 0.75 :W: 0.75
- :W:o.s g - :W:o.s -
S *W* 5 N *W’ 5
- 7W7 : 2. 7W7 A
E W £ W
= —W— 025 = —W— 025
1.2 W 1.2 jwi
W Do
1 W 0.0 1 W 0.0
ST S
Velocity [km/s] Velocity [km/s]

Figure 3.31: Short-termvariability of absorptionlines for an entire orbital cycle. The
spectrawveresortedinto 20 phasebins andaveragedor eachbin. The averagedoro les
areplottedone over the otherwith increasingorbital phase.A phase-lockd variability
dueto thevariableemissionis not detectable.

strongerand broaderit moves more and moreto the blue part of the spectrum.
AroundphaseD.65it is very broadandstronglypronouncedshoning acharacter
istic double-peakd structure the so-calledsatelliteabsorption(Fig. 3.32). This
featureis visible in mary known Be binaries.It is notexplicableby adiscaround
asingleBe star Thereforejt is takenasacharacteristi¢eatureof Be binaries(cf.
sections). Aroundphase).7the bluepeakof this emissiorfeaturebecomesnore
enhancedwhile the red peakdecreasesBetweenphased.75and 0.85 a well
de ned, lesspronouncedandnarrav single emissionpeakis visible, locatedat
roughly 200km=s. It becomegsvealer aroundphased.9 andstartsto disappear
around0.95.

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

In the phase-binne@nd averagedpro les of Hel 4471and4144an emission
components hardly detectableBut someof the singlespectrashov weakemis-
sion peakscloseto their line centre. Sinceboth lines shav a knotty absorption
structurein the dynamicalspectraat leasta small componentof variable disc
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Figure 3.32: Satelliteabsorptiorvisible in the bluewing of He1 6678 (black) andshift-
corrected,averagedpro le of Hel 6678 (red). In the spectrumof 59 Cyg satelliteab-
sorptionsoccurat orbital phasesround0.68which is shortly afterthe periastrorpassage
(phasdd.57).

emissionmustbethere. Thisis further strengthenedy the nding thatin 2000,
comparedo 1998, the knotty structurebecamemore pronouncedn Hel1 4471,
andtheline seemdo be lled in alittle bit in thecentralpartsof thepro le, where
the variableemissionis concentrated.This is interpretedas an increaseof the
variablediscemissionanalogoudo thelongtermbehaiour of theemissionines.
A constantontritution from the Be discis not detectable.

3.7.3 Phase-loclkedvariability of the equivalent width

Equivalentwidths were measuredor H , H , andHel 6678. The equivalent
widths and,therefore the emissionstrengthof the strongemissionlinesH and
H areclearly connectedo the orbital cycle (Fig. 3.33). SinceH andH are
dominatedby emission,their equivalentwidths are negative by de nition. For
conveniencethey weremultiplicatedby afactorof 1 andshawn for two orbital
cycles. For Hel 6678, a variability is not detectableunambiguouslysincethe
emissionis too weakto producesuchafeature.

Theshapeof the curvesgivenby thevaluesof theequivalentwidthsof H and
H clearlyfollows the motion of the secondarycomponent.This behaiour can
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Figure 3.33: Variability of the equivalentwidthsof H andH in 1998and2000. The
valuesweremultiplicatedby afactorof 1 andplottedfor two orbital cycles.

be explainedqualitatively by theilluminateddisc sector At phase€.0and0.5
the sectoris directly in front or behindthe Be star respectiely. Sincethebinary
is visible at aninclination largerthan60° andlower than80°, the planeandthe
edgeof the Be disc arewell visible. At phase0.0 the projectedareaof the disc
sectoiin directionto anobsenrer, includingplaneandedgeof thedisc,is maximal.
Thereforea maximalamountof variableemissionoriginatingin 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
variableemissiondetectabldor anobsener, is expectedo beminimal.

As shavn in Figure 3.33, this expectationis not matchedby the obsenations.
Theequivalentwidthsstartto increaseagainaroundphased.4,insteadof shaving
aminimumat phase).5. Thisis explicableby the periastrorpassagevhich takes
placeat phase0.57. Whenthe secondarynovestowardsthe Be stat it is closer
to the disc andilluminatesa larger sector Additionally, it is expectedthat also
deepetayerswill bephotoionizedThisis expectedo resultin enhance@mission
aroundperiastronwhichis exactly whatis obsened. Thereforethe propertieof
the periodic variability of the equivalentwidths con rms an eccentricorbit for
59 Cyg (cf. (Harmaneetal. 2002)).
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Long-termvariationsarealsodetectablén thebehaiour of theequialentwidths
(Fig. 3.33).In 1998, maximumvaluesfor theequvalentwidthsof H andH oc-
curand,hencemaximalemissionstrengthis detectablet phase®.0and1.0,re-
spectvely, andaround0.5. Thesephasegorrespondo superiorandinferior con-
junction,whenthe secondarys in front or behindthe Be primary. The emission
strengthis minimal aroundphased.25,whentheilluminatedsectoris maximally
redshifted.Around phase0.75,whenthe disc sectoris maximally blueshifted,a
secondminimumis detectableBut it is lesspronouncedhanthe oneoccuringat
phase).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. One maximumappearedaroundphase0.8 for H and
aroundphase0.9 for H . Thesemaximawere muchstrongerpronouncedhan
thetwo differentmaxima,visiblefor H andH in 1998.Sincetheemissiorwas
strongerin 2000, the emissionstrengtharoundperiastron,as describedabove,
is expectedto be alsoenhanced.This shouldresultin larger valuesderived for
the correspondingequialentwidths. This is obsened, sincethe maximum of
emissionstrengtharoundand after periastronis much strongerpronouncedand
muchbroadetin 2000thanin 1998. This con rms the nding thatthesizeof the
illuminateddiscsectorvarieswith the orbital phase.
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Chapter 4

Modelling the phase-loclked emission
variability

The short-termemissionvariability of 59 Cyg (cf. section3.7.2)resembleghat
obsenedfor Per A Hel 6678emissionmoving in anti-phaséo theBe primary;
wasreportedfor Perby severalauthorge.g.Giesetal. 1993;Bo i ¢ etal. 1995;
Ste etal. 2000).Accordingto Ste etal. (2000),this variability is causedy an
emissioncomponenthatoriginatesn asectorof thecircumstelladiscthe Be star
which facesthe secondary This sectoris partially photoionizedby the radiation
of the hot companion.Sincethis emissioncomponentrisesonly in a partof the
discof the Be star it is single-peakd andlinkedto the motion of the secondary
Thus,it movesin anti-phaseo theradial velocity curve of the Be primary.

Assumingthis model,Hummel& Ste (2001)successfullyeproducedhevar-
iability of the Hel 6678 and Hel 5876 emissionof Per Contraryto earlier
modelsthis modelis the rst quantitatve modelandrequiresheleastnumberof
physicalcomponents,e. theBe primary, thehotsecondaryandthe circumstellar
discof theBe star In thefollowing, this modelis adaptedo 59 Cyg.

4.1 Model-geometryof 59 Cyg

Theassumedjeometryof the primary componentf 59 Cyg, viewedfrom above
theorbital plane,is shovn in Figure4.1for orbitalphase®.0,0.25,0.5,and0.75.
Phasé.0correspond#o superiorconjunctionof theprimary, whenthesecondary
and,hence the photoionizeddisc sectorarein front of the Be star The primary
is surroundedy a circumstellardisc, co-planarto the orbital planeof the binary
system.Thediscsectorthatfacesthe secondargomponents illuminatedby the
radiationof the hotcompanion.

In Fig. 4.1the Hel 6678 emissionobsened at the given orbital phasess also
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Figure 4.1: Model-geometryof 59 Cyg, viewed from above the orbital plane, and
Hel1 6678emissionfor orbital phase$.0,0.25,0.5,and0.75 (from left to right). Light-
blue: Be primary;yellow: Circumstelladiscof the Be star;green:Disc sectorfacingthe
secondaryphotoionizedoy the UV continuumradiationof thesdOstar Thelongarrons
markthe senseof rotationof the disc. The shortarrav marksthe directionof movement
of theBe star

shavn. The emissionis dominatedby the V/R variability. In the scopeof the
model,thisis causedy thesingle-peakdemissionpriginatingin theilluminated
disc sector The invariantdouble-pea&d emissionof the circumstellardisc of
the Be starappearsasa small emissionpeakin the inner part of the blue wing
atroughly 200km=s (phase0.25)or theredwing at about+ 200 km=s (phase
0.75)of Hel 6678.At orbital phase.5,theinvariantemissioris detectablén both
line wings. At phase0.0theline pro le is almostfeaturelessexceptfor a weak
emissionpeak.Thisis thesingle-peakdemissionthatjustbecomewisiblein the
redwing of theline pro le. Themodeldoesnotallow for non-zerceccentricities.
However, it shouldbe notedthat, accordingto the orbital parameterslerivedin
section3.5,the periastrons situatedat orbital phased.57.

4.2 Sectormodel

Theparametersf theemissiorregionsof individuallinescanbedeterminedvith
the sectormodelby Hummel& Ste (2001). In this modelthe above described
geometryis assumedTheemissionwhicharisedrom adiscsectoris modelledby
tting phase-resokdline pro les over anentireorbital cycle. It is assumedhat
the sectoris photoionizedoy the UV continuumradiationof the hot companion
andnot by single uorescencelines. Hence,the incomingexciting radiationis
expectedto be independenbf wavelength. The phase-lockd variability of the
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emissionlines is assumedo be causedoy geometriceffects. This variability is
simulatedtherefore py modellingthetime-dependergeometricatistribution of
theemission.

In the modelit is assumedhat discsaroundBe starsin binary systemsand
aroundsingleBe starshave the samephysicalproperties.The discis assumedo
bein the equatorialplaneof the primary, whichis alsoassumedo be the orbital
planeof thebinary Thediscis takento beaxisymmetrian densityandisothermal.
Thetemperaturef thediscis approximateds?2/3 of the effective temperaturef
the Be primary. Dueto the secondarystar which affectsthe gravitational poten-
tial andthe kinematicsof the disc of the Be star the rotationalvelocity of the
circumstellargasis not Keplerian. Theseeffectsare consideredasa disturbance
to aKepleriano w.

Thedisc sectoris de ned by two angles ; and ,. Themodelallowsto x a
phaseshift , which is the anglebetweenthe node-line,connectinghe binary
componentsandthe centreof the photoionizedsector( ; + ,)/2. Thisis re-
quiredif symmetricemissionpro les appeatbeforeor after phase€.0andO0.5.
Theseorbital phasesorrespondo superiorandinferior conjunction.

