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Chapterl

Introduction

1.1 Bluestragglers, yellow stragglers and sub-subgiants

Galacticclusters,also called openclusters,are boundgroupsof stars,consistingof a few
hundredto a few thousandnembers.Their agesrangefrom millions of years(e.g. the ~ 4
Myr old IC 1590,Guetter& Turner1997)to billions of years(e.g.the ~ 6 Gyr old NGC 188,
Dinescuetal. 1995),wherethey startto approactihetypical ageof theolder, moredenseand
populousglobular clusters.The field of anopenclusteris usuallynot too crovdedsothata
probability of clustermembershigor individual starsprojectedn thefield canbeestablished
by meansof propermotionandradial-velocity measurementsith ground-basedhstruments.
Only recentlycanaccuratgropermotionsalsobe measuredor starsin globularclusterswith
theHubbleSpaceTelescopde.g.King etal. 1999).

A basicfingerprintof a clusteris its colourversus-magnituddiagram:comparisorof the
obsenredlocationsin this diagramof the clusterstarswith theoreticaisochronegprovidesan
estimateof theage distanceandmetallicity of thecluster Theadvantage®f studyingstarsin
clustersarethereforemary: we canderive basicstellarparametertk e masstemperaturand
radiusof theindividual memberdrom comparisorwith models.On the otherhand,clusters
have beenusedextensiely to test stellar evolution models. By studyingthe propertiesof
clustersof differentagesthe evolutionin time of thosepropertiescanbe investigated Also,
asthespatialdistribution of openclusterss concentratetowardsthe discof the Galaxy they
areusedto probethe propertiesandevolution of the Galacticdisc.

Theopenclusterthatplaysacentralrolein thisthesisis M 67 (NGC2682,Fig.1.1). M 67
is oneof the best-studie@dpenclustersasaresultof severalfactors:it is arich cluster at 850
pc it is relatively nearby anddueto its high Galacticlatitude (b = 32°) the reddeningn the
directionof M 67 is low andthefield is little contaminatedby field stars;also,it is oneof the
few clustersolderthanseveral Gyr. The starsin the colourmagnitudediagramcanbe fitted
with a4 to 5 Gyr isochroneof solaror slightly subsolametallicity (e.g. Fanetal. 1996).

Even after the non-membersre removed, the colourmagnitudediagramof M 67 still
featuresmary starsthat stragglefrom the theoreticalisochrone(seeFig. 1.2). This canbe
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Figurel.1: Central25x 25arcmir? of M 67.

accountedor whenwe areactuallyseeingthelight of two clustermembersn anunresolhed
binary. For instancetheline of starsthatlies above andparallelto themainsequenceés likely
dueto abinarypopulation.However, this cannotbe the casefor thetwo sub-subgiantbelov
the baseof the giantbranch for the blue stragglerghatarebrighterandbluerthanthe main-
sequencgurnoff andfor someof theyellow stragglerghatlie betweerthebluestragglersand
theredgiants.

What makesthesestarsso interestingis that we have no explanationfor their properties
whichonly involvestheevolution of asingleisolatedstar Thereforethey offer the possibility
to studythe product=of interactiondbetweerstars- eitherbetweerthecompanionsn abinary
or betweerstarsin the cluster Encountersandcollisionsbetweensingleandbinary starsin
the high-stellardensityervironmentof a clusterhave beeninvokedto explain the formation
of strangestarslik e low-massX-ray binariesor blue stragglersespeciallyin globular clusters
(seereview by Bailyn 1995). Theinterestin thesesystemss not only restrictedto the desire
to understandnteractingstars:the exchangeof enegy thatresultsfrom interactionsdbetween
clusterstarscanalsoaffect the evolution of the clusterasawhole (Hut etal. 1992).

Two ROSAT obsenationsof M 67 detectednary of the peculiarstarsin X-rays (Belloni
etal. 1993,1998),possiblyproviding animportantclueto their origin or presenstate.These
X-ray sourceswere selectedfor an optical follow-up study andthe resultscan be readin
this thesis. As the X-ray emissionof thesestarswasunexpected(seenext Section)our first

2
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Figurel.2: Colourmagnitudediagramin whichthebinaries(Whelanetal. 1979,Mathieuetal. 1990,
Gilliland etal. 1991,Lathametal. 1992,Lathametal. privatecommunicationpndthe X-ray sources
(Belloni et al. 1998) areindicated. Only starswith a propermotion membershipprobability >80%

(Girard et al. 1989, for several starsSandersl977) are plotted. Photometryis mostly taken from

Montgomeryetal. (1993),in afew casesrom Sanderg1989).

questiorwaswhetherwe canfind spectroscopi¢Chapter2) andphotometriq Chapter3) sig-
natureshatexplain the X-rays. Our photometric-ariability studyinevitably includedmary
otherstarsin M 67 — theseresultsareincludedin Chapter3 andChapter4. Next, threesys-
temswere studiedin more detail: the blue straggler(Chapter5) andthe two sub-subgiants
(Chapter6). The lastchapteraddsa study of the peculiarX-ray sourcesn the old clusters
NGC752(2 Gyr) andNGC6940(1 Gyr).

1.2 X-ray observationsof old open clusters

X-ray emissiorof singlestarsis generallythoughtto arisefrom two mechanismskor spectral
typesearlierthanA, the X-rayscomefrom shocksin a stellarwind. For typeslaterthanA, a
hot coronaaroundthe staris believedto give riseto X-rays. The presencef the hot coronal

3
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cluster age Nx Npin Nact Npec
NGC188 6 2 1 1 1
M 67 4 25 18 12 9
NGC752 2 7 4 3 1
IC 4651 1.7 2 1 1 1
NGC6940 0.6 4 3 2 2

Table1.1: X-ray sourcesn old openclusters.For eachclusterwe list the agein Gyr, the numberof
X-ray sourcesdentifiedwith opticalclustermembersthe numberof binariesamongthe optical coun-
terpartsthe numberof sourcegor whichthe X-raysarelikely theresultof coronalactiity dueto tidal
interactionin abinaryandthenumberof peculiarX-ray sourcegbluestragglersyellow stragglersand
sub-subgiantdpng-periodbinaries;starswithoutindicationfor binarity). Datafor NGC188andM 67
aretaken from Belloni etal. (1998),for NGC752from Belloni & Vertunt (1996),for IC 4651 from
Belloni & Tagliaferri (1998)andfor NGC6940from Belloni & Tagliaferri (1997). Clusteragesare
takenfrom Dinescuetal. 1995,exceptfor IC 4651 (Anthory-Twarog& Twarog2000)andNGC6940
(Carraro& Chiosi1994). The numberof X-ray sourcegletectedn a clusterdepend®n mary factors
notrelatedto theintrinsic propertiesof the starsin the clustersJike the exposuretime of the ROSAT
obseration, the distanceandreddeningo thecluster

mediumis relatedto magneticactivity, generatedy the interactionbetweencorvectionand
differentialstellarrotationin the outerlayersof a star The two classesare not expectedto

contritute to the X-rays of an old stellar population: massve starswith strongwinds have

long sinceevolvedoff the mainsequencetherotationof late-typestarsdecreaseasthe stars
age,andwith it themagneticactiity. Consequentlythelevel of X-ray emissionbecomegoo

low to bedetectedRandich(1997)hasindeedshownn thatthe averagdevel of X-ray emission
for G-typestarsin the 600 Myr old clusterHyadess lower thanin the 50 Myr old a Per

Nonethe less,ROSAT obsenationsof old openclustersrevealedmary X-ray sources,
with X-ray luminositiesof afew times10°° erg s~1, thatwereoptically identifiedwith cluster
membergseeFig. 1.2). While we do not expectto detectX-raysfrom singlemain-sequence
or giant stars,closebinariesare able to emit detectableX-ray at agesof a few Gyr. The
reasoris thatin closebinariesthe stellarrotationis lockedto the orbital motionthroughtidal
interaction,andthereforerapid rotationand magneticactivity canbe maintainedregardless
the ageof the componenstars.Indeed,mary X-ray sourcesn old openclustershave tidally
interactingbinariesasopticalcounterpart¢seeTablel1.1). Thesemagneticallyactive binaries
— alsocalled RSCVn or BY Dra binariesdependingon whetherthe active staris a giant
or main-sequencstar, respectiely — can be recognisedoy other propertiesrelatedto the
actiity. The orbits are circular dueto the tidal interaction. Photometricvariability on the
orbital periodis often obsened dueto star spotson the corotatingstellar surfaces. Optical
spectrakignature®of activity arestrongCall H&K emissioncoresand/orHa emission.The
lifetimes of the (sub)giantsn RSCVnsin youngerclustersare muchshorterthanin older

4
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clusterswhich reduceghe chanceor detection.The X-ray obsenationsof old clusterswere
partly aimedat observinghomogeneousamplesf active binaries(Belloni 1997).

However, a considerabldraction of the X-ray sourcesin old clustersis not identified
with tidally interactingbinaries(seelast column of Table 1.1). For the hot white dwarf,
the cataclysmicvariableandthe contactbinariesthe X-rays are understood.But the optical
counterpartalsoincludemain-sequencstarsor giantswith noindicationfor binarity or wide
binarieswith orbital periodstoo long for tidal interactionat present; their X-ray emissionis
not as easily explainedand meritsfurther study Many starsin M 67 that were pointedout
in the previous sectionasstragglerdrom the theoreticalisochronealsobelongto this group
of sourcesfor which the X-rays are not understood. Apart from their anomalousposition
in the colourmagnitudediagramthis is an extra propertythat makesthemnotable. Similar
sourceshave also beenidentified amongthe optical counterpartof X-ray sourcesn other
old clusters.To summariseX-ray obsenationsof old openclustersarevaluableasthey can
efficiently pointtheway to closeand/orinteractingbinariesandto specialcaseof stellarand
binaryevolution.

In the next sectionl will introducethe peculiarX-ray sourcesof M 67, NGC752 and
NGC6940in moredetailandl will summariseéheresultsof our study

1.3 Summary: peculiar X-ray sources in M 67, NGC 752
and NGC 6940

Many of the X-ray sourcesthat we investigatedare binaries. However, we found that the
propertienf somesystemsaaredifficult to understandh the context of binaryevolutionalone.
Therefore,one of the conclusionsof this studyis thatinteractionshetweenclusterstarsare
responsiblgor making starsthat are found away from the 4 Gyr isochronein M 67 — also
outsideof theblue stragglemregion — andthatthe propertiesof the starsthatarethe outcome
of suchinteractionsareonly poorly understood.

The blue stragglerS1082is probablya good exampleof a systemthatis the productof
an encounteior of multiple encounters Our study solved the apparentontradictionsn the
obsenationsof this system:ithe starshavedeclipsesn aperiodof 1.07days(Goranskijetal.
1992)but theradial-\elocity variationsof the narrav linesin the spectrumarenotlargerthan
afew km s~1 (Mathieuetal. 1986)andindicatethatthe starmovesin anorbit of ~ 1000days
(Milone 1991). We concludedhatthe starmustbetriple, andindeedfound the signatureof
threestardik ely boundin atriple (Chapter, 5). However, ourfindingsraisednew questions:
the outerstarin the triple is a blue straggleron its own account.the total massof theinner
binaryis largerthantwice the turnoff massof M 67 andoneof thestarsin theinnerbinaryis

1Thecut-off periodfor tidal interactiondepend®n thesizeof thestarsin thebinary. For main-sequencstars
in M 67 the cut-off periodasderivedfrom thelongest-periodtircularorbit obsenedis 12.4days(Mathieuetal.
1992). For giantstarsfor which the radii rapidly vary in time, the evolution of the stellarradii shouldbe taken
into accounto judgewhetherabinary could be or have beentidally interacting(Verbunt& Phinnegy 1995).

5
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subluminoudor its mass(seeChapterb).

Two otherblue stragglersn the openclustersNGC 752 andIC 4651 weredetectedn X-
rays. Chapter7 discusseshe optical propertiesof H209in NGC752. Also for H209along
spectroscopiorbital period was detectedLathamet al., private communicationjand low-
amplitudevariability was notedby Hrivnak (1977). Yet our obsenationshave revealedno
sign of photometricor spectroscopiwariability, andthusits X-rays and evolutionary status
remainunexplained.

Thetwo sub-subgiantgn M 67,S1063andS1113,bothbinaries arelocatedin aposition
wherenot mary stragglershave beenfound before. We did spectroscopi¢Chapter2) and
photometric(Chapter3d) obsenationsto getmoreinformationon their properties.Chapteré
containsadiscussioron the possibleorigins of thesestars.Eventhoughtheir positionsin the
colourmagnitudediagramareso similar, we have foundthattheir differentorbital properties
—S1063hasaneccentricl8.4dayorbit, S1113acircular2.8 dayorbit — make it difficult to
find one explanationfor their origin. In fact, we have greatdifficulty to find an explanation
for thesestarsat all, and areleft to concludethat thesesystemswereinvolvedin a recent
interactionwith otherclusterstars.

We studiedtwo yellow stragglerdn someavhatlessdetail. S1072lies 1.2 magabove the
main-sequenceurnoff and canthereforebe no combinationof two turnoff stars. At nearly
1500daysthe orbital periodis too long for tidal interaction.Thatthe staris a combinationof
threeturnoff starsor of a giantanda blue straggleris excluded,which similarly leavesopen
theoptionthatthebinarycontainsananomaloustar(Mathieuetal. 1990,Nissenetal. 1987).
We obseredthestarphotometrically(Chapter3) andspectroscopicallyChapter2) but found
nothingthatexplainsthe X-rays. S1040is composeaf a giantanda white dwarf whosefirst
directobsenationalsignaturecamefrom ultraviolet obsenations(Landsmaretal. 1997). Its
presencavashowever alreadypredictedirom thecircularorbit: thegiantis too smallto have
tidal interactionin the orbit of 43days,whichled Verbunt& Phinng (1995)to theconclusion
thatthe progenitorof the now optically invisible white dwarf musthave circularisecdthe orbit.
Landsmaret al. constructedan evolutionary history wherethe presentgiantreceved mass
from the white-dwarf progenitoruntil 75 Myr ago(the coolingtime of the white dwarf). As
this is oneof the waysto make the massrecever a blue straggler an explanationis needed
why the obsened coloursof S1040aresored. Maybeit just startedevolving off the main-
sequencénto a giant (Landsmaret al. 1997); in that casebinary evolution canexplain the
system.Thewhite dwarfis too coolfor X-ray emissionwe find spectrakignatureshatpoint
at magneticactwity of the giant, but do not understandhe reasonfor actiity (Chapter2).
It hasbeensuggestedhat whenintermediate-masstarsevolve off the main sequencend
startdevelopingcorvective ervelopes.they canattainenhancedctiity levels (Pizzolatoet
al. 2000).

We studiedsereral X-rays sourceghat are not found at strangelocationsof the colour
magnitudediagram. The positionof S1237to the blue of the giant branchcan actuallybe
accountedor by combiningthe light of a giantanda turnoff star(Janes& Smith1984). Its
X-rayshowever areunexplainedasthe orbital periodis nearly 700 dayswhich excludestidal

6
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interaction.Our obsenationsoffer no solution,but we concludethatmagneticactuity of the
giantis likely not the origin of the X-rays (Chapter2). Otherlong-periodbinariesandstars
with noindicationfor binarity werechecledfor photometricvariability (S760,S775,51270
—all in M 67) with a negative result(Chapter3). In NGC6940,the long-period(3595day)
binary VR 111 andVR 108 with no indicationfor binarity were obsened spectroscopically
Again, we found no sign of strongmagneticactiity. We concludethat, provided the opti-
cal identificationof the X-ray sourcess correct, eitherthesestarswere alsoinvolvedin a
recentinteraction,or they aretriples that containa closerbinary with an actve component.
Alternatively, the X-ray emissionof singleold starsis just notunderstoodrery well.

For X-ray sourceghatwere identifiedwith closebinaries(Belloni etal. 1998)ourfindings
supporttheinterpretatiorthattheir X-raysarisethroughmagneticactuvity. In our photometric
study (Chapter3) the orbital period of someof thesebinarieswasalsodetectedn the light
curves. Assumingthatthe brightnessmodulationsarecausedy spotson the stellarsurface,
this confirmsthat the starsare corotatingwith the orbit — a signatureof tidal interaction.
Most of the starsthatwe foundto be periodicvariablegwithin the limits of our sensitvity as
describedn Chapters3 and 4) arebinaries.This confirmsthatattheageof M 67 singlestars
arenotrapidrotators.
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Chapter2

Opticalspectroscopof X-ray sourcesn the
old openclusterM 67
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MaureenvandenBer, FrankVertunt& RobertD. Mathieu
Astronomy& Astrophysicsl 999,347,866

Abstract — We have obtainedoptical spectraof seven starsin the old galacticclusterM 67 that are
unusualsourcef X-rays, andinvestigatewhetherthe X-ray emissionis dueto magneticactwvity or

to masstransfer Thetwo binariesbelown thegiantbranchS1063andS1113,the giantwith the white

dwarfcompaniors 1040andtheeccentriddinaryonthesubgianbranchS 1242shav magnetiactvity

in the form of Call H&K emissionandHa emission,suggestinghattheir X-rays arecoronal. The
reasonfor the enhancedctvity level in S1040is not clear The two wide, eccentrichinariesS1072
and S1237andthe blue stragglerS1082do not shav evidencefor Call H&K emission. A second
spectralcomponenis found in the spectrumof S1082, mostclearly in the variableHa absorption
profile. We interpretthis asa signatureof the proposecdot subluminousompanion.
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Figure2.1: Colourmagnitudediagramof M 67. Coloursandmagnitudesrefrom Montgomeryetal.
(1993). Only starswith membershigrobability >80% (basedon their propermotion, Sanderd 977)
were selected. Starsindicatethe obsered X-ray binaries;squaredwo membergiantsobsered for
comparison.

2.1 Intr oduction

Two obsenationsof M 67 with the ROSAT PSPCresultedn the detectionof X-ray emission
from 25 member=f this old opencluster(Belloni etal. 1993,1998). The X-ray emission
of mary of thesesourcess readily understood.For example,the X-ray emissionoriginates
in deep,hot atmospheridayersin a hot white dwarf; is dueto masstransferin a cataclysmic
variable;andis causedy magneticactiity in two contactbinariesandseveral RS CVn-type
binaries. However, Belloni et al. (1998) point out several X-ray sourcesn M 67 for which

the X-ray emissionis unexplained. All but one of theseobjectsarelocatedaway from the

isochroneformedby the mainsequencandthe (sub)giantoranchof M 67 (Fig. 2.1).

In this paperwe investigatethe natureof the X-ray emissionof thesestarsthroughlow-
andhigh-resolutionoptical spectra.ln particular we investigatewhetherthe emissioncould
be coronalasa consequencef magneticactuvity, by looking for emissioncoresin the Call
H&K lines. Tidal interactionin a closebinaryorbit is thoughtto enhancenagneticactiity at
the stellarsurfaceby spinningup the starsin the binary. Therefore we alsoderive projected
rotationalvelocitieswith the crosscorrelationmethod. Finally, we studythe Ha profile asa
possibleindicatorof activity or masgransfer

The obsenationsandthe datareductionaredescribedn Sect.2.2,andthe analysisof the
spectran Sect.2.3. Comparisorwith chromosphericallyactive binariesis madein Sect.2.4.
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ID Vv B—V sptype P,(d) e countrate(s™1)
S1040 1152 0.87 G4l 42.83 0.027(28) 0.0050(6)
S1063 13.79 1.05 G8IV 1839 0.217(14) 0.0047(6)
S1072 11.32 0.61 G3lll-IV 1495. 0.32(7) 0.0013(3)

S1082 11.25 0.42 F5IV 0.0046(6)
S1113 13.77 1.01 2.823 0.031(14) 0.0047(6)
S1237 10.78 0.94 G8lII 697.8 0.105(15) 0.0010(3)
S1242 12.72 0.68 31.78 0.664(18) 0.0007(2)

Table 2.1: Starsof M 67 discussedn this paper Visual magnitudeand colour (from Montgomery
etal. 1993), spectraltype (from Allen & Strom 1995, and Zhilinskii & Frolov 1994), orbital period
andeccentricity(from Mathieuetal. 1990,Lathametal. 1992and— for S1113— Mathieuetal., in

preparatiofChapter6]), andX-ray countratein PSPCchannelgl1-240 correspondingo 0.4-2.4keV
(from Belloni etal. 1998).

A discussiorof our resultsis givenin Sect.2.5. In theremaindeiof theintroductionwe give
brief sketchesof the starsstudiedin this paper;detailson mary of themaregivenby Mathieu
etal. (1990). The starsareindicatedwith their numberin Sanderg1977),andarelistedin
Table2.1.

S1063 and S1113 are two binarieslocatedbelov the subgiantbranchin the colour
magnitudediagramof M 67. Their orbital periods,18.4 and2.82 daysrespecitiely, aretoo
long for themto be contactbinaries;also they aretoo far above the main sequenceo be
binariesof main-sequencstars.In principle, a (sub)giantcanbecomeunderluminousvhen
it transfersmassto its companion,asenegy is taken from the stellarluminosity to restore
hydrostaticequilibrium (e.g.Kippenhahn& Weigert1967). However, masstransferthrough
Rochelobe overflow very rapidly leadsto circularisationof the binary orbit, whereasS1063
hasaneccentricitye= 0.217. Theorbit of S1113is circular, somassransfercouldbeoccur
ring in thatsystem.For the moment,the natureof thesebinariesis not understoodIn both,
Pasquini& Belloni (1998)obsenedemissioncoresin theCall H&K lines. S1063is reported
to be photometricallyvariablewith ~ 0.10 mag(Rajamoharetal. 1988;Kaluzry & Radczyn-
ska1991),but no periodis found. For S1113,photometricvariability with a periodof 0.313
daysandatotalamplitudeof 0.6 magwasclaimedby Kurochkin(1960),but this hasnotbeen
confirmedby Kaluzrny & Radczynsk#1991),whofind variability with only 0.05mag.S1063
istheonly M 67 starin our samplethatshaws significantlyvariableX-ray emission(between
0.0081and0.0047ctss™1; Belloni etal. 1998).

S1072and S1237 arebinarieswith orbital periodsof 1495and 698 days,andwith ec-
centricitiese = 0.32 and0.105,respectrely. The colourandmagnitudeof S1072cannotbe
explainedwith the pairing of a giantanda blue straggler sincethis is not compatiblewith
its ubvyphotometry(Nissenetal. 1987;Mathieu& Latham1986),nor with superpositiorof
threesubgiantssincethisis excludedby theradial-\elocity correlationgMathieuetal. 1990).
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Theabsencef the6708A lithium featurein thespectrunof S1072indicateghatthesurface
materialhasundegonemixing (Hobbs& Mathieu1991;Pritchett& Glaspg 1991). S1237
couldbeabinaryof agiantanda staratthetop of theevolvedmainsequencéJanest Smith
1984); high-resolutionspectroscop shouldbe able to detectthe main-sequencstarin that
case(Mathieuet al. 1990). The wide orbits and significanteccentricitiesappearto exclude
bothmasstransferandtidal interactionasexplanationdor the X-ray emission.

S1242hasthe largesteccentricityof the binariesin our sample,at e = 0.66 in an orbit
of 31.8days. Its positionon the subgiantbranchis explainedif a subgiantof 1.25M., hasa
secondaryith V > 15 (Mathieuetal. 1990). Call K line emissionis reportedby Pasquini
& Belloni (1998).Photometriovariability with a periodof 4.88daysandamplitudeof 0.0025
mag hasbeenfound by Gilliland et al. (1991). We note thatthis photometricperiod corre-
spondgo corotationwith the orbit at periastronwhich suggestshatthe X-ray emissionmay
be dueto tidal interactiontaking placeat periastron.The binarywould thenbe aninteresting
exampleof a systemin transitionfrom an eccentricto a circular orbit. Indeed,accordingto
thediagnostiadiagramof Verbunt & Phinng (1995)agiantof 1.25M. with acurrentradius
of ~ 2.3R., (asderivedfrom thelocationof S1242in the colourmagnitudediagram)cannot
have circularisedanorbit of 31.8days.

S1040is a binary consistingof a giantanda white dwarf. The progenitorof the white
dwarf circularizedthe orbit during a phaseof masstransfer(Verbunt & Phinng 1995);asa
resultthe massof the white dwarf is very low (Landsmaret al. 1997). The white dwarf is
probablytoo cool, at 16 160K, to be the X-ray emitter Indicationsfor magneticactiity are
Call H&K (Pasquini& Belloni 1998)andMg Il (AA 2800A, Landsmaretal. 1997)emission
lines. If the X-raysaredueto coronalemissionof the giant, this mustbethe consequencef
the pastevolution of the binary, sincethe giantis too smallfor significanttidal interactionto
betakingplacein the currentorbit.

S1082is a blue straggler Photometricvariability of 0.08 magwithin a few hourswas
obsenred by Simoda(1991). Goranskijet al. (1992) found eclipseswith a total amplitude
of 0.12 maganda binary period of 1.07 days; however, the radial velocitiesof the stardo
not show this period, andvary by about2km s~1, far too little for a 1day eclipsingbinary
(Mathieu et al. 1986). Landsmanret al. (1998) detecta significantexcessat 1520 A with
the Ultraviolet Imaging Telescopeandascribethis to a hot, subluminoussecondarySucha
secondaryvassuggestealreadyby Mathys(1991)on the basisof a broadcomponentn the
Nal D andO | absorptiorlines.

2.2 Observations and data reduction

Optical spectrawere obtainedon February28/29, 1996 with the 4.2-m William Herschel
Telescopeon La Palma, undergoodweatherconditions(seeing< 1” until 4.30hUT, < 2”
thereafter)In additionto the X-ray sourcesn M 67 we obseredtwo ordinarymembemgiants
of M67,S1288andS1402,for comparisonFurthermoreneflux standardandthreevelocity
standardsvereobsenred. The blue high-resolutiorspectreof S1113wereobtainedon April
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OPTICAL SPECTROSCOPY

OF X-RAY SOURCES IN M 67

ISIS
ID UT  tep(S)

UEShblue UESred
uT texp (S) UT texp (S)

X-RAY SOURCES
S1040 02:43 60
S1063 02:30 180

S1072 02:49 60

S1082 02:39 60

S1113 03:01 180

S1237 02:46 60
S1242 02:55 120

COMPARISON GIANTS
S1288 02:58 60
S1402 02:52 60

FLUX STANDARD

HZ 44 02:21 80
03:13 80
04:43 480

22:03 600 00:46 300
20:51 1200 00:11 1200
21:15 1200 00:33 600
21:37 1200
22:24 360 01:01 240
20:39 300 00:01 360
23:24 600 01:41 360
04:11 360
22:37 900 03:36 1200
22:58 900 03:58 600
22:16 300 00:54 180
22:33 1500 01:08 900

23:12 600 01:33 300
23:01 450 01:26 240

23:42 600 01:57 600

RADIAL-VELOCITY STANDARDS

HD 132737
HD 136202
HD 171232

06:04 90 05:13 45
05:55 100 05:42 50
05:34 45

Table 2.2: Log of the obsenations. For eachtarget we give the UT at start of the exposuresand
the exposuretime for the ISIS and UES blue andred spectra. All obserationswere obtainedon
28/29February1996, exceptthe blue UES exposuresof S1113which weretaken on 7/8 April 1998
(indicatedwith * in thetable).

7/8,1998with the sametelescopahrougha serviceobsenration (seeingl-2’). A log of the
obsenationsis givenin Table2.2.

All spectrahave beenreducedusingthe ImageReductiorandAnalysisFacility (IRAF).
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2.2.1 Low-resolutionspectra

Low-resolutionspectrawere taken with the ISIS double-beanspectrograpi{Carteret al.
1993). The blue arm of ISIS was usedwith the 300 lines per mm gratingand TEK-CCD,
resultingin awavelengthcoverageof 3831to 5404A andadispersiorof 1.54A per pixel at
4000A. Theredarm,combinedwith the 316lines permm gratingandEEV-CCD, covereda
wavelengthregion of 5619to 7135A with adispersiorof 1.40A perpixel at6500A. Thefor-
matof theframesis 1124 x 200pixels’ whichincludesthe under andoverscarregions. For
the objectexposureghe slit width wassetto 4”. Flatfieldsweremadewith a Tungstenlamp
while CuAr andCuNelampexposuresveretakenfor the purposeof wavelengthcalibration.
For the ISIS-spectrapasicreductionstepshave beendone within the IRAF CCDRED-
packageThesestepsncluderemoving the biassignalmakinguseof theunder andoverscan
regionsandzeroframes trimming theframesto remove theunder andoverscanandflatfield-
ing to correctfor smallpixel-to-pixel gainvariations.Theremainingreductionhasbeendone
with IRAF sPECRED-padkagetasks.With the optimal extractionalgorithm(Horne1986)the
two dimensionaimagesarereducedo onedimensionakpectra.Next, the spectraare cali-
bratedin wavelengthwith thearcframes.A dispersiorsolutionis foundby fitting third (blue)
andfourth (red) order polynomialsto the positionson the CCD of the arclamplines. The
fluxes of the spectraare calibratedwith the absolutefluxes of HZ 44, tatulatedat 50 A in-
tervals (Massg etal. 1988),andadoptingthe standardatmospheri@xtinction curve for La
Palmaasgivenby King (1985). The estimatedaccurag of theflux calibrationis ~ 10%.