The modelis restrictedto circular orbits and orbital inclinations 84°. The
Rocheradiusof the primary starlimits theradial extensionof thedisc. Effectsof
self-absorptionn the disc, shellabsorptionandstellarobscuratiorareincluded
in themodel.

The input parametergor the modelare the inner and outer radiusof the line
emittingregion, R; andRy, the emissvity of the sector S;, theinclinationi, the
equatorialradiusR, andthe effective temperaturd of the Be star the Kepler
rotation,i.e. therotationvelocity attheinnerradiusof thedisc, vy , theoccupation
densityno, thefull openingangleof thesector , ;, aphaseshift of thecentre
of emission, , andtheionisationradiusof thesecondaryRs... The parameters
Ri, R4, Vk, 1, No, S, 2 1 , and Rgec canbe tted. Up to six of these
parametersanbemodelledsimultaneouslyFor the multi-parametert asimplex
methodis used.

4.3 Modelling and results

The above describedsectormodelwas appliedto t the Hel 6678 emissionof
59 Cyg. An effective temperaturef logT, = 4.413(Harmanectal. 2002)was
adoptedModelswerecalculatedor arangeof lik ely inclinationsandcorrespond-
ing primary massesasdeterminedn section3.6. For aninclinationof i = 65° a
primarymassof M; =9.72M | fori =70° amassof M; =8.72M , andfori =
75° amassf M; =8.03M wasadoptedIn contrasto theinclination,whichis
aninput parametefor the model,the stellarmassis notdirectly used.lIt is taken
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Figure 4.2: Modelling results(red) for the He1 6678emissionof 59 Cyg. The obsered
line pro les (black) are phase-binnedndaveragedfor eachbin. Upperleft: Model 1;
Upperright: Model 2; Lower left: Model 3; Lowerright: Model 4. Theinput parameters
for themodelsarelistedin Tah 4.1.
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Figure 4.3: Modelling resultsfor the He1 6678emissionof 59 Cyg. Dynamicalspectra
for the obsered and modelleddata. Upperleft: Dopplershift correctedobsered line
pro les of Hel 6678;Upperright: Model 5; Middle left: Model 1; Middle right: Model
2; Lower left: Model 3; Lowerright: Model 4. The input parametergor the modelsare

listedin Tah 4.1.

to calculatethe Keplerianvelocity for a givenstellarradius.

With their evolutionarymodels,Claret& Giménez(1995)derived stellarradii
andeffectivetemperaturefor initial massevetweerv.5and11M . Comparedo
radii derved from obsenationalfundamentaparametecalibrations(Harmanec
1988),theseradii seemto be systematicallysmaller SinceMaintz et al. (2002),
modellingthe line pro le variability of single Be stars,alsoderived quite small
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Table 4.1: Input parametergor the modelsof He1 6678shavn in Figs.4.2 and4.3 (i:
Inclination;Req: Equatorialradius;Vkepler : Kepplervelocity; > 1: Openingangleof
theilluminateddiscsector).

Parameter| i Req VKepIer 2 1

Modell | 65° 6.0R 680km=s  100°
Model2 | 70° 6.0R 644km=s  120°
Model3 | 70° 5.25R 688km=s 90°
Model4 | 75° 5.25R 661km=s  100°
Model5 | 75° 5.31R 622km=s  110°

radii comparedo obsenational calibrations,only radii of 3.0, 3.5,and4.0 R
wereconsideredor themodelling.For eachcombinatiorof inclinationandstellar
mass simulationswerecarriedout for thesethreeradii.

In the literaturestellarradii are givenfor non-rotatingor slowly rotatingstars
only. SinceBe starsrotatecloseto their critical limit (Owocki 2003),their equa-
torial radii areroughly 1.5 timeslarger thantheir polar ones(Harmanecl1988).
Stellarradii asgivenin theliteraturefor non-rotatingstarscorrespondjuite well
to the polar radii of starsthat rotatecritically. Therefore,the above mentioned
radii have to be multiplied by afactorof 1.5to getan estimatefor the equatorial
radii. Thesearerequiredasinput parametefor the modelandto derive Kepler
velocitiesfor givenstellarmasses.

To take the ndings of Harmaneetal. (2002)into accountmodelswerecalcu-
latedfor anequatoriakadiusof 5.31R , too. Thisradiuswasderivedfor 59 Cyg
by Harmanecet al. usingthe HiPPARCOS parallax. Modelswerealsocomputed
for astellarradiusof 4.85R . Accordingto Harmanecs calibration(1988),this
is theradiusof a starwith aneffective temperaturef logTe =4.413asderived
for 59 Cyg by Harmanecet al. (2002). The correspondingstellar massadopted
wasl10.78M .

Modelling resultsareshavn in Figs.4.2and4.3. In Table4.1theinput param-
etersfor thesemodelsare given. The modelsmatchthe generalappearancef
thevariability well. The parameterslescribinghe Be discarevery similar for all
models. Concerninginclination, Keplerianrotationto derive the primary mass,
andequatoriakradius,no markedsetof best tting parameterss found. Themod-
els, calculatedfor differentcombinationsof theseparametersyield comparable
results. Therefore,|it is not possibleto further constraintheseparameterdy the
modelling.

In general,modelscomputedwith equatorialradii of 5.25and6.0R (corre-
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spondingto polarradii of 3.5and4.0R ) matchtheobsereddatabetter Thisis
true alsofor modelswith higherKeplervelocitiesandthussmallerradii. Models
tting well thevariability in thebluewing do not matchwell thevariability in the
redwing andvice versa. In general the obsenationsare matchedquite well if
discsectorswith openinganglesbetweerf0° and120° wereassumedThe mod-
elsreproducehevariability in thebluewing better if sectorswith largeropening
anglesare assumedyhile the variability in the red wing is bettermatchedwith
lower openingangles. Models adoptingthe stellarradiusderived by Harmanec
etal. (2002) matchthe databetterif aninclinationof 75° is usedinsteadof 65°
or 70°.

The single-peakd emissionis more strongly pronouncedn the blue thanin
theredline wing. This may provide a clue why the variability in the blue or red
line wing is matchedy differentsetsof input parametersn particularfor orbital
phasesaround0.68. Also the valuesfor the equivalentwidthsof H andH are
generallylargerbetweerorbital phase®.5and1.0,especiallyaftertheperiastron
passageat phase0.57,thanbetweernphase$).0and0.5 (cf. section3.7.3). This
is interpretedassuminghata larger part of the disc of the Be starbecomegpho-
toionizedwhenthesecondarys closerto theouteredgeof thedisc. This supports
thatthe single-peakdemissionin the bluewing is generallybettermatchedoy a
discsectorwith largeropeningangle.Sincethe sectormodelis only designedor
circular binary orbitsandhencefor a constanbpeningangle,this nding cannot
be checled by this model.

Dueto thesuccessfuinodellingof thephase-lockdvariability of theHe | 6678
emissionthe assumption$or thediscmodelarecon rmed. A photoionizedlisc
sectorfacinga hot companioncan explain the characteristideatureswhich are
attributedto evolvedBe binarieswith hot, compacitompanions.
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Chapter 5

Be binaries with evolved companions

Many Be starsshov weak absorptioncoresin the blue or red peakof double-
pealed emissionlines(Fig. 5.1). ConcerningH , theseabsorptioncoresaredif-
ferentfrom thetelluric line nearH whichis presenin theredcomponenbf the
double-pea&d emission. Theseso-calledsatelliteabsorptionsoccur at speci ¢
orbital phasesandreappeaperiodicallyin the spectreof e.g. 59 Cyg, Perand
HR 2142.Suchfeaturescannotbe explainedby a discaroundasingleBe star As
satelliteabsorptiongrevisiblein thespectraof mary con rmed Be binariesthey
aretaken asindicatorfor binarity (Maintz et al. 2003). They were usedas pre-
selectioncriterion for candidatestarsfor evolved Be binarieswith hot, compact
companions.

Thecon rmed Be+sdObinaries Perand59 Cyg, andthewell-known Be bi-
naryHR 2142shov commonspectrafeatureghatareexplicableby the presence
of a hot, compactcompanion.Thesefeaturesreappeaperiodicallywith the or-
bital periodof thebinarysystemsThey includephase-lockdemissiorvariability
andshort-lvedshellphasesndaretakenascharacteristi¢eaturedor evolvedBe
binarieswith hot companionsThesespectraffeaturesareusedfor theidenti ca-
tion of Be+sdOandBe+ WD binarieswithin a sampleof preselected¢andidate
starsfor evolvedBe binaries.|If thesefeaturesaredetectecunambiguouslyn the
spectrunof acandidatestar this staris con rmedto beanevolvedBe binarywith
asdOor WD companion.

The spectralvariability of PerandHR2142is describedn sections.1 and
5.2. A comparisorof theperiodicspectrafeaturef 59Cyg, PerandHR2142,
which areassumedo characterizéBe binarieswith hot, compacttompanionsis
presentedh section5.3. In sections.4thesefeaturesareusedto identify Be+sdO
or Be+WD binarieswithin a sampleof preselectedandidatedor evolved Be
binarysystems.
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Figure 5.1: Satelliteabsorptionsyisible in the blue or red peakof the doublepealed
emissiorpro les of H ,H ,andH of thecon rmed Bebinaries4 Her, HR2142, Per
59 Cyg, and48 Perandthe suspecte®e binariesHR 4009, Dra,andHR6819.

5.1 Per

The rst Be starprovedto be a Be+sdObinarywas Per(HD 10516,HR496;
B1.5\k, Slettebak1982;B0.5111-Ve+sdO6,Thalleretal. 1995,Giesetal. 1998).
Sincethe beginning of the 20th century (Cannon1910; Ludendorf 1910)it is
known to be a spectroscopibinarywith aperiodof P ' 127d. Its optical spec-
trum is characterizedby broadphotospheri@bsorptionpro les, strongemission
of hydrogenandmetallines, strongblends,like in 59 Cyg, andshellabsorption
featuresin the coresof BalmerandHe! lines. Theseshell lines have maximal
intensity aroundsuperiorconjunctionof the primary, i.e. whenthe secondarys
in front of the Be star(cf. Poeclert1981andSte etal. 2000;Fig. 5.2). In some
lines,shellfeaturesarevisible only aroundthetime of superiorconjunction.
Using high resolutionspectrogramsPoeclert (1979,1981) found Hell 4686
emissionandderivedaradialvelocity curve. Sincethis hada largeamplitudeand
wasin anti-phaseo theradial velocity curve of the Be primary, he suggestedhat
Perconsistsof a rapidly rotatingearly B-type staranda hot peculiarcompan-
ion. The companiorwould be the helium-richremnantof a oncemore massve
starthat hadtransferrednassandangularmomentumto the nowadaysprimary.
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Figure 5.2: Examplesof broadabsorptionemissionandshelllinesof Per Thenum-
bersindicatethe orbital phase.He15016is blendedby Fell 5018. The sharpabsorption
closeto Hel 5876is theinterstellarNai line at5890A.

He assumedoth componentgo have circumstellardiscs. The Hell emission
shouldthenarisein the disc of the secondaryAn orbital solutionfor the binary
systemgave masse®f 21 M for theprimaryand3.4M for thesecondarytar
respectrely (Tah 5.1).

FurthermorePoeclert discoveredshelllinesof H 1 andHe1 , following the ve-
locity curve of the primary, andwealer secondaryshelllines of Hel, following
theradialvelocity curve of the companion.He found a phase-lockd strengthen-
ing of Hel shelllines, which wereassumedo form in the circumstellardisc of
the Be star closeto primary superiorconjunction.Becausef this enhancedhell
phaseanda phase-lockdV/R variability of the Balmeremissionlines, Poeclert
suggestethatthe partof theBe discfacingthesecondaryis aregion of enhanced
density

Giesetal. (1993)foundthatthe Hel 6678 emissionresolesinto two compo-
nentsat quadraturgghasesBoth componentsnove in anti-phaseo the motion of
the primary. The velocity curve of the strongercomponentvasfoundto be very
similarto theoneof theHell emission.Thereforejt wasassumedo originatein
the circumstellargascloseto the secondaryThewealer componentvith smaller
semi-amplitudevould,then,formin agasstreambetweerthebinarycomponents.
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Table 5.1: Publishedstellarparameterandorbital elementof Per

Published by Poeclert (1981) BoicCetal. (1995) Giesetal. (1998)
Primary:

Spectrakype BOto B2 BO.5IVe BO.5lI-Ve
Te 29300K
logg 3.7
v sini 450km=s 500km=s 450km=s
Secondary:

Spectrakype O-type sdO
Te 50000K 53000 3000K
logg 42 01
Orbital elements:

Period,P 126.696 1.987d | 126.6731 0.0071d | 126.6731 0.0071d?
Tsc (MJD) 35046.23 50122.94
T(p= 0:0) (MJID) 24473.0

To (MJD) 43554.8 71.7

PT, 0.62 0.06

Eccentricity e 0.02 0.04 0.0 0.0t
Periastrorength, 145 20.3°

K1 16.8 1.7km=s 10.39 0.68km=s 9.97km=s
K, 105.3 7.4km=s 100.8 6.2km=s 81.3 0.6km=s
Systemvelocity, vo 8.4 1.4km=s 6.12km=s 1.98km=s
Stell. parameters:

M sindi 21.1 5.6M 16.35M 8.91 0.26M
M, sindi 3.4 0.8M 1.69M 1.09 0.09M
a; sini 42.0 43R

ap sini 264.4 18.7R

asini 306.3 23.0R 278.2R 228.3 2.5R
Inclination, i 80° - 88° 65° <i <90° 80°
Massof prim.,M 1 16.4<M 1 <21.8M 9.3 0.3M
Massof sec.,M 1.7<M,<2.2M 1.14 0.04M
Binary separationa 278<a<307R 232R

1. Orbitalelementadoptedrom Bo i ¢ etal. (1995)

Tsc: Time of superiorconjunctionof the primary, orbital phase0.0

T (p = 0:0): Time of orbital phased.0,usedby Poeclert (1981)insteadof Tsc
To: Time of periastrorpassage

pr,: Orbital phaseof periastrorpassage

K1, K2: Velocity amplitudeof primary, secondary

M;sin®i, M, sin®i: Massof primary, secondary

a; sini, az sini: Semi-majoraxisof primary, secondary
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Additionally, theequivalentwidth of theHe | 6678emissiorasawholewasfound
to increaserery muchnearsuperiorconjunctionof the primary.

Bo i€ etal. (1995)determinecbrbital elementgor both binary component®n
thebasisof radialvelocitiesmeasuredor theemissiorwingsof Balmerlinesand
the Hel 6678 emission(Tah 5.1). In contrastto Gieset al. (1993), they inter-
pretedthe Hel 6678 emissionasdouble-peakd emission,arisingin the circum-
stellardiscof the secondarentirely, like thedouble-pea&d Hel1 4686emission.
They foundthatthe emissionof the Balmerlinesandof Hel 6678hadwealened
simultaneouslyin recentyears. Sincethis emissionwas thoughtto arisein the
circumstellardiscsof primary andsecondarcomponentrespectrely the simul-
taneousariability wasinterpretedasbinaryinteraction.

A featuresimilar to the Hel 6678 emissionwas discoveredin Hel 5876 by
Hummel& Vrancken (1995). They argue,however, thatall Hel emissionforms
in thediscaroundthe Be primary.

Directevidencefor ahotcompaniorof Perwasfoundby Thalleretal. (1995)
andGiesetal. (1998). Using high resolutionUV spectraobsenedwith IUE and
theHubbleSpaceTelescopetespectiely, they reconstructedhe individual spec-
tra of both componentsvith Dopplertomography The resultingspectrunmof the
secondarys similar to the oneof a sdO6star(Thalleretal. 1995). Furthermore,
Giesetal. (1998)measuredadial velocitiesof linesin the reconstructedgpectra
andderivedanorbital solutionfor thebinary(Tah 5.1).

Ste etal. (2000)shavedthatthevariableHe| 6678emissiorfeatureoriginates
entirely in the outerpartof the circumstellardisc of the Be primary. The varia-
bility is fully explainedby photoionizatiorof a discsectorby the UV continuum
radiationof the secondary This sectorfacesthe secondarycomponent. Emis-
sion featureswith phase-lockd variationswerefound in threemoreHel lines.
In contrastto Poeclert (1981),they found thatthe maximumshellabsorptionin
Hel 6678appearedt orbital phased.8. (Phase).0 corresponds$o superiorcon-
junctionof theprimary) Additionally, along-termV /R variability of theemission
lineshasstartedn 1996. Thisvariability andtheshift of theshellphaseanaximum
is explicable,if a globaldensitypatternin termsof a one-armedlisc oscillation
(Okazakil991,1997)is assumedasit occursalsoin singleBe stars.

Assumingtheabove mentionedlluminateddiscsector Hummel& Ste (2001)
successfullynodelledthephase-lockdvariability structureof Hel1 6678and5876.
Accordingto the modelling, both emissionlines arisein a region within 10 R,
in the circumstellardisc of the primary. This agreeswith an emissionradiusof
10 stellarradii foundfor H by interferometricobsenations(Quirrenbactet al.
1997).

Vanbeerenetal. (1998)computedevolutionarytracksfor Perandclassi ed
it asan intermediate-maspostcaseB masstransfersystem(for de nition see
footnoteon page3).
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Figure 5.3: Examplesof broadabsorption,emission,andshell lines of HR2142. The
numbersndicatethe orbital phase He1 5016is blendedby Fell 5018.The sharpabsorp-
tion closeto Hel 5876is the interstellarNal line at 5890A. O18446is blendedby P18
in thebluewing.

5.2 HR 2142

HR2142(HD 41335;B2IVe, Slettebak1l982;B1.5lllen, Chauvilleet al. 2001)is
a well studiedBe binary with an orbital period of 80.860d (Peters1983). The
rapidly rotatingBe primaryhasav sini of roughly350-400km=s (Petersl972;
Slettebak1982).It showvs phase-lockdshort-termvariability of the samekind as
obsenedin thespectraof Perand59 Cyg.

The opticalspectrums characterizedy broadabsorptioninesandstrongline
emission(Fig. 5.3). TheBalmerlinesarevisible in absorptiorwith a strongcen-
tral double-peakdemissiorfeature decreasingn strengthquickly towardshigher
lines. The Pascherines shav very strongemission. Hel is in absorption but
someof thelinesshaw acentralemissioriketheBalmerlines. Feil, O1 7772-5,
andO 1 8446arevisible in emission.C114267is visible in absorption.

V/R variationsof the emissioncomponentsn H , H , andH werereported
sincethe early 20th century (Perrine1923). Miczaika (1949)found centralab-
sorptioncomponents theemissiorfeaturesof H —H . Permanentveakcentral
absorptionsverefoundin H , H , andstrongerfell linesby Peterg1971).
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Table 5.2: Orbital elementdor the Be binaryHR 2142from Peterg1983).

Orbital parameter HR2142
Orbital period,P 80.860 0.005d
Superiorconj., Tsc (MJD) 41990.0 1.1
Eccentricity e 0.0
Velocity amplitude K ; 9.4 0.9km=s
Systenmvelocity, Vo 24.1 0.6km=s
Massfunction,f (M) 0.007 0.002M

Binary separationasini 149 14R

The most conspicuoudeatureof HR2142is a “two-componenshell phase”
(Petersl972,1983),occuringstrictly periodicallyaroundsuperiorconjunctionof
the primary: It consistof a pimaryanda secondarghell phasewith roughlythe
samentensityof theBalmercores.Thepimaryshellphasdastsroughly6 d. It is
characterizetby redshiftedshelllines. The durationof the secondarghellphase
is only 1.5d. The secondaryshell lines are blueshifted. Betweenprimary and
secondaryshell phasethereis a gapof about ve days. Shellfeaturesappearin
theBalmercoresHel 3889,3964,and5016.

Shellfeaturesappeain H alreadyatorbital phased.895.1n thehigherBalmer
lines they becomevisible at phase0.925. The sharpBalmercoresandthe shell
featuresin the helium lines reachmaximal strengthat phase0.965. Finally, the
intensity decreasesapidly as the star approachesuperiorconjunction(phase
0.0). The shelllines disappeasat phase0.980. They reappeamlagainduring the
secondaryshell phase,lasting from phase0.027-0.044, with aboutthe same
strength.

Petersnterpretedthe occuranceof the two shell phasesn termsof binaryin-
teraction. HR2142is, therefore,assumedo be a mass-transfebinary system.
The companions supposedo be a cool giant, lling its Roche-lobeandtrans-
fering materialto the Be primary. In this scenariahe pimary shellphaseoccurs,
whenthe Be primary is visible througha main gasstreamfrom the secondary
Thesecondarghellphasés explicable,if the Be staris visible through“counter
streaming”’material.

Onthebasisof radialvelocities,measuredor theabsorptiorwingsof thebroad
BalmerandHe! lines, Petersderived an orbital solutionfor the binary system
(Tah 5.2). Theorbital periodis soaccuratehatit waspossibleto predicta shell
phasdor 2002February26till March10. Theprimaryshellphasevasmonitored
with the echellespectrographi-EROS at the ESO 1.52 m telescopeat La Silla,
Chile. Unfortunately observingtime wasavailableonly till March6. Therefore,
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thesecondanghellphasecouldnotbeobsened.