2.2.2 High-resolutionspectra

High-resolutionechelle spectrawere taken with the Utrecht Echelle Spectrograph(UES,
Ungeretal. 1993).Obsenationsweredonewith a~ 1" slit width.

For the 19960bsenations,the UESwasusedin combinationwith a 1024 x 1024pixels’
TEK-CCD, andthe 31.6lines per mm grating (E31), which resultedin a broadwavelength
coverage but small separatiorof the echelleorderson the CCD. In this setup,the UES re-
solvingpoweris 49000 perresolutionelementtwo pixels),correspondingo a dispersiorof
3kms ! perpixel or 0.06A perpixel at 6000A. Theframeswerecentredon Acen= 4250A
andAcen= 5930A in orderto geta blue (3820to 4920A) andred (4890to 7940A) echelle
spectrum. The numberof ordersrecordedon the CCD is 34 in the blue and45 in thered,
eachcovering~ 45t0 80 A increasingor longerwavelengths.Towardsthe red, gapsoccur
betweerthe wavelengthcoverageof adjacenbrders.Exposure®f a quartzlampweretaken
to make theflatfield corrections ThAr exposuresenedaswavelengthcalibrationframes.

For the 1998 obsenationsof S1113,a 2048 x 2048 pixels® SITe-CCDwasused. Two
spectraveretakenwith the 79.0linespermm (E79) grating(Acen= 4343,&). Thedifference
betweenthe E79 and the E31 gratingsis that E79-spectrehave a larger separatiorof the
echelle-order®n the detectoy which canimprove the determinatiorof the sky-background.
Thespectralesolutionof thegratingsis thesame(thecentraldispersionn theseobsenrations
is ~ 0.04 A perpixel). Thespecifiedvavelength-coerageor this combinatiorof gratingand
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detectoris 354§t0 6163A but only the centralorderswerebright enoughto extractspectra
(3724t0 5998A). Flatfieldand ThAr exposuresveremadefor calibrationpurposes.

Thereductionof the UES spectrahasbeenperformedusingthe routinesavailablewithin
the IRAF ECHELLE-package.First, the framesaredebiasedandthe under andoverscarre-
gionsremoved. After locatingthe ordersonthe CCD for boththe quartzlampandthe object
exposuresyve flatfieldedthe frames.Spectraareextractedwith optimalextraction. Thesmall
orderseparatiomakessky subtractiordifficult; however, ourtargetsarebright,andtheresult-
ing erroris neggligible. In the stepof wavelengthcalibration thedispersiorsolutionis derived
by fitting third andfourth orderpolynomialsleaving rms-residualsf 0.004A (red)and0.002
A (blue, 0.003A for the 1998-spectra).To find absolutefluxesfor the Call K (A393367
A) & H (7396847 A) emissionlines (Sect.2.3), the fluxesof the relevantblue ordersof an
objecthave beencalibratedwith the calibrated SIS spectrunof the sameobject. Continuum
normalisatiorof the ordersin the red spectrayequiredfor the rotationalvelocity analysis,is
doneby fitting third to fifth orderpolynomialsto thewavelength-calibratedpectra.

2.3 Dataanalysis

We studytwo indicatorsof magneticactvity. Thedirectindicatoris emissionin the coresof
the Call H&K lines. Anotherindicatoris the rotationalspeed:rapid (differential) rotation
andconvective motionsarethoughtto generatenagnetidieldsthrougha dynamo.

2.3.1 Determination of Call H&K emissionfluxes

To estimatethe amountof flux emittedin the Call H&K line cores,Fc, we addthe fluxes
above the H&K absorptionprofilesasfollows. An upperanda lower limit of the level of
the absorptionpseudo-continuuns estimatedby eye andis marked by a straightline. For
S1113thisis illustratedin Fig. 2.7. We obtaina lower andupperlimit of the emittedflux by
addingthe fluxesin eachwavelength-binabore theselevels. Thevaluegivenin Table2.3is
the averageof thesetwo results,the uncertaintyis half their difference.Use of higherorder
fits (following Ferrandez-Figueroat al. 1994)to the absorptiorprofile givessimilar results.
If anemissionline is not clearly visible, we obtainanupperlimit by estimatingthe minimal
detectablemissionflux atthe H&K  line centreswithin a1 A wide region (typical width of
theemissionines).

Six of oursourceshown Call H&K line emissionFig. 2.2). Theprofilesof S1113appear
to be double-lined,suggestinghat we seeactvity of both stars(Fig. 2.7). The fluxesgiven
in Table2.3 arethetotal fluxes,i.e. no attemptwasmadeto deblendthe emissionlines. No
emissionis visible in the spectrunof S1082.
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Figure2.2: TheCall H&K regionsin the high-resolutionspectraof our targets. In the lower right
cornerthe spectrunof the non-actve comparisorgiantS1288is shavn.
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ID Fcak Fcan vsini
(egem?s )  (egem?sl) (kms)
S1040  16(4) x10 1 17(5)x 101> 3.0(1.0)
S1063 6(1) x 1071 7(1)x 10715 3.9(0.8)
S1072 3(2)x107 <13x10°1° 8.1(1.1)
S1082 <11x107 1 <24x101 5.1(0.7)
S1113 9(2) x 107 10(3) x 10715 45(6)
12(1)
S1237 42)x 107 8(5)x 107 <18
S1242 2.2(05)x1015  2(1)x10 % <2.6(1.0)

Table 2.3: Fluxes of emissioncoresin Call H&K lines and projectedrotationalvelocitiesderived
from our high-resolutiorspectraThevelocitiesweredeterminedrom crosscorrelationwith the spec-
trumof HD 136202(F8l11-IV, ESA1997)for S1040,S1072,S1082andS1242;andwith thespectrum
of HD 171232(G8IIl, ESA 1997)for the otherstars.Both HD starshave line widthst = 1.8+0.1km

s1. For S1113we list bothcomponentsthe primary contritutes~ 82% of the light andhasbroader
lines.

2.3.2 Determination of projectedrotational velocities
Crosscorrelation

In orderto derive the projectedrotationalvelocity vsini of our targets,we apply the cross
correlationtechnique(e.g. Tonry & Davis 1979). This methodcomputesthe correlation
betweenthe objectspectrumand an appropriatelychosentemplatespectrumas function of
relative shift. The positionof the maximumof the crosscorrelationfunction (CCF) provides
thevalueof theradial-\elocity differencebetweerobjectandtemplate. Thewidth of the peak
is indicative for thewidth of the spectralinesandcanthereforebe usedasa measuref the
rotationalvelocity of the stars.

For rotationalvelocitiesnot too large the line profilesmay be approximatedvith Gaus-
sians allowing analyticaltreatmenbf the crosscorrelationmethod.Assumingthatthe binary
spectrumis a shifted,scaledandbroadenedersionof thetemplatespectrumthe broadening
canberelatedto thewidth of the ccr peakasfollows (Gunnetal. 1996). With 1 the disper
sionin thetemplates andp thedispersionn thetarget's spectralines, i thedispersiorof the
CcCF peakando the dispersionof the Gaussiarthatdescribeshe broadeningof the object’s
spectrumwith respecto thetemplate onecanwrite:

W2 =124 p% =21+ 0% (2.1)

Eq.2.1applieso bothcomponent# thebinaryspectrumandtheircorresponding@cr peaks.

The crosscorrelationsare performedwith the IRAF task FXCOR thatusesFouriertrans-
formsof thespectrao computethe ccr. Beforeperformingthe crosscorrelation the contin-
uumis subtractedrom the normalisedspectra.Filtering in the Fourierdomainis appliedto
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avoid undesirableontributionsoriginatingfrom noiseor intrinsically broadlines (seeWyatt
1985).

Thetemplatesarechoserfrom the radial-\elocity standardsuchthattheir spectraltypes
resemblethoseof the tamgets. The value of T for thesestarsis determinedfor eachorder
separatelyy autocorrelationof the templatespectrumadoptingthe samefilter usedfor the
crosscorrelationsin thiscaseo is zeroandthereforer is founddirectly from thewidth of the
cCF peak:1? = |2/2.

The templatespectraare correlatedwith our tamget starsorderby order wherewe limit
ourselesto ordersin the red spectrathatdo not suffer from strongtelluric lines. Most ccr
peakscanbefitted well with a GaussianAs thefinal valuefor vsini we give the broadening
o averagedover the differentorders,andfor the uncertaintywe take the rms of the spread
aroundtheaverageof o (Table2.3). Equatingvsini to o implicitly assumeshatrt is thewidth
of thelinesnotrelatedto rotation. An upperlimit to vsini is foundfrom the otherextremein
which we assumehatthetotal width of the spectraline (3 follows from rotation. This creates
uncertaintie®f theorderof o for S1242.1n thecaseof S1237wefind thatp < 1 (o < 0),i.e.
thelinesin S1237arenarraver thanin the template.For thesetwo stars,we give an upper
limit of vsini < B in Table2.3.

S1113is the only binary obsened whoseccF shavs two peaks. The ccF peaksof both
starsoverlapin the 1998obsenation. Thereforewe do not usethesespectran the following
analysis. For the 1996 spectrathe ccF shavs two peaks,one of which is broadindicating
the presenceof a fastrotatingstar Both peaksare clearly separateavith a centre-to-centre
velocity separatiorof ~ 110km s1. Thelinesin the spectrumaresmearedut andlesspro-
nouncedresultingin anoisy ccF. To improvethis, we combinefour sequentiabrdersbefore
crosscorrelating(being constrainedy the maximumnumberof pointsFXCOR canhandle).
FromEq. 17 in Gunnetal. we derive the relative light contribution of both componentdo
the spectrumfrom the heightanddispersiorof the crosscorrelationpeaks assuminghatthe
binary starshave the samespectrumasthetemplate(a = 1 in Eq. 17). Accordingto this the
rapidly rotatingstarcontributes~ 82% of thelight. Notethatluminosity ratiosderivedfrom
crosscorrelationsareuncertainandshouldbe confirmedphotometrically

Fourier-Bessekransformation

The line profile of the fastrotatingstarin S1113is not compatibleanymore with a Gaus-
sian, thereforewe adoptanothermethodto determineits vsini, describedin Piterset al.
(1996). This methodusesthe propertythat the FourierBesseltransformof a spectralline
thatis purelyrotationallybroadenedhasa maximumatthepositionof the projectedotational
velocity. In practice,this positionis a function of the limits over which the Fourier trans-
form is performed.Thelocal maximaof this velocity-versus-cutdtfrequeng (vcf) function
approachvsini within half a percentthe resultgronving moreaccuratgor maximaat higher
frequencies.This erroris neggligible whencomparedo errorsarisingfrom noise,otherline
broadeningmechanismsetc. (seePitersetal. 1996). In our determinatiorof vsini of the
primaryof S1113,we have usedthefirst local maximumin thevcf-plot of thetransformation
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of four isolatedFe | linesat AA 6265.14,6400.15,6408.03and6411.54A. Thevsini in Ta-
ble 2.3 is an averageof the resultingvalues;the vsini of the secondarys found from cross
correlation.

Theapplicationof the FourierBessetransformatiommethodis limited onthelow velocity
sideby thespectrafresolution:the Fouriertransformcannotbe performedoeyondthe Nyquist
frequeng which for slow rotatorslies at a frequeng thatis lower thanthe cutoff-frequengy
atwhich thefirst maximumoccursin thevcf-plot. For our spectrahis meanghatthe method
cannotbe usedfor vsini < 5.2km s~1. Indeedfor every starfor which the crosscorrelation
methodgivesa vsini smallerthanthis value,the vcf-plot doesnot reachthefirst local max-
imum, exceptfor S1082for which we find vsini = 9.5(1.6). For S1072,the FourierBessel
transformgivesavsini of 12.7(1.0)km s~ 1. Spectralineswereselectedrom thoseusedin
Grootetal. (1996)andfrom theadditionallinesusedfor S1113.

2.4 Results

Theresultsof our searchfor emissioncoresin the Call H&K linesaredisplayedn Fig. 2.2
andin Table2.3. The emissionlines arestrongin S1063,S1113and S1040; andstill de-
tectablen S1242whichindicateschromospheriactiity in thesestars.In S1072andS1237
theemissioncoresaremaiginal,andon S1082we canonly determineanupperlimit.

The (projected)otationalvelocitiesof all of our starsarerelatively smallvsini < 10 km
s~1, with theexceptionof S1113.

In Sect.2.4.1we investigatewhetherthe relationsbetweenX-ray emission,strengthof
theemissioncoresin the Call H&K lines,andtherotationalvelocitiesof the unusualX-ray
emittersin M 67 aresimilar to the relationsfound for well-known magneticallyactie stars,
the RS CVn binaries. In Sect.2.4.2we briefly discussthe behaiour of the Ha line and
spectralinesotherthanCall H&K thatareindicatorsof chromospheri@actuity. Individual
systemsrediscussedn Sect.2.4.3.

2.4.1 Comparisonwith RS CVn binaries

To investigatewhetherthe X-rays of the M 67 starsstudiedin this paperarerelatedto mag-
netic actvity, we comparetheir optical activity indicatorsand X-ray fluxeswith thoseof a
sampleof RSCVn binaries.In particular we selectRS CVn binariesfor which fluxesof the
emissioncoresin theCall H&K lineshave beendeterminedrom high-resolutiorspectraby
Ferrandez-Figueroatal. (1994).To obtainX-ray countratesfor thesebinaries we searched
the ROSAT dataarchve for PSPCobsenationsof them. We thenanalysedll theseobsena-
tions, anddeterminedhe countrates,in the samebandpasssusedin the analysisof M 67,
usingthe standardoroceduredescribedn Zimmermannret al. (1994). All pointingsthatwe
have analysedactuallyled to a positive detectionof the RS CVn system:evenwhennot the
target of the obsenation, the RS CVn systemis usually the brightestobjectin the field of
view. Theresultsof our analysisarelistedin Table2.4.
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name d (pc)

JD

texp (S)

ctrate(s™ 1)

A ()

LUMINOSITY CLASSV (GROUP 1)

IL Com 107+£12

TZ CrB 21.7£0.5

V772Her 37.7+1.9
BY Dra 16.4+:0.2
V775Her* 21.4£0.5
ERVu 49.9£2.1
KZ And 25.3+4.9

LUMINOSITY CLASS IV (GROUP 2)

V711Tau 29.0+7
UX Com 168+51
RSCVn 108+12

HR5110 44.5+1.2

SSBod? 202+57
RT Lac® 193+39
AR Lacc  42.0+1.0

LUMINOSITY CLASS ITI/11 (GRouP 3)

12 Cam 192+-34
o Genf 37.5+1.1

DK Dra 138+10
€ UMi 106+7.6
DR Dra® 1034+8.5
HR 7428 323453
IM Pgy 96.8+7.1

A Andf-9 25.8+0.5

8420.575 16156
8775.123 8345
8864.531 4267
9003.872 5776
8864.595 3651
9004.871 3151
9049.117 14531
9247.809 9895
9085.714 2140
9148.099 1209
8604.712 5249
8648.446 3098
8426.486 21428
8810.279 2526
8991.040 6214
8796.874 5076
8966.506 2904
8431.422 71803
9158.435 37658
9030.359 10327
8789.392 8668
8620.767 13460
9136.873 4892
8322.477 3516
8346.927 4745
8904.569 1438
8735.159 7940
9272.484 4156
8328.919 14690
8863.981 10576
9088.631 24889
8589.200 6335
8769.630 8150
8973.263 22143
8448.155 31165

0.322(5)
0.126(5)
6.072(15)
6.228(11)
6.84(2)
5.41(2)
1.206(4)
1.009(7)
1.10(2)
1.23(3)
0.888(16)

6.29(2)
0.146(3)
0.336(17)
0.372(11)
0.305(12)
0.366(18)
2.3152(14)
2.403(3)
0.059(2)
0.198(5)
1.717(4)
2.902(13)

0.574(13)
5.269(14)
3.43(4)
4.753(8)
1.32(2)
0.624(6)
1.554(8)
0.112(2)
1.692(15)
1.422(12)
1.909(4)
4.077(2)

36
36

44
44
0

Table2.4: ROSAT PSPCcountratesfor RS CVn binaries,from our analysisof archval data. For
eachsourcewe list the distance adoptedfrom the Hipparcoscatalogug ESA 1997),the Juliandate
(—2440000)of the beginning of the ROSAT exposure the effective exposuretime, the countratein

channelgl1-240(i.e.roughlyin the0.4-2.4keV band),andtheoffsetof thestarto theROSAT pointing
direction. Whereapplicablewe alsoreferto earlierpublicationof the ROSAT obsenation: 2Singhet
al. (1996a) °Welty & Ramsg (1995),°White etal. (1994),9Yi etal. (1997),6Singhetal. (1996b),

"Bauer& Bregman(1996),90rtolanietal. (1997).
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OPTICAL SPECTROSCOPY OF X-RAY SOURCES IN M 67

To comparesystemsat differentdistanceswe multiply the ROSAT countrate andthe
flux of the emissioncoresfor eachsystemwith the squareof the distancdistedin Table2.4;
for M 67 we adopta distanceof 850pc (Twarog& Anthorny-Twarog1989). No corrections
aremadefor interstellarabsorption.The choiceof the 0.4-2.4keV bandpassninimisesthe
effects of interstellarabsorptionwhich are severe at enegies < 0.4keV. As it is unknovn
which componenbf the binary emitsthe X-rays, we plot the total X-ray and Call fluxes,
addingthe contributionsof bothcomponentsvherethesearegivenseparatelpy Ferrandez-
Figueroaetal. (1994).

Theresulting’absolute’ countratesandfluxesareshavn in Fig. 2.3. The M 67 systems
with Call H&K emissionclearlyvisible in Fig. 2.2,viz. S1063,51113,S1040andS1242
lie ontherelationbetweenX-ray andCall H&K emissiondefinedby the RS CVn systems,
in agreemenvith thehypothesighatthe X-ray flux of theseobjectsis relatedto themagnetic
actwity. It is alsoseenthatthe upperlimits or maginally detectedcemissioncoresin S1082,
S1072and S1237 are high enoughthat we cannotexclude the hypothesisthat the X-ray
emissionin thesesystemss relatedto magneticactuity.

The rotationalvelocity is anotherindicatorof magneticactvity. We investigatethe rela-
tion betweerrotationalvelocity and Caemissionby selectingthosestarsfrom the sampleof
Ferrandez-Figueroéor which a value of vsini is givenin the Catalogueof Chromospheri-
cally Active Binary Stars(Strassmeieet al. 1993). In Fig. 2.4the Call H&K emissionof
thesestarsis comparedvith theirvsini. In thisfigurewe dodiscriminatebetweertheseparate
contributionsof bothstarsto Fc,, with theexceptionof S1113for whichwe combinethetotal
flux Fca with the vsini of the primary. The M 67 starsare found within the rangeoccupied
by chromosphericallyctive stars. We notethat the correlationbetweenthe obsened H&K
flux andvsini is nottight. In particular high andlow Call H&K emissionflux is found at
low valuesof vsini. Someof the scattemmay be dueto the useof vsini insteadof the stellar
rotationperiod.

Parameterslependingn the spectraltype (e.g. propertiesof the corvectie region) have
beenusedto reducethe scatterin the actvity-rotationrelation;whereaghis is successfufor
main-sequencstarswith 0.5 < B—V < 0.8, it fails for other main-sequencstarsand for
giants(seediscussionn Stgpieh 1994). For example thethreegiants33 Psc(KO 111), 12Cam
(KO 1ll) andDR Dra (K0-2 lll) have vsini valuesof 10, 10 and8 km s~1, respectiely, but
differ in logd?Fc, by threeordersof magnitudg(seeFig. 2.4).

2.4.2 Activity indicators

The Ha lines (A 6562.76A) of only two stars,S1063and S1113, shov clearevidenceof
emissionasshowvn in Fig. 2.6. Thisis describedn moredetailin their individual subsection
in Sect.2.4.3. For the otherM 67 stars,we have usedthe few (sub)giantsn the library of
UES-spectraf Montes& Martin (1998)to investigatehe behaiour of Ha. We have chosen
library spectraof starsthat matchthe spectraof the M 67 starsas closely as possible(see
Fig. 2.5). S1072andS1237shaow no evidencefor filling in of the Ha profile comparedo a
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Figure2.3: PSPCcountratesin channelst1-240versusobsered Call H&K emissionflux Fca (in
erg s lcm ?). Both aremultiplied with the squareof the distance(in pc). Opencirclesare chromo-
sphericallyactive binariesfrom the sampleof Ferrandez-Figuero§1994). Their size indicatesthe
luminosity classof the actve component. When more than one PSPCobsenration is available, the
countrateof thelongestexposureis plotted. Filled symbolsarethe M 67-sourcesTrianglesindicate
upperlimits.

GOIV=V anda KOlIll star respectiely. In S1040Ha seemsslightly filled in comparedo a
G8IV anda KOlll star Thisis alsothe casefor S1242comparedo a GOIV-V star but we
notethatno classificatiorfor this staris foundin literature.For S1082,no matchingspectrum
is availablein this wavelengthregion.

Filling in of thelinesin theMg | b triplet (AA 5167.33,5172.70and5183.62,&) andin the
Nal D doublet(AA 5889.95and5895.924) is visible in someactive stars.Thepresencef a
Hel D3 (A 5876.56)absorptionor emissionfeaturecanalsoindicateactvity (seediscussion
in Montes& Martin (1998)andreferencegherein). However, in noneof the M 67 starswe
seefilled in Mg | b andNal D lines. Neitherdo we seea clearHe | D3 feature.For S1082
(Mg | bandNal D) andS1113(Mg | b, Nal D andHe | D3) we find no suitablelibrary stars
for thesefeatures.

2.4.3 Individual systems
S1063and S1113

The two starsbelow the subgiantoranch,S1063andS1113,both show relatively strongCa
Il H&K emissionandaretheonly two starsin our sampleshaving Ha in emissionshowvnin
Fig. 2.6. We usethe orbital solutionsfor both objectsto try andidentify the starresponsible
for theseemissionlines. The velocitiesof bothcomponentsn S1113,andof onecomponent
in S1063areindicatedin Fig. 2.6.
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TheHa line profile of S1063is asymmetricshaving emissiorwhichis blue-shiftedwith
respecto the absorption.Thelocationof the absorptiorine is compatiblewith the velocity
of the primary, which dominatesthe flux; the emissionis probablydue to the secondary
RemarkablytheCall H&K emissiorpeakis atthevelocity of the primary. Thissuggestshat
the Ha emissionis not chromospherién nature. The Ha emissionof S1063doesnot showv
thedoublepeakthatis known to indicateaccretiondiscemission(Horne& Marsh,1986).

In S1113the Ha emissionprofile is symmetricand broad,with full width at continuum
level of 15A. The emissionpeakis centredon the moremassve star which contributes82%
of the total flux (Table2.3). This suggestshatthe Ha emissionis dueto the primary. The
Call H&K emissionshonvs mamginal evidencefor a doublepeak,suggestinghat both stars
contributeto thechromospheriemission.n Fig. 2.7 we indicatethe expectedpositionof the
H&K linesfor bothstars.For the phaseobsened,their peaksoverlapin the crosscorrelation
function. In the figure we usethe velocitiesresultingfrom fitting the orderthat givesthe
‘cleanest’crosscorrelation.

S1072and S1237

TheCall H&K emissionn thewidebinariesS1072andS1237is only mamginally significant.
The level of their X-ray and Call emissionis more appropriatefor active main-sequence
stars(Fig.2.3). One might speculatethatit is dueto the invisible companionof the giant
detectedn thecrosscorrelation;evenif this werethe casewe would notunderstanavhy this
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Figure2.4: Obsered Call H&K emissionflux Fc, versusvsini. Opencirclesshov the comparison
sampleof chromosphericallyactive binariesup to 60 km s~1 (Strassmeieet al. 1993andFerrandez-
Figueroal994). Their sizeindicatesthe luminosity classof the active star Vertical barsindicate1-o

errorsdue to uncertaintyin the distance for systemswith a Hipparcosparallax. M 67 sourcesare
plottedasfilled symbols.
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Figure2.5: Ha profilesof S1040,51072,5S1237andS1242. Library UES-spectrgMontes& Martin
1998)areplottedwith athinnerline. Thecomparisorstaris a KOIll giant(HD 48432)for S1040and
S1237,anda GOIV-V subgiant(HD 160269)for the otherstars. Positionof Ha andotherlines are
indicatedwith verticallines.

companionwould be chromosphericallyactive. We concludethatwe do not understanavhy
thesetwo starsare X-ray sources.We find no indicationfor a faint secondaryin the cross
correlationprofile of S1237; at the time of obsenation, the spectraof two equally massve
starsas suggestedy Janes& Smith (1984)would be separatedy 4 to 7 km s~1 (derived
from theephemerisn Mathieuetal. 1990). Sincethesecondarys 1.6 magnitudeainterin V

thanthe primary, we think thatthis small separations compatiblewith finding a singlepeak
in the crosscorrelation.

S1242

S1242is chromosphericallactive,asshavn by its Call H&K emission We suggesthatthis
activity, which alsoexplainsthe X-rays, is dueto rapidrotationinducedby tidal interactionat
periastronwhich triesto bring the subgianinto corotationwith the orbit at periastronIf we
assumehatthe obsenedperiodof photometricvariability is therotationperiodwe derive an
inclination of ~ 9° usingour maximumvalueof vsini andthe estimatedadius. This would
bein agreementvith acompaniorat the high endof therange0.14-0.94M,, allowedby the
massfunction (Mathieuetal. 1990).

S1040

Our detectionof clearchromospheri@emissionindicatesthat the X-ray emissionof S1040
is dueto the giant. The white dwarf hasa low temperatureandis unlikely to contribute to
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Figure2.6: Ha in S1113(top), S1063(middle) andcomparisorgiant S1288. The intensityis nor
malisedto the continuumlevel; the uppertwo spectraaredisplacedvertically by 0.5and1 unit. The
line marksthe radial-\elocity shift of the starsasdeterminedy the crosscorrelation;for S1113the
primary (P) andsecondary(S) starareseparatelyndicated.

the X-ray flux. We find a ratherslow rotationalvelocity for the giant, 3km s 1. Gilliland
et al. (1991)detecteda periodicity of 7.97 daysin the visual flux (B andV bandpassef
S1040,with anamplitudeof 0.012mag.If thisis therotationperiodof thegiant,theradiusof
5.1R., (Landsmaretal. 1997)impliesanequatoriarotationvelocity of v= 32km s~1. This
is compatiblewith the velocity measuredvith our crosscorrelation,vsini, for aninclination
I £5.3°. Thisinclinationhasana priori probability lessthan0.5%; andit implies an unac-
ceptablyhigh massfor the white dwarf, from the measurednassfunction f(m) = 0.00268.
We concludethat the 8 daysperiod cannotbe the rotationperiod of the giant. It is doubtful
thatthe white dwarf canberesponsibleasits contributionto the B andV flux is small.

S1082

The Ha absorptionprofile of the blue stragglerS1082is variable. If we considerthe most
symmetricspectrumprofile, thatof 00:01UT, asthe unperturbedrofile of the primary, we
find thatthe changesredueto extra emission.Thisis illustratedin Fig. 2.8. We suggesthat
this variationis dueto the subluminouscompanionpossiblyto a wind of thatstar We have
alsoinvestigatedhe presenc®f abroadshallov depressiomnderlyingtheNal D lines(near
A 5895A) andthe O | triplet (nearh 7775A) asfound by Mathys(1991). We find that this
broadcomponents variable,asillustratedin Fig. 2.9. Mathys(1991)suggestshatthe broad
componenbriginatesin the subluminousompanion.This companioroutshineghe primary
by afactorsix atA 1520A andthusis presumabljhot (Landsmaretal. 1998). We notethat
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Figure2.7: Call H&K emissioncoresin S1113. The vertical lines mark the shiftedpositionof the
linesfor theprimary(P) andsecondaryS) asdervedfrom thecrosscorrelationwith theradial-\elocity
standardHD 132737(KO0lll, ESA 1997). Errorsarealsoindicated. Thelong horizontallinesindicate
theupperandlower limit choserto determingheemittedCall H&K flux (seeSect.2.3.1).

thestarcannotbetoo hotor it would notshow neutrallines.

2.5 Discussionand conclusions

In this paperwe have tried to find an explanationfor the X-ray emissionof sevensourcesn
M67.

For S1242andS1040we have concludedrom the Call H&K emissioncoresthatmag-
netic actwity is responsibldor the X-rays. This is supportedby filling in of Ha (seee.g.
Montesetal. 1997; Eker etal. 1995). In S1242,actwity is likely to be triggeredby inter-
actionat periastronin the eccentricorbit. Thisis alsoreflectedin the periodof photometric
variability. For S1040,the reasonfor actuity is lessclear The explanationcould involve
masstransferfrom the precursorof the white dwarf to the giantandthe latter’s subsequent
expansionduringthe giantphase As wasalreadynotedby Landsmaretal. (1997),a similar
systemis AY Cet,abinaryof awhite dwarf of Te = 18000K (Simonetal. 1985)anda G5lI|
giantin an56.8dayscircularorbit. Thevsini of thatgiantis alsolow, 4 km s~1, andthelong
photometrigperiodof 77.2daysimpliesasynchronousotation(Strassmeieetal. 1993). The
X-ray luminosity for AY Cetis 1.5 x 10°! erg s~1 in the 0.2—4keV bandas measuredvith
Einsteinby Walter & Bowyer (1981),somavhathigherthantheluminosity of S1040. (With
thecoronalmodeldiscussedby Belloni etal. (1998),thecountratefor S1040correspond$o
5.6 x 10°0 ey s~ in the 0.2—4keV band.) Walter & Bowyer attribute the X-raysto coronal

26



OPTICAL SPECTROSCOPY OF X-RAY SOURCES IN M 67

[ 04:11 UT

[ 01:41 UT

0.75 1

flux (x107"% erg/ s & cm?)
0.5

flux (x107" erg/ s & cm?)

I I I
6550 6560 6570 6550 6560 6570

A (R) A (R)

Figure2.8: Ha profile for thethreeexposureof S1082. The spectraarelabelledaccordingo theUT
at startof the exposure.For clarity, thelower spectrumis offsetwith —0.2x 10732 ergs—! A-Lcem2
in bothfigures. The lower panelsshav the differencebetweenhefirst andsecond(left) andthe first
andthethird exposure.

actvity of thegiant.

TheCall H&K emissioncoresin S1063andS1113areverystrong.in S1113we might
evenseeemissionof bothstars.Dueto the shapeof theHa emissionwve cannotconcludewith
certaintythatthe X-raysarisein anactive coronaandnotin adiscor stream.Thewingsin the
emissionpeakof S1113arevery broad. However, Monteset al. (1997)have demonstrated
thatthe excessemissionin theHa linesof themoreactive binariesis sometimes composite
of a narrav andbroadcomponentthe latter having a full width at half maximumof up to
470km s~1. They ascribethis broadcomponento microflaringaccompaniedby large scale
motions.We notethesimilarity betweerS1113andV711Tau,awell known extremelyactive
binary of a G5IV (vsini = 13 km s™1) andK1IV (vsini = 38 km s™1) starin a 2.84 days
circularorbit andamassratio 0.79 (Strassmeieet al. 1993);the massratioof S1113is 0.70
(Mathieuetal., in preparatiojChapter6]). Fromthecountrateof V711Tauin Table2.4we
find Ly = 6.8 x 10°° erg s~1 in the 0.1-2.4keV bandusingthe samemodelasin Belloni et
al. (1998)with Ny = 0, which is comparableo the luminosity of S1113in the sameband
Ly = 7.3x 10°° erg s~1 (Belloni etal. 1998). The Ha emissionof S1063is moredifficult
to explain. As this systemis not double-linedHa emissionby the (invisible) secondarystar
would have to be strongto rise above the continuumof the primary.

In the binariesS1072and S1237we seeno Ha emissionwhile the level of Call H&K
emissionis low in comparisorwith active starsof the sameluminosity class. We have no
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Figure2.9: Nal D linesin S1082. Shavn from left to right arethe threespectrdabelledaccording
to the UT atstartof the exposure Variability is mostclearly seerleft of theNaA 5895.92ine.

explanationfor this. For S1072,anoptionis awrongidentificationof the X-ray sourcewith
anopticalcounterpartBelloni etal. (1998)give a probability of 43%thatoneor two of their
twelve identificationsof an X-ray sourcewith abinaryin M 67 is dueto chance.

No Call H&K emissionis seenin the spectrumof the blue stragglerS1082. Possibly
the X-ray emissionhasto do with the hot, subluminoussecondaryhat could also causethe
photometricvariability andwhosesignatureve might have seenin theHa line.
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Photometriovariability in the old open
clusterM 67
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Abstract — We study photometricvariability amongthe optical counterpartof X-ray sourcesn the
old openclusterM 67. Thetwo puzzlingbinariesbelow thegiantbrancharebothvariables:for S1113
the photometricperiodis compatiblewith the orbital period, S1063 eithervarieson a periodlonger
thanthe orbital period,or doesnot vary periodically For the spectroscopibinariesS999,S1070and
S1077 the photometricand orbital periodsare similar. Anothernew periodic variableis the main-
sequencestarS1112,notknown to beabinary An increaseof the photometricperiodin theW UMa
systemS 1282 (AH Cnc)is in agreementvith a previously reportedtrend. Six of the eightvariables
we detectedare binarieswith orbital periodsof 10 daysor lessand equal photometricand orbital
periods.This confirmstheinterpretatiorthattheir X-ray emissiorarisesin the coronaof tidally locked
magneticallyactive stars.No variability wasfoundfor the binarieswith orbital periodslongerthan40
days;their X-ray emissionremaingo be explained.
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3.1 Introduction

Twentyfive memberof theold openclusterM 67 have beendetectedn X-rays(Belloni etal.
1998).At theageof M 67 (4 Gyr, Dinescuetal. 1995)therotationof singlestarsis too slow
to generataletectableX-rays. Therefore the X-ray emissionof mary M 67 sourcegprobably
arisesin interactingbinaries.Indeed,onesourceis known to be a cataclysmicvariable.Nine
sourcesarebinarieswith orbital periodsof 10 daysor less,presumablyRSCVn typesystems,
whoseX-rays aredueto the coronaeof magneticallyactive starsforcedto corotateby tidal
interaction(seeTable3.2). However, not all X-ray sourcesarebinaries,e.g. onesourceis a
hot white dwarf, andsomeothersarestarswhich do not show signsof binarity.

Therearefive peculiarbinarieswhoseevolutionary statusesve currently do not under
stand. They arefoundin the colourmagnitudediagramin locationswhich cannotbe repro-
ducedby combiningthelight from arny two memberson the main sequencesubgiantand/or
giantbranchesTwo of themhave long orbital periodswhich excludestrongtidal interaction.
A sixth binary with a long orbital periodlies to the blue of the giant branchwhich canbe
explainedby the superpositiorof thelight of agiantandaturnoff star

A spectroscopistudy of thesepeculiarsystemswas presentedn van den Berg et al.
(1999)[Chapter2]. Herewe reportour photometricstudy of thesesourcesand of other X-
ray sourceghat happento bein the samefields of view. The photometryof S1082will be
publishedseparatelyf(vandenBerg et al. 2001)[Chapter5]. The obsenationsandanalyses
aredescribedn Sect.3.2. Resultsarepresenteih Sect.3.3,followedby theinterpretatiorand
discussion- including comparisorwith earlierwork —in Sect.3.4. Sect.3.5 summarisesur
conclusions.The variability of starsnot detectedn X-rays but includedin our obsenations
will bethe subjectof Paperll (Stassuretal., in preparation]Chapter4].

3.2 Dataand analysis

3.2.1 Observations

U, B, V, | andGunni photometrywasobtainedwith the 0.90-mtelescopeat Kitt Peak,the
0.91-mESODutchTelescopeatLa Sillaandthel-mJacolisKapteyn Telescop®nlLaPalma.
Combinedthefive obserationrunsspanaperiodof two years(seeTable3.1). Fig. 3.1shavs
thelocationof theobsenedfields. During run 1 weatherconditionsweregoodwith atypical
seeingof 09 to 1”4. The obsenationswere madeduring andaroundfull moonbut moon
illumination was not a problem. Weatherconditionsduring runs 2 and 3 were good, with
atypical seeingof 1”/6. During run 4 the typical seeingwas 1’5 while the quality of some
imageswas affectedby the brightnessf the nearbymoon. The same,at a seeingbetween
1”5 and3”, is truefor thelastrun, thatin additionwastroubledby partialcloudinessThisis
reflectedn therelatively large errorsof thelasttwo runs.

Every X-ray sourceof Belloni etal. (1998)wasmonitoredin atleastonerun, exceptfor
thefaintcataclysmiovariableEU Cncandthehotwhite dwarf. Themainpurposeof run1 was
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Figure3.1: A 35x 35arcmir? regionof M 67 centredonthestarS783. Thecoordinate®f thesources
in thisfield aretakenfrom the USNO-A1.0catalogue Theareasmonitoredin thefive obserationruns

areindicatedby thesquaregseealsoTable3.1). The opencirclesmarkthe optical counterpart$o the

X-ray sourceghat arediscussedn this paper;the diamondmarksS 1082that we discusselsavhere
(vandenBem etal. 2001)[Chapter5].

to monitorvariability of S1113andS1063,0f run 2 to monitorS1113andof runs3to 5to
monitor S1082. This meanghat exposuretimeswere choseno optimisethe measurements
of thesestars.During run 5, five additionalfields containingX-ray sourcesvereobsenedin

B andV onceor twice pernightto searcHor obvioussignsof variability. As S364andS1237
arevery bright stars(seeTable3.2) the quality of theimagesof fainterstarsin thesefieldsare
poor. This affectsthe quality of the light curvesof the X-ray sourcesn thefield of view of
S1237(i.e. S1242,S1270andS1282).

3.2.2 Datareduction and light curve solution

StandardRAF routineswereusedto removethebiassignalandflatfield theimages.Aperture
photometryfor all the starswas donewith the bDAOPHOT.PHOT task. For eachindividual
run, sourcecountswereextractedwithin a fixedradiuswith a valuedependingon the seeing
conditions.Thestarsin M 67 areseparateavell enoughto avoid problemsof crowvding.

The light curve solution was computedwith the algorithm of ensemblephotometryas
describedy Honeycutt (1992).In this method themagnitude®f all thestarson every frame
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CHAPTER 3

are usedto createan ensembleaveragewith respectto which the brightnessvariationsare
defined. Frameghat have a large offsetfrom this average(e.g. dueto badseeing)showv up
asdeviant obsenationsand can be excluded. For a given star errorswere assignedo the
datapointsby estimatingthe typical spreadn the light curvesof starsof similar magnitude.
In mostcaseghe formal errorsfrom the PHOT taskarenggligible; if not, we usedthis error
instead.Thedifferentdatasetsvereanalysedndividually.

As exposuretimeswerechoserto optimisethemeasurementsf the X-ray sourcesn each
field, the photometricprecisionasa function of stellarbrightnessvariesfrom onerun to the
next. Generallyspeakingthe photometrigprecisionof the brightest(unsaturatedtarsin our
exposuress flat-field limited to 5-10mmag. This precisionlevel typically holdsfor starsup
to 2—2.5magfainterthanthe brightestsourcesandthenbecomegphoton-noisdimited and
degradedor still fainterstars.ThebestoverallprecisionwasachiezedonourKitt Peakframes
(run1; Table3.1),for whichthebrighteststars(B~ 12,V ~ 12,1 ~ 11.5) have 0mag= 0.007,
0.005,0.005in B, V, andl, respectrely. Theprecisionbeginsto degradeataroundl4thmag.
For thefaintestsourcesatabout18.5mag,the precisionis 0.05—-0.1mag. We referthereader
to Paperll [Chapter4] for afull discussiorof the photometrigprecisionin our obsenations.

A simple zero-pointshift is appliedto the measurements eachfilter to roughly place
the instrumentaimagnitudeson an absolutescaleasdescribedn Paperll [Chapter4]. The
light andcolour curvesthatare presentedn Fig.3.3-3.5shav the variationswith respecto
themeanmagnitudeandcolour (seeTable2 of Paperll) [Table4.2].

3.2.3 Search for variability

Our searchfor variability is a two-stepprocess First we performa x2-teston the individual
light curvesfor eachfilter for eachrun, to calculatethe probabilitythatthelight curvesof the
X-ray sourcesarecompatiblewith beingconstantAs theintrinsic propertieof the variability
neednot be the samein light curvesof differentruns(in particularfor brightnessrariations
dueto spots),we considereachlight curve separately To remove accidentaloutliers, the
minimumandmaximumdatapointsareexcluded. A staris labeledasa probablevariableif
the probability for beingconstanis smallerthan0.3%in ary of thelight curves. Eight stars
are marked as probablevariables(seecolumnvar in Table 3.2). For six of thesestarsthe
variability is notdetectedn everylight curve. In mostcasesve canascribethis to differences
in sensitvity betweerrunsor betweerdifferentfilters of acertainrun, or to differentdurations
of runs. For S1063,S1070and S1077it seemsthat the variability itself haschangedas
discussedbelow.

We next performa Lomb-Scagle time-seriesanalysis(Scagle 1982)to searchfor peri-
odicity in thelight curves. In casesvhenmultiple light curvesin a givenfilter aremarkedas
variable,thoselight curvesare combinedfor the periodsearch;no distinctionwasmadebe-
tweenl andGunni. If theresultingperioddoesnot producea smoothfoldedlight curve, data
from differentrunsareanalysedseparatelythiswill beindicatedfor eachsourcein Sect.3.3.
A periodograms computedvith 1000frequenciedetweera minimumandmaximumperiod
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Pmin @and Pyax correspondingo twice the typical samplingperiodandthe full lengthof the
longestobsenation run, respectiely (seeTable 3.1). We choosethe period of the highest
peakin the periodogramasour first estimatefor periodicity in the data. However, aswill be
discussedelow, externalinformation oftenleadsus to immediatelyneighbouringpeaksof
comparablesignificance.

Photometrigperiodshave beendeterminedreviously for thetwo contactbinariesS 1036
(Gilliland etal. 1991)andS1282(e.g. Kurochkin1979). Thereforewe look for periodsin a
narrov window insteadof therangelimited by Pyin andPyax In bothcasesyve find thatthe
power at half the photometricperiodis far higherthanat the photometricperiod,dueto the
symmetryin thelight curve. For S1036we searchor periodsbetweer0.215and0.225days,
for S1282between0.175and0.185days. The periodograms computedfor 5000 pointsto
increaseheresolution.

An estimatefor the chancedetectionof a period,i.e. the probability thatthe light curve
doesnot have the periodicity indicatedby the highestpeak,is expressedy the false-alarm
probability. In the caseof the Lomb-Scagle periodogranthefalse-alarnprobability follows
the expression:1— [1 — exp(—2)]™, wherez is the heightof the peakandm is the number
of independentrequenciesHorne & Baliunas(1986)demonstratethatthis numbercanbe
smallerthanthe numberof datapointsespeciallyin setsof unevenly sampleddata. Thevalue
of mis obtainedby fitting this expressiorto a probabilitydistribution generatedby measuring
themaximumpeakheightsin periodogram®f 5000simulatedrandomdatasetsvith thesame
time-samplingandthe samespreadn the measurementasthe actuallight curve.

Photometricperiodswith a false-alarmprobability smallerthan 1% are summarisedn
Table 3.2. Thesecorrespondo the position of the highestpeakin the periodogramunless
indicatedotherwise.To estimatethe errorin the bestperiodwe proceedasfollows. For the
correctperiodthe light curves definedby the first and last obsenationscoincide. A small
changedP in the periodcauses smallphaseshiftdo= T /(P+dP) — T /P, whereT is the
time spanof the dataset.For eachlight curve we estimate py visualinspectiona maximum
dgmax for which the light curves do not split perceptibly This correspondgo a maximum
acceptablgeriodchangeof

dP —d@maxP

P T domaP (3-1)

Thevaluefor dgmax thatwe choosas listedin Table3.2.

3.3 Reaults

We have divided the sourcesnto periodically (Sect.3.3.1) or non-periodically(Sect.3.3.2)
varying stars. The periodically varying starsare two W UMa systems four spectroscopic
binariesandonestarnotknown to beabinary i.e. S1112.
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3.3.1 Periodicvariables
W UMa systems

The W UMa light curvesareplottedversusphotometric phasewherephase0 corresponds$o
themomentof photometrigorimary minimum (seeFig. 3.3).

S1282 is the W UMa variableAH Cnc discoveredby Kurochkin(1960). The periodograms
of the total B andV datasetshav peakswith a spacingof ~ 4 10~° and~ 6 10~ days
dueto the two-yearandthe two-monthgapsin our obsenations,respectiely (seeFig.3.2).
The highestpeaksin the B andV periodogramsre found at 0.180226and 0.180270days,
respectrely, which correspondso two neighbouringpeaksin the periodogram.We folded
thedataontwice thoseperiodsbut find thatthe peakat0.180226daysrepresentbestthetrue
period: whenwe usethelongerperiod,the deepeprimary minimaof thefirst runfall ontop
of the secondaryminimaof the fourth run. Thuswe concludethatthe photometricperiodis
0.3604524ays.| datawereonly obtainedduringrun 1 andcannotprovide anequallyprecise
period.

In additionto short-termvariationson a time scaleof roughly 9 to 10 years,Kurochkin
(1979)findsa seculaiincreaseof the periodof AH Cnc. His ephemerigor the primary mini-
mumis:

Min | = 2441740716627)+093604409853)E
+1956(38)10~10E2 (3.2)

Thisephemeripredictsa periodduringthetime of our obsenationsbetweerD.360444 Hays
and0.3604479days,in agreementvith our result. We note that period changef similar
magnitudehave beenfoundfor othercontactbinaries.

We obsenre no significantcolourchangesn V — | andB—V.

S1036, or EV Cnc,wasdiscoveredto beacontactinaryby Gilliland etal. (1991)whoreport
aperiodof 0.44125days. The B andV periodogramshaw fine structurefrom the two-year
andtwo-monthgapsin the data. In both sets,thatincludedatafrom run 1, 4 and5, we find
the samebestperiodof 0.22078days. Whenfolded on this period,the light curvesshow the
sameeffect of interchangingorimary andsecondaryminimaasdescribedor S1282. Proper
phasings obtainedwith the periodof 0.22072daysderivedfrom the peaknext to the highest.
The periodthat correspondso the highestpeakin the periodogranof thel datais 0.22091
days,but againinterchangesninima. The periodof 0.22072dayscoincideswith a nearby
peakof similar height.U datawereonly obtainedduringrun5 andcannotprovide anequally
preciseperiod.In Fig. 3.3thelight curvesarefolded onthe doubleperiodof 0.44144days.

A light curve folded on the periodgiven by Gilliland et al. shavs thatthis periodcannot
be correctfor the epochof our obsenations. SinceGilliland et al. do not specifytheerrorin
theperiod,we cannottell whetherthe periodhaschangedsignificantly

We seeno significantchangesn ary of thecoloursU —V,B—V orV —1.
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Figure 3.2: Periodogramgor the variablestars. The arrav indicatesthe photometricperiodor half
the photometrigperiodlistedin Table3.2. The dottedline marksthe positionof the orbital periodfor
S1070,S1077andS1113,half the orbital periodfor S999andthe positionof the periodaspredicted
by Kurochkin(1979)for S1282. The horizontalerror barsgive our estimatefor the uncertaintyin the
period.
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Figure3.3: Light curesof thetwo contactbinariesS1036(EV Cnc)andS1282(AH Cnc)foldedon
thenewly derivedperiods(seeTable3.2). Datafrom differentobservingrunsaremarkedwith different
symbols:opencirclesfor run 1, filled circlesfor run 4 andopentrianglesfor run 5.

Spectroscopic binaries

We notethat the light curves of the spectroscopidinariesare gives as function of orbital
phasewherephasel corresponds$o the momentof maximumpositive radial velocity of the
primarystar(primaryreceding).

S999 TheB andV dataof thefirst run shav variability with a semi-amplitudef ~ 0.03 mag.
Only theperiodfoundin the B datahasafalse-alarnprobabilitysmallerthan1%. Thehighest
peakin the periodograms foundat4.6+1.0days(Fig. 3.2), but this perioddoesnot produce
a smoothlight curve. We suggesthat the peakat 4.6 daysis a harmonicof photometric
variationon or neartheorbital periodof 10.06days.Notethatthe durationof thefirst runwas
10nights,soour periodsearchdoesnot extendup to the orbital period. Gilliland etal. (1991)
reporta periodof 9.79days(no erroris given)with anamplitudeof only 0.013mag.

In Fig. 3.4wefold theB andV dataontheorbital period. Accordingto theorbital solution
of Mathieuetal. (1990),the minimum brightnessoccursaroundorbital phase0. TheB —V
colourdoesnot vary significantly

S1070 A periodof 2.6+0.1 daysis detectedn the B andV light curves of run 3 with a
semi-amplitudeof thevariationof ~ 0.03 mag.
Thephotometrigpropertiesof S1070have changedvith respecto run 1. If thevariations
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seenn thethird run (o ~ 0.014magin V) werepresenin thefirst run, they would have been
detected.

In Fig. 3.4 all dataof run 3 arefolded on the orbital periodwhich is compatiblewith the
photometrigoeriod. Thephotometrianinimumoccursaroundorbitalphase).1-0.2(ephemeris
from Lathametal., privatecommunication) TheV —Gunni colourcurve shavs periodicvari-
ationswith asemi-amplitudef ~ 0.03magsuchthatthestarbecome®bluerasit getsbrightet

S1077 All light curvesof this stararemarkedasvariableexceptfor theU andB dataof run5,
probablydueto thereducedsensitvity of run5, andtheV andl dataof run 1. Thelattercan
pointatarealabsencef variationascouldbethecasein S1070;thevariationsof run 3 (o ~
0.018magin V) werenotseenn run 1. In the periodogram®f thecombineddatapeakswith
a false-alarnprobability smallerthan 1% arefound near0.6 and 1.3 days. However, when
foldedontheseperiodsthelight curvesdo notlook smooth.Thereforewe alsoanalysediata
of thedifferentrunsseparatelyOnly thelight curvesof run 3, with the highestprecision Jook
smoothwhenfoldedonthe periodsof aboutl.4 days(seeTable3.2) which have afalse-alarm
probability smallerthan1% only in B, V andGunni. This perioddoesnot correspondo the
highestpeakin theV periodogramwhich is found at 0.60days. The semi-amplitudeof the
variationis small,~ 0.03 magin V.

The photometrigperiodis compatiblewith the orbital period;we considerthe latterto be
the true periodfor the photometricvariability. The dataof run 3 are folded on the orbital
periodin Fig. 3.4. The photometricominimumoccursaroundphase0.9-0. The coloursdo not
vary significantly

S1113 As alreadynotedby Kaluzny & Radczynsk#1991)this staris a photometricvariable.
In our obsenations,the B andV datacover the longesttimespanand canthereforeprovide
the mostaccuratephotometricperiod. The periodograms computedfor 25000 periodsto

make the period bins smallerthanthe accurag of our period determination(0.001). The
periodogram(seeFig. 3.2) againshaws fine structurewith a spacingas expectedfrom the
two-yeargapbetweerruns1 and5. The maximumpeakindicatesa periodof 2.833+0.001
days,which is not compatiblewith the orbital period. The orbital period correspondso a
neighbouringpeakin the periodogramat 2.822+0.001days(in V; 2.823+0.001daysin B).

Giventhe lack of significantdifferencein peakheights,the photometricand orbital periods
may be the same. Therefore,the light curvesin Fig. 3.4 are folded on the orbital period.
For the B light curve we find a similar result. The periodsfoundin theU and| bandare
compatibleput lessaccuratgseeTable3.2).

Datataken during differentrunsat the sameorbital phasegive rise to scatterin the light
curve, asseenin the top panelof Fig. 3.4. This could be explainedif the amplitude,phase
and/orthe periodof the variability haschangedetweerthe runs. Whenanalysedseparately
thelight curvesof run 1 and2 give aperiodof 2.8+0.1and2.83+0.03days,respectrely; the
uncertaintyis too large to detecta period change. Assumingthat the photometricperiodis
the orbital periodwe concludethatthe amplitudeor the phaseof the variationshaschanged,
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Figure3.4: Light curvesof S1112(folded on the photometricperiod)andof S999,51070,S1077.
Datafrom differentobservingrunsare marked with differentsymbols: opencirclesfor run 1, filled
trianglesfor run 2, andopensquaredgor run 3.
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eitherof whichis possibleif the variationis causedy a starspot.

We show separatelyhe light andcolour curvesfrom runs1 and3 in the lower panelsof
Fig. 3.4. The colourvariationis significantonly in V — I in run1 andB —V andV— Gunni
in run 3, suchthatthe starbecome®bluerasit brightens.

S1112

The dataof thefirst (B, V, |) andsecond(V) runsshaw variability but only in the B andV
light curvesdo we find significantperiodsof 2.7+0.2 and2.65+0.03 days,respectrely. In
Fig. 3.4thedataarefoldedonthelatter period. The amplitudeof the variationis againsmall,
only ~ 0.04 mag.Weakcolourvariationsareonly seenn V —Gunni andappeato bein phase
with thelight curve; the starbecomeluerasit brightens.No informationon binarity from
radial-welocity measurementxistsfor this star

3.3.2 Non-periodic variable: S1063

Photometriosariability of this starup to 0.18 magwasinferredby Racine(1971)from the
differencedetweerpublishedvaluesof themagnitude Rajamoharetal. (1988)andKaluzry
& Radczynskg1991)alsonotedits variability, but only the latter provide light curves (for
Decembem to 15 1986, seeFig. 3.5). This binary wasincludedin all our runsexceptthe
second.Thelight curvesof run 1 and3 clearly show variability (seeFig. 3.5)onalongtime
scale. The variability during run 1 is similar to that obsened by Kaluzrny & Radczynska.
Thelongestinterval of continuousobsenationwaseighteenconsecutre nightsduringrun 3,
which is almostthe lengthof the orbital period (18.39days). Thereforeduring any onerun
we couldnot have establishegberiodicity on the orbital period.

Datafrom run 1 and 3 were combinedto look for periodsup to 18 days. The highest
peaksn the periodogramarefoundbetweerl7 and18 days,all with afalse-alarnprobability
smallerthan1%. However, thefoldedlight curvesshav no corvincing periodicity. Therefore,
no actualperiodis specifiedn Table3.2.

Theamplitudeof the variationincreasesowardsthe blue.

3.4 Discussion

We have studiedthe optical photometricpropertiesof X-ray sourcesn M 67. Eight photo-
metric variables,including threenew variables,were found amongthe twenty two sources
thatarediscussedn this paper In all casegsheamplitudesof thevariationsaresmall,ranging
from 0.03to 0.4magin V.
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Figure3.5: Light curvesandcolourcurvesof S1063. Datafrom differentobservingrunsaremarked
asin Fig. 3.3. The datafrom Kaluzry & Radczynkg1991)of Decembe©-151986areincludedon
theleft; the brightnessrariationsaredefinedwith respecto the meanmagnitudeof the light curve.

Thelight curvesof thetwo contactinariesS 1036andS 1282arisethroughpartialeclipses
andellipsoidalvariationsof thetidally deformedstars.Their X-raysarebelievedto beemitted
by the hot coronaeof the magneticallyactve components.

The primaryandsecondangeclipsesof contactbinariesusuallyareof similar depth. This
hasbeeninterpretedasevidencethat both starshave almostthe sametemperaturewhich in
turnis evidencefor enegy exchangebetweerthetwo starsin contact.Unequaldepthsof the
primary and secondaryeclipsesthenimplies differenttemperature$or both stars,i.e. poor
thermalcontact. The thermalcontactcan be suppresseavhenthe systembecomegsemi-)
detachedIt hasbeensuggestethatsuchphase®f poorthermalcontactoccurperiodicallyin
contactbinaries(Lucy & Wilson1979).In view of thisinterpretatiorit mayappeassurprising
thatwe seeunequaleclipsesbut no evidenceof colouri.e. temperaturezariationsin S1036.

S1036is interestingaseitheranimmediateprogenitorof a contactbinary, or becauset
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is in the semi-detacheg@haseof the thermalcycle of a contactbinary. The upperlimit onthe
colourvariationsin S1036is about0.05in B—V (Fig. 3.3). Radial-\elocity measurements
arerequiredto determinethe evolutionarystatusof this systemandto cornvertthe upperlimit
to the colourvariationsinto anupperlimit ontemperaturelifference.

The small amplitudeof the S1036light curve indicateseithera smallinclination or an
extreme massratio (e.g. Rucinski1997). In a volume-limited sampleof contactbinaries,
Rucinski(1997)found that only two amongthe 98 systemshave light curveswith unequal
minima. One of thosetwo also hasa relatively small amplitudeof variation of about0.25
mag.

Another featureof W UMa light curves associatedvith unequaleclipsesis that at first
quadraturgphase0.25)the staris brighterthanat secondquadraturgphase0.75). This has
beenexplainedwith a hot spoton the secondarypossiblyas a resultof masstransferin a
semi-detachedystem(e.g.Rucinski1l997).This effectis alsovisiblein S1036.

Within thetwo yearsof our obsenationswe seeevidencefor variability of thelight curve
of S1282:the secondaryninimumof run 1 appeardo belessdeepandflatterthanobsened
in run 4. A similar variationwas seenby Gilliland et al. (1991)who notedthatin their
obsenationsof 1988thesecondargclipsehadaflat shapewhile theobsenationsby Whelan
etal. (1979)donefrom 1973to 1976shavedaroundedsecondaryninimum. Thetimescale
of thesevariationsis indicative of the presencef spots.

Thelight curvesof the periodicvariablesS999,S1070,S1077andS1113displayonly
one maximumper cycle. S1113and S1070alsoshawv colour variationsin phasewith the
brightness. For all four systemsthereis indication for variability in the light curves. The
amplitudeof thevariationin S999is differentin our obsenationsandthoseof Gilliland etal.
(1991);in S1070andS1077therehaslikely beena changebetweerrun 1 andrun 3 andin
S1113betweerrunland2. Theshorttimescaleof thisvariationis anindicationof brightness
modulationsby spots.Remarkablyin all caseghe minimum occursaroundorbital phase0.
We have no explanationfor this.