The natureof the companionstar hasnot beenidenti ed yet. Peters(1983)
arguedin favour of a cool, Roche-lobelling giant. SinceWaterset al. (1991),
however, couldnot nd asignatureof acool giantstarin theinfraredspectraken-
ergy distribution of the binary, they suggestedhatthe companions a hot helium
star

5.3 Characteristic featuresdue to a hot companion

Theanalysisof 59 Cyg revealedspectraffeatureswvhich areexplicablewithin the
scopeof thesectormodeldescribedy Ste etal. (2000);Hummel& Ste (2001).
This modelis basedntheassumptiorthata Be staris anevolvedBe binarywith

a hot, low-masssecondarcomponent.The companioris eithera heliumstaror

a hotwhite dwarf. Theabove mentionedspectrafeaturesaregenerallypredicted
by this modeland,therefore characteristidor this kind of doublestars.

Thesefeaturesarisedueto emissionthat originatesin a sectorof the Be disc
which is photoionizedby the hot secondary This emissionis detectablan three
ways: Firstly, assingle-peakd emissionthatmovesin anti-phaseo the velocity
curve of the pimary, secondly as phase-lockd V/R variability, and thirdly, as
knotty absorptiorstructurevisible in the centralpartsof absorptiorinesor emis-
sionlineswith only litte variableemission.If on of thesefeatureds foundin the
spectrunof aBe star then,it is apromisingcandidatdor aBe+sdOor Be+ WD
binary. If all of thesefeaturesareunambiguouslyon rmed, thenthe Be staris a
Be+sdOor Be+WD binary Thereforethesefeaturescanbe usedfor thesearch
for candidatesswell asfor the proof of evolved Be binarieswith hot, compact
companions.

Theilluminateddisc sectoris locked to the positionof the secondary Its sur
facearea,visible for an obserer, hencevarieswith orbital phase.This holdsin
particularfor binarieswith larger inclination angles,whenalso the edgeof the
sectorbecomewisible. Thisresultsin 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 suchvariationsarenottakenasageneral
signatureof evolvedBe binarieswith hot companions.

A hot,compactompanionn anevolvedBebinaryis assumedo bethestripped-
down helium coreof anoncemoremassve statr Suchan objecthasa very high
effective temperature.As it is an O-type star, its spectrumis characterizedy
photospheridHell absorption. A double-pea&d Hell emissioncanarisein a
circumstellardisc aroundthat star (Poeclert 1981). The presencef a Hell ab-
sorptionor emissionin the spectrunof a Be staris, therefore the direct proof of
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Figure 5.4: Hell 4686: Averagedline pro les (upperleft) and dynamicalspectraof
59 Cyg (upperright), Per(lower left), andHR 2142(lower right).

anevolvedBe binarywith a hot,compacicompanion.

If absorptiorcoresappeain thehydrogenor heliumlinesof a Be star thenthe
star passegshrougha shell episode. Accordingto the sectormodel, short-lived
shellphasesn the hydrogenandheliumlines are expectedto occurperiodically
aroundsuperiorconjunctionif a evolvedBe binaryis visible at high inclinations.
Shelllinesform whentheilluminateddisc sectorpassesheline of sighttowards
an obsener. More light canbe absorbeddueto the enhancedxcitation of the
circumstellamatterin this partof theBe disc. Periodicallyappearinghellevents
are,therefore a furthercharacteristideaturethatrevealsa Be + sdOor Be+ WD
binary, but only if thediscof the Be staris obserededge-on.

In thefollowing sectiongt will bedemonstratethatthespectrafeatureschar
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acteristicfor Be+sdO or Be+WD binaries, occur not only in the spectraof
59 Cygand Per but alsoin the spectrumof HR 2142, for which a Be+sdO
naturehasyetto becon rmed.

5.3.1 Hell 4686

In Fig. 5.4 averagediline pro les and dynamicalspectraof 59 Cyg, Per and
HR 2142 are shavn. They cover the region of Hell 4686. The averagedline
pro les of all threestarslook very similar. Only for Pera reliable emission
featureis visible. Dueto the strongemissionof neighbourindinesin this spectral
regionandthelargerotationalbroadeningf theline pro les, areliableHe11 4686
emissionis not detectablen the averagedine pro les of 59 Cyg andHR 2142.
TheHell 4686absorptiorfoundin the spectrunof 59 Cygis clearlyvisible only
if theline pro les areshift-correctecandaveraged.

A weak absorptionfeatureis clearly detectablen the dynamicalspectraof
59 Cygand Per Thedouble-peakdHell 4686emissionof Peris only litte
pronouncedn thedynamicalspectrumHR 2142shows noreliableabsorptioror
emissionfeature.

5.3.2 Short-term emissionvariability

Theshort-termemissiorvariability is verywell visible in the spectrunof 59 Cyg,

in particularin He1 6678 (Fig. 5.5, upperleft). It appearsassingle-peakd disc

emissionthatmovesin anti-phaseo the primary componenandasphase-lockd

V/R variability. Sucha single-peakd emissionis lesspronouncedn Per but

still very well visible in Hel1 6678 (Fig. 5.5, upperright), in particularbetween
phase$).65and0.95at a velocity of roughly 150km=sin the blue absorption
wing. In theredabsorptionwing it is mostpronouncedetweerphase®.15and
0.35atavelocity of roughly+ 100km=s. ConcerningheHel 6678emissionthe

similarity betweerb9 Cygand Peris striking.

In HR 2142suchvariablediscemissions clearlydetectabl®nlyinH (Fig.5.5,
lower panel).The courseof the weaksingle-peakdfeature,moving out of phase
to the double-pea&d invariantdisc emission,is marked in Fig. 5.5 (lower right
panel). Comparedo theinvariantemissionthe phaseof thevariableemissionis
shiftedby roughly 0.25. It is not clearwhy this phaseshift occurs.Possiblythis
couldbedueto asuperpositiorof along-termvariability lik e a one-armedlobal
oscillationasin  Per There thephaseof themaximumstrengthof theshelllines
is shiftedfrom superiorconjunctionat phase0.0 (Poeclert 1981)to aboutphase
0.8after1996(Ste etal. 2000). However, thedetectiorof a single-peakdemis-
sionvariabilityin H shavsthatavariableemissioncomponents alsopresentn
thespectrunof HR2142.
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Figure 5.5: Short-termemissionvariability in dynamicalspectraof 59 Cyg (upperpanel
left), Per (upperpanelright), and HR2142 (lower panel). For 59 Cyg and Per
Hel1 6678is shavn, while for HR2142H is shawn. Sincethe single-peakd emission
is only lesspronouncedn H , additionally the courseof the featureis demonstratetyy
blackdotsin thelowerright panel.

In Figure 5.6 phase-binnedpectraare shavn to demonstratehe appearance
of the phase-lockd emissionvariability in singleline pro les. The pro les are
plottedoneoverthe otherwith inceasingphase.The single-peakd emissionvis-
ible in Hel 6678is shavn for 59 Cyg (upperpanelleft) and Per(upperpanel
right). In the lower paneltheline pro le variability of H is shown for 59 Cyg
(left) andHR 2142 (right). Due to the strongunderlyinginvariantemissionthe
variablecomponents dif cult to detectin the phase-binnegro les of HR2142.
A weakredemissiorpeakis clearlyvisible betweerphase®.0to 0.3atvelocities
of roughly + 150 km=s. The emissionpeakis bestvisible, however, in the blue
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Figure 5.7: Short-termemissionvariability of H , shawvn for  Per(left) andHR 2142
(right). Theline pro les are phase-binnednd plotted one over the other accordingto
theirorbital phase.

wing betweerphase®.8to 0.85at velocitiesof roughly 50 km=s.

The short-termemissionvariability of H is shavnin Fig. 5.7for  Per(left)
andHR 2142 (right). Despiteof the differencein phasewhenthe shell features
appearthe similarity of theline pro les is evident. For instancehered emission
peakof the double-pea&d line pro le visiblein Perat phase0.15is strongly
pronouncedindbroad,likein thepro le of HR2142at phase0.0. A V/R varia-
bility of theblueandredemissiornpeakss presenin bothstars.

5.3.3 Knotty absomtion structure

Figure5.8 shaws spectralinesin which a knotty structureof the absorptiorpro-
le is evident. Suchastructureis very well visible in 59 Cygin Hel 4471 (upper
panelleft) andH (upperpanelright). In  Perit is well pronouncedn Hel1 6678
(middlepanelleft) andHe1 4471(middlepanelright). In HR 2142a knotty struc-
tureis only little pronouncedbput clearlydetectableén Hel 6678 (lower panelleft)
andH (lowerpanelright).
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Figure 5.8: Knotty absorptionstructurein theline pro les of 59 Cyg, Hel 4471 (upper
paneleft)andH (upperpanelright), PetrHel 6678(middlepanelleft)andH (middle
panelright), andHR 2142,He1 6678(lower panelleft) andH (lower panelright).
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Figure5.9: Shelllinesof PerandHR 2142.Upperpanel:Individualline pro les of H
for Per(left) andHR 2142 (right). The numberson the left sideof the plots markthe
orbital phaseat which the spectraveretaken; Lower panel: Phase-binnedveragedine
pro les of H , coveringanorbital cycle,for Per(left) andHR 2142(right).

5.3.4 Short-lived shellphases

Anothercommonfeatureof PerandHR2142is the occuranceof anenhanced
shell phase. Shell lines appearin hydrogenand helium lines before and after
superiorconjunction.In Figure5.9, upperpanel,individual pro les of shelllines
of H areshown for both stars. The orbital phasesduring which the spectra
weretaken are given on the left side of the plots. For both starsthe shell lines
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appearingeforesuperiorconjunctionareblueshifted After conjunctionthey are
redshifted.

In Figure5.9, lower panel,phase-binnedaveragedine pro les are shown to
demonstratéhe courseof the shellphasesOtherthanin HR2142,theoccurance
of themostpronounceahelllinesof Perbeforesuperiorconjunctionis shifted
to earlierphasedetweerD.7and0.8. Thisis attributedto a globaldensitypattern
in theinnerpartof the circumstelladiscof theprimarycomponenbf Per(Ste
etal. 2000).Besideghis, the shellphase®f both starstake a similar course.

For59Cyqg,only oneshellepisodas reportedor theearly19709Barker 1982).
Exceptof this, no futher shelleventwasobsened. Theinclination of 59 Cygis
lowerthan80°. Thereforeyegularshellphasearenotexpectedo occur Instead
Hummel (1998) explainedthat particularshell eventsby adoptinga temporarily
tilted disk.

5.3.5 Conclusions

In the last sectionsit was demonstratedhat the spectralfeatures,characteristic
for Be+sdOor Be+ WD binaries arealsodetectablén thespectrunof HR2142.