All four systemsarespectroscopibinarieswith photometrigperiodscompatiblewith the
orbital period. The circular orbital periods,their X-ray luminosity, andthe Call K emission
in the caseof S999,S1077andS1113(Pasquini& Belloni 1998,vandenBerg etal. 1999
[Chapter2]) make thesestarslik ely candidategor magneticallyactive systemsiueto oneor
both starsbeingtidally locked. This wasalreadysuggestedby Belloni etal. (1998)andour
light curvessupporttheir interpretation.

Thelight curve of S1112shownslow-amplitudeperiodiclight andcolourvariationssimilar
to thoseseenin thesefour binaries. This star hasnot beenmonitoredfor radial-\elocity
variationsbut the X-ray luminosity and the light curve are typical for magneticallyactve
systemawhich suggestshatS1112is abinarywith anorbital periodof about2.65days.

We do not understandhe variability thatwe obsere for S1063. The sourceshows spec-
troscopicsignaturesof magneticactvity (vandenBerg etal. 1999)[Chapter2]. However,
if one of the starsin this binary would be corotatingnearperiastron,we expecta rotation
period of 14.6 days(EqQ. 42 of Hut 1981)which is excludedby the obsenationsof run 3.

46



PHOTOMETRIC VARIABILITY IN M 67 I.

T T I T T T T T T T T T T T T I

© 4 30.00 o

| 04 30025

O A 3050 e} A
OA 3075

12

14

log P, (d)

Figure 3.6: Visual magnitudeversusorbital period of the M 67 binariesdetectedin X-rays. The
size of the symbolis a measureor the logarithm of the X-ray luminosity (0.1-2.4keV, in erg s71)
asindicatedin thefigure. Eccentricbinariesareindicatedwith triangles,binarieswith eccentricities
compatiblewith zero (within the 3o-error) with circles. Filled symbolsare systemsfor which we
detectecphotometricvariability. S1112is indicatedwith afilled square.

We concludethat eitherthe stardoesnot vary periodicallyor thatthe periodof variability is
longerthan18 days.More obsenationscoveringalongertimespararerequiredto understand
the natureof the variability. Our findingsarein contrastwith the suggestiorby Kaluzrny &
Radczynsk41991)thatS1063,aswell asS1113,arehighly evolvedW UMa-typebinaries.

3.5 Conclusion

Of the twenty two X-ray sourcesn M 67 thatwe discusssixteenare spectroscopibinaries
with known orbital periods.Our surwey for optical photometricvariablesamongtheseX-ray
sourceshasestablisheckight variables. Seven of theseare amongthe sixteenbinaries,the
binary statusof the eighth, S1112,is not yet known. In addition, Gillland et al. (1991)
obsenred periodic optical variationin threemore of the X-ray binarieswith amplitudestoo
low to bedetectedy us: S1019(semi-amplitud®.015mag),S1242(semi-amplitud®.0025
mag)andS 1040(semi-amplitudd.012)mag. Thustenof the sixteenX-ray binariesin M 67
areopticalvariablesatthe z, 0.01maglevel.

Belloni etal. (1998)have suggestedhatrapid stellarrotationresultingfrom tidal locking
resultsin enhancednagnetiactiity andX-ray emissionFig. 3.6 shovsthevisualmagnitude
versusorbital periodof the spectroscopibinaries.With the exceptionof S1040andS1112,
all variableshave orbital periodslessthan20 daysandV > 15. In all caseshut S1019and
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S1063,the photometricperiodis equalto the orbital period or, in the caseof S1242,the
orbital periodnearperiastron Evidentlytidal locking hasbeenestablishedgadingto rotation
of atleastthe primary starthatis morerapidthantypical for solarmassstarsat4 Gyr. Thus
our resultsestablisha key premiseof the Belloni etal. (1998)picturefor the X-ray emission.
Furthermore,if the causeof the obsened optical variability is indeedspot modulationof
the obsened flux, thenthe presenceof the requiredlarge spotsis consistentwith enhanced
magneticactvity in thesestars. The X-ray emissionand optical variability propertiesof
S1019andS1063requirefurtherinvestigation.

Threebinarieswerenot detectedasvariablesdespitetheir shortorbital periods.S972is
thefaintestof thebinarysampleatV = 15.37,andsoits variability mayhave goneundetected.
The X-ray luminositiesof S1045(Pyrp = 7.6 days)andS1234 (P, = 4.3 days)areamong
the lowestof the binary X-ray sourcesandindicatelow actwity levels; this canexplain the
absencef optical variability dueto spots. Rajamoharet al. (1998)have notedS1234asa
possibleopticalvariable(semi-amplitude- 0.16 mag)which suggestshattime-variability of
thespotphenomenoranalsoexplain the absencef optical variation.

Theinterpretatiorof S1040andof the remainingthreeX-ray binariesS760,S1072and
S1237maybethemostchallenging.All have long orbital periods.Giventheir wider separa-
tionstidal lockingis notexpectedandsotheconsequerdtellarrotationsmaybecharacteristic
of singlestars.As such theirlack of large spotsandconsequenphotometricvariability is not
asurprise Nonethelesghesebinariesare X-ray sourcesTheir X-ray emissionremaingo be
explained.

No large radial-\elocity variationswere found for S775 and S1270 (o is 0.9 km s1
in 12 obsenationsspannings200daysand0.7 km s~ in 7 obsenationsspanning800 days,
respectrely, seeMathieuetal. 1986);if thesestarsarebinariestheirperiodsmustberelatively
long. Thustheir X-ray luminosities,asthoseof S364,S628andS1027for which no radial-
velocity informationis available,remainunexplained.

Acknowledgements — The authorswish to thank Magiel Janson Rien Dijkstra, Gertie Geertsema,
RemonCornelisseand Gijs Nelemandor obtainingpart of the datausedin the paper We alsowant
to thankDavid Lathamfor computingpreliminaryorbital solutionsfor four spectroscropibinariesto
supportthis researchtheradial-velocity measurementare partof alarger studyof M 67 binariescar
riedoutby D. Latham,A. Milone andR.D. Mathieu. TheKitt PeakNationalObsenratoryis partof the
National Optical AstronomyObsenatories,which is operatedoy the Associationof Universitiesfor
Researcln Astronomy Inc. (AURA) undercooperatie agreementith the NationalScience~ounda-
tion. TheJacolisKapteyn Telescopés operatedntheislandof La Palmaby the IsaacNewton Group
in the SpanishObsenatorio del Roquede los Muchachof the Instituto de Astrofisicade Canarias.
The Dutch0.91-mTelescopeas operatedat La Silla by the EuropearSouthernObseratory IRAF is
distributedby the NationalOptical AstronomyObsenratories which areoperatedy the Associatiorof
Universitiesfor Researclin Astronomy Inc., undercooperatie agreementvith the National Science
Foundation.MvdB is supportedy the Netherland©rganizationfor ScientificResearctiNWO).

48



PHOTOMETRIC VARIABILITY IN M 67 I.

References

Belloni, T., Vertunt, k., & Mathieu,R. D. 1998,A&A, 339,431

DinescuD. ., DemarqueP, GuentherD. B., & Pinsonneaultvl. H. 1995,AJ, 109,2090

Gilliland, R. L., Brown, T. M., Duncan,D. K., Suntzef, N. B., Lockwood, G. W., ThompsonD. T.,
Schild,R. E., Jefrey, W. A., & PenpraseB. E. 1991,AJ, 101,541

Honeycutt, R. K. 1992,PASP, 104,435

Horne,J.H. & Baliunas,S.L. 1986,ApJ, 302,757

Hut, P. 1981,A&A, 99,126

Kaluzry, J.& Radczynska].1991,IBVS 3586

Kurochkin,N. E. 1960,Astron.CircularUSSR,212,9

—. 1979,Astron.CircularUSSR,1076,2

Lucy, L. B. & Wilson,R. E. 1979,ApJ, 231,502

Mathieu,R. D., Latham,D. W., & Griffin, R. F. 1990,AJ, 100,1859

Mathieu,R. D., Latham,D. W., Griffin, R. F., & Gunn,J.E. 1986,AJ, 92,1100

MontgomeryK. A., Marschall,L. A., & JanesK. A. 1993,AJ, 106,181

Pasquini,L. & Belloni, T. 1998,A&A, 336,902

RajamohanR., Bhattacharyya,). C., SubramanianV., & Kuppusvamy, K. 1988, Bull. Astr. Soc.
India, 16,139

SandersW. L. 1977,A&AS, 27,89

Scagle,J.D. 1982,ApJ, 263,835

vandenBerg, M., Orosz,J.,Vertunt, F.,, & StassunK. 2001,A&A, 375,375

vandenBemg, M., Verlunt, F., & Mathieu,R. D. 1999,A&A, 347,866

Whelan,J. A. J.,Worden,S. P, Rucinski, S. M., & RomanishinW. 1979,MNRAS, 186,729

49



CHAPTER 3

50



Chapted

Photometriovariability in theold open
clusterM 67

Il. Otherstars

KeivanG. StassunMaureenvandenBerg, RobertD. Mathieu& FrankVerhunt
to be submittedo Astonomy& Astrophysics
(WIYN OpenClusterStudy VII.)

Abstract — We usedifferential CCD photometryto searchfor variability in BVl among991 stars
projectedin and aroundthe old openclusterM 67. Our previous paper[Chapter3] reportedresults
for 22 clustermemberdhatareoptical counterpartso X-ray sourcesthis studyfocuseson the other
starsin our obserations. A variety of samplingrateswere emplo/ed, allowing variability on time

scalesrangingfrom ~ 0.3 hoursto ~ 20 daysto be studied. Among the brightestsourcesstudied,
sensitvity to variationsas small as 10-15mmag (30 r.m.s.) is achiered. The studyis reasonably
completefor starswith 125 < B < 185, 125 <V < 185, and12 < | < 18 within aradiusof about
10 arcminfrom the clustercentre. In addition, starswith 10 < BVI < 12.5 weremonitoredin a few
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smallregionsin the cluster We presentastrometryand photometryfor all 991 sourcesstudied,and
reportthevariability characteristicef thosestarsfoundto bevariableat a statisticallysignificantlevel.
Amongthe variables,we highlight several sourceghat merit future study including starslocatedon
the clusterbinary sequenceblue stragglersa faint blue starthat exhibits periodic variability, anda
newly discoreredW UMa system.

4.1 Introduction

With theintentof studyingthe photometricvariability of opticalcounterpartso known X-ray
sourcescatteredhroughoutheold openclusterM 67,we have obtainedsensitve photometry
of starsprojectedn aregion approximatelyone-thirddegreein sizearoundtheclustercentre.
Theresultsof theseobsenationsfor the X-ray sourcesaredescribedn Paperl of this series
(vandenBer etal. 2001b)[Chapter3].

While the X-ray sourcesveretheprincipalaim of theobsenations light curvesfor nearly
1000 otherstarswere producedin the courseof our analyses.In this paperwe presenthe
resultsof an extensve time-seriesanalysisof the 967 starsincludedin our obsenationsthat
arenotthe optical counterpart®f X-ray sourceknown to be membersof the cluster

Our basicgoalis to identify thosestarsthat exhibit statisticallysignificantphotometric
variability of any kind. At the old ageof M 67 (4 Gyr, Dinescuet al. 1995), mostsingle
starsrotatetoo slowly to exhibit strongdynamo-generatealctivity, andthe sensitvity of our
photometryis insufficientto detectthe extremelylow-level (~ few pmag)variationsthatmay
arisefrom solaranalogp-modeoscillations(Woodward & Hudson1983). Thus,photometric
variability in our obsenationsmay be an indicator of, e.g., spot-modulatedtellarrotation,
binaryinteraction(eclipser ellipsoidalvariations) or stellaractiity atlevelsnotdetectable
in existing X-ray surweys. Periodicvariability is especiallyinterestingin thesecontexts, as
a periodicity in the light curve may be fundamentallyrelatedto a stellarrotationperiod, a
binary orbital period, etc. But evenif a periodicityis not apparenin our data,the detection
of photometricvariability may point the way to objectsthat merit specialconsideratiorand
furtherstudy

Many objectsof interestmaybeidentifiedsimply from theirlocationin the colourmagni-
tudediagram photometriovariability notwithstandingThus,abasicproductof thiswork is a
colourmagnitudediagramof all of the sourcesstudied.

Basic photometryand time-seriesanalysishave beenperformedin M 67 by numerous
otherauthors.Most notably Gilliland etal. (1991)conductedh very sensitve (~ 100umag),
highly temporallysampled(~ 1 min) study of starsin the core of the cluster resultingin
severaltentatve detectionsf stellaroscillationsaswell asthe serendipitousliscovery of a
few & Scutivariablesand W UMa systems.However, this studywas confinedfor the most
partto the centralfew arcminof the cluster Montgomeryetal. (1993)have presentec deep
(V ~ 20) colourmagnitudediagramof the centralone-halfdegreeof the cluster

The presentstudy complementsand extendstheseprevious studiesby combininga rel-
atively precise(5—10 mmag) variability study with a reasonablydeep(V ~ 18.5) colour
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magnitudediagramfor starscovering a large areaaroundthe clustercentre. Furthermore,
the ongoingspectroscopisureys of the WOCS (WIYN OpenCluster Study) projectand
others(e.g.Lathametal. 1992)have identifiednumerouspectroscopibinariesin thecluster
amongstarsbrighterthanaboutV ~ 14;in this studywe incorporatehe availableknowledge
of binarity into our analysesvhereappropriate.

In Sect.4.2, we summariseghe photometricdataandtheir analysesWe provide astrom-
etry and photometryfor all of the sourcesincludedin our obsenations,as well as cross-
identificationsof our sourceswith thoseof several previousauthors.In Sect.4.3, we present
the basicresultsof this study including anidentificationof starsexhibiting statisticallysig-
nificant photometricvariability, anda colourmagnitudediagramof all sourcesstudied. We
discussthe resultsof selectindividual sourcesn greaterdetail in Sect.4.4, and summarise
ourfindingsin Sect.4.5.

4.2 Dataand analysis

In this sectionwe provide a summaryof our obsenationsandof the proceduresisedin their
analysis.Completedetailsof thedataandof theanalysigproceduresisedaregivenin Paperl;
thereadeiis referredto thatpaperfor amorethoroughdiscussion.

421 Observations

DifferentialBVI photometryof M 67 wasperformedduring five separatepochswith atotal
time spanof two years. The obsenationswere obtainedwith 1-metertelescopest three
differentobservingsites,eachwith a differentfield of view (rangingfrom 3/8 to 23) and
undera rangeof observingconditions. The five observingrunsdiffer considerablyin time
spanand samplingfrequeng; the shortestrun is the mosthighly sampled spanning2 days
with individualmeasurementsikenatroughly5-minuteintervals,while thelongestrun spans
nearly25 dayswith measurementskenatintenals of severalhours.As eachobservingrun
hadasits primarytamgetadifferentsetof X-ray sourcesthefive runsdifferin depthandrange
of stellarmagnitudexovered.Thereaderis encouragedo consultthe map(Fig. 1) andtable
(Tablel) in Paperl [Fig. 3.1andTable3.1] thatmorefully describeheseobsenationdetails.

Theresultis adatabasef differentialphotometrianeasurement®r 991 starsin aregion
roughly 23 on a side, centredapproximatelys’ north of the clustercentre. The databasés
relatively completein this large areafor starswith 12.5 < B < 185, 125 <V < 185, and
12 < | < 18. In addition,the databaseéncludesstarswith 10 < BVI < 125 in afew small
regionswithin this largerarea.SomeU -bandphotometrywasobtainedaswell, but asonly a
smallnumberof starsin afew selectregionswereobseredwe do notincludetheanalysisof
theU-banddatahere.

Due to the differencesn depthand arealcoverageof the five observingruns, thereis
relatively little overlap of starsamongthe five epochsof data,so that the light curve of a
given starspansanywherefrom 2 to 25 dayswith the specifictime-samplingdependingon
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the particularepochcontributing datato thatstar Furthermorestarsnearthe bright or faint
extremesf thedatabasenaynotbepresentn all threefiltersdependingnthestellarcolours.

4.2.2 Datareduction and light curve solution

The roughly 1200 dataframesproducedin the courseof the five observingruns were re-
ducedusing standardiRAF procedures. All stellar sourceson our dataframeswith S/N
> 10 were identified with the DAOPHOT task and aperturephotometrywas performedus-
ing the APPHOT.PHOT task. Astrometrywasextractedfor all stellarsourcesdentifiedusing
the STSDAS.GA SP packageproducingastrometricsolutionswith formalinternaluncertainties
of approximately0”’1 in eachdirection. Astrometricpositionsarecalibratedto the coordinate
systemadoptedoy Montgomeryetal. (1993),resultingin anexternaluncertaintyof approxi-
mately0!’4 in eachdirection.

In Table4.1! we presenthe masterlist of all 991 stellarsourcesncludedin our obser
vations,sortedin orderof increasingight ascensionStellarpositionsderivedfrom our data
framesare provided for all sources. Cross-identificationsvith the studiesof variousother
authorsarealsogiven,andvariousclustermembershigestimategrom thosestudiesarealso
providedwhenavailable.

Giventhe highly inhomogeneousatureof our photometricdata(all starsdo not appear
on all dataframes),differentialphotometriclight curvesare derived with the algorithm for
differential photometryof an inhomogeneougnsembledescribedby Honeycutt (1992), as
describedn Paperl.

The limiting precisionof our differential photometryis a function of stellar brightness
andcanbe establishedrom an examinationof the scattempresenin the light curvesof non-
variablestarsat eachmagnitude.The limiting photometricprecisionasa function of stellar
magnitudevariesamongthe five observingruns, but generallyspeakingthe precisionof the
brightestunsaturatedtarsin ourexposuress flat-field limited to 5-10mmag.Thisprecision
level typically holdsfor starsup to 2—2.5mag fainter thanthe brightestsourcesandthen
becomegphoton-noisdimited anddegradedfor still fainterstars. The bestoverall precision
wasachievedonourKitt Peakframes(runl; seeTablelin Paperl [Table3.1]). In Fig.4.1we
show ther.m.s.variationsin theBV | light curvesof starsfrom this observingrunasafunction
of meanstellarmagnitude . Thenon-variablestarsaredefinedby the lower envelopeof points
in this figure. The brightestnon-variablestarsshav r.m.s. variationsof 0.007, 0.005, and
0.005magin B, V, andl, respectiely. The precisionbeginsto degradenoticeablyat around
14thmag.For thefaintestsourcesat aboutl8.5mag,the precisionis 0.05-0.1mag.

We have applieda simplezero-pointshift to the instrumentalmagnitudesn eachfilter to
roughlyplaceourinstrumentamagnitude®n anabsolutescale. The zero-pointshift for each
filter wasdeterminedy taking the averagedifferencebetweenour instrumentaimagnitudes
andthe publishedvaluesof Montgomeryetal. (1993)for atleast10 starscommonto our two

1Tables4.1and4.2areonly availablein electronicform via URL
http://ww. astro.w sc. edu/ ~kei van/ maur een
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samples.

In Table4.2! we presenmeanBV| photometryfor the 991 stellarsourcesn our database.
As discussedabove, uncertaintiesn the valueslisted are a function of stellar brightness:
formal uncertaintiesn the brightestsourcesare 0.01 magor less,while the faintestsources
have formal uncertaintieof ~ 10%. We note, however, that our photometryhasnot been
strictly calibratedsothattheuncertaintyin thevaluedistedin Table4.2is morelik ely limited
to afew percent.In Sect.4.3 we usethesestellarmagnitudego constructcolourmagnitude
diagramdor identifying objectsof interest.Thelight andcolourcurvesin Figs.4.3-4.6showv
thevariationswith respecto the meanmagnitudeandcolouraslistedin Table4.2

4.2.3 Search for variability

To identify photometricvariability amongthe starsin our databasewe apply a x2-test, as
describedn Paperl, to computethe probability thateachstars light curve is consistentvith
being constant. As our photometricprecisionis a function of stellarbrightnessour ability
to detectlow-level photometricvariationsis necessarilya function of stellar brightnessas
well. Amongthebrightestsourcesthe variability searchs sensitve to variationslargerthan
~ 10— 15mmag.Dependinguponthe specificobservingunscontributing datato eachstar's
light curve, the variability searchs sensitve to variationson time scalesangingfrom ~ 0.3
hoursto ~ 20 days.

Starswith datain multiple runswereanalysedn arun-by-runbasis andtheresultsof the
variability analysisfor the differentrunswerechecledfor agreementAll instancesn which
thevariability analysisgivesa differentresultin differentrunscanbe ascribedo differences
in sensitvity betweerruns.

Amongthosestarsfoundto bevariableswe performalLomb-Scagle time-seriesaanalysis
(Scaple 1982)to searchor the presencef a periodicsignal.For eachstar a periodograms
computedat 1000frequenciedetweena minimum and maximumfrequeng corresponding
to thefull time spanof thelight curve andone-halfthetypical samplingrate,respectrely. We
choosethe highestpeakin the periodogranasthe bestestimatefor a possibleperiodicity in
thedataandestimatehestatisticalsignificanceof this bestperiodby computingafalse-alarm
probability (the probabilitythatthe detectegeriodcouldresultfrom randomvariations).The
false-alarnprobabilityis computedvia a Monte Carlo simulationin which periodogramsre
computedfor 100 purely randomlight curveswith the sametemporalsamplingasthe ac-
tual light curve, andthe heightof the highestpeakin thesel00 testlight curvesis takento
correspondo the level of 99% significance.We reporta periodonly if its peakin the peri-
odogramexceedshat of the 99% significancdevel so derived. Uncertaintiesn the periods
areestimatedsis describedn Paperl.
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4.3 Results

Our databasef differential photometryallows us to identify photometricvariablesamong
nearly 1000 starsin M 67 on a variety of time scales. In this sectionwe reportthe basic
photometriaesultsof this studyaswell asour time-seriesanalysis.

4.3.1 Colour-magnitude diagrams

Thoughnot strictly calibrated the stellarmagnitudeseportedin Table4.2 allow usto place
mostof the starsin our databas®n a colourmagnitudediagram. In Fig. 4.2 we presentV

versus(B—V) andV versus (V — ) colourmagnitudediagrams.The coloursplotted have
notbeende-reddenedreddeningowardsM 67 is relatively small,E(B—V) = 0.032,Nissen
etal. 1987).

The clustermainsequencés clearly apparenamida field of apparennon-membersgx-
tendingfrom theclusterturnof atV ~ 12.5 down to thefaintlimit of ourdatabasatV ~ 18.5?
(therangewithin whichour databases roughlycomplete).Theclusterbinarysequenceés also
clearlyapparenalongthis full range.Thewall of starslying belov theclustermainsequence
hasbeennotedin studiesof M 67 beforeandis lik ely dueto field starsin thehalo(e.g.Richer
etal. 1998). Fromthe observingunsintendedo studybrightersourcegcoveringafew small
areasn thecluster;seeTablel [Table3.1]andFig. 1 [Table3.1] in Paperl), somebluestrag-
glersanda portion of the giantbranch(aswell asthe red giant clump) are also presentfor
approximatelyl0<V < 125.

4.3.2 Photometric variability

In Table 4.3 we presentthe 69 starsin our photometricdatabasehat meetthe criteria for
photometricvariability discussedn Sect4.2.3. For eachstarwe give our own identification
number(from Table4.1), theidentificationnumberandpropermotionmembershigprobabil-
ity from Sanderg1977)if available,V magnitudesndcoloursfrom our photometryandthe
r.m.s.of thestarslight curvesin eachof theB, V, andl passbandsStardistedin thistabledid
not necessarilyshaw statisticallysignificantvariability in all threepassbandgdueto differ-
encesn thesensitvity of our photometryin thedifferentpassbandandin differentobserving
runs);r.m.s.valueslistedin italics arenot statisticallysignificantin that passbandTable4.3
alsoprovidescommentgor mostof the stardisted. Thesecommentgyive additionalinforma-
tion suchaspossibleperiodicities,evolutionarystatus pinarity, etc. Starswithout comments
arestarssituatedon or nearthe clustermain sequencevhoselight curvesshow only appar
ently non-periodicvariability in our obsenations.

We notethatthecriterionthatwe adoptedo call a starvariableis thatthe probability that
its light curve is consistentith beingconstanis smallerthan0.3%. Therefore oneexpects

°Note thatthe B—V colourmagnitudediagramcutsoff atV ~ 17.5 dueto the limiting B magnitude(B ~
18.5) andthe stellarcoloursatthatmagnitudgB — V ~ 1); seeFig. 4.2.
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# S ID Memb. A% B-V V-—-1I oB ov or Comments
35 14.70 1.43 2.44 0.025 0.014 0.014 long period (~ 10 d)? nearby M dwarf?
40 647 0.99 13.91 0.57 0.72 0.017 0.015 0.012

56 13.43 0.55 0.71 0.016 0.019 0.012 long period (~ 10 d)?

59 15.68 0.61 0.82 0.032 0.026 0.019

70 828 0.00 14.53 0.59 0.79 0.010 0.011 0.009

74 17.77 0.31 0.43 0.052 0.050 0.067 periodic white dwarf? P =0.14/0.28 d
86 745 0.96 13.16 0.56 0.73 0.013 0.007 0.008

107 13.70 0.55 0.71 0.012 0.013 0.012

142 14.72 0.66 0.80 0.013 0.012 0.013

146 16.99 0.82 1.02 0.045 0.028 0.022  flares? below M-S, KO colors

154 0.139

167 15.93 0.99 1.28 0.050 0.036 0.020 P = 3.6 d, on binary sequence

188 848 0.97 14.04 0.60 0.73 0.017 0.014 0.012

208 845 0.00 13.92 0.50 0.68 0.012 0.015 0.011 below M-S, late F colors

265 846 0.90 13.62 0.56 0.74 0.011 0.011 0.008

267 757 0.95 13.56 0.61 0.76 0.031 0.029 0.031 new W UMa, P = 0.36 d

287 1077 0.80 12.61 0.66 0.88 0.017 0.022 0.019 X-ray source

308 0.142 P ~11d?

321 2227 0.00 13.69 0.57 0.72 0.060 0.022 0.021

322 1109 0.34 13.55 0.56 0.74 0.041 0.021 0.017 long period (~ 20 d)?

365 1063 0.93 13.65 0.98 1.25 0.057 0.041 0.029  x-ray source

381 974 0.00 15.67 0.79 1.00 0.080 0.026 0.022

418 17.17 1.74 0.078 0.066  on binary sequence

420 0.082

439 1093 0.96 14.18 0.61 0.77 0.028 0.023 0.062

440 999 0.95 12.61 0.76 0.022 0.022 X-ray source

454 1070 0.89 13.97 0.61 0.81 0.014 0.015 0.013  x-ray source

463 16.94 1.34 0.242  0.087  long period (~ 40 d)?

465 15.91 0.64 0.85 0.014 0.024 0.018 below M-S, G2 colors

471 1082 0.94 11.25 0.41 0.57 0.026 0.023 0.025  x-ray source, blue straggler

523 1112 0.95 15.06 0.75 0.99 0.028 0.022 0.016  x-ray source

525 15.89 0.87 1.13 0.019 0.017 0.012

526 1209a! 0.00 13.14 0.60 0.76 0.033 0.021 0.022

529 15.91 0.77 0.386 0.195 below M-S

533 2216 0.74 15.09 0.74 0.94 0.044 0.010 0.013

542 13.74 0.97 1.22 0.070 0.045 0.047  x-ray source

561 15.89 1.02 1.31 0.058 0.056 0.042 W UMa, P =0.27d

579 0.213

580 1036 0.91 12.82 0.50 0.66 0.041 0.036 0.041 x-ray source

591 1279 0.92 10.56 1.08 1.07 0.006 0.006 0.014 giant

612 1264" 0.75 12.09 0.94 1.08 0.032 0.025 0.014  spectroscopic binary, giant

614 14.79 0.69 0.85 0.011 0.011 0.009

615 1264bt 0.00 13.08 0.62 0.85 0.054 0.057 0.058

655 1263 0.89 11.15 0.21 0.32 0.016 0.027 0.015 blue straggler

679 1284 0.95 10.98 0.29 0.28 0.009 0.007 0.013 blue straggler, spectroscopic binary

690 1305 0.95 12.31 0.96 0.98 0.016 0.012 0.021 giant

716 1282 0.95 13.54 0.52 0.76 0.131 0.135 0.130 X-ray source

719 17.40 1.33 0.080 0.050 below M-S

720 1344 0.96 13.86 0.58 0.77 0.014 0.013 0.008

732 1293 0.93 12.15 0.99 0.006 0.020 giant

734 15.86 0.87 1.08 0.019 0.022 0.015

829 1224b" 0.00 13.63 0.55 0.77 0.096 0.035 0.042

831 12241 0.77 13.41 0.58 0.76 0.053 0.014 0.020

843 1507 0.95 13.53 0.58 0.73 0.015 0.014 0.010  long period (~ 20 d)?

851 1506 0.93 12.76 0.58 0.75 0.013 0.014 0.011

856 1504 0.91 13.99 0.59 0.76 0.012 0.011 0.011

872 16.15 0.94 1.23 0.032 0.025 0.016

877 1497 0.00 14.32 0.61 0.80 0.010 0.012 0.007 long period (~ 10 d)?

893 0.042

911 12.88 0.57 0.74 0.022 0.018 0.014 spectroscopic binary

921 14.56 0.85 1.04 0.011 0.007 0.010  on binary sequence

922 14.30 0.63 0.79 0.017 0.017 0.013

929 1509 0.00 0.021

936 13.05 0.54 0.72 0.015 0.014 0.013

940 16.73 0.95 1.28 0.143 0.024 0.018 long period (~ 20 d)?

957 16.17 0.63 0.81 0.027 0.019 0.020 below M-S, G2 colors

963 16.14 0.58 0.75 0.022 0.023 0.018 below M-S, GO colors

969 14.76 0.68 0.84 0.042 0.007  0.009

973 12.23 1.11 0.023 0.022 repeating dips? giant?

1Photometry possibly contaminated by close neighbour.

Table4.3: List of variablestars.Fromeft to right: identificationnumberfrom Table4.1; identifica-
tion numberand propermotion membershigprobability from Sanderg1977)if available;averageVv
magnitudeandB —V andV — | coloursfrom our photometryaslistedin Table4.2;r.m.s. of thelight
curwesin B,V andl, valuesin italics arenot significantat the 3o-level; comments.
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Figure4.2: Colourmagnitudediagramsthatshav V versus(B—V) andV versus(V — ) for all the
starsin our obsenrations. The variableslistedin Table4.3 areindicatedwith triangles,spectroscopic
binarieswith squaresind X-ray sourceswith crosses.Periodicvariablesdiscussedn Sect.4.3.2are
indicated.
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thata smallnumberof stars(~ 3) hasbeenclassifiedasa variableby chance.

Variablestars

To give someclueasto the natureof the starslistedin Table4.3 and,ultimately, to the physi-

cal origin of the obsened photometricvariability, we plot thesestarsin the colourmagnitude
diagramsshavn in Fig. 4.2. In additionto thesevariables(shovn astriangles) we alsoindi-

catethe known X-ray sourcegshonvn as X’s) andthe known spectroscopibinaries(shovn

assquares).The paucity of spectroscopidinariesbelon V ~ 14 is a biaseffect dueto the

sensitvity limit of presenspectroscopisurweysin thecluster(e.g. Lathametal. 1992). We

find photometricvariablesin all regionsof the clustercolourmagnitudediagram;we discuss
starsin eachof thevariousregionsin moredetailin thefollowing section.

Periodic variables

Asidefrom the X-ray sourcesvhich arethe subjectof Paperl, we detectedefinitive periods
in thelight curvesof only four stars.

For star 74 it is unclearwhetherthe correctphotometricperiodis 0.1444(2)days(the best
period asdeterminedby the period search)or twice that: the datapointsat minimum light
have sufficiently large errorsthatit is unclearwhetheror not the light curve consistsof two
dipswith unequaldepths.In Fig. 4.3the dataarefoldedonthe0.1444days.The(B—V) and
(V —1) colourvariationsarenot significant.We discusghis starin greaterdetailin Sect.4.6.

Star 167 is locatedon the clusterbinary sequencend exhibits a periodiclight curve with
P=23.7(3) daysin V, P = 3.4(2) daysin B, bothretrievedfrom dataof run1. Thel datashov
no significantperiodicvariation. TheV-bandlight curve of this staris shavnin Fig. 4.3. The
(B—V) and(V —I) colourvariationsarenot significant.

For star 267 (S757)theperiodwasdeterminedy thecombineddataof run1and5 (B andV),

thattogethercoveratime spanof 2 years.As with star74, it is notentirelycertainwhetherthe
correctphotometrigperiodis 0.3600(1)days(assumingts light curve is intrinsically double-
pealed)or half thatvalue,0.18000(5)days,whichis in factthe bestperiodasdeterminedy
theperiodsearchln Fig. 4.3thedataarefoldedonthelongerperiod. This starwasfirst noted
to beaphotometricvariableby Rajamohar{1988),althoughno periodicitywasreported.The
starshaws no significant(B—V) and(V —I) colourvariations.We discusghis starandour
reasongor labellingit a (previously unknovn) W UMa systemin Sect.4.4.3.

Star 561 (ET Cnc,or 1lI-79 in the nomenclaturef Eggen& Sandagel964)wasidentified
asa W UMa systemwith a periodof 6.49hoursby Gilliland etal. (1991)but no errorin the
periodwasspecified We searchedior aperiodin anarrav window betweerD.1and0.15days
(thepower athalf the periodis muchlargerthanatthefull period)andfind abestperiodfrom
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differential magnitude

Figure 4.3: Light and colour curves for stars74, 167 and 267 (S757) folded on the photometric
periodof 0.1444,3.7 and 0.3600days,respectrely. Datafrom differentobservingrunsare marked
with differentsymbols:opencirclesfor run 1, opentrianglesfor run 5.

-0.1

041 |

0.2

—0.1

0.1

—0.1

0.1

[ VI runp 1
PR RS S S S R S S Y

0

0.5 1

arbitrary phase

1.5

2

—0.1

0.1

—0.1

0.1

-0.1

0.1

0 0.5 1

arbitrary phase

1.5 2

—0.1

0.1 it

1 —0.05

0.05

-0.05 |

0.05 |

I R
0 0.5 1

M
1.5 Z

photometric phase

our photometryof run1 of 0.1356(4)days(in B andV, 0.1351(4)daysin I) which givesafull
periodof 6.51(2)hours,compatiblewith Gillland’s measuremenil hedataarefoldedonthis

periodin Fig. 4.4. Thesystemis slightly redderduring primaryeclipsethanduringsecondary

eclipse.This staris discussedurtheralongwith star267in Sect.4.4.3.

Tentative periods

In additionto thefour variablesshawing statisticallysignificantperiods,we indicatein Table

4.3 possibleperiodsfor anothereightstars whoselight curvesshov someevidencefor coher

entvariationson time scaledongerthanour observingwindows. While our periodsearches
did not reveal statisticallysignificantperiodsfor thesestars,we includethemhereascandi-

dateobjectsfor follow-up study We cautionthatthe periodslisted are basedsolely on our
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Figure4.4: Light andcolour curvesfor the contactbinary 561 (ET Cncor 111-79) folded on the pho-
tometricperiodof 0.2712days.

visual impressionof the light curves, and shouldbe taken only as a qualitatve suggestion
of periodicity on the time scaleindicated. Of course thesestarsdo still exhibit statistically
significantvariability, whetheror not that variability is indeedperiodic. Of these star35is
peculiarin thatit is locatedfarto theredof theclustermainsequencé thecolourmagnitude
diagram.lts coloursarethoseof anM dwarf, soits positionin the colourmagnitudediagram
suggestshatit is anearbystarof theM spectratype. Exceptfor star308which doesnothave
therequisitecoloursto be placedon the colourmagnitudediagram the restof thesestarsare
situatedon the clustermainsequence.

4.4 Discussion

We turn now to a discussiorof the natureof thosestarsidentifiedas photometricvariables,
usingthelocationsof thesestarsin the colourmagnitudediagramasa way of organisingthe
discussion.

62



PHOTOMETRIC VARIABILITY IN M 67 I1.

—0.025— } } # —
o.oof— ' " { . * i _

Diff. V. mag.

0.02 4 —

0.04 - -

818 820 822 824 826 828 830 832
Julian Date

Figure4.5: Light curve for the star208.

4.4.1 Starsbelow thecluster main sequence
Cluster non-members

To begin, we immediatelydispensevith thosestarslocatedbelow the clustermainsequence.
In all 7 casespur light curvesshow only apparentlylow-level randomphotometricvariations
(althoughin onecase star529,thevariationsare> 0.2 mag),andtheavailablepropermotion
membershigprobabilitiesconfirmnon-membershim thecluster While ourdataprovidevery
limited informationaboutthe natureof the obseredvariability, we speculatehatit is dueto
flares. Fig. 4.5 shavs the V-bandlight curve for star208 asanexampleof the variablestars
locatedbelow the clustermainsequence.

Possible new white dwar f?

Oneof the starsshowving periodicphotometricvariability in our databasés starnumber74.
The light curve shows a bestperiod of 0.1444days. While no membershignformationis
availablefor this star its positionin the colourmagnitudediagramtogetherwith its photo-
metricbehaiour make this objectworthy of furtherstudy

Withoutadditionalinformation,it is difficult to make definitive statementaboutthenature
of this star especiallywith respecto its evolutionary status. One obvious possibility given
its positionin the colourmagnitudediagramis thatit is a cooling white dwarf. Another
possibility basedon its light curwve is thatit is a field W UMa system(in which casethe
photometrigperiodwould betwice the obsenedone,0.2888days).

WithV =178, (B—V) =0.31,and(V — ) = 0.43 (seeTable4.3), the stars coloursare
somavhatredderthanthe theoreticalwhite dwarf cooling curve for the cluster The cooling
curvefor M 67 presentedby Richeretal. (1998)has(V — ) ~ —0.1 for thesamé/ magnitude.
Nonethelesghefarultraviolet photometricstudyof Landsmaretal. (1998)identifiedseveral
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white dwarf candidatesn M 67, andtwo of them(BATC 4672andBATC 3009)aresimilarly
situatedn thecolourmagnitudediagramwith V ~ 17.5and(B—V) ~ 0.3 (star74is notone
of theseobjects).If star74is indeedasinglewhite dwarf, thenatureof its short-periogohoto-
metricvariability remainsunknavn. The periodof 0.14 daysis muchlongerthanthe periods
of pulsationcommonlyascribedo ZZ Ceti white dwarf variables(~ few minutes).Perhaps
a faint, red dwarf companionis responsibldor this stars positionin the colourmagnitude
diagram.In thatcase the variability mostlik ely originatesfrom eclipsesor interactionin the
binarywhile the periodof 0.1444daysreflects(half) the orbital period.

With the coloursof a main-sequencearly-F star an alternatve explanationfor star 74
maybethatit is adistantd Scutivariable;suchstarsaretypically of type A or F, with periods
of pulsationof lessthan0.3 daysandlight curve amplitudesof ~ 0.2 mag(Feast1996). On
theotherhand,if star74is aW UMa systemjts photometrigoeriodis muchtoo shortto place
it on the standardV UMa period-colourelation(e.g.Rucinski1993). A periodof 0.28days
is appropriateéo W UMa variableswvith (B—V) =~ 0.9; however, star74is considerablybluer.
Thus,the natureof this starremainsunclear

4.4.2 Starson thecluster main sequence

In Sect4.3.2we mentionedseveralstarssituatedontheclustermainsequencéhatshov some
evidencefor periodicvariability. If thesetentatve periodsareupheld,they may berelatedto
the stellarrotationperiods(dueto, e.g.,starspoimodulation).In addition,we have found 30
starswhoselight curvesshav non-periodicvariationsat a statisticallysignificantlevel. The
amplitudesof variability exhibited by a few of thesestarsis remarkablylarge (few tenthsof
amag;seeFig. 4.1). Our datado not shedmuchlight on the natureand physicalorigins of
this variability. Perhapghe variationswe obsene have their origin in stochastiactvity on
thesurfacesof theseG andK stars.

Two of thevariablestarson the clustermain sequencéave beenmonitoredspectroscopi-
cally. Star851(S1506)wasmonitoredby Mathieuetal. (1986)for radial-\elocity variations,
but no indication of binarity wasfound (o = 1 km s~1 in 8 obsenationsspanning? years).
Ontheotherhand,star911 (S1508),situatedat the clusterturnoff, wasfound by Mathieuet
al. (1990)to bea spectroscopibinarywith anorbital periodof 25.9daysandaneccentricity
of 0.44.TheBVI light curvesof this stardo not show evidencefor periodicvariability onthe
spectroscopiorbital periodor the pseudo-synchronoyseriod(Hut 1981)of 11.2days.

4.4.3 Starsonthecluster binary sequence

Photometricvariableson the clusterbinary sequencareinterestingbecauseuchvariability
canpoint the way to the discovery of interactingbinary systems.If periodic,the obsened
variability may be intimately relatedto the dynamicsof the binary system. Three of the
variablesfor whichwe founda photometrigoeriodarelocatedon the binarysequence.

ET Cnc hasa semi-amplitudeof only 0.08 mag, which is relatvely small for a contact
system.The unequaleclipsesn the obsenedlight curve potentiallyindicatethatthe system
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is in poor thermalcontactor is semi-detachedseealsodiscussionn Paperl on the X-ray
sourceWW UMa S1036).

We have discoveredthatstar267 (S757)is a strongcandidatdor beinga W UMa system
in M67. Sanderg1977) givesthis stara propermotion membershigorobability of 95%,
makingit a very likely memberof the cluster The mostlikely periodfrom our time-series
analysisis 0.1800days,which we interpretasthe half-periodof 0.3600days,assuminghat
the light curve consistsof two eclipsesof very similar depth. Spectroscopicadial-\elocity
measurementsill beneededo confirmthis period.Nonethelessaperiodof 0.36daysplaces
this staronthe W UMa period-colourelationvery well, givenits (B —V) colourof 0.61.

In additionto thesetwo contactbinarysystemswe have alsodiscoveredperiodicvariabil-
ity in anotherstaron the clusterbinary sequencestar167 with a periodof 3.6 days. While
our datapermitusto saylittle aboutthis star, its locationin the colourmagnitudediagram
andits periodiclight curve make this a prime candidatdor follow-up spectroscopimonitor
ing. Perhapghe obsened photometricperiod correspondso the binary orbital period. No
membershipnformationis presentlyavailablefor this star

Finally, we note that we have found two more starssituatedon the clusterbinary se-
guencethat did not evince periodic variability in our data,but nonethelesshaved statisti-
cally significantvariability. Thesestarsdesere spectroscopifollow-up to determinef they
areinteractingbinary systems.Thesestarsdo not presentlypossessnembershigprobability
measurements.

444 Giant stars

Four of the variablesresideon the red giant branchof the clustercolourmagnitudediagram
(we discountstar612 asits photometryis suspectlueto the presencef a closeneighbour).
Thesevariablesshaw relatively low levelsof variability, with r.m.s.~ 0.02 mag.For the other
giantstarsincludedin our obsenationswe canplace3c uppetdimits onvariability of ~ 0.015
mag,basedn thelimiting photometrigprecisionof our photometryfor the brightestsources.

Thevariablestar591(S1279)is aK1lll starthatwasmonitoredfor radial-velocity vari-
ationsby Mathieuet al. (1986),but no indicationof binarity wasfound. Similarly, Mathieu
et al. monitoredthe giants732(S1293)and690 (S1305),but found no evidencefor radial-
velocity variations(c < 0.5km s in about15 obsenationsspanningnorethan10years for
all threestars).Thuswe considerit unlikely thatthevariability is relatedto binarity. Henryet
al. (2000)foundalargefractionof low-amplitude(~ 0.01 mag)photometricvariablesamong
a sampleof 187 G (~ 25%) andK (~ 50%) giants. For the group of giantsof type earlier
thanK2 —thatalsoincludesour four variablegiants— they excludebothradial pulsationand
rotationalspot-modulatiorasthe origin of the brightnessrariations.Henryet al. suggesthat
non-radial,g-modepulsationamostlik ely give riseto the variability.

Interestinglystar973shavsapeculiardight curve,with rapid,short-duratiordips(Fig. 4.6).
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Figure4.6: Light curve for thegiantstar973.

4.45 Bluestragglers

Two of the blue stragglersn M 67 not detectedn X-rays shaw statisticallysignificantpho-
tometricvariability in our data. Photometricvariability amongblue stragglerss particularly
interestingn light of the uncertainevolutionarystatusof theseobjects.Photometricvariabil-
ity may be a clue to the presenceof a binary companion(e.g. in the caseof the eclipsing
blue stragglerS1082,seeGoranskijet al. 1992,vandenBerg etal. 2001a[Chapter5]) or
may provide informationon the stellar structureof the stars(in the caseof oscillations,see
discussionn Gilliland & Brown 1992).

Star679 (EX Cncor S1284)is a spectroscopibinary that shavs low-amplitudephoto-
metricvariationswith a periodof ~ 1.3 hoursfirst discoseredby Gilliland etal. (1991,1992)
andSimoda(1991). The B andV light curveswe obtainedduring the highly sampledrun 4
show a similar behaiour. Theseshort-timescaleariationsare probablyrelatedto the star's
positionwithin the d Scutiinstability strip andnotto the orbital periodof 4.2 days(Milone &
Latham1992)

Star655 (S1263)wasmonitoredspectroscopicallypy Milone etal. (1992),but no orbit
wasdeterminedGilliland etal. includedthis starin their searchior solaranalogoscillations,
but no evidencefor variability wasfound. Simoda(1991) similarly found no evidencefor
photometricvariability, but Kim etal. (1996)do reporta high dispersionn the light curve of
this star Thelight curvesthatresultsfrom our obsenationsalsodisplaya large scatterup to
0.04magaroundthe averagemagnituden all four bands.

45 Conclusions

Our sunwey of photometricvariability among991 starsin the old openclusterM 67 detected
69variablestars.Membershipnformationis availablefor 405stars(36 variables)ncludedin
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ourobsenationsandmarks316 (27 variablesasmemberswith a probabilitylargerthan35%
(Girardetal. 1989).Out of this groupof 27 variablemembers9 shav periodicvariations.

In all caseghe amplitudeof variability is low, rangingfrom a few hundredthdo a few
tenthsof a magnitude. Our studyis sensitve to brightnessvariationson time scalesof 0.3
hoursto ~ 20 days. Apparently at the ageof M 67 periodicvariability on thesetime scales
at theseamplitudesis rare for single stars,asin 7 (probably8 if we includethe newv can-
didate contactsystemS757) casesall X-ray sourcesthe variability finds its origin in the
binarynatureof the stars(eclipsesellipsoidalvariations rotationalspot-modulationn tidally
lockedbinaries).This confirmsthepicturethatrapidrotationin anold populationcanonly be
maintainedn closebinaries.

In thecontactbinary561(ET Cnc),for which no membershipnformationexists,thevari-
ability is theresultof binarity aswell. We encouragespectroscopiobsenationsof thethree
remainingstarsthat exhibit periodic variations(the faint and blue star 74 and star 167 on
the binary sequenceboth without membershignformation) and the member523 (S1112,
discussedn paperl) to establishtheir binary statusand/orobtainanindicationfor member
ship from their radial velocity. Also, more obsenationsshouldbe obtainedof the starsfor
which we provide tentatve periods,in thefirst placeto further examineif their photometric
variability is indeedperiodicandsecondlyto establishf they aresingleor binary.

The origin of the photometricvariability for the remainingstarsdiscussedh this paperis
in mostcasesunknavn. As possiblecausedor the variationswe suggestow-level surface
actuity, stellarpulsationr, especiallyfor thestarsonthebinarysequencehinaryinteraction.

Caption to Table4.1. Masterist of all 991stellarsourcesncludedin ourobsenations sorted
in orderof increasingight ascensionFrom left to right: identificationnumber;right ascen-
sionanddeclinationin 1950-coordinatesSandersidentificationnumberand propermotion
clustermembershigrobability (Sanderd977);Girard et al’s identificationnumbey proper
motionclustermembershiprobability P, propermotionmembershiprobabilitytakinginto
accountthe star’s positionrelative to the clustercentreR,, andradial-velocity membership
probability P, (Girard et al. 1989); Zhao et al. identification numberand propermotion
membershigrobability (Zhaoet al. 1993);Eggen& Sandagd€1964)identificationnumber;
Fagerholm(1906)identificationnumber;Montgomeryet al. (1993)identificatonnumber

Caption to Table 4.2. MeanBV| photometryfor the 991 stellarsourcesn our database.
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Chapters

ThebluestraggleriS1082:atriple systemn
theold openclusterM 67

*

L

MaureenvandenBerg, JeromeOrosz FrankVerkbunt & KeivanG. Stassun
Astronomy & Astrophysics 2001, 375, 375

Abstract — We presenta photometricandspectroscopistudyof the blue stragglerS1082in the open
clusterM 67. Our obsenrationsconfirm the previously reportedl.07 day eclipselight curve andthe
absencef largeradial-\elocity variationsof the narrav-lined star However, we find two morespectral
componentsvhich do vary on the 1.07 day period. We concludethatthe systemis triple. We fit the
light andradial-\elocity curvesandfind thatthe total massof theinnerbinary is morethantwice the
turnof massandthatthe outercompanionto the binaryis a blue straggleron its own account. We
briefly discusgormationscenariogor this multiple system.

5.1 Intr oduction

Blue stragglersare starsthat are bluer and more luminousthanthe main-sequencéurnoff
of the populationto which they belong. Hencethey appearto be either youngerthanthe
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otherstarsor have main-sequencébfetimes that exceedthoseof starsof similar mass.Blue
stragglersare easiesto distinguishin globular and openclustersbut are alsofound among
field halo stars. Formationscenarioghat requireanomalousevolution of a single starare
consideredesslik ely thanexplanationghatinvolve the interactionof starsin a binaryor in

a multiple-starencounter For example,a blue stragglermay be formedwhenonestarin a
binary accretesa substantiabmountof massfrom its companionor whentwo starsmeige
eitherin a binary or in a collision. In the last case blue stragglerscarry informationabout
the high-stellardensityernvironmentsin which they arefound. Reviews on bluestragglersare
givenby e.g. Stryker (1993)andBailyn (1995).

Thebluestragglersn M 67 have recevedfrequentattention.Tenof themweremonitored
for radial-\velocity variationsfor nearlytwentyyears;this revealedoneshort-period4.2 day)
eccentricbinary andfive circularandeccentricbinarieswith periodsbetweern850 and5000
days(Milone & Latham1992,Latham& Milone 1996). Leonard(1996)andHurley et al.
(2001) concludedthat not one of the proposedblue-straggleformation mechanismslone
canexplainthe propertieof thesebinaries.

S1082is oneof the remainingfour blue stragglerswithout an orbital solution. Its spec-
trum shavs thelinesof anearly F-typesubgiant.Thesdines shov only smallradial-\elocity
variations(viaq <7 km s~1 peak-to-peakiviathieuet al. 1986)andlittle rotationalbroadening
(VrotSini =4—11km s~ 1, vandenBer et al. 1999[Chapter2]). This appeargo bein contra-
diction to the eclipselight curve with a periodof 1.07 daysfound by Goranskijetal. (1992).
Therelative velocity v of two starsin a1.07daybinaryis v=208(M /M.,)*/3km s~ whereM
is thetotal massof the binary;the stellarrotationin sucha short-periocbinaryis expectedco
be synchronisedvith the orbit, giving viot = (R/a)v, with a the distancebetweerthe binary
starsandR the stellarradius. The eclipselight curve excludesthe low inclinationaswell as
the extrememassratio requiredto bring the obsered velocity limits in agreementvith the
predictedvaluesfor an F star in the binary. We thereforetentatively concludethat S1082is
a(visualor physical)triple.

Evidencefor a shortorbital periodis alsofurnishedby the variationdetectedn a broad,
shallov componen{Mathys1991)in e.g.theHa line ontime scalesof hours(vandenBery
etal. 1999)[Chapter2]. Evidencefor a wide orbital period of about1000dayswasfound
from theradial-\elocity variationsof the narrav linesof the F star(Milone 1991).

We have collectedmultibandphotometryof S1082togethemwith high-resolutiorspectra
thatsamplethelight curvesatdifferentphasesOur goalwasto investigateheeclipsefound
by Goranskijet al., to monitor the variability of the secondspectralcomponentsfunction
of photometricphaseandto modelthe light curve togetherwith the radial-\elocity curves.
Sect.5.2 describeshe obsenationsanddatareduction. The resultsof the spectroscopiand
light curve analysisare presentedn Sect.5.3andSect.5.4. In Sect.5.5 we summariseour
interpretatiorof the natureof this blue straggler
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Run Dates Telescope  Filters texp (S)
1 1999Feb8-19 0.91-mESO U, B,V,Gunni 300,120,120,120
2 1999Dec25,26 1-mING JKT B,V 75,30
3 2000Feb13-16,20 1-mING JKT U, B, V, | 350,30,15,8

Table5.1: Log of the photometricobsenations. For eachrun we give the dateof the obsenations,the
telescopandfilters usedandthetypical exposuretime for eachfilter.

5.2 Obserationsand data reduction

5.2.1 Photometry

S1082wasmonitoredin theU, B, V, | andGunni bandson threeoccasiongseeTable5.1).
In run 1 we obsenedthestarduringtwelve nightswith the0.91-mESODutchtelescopatLa
Silla. Theobservingschedulevasdividedin four blocksof threenights;everyfirst nightthe
starwasobsenedfor anaverageof 5 consecutre hoursin aU BV Gunni-exposuresequence
while every secondandthird night typically oneto threeexposuresveretakenin eachfilter.
During both nightsof run 2, S1082 was obsered for several hourswith the 1-m Jacolis
Kapteyn Telescopeon La Palma.In run 3, alsoon the Jacolus Kapteyn Telescopewe aimed
to completethe phasecoverageof thelight curve betweerphase9-0.3.

Standardreductionstepsof bias subtractionand flatfielding were performedwith IRAF
routines.Aperturephotometryfor all the starsin thefield wasdonewith the DAOPHOT.PHOT
task. Differentiallight curvesfor eachindividual datasetverecomputedwith ensemblgho-
tometry (Honeycutt 1992). The variability propertiesof the otherstarsin the fields are dis-
cussedn vandenBerg etal. (2001)[Chapter3] andStassuretal. (in preparation)Chapter4].
We referthereadergo thesepaperdor afull descriptionof the obsenationsandthe photom-
etry reduction.

5.2.2 Spectioscopy
High-r esolutionspectra

High-resolution(R ~ 49000) echellespectrawere taken with the UtrechtEchelle Spectro-
graphon the 4.2-mWilliam HerschelTelescopeon La Palma. S1082wasobsered on four
nightsin 1996and2000(seeTable5.2for alog of all spectroscopiobsenations).

The 1996-spectraverecentredon a blue (4250A) andred (5930A) wavelength.The 31
linesmm~1 gratingwasusedin combinationwith the 1024x1024pixels* TEK-CCD. For a
full descriptionof the spectreof run 1 we referto vandenBerg etal. (1999)[Chapter2].

The spectraof 2000wereall takenwith the sameinstrumentaketup:the 79 linesmm!
gratingwas usedwith the 2148x2148&ixels’ SITe1l-CCDwhile the spectravere centredon
5584A. In run 2 the seeingwas about2”, while light cloudswere presentduring the start
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Run Dates AV # top(s) Inst RV

1 1996Feb28 3920-4920 2 600,300 UES HD 136202
4890-7940 3 360 UES HD 136202

2 2000Febl6 4380-8650 17 1200 UES HD 89449

3 2000Feb20 3535-5035 1 900 IDS -

4  2000Feb22 3535-5035 1 900 IDS -

5 2000Mar 13 4380-8650 4 1800 UES HD 89449

6 2000Mar20 4380-8650 5 1200 UES HD 89449

3agEgI11-1V, PF61V (Simbad)

Table5.2: Log of the spectroscopiobsenations. For eachrun we give the dateof the obserations,
thewavelengthcoveragein A, the numberof obserations,the exposuretime in secondsthe spectro-
graphusedand(if applicable}heradial-\elocity standard.

of the run. The slit width wassetto 1”. To securestability, no changesvere madeto the
instrumentaketupduringthenight. In thefirst two obsenationsof run 5 theseeingvasabout
2" this deterioratedo 3" with cloudinesgluringthelasttwo obsenations.As the slit width
waskeptfixedat 1”, thesespectraare of badquality. In run 6 the seeingwas?2” duringthe
first two obsenationsbut laterimprovedto 1”6. Theslit width wasaccordinglychangedrom
2to 1”2. Dueto thewider slit thesespectrahave alower resolutionthanthe spectraof run 1
and5. All frameswereexposedfor 1200s, exceptfor thoseof run 5 that were exposedfor
1800sto accountfor the badseeingconditions.During eachrun we obsenedradial-\velocity
standardsFlatfield imageswere madewith exposuresof a Tungstenlamp. Thorium-Argon
lamp emission-linespectraveretakenfor wavelengthcalibration.

Data-reductiorwasdonein IRAF with CCDRED andECHELLE routines.After correcting
the framesfor the electronicbiasandafterflat fielding, spectrafor eachechelle-ordemwere
extractedwith optimal extraction. Towardsthe red, gapsoccurin the wavelengthcoverage.
For the wavelengthcalibration,fifth-order polynomialswerefitted in both directionsto the
positionsof the arclineson the CCD; the maximumresidualsto the fit were ~ 0.0125A
correspondingo 0.75km s~1. Low-orderpolynomialswerefittedto thespectrdor continuum
normalisation.