Thevariableemissionforming in a Be binary dueto the presencef a hot com-

panion,is clearlyvisible asphase-lockd V/R variabilityinH andH . InH

thevariableemissions alsotraceablassingle-peakdemissiorcomponentmov-

ing in anti-phasedo the double-pea&d invariantemission. A knotty absorption
structureis verywell visiblein H . HR2142shovs anenhancedhellphasehat
is similar to the shellphaseof Per As HR2142is not known to be an X-ray

source(which would be indicative for anaccretingwhite dwarf), it is assumedo

beaBe+sdObinarysuchas Perand59 Cyg.

The formation and appearancef the above desribedfeaturescanbe entirely
explainedby a single physicalcomponentnamelythe disc of the Be star They
occurin the spectraof all con rmed Be+ sdObinaries. Therefore suchfeatures
canbetakenasreliableindicatorsfor Be binarieswith evolvedcompanions.

5.4 Candidatesfor evolved Be binaries

In the following sectiongthe spectraof promisingcandidatesor evolved binary
systemsare studied. Spectralfeaturescharacteristidor Be+sdO or Be+ WD
binariesareidenti ed in the spectraof the candidatestars.
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Figure5.10: Comparisorof H andHe15876line pro les of FY CMa (left, takenfrom
Cao2001)and Per(right). Thenumberdn theright gure indicatethe orbital phases.

5.4.1 FY CMa

FY CMa (HD 58978,HR 2855)is known assingleB0.5IVe star(Slettebak1982)
shawving emissionin the BalmerandHel linesin the opticalandmassossvia a
wind in the UV (Peters1988). During 1987 April till May striking actvity was
obsened by Peterg1988)in the circumstellarervelope. TheV peakof the for-
merinvariantH emissionfeaturehadincreasedn strengthby 30% on May 2.
A double-pea&d emissionappearedn the blue absorptionwing of Hel 6678.
This featurewasinterpretedasa structured,nverseP Cygni-typepro le by Pe-
ters. Theseline pro les stayeduntil the endof the observingrun on May 6 and
werevisible againin spectraakenon 1987 August25 and26. IUE obsenations
taken during the eventin early May shoved redshiftedshell lines of intermedi-
atelyionizedspeciedike Si11 andnarrav blueshiftedcomponentsn Nv. Such
featureswere not obsened two monthsbefore. A line pro le of Hel 5876from
1987Februaryl1/12(Fig. 5.10,left) alsoremindedof aninverseP Cygni pro le
(Dachsetal. 1992;Ca02001).

All thesespectralchangesvereexplainedby simultaneouslynfalling andout-
o wing matterin front of the star (Peters1988;Cao2001). Due to large-scale
magnetidoopsmaterialoriginatingcloseto the pole would fall backon the star
causingsudderaccretionevents. [UE dataarecompatiblewith the occuranceof
severalsucheventssincel979(Petersl 988).
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Figure 5.11: Resultsof the frequenyg analysiswith the AOV methodfor FY CMa. Win-
dow function (upperpanel)and power spectrum(lower panel)are shavn for the entire
studiedfrequeng spacqleft), andin therangeof the orbital period(right).

However, transientshell phasesare alsoknown for FY CMa. Chauvilleet al.
(2001)for instanceobseredvery sharpanddeepshelllinesin H andHel 4471.

In Figure5.10theHe1 5876line pro le of FY CMa, which wasinterpretedas
inverseP Cygnipro le by Cao,andan“unusual”H pro le arecomparedo line
pro les of Per Thepro les of FY CMa aretakenfrom Cao(2001). They al-
mostlook like mirror imagesof the line pro les of Per Dueto this similarity
andtheobsenredshelllinesin H andHel 4471(Chauvilleetal. 2001),it is con-
cludedthatthesefeaturesarecausedy a shellphaseandthatFY CMarepresents
afurtherevolvedBe binarywith a hot, compacicompanion.

As no opticaldataof FY CMa wereavailable,a periodanalysisvascarriedout
using 96 high resolutionlUE spectratakenin the shortwavelengthrange. They
weredownloadedfrom the IUE Final Archive. Radialvelocitiesweremeasured
with cross-correlatiotiseesection3.1) for theN v doubletline at 1238and1242
A. A frequeny analysiscarriedoutwith AOV (seesection3.2),yieldeda single
stableperiodaround37.2d (Fig. 5.11). Orbital elementsvere derived with the
programVELOC (seesection3.4), allowing alsothe periodasfree parameteto
converge. Theresultsarelistedin Table5.3. The orbital periodwasfoundto be
37.26d.

In Figure5.13dynamicalspectraof the Nv doubletlinesat 1238and1242A,
theC1v doubletlinesat 1548and1550A, Sii1 1265,andHei1 1640areshown.
They arewell sortedby the37.26d period. Thestructureof theabsorptiorpro les
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Figure 5.12: Measuredadial velocitiesfor the N v doubletline at 1238and1242A of
FY CMaandorbital solution,calculatedwith the programVELOC.

of Sil1 1265and Hell 1640remind of the knotty absorptionstructurefound in
mary linesof 59 Cyg.

Sterlenetal. (1996)found periodicvariability in photometricdataof FY CMa
with aperiodof 92.7d. This periodis not compatiblewith the perioddetermined
in this study Testingthe phasef all publishedspectraj.e. the occuranceof
shellphasesinverseP Cygni-typepro les etc.,alsopointsto a periodof 37 days.
Peters(1988) reportsthat the “unusualfeatures”’obseredin H andHel 6678
pro les on 1987 May 6 wereidenticalto thoseobsenedin 1987 August25/26.
If a periodof 37.26d is assumedthesefeaturesreappeare@xactly after three
cycles. Thereforejt is concludedhat FY CMais a spectroscopibinarywith an

Table 5.3: Orbital elementof FY CMa computedwith theprogramVELOC.

Orbital parameter FY CMa
Orbital period,P 37.26d

Superiorconj., Tsc (MJD) 51033.21
PeriastronTo (MJD) 51027.6
Eccentricity e 0.14
Periastroriength, 28°

Velocity amplitude K ; 37.11km=s
Systemvelocity, vo -23.63km=s
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Figure 5.13: Dynamicalspectrafor the Nv doubletlines at 1238 and 1242 A (upper
left), theCiv doubletlinesat 1548and1550A (upperright), Sii1 1265 (lower left), and
He11 1640(lower right) of FY CMa.

orbital periodof 37.26d. Dueto the occurancef shellfeaturegChauvilleet al.
2001)andthe analogyto Per(Fig. 5.10)it suggestedhat FY CMa is alsoan
evolved Be binary with a hot companion.These ndings shouldbe checled by
theanalysisof opticaldata.

54.2 Dra

Dra (HD 109387,HR4787;B5Illle Slettebakl982;B5-61Vpe Chauvilleetal.
2001)is a suspectec-ray sourcewith an X-ray luminosity of a few 10°! erg=s
(Petersl982). It is, hence,a candidatgor a Be+WD binary Juzaetal. (1991)
derivedan orbital periodof 61.55d anda radial velocity amplitudeof K ; = 6 to
7 km=s. They determinedh circularorbit.
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Figure 5.14: Dynamicalspectraof emissionandabsorptiornlinesof Dra. Upperleft:
H ; Upperright: Hel 6678;Middle left: H ; Middle right: He14471; Lower left: H ;
Lowerright: Fell 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,
averagedine pro les of H , coveringoneorbital cycle. Thelines are plottedone over
the otherwith increasingprbital phase.

Adoptingthis orbital period,the spectralvariability of Drawasanalyzedus-
ing the available HEROS data. A Hell 4686 emissionor absorptionvasnot dis-
covered. Shell lines are also not visible. In Figure 5.14 dynamicalspectraof
the BalmerlinesH toH , Hel 6678,4471,andFell 5169areplotted. H is
dominatedby emission. The centralparts, wherethe variable emissionshould
bevisible, looksvery complicated A single-peakdemissionis hardlytraceable,
stronglyremindingof HR 2142.Theblueandredemissiorpeakof H alsoshov
acomplicateda substructurelt is not possibleto detecta single-peakdemission
feature,althoughthe centralpartsof H look like therewould be someknotty
absorptiorstructure Also H stronglyremindto HR2142.

A knotty absorptiorstructureis, however, pronouncedn H . He1 6678,4471,
andthecentralpartof theFell 5169emissioralsoshav aknotty absorptiorstruc-
ture. Fell 5169remindsof the correspondindine of Per The emissionmoves
smoothlyaccordingo the primariesmotionandseemsotto bedisturbedoy ary
additionalcomponent.

Individual line pro les of H andphase-binnedine pro les of H areshowvn
in Fig.5.15.H shavsastrongvariability of theline shape A phase-lockdV /R
variability is dif cult to detectsincetheH pro les show no clearblue andred
emissionpeaks.The blue andred emissionpeaksof H vary bothin shapeand
strength.This variability is very similarto theoneobseredfor Per but without
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shelllines. Also, aweaklypronounceghase-lockdV /R variability is detectable
inH . Thisis evenbettervisiblein individualline pro les. Also thisline strongly
remindstoH of Per
Only theknotty absorptiorstructure typical for aBe+ sdOor Be+WD nature,
is clearly detectabldor Dra. However, the generallevel of similarity is quite
high. Therefore,taking into accountthe X-ray luminosity, it is suggestedhat
Drais aBe+ WD binary.

5.4.3 4Her

4 Her (HD 142926,HR 5938; B7IVe Slettebakl982)is a Be binary with an or-
bital period of 46.192d (Koubskyet al. 1997). Adopting this period, dynami-
cal spectrawere calculatedfor the Balmerlinesupto H andfor Hel 6678and
Fell 5169(Fig. 5.16). Thevariability obseredin H resembleshatobseredin
HR2142and Dra. Since4 Heris ashellstar all linesshaw clearlyde ned ab-
sorptioncores,but no particularenhancement@@roundsuperiorconjunction.The
absorptiormay be “knotty”. A single-peakd emission,moving in anti-phaseo
the absorptionpro le, is not clearly detectable.A Be+sdOor Be+WD nature
cannotbe ruled out, but also no further evidencesupportingsucha naturewas
found.

5.4.4 HR 6819

For the southernBe starHR 6819 (HD 167128; B3llle Slettebak1982;B3lllep
Chauville et al. 2001) twelve spectrawere obtainedwith FEROS in 1999 from
July 17till August4 (Fig. 5.17). It is notknown to be a binary, but the obsened
radial velocity variations(Fig. 5.17)leave little roomfor otherinterpretationslt
is evidentfrom theline pro les thatonly abouthalf anorbital cycle wasobsened.
The orbital periodof that systemis hencein a rangeof about30 to 60 daysde-
pendingon eccentricity

Theperiodicline pro le variability revealstwo stellarcomponentsavery broad
onewith a high vsini anda “normal”’ one. The broadcomponenis well visi-
ble in Hel4471(Fig. 5.17,left, fourth line pro le from the bottom). At roughly

100 km=s a weak additionalabsorptioncomponentoecomesapparentin the
bluewing of thepro le. While themainabsorptiormovestowardstheredpartof
the spectrumthis componenseemso roughlystayin place.