Intermediate-resolutionspectra

Two intermediate-resolutiof(R ~ 3600) spectrawere obtainedwith the IntermediateDis-
persionSpectrograpliiDS) mountedon the 2.5-mIsaacNewton Telescopeon La Palma,on
February20.90214,2000 (UT) and February22.85523(UT). The R1200Bgratingandthe
EEV10CCD combinationgave a spectralresolutionof 1.19 A (FWHM) anda usefulwave-
lengthrangeof 3533-482%\. The exposuretimeswere 900 s each,and the signal-to-noise
level in the extractedspectrarangedfrom about65 per pixel nearthe Balmerjump to about
150near4750A.
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5.3 Results

5.3.1 Eclipselight curve

The new light curves of S1082 confirm the findings of Goranskijet al. (1992) andfill in
the gapin their databetweenphotometricphase0.53and0.74 (with phase0 corresponding
to primary minimum). In Fig. 5.1 our dataare folded on their ephemeridor the primary
minimum:

Min | = 2444643253(5) 4+ 19067797850) E (5.1)

Two unequaleclipseswith anamplitudeof about0.09and0.05magin V areclearly visible
with the deeperprimaryeclipsesoccurringaroundphased asexpectedrom Eq.5.1. Goran-
skij etal. notethatthelight curve nearsecondjuadraturéphase).75)is systematicalljhigher
thannearfirst quadraturgphase0.25)by 0.01to 0.02magin V. This mightalsobethe case
in our data,but the scattebetweerphase®.1 and0.3 makesthis difficult to see.The scatter
is probablyrelatedto the badobservingconditions(nearbymoon)of thelastrun.

5.3.2 Spectralline profiles

The spectraof S1082aredominatedoy a narrav-lined componentesemblinga starof type
early-F In addition, the presenceof a broadand shallov componenin the high-resolution
spectras prominentin theHa line (seealsovandenBer etal. 1999[Chapter2]). Whenthe
spectraare arrangedn orderof light curve phaseusingEqg. 5.1, it is clearthat the position
andstrengthof the asymmetricabsorptionin the wingsvary regularly (Fig. 5.2); the spectra
thatwereincludedin Fig. 8 of vandenBerg etal. (1999)[Fig 2.8] correspondo photometric
phase®.092,0.16and0.25. Aroundfirst quadraturéphased.25)thedepthof Ha is smallest
while the asymmetricabsorptionn the wingsis maximally blue-shifted;for phasedbetween
0.5and1 the phase-ceerageis sparserbut in the spectraof phase€.88and0.90it canbe
seenthat the asymmetricabsorptiorhasmovedto the red wing. The timing of the velocity
shift with respectto the eclipsesassociateshe broad-linedfeaturewith the brighterstarin
the eclipsingbinary (the brighter star mustapproachus after the primary eclipse). Similar
variableline profilesarevisible in theHf3, Nal D, Mg | b andCall infraredlines(Fig. 5.3).

Thetemperaturef thenarrov-linedstarin S1082canbemeasuredvith thelow-resolution
spectraWe assumehatits light is leastcontaminatedby its companiorstar(s)in theblueand
thereforeconcentrat®n theregion aroundthe Balmerjump. In Fig. 5.4 syntheticspectraor
variouseffective temperature3qs arecomparedvith thelDS spectrurrbetweer8535,& and
4050A. The spectrawere computedwith modelatmospherefor solar metallicity (Kurucz
1979). The obsened spectrumwas correctedfor the reddeningtowardsM 67 (E(B—V) =
0.032+ 0.006, Nissenet al. 1987)and for a radial-welocity differencewith respectto the
model spectra. From the relative strengthof the Call H&K lines, a sensitve temperature
indicatorin thisregion (e.g.Gray & Garrison1989),andthe contrasin the Balmerjumpit is
clearthatthe obseredspectrums hotterthanthatof a 6500K star
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Figure5.1: Light and colour cunesfor S1082folded on the ephemeriof Goranskijet al. (1992).
Datafrom the threeruns areindicatedwith differentsymbols: opencirclesfor run 1, filled circles
for run 2 andtrianglesfor run 3. A typical error baris shavn for eachrun. Magnitudeand colours
are plotted relative to the averageV (11.25),U-V (0.45),B-V (0.41)andV-l (0.57)valuesin our
measurements.

This part of the spectrumwasfitted to model spectrawith surfacegravity logg ranging
from 0.5to0 5.0in stepsof 0.5, T from 6000to 8000K in stepsof 250K anda fixed pro-
jectedrotationalvelocity vyt Sini of 10km s~1. A freeparameteis awavelength-independent
scalefactorrangingfrom 0.025to 1 in incrementsof 0.025thatis a measureof the relative
contritution of the narrov-lined star Obsernedandmodelspectraverenormalisedo theflux
at4050A. A straightline wasfitted to the differencebetweenhe obsered andeachscaled
modelspectrum.The modelthat produceghe smallestresidualgo thefit hasTes = 7500K,
logg = 4.5 andscalefactor0.85. If the temperatureof the hot staris indeed7500K, it is
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Figure5.2: Serief Ha profilesin S1082. Thephaseof thelight curweisindicatedfor eachspectrum.

Notethe centraldepthof theline andthe asymmetrionings. The obserationsduring phase0.54and

0.58 are noisy dueto the bad weatherconditionsof run 5. The continuumseparatiorbetweenthe

spectras 0.5 unit.

alate A ratherthanan F star;the valueof logg is closeto that of a main-sequencstarfor
whichlogg = 4.25 (Gray 1992). This shavs thatthe narrav-lined componentlominateghe
spectrunin the blueandit impliesthatoneof theindividualcomponent®f S1082remainsa
bluestraggler A moreaccuratadecompositiorof S1082is givenin Sect.5.4.

5.3.3 Radial-velocity curves

Radialvelocitiesweremeasuredia crosscorrelationof the high-resolutiorspectrawith ap-
propriatetemplatespectraTable5.3). To determinethe radial velocitiesof the narrov-lined
starin S1082we adoptedastemplatesspectraof F-typeradial-\elocity standard®bsenred
during the samerun (Table 5.2). Velocitieswere derived for eachorder separately Only
orderswithout strongtelluric lines were selectedand included4890-6820A for the 1996-
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Figure5.3: HB, Mg | b andCall infraredlinesin S1082for a selectedsetof obserations. Light
curve phasesareindicated.The continuumseparatiorbetweernthe spectras 0.5 unit.

spectraand4435-68204 for the 2000-spectraT heradialvelocitieslistedin thethird column
of Table 5.3 arethe averagesof the valuesfrom the individual orders;the errorsrepresent
the spreadaroundthe average.Note that systematicerrorscanstill beincluded,e.g. dueto
the wavelengthcalibration. We expectthe latter not to exceed0.75km s~1 (seeSect.5.2.2).
Our measurementsonfirmthatthe narrov-lined componenin S1082shaows radial-\elocity
variationsof only afew km s~

The radial-\elocity curves of the starsin the eclipsingbinary were measuredafter the
contribution of the hot, narrav-lined starto the total spectrumwasremoved. To thatend,all
spectraverefirst broughtto therestframeof the hot star Then,a hot-startemplatespectrum
was constructeddy taking the medianof the spectraobtainedat phase.95,0.97,0.0035,
0.019and0.048;theseparticularphasesverechosenn orderto let the spectraline profiles
of the templatebe as symmetricas possible. For the 1996-spectrataken with a different
instrumentalsetup,the spectrumobtainedat phase0.092 was chosenas a template. The
relative contribution of the hot-startemplateto the remainingspectrawas derived with the
samdfitting procedureasdescribedn Sect.5.3.2:thetemplatemultiplied with scalingfactors
rangingfrom 0.025to 1 wassubtractedrom eachindividual spectrumandthe scalingthat
produceghe smallestresidualsarounda fit to a straightline was chosenasthe appropriate
scalingfor that particularspectrum.The scaledtemplatewasthensubtractedrom the total
spectrunto obtainthe spectrunof thebinaryat variousphases.

Next, theseresidualspectraverecorrelatedagainsia syntheticspectrunof Teg = 5250K
andlogg = 3.5. For this modelspectrumwe chosev;qsini = 50 km s~ to roughly match
the apparentlybroaderlinesin the spectrumof the binary. This procedurevasrepeatedor
everyorderbetweem380and6435,&, excludingtheorderthatcontainghebroadHf line and
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Figure 5.4: Spectrumof S1082comparedwith syntheticspectraof variouseffective temperatures;
surfacegravity andprojectedrotationalvelocity arefixedatlogg = 4.5 andv;oSini = 10km s™1. The
spectraare normalisedto the flux at 40504, eachspectrumis offset with 1 unit from the previous
spectrum.The relative strengthof the Call K line andthe Call H+He blend (marked with 'K’ and
'H’), andthecontrasin theBalmerjump (flux near4050A relative to flux near3600,&) areindicators
of temperature.
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Figure5.5: Crosscorrelationfunctionresultingfrom theresidualspectruntakenat photometrigghase
0.253bafterthe contritution of the hot staris removed. Theleft peakcorrespondso the primary star
Aain theeclipsingbinary Thewidth of the peakcorrespondingo the secondanAb is broademwwhich

indicatesthatits spectralinesaremorebroadenedby rotation. For this particularcrosscorrelationthe

spectrumbetweerb160and5240A wasused. Theradialvelocity is givenwith respecto the hot star
Bin S1082.

theregion betweerb690and6090A for which the crosscorrelationfunctionsarevery noisy
with no clearpeaks. A crosscorrelationpeakis sometimesvisible at viaq = 0 km s 1 and
representfeaturesf the hot starthatwerenotcorrectedor (or introducednto thespectrum)
by subtractionof the template.The crosscorrelationfunctionsof mostspectraclearly shav
two peakswith avariableseparatior{seeFig. 5.5). Onepeakis smallerandbroaderthanthe
other andis redshiftedwith respecto thetemplatefor phasesmallerthan0.5; thereforethis
peakis identifiedwith thesecondargtarin theeclipsingbinary. Thisis thefirst spectroscopic
evidencefor the third starin S1082. The measurementsf the velocity of the primary near
phase0.1 areprobablydistorteddueto its eclipseby the secondanstar In thefollowing we
will referto thecomponentsf theeclipsingbinaryasAa andAb, andto theoutercompanion
asB.

We usedthe spectrumobsened nearfirst quadraturgwavelengthregion 5160to 5240A
containingthe Mg | b triplet) to derive an estimatefor the projectedrotationalvelocitiesof
bothcomponent$rom the widths of their crosscorrelationpeaks.To thatend,we crosscor
relateda syntheticspectrunof a certaintemperaturélogg = 4.0, Vit sini = 30 km s~1) with
synthetictemplatesof the sametemperatureand surfacegravity with vyetSini rangingfrom
10to 100km s~1, andwith the objectspectrum.The peakof the crosscorrelationfunctions
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HJID- phot. VradB VradAa VradAb
2450000 phase kms?! kmst kmst
142.5101 .09213 33.0+0.1 -
142.5790 .1567 33.2+0.1 —-97+4 -
142.6837 .2548 32.94+0.2 —-108+3 —
1591.3642 .9540 33.5+0.4 - -
1591.3822 .9709 33.7+0.3 - -
1591.4170 .003451 34.2+0.3 - -
1591.4334 .01880 33.74+0.3 - -
1591.4640 .04750 32.4+0.3 - -
1591.4805 .06294 32.8+0.3 - —
1591.4967 .07812 32.+0.3 —-73+4 122+7
1591.5452 .1235 33.2£0.4 —96+3 148+4
1591.5616 .1389 33.3t0.4 —95+2 1414+4
1591.5779 .1541 33.3t0.4 —-100+2 153+5
1591.5993 .1742 33.1+0.5 —-104+2 154+5
1591.6150 .1890 33.5+0.4 —-108+2 150412
1591.6310 .2039 33.44+0.5 —107+3 166+5
1591.6474 .2192 342405 —109+2 170+£8
1591.6682 .2387 33.8:0.5 —113+2 160+7
1591.6840 .2535 33.4+0.5 —-113+3 169+14
1591.7010 .2695 33.4+0.5 —115+2 18045
1617.4072 .3435 31.8+0.4 —-104+2 163+5
1617.4308 .3656 32.+05 —-96+2 153+5
1617.6147 .5378 36.0+1.2 28+5 -
1617.6394 .5609 35.2+0.8 — —
1624.3903 .8832 35.4+0.4 91+3 -—-130+5
1624.4092 .9009 34.6+0.4 85+4 —-132+7
1624.5766 .05765 32.4+0.3 - -
1624.5949 .07484 32.7+0.3 —80+4 121+6
1624.6131 .09188 32.6£0.4 —-90+4 128+5

Table5.3: Radialvelocitiesof thethreestarsin S1082:thecomponentsf theeclipsingbinaryAa and
Ab, andtheoutercompaniorB. Fromleft to right: heliocentricJuliandate(—2 450000)atthemidpoint
of obsenation; photometrigghasecomputedvith theephemeri®f Goranskijetal. (1992);heliocentric
radial velocity for starB; radial velocity of the primary Aa andsecondanAb in the eclipsingbinary
with respectto starB in km s™1. The spectraof phased.5378and 0.5609were taken underbad
observingconditions.
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werefitted with gaussiarprofiles. This wasrepeatedor syntheticspectraof temperatures
5000to 6750K in stepsof 250K. With theresultswe constructedtalibrationcurvesfor each
temperaturdhat give the width of the crosscorrelationpeakasa function of the projected
rotationalvelocity of the synthetictemplate. The widths of the crosscorrelationpeaksfrom
the objectspectrumhengive a roughestimatefor the vio Sini of both stars. For starAa we
obtaina vigtsini of 51 km s~ (5750K) to 58 km s™1 (6750K), for starAb a viosini of 83
km s~ (5500,5750K) to 87 km s~ (6750K).

5.4 Parameter estimationfor the eclipsingbinary

We usedtherecentlywritten EclipsingLight Curve (ELC) codeof Orosz& Hauschildt(2000)
to fit thebasicbinaryobsenablesof S1082,namelythelight curvesin thefour filters, thetwo
velocity curvesandthe obsened projectedrotationalvelocitiesof the two starsAa and Ab.
The blue stragglerB in this caseis modelledas “third light”. The addition of a constant
(in phase)light will reducethe obsenred relative amplitudesof the light curves. The ELC
codeusesmodel atmospherespecificintensities,so the flux from a third star can be self-
consistentlyaddedo severaldifferentbandpasses.e. abluethird light stardilutesthe B-band
light curve of a red binary morethanit dilutesthe I-bandlight curve). We mainly usedthe
specificintensitiesderived from the NEXTGEN models(Hauschildtet al. 1999a;1999b). A
few modelswerealsocomputedisingspecificintensitiesderivedfrom Kurucz(1979)models.
Only the photometriadataof run 1 wereusedfor thelight curvefitting asthey form thelargest
setof homogeneoumeasurements.

We startby estimatingthe componenimasse®f the eclipsingbinary. Unfortunately we
only have radial velocitiesnearone quadraturgohase(poor weatherpreventedus from ob-
servingthe oppositequadrature)sothe velocity amplitudesof thetwo curvesandthe binary
systemicvelocity will not be asconstrainedaswe would like themto be. We fit sinusoids
to eachof the velocity curves, fixing the period at the photometricperiod. For star Aa we
find Kaa = 1208+ 6.4 km 71, Vrejaa = 1.7+ 5.8 km s71, @ aa(Spec} = 0.747+ 0.007,
whereyg| is the systemicvelocity relative to the meanclustervelocity andwhere g (speci
refersto the phaseof maximumvelocity. For starAb we find Kap = 1901+ 125 km s~ 1,
Yrelab = —2.6+12.5 km s 1 (o,ab(Spect = 0.242+ 0.010. The errorson the individual
velocitieswere scaledto yield x5 = 1 for eachcurve, andthe error estimateson the fitted
parametersverederived usingthe scaleduncertaintiesThe phasingof the curvesareconsis-
tentwith expectationswherestarAa hasits maximumvelocity onefourth of anorbital cycle
beforethe deeperphotometriceclipse. Sincesystemicvelocitiesare consistentwith being
zero,we will assumehe binary s a clustermemberandhencehasye; = 0 km s~1. In this
casewe find for starAa Kay = 1191+ 3.1 km s and @o,Aa(spec) = 0.748+ 0.007, and
for star Ab we find Kap = 1901+ 11.6 km s~1 and (o,Ab(spect = 0.24340.010. Taking
the sinusoidfits at facevalue,we canimmediatelycomputethe massratio of the binary. We
find Q = Map/Maa = Kaa/Kap = 0.63+ 0.04. The minimummasse®f the two component
starsarethenMaasin®i = 2.01+ 0.38M,, andMap, sin®i = 1.26+0.27M, (seeTable5.4 for
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parameter value
Ponhot 1.0677971(7)
To 2444643.250(2)
\ 11.251
B-V 0.415
Kaa (kms™) 119.1(3.1)
Kap (kms™1) 190.1(11.6)
Q 0.63(4)
Vaa (kms™1) 0.0[fixed]
vab (kms™) 0.0[fixed]
Maasin®i (Ms) 2.01(38)
Map Sin®i (Ms) 1.26(27)
VrotAaSiNi (kms™1) 56(5)
VrotAb Sini (km s™1) 83(5)

Table5.4: Obsered binary parametersAa and Ab refer to the starsin the eclipsingbinary V and
B —V aretakenfrom Montgomeryetal. (1993).

asummaryof the obsened parametersf the eclipsingbinary).

Thereareatotal of twelve free parametern the model: thefilling factors(by radius)of
thetwo starsfaa, fap, the meantemperaturesf thetwo starsTaa, Tap, the “spin factors”of
thetwo starsQaa, Qap, WhereQ is theratio of the rotationalangularvelocity to the orbital
angularvelocity, theinclinationi, the massratio Q, the orbital separatiora, the temperature
of thethird light starTg, the surfacegravity of thethird light starloggg, andthe third light
scalingfactorSAg. We assumeheorbitis circular, andthatthethird light starB doesnotvary.
Thegravity darkeningexponentof starAa wasfixedat0.25,the standardraluefor a starwith
aradiative ervelope,while the gravity darkeningexponentfor starAb wassetat the standard
cornvectivevalueof 0.08. The ELC codeusesWilson’s (1990)detailedreflectionschemeand
for this problemthe albedoof starAa wastakento be 1 andthe albedoof starAb wastaken
to be0.5. Threeiterationsof thereflectionschemevereneededo achieve corvergence.Both
starsin the binary areassumedo be free of spots. A variationof the “grid search”routine
outlinedin Bevington (1969)wasusedto optimisethe fits. In practicethe fitting procedure
involveda greatdealof interactionwheresomeparametersveretemporarilyfixedat certain
values.Severaltwo-dimensionagridsin parametespacewveredefined(for exampleagrid of
pointsin the faa, fap plane). For eachpoint, we fixed thoseparameterst the valuesdefined
by the grid locationandoptimisedthe otherparametersgreatingcontoursof x2 values.New
parametersetswere optimisedusingthe setof parametergor a nearbypoint that gave the
bestpreviousfit. After the lowestx? valuein a grid wasfound, thena new grid usingother
parametersvascomputedusingthe bestsolutionasa startingpoint. Thefitting took several
weeksof CPUtime onanAlpha XP 1000,andsampleda wide rangeof parametespace We
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Magnitude

Figure5.6: Fit to thelight curvesin theU, B, V andGunni band.Thesmallpanelsshav theresiduals
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Figure5.7: Radial-\elocity curvesof starAa of theeclipsingbinaryin S1082(filled circles)andstar
Ab (filled triangles).Thelinesindicatethe best-fittingvelocity curvesascomputecdby ELC.

arereasonablyonfidentthatour resultsareat or very nearthe globalx? minimum.

We found a relatively large numberof solutionswith similar x? values. Fig. 5.6 shows
atypical fit. Thelight curvesin the 4 bandsarefitted reasonablywell, althoughthereare
still somesystematideviations,especiallynearthe eclipsephases.Theradial velocitiesare
alsofitted reasonablywell (Fig. 5.7), but againthereare somesmall systematiadeviations
(the velocity curvesseemto be systematicallyflatter thanthe sinusoidfits nearphase0.25).
In all solutionsthe binaryis detachedi.e. both starsarewell within their respectre Roche
lobes.We appliedtwo additionalconstraintsn orderto narrav down therangeof parameters.
Thefirst constraintis thatthetotal V magnitudeandB —V colourof the modelshouldmatch
the obsenedV magnitudeof S1082. In this casethe apparenv magnitudeof the modelis
easyto compute.We usedthe syntheticphotometrycomputedrom the NEXTGEN models
to computethe expectedabsolute/ magnitudeof eachstarAa andAb in the eclipsingbinary
fromits temperaturesadius,andsurfacegravity. TheV magnitudeof thebluestraggleB then
follows from thefitted luminosity scaling. The secondconstraintis thatthe implied massof
the blue straggleris roughly consistentwith its placein the colourmagnitudediagram. That
is, the radiusof the blue stragglerB canbe computedfrom the distance theVV magnitude,
andthe temperature Sincethe gravity of the blue stragglerB is specifiedin the models,its

Y tp://cal vin. physast. uga. edu/ pub/ Next Gen/ Col or s/

85



CHAPTER 5

parameter Aa Ab B
f 0.520(10) 0.700(10)

R(R-) 207(7) 2.17(3) ~ 2.5
R/RRroche 0.66(7)  0.86(7)

Q 0.49(5) 0.91(5)

T (K) 6480(25) 5450(40) 7500(50)
log g (cgs) 4.21(2) 4.0(2) 4.25(5)
M (M) 2.70(38) 1.70(27) ~ 1.7
Vv 12.33(11) 13.10(11) 12.24(11)
B-V 0.51(2) 0.82(2) 0.33(2)
ia (deg) 64.0(1.0)

aa (Ro) 7.2(4)

V,B-V total 11.30(11)0.48(2)

Table5.5: FittedbinaryparametersAa andAb referto the starsin theeclipsingbinary B to thethird,
outerstar

masscanthenbe computed. The blue colour of S1082requiresa relatively hot third light
star(~ 7500K), andits surfacegravity mustbenearlogg = 4.25in orderfor the massto be
nearx 1.7M.. Thederivedastrophysicaparameter$or the adoptednodelaresummarised
in Table5.5. Theerrorson the parametersvereestimatedrom the x? valuesgeneratedn the
variousgrid searchesTheseerror estimatesnay be too small, giventhe complicatednature
of themodel. The errorson the massesveretakento be ontheorderof 15%,asjudgedfrom
thequality of thesinusoidfits. Thelight curvesof thethreecomponentareshonnin Fig. 5.8,
anda cartoonof the binaryatthreephasesn Fig. 5.9.

We have assumedhatthe starsarenot spottedandthatthe eclipsingbinary hasa circular
orbit. A violation of eitherone of theseassumptiongould alter the light curvesto produce
the smallsystematideviationsseenin theresiduals Bright or dark spotscould eitheraddor
remove light at certainphasescomplicatingthe analysis. Given the ratherlarge numberof
freeparametersve have now we did notconsideraddingspotsatthistime. If thisbinaryis part
of atriple, thentheorbit couldbeeccentriqseeSect.5.5). A slighteccentricity(e~ 0.05say)
couldcausehe maximato beasymmetriandthe minimato be shiftedslightly in phase Our
currentvelocity curvesdo nothave enoughphasecoverageto placemeaningfulconstrainton
the eccentricity so ary firm conclusionson the eccentricitywill have to await the arrival of
additionaldata.

Fig. 5.10 shows the decompositiorof S1082into its componentsn a colourmagnitude
diagramof M 67. StarAb is locatednearthe 4 Gyr isochronethatprovidesthe bestfit to the
obsened main-sequencesubgiantand giant stars(Pols et al. 1998). Hencethe position of
starAb is consistenwith the expectedvaluebasedn its mass.The positionsof starAa and
the blue stragglerB area bit moreuncertainsinceonecan*“trade off” flux betweenthe two
stars(i.e. the blue stragglerB canbe madebrighterat the expenseof starAa in the binary).
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Figure5.8: Light curvesof thethreecomponentin S1082(dashed-dottetine indicatesthe primary
Aain theeclipsingbinary).

We notethatthe star Ab is alwayslocated(within the errors)on the 4 Gyr isochrone.The
errorbarsshovn ontheV magnitudegeflectthe uncertaintiegor our adoptedmodelwhich
producesanoverallV magnitudeof all threestarscloseto the obseredvalue. In ary event,
thehotterstarAa is subluminousy atleast2 magin V (comparewith thetrackfor a2.2 M.,
star). The positionof the blue straggleties to thered of the extensionof the main-sequence
asdefinedby the 1 Myr isochrone.

In orderto obtainobsered timesof primary minimum we usethe modellight curve as
a templateto fit the datanearthe primary minima obsened duringrun 1 andrun 2. Seven
additionaltimesof minimum areobtainedfrom fitting the datain Table 3 of Goranskijet al.
andfrom the datapoints of Simoda(1991) (seefirst columnof Table5.6). A straightline
is fitted to the obsened timesof minimumto find a new periodand Ty (seeTable5.4). The
periodthusderivedis compatiblewith the periodlisted by Goranskijetal. (Eq.5.1). We use
thenew ephemerigo computeobsernedminuscomputed O—C)timesof primaryeclipseand
thecorrespondingycle numbewith respecto Ty (secondandthird columnof Table5.6,and
Fig. 5.11). The peak-to-pealamplitudeAO—-C is ~ 39 minutes. If thesevariationsarereal
andcausedy the motion of the eclipsingbinary arounda third bodyit would correspondo
aminimum semi-majoraxisin the outer(0) orbit of the binary (b) agpSinipc = 1/2¢c A O-C
= 2.3 AU. Assumingthatthe blue stragglerB) hasa masscompatiblewith its positionin the
colourmagnitudediagram(aboutl.7 M) this corresponds$o a minimum valueof the semi-
major axis of the total Systemag Sinip = 8o Sinip (1+Ma/Mg) =~ 8.4 AU; combinedwith
thetotal massof the systemof 6.1 M., andKeplersthird law this givesa minimum periodof
10 years. This is not compatiblewith the periodof ~ 3 yearsfound by Milone (1991). We
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Figure 5.9: Cartoonof the configurationat threeorbital phaseof the inner binary accordingto the
modellistedin Table5.5. Notethatthe Roche-lobe®f the two starsAa andAb slightly overlapdueto

thefactthatneitherstarcorotateswith the orbit.
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Figure5.10: Colourmagnitudediagramof M 67 thatshavs the decompositiorof S1082into a blue

straggler(B) andstarsAa andAb in the eclipsingbinary (A); a dashedine connectgheir positions.
Theobseredlocationof S1082is indicatedwith abox; theheightof the squareequalghedepthof the

primary eclipse. The dottedlines are evolutionarytracksfor 1.6,1.8,2.0and2.2 M, starscorrected
for the distancemodulusandreddeningof M 67 (Z = 0.02, Polsetal. 1998). The 4 Gyr-isochrone
is includedto indicatethe expectedpositionsof clustermembersthe 1 Myr isochrones includedto

give an estimatefor the locationof the ZAMS (Polsetal. 1998). B andV magnitudesf M 67 stars
arefrom Montgomeryet al. (1993). Only starswith a propermotion membershigprobability > 80%
(Girardetal. 1989)areplotted.
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HJD -2440000 O-C cycle source
3191.036 —0.010 —1360 Simoda(1991}
4643.250 0.000 0 Goranskijetal. (1992)
5325.586 0.013 639 idem
6773.492 —0.013 1995 idem
7861.605 0.014 3014 idem
7920.333 0.014 3069 idem
7944.869 —0.010 3092 iden?
11218.744 —0.001 6158 runl
11539.078 —0.006 6458 run2

aSimodaobsered two consecutie primary eclipses.Thesedatawerecombinedto measurenetime
of minimum.

bBasedon ameasuremertf asecondangclipsewhich we convertto a primary eclipseby addinghalf
a period. We notethatif the orbit of the eclipsingbinary is eccentric,the two eclipsesneednot be
separatedby half a period.

Table5.6: Timesof primaryminimum. Fromleft to right: obseredtime of minimum; O—Cdifference
(in days)betweerthe obsened andcomputedime of eclipse;cycle numberof the eclipsewith respect
to the Ty of Table5.4. Theerrorsin the obsered timesof minimum andthe O—C valuesare0.005
days.

concludethatnot all thevariationin O—Cis dueto light-travel time in the outerorbit. There
is no evidencefor periodicityin the O—Ctimes,althoughthetime baselinds someavhatshort
andthe coverages somavhatspotty

5.5 Discussion

Our new obsenationsof S1082confirmthe eclipseseportedoy Goranskijetal. (1992),the
smallradial-\velocity variationsof the narrawv linesin the spectrum(Mathieuetal. 1986)and
thetime-variationof a broad-linedcomponenseenin high-resolutiorspectralvan denBery
etal. 1999[Chapter2], Shetrone& SandquisR000).In addition,we now have foundthatthe
radial-welocity shifts of the broad-linedcomponeniand of a third componenin the spectra
vary on the photometricperiod. This clearly demonstratethat the narrav-lined stat which
is a blue straggleron its own, is not part of the eclipsingbinary — this solvesthe seeming
contradictionin the propertiesof this system.The broadvariablecomponenof the Ha line
discussedby vandenBerg etal. (1999)[Chapter?] is the Stark-broadeneHa line of the hot
componeniAa of theinnerbinary. The ultraviolet flux measuredby Landsmaretal. (1998),
higherthan expectedfor a starat the B—V colour of S1082,is only partly explainedasa
consequencef the bluercolour, i.e. highertemperaturef thethird stat

Comparisorwith Figs.2 and3 of Dempsg etal. (1993)shaws thatthe X-ray luminosity

90



THE BLUE STRAGGLER S1082: A TRIPLE SYSTEM IN M 67

0.02
T
I

0—C (day)
—0.01 0
e e e
I

—-0.02

. . . . I . . . . I . . . .
2500 5000 7500 10*

HJD—-2440000

Figure5.11: O-Ctimesof theprimaryeclipsein daysversusheliocentricJuliandate(—2 440000)of
themeasurement.

of S1082 (Belloni et al. 1998)is typical for a subgiantin an RSCVn system. The X-ray
emissioncould thereforebe causedoy magneticactuity in the rapidly rotatingsubgiantAb.
Thus,our modelcanexplain the X-raysof S1082.

Our solutionto the photometryis symmetric(seeFig. 5.8) anddoesnot explain theasym-
metry betweernphase®.25and0.75; nor the variability in the form of the secondaryeclipse
betweerour first two obsenationsruns. This indicatesthatvariablespotsarepresentandac-
cordinglythatthe best-fitparametersf the systemaresubjectto someadditionaluncertainty
However, we do not think our mainconclusionsareaffected.

We think thatthe eclipsingbinaryformsaboundtriple with thethird star, for two reasons.
First, theradial-welocity measurementsf thethird starB —thenarrov-lined systemn S1082
—indicatethatit isin a~ 1000day orbit arounda companion.The systemicvelocitiesof both
the 1000day andthe 1.07day binariesare compatiblewith the radial velocity of the cluster
A chancealignmentof two suchbright clustermemberss unlikely. Secondjf we relaxthe
constrainthatthebinaryis at the clusterdistancean solvingthe photometrywe find thatthe
bestsolutionstendto be an Algol binary at highermass(z, 4M.) andlarger distance(about
twice theclusterdistance) A high-masdinaryat suchalarge distancerom the galacticdisc
is unlikely.

Assumingthenthatthe binary forms a hierarchicattriple with thethird star in M 67, we
notethatthe 1-o lowerboundto themassof thebinaryis ataboutthreetimestheturnoff mass
of the cluster The formationof the binary mustthushave involved at leastthreestars. The
third staris ablue straggleronits own accountandthusaccordingto mostcurrentmodelsits
formationinvolvestwo stars.We have to concludethatthe formationof S1082requiredthe
interactionof no lessthanfive stars!
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This interactionmay have startedwith a binary-binaryencounterin which two starscol-
lided directly and merged; one of the remainingtwo starsendedin a closeorbit aroundthe
memger, thefourth starin awide orbit aroundtheinnerbinary. Thefourth starmustbe a blue
straggley which eitherwasalreadypresentin the original encounteior waslater exchanged
into the system.Thattriplesareformedeasilyby binary-binaryencountersandthatthey live
long enoughto undego subsequengéxchangeencountersvith a binary, is shovn for exam-
ple by the computationsof Aarseth& Mardling (2001). It is lessobvious that meigersare
commonin suchencountersas mostbinary-binaryencountersare betweenrelatively wide
systems.Merger productstendto be subluminougSills et al. 2001),in accordancevith the
propertiesof the moremassve starAa in the innerbinary. The main problemwith this sce-
nariofor theformationof the S1082systemis thata megerproductis only subluminoudor
avery limited period; comparabléo its thermaltime scale. This reduceghe availabletime
within which the outer star of the first encounteiis exchangedwith a binary or blue strag-
glerin asubsequentncounterandindicatesthatthe blue stragglemwaspresenin theinitial
binary-binaryencounter Alternatively, an initial encountetbetweentwo triple systemscan
have led immediatelyto the currentlyobsened configuration.In any case the probability of
catchingthe meigerproductwhile it is stronglysubluminouss disconcertinglysmall.

Aarseth& Mardling (2001) note that the inclination of the outerorbit in a hierarchical
triple with respecto the innerorbit caninducea large eccentricityin the inner orbit; subse-
guently tidal forcesin theinnerorbit causat to shrink. Thus,theinnerorbit maybeeccentric,
andsmallerthanin the past.Our solutionfor theinnerbinaryimpliesthatthe cool starhasa
radiuswhich s a sizeabldractionof the binaryseparatiorRap /aa ~ 0.3. Accordingto Eq. 2
of Verbunt& Phinng (1995)thecircularisatiortime scaleof theinnerbinaryA is ~ 10° year;
the eccentricityof A andasynchronicityof Ab thuswill be determinedy the competingef-
fectsof theperturbatiorby the outerstarB andthetidal forcesin theinnerbinary Only if the
latteraresubstantiallyreducedwith respecto the Zahn(1977)formulation— assuggestedy
e.g.Goodman& Oh(1997)- do we expectmeasurableccentricityandasynchronicity

Whereasour new obsenationshave allowed us to resole the apparentontradictionsn
the earlierdataandto determinethe systemparameterswe concludethat theseparameters
— in particularthoseof the primary Aa of the inner binary— arehardto understandn terms
of standardstellarandbinary evolution, evenwhenstellarencounterandmergersaretaken
into account.This situationis remarkablysimilar to thatin the study of two othermembers
of M 67, locatedbelow the subgiantbranchin the colourmagnitudediagram,both of which
turn out to be binaries(Mathieu et al., in preparation)Chapter6]; andindeedto our lack
of understandingf the blue-stragglepopulationin the cluster Many of thesestarsmay be
meigers,which raisesthe questionwhetherthe objectthatresultswhentwo starsmeige may
follow anevolutionarytrackwhichis very differentfrom thatof anordinarystarof the same
massandwhetherthey cando sofor a periodof time which significantlyexceedghethermal
time scale.

Furtherstudiesof the remarkableriple systemS1082 shouldprovide a bettersampled
radial-welocity curve, necessaryo determinewhetherthe inner binary is eccentric,andto
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measurets systemiocvelocity moreaccuratelyto establiskclustermembershipBetterquality
light curvesmayalsoseneto improvetheaccurag of theinnerorbit, e.g.if theinnerorbitis
eccentricthe separatiorof the eclipsess differentof 0.5. A long-termsamplingof the light
curveswill berequiredto improve theinterpretatiorof the O—Cin thetimings of the primary
eclipse.
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Sub-subgiants the old openclusterM 67?
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RobertD. Mathieu,MaureernvandenBerg, GuillermoTorres,
David Latham,FrankVerlbunt & KeivanG. Stassun
to be submitted to The Astronomical Journal

Abstract — We presenthe orbits of two spectroscopibinariesin M 67 — S1113andS1063—- whose
positionsin the colourmagnitudediagramplacethembelov the subgiantoranch.S1113is adouble-
lined systemwith acircularorbit having aperiodof 2.823094-0.000014days.S1063is asingle-lined
binary with a period of 18.396+0.005 daysand an orbital eccentricityof 0.206:0.014. A ROSAT
studyof M 67 independentlyliscoveredthesestarsto be X-ray sourcesThe membershipn thecluster
of thesebinariesis as secureas can be achiesed at present. Both have propermotion membership
probabilitiesgreateithan97%; centre-of-masselocitiesarepreciselyconsistentvith theclustermean
radial velocity S1063is alsoprojectedwithin onecoreradiusof the clustercentre. We discussthe
possibleorigin andevolutionarystateof thesebinarieswhich remainasyet unknavn.
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6.1 Introduction

The openclusterM 67 is one of the mostcomprehensiely studiedof all starclusters,and
haslong beenthe prototypefor old (4-6 Gyr) openclustersin the Galaxy Indeed,oneof the
first photo-electriccolourmagnitudediagramswasderivedfor M 67 by Johnson& Sandage
(1955). Sincethattime the precisionof stellarphotometryhassteadilyimproved,andwith it
hasthe definition of the M 67 giantbranch(Janes& Smith 1984, Montgomeryetal. 1993).
Indeedtheremarkablaenarrovnessof theM 67 giantbranchhassenedasapreciseouchstone
againstwhich innumerablesingle-starevolution modelshave beentested(e.g.,Dinescuet al.
1995).

However, even after applicationof strict propermotion membershigcriteria, the colour
magnitudediagramof M 67 remainditteredwith starghatdonotfall onasingle-staisochrone
(Fig. 6.1). Someof theseseeminganomaliescanbe accountedor. For example,onelumi-
nousstarto the blue of the giantbranchis a spectroscopibinary whosecompositdight can
be explainedby a giant—-main-sequenggairing; anotheris a giant—whitedwarf pair with a
complicatedhistory (Mathieuetal. 1990, Vertunt & Phinng/ 1995,Landsmaretal. 1997).
Many of the starsimmediatelyabove the turnoff andsubgiantorancharespectroscopibina-
riesandconsequentlpverluminous.And the parallelsequencef starsto theredof the main
sequencareassuredibinariesaswell (Montgomeryetal. 1993).

However, thereremainstarsthat are not so easily explained. Most famousare the blue
stragglersfirst notedin M 67 by Johnsor& SandageTheorigin of bluestragglersn anopen
clusterervironmentis still notsecurelyunderstoododay(Bailyn 1995). Similarly, theyellow
giantS1072,lying 1.2 magnitudesbove the main-sequencturnoff, hasdefiedexplanation.
A kinematicmemberin all threedimensionsandlying in projectionin the clustercore, its
resolutionas a non-memberemainspossiblebut not satisfying(Mathieu & Latham1986,
Nissenetal. 1987). In this paperwe considertwo morestars— S1063andS1113—who by
every indicationare clustermembersyet whoselocationin the M 67 colourmagnitudedia-
gramis dramaticallyinconsistentvith single-stamevolutionarytheory Specifically asshovn
in Fig. 6.1,thesestarslie below the subgiantoranch,andassuchwe call themsub-subgiants.

Ourattentionhascorvergedonthesestarsfrom two directions.We have undervay amulti-
decadesurwey of the spectroscopibinary populationin M 67 (Mathieuetal. 1990,Latham
etal. in preparation) Both S1063andS1113werefoundto be spectroscopibinaries,with
S1113in particularbeing notablefor the rapid rotation of its primary star Belloni et al.
(1998) have undertalen a comprehensie study of stellar X-ray sourcesn M 67 basedon
ROSAT obsenations(Bellonietal. 1998).S1063andS1113wereindependentlyliscovered
to be X-ray sourcesof whichthereareonly 25 known amongclustermembersBoth binaries
arealsophotometricvariables(vandenBerg et al. 2001) [Chapter3], which areinfrequent
in a clusterof this age(Stassuret al. 2001, in preparation]Chapter4]. In this paperwe
presenta comprehensie discussiorof the orbital, spectroscopicandphotometricproperties
of S1063andS1113. Reayrettably like the blue stragglersand S1072, their interpretation
remainsapuzzle.
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Figure6.1: Colourmagnitudediagramof M 67 basedbn thephotometryof Montgomeryetal. (1993)
andincluding only starswith propermotion membershigreaterthan80% (Girard etal. 1989). The
suggestedub-subgiants S1063andS1113—-arehighlighted.We alsoshav thedecompositiorof the
light of S1113into the primary(p) andsecondarys)whichappliesif thesecondarys amain-sequence
star(seealsoSect.6.4).
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6.2 Thesars

The starsS1063andS1113hadattractedsomeattentionprior to our radial-\elocity and X-
ray studies.Both starsareincludedin the highly precisepropermotionstudyof Girardetal.
(1989),in which S1063is givena kinematicmembershigrobability of 97% andS1113of
98%. Beinga bit lessthanonecoreradiusfrom the clustercentre,S1063hasbeenincluded
in mostphotometricstudiesof M 67; S1113is locatedat threecoreradii, andthusonly has
beenobsenedin the wider field photometricsureys. Racine(1971)notedthat S1063was
photometricallyunusualin thatit lies roughly a magnitudein V below the subgiantbranch.
S1113hasvery similar photometricpropertiesas S1063, but seemgo have escapedotice
until mentionedby Kaluzry & Radczynsk#1991).In Fig. 6.1we shaw the colourmagnitude
diagramof M 67 derived from the photometryof Montgomeryet al. (1993); S1063 and
S1113aremarkedby filled boxes.

Both starshave beenfound to be photometricvariables. Racine(1971) noteda large
range(0.18 mag)in photometricobsenationsof S1063,andits variability wassubsequently
confirmedby otherobseners(Rajamoharetal. 1988,Kaluzrny & Radczynskd 991).S1113
hasa variablestardesignation- AG Cnc—andKaluzry & Radczynskg1991)foundS1113
to be photometricallyvariableat the 0.05maglevel. Basedon their variability (but not light
curves)andtheir locationin the colourmagnitudediagram,Kaluzrny & Radczynskg1991)
suggestethatbothstarsarehighly evolvedW UMa binarieswith extremelysmallmasgatios
andconsequentlgmallphotometricamplitudes.

Both S1063andS1113wereincludedin alargesurwy for spectroscopibinariesamong
M 67 propermotion clustermembersbegunin the mid-19805 (last summarisedn Latham
etal. 1992). S1063was quickly found to be a single-linedspectroscopidinary, with no
evidentdistinctionotherwise.S1113wasimmediatelyrecognisedsanunusuadouble-lined
spectroscopibinaryin thatthe primary starwasarapidrotatot

IndependentlyROSAT PSPCobsenationsof M 67 identifiedthesetwo starsasamong25
clustermembergletectedo have X-ray emission(Belloni etal. 1993,1998). As membersf
this selectgroup,S1063and S1113receved optical spectroscopiattentionby Pasquini&
Belloni (1998)andvandenBerg etal. (1999)[Chapter2]. Both starsshov strongemission
coresin theCall H andK lines,indicative of chromosphericallyactive stars.Both starsalso
shov Ha emission. In S1063the Ha line is asymmetric,shoving emissionwhich is blue-
shiftedwith respecto anabsorptiorfeature. The absorptiorine agreeswith the velocity of
the primary, perhapssuggestinghatit canbe attributedto the primary starandthat the Ha
emissionoriginateselsavherein the system.Alternatively, the Ha line profile is very similar
to thatseenfrom HK Lac by Catalana& Frasca1994),who attribute the emissionto alarge
flarelasting6 days.In S1113theHa emissions broadandclearly centredon the velocity of
the primary star with anequivalentwidth of 15A.
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6.3 Observationsand data analyses

6.3.1 Speedometry and orbital solutions

High-precisionradial-\elocity obsenationsof S1063werebegunin 1987,and 28 obsena-
tionswereobtainedthrough1989. 18 radial-\elocity obsenationswereobtainedfor S1113
between1989and 1998. All obsenationswere obtainedwith the Centerfor Astrophysics
(CfA) Digital Speedometerd.atham1992). Two nearlyidenticalinstrumentsvere usedon
theMultiple Mirror Telescopandthe1.5-mTillinghastReflectoratopMt. Hopkins,Arizona.
Echellespectrographeereusedwith intensifiedphoton-countindgReticondetectorgo record
about45 A of spectrumin a single ordernear5187A with a resolutionof 8.3km s~* and
signal-to-noiseatiosrangingfrom 8 to 15 perresolutionelement.

The 28 radial velocitiesfor S1063weremeasuredisingthe one-dimensionatorrelation
packagervsao (Kurtz & Mink 1998)runninginsidethe IRAF ervironment. The template
spectrumwasdravn from a new grid of syntheticspectraMorse & Kurucz,in preparation)
calculatedusingKuruczscodeATLAS9. We correlatecbur obsenedspectraagainstinarray
of solarmetallicity templatesspanningeffective temperaturesurfacegravity, and projected
rotationvelocity. Thetemplategiving the highestpeakcorrelation(averagedverall obsena-
tions)hadlogg = 3.5, Ter = 5000K, andvsini = 6 km s 1. Theradialvelocitiesderivedwith
this templatearepresentedn Table6.1. Extensve experiencemeasuringadial velocitiesof
similar starswith the CfA speedometersuggestsa typical single-measuremeirror of 0.7
kms L.

A single-linedorbital solutionwith period P = 18.396 daysis easilyderived from these
data;theelementsaregivenin Table6.2 andthe orbit curvesaresuperimposedn the datain
Fig. 6.2. The centre-of-masselocity of y = 34.3+ 0.2 km s~1 is consistentith the cluster
meanradialvelocity of 33.5km s~! andobseredvelocity dispersiorof 0.5km s~1 (Mathieu
1983),sothestaris akinematicclustermembeliin all threedimensionsOtherwisetheorbital
elementsarenotnotable.

The analyseof the S1113spectraweredoneusingthe TODCOR machineryof Zucker
& Mazeh(1994),asimplementecat CfA. A two-dimensionahrrayof templatesn effective
temperatureand projectedrotationvelocity, againderived from Kuruczspectrawerecorre-
latedwith all of the S1113spectra.The effective temperatureandrotationvelocitiesof the
templatesnere selectecbasedon maximisingthe correlationpeakheight, averagedover all
availablespectra.We find projectedrotationalvelocitiesvsini of 53 km s~ for the primary
and12km s~ for thesecondaryrespectiely, with a 1-o uncertaintyof 2 km s~! oneach.Van
denBerg etal. (1999)[Chapter2] previously measuredsini for bothstars finding 45+6 km
s~1 for the primaryand12+1 km s~ for the secondary The derived effective temperatures
are4800K and5450K for the primaryandsecondaryrespectrely, with a 1-o uncertaintyof
150K. Finally, we derive aluminosityratio at 5187A of 0.352+0.016(secondary/primary).

The primary and secondaryadial velocitiesderived with thesetemplateparametersre
givenin Table6.3. A double-linedorbital solutionis easily obtainedfrom thesedata;the
elementsaregivenin Table6.4 andthe orbit curvesaresuperimposedn thedatain Fig. 6.3.
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Figure 6.2: The single-linedorbit curve of S1063shavn with the phasedradial-\elocity measure-
ments.The dashedine shawvs the centre-of-masselocity of thebinary

Again,thecentre-of-masselocity of y= 33.4+0.4 km s~ is consistentvith theclustermean
radial velocity. The orbital eccentricityof e = 0.022+ 0.010leavesopenthe possibility that
theorbit maynotbecircular, but atpresenthatconclusions notstatisticallysecure. Thuswe
alsopresentn Table6.4acircularorbit solutionwith eccentricitye= 0, theelement®f which
wewill usefor theremaindeof this paper Themasgatio of thesystemis q= 0.703+0.012.

6.3.2 Photometry and variability

VandenBemg etal. (2001)[Chapter3] have photometricallymonitoredboth stars,with 1-m
telescopest ESO(La Silla), Kitt PeakandLa Palma,in orderto look for light variationsthat
may provide insightinto the natureof the systemsWe heresummariseheir mainresults.

While S1063is definitively variable,as yet no period hasbeenidentifiedin our data.
Thevariability is clearly of along-termnature.If it is periodic,the 18-daysESOlight curve
establisheshatthe periodis longerthanthe pseudo-synchronoyseriod of 14.64days(Hut
1981).Furthermorethe ESOandKitt Peakdatado not phaseup ontheorbital periodof 18.4
days.Indeed.,it is notevidentthattheKitt PeakandESOdatacanbe phasedogetheron ary
period,astheKitt Peakdatashow asteepeslopein their photometriovariation.However, this
couldarguablybetheresultof achangen thesourceof thevariability duringtheyearbetween
the Kitt Peakand ESO obsenations(e.g.,a differentstarspotmorphology). Alternatively,
the variability may simply not be periodic. Longerintervals of continuousobsenation are
required.

S1063becomedluerasit brightens. This effectis smallin the B—V colour, andmost
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HJD Vrad (kms™1)
2446899.6818 21.94
7158.0132 26.21
7198.7906 44.67
7216.7438 42.04
7226.7088 17.03
7489.8904 29.52
7493.8852 46.04
7513.9289 52.67
7515.8531 53.39
7516.8802 50.36
7519.8331 21.04
7522.9810 14.87
7524.0551 17.48
7526.0601 26.21
7543.8490 23.10
7544.8949 27.58
7545.8256 33.04
7547.9579 43.67
7549.9533 52.55
7552.8487 52.40
7555.8172 31.66
7574.7462 27.03
7579.7805 19.95
7601.6697 35.60
7608.6951 52.30
7609.6639 46.29
7610.6930 36.26
7845.0409 51.18

Table6.1: Radial-\elocity measurement®r S1063.
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P (days) 18.396+ 0.005
y(kms™1 34.30+ 0.20
K (kms™) 20.0+ 0.3
e 0.206+ 0.014
w (deg) 95+5
T (244 + days) 7482.19+ 0.22
ay sini (AU) 0.0330+ 0.0006
f(m) (My) 0.01434+ 0.0007
Numberof obsenations 28
o(kms?1) 0.99

Table6.2: Orbital elementfor S1063.

HJD Viadp (KM S™)  Viags (kms™)
2447579.7541 —23.72 114.14
47610.8114 —24.26 117.76
47635.6961 —-4.62 87.84
47903.0130 92.82 —48.87
48320.7433 93.49 —48.93
48338.7448 -18.47 103.52
48345.7097 74.53 —-22.31
48644.8675 64.94 -5.16
49021.9789 —-11.59 105.53
49057.7946 83.51 —38.66
49058.6665 -9.15 103.29
49348.0117 83.93 -36.01
49354.9585 -5.61 86.68
49465.7519 -16.13 103.53
49699.9173 —26.20 112.09
50799.0251 73.97 —28.94
50821.8463 92.94 —-53.73
50821.8681 94.91 —-53.55

Table6.3: Radial-\elocity measurement®r S1113.
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2.823094+ 0.000014 2.823105+ 0.000015

P (days)

y(kms1) 33.4+ 0.4
Ky (kms™1) 60.6+ 0.9
Ko (kms™1) 86.2+ 0.6
e 0
w (deg) -
Tmax (244 + days) 8916.368+ 0.4
To (244 + days) -
a; sini (AU) 0.0157+ 0.0003
axsini (AU) 0.0223+ 0.0003
My sin®i (Ms) 0.544+ 0.012
Masin®i (Mg) 0.382+ 0.012
q 0.703+ 0.012
Numberof obsenations 18
o1 (kms™1) 3.15
o, (kms™1) 2.10

33.8+ 0.4
60.6+ 0.8
86.2+ 0.6
0.022+ 0.010
333+ 16
8916.15+ 0.13
0.01574+ 0.0003
0.0223+ 0.0003
0.544+ 0.012
0.382+ 0.012
0.703+ 0.012

18
2.94
2.05

Table6.4: Orbital elementfor S1113. Theprimaryis indicatedwith ’1’, the secondaryvith '2’.

V. B-V L/L, Ter(K) R/Rs
Composite 13.77 1.01
Primary 1407 1.08 251 4760 2.32
Secondary 15.30 0.83 0.70 5475 0.93
0.94M, 0.66 5475 0.90

Table6.5: Decomvolved photometryfor S1113.For comparisorwith the parametersf thesecondary
star theparametergor a0.94M,, stararealsolisted.
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Figure 6.3: The double-linedorbit curve of S1113shavn with the phasedadial-\elocity measure-
mentsfor the primary (filled circle) and secondary(opencircle) stars. The dashedine shaws the
centre-of-masselocity of thebinary

evidentin coloursincludingtheU andl bandpassesThesecolour variationsare more sug-
gestve of relatively small temperaturevariationson the primary stellar surface or variable
extinction thana contribution from eithera hot boundarylayeror a cool circumbinarydisc.

A periodicitycomparabléo the orbital periodwasquickly evidentin the S1113data.We
show in Fig. 6.4theV light curvesderived from the 18-dayESOobsenationsandphasedo
theradial-\elocity orbit solution,whichis alsoshavn in Fig. 6.4 Themorphologyof thelight
curve is sinusoidalwith a high degreeof symmetry Maximum brightnessoccursat orbital
phase0.5, whenthe starsare aligned perpendiculato our line of sightandthe primary is
approachingAs with S1063,the systembecomebluerasit brightens.

A time-serieanalysionall of thephotometriaataindicatesapossibleperiodof 2.822dt
0.001days. This periodis very similar to the orbital period of 2.823094e-0.000014days,
indicatinga closeassociationThereis someindicationthatthelight curve shapeas notstable.
As evidentin Fig. 3.5 of vandenBerg et al. (2001)[Chapter3], threesetsof photometric
obsenationsobtainedat intervalsof 4-6 weeksand2 yearsdo notrepeato within theformal
photometricerrors,suggestie that the sourceof the photometricnmodulationhasundegone
smallchange®nthesetime scales.

6.4 Propertiesof thestars

S1063 The mostnotablepropertyof the orbit of S1063may be its ordinariness.If S1063
fell on the mainsequencer the subgiantbranch,its orbit would merit no further attention.
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Figure6.4: Light curwve (top) andprimary andsecondanprbit curves (bottom)for S1113phasecbn
theorbital periodof 2.823094days. Thelight curve shavsV datatakenin Januaryl998(opencircles),
Februaryand March 1998 (filled triangles)and February2000 (opentriangles),taken from van den
Berg etal. (2001)[Chapter3]. Note thatmaximumlight amplitudeoccurswhenthe primary staris
moving towardus (in projection).

For example,the eccentricityof e = 0.206 is quite typical for main-sequencand subgiant
binariesin M 67 with periods~ 20 days(Mathieu,Latham& Griffin 1990).

Evidentlythe primarystardominateghelight at5187A. As notedabove, the CfA spectra
indicatean effective temperaturef T = 5000K anda gravity of logg = 3.5. New analyses
of the higher S/N spectraof vandenBerg et al. (1999)[Chapter2] yield similar measures.
Comparisorof the Vanadiuml 6251.83A/Fel 6252.57A line ratio with the spectraknalyses
of Gray (Gray 1989,Gray & Johansori991)yield a Tef of 5150K for a dwarf and4900K
for a giant. Alternatively, in Fig. 6.5 we usethe spectraldiagnosticls asdefinedby Malyuto
& Schmidt-Kaler(1997)to derive a spectrakype of G8—KO0. Sucha spectraklassificationn-
dicateseffective temperaturesimilar to thespectraline results(Schmidt-Kalerl982,Bessell
& Brett1988,Besselletal. 1998).

Detailedanalyseof the optical spectraobtainedby vandenBerg etal. (1999)[Chapter
2] indicatethat the primary of S1063is neithera giant nor a dwarf. We have taken two
approacheso determiningthe surfacegravity. First, we have comparedhe gravity sensitve
Mg b lines with Kurucz spectra. In Fig. 6.6 we showv the spectrumof S1063 and Kurucz
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spectraat Te = 5000K overarangeof logg. BasedontheMg b triplet line shapesS1063is
clearlyneitheragiant(logg = 2.5—3.0) noradwarf (logg = 4.5 —5.0). Spectrafitting (with
Ter afree parameterfesultsin Teg = 5000K, logg = 3.5, andvsini = 8 km s~1, confirming
theresultsobtainedfrom thelower-S/N CfA spectra.n Fig. 6.5we comparehe valuesof Ig
andl, for S1063with thoseof starsof all luminosity classes.Again, for starsof similar I
S1063falls betweerthe dwarfsandgiants.

Givenseverallines of evidencethatthe gravity of S1063is intermediatdbetweerdwarfs
andgiants,we interpolatebetweencalibrationsfor dwarfs and giantsandadoptan effective
temperaturef Teg = 5000K. We usethe compositdight photometryof Montgomeryet al.
(1993), their reddeningof E(B — V) = 0.05, and distancemodulusof 9.6. A bolometric
correctionof 0.4 magwasobtainedfrom the main-sequencealibrationsof Bessell& Brett
(1988)andBessellet al. (1998). With theseparametersve deducea luminosity of 3.0L.,
andaradiusfor the primary starof 2.3 R.,. For ary reasonablgair of stellarmassessucha
starfits comfortablywithin its Rocheradiusat periastrorseparation.

Theorbit placesanabsolutdower limit onthe primaryandsecondarynasse®f 0.06M...
If the primary is takento have the turnoff massl.3 M, (Yale 5 Gyr isochrone;Demarque,
private communication)thenthe orbit placesa lower limit on the secondarymassof 0.33
M. Thislower limit changedy lessthan0.1 M, for primary massedetween).5 M., and
2 M. The non-detectiorof the secondaryin our spectrarequiresthat the secondarystar
haveV > 16, roughlytwo magnitudegainterthanthe primary (heretakenasequwvalentto the
compositdight). If thesecondarys a main-sequencstat thenbasecdn this magnituddimit
theYaleisochronegive anupperlimit onthe massof the secondaryf 0.83M., (Demarque,
privatecommunication).

Moregenerallyfor primarymassedetweer0.5M and2 M., andfor masgatiosbetween
0.1 and 1, the massfunction implies an orbital inclination angle of 20-45. For aligned
rotationaland orbital axes, the true equatorialrotation velocity could be aslarge as 20 km
s~1, andfor aprimaryradiusof 2.3 R., therotationalperiodcouldbe asshortas6 days.Such
rapid rotationperiodswould be consistentvith the obsered X-ray emissionchromospheric
actiity, andpossibleflares. Perhapsnostplausibly the pseudo-synchronoustationperiod
of 14.64days(Hut 1981)is permitted,requiringan inclination angleof i = 47° (and,for a
primary massof 1.3 M., a secondarynassof 0.5M.). However, we remindthe readerthat
the photometricdatashow no evidenceof periodicity at this or shorterrotationperiods.