In Fig. 5.18dynamicalspectraareshavn, computedor H for orbital periods
of 30d, 35d, and40d. Thesespectracon rm the presencef atleasttwo stellar
components.An absorptionpro le seemsto be superimposedby an emission
moving in anti-phasedo the absorption.Sinceboth componentarevisible in the
spectraHR 6819 probablyrepresents Be+ B binary. The narraver absorption
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Figure 5.16: Dynamicalspectrdor 4 Her: Upperleft: H ; Upperright: H ; Middle left:
H ; Middleright: H ; Lower left: Hel 6678;Lowerright: Fell 5169.
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Figure 5.17: Individual line pro les of HR6819,taken from 1999 July 17 to August4.
Left: H ; right: He14471.

componentwould, then, be a normal B-type star while the broaderabsorption
componenaswell astheemissionbelongto the Be star

5.4.5 Further candidates

For the programmestars48Per 88 Her, 17 Tau, Tau,and Tauonly a little
numberof spectravasavailablefor the presentstudy(cf. section2.3, Tah 2.6).
Hence,it was not possibleto make assumptiongbouta Be+sdO or Be+WD
nature.

Figure5.18: Dynamicalspectraof HR 6819for H , phasedvith anorbital periodof 30d
(left), 35d (middle),and40d (right).
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Chapter 6

Discussion

6.1 Directdetectionof the companionspectrum

Thelargenumberof spectraenabledhedetectiorof aweakHe 11 4686absorption
in the phase-binnedlynamicalspectrumof that particularspectralregion (sec-
tion 3.4). Thisfeaturemovesin anti-phasdo thevelocity curve of theBe primary,
SinceHel1 4686doesnot occurin B-type stars,it mustrepresent photospheric
absorptiorine of thesecondargomponenbf thebinary This constitutesadirect
prooffor thecompaniorandcon rms the Be+ sdOnatureof 59 Cyg. Apartfrom

Per it is theonly con rmed Be binarywith a helium-starcompanion.Thereare
strongindicationsthatathird staf HR 2142,is alsoa Be+ sdObinary Insteadof a
directproof, all threeessentialeaturedor anindirectcon rmation werefound. A
Hell 4686emissiorasreportedoy Rivinius& Ste (2000)couldnotbecon rmed
for 59 Cyg.

A radial velocity curve was determinedfor Hell 4686 by measuringthe tra-
jectory of the absorptionfeatureinteractvely in the dynamicalspectrum. The
resultingvelocitieswereusedto derive anorbital solutionfor the secondarysec-
tion 3.5) andto shift-correctthe phase-binneéine pro les which wereextracted
from the dynamicalspectrum. The averagedspectrumof theseshift-corrected
linesshows a narrav absorptiorpro le with anequivalentwidth of 14 mA.

6.2 Orbital period

The orbital period of the binary system(derived by meansof the radial veloci-
tiesof He14471)is 28.192 0.004d (section3.3). For this line 99 spectravere
available,covering a time interval of 13 years. This periodcon rms the nding

of Taras@ & Tuominen(1987)who, in the late 1980s,suggestedhat59 Cyg is
aspectroscopibinarywith a29-d period. Theperiodof 28.1971 0.0038d, de-
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rivedby Harmaneetal. (2002)onthebasisof photometricobsenationsspanning
43years,s in goodagreementvith the periodestblishedn this study

Rivinius & Ste (2000) determinedan orbital period of 28.1702 0.0014d.
Thedifferenceto the 28.194d period,foundby Harmaneetal. andin this work,
may have resultedfrom their additionaluseof IUE spectraof Ci1v 1548to nd
the correctperiodin their analysisof theHel 4471absorptiorpro les takenwith
the HEROS spectrograplhetweerl990and1998.SinceC v 1548is aline thatis
in partformedin the stellarwind, it may not representhe true orbital motion of
theBe star

6.3 Orbital elements

In thepresenstudy theorbitalelementsveredeterminedor theprimaryandsec-
ondarycomponenbf 59 Cyg, usingthe radial velocitiesmeasuredor Hel 4471
andHel1 4686(section3.5). Theamplitudeof theradialvelocity curve of the pri-
maryis K, = 24.77km=s. For thesecondaryt is K, = 120.13km=s. Thevalues
derivedfor the epoch(time of the periastronpassageT,), periastronength,
and systemicvelocity, vo, 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 appearancef emissionduring speci ¢ orbital phasesn the line pro les of
Hel 4471.

In contrastto Rivinius & Ste (2000)and this work, Harmanecet al. (2002)
arguethatonly the outerwingsof theemissioniinesshouldre ect theorbital mo-
tion of the Be starcorrectly(cf. Bo i € etal. 1995). This emissionarisesfrom the
innerpartsof thediscaroundtheBe star There thecircumstellamattershouldbe
distributedmoreaxially symmetricandnot be affectedby possibleasymmetries
in the outerpartsof thedisc. They measuredadial velocitiesfor the outerwings
of theH andHel 6678emissionandfor theabsorptionvingsof Hel 6678. As-
suminga circularorbit, they deriveda velocity amplitudeof 13.0 1.0 km=sfor
H ,0f31.3 1.6km=sfortheHel 6678emissionandof 25.4 3.0km=sfor the
Hel 6678absorptiornwings. They favourtheresultfor H andassumat to bethe
truevelocity amplitudeof the primary componentf thebinary.

Rivinius & Ste (2000),who alsousedthe Hei 4471absorptiorfor their study
of the orbital elementf 59 Cyg, founda velocity amplitudeof 27.2 8.5km=s
for the Be star Concerningthis nding, Harmanecet al. (2002) argue that a
variableemissioncontritution, obsered as phase-lockd V/R variationin lines
like Hel 6678and5876, could disturbthe photospherigro les by lling in the
line wingsasymmetricallyAs aconsequencéhepositionof theabsorptiorwings
are shifted and the measuredadial velocitiesof the line pro les aretoo high.
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Sincethis kind of emissionis alsovisible in Hel 4471,the velocitiesdervedare
expectedo betoo large,leadingto awrongvelocity amplitudefor the primary;.

In principle,thisis exactly whatis expectedto happerduringtheorbital phases
whenthe single-peakd emissionbecomesery strongin the red or blue part of
theline pro le. However, asdemonstrateth section3.7, this variableemission
componentaffects only the centralpartsof the line pro les signi cantly andis
con ned to a velocity rangeof roughly 200km=s. The outerpartsof the line
wings arelessin uenced. Thatis true even for lines with strongemissionlike
Hel1 6678andH . Inlineswith lessemissiortheline centresarealsolessaffected.
In analmostpureabsorptionline, suchasHel 4471,the wings arenot expected
to show this effect. Furthermore,only a limited numberof lines closeto the
above mentionedspecialorbital phaseareexpectedo bein uenced, resultingin
measuredadial velocitieswhich areslightly too high. Therefore the main effect
would be an overestimatiorof the eccentricityof the binary orbit dueto a shift
of the velocity maximumto higheror lower orbital phasesrespectrely. But the
velocity amplitudeitself will belittle affected.

As shawn in section3.5, theradial velocitiesof the invariantdisc emissionare
approximatedvell by an orbital solutionfor the Be primary, calculatedwith the
eccentricityof e = 0.11 asfound for the secondary This emissioncorresponds
to the double-pea&d emissionof single Be stars. For several emissionlinesthe
velocity amplitudeof the invariantemissionwas examined. The amplitudesde-
rivedlie betweer20and30kms=s. Sincetheinvariantemissiorfollowstheorbital
motionof the Be star its velocity amplitudeis areliablemeasurdor the velocity
amplitudeof the primary componentof the binary Therefore,a velocity am-
plitude of roughly 25 km=s is the mostlikely one,andthe value of 24.77km=s,
derivedwith theHe1 4471absorptiorpro les, is consideredo bethetruevelocity
amplitudeof the Be primary.

It is notewvorthythatthevelocity amplitudemeasuredy Harmaneetal. (2002)
for the absorptionwings of Hel 6678 is nearly the sameas the one found for
Hei 4471in this study If theperiodicemissioncomponenhadastrongin uence
on the velocity measuremenis generalonewould expectthe effectto be much
strongelrif aline showvs a strongphase-linkedV/R variability. This shouldresult
in ahighervelocity amplitudefor aline with morevariableemissioncontribution.
In this case the velocity amplitudederivedfor the absorptiorwings of Hel 6678
shouldbe muchlargerthanthe onedeterminedor He14471.

An overestimatiorof the eccentricityof the binary orbit may be avoidableif
only the outerwings of thoseabsorptiorlines shaving variableemissionin their
line centresareconsidered.
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6.4 Stellar parametersof the binary components

The detectionof the secondarydoesnot only enablea correctionof the orbital
elementgerived for the Be primary but alsoa determinatiorof the massesand
semi-majoraxesof the binary components.Thesequantitieswere computedor
binaryinclinationsbetweem0and90° (section3.6). Dueto thehighv sini of at
least450km=s (Hutchings& Stoecklg 1977;Harmaneetal. 2002;cf. Fig. 3.23,
page46), low inclinationsare unlikely. Sinceneithereclipsesnor regular shell
eventsare obsered, very high inclinationsare also ruled out. Accordingto an
effective temperaturef logT, = 4.413(Harmanecet al. 2002),59 Cygis a B-
type starof spectralclassbetweenl and 1.5 (Harmanecl988). The massof a
Blstarof 11.03M (Harmanec988)is usedasalowerlimit for theinclination.
This leadsto a aninclination for the binary systemlikely to be larger than 60°
andlowerthan80°. Thereforethemassof theprimaryliesin therangeof 7.57to
11.14M andof thesecondarpetweeril.56and2.3M . Thesemi-majoaxisof
the primaryorbit is in therangeof 13.92to 15.83R andof the secondaryrbit
betweer67.53and76.79R .

Harmaneetal. (2002)derivedmasses$or thesecondaryandbinaryseparations
for the two extremesof possibleinclinationsof i = 45° and 90°, respecitiely.
They assumedhe velocity amplitudeof 13 km=s, dervedfor theH emission,
acircularorbit, anda primarymassof 10.78M . Accordingto Harmanecs cal-
ibration (1988),this masscorrespondso a starwith an effective temperatureof
logTe =4.413asdeterminedor 59 Cyg. They founda massfor the secondary
whichis betweenl and2 M andaseparatiorof roughly90R .

In contrastto Harmanecet al. (2002), the massesand separationglerived in
the presensstudyarebasedon radial velocity curvesof both binary components.
Thereforepnly thesevaluesaretakeninto accountn furtherdiscussions.

6.5 Variable and invariant disc emission

Rivinius & Ste (2000)found that one componenbf the Hel 6678 emissionof
59 Cyg variesin anti-phaseo the orbital motion of the Be star A similar result
wasfound by Giesetal. (1993)for Per In contrast,Harmanecet al. (2002)
shavedthattheradialvelocity curve of thewingsof thedouble-peakdHel 6678
emissionfollows the motion of the Be star analogoudo the outerwings of the
H emission. They concludethat the Hel 6678 emissionfollows fully the Be
primaryandthattheHe1 6678emissiororiginates)ik e the outerwingsof theH
emissionjn theinnerregion of the circumstellardiscof the Be star
SinceHarmaneetal. (2002)dervedtheradialvelocitiesof theHe | 6678emis-
sionby measuringhe positionsof the double-peak&d emissionwings, their nd-
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ing is notcontradictoryto the nding of Rivinius& Ste (2000).As demonstrated
in section3.7.2,theHe 6678emissionndeedconsistf two componentsvhich
are superimpose@ndwhich canbe distinguishedn the dynamicalspectrumof
thatline. The rst componenis the invariantdisc emission. This arisesin the
entirediscandis visible asadouble-peakdemissiorfeaturealsoin the spectrum
of single Be stars. This wasthe componentwvhich was measuredy Harmanec
etal. (2002). The secondcomponents the variableemission.This only formsin
asectorof the Be disc,whichis phase-lockdto the companionSte etal. 2000;
Hummel& Ste 2001).

As mentionedbefore,the variableemissionis traceableén mostemissionand
absorptiorlines (section3.7). It occursasphase-lockd, single-peakd emission
featureandV/R variability in the emissionlines, respectiely. It is con ned to
the centralpartsof theline pro les within the velocity rangethatis enclosedy
the blue andred peaksof the invariantdisc emission. It is very well visible in
emissiorlineslikeHel 6678,5876,7065,H ,andH . Furthermoreit causeshe
knotty structureof thepro les of absorptiorlineslike Hel 4471(section3.7.1,cf.
section3.5). Theradialvelocity curve of thevariableemissioncomponents only
measurablef the position of the single-peakd emissioncomponenin the line
pro le is derived.

6.6 Sectormodel

The variable disc emission,obsenable in the spectraof the Be+sdO binaries
59Cygand Per hasbeenexplainedin differentwaysby differentauthors.Gies
etal. (1993)interpretedhe variableHe1 6678emissionof  Perin termsof two
differentemissioncomponents.Both componentsvere found to move in anti-
phaseto the velocity curve of the primary. The strongercomponentvith alarger
semi-amplitudes expectedo originatein the circumstellargasnearthe compan-
ion. The wealer one, with smallersemi-amplitudeshouldform in a gas ow
betweerthe binarycomponents.

Bo i€ et al. (1995) amguedthat the He1 6678 emissionof  Peris a double-
pealed emission,arisingin the circumstellardisc aroundthe secondaryik e the
double-peakd Hell 4686emission(cf. Poeclert 1981. Furthermorethey found
thatthe strengthof the Balmeremissionandof the Hel 6678emissiondecreased
simultaneously Sincethey attributedthe origins of theseemissionlinesto discs
aroundthe primaryandthesecondarythey interpretedhis simultaneouslecrease
asakind of interactionbetweerthe binarycomponents.

Harmanecet al. (2002) measuredhe V /R variability of theH andHel 6678
emissionof 59 Cyg. They foundthattheV/R variability is roughlyin phasewith
theradialvelocitycurve of theH emission.Thisis explainedby anenhancement
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of circumstellamatterandemissiorpowerin the partof theBe discthatfaceghe
seondary

Ste etal. (2000)demonstratedor Perthat this emissionarisesin a sector
of the Be disc which facesthe secondarycomponentandis photoionizedby its
ultraviolet continuousradiation. This sectoris locked to the orbital motion of
thecompanionHence theemissionthatformsin this sectoris single-peakdand
followsthemotionof thesecondaryn anti-phaseo theradialvelocity curve of the
primary Thesingle-peakdemissiorappearasphase-lockdV /R variability. As
shawvn in this study it causes knotty structurethatis visible in mostabsorption
lines. Suchastructures alsovisible in the centref emissionine with asmaller
amountof variableemission.It is con ned to the velocity rangeenclosedy the
redandbluepartof thedouble-peakddiscemission.Thephase-lockdvariability
of thevariableemissioncomponents describedn section3.7.2.

The sectormodel naturally explainsthe origin andappearancef the variable
emissionandthe above mentionedndings. Two separatghysicalcomponents
(Giesetal. 1993)areno longerneededThesimultaneouslecreasef the Balmer
andHe1 6678emissionBo i ¢ etal. 1995)is easilyexplicapleif thecorresponding
linesorigin in the sameernvironment,namelythe discsurroundinghe Be star(cf.
section3.7). TheV/R variability is well explainedby enhancedonisationin the
illuminateddiscsector(cf. Harmanecetal. 2002).

6.7 Modelling the variable disc emission

Assumingthe sectormodel, Hummel& Ste (2001)simulatedthe emissionof
theHel 6678and5876linesof Persuccessfully They wereableto reproduce
thevariability of thesingle-peakdemissionwhich appearasphase-lockdV /R
variability or vice versa,andshell lines that are visible in Hel1 5876 at speci c
orbital phasesiIn this study theemissiorof Hel 6678of 59 Cygwassuccessfully
reproducedvith thesamemodel(chapted).

Several modelswere calculatedfor differentvaluesof inclination, equatorial
radius,andKeplervelocity at the stellarsurfacewhich allows for anindirectex-
aminationof the primary The primary massesgcalculatedfor the mostlikely
rangeof inclinations(section3.6), wereusedto derive reliable estimatedor the
Keplervelocitiesfor the correspondingangeof inclinations.Sincemostof these
modelsyieldedcomparableesults,it wasnot possibleto nd asetof best tting
valuesfor the abore mentionednput parametersDisc sectorswith openingan-
glesbetweer@0and120 tted the dataquite well. The parametersoundfor the
physicalconditionsof the Be discarecomparabldor all reliablemodels.

In general,the modelsmatchedthe obsened databetterif Keplervelocities
wereassumedor given primary masseshat werederived with small equatorial
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radii. Modelscomputedvith stellarradii smallerastheonesfoundin calibrations
(cf. Harmanecl988),but comparablgo thosefound with evolutionary models
(Claret& Gimeénez1995) tted the spectraalsoa bit better This may be a hint

that polarradii of rapidly rotating starsare generallysmallerthanthoseof stars
with lower rotationvelocities(Maintz et al. 2002). Due to rotationalmixing or

masstransfera Be star canbe lessmassve, but appearas a B-type stardueto

a higher effective temperature.Thenthe staris undermasske or overluminous,
respectrely. Thiswasproposedor Perby Giesetal. (1998).

The single-peakdemissionobseredin the blueandin thered partof theline
wings is reproducedoetterby differentsetsof input parameters.For the same
input parameterssometimeshe emissionvariability in the blue was matched
betterif sectorswith larger openingangleswere used. Vice versa,the emission
variability in theredwing wasbetter tted assumingmalleropeningangles.This
canbe explainedonly if the orbit of 59 Cyg is eccentric. Then, the size of the
photoionizedsectorchangesiuringanorbital cycle with thetotal separatiorywhen
the secondarynovestowardsor away from the Be disc. Thisis con rmed by the

nding that the equivalentwidths of H andH , which vary periodically are
especiallystrongbetweenorbital phase0.5 and 1.0 and, therefore,aroundand
afterthe periastronpassagéphase0.57). Sincethe sectormodelis designedor
a constantsize of the illuminated disc sector this nding cannotbe proved by
modelling.

The successfumodelling of the emissionobsernedin  Perand59 Cyg con-

rms the sectormodel and, therefore,the assumptiorthat the above discussed
spectralfeaturesform dueto a disc sectorwhich is photoionizedby a hot com-
panion.

6.8 Candidatesfor Be+sdO and Be+ WD binaries

A comparisorof the con rmed Be+sdObinaries59 Cygand Perandthe as-
sumedBe+ sdObinaryHR 2142allowedfor determinatiorof characteristicpec-
tral features(section5). Thesearea double-peakd emissionor absorptionine

of Hel1 4686, which is very prominentin sdO stars(Jaschek& Jaschekl987),
theabove discussedeatureausedy thesingle-peakdsectoremissionandthe
occuranceof shelllines. Thelatterareformeddueto enhance@bsorptionf the
illuminateddiscsectoris visible in front of theprimary Shelllinesare,therefore,
anotherfeaturethatis directly connectedo the sectormodel. Thesefeaturesvere
takenasindicatorsfor identifying evolvedBe binarieswith hot,compactompan-
ions within a sampleof preselecte¢andidates.The presencef low luminosity
X-rays (107°-10* erg=s Waterset al. 1989) enablesto distinguisha Be+WD

binaryfrom aBe+ sdObinary.

105



CHAPTERG. DISCUSSION

Oneof the preselectiortriteriais the occuranceof satelliteabsorptionsn the
blue or red peakof emissionlines (Maintz et al. 2003). The formationof these
weak absorptioncoresis obsened in mary known Be binaries. Sinceit is not
explicablewith adiscaroundasingleBe stat it is takenasindicatorfor binarity.

HR 2142is awell known binarywith anorbital periodof 80.86d Peterg1983).
Peterg(1972) mentioneda spectralsimilarity to  Per Shelllinesoccuronly in
hydrogerandheliumlines,but notin metallines. Thosearevisible in Be binaries
with late-typecompanionsDespitethese ndings, Peterq1983)proposedcool,
Rochelobe lling giantcompaniorto explainthestrictly periodictwo-component
shellphaseof HR 2142by binaryinteraction.Shelllines,occuringshortly before
andaftersuperiorconjunctionwereassumedo becausedy gasstreamdbetween
the binary components.In contrastto this explanation,Poeclert (1981) pointed
outthatgasstreamsshouldonly be visible beforeor after conjunction,but not at
bothtimes.Watersetal. (1991)searchedor acoolgiantcompanionn thespectral
enepy distribution of HR 2142. Sincethey couldnot nd a spectralsignatureof
agiantstar they suggeste@d Be+ sdOnaturefor the companion.

HR 2142couldnot bedirectly con rmed to beaBe+ sdObinaryin the present
study since HR 2142 shows neiter a Hell 4686 emissionnor absorption(sec-
tion 5.2). As mentionedbefore,HR 2142 shavs an enhancedhell phaseanal-
ogousto Per Shelllinesareverywell visibleinH toH , andHel 5016.The
variableemissioncomponents visible as phase-lockd V/R variability in H
andH . TheV/R variabilityin H is alsoreportedby Peter§1972).In H , the
motion of the single-peakd emissionis traceable.The knotty structureis more
dif cult to identify, but well visiblein H .

In thisstudy all spectrafeaturesarecon rmedfor HR 2142 whichareexpected
to occuraccordingto the sectormodel. SinceHR 2142is not known asan X-ray
sourcejt is assumedo beanotheBe+ sdObinary, like Perand59 Cyg.

A further candidatefor an evolved Be binary with a hot, compactcompanion
is FY CMa. Peterg1988)andDachset al. (1992)obsenedline pro les thatare
comparabldo spectrallines obseredfor Per(section5.4.1). Chauvilleet al.
(2001)obsenreddeepshelllinesin H andHeil 4471.0nthebasisof IUE data,a
periodanalysiswascarriedoutin this work andan orbital periodof 37.26d was
derived. Sterlenetal. (1996)publishedan orbital periodof roughly92 d. Since
themostlikely period,derivedfrom publishedspectroscopidata,is alsoaround
37.2d, the 92-daysperiodis ruled out. FurthermorePeterq1988)reportedthat
oneof theabore mentionedspectrafeatures,rst obsenedonMay 6, reappeared
on August25/26.This correspondlmostexactly to a periodof timeof 3  37.26
days. Therefore,jt is suggestedhat FY CMa is a Be binarywith a hot, compact
companionUnfortunately no own datawereavailablefor this study To con rm
aBe+ sdOnature optical spectrashouldbeinvestigated.

For Draanorbital periodof 61.55d wasdervedby Juzaet al. (1991). The
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dynamicalspectrabinnedwith this periodare similar to thoseof HR2142. The
phase-lockdvariability is similarto  Per Hell wasnotfoundin the spectrum.
Since Drais an X-ray source(Peters1982)anddueto the similarity to  Per
andHR 2142,aBe+ WD natureis suggested.

6.9 Evolutionary state

The detectionof bothbinary component®f 59 Cyg allowedfor derivationof the
stellarmasses.The massof the primaryis between7.57and11.14M andthe
massof the secondarylies in a of 1.56t0 2.3 M . Therefore,it is possibleto
speculataboutthe evolutionarystageof 59 Cyg anda possiblefurtherevolution.

For Per Giesetal. (1998)publisheda primary massof 9.3 M anda sec-
ondarymassof 1.14M , assumingninclinationof 80°. Bo i € etal. (1995)give
stellarmassedor Perfor a rangeof possibleinclination larger than65° and
lowerthan90°. The massof the pimaryis in arangebetweenl6.4and21.8M
andthesecondanpetweenl.7and2.2M .

Accordingto Vanbererenetal. (1998), Peris anintermediatanasspostcase
B mass-transfebinary The subdvarf hasto be a core helium burning remnant
of a oncemore massve star after a Rochelobe over ow. The B-type staris a
formermasggainerthathasspun-upby massransferandhasdevelopednto aBe
star Vanbererenetal. (1998)calculatedevolutionarymodelsfor  Per usingthe
componenmassesvhich aregivenby Giesetal. (1998)andBo i € etal. (1995).

To endupwith stellarmassed therangegivenby Bo i € etal. (1995),theinitial
massesnusthave beenlOM for theprimaryand9 M for the secondaryTwo
modelswerecalculatedor initial orbital periodsof 4.4d and10d. After acaseB
massransferthe massof theformerpimarydecreasetb 2.5M andthe massof
theformersecondaryncreasedo 16.5M . Theinitial periodsextendedto 46 d
and105d, respectiely. In the rst scenariowith shorterinitial perioda caseBB
masdransferfollows. In theothercasetheformerprimarylosesmasshy a Wolf-
Rayetlike stellarwind. Then,the binary hasreachedhe obsened evolutionary
stateof a Be+sdObinarywith amasse®f 1.7M for thesdOand17.3M for
the Be starandan orbital periodof 126d. Sincethe massof the sdOlies above
the Chandrasekhdmit of 1.4 M , it will explodeasa supernoa. Finally, the
systemwill developinto a Be/X-raybinaryor the systemis disruptedproducing
asingleBe star

Stellarmassessgivenby Giesetal. (1998)areproducedf massesf6 M for
theinitial primary, of 5M for theinitial secondaryandaninitial orbital period
of 13.5d areassumedAfter a caseB masstransfertheinitial primarydeveloped
into asdOstarwith amassof 1.5M . Theformersecondarylevelopedinto aBe
starwith amassof 9.5M . In thefollowing, the sdOstarlosesmassby a stellar
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wind. The obsened evolutionarystateis reachedwhenthe massof the sdOhas
decreasedo 1.2M . ThesdOwill continueto lose massby a stellarwind and
will developinto a WD. Finally, the binarywill developinto a Be+WD system
andbecomealow X-Ray luminosityBe X-ray sourcdike 2 Cruor HR4804.

Theseevolutionaryscenarioglo not matchthe obsened componenmasse®f
59 Cyg perfectly but alsononeof the modelsis ruled out. Accordingto Boi¢
etal. (1995),the rangeof likely massedor the sdOcomponent®f 59 Cyg and

Peragree Butthepossiblanasse$or theBe componenbf 59 Cygaremuchtoo
low comparedo thelikely massrangefor theBe componenbf Per Compared
to the massedor Perasgiven by Gieset al. (1998), the massedor the Be
componentsf bothBe+ sdObinariesmatch,but thesdOcomponenof 59 Cygis
too massve. Sincethesemodelsaretypical of the formationof Be-typebinaries
(Vanbererenetal. 1998),59 Cyg shouldevolve in a similar way.

Mostlikely, it representanearlierstagethan PerafterthecaseB massrans-
fer and beforea caseBB masstransferor a stellarwind occurs. This would t
the obsened massof the sdOcompaniorandthe orbital periodof 59 Cyg which
is muchshortercomparedo Per Sincethe massof 1.56M for thesdOcom-
panionof 59 Cyg is only a lower limit given by an unlikely inclination of 80°,
all describedscenariodor a further evolution are equally possible.59 Cyg can
developto a Be+WD binary, a Be/X-raybinaryor a single Be starif the system
is disruptedby a supern@aexplotion. If thelifetime of the Be staris shorterthan
theoneof thesdOstar(Polsetal. 1991),59 Cygwill stayaBe+ sdObinary, until
theBe starwill leave themainsequence.

6.10 Implications for Be star formation

For 59 Cyg, thebinarynaturewascon rmed only recently(Rivinius& Ste 2000;
Harmaneetal. 2002).HR 2142 (Petersl972,1983)and Dra (Juzaetal. 1991)
were known Be binaries,but the companionsvere not identi ed. For FY CM,
binarity was suggestedGies 2000). In the presentstudy 59 Cyg andHR 2142
werecon rmed asBe+sdObinaries.FY CMa is suggestedio be a Be+ sdObi-
nary  Drais suggestedo be a Be+ WD binary. This demonstratethat even
well studiedBe starscanhidea Be+sdOor Be+ WD nature.

Modelsof closebinaryevolution shawv thatBe starscanform in abinarysystem
dueto massandangularmomentumransfer(Polsetal. 1991;VanBever & Van-
beveren1997;Vanbeerenetal. 1998;Raguzea 2001). Gies(2000)lists 16 Be
binarysystemavith cool,Rochelobe lling companions]1Be binarieswith faint
or undetecteadompanionsncluding Be+sdO Be+ WD, andBe/X-ray binaries,
and 13 possibleBe binaries. He shawvs that examplescan be found which seem
to matchmostof the predictedstagesf closebinary evolution. Furthermoref4
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Be/X-raybinariesareknown in the Milk y Way (Coe2000). Suchsystemsanbe
detecteckasilyin alarge volumedueto their X-ray luminosity. But accordingto
model predictions,they shouldonly representt smallfraction of all evolved Be
binaries. This con rms thatat leasta fraction of Be starscanform dueto close
binaryevolution.

This studydemonstratethatit is very likely thatmary of the missingspectro-
scopicBe binaries(Jaschel& Jascheki987)areundetectedvolvedBe binaries
with sdOor WD companions.Thosebinariesare characterizedby spectralfea-
turescausedoy extra emissionwhich arisesin a sectorof the Be discthatis il-
luminatedby the continuumradiationof the hot secondary The searchfor such
featuredn the spectraof candidatestarsallows for easienidenti cation of further
evolvedBe binaries.Time-consumingnonitoringcampaignsanthusbe concen-
tratedto promisingcandidats.

The fraction of Be starswhich areformeddueto closebinary evolution and,
therefore the fraction of Be+sdOandBe+ WD binariesremainsunknovn. Es-
timateson the basisof the known Be/X-ray binariesare strongly dependenbn
the assumedkvolutionary model. E.g. Van Bever & Vanbeeren(1997) assert
that 5—-20% of all Be starsare formed dueto closebinary evolution. In con-
trast,Polset al. (1991); PortegiesZwart (1995) contenda fraction of 50—100%.
Improved methodsfor an easieridenti cation of evolved Be binarieswith hot,
compactcompanionsareexpectedo leadto the detectionof mary suchbinaries
in the nearfuture. Hence,the useof characteristideaturesasdiscussedn this
study will allow anassessmemf theseissueson the basisof obsenations.
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Chapter 7

Conclusion

59 Cygis con rmed asBe+ sdObinary The companiornwasdirectly con rmed
by a Hell 4686 absorption. The lowest possiblemassfor the secondarylies
above the Chandrasekhdimit. Accordingto evolutionary modelsfor Be bina-
ries, 59 Cyg representa Perlike systemin an earlier stage. It can be the
progenitorof a Be+ WD or Be/X-ray binary. In the latter casethe helium star
would represeng progenitorof asupernea.

The appearancef speci ¢ spectralfeatures,characteristidor the con rmed
Be+sdObinariess9 Cygand Perandfor HR2142,is fully explainedby extra
emissionthatoriginatesin a sectorof the Be disc. This sectoris photoionizedby
the UV continuumradiationof the hot secondary Thesecharacteristideatures
area single-peakd emissioncomponentmoving in anti-phaseo the primary, a
phase-lockd V/R variability, a knotty structureof absorptionpro les, andshell
lines.

Thesefeaturesnveretakenasindicatorsto identify further Be binarieswith hot,
compacttompanionsHR 2142wascon rmed asBe+ sdObinary: It is suggested
thatFY CMais aBe+sdObinary too. Draissuggestetb beaBe+ WD binary.
It is con rmed thatafractionof the Be starsformeddueto closebinaryevolution.
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