Finally, we do not know thatthe secondarys a main-sequencstar;we know only thatit
isfaintatV. If it wereinsteadawhite dwarf the expectedmasswould still beof order0.6—-0.7
M. (Wood 1992, Richeret al. 1998)andthe conclusionsabove regardingthe primary star
would changdittle. How thesecondargouldbecomeawhite dwarf withoutcircularisingthe
orbit duringits post—-main-sequen@wolution would needto be explained.

S1113 Thespectroscopidetectionof the secondarnpermitssubstantiallynoreinforma-
tion to be derivedfor this binary Giventhatthe primary staris evidently not on the cluster
main sequencewe begin analysisof the systemwith the presumptiorthatthe primaryis an
evolvedclustermembeyandinitially assumehatthe primary massis the sameasthe cluster
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Figure 6.5: Spectralclassificationof S1063 accordingto the classificationcriteria of Malyuto &
Schmidt-Kaler(1997). Left: Is, basedon featuresbetweend215A and 4360A and5125A and
52904, is anindex for spectraltype andplacesS1063(solid line) betweentype G8 andKO0. Right:
l, basedon featuresbetweend120A and4280A is anindex for luminosity classandplacesS1063
betweerdwarfsandgiants.

turnoff mass- 1.3M., . Thenwe immediatelyderive anorbital inclinationangleof 48° anda
semi-majoraxisof 11.0R.. Themassfor the secondaryhenis 0.91 M, for whichthe Yale
isochronegive an effective temperatur®f 5350K. Thisis closeto the effective temperature
for the secondarpf 5450K derivedfrom the TODCORanalysig(Sect.6.3.1).

If we assumehat the rotationalaxes of both starsare alignedwith the orbital angular
momentumvectorandthattherotationsof bothstarsaresynchronisedthenwe canderive the
radii of the starsfrom the projectedrotationvelocities. We find the primary and secondary
radiito be 3.9 R, and0.9 R, respectrely. The secondaryadiusis againconsistentvith a
0.91M. main-sequencstart while the primaryradiusis indicative of anevolvedstar

The Rocheradii are4.5 R, and3.8 R, for the primary andsecondaryrespectiely. Ev-
idently the secondanyies well within its Rocheradius. The primary however fills a large
fractionof theRochevolume,andtheequipotentiaburfacewhosevolumeequalghatof a3.9
R sphereextends74% of the way to the L; point. Using the Wilson-Devinney formalism
we have investigatedhe expectedmagnitudeof photometricvariationsdueto the ellipsoidal
shapeof the primary Adopting the parametersbove, a temperatureof 4800K for the pri-
mary stat a limb darkeningcoeficient (linearlaw) of 0.6 for eachstar a gravity brightening
coeficient of 0.32, and a reflectioncoeficient of 0.5, we find the peak-to-pealellipsoidal
variationsto be 0.06 magin V. The syntheticlight curve is presentedn Fig. 6.7 andshavs
the expectedwo peaksperorbital cycle.

Suchdouble-peakdvariationsarein markedcontrasto thesingle-peakdsinusoidalight
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Figure6.6: Comparisorof S1063spectrunwith syntheticspectraof effective temperatur@es = 5000
K, vsini = 8 km s1, anddiffering surfacegravities (Kurucz1979). The spectraarenormalisedo the
continuumflux and shifted vertically in stepsof 0.75flux units. S1063is bestfit by the synthetic
spectrumwith logg = 3.5.

curve foundby vandenBerg etal. (2001)(seeFig. 6.4). It is possiblethatthesesmall ellip-
soidalvariationshave goneundetectedn contrastto the larger photometricvariationsof the
system.We have modelledthe binary asdescribecabove with the additionof a cool spotin
the upperhemispheref the primary andlocated90° from the major axis. (Specificallythe
spotpropertiesare: latitude 40°, longitude270C, radius27°, temperatureé).82 of the stellar
surfacetemperature.)The resultantlight curve — including both spotandellipsoidal photo-
metric variations- is alsoshown in Fig. 6.7. Evidently the ellipsoidal variationsare lost to
inspectionin this syntheticlight curve, which in factlooksvery similar to the obsenedlight
curve of S1113. It is not clearwhetherthe ellipsoidal variationsshouldhave beendetected
in our Fourieranalyse®f thetime-serieglata;certainlythereis noindicationin the obsena-
tions of power at half the orbital period. We also notethat this resolutionof the absenceof
ellipsoidalvariationrequiresaratherspecific(andasyet unmotivated)positioningof thespot.
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An independentinalysisof the primary and secondarystarscan be donefrom the ob-
sened photometryandthe measureduminosity differenceof AV = 1.23 mag. Specifically
we candecowolve the compositegphotometryto obtainmagnitudesndcoloursfor eachstat
Adopting againthe photometryof Montgomeryet al. (1993),the primary andsecondary
magnitudesreimmediate.To obtaincolourswe presumehatthe secondaryies ontheclus-
ter main sequencea positionthatis uniquely definedby the secondaryy magnitude.With
this assumptionye find the magnitudesndcoloursfor the primaryandsecondartarspre-
sentedn Table6.5. Theseresultsfor the primary andsecondanareplottedin Fig. 6.1. The
secondantarlies onthe M 67 mainsequencéy constructionwhile the primary lies some-
what further below the subgiantbranchandslightly to the red of S1063. Adopting againa
reddeningpf E(B —V) = 0.05 magandusingagainthe main-sequencealibrationsof Bessell
& Brett (1988)andBessellet al. (1998),we alsogive in Table 6.5 effective temperatures,
luminositiesandradii for the starsbasedn the derived photometry

Thederivedpropertief thesecondargtarareindicative of astarof mass0.94M, based
on the Yale isochrones While slightly highermassthanthe 0.91 M, estimatederived from
assumingheclusterturnoff masdor theprimary, thetwo linesof agumentiveaverysimilar
pictureof the secondarystar

Given its unusuallocationin the colourmagnitudediagram,the derived propertiesof
the primary star are not subjectto comparisorwith single-starstellarevolutionary models.
Nonethelesghepropertieof theprimarygivenin Table6.5from analysisof thesystemlight
arein contradictiorto themodelof theprimarydevelopedabove from geometricahrguments.
In particular the photometricradiusof 2.3 R, is substantiallysmallerthanthe geometricra-
diusof 3.9R;, derivedfrom theadoptednassof 1.3M., andsynchronousotation.Putsimply,
the obsenedflux is too smallfor suchalarge,early-K star

We have explored numerouspathsout of this quandary With respectto the geometric
argumenttheadoptionof a primarymassof 1.3 M., wasplausiblebut arbitrary The primary
masscouldbe assmallas0.54 M, givenaninclinationangleof 90°. However, evenat this
limit the radiusof a synchronisegrimary starwould only be reducedto 2.9 R.. Equally
problematic the secondarymasswould thenbe only 0.38 M, begging the questionof how
suchalow-massstarcould be detectablegainsthe luminousprimary.

Alternatively, the vsini of a synchronouslyotating2.3 R., starhasanupperlimit of 41
km s~ for aninclinationof 90°. This resultis consistentvith 45+6 km s~1 of vandenBerg
etal. (1999)[Chapter2] far outsidethe uncertaintyin the CfA measuremeruf 53+2 km s,

The assumptiorof synchronismmight alsobe givenup, with the primary takento rotate
supersynchronously This is unexpectedon physicalgroundsgiven that the orbit hasap-
parentlybeencircularised(Hut 1981). More problematicis the fact that the systemshaws
periodicphotometricvariationsidenticalto the orbital period. If thesearenotdueto a bright-
nessvariationon the surfaceof a synchronouslyotating primary star an alternatve origin
mustbe found. For suchmodulationgo derive from the secondarythe secondaryight must
vary by 50%. Variationsin secondaryight this large arenot seenin the CfA spectra.A spot
origin resultingfrom an accretionstreamis anintriguing possibility, but the origin of such
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Figure6.7: Synthetidight curvesfor S1113,phasedgainsthebinaryorbit solution. Theuppercurve
shavs expectedight variationdueto the expectecellipsoidalshapeof the primary, givensynchronous
rotation. The lower curve shaws the samelight curve combinedwith the photometricvariationdueto
aspotatlongitude270’. Theresultinglight curweis very similarto thatseerfor S1113(Fig. 6.4),and
theellipsoidalvariationsareno longerevident.

a streamis not evident given that the primary doesnot fill its Rochelobe nor is thereary
obsenationalevidencefor sucha stream.

On the photometricside of the algument,the primary needsto be ~ 3 timesmorelumi-
nousat constanttemperaturdo bring the geometricand photometricradii into agreement.
Broadbandohotometricmeasurementsf S1113areseveralandcorroboratve. The colours
andderived effective temperaturdor the primary are very similar to the effective tempera-
turesderived from our several analysesof high-resolutionspectra,indicating both that the
effective temperaturesire reasonableind that the primary is not heaily reddened.While
the photometricanalysediave beendonein the context of main-sequencealibrationsuseof
giantcalibrationstendsto slightly increasethe effective temperaturendlower both the de-
rivedluminosityandstellarradius.Finally, it seemaunlikely — but asyet unconstrained- that
the bolometriccorrectionis in error by ~ 1 mag. The contradictionbetweenthe geometric
andphotometriaderivationsof the primaryradiuscanalsoberesohedby abandoningluster
membershiplf S1113is locatedl.7 timesfurtherthanthe cluster the photometricradiusis
immediatelybroughtinto agreementvith the geometricradius.

In summary the inconsisteng betweenthe geometricand photometricradii derived for
the primaryremainsunresohed. However, bothamuethatthe primary staris largerthanary
main-sequencmemberof the cluster
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6.5 Discussion

6.5.1 Membership

Any discussiorof seeminglyanomalousstarsin clustersis prematureuntil the clustermem-
bershipsof the starsin questionareestablishedln the absencef a geometricallymeasured
distancetheM 67 membershipsf S1063andS1113areassecureascanbedemandedAs
noted,Girard et al. (1989)find the propermotion membershigorobability of S1063to be
98%. FurthermoreS 1063lies within onecoreradiusof the clustercentrein projection. The
membershistatusof S1113is essentialljthe same gxceptthatits positionin projectionout-
sidethe clustercoremakesthe agumentfor membershigslightly lesssecure However, even
weightingby clusterpositionGirard et al. (1989)give it a membershigrobability of 94%,
reflectingthefactthatS1113lies within the half-masgsadiusof the cluster(Mathieu1983).

Even so, in a sampleof 300 high-probability(>90%) propermotion clustermembersa
smallfractionwill in factbefield stars.Giventhe high-precisiornof the Girard et al. (1989)
propermotionsand the consequengexcellent separatiorof clustermembersandfield stars
(246 of the 300 starshave membershigorobabilitiesgreaterthan 95%), this fraction is of
order5% or ~ 15 stars.Presuminghatradialvelocitiesandpropermotionsareuncorrelated,
and recognisingthat the radial-\velocity dispersionof fields starsis several tensof km s4,
only a few percentof suchfield starinterlopersin the propermotion samplewill alsohave
radial velocitieswithin 1 km s~1 of the clusterradial velocity. Finding two suchfield stars
becomesnlikely.

The agumentfor S1063and S1113asfield starshecomesstill moreimprobablegiven
thatthey arebothRS CVn stars(vandenBerg etal. 2001)[Chapter3]. Duquenny & Mayor
(1991)find the frequeng of G-dwarf main-sequencbinarieswith periodslessthan20 days
to beof order5%. Thesebinarieswill turninto RSCVnsoncetheirmoremassve component
startsto evolve ontothe (sub)giantbranch;the binary turnsinto an Algol oncethe starfills
its Rochelobe. Thusan upperlimit to the fraction of RSCVns s given by the ratio of the
subgiantlifetime to main-sequencéfetime, i.e. lessthan10%. Togetherthesearguments
roughly predictthat lessthan 1 in 200 field starsis an RSCVn. Presumingthat beingan
RSCVn is independenbf stellar kinematics,the probability that two of the few field stars
which arekinematicallyidenticalto the clusterwould by chancealsobe RSCVn would seem
to bevery small.

We mustbewary of a posteriorireasoninghere,sinceS1063andS1113werenoticedin
partbecausef their X-ray emission.However, evenif we grantthatS1063andS1113area
biasedsamplejt is nonethelesthecasethattheirinterpretatiorasfield starsmpliesthatthere
shouldbe severalhundredotherfield starsamongthe three-dimensiondtinematicmembers.
Presumablyhesestarsshouldnot have the photometricpropertiesof clustersingle starsand
fall moreor lessrandomlyin the M 67 colourmagnitudediagram. Examinationof Fig. 6.1
shavsthis notto bethecase.

In summarythat S1063and S1113arefield RSCVns with three-dimensionainotions
identicalto M 67 seemsreryimprobable.
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Ragrettably suchargumentscan never be definitive, and so it is worth consideringthe
natureof S1063andS1113in the contet thatthey arenot clustermembersWe have argued
above thatthe primary starof S1063hasa surfacegravity intermediatebetweengiantsand
dwarfs. We have alsoarguedthatthe primary starof S1113,if synchronouslyotating,hasa
radiusof order3—4R.,. Both of theseargumentsareindependenof clustermembershipand
indicatethatthe primary starsareneitherbackground giantsnor nearby(350pc) K dwarfs.
Rathey bothstarswould presentlybe backgrounchearsolarmassstarsevolving up the giant
branch.

6.5.2 Origins
S1063

The origin of S1063is a challengingproblemsimply becauseneitherthe binary orbit nor
the stellarcomponentareremarkable Eventhe X-ray emissionandchromospheri@ctuity,
while notablein a clusterof thisage areunderstandablie the context of tidally inducedrapid
rotationof the primary star(vandenBerg etal. 2001)[Chapter3]. Indeed,the mostnotable
featureof the systemis thelack of periodicphotometricvariability associateavith suchrapid
rotation, and the presenceof longer term photometricvariation. Given a radiusof 2.3 R,
(Sect.6.4),the primary starof S1063doesnot approackHilling its Rochelobe at periastron,
andso the sub-subgiantocationcannotbe dueto the Rochelimit seton the primary radius
by the presenceof a secondary Furthermore the eccentricorbit doesnot suggest larger
primary in the pastor prior masstransfer Consequentlyve have explored mechanismbuy
which enegy input to a lowermassmain-sequencstarmight inflate the starto the present
positionof S1063.

Giventhe presentlyeccentricorbit, tidal circularisationprocessemustbe dissipatingen-
ergy in the primary star Using the formalismof Zahn (1977),the rate of enegy deposition
(definedastheratio of theenegy differencebetweerthe currentorbit andacircularorbit and
the circularisatiortime) in the primary staris presentlyvery small,of order10~° L. Thisis
notadequatdo explain the obseredexcesduminosity.

Alternatively, the presenfprimary may be superluminoubecausef recentdepositionof
kinetic enegy via amemgerof two stars.Herewe consideitwo typesof meigers:coalescence
andcollision. In thecoalescencecenariothe S1063systemwasoriginally atriple systemin
which the presensecondaryvasthetertiary star If we assumehatthe orbital periodthatwe
obsenrenow wasequalto theperiodof theoriginaltertiarystar we canusestability aguments
to placean upperlimit on the period of the original inner binary statr Using the coplanar
formulationof Mardling & Aarseth(1998)for the stability of a triple systemandadoptinga
massratio of g = 0.5 (outerstarto innerbinary), we find thatan original inner binarywould
have hadanorbital periodof lessthan2.22 days. Sucha periodis physicallypermitted,and
sothatS1063wasformerly atriple systemis possible.Coalescenceia multiple mechanisms
is plausibleon time scalesof a few Gyr (Stegpienh 1995),andindeedthe old (6 Gyr) cluster
NGC 188hasmary contactbinaries(Baliunas& Guinan1985,Rucinski1998).
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A collision scenariohasbeensuggesteds a possiblemechanisnfor the formation of
somebluestragglersn M 67 by Leonard& Linnell (1992).1n thelow densityervironmentof
anopencluster collisionsof singlestarsareimprobable.However, binary-binaryencounters
have substantiallyhigherprobabilities,andin the courseof suchencountershe probability of
astellarcollisionis not negligible. In this scenariothe presentS 1063would consistof three
of the starsinvolvedin the binary-binaryencountertwo having meigedinto the primaryand
athird beingthe presensecondary

A predictionof eitherof thesemeigerscenarioss thattheresultingstarwill rotaterapidly.
In thecoalescencecenariaapidrotationis expectedasaresultof synchronousotationprior
to the meger With respectto the collision scenario the simulationsof Sills et al. (2001)
show thata collision productis bornwith a high rotationrate. We aguedin Sect. 6.4 that
for alignedrotationandorbital axes,the true equatoriakotationvelocity could be aslarge as
20 km s~1, andfor a primary radiusof 2.3 R, the rotationalperiod could be asshortas6
days. However sucha rotationperiodis still long comparedo thoseexpectedfrom megers
or collisions. In the collision scenario,of course,the primary rotation axis andthe orbital
axis neednot be aligned,particularly sincetidal circularisationhasnot cometo completion.
As such,the surfacerotation velocity of the primary could be significantly higher A high
inclinationanglecouldalsopossiblyexplainthelack of periodicphotometriomodulation.As
anaside memgerscenariohave long beensuggestedor the M 67 blue stragglersyhich also
do notshow evidencefor notablyhigh rotationvelocities.

Mostproblematictheseampulsive originsmustfacethechallengehat—evenif themeger
productwould briefly have the propertiesof the S1063primary star— thethermaltime scale
of the primaryis very shortcomparedo the clusterlifetime. If, for the sale of example,we
adopta massof 0.75 M, the presenthermaltime scaleEpq/L is only 3.4 Myr. A memger
productwould beexpectedo readjusto its nev masson suchtime scalesgevolving into either
abluestragglerfor amemgerof main-sequencstarsor an FK Comaegiantif oneof theparent
starswas evolved. Given suchshorttime scales,neitherof thesemerger mechanismsan
plausiblyoccurfrequentlyenoughto be a plausiblemechanisnior theformationof S1063

S1113

Theshortorbital periodof 2.8 dayssuggestshatthesub-subgianstatusof S1113mightresult
from Rochelimitation of the primaryasit evolvesoff the mainsequenceandthatthe system
is presentlya semi-detachetinary However, if the primary rotationis both synchronised,
as suggestedy the photometricperiodicity, and alignedwith the orbit this cannotbe the
case.With theseassumptionsthe measuredsini providesdirectly R; sini while the orbital
solutionprovidesasini. ThusR;/a= 0.361independentf inclinationangle. Similarly, for
agive massratio R/L; is alsoindependenof inclinationangle. Thus,theratioR; /L1 = 0.74
derivedin Sectiord for the specificcaseof M1 = 1.3 M., is in factgeneral.

A slight (8°) misalignmentof the primary rotation axis and orbital axis would allow a
Roche-filling primary. However, the distortedshapeof sucha primary would leadto larger
amplitudeellipsoidal photometricvariability, which is not seenin our light curves. Follow-
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ing theformalismin Section6.4, we have exploredthe ellipsoidalvariationsresultingfrom a
Roche-fillingprimary The peak-to-pealamplitudeincreaseso 0.12mag;thesedargervaria-
tionsaredifficult to maskwith concurrenphotometricvariationsfrom a spot.

Thusevery indicationis thatthe primary starof S1113doesnotfill its Rochelobe,noris
thereary obsenationalindicationof massflow in the system.

6.6 Summary

The starsS1063and S1113in the M 67 field have attractedattentionfor their locationin

theclustercolourmagnitudediagramroughly 1 magnitudebelow the clustersubgiantoranch
(Fig. 6.1),for whichwe have calledthemsub-subgiantsComprehensie photometriqoptical
and X-ray), spectroscopicand astrometricstudy have shavn themto be early-K RSCVn-

like systemsawith obsenedthree-dimensionahotionsthe sameasthatof the clusterto high
measuremergrecision.

Specifically S1063is a single-linedspectroscopibinarywith a periodof 18.4daysand
aneccentrioorbit (e= 0.2). Spectroscopisurfacegravity measuremenisdicatethatthe pri-
maryis neitheradwarf noragiant,consistentvith its locationin theclustercolourmagnitude
diagramwhich impliesaradiusof 2.3R;. ThestrongX-ray emissionsuggestsapid rotation
of the primary; althoughthe measuredsini is only 6 km s~1. Pseudosynchronoustationat
aperiodof 14.6daysis permittedby all obsenationsto date.Oddly thereis no indicationof
short-periogphotometricvariability associateavith suchrapidrotation. Also unexplainedis
long-termphotometricvariationthatis clearly not periodicon time scalesof shorterthan18
days.

S1113is adouble-linedspectroscopibinarywith a circularorbit having a periodof 2.8
days. The massratio of the systemis 0.7. The compositelight is variablewith a period
identicalto or very nearthe orbital period. Synchronousotationof the primaryandthelarge
measuredsini of 53 km s~1 shavs the primaryto fill 74% of its Rochelobe, with a lower
limit on the primary radiusof 2.9 R.,. If the primary staris taken to be an evolved cluster
memberwith a massof 1.3 M, thenthe secondarystaris consistenwith a 0.9 M main-
sequencelustermember However, theobsenedfluxesandcoloursindicatea primaryradius
of 2.3R., underthe assumptiorof clustermembershipThis discrepang betweergeometric
andphotometriaddetermination®f the primaryradiushave notbeenresolhed. Both arguethat
theprimaryis anevolvedstat

We have beenunableto develop a successfuimodelfor the origin andevolution of either
S1063or S1113within the context of clustermembershipWhile disappointingthis failure
is notunique—decade®f work have notsecurelyresolhedthestatusof bluestragglersn open
clusters.More uncomfortablas thelack of certaintyregardingthe membershimpf thesebina-
riesin M 67. Theiranomalougropertiescanbe quickly resohed simply by assigninghem
to thebackgroundield population,despitethe unusuallystrongstatisticalargumentsndicat-
ing clustermembership.In so doing, however, we run the risk of missinga new alternatve
evolutionarypathin stellarastrophysics.
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Theissueof membershiganonly be securelyresohedwith parallaxmeasurementsit
the distanceof M 67 thesearea challenge put we notethateven 10% relatve measurement
precisionwould be sufficient to distinguishwhetherthe difficultiesin the primary radiusof
S1113canberesohed by a backgroundocation. Higher precisionparallaxmeasurements
will bewithin the scopeof plannedspacemissions.

Until then,S1063andS1113merit moredetailedstudyin searchof morecluesto their
nature.In particularwe encouragénfraredstudiesto searchfor extendedmaterialthatwould
beindicative of previousinteractionsn thesesystems.
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An optical studyof X-ray sourcesn
theold openclustersNGC752and
NGC6940

MaureenvandenBerg & FrankVerkbunt
Astronomy & Astrophysics 2001, 375, 387

Abstract — We obsenred the optical counterpart®f X-ray sourcesn the old openclustersNGC752
andNGC6940to searchor the origin of the X-rays. The photometricvariability reportedearlierfor
the blue stragglerH 209is not confirmedby our light curves,nor is anindicationfor variability seen
in the spectraithusits X-rays remainunexplained. The X-rays of VR 111 andVR 114 arelikely not
aresultof magneticactivity asthesestarslack strongCall H&K emissionwhile in VR 108thelevel
of actwity couldbe enhancedThe short-periodbinary H 313is a photometricvariable;this supports
theinterpretatiorthatit is a magneticallyactive binary Fromthe detectionof theLi | 6707.8A line,
we classifythe giantin VR 84 asa first-ascengiant; this leavesits circular orbit unexplained. As a
side-resultwe reportthe detectionof Li | 6707.8A in the spectrumof the giantH 3 andthe absence
of this line in the spectrumof the giantH 11; this classifiesH 3 asa first-ascengiantandH 11 asa
core-helium-brning clumpstar andconfirmsthefaint extensionof thered-giantclumpin NGC752.
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7.1 Intr oduction

X-ray obsenationsof openclustersolderthanl Gyr ledto thedetectionof mary magnetically
active binaries(e.g. Belloni 1997). This is not unexpected: at thesehigh agessingle late-
type starsare believed to rotatetoo slowly to emit detectablexX-rays, andtidal interaction
in a closebinary is thereforenecessaryo maintainrotationat a higherratethanis typical

for starsof that age. However, our interestis mainly in the starswhoseX-rays are not as
easilyexplained: binarieswith orbital periodstoo long for tidal interaction,andstarswhose
evolutionary statusesare poorly understood.SuchpeculiarX-ray sourcesvere pointedout

in M 67 (Belloni etal. 1998)andwereselectedy usfor anopticalfollow-up study(vanden
Berg etal. 1999)[Chapter2]. Thisrevealedinterestingresults(e.g.the blue stragglerS1082
turnedoutto beacomple triple systemyandenBerg etal. 2001a[Chapter5]) butin several

caseghe X-raysremainunexplained.Thefailureto explain the origin andpropertiesof these
starsdemonstratethat our understandingf the X-rays and stellarinteractionsin old open
clustersis still limited. We have obsered similar peculiar X-ray sourcesin two otherold

clusters NGC752 andNGC6940,to look for for optical signaturedor the X-ray emission
andto comparetheir propertieswith thoseof the onesfoundin M 67. The propertiesof the

X-ray sourcesn thetwo clustersaresummarisedn Table7.1.

NGC752is a nearby(~ 450 pc, Daniel et al. 1994) openclusterwith an estimatedage
of 2 Gyr (Dinescuet al. 1995). Seven X-ray sourceswere identified with optical cluster
membergBelloni & Verkunt 1996; not countingthe probabledetectionof the short-period
binary DSANnd). Our studyis focusedon the blue stragglerH 209, the only X-ray source
in NGC752 thatis not locatedalong the clusters main sequencdseeFig. 7.1). H209 s
a spectroscopidinary with a long orbital period (Lathamet al. private communication).
Magneticactvity in the early-typestaris not expected put alsothe orbital periodis too long
to generateamagneticactvity in a possiblelate-typesecondary Low-amplitude(0.05 mag)
photometricvariability wasnotedby Hrivnak (1977). Threeof the remainingX-ray sources
(H 205,H 313andthecontactbinaryH 235)arebinarieswith orbital periodslessthan2 days;
hencetheir X-raysarelik ely a resultof magneticactivity. The samecould be the casefor the
rapidrotatorH 214 (Danieletal. 1994). Theradial-\elocity measurementsf H 182by Daniel
etal. (1994)shawv no indicationof binarity while no measuremeni@aremadeof H 156.

NGC6940is somavhatyoungerthanNGC752. It is consideredo beanold cluster(Janes
& Phelps1994)with age-estimatesangingfrom 0.6 Gyr (Carraro& Chiosi1994)to 1.1 Gyr
(vandenBergh & McClure 1980). Four X-ray sourcesvereidentifiedwith clustermembers
(Belloni & Tagliaferri 1997, Fig. 7.2). VR 111 is a spectroscopidinary with a 3595 day
eccentrioorbit, too wide for tidal interaction(Verkbunt & Phinneg 1995).For VR 108thelimit
on theradial-welocity variationsexcludesorbital periodsshorterthan4000days(Mermilliod
& Mayor 1989). VR 114 is not a propermotion member(Sandersl972) and thereforenot
includedin photometricandradial-\elocity studies.However, Belloni & Tagliaferriderived
thatit is locatedat a similar distanceasthe cluster(~ 900 pc, Larsson-Leandet964)and
suggestedhat the star could somehav be relatedto the cluster We are mainly interested
in thesethreestars. The othersourcesVR 100 and VR 84, are spectroscopibinarieswith
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Figure7.1: Colourmagnitudediagramof NGC752shaving thememberstarsaccordingo Danielet
al. (1994). X-ray sourcesareindicatedwith squarespur comparisorstarswith diamonds.The empty
squareis atthe positionof H 156thatis classifiedasa possiblememberby Danieletal.

circularorbitsshorterthan100days,indicative for tidal interaction.VR 100is adouble-lined
spectroscopibinarywhichexplainsits positionin thecolourmagnitudediagrambetweerthe
turnoff starsandthe giants.

We have obtainedow- andhigh-resolutiorspectrato look for optical signatureof X-ray
actwity. In particularwe studiedthe Call H&K linesthatareopticalindicatorsof magnetic
actiity, andwe determinecprojectedrotationalvelocities.For the X-ray sourcesn NGC752
we also obtainedmulti-colour light curves. Sect.7.2 describesour obsenationsand data-
analysis.Theresultsarepresentedn Sect.7.3andarediscussedn thelastsection.

7.2 Observationsand data reduction

7.2.1 Spectroscopy

Low- andhigh-resolutionspectravere obtainedwith the 4.2-mWilliam HerschelTelescope
on La Palmaon the nights of July 29 and 30 1999. Weatherconditionswere goodwith a
typical seeingof 1”. An overview of the spectroscopiobsenationsis givenin Table7.2.

120



AN OPTICAL STUDY OF X-RAY SOURCES IN NGC 752 AND NGC 6940

ISIS UES-b UES-r
ID n UT tap UT  tep UT  teg
X-RAY SOURCES
H156 2 2:43 360
H182 2 251 120
H 209 1 3:34 20 459 720 4:07 360
4:19 360
5:15 720
5:30 600
5:43 300
2 2:58 20 409 720 354 720
4:47 900
5:05 900
5:44 600
H214 2 2:54 30 5:23 600
VR 84 2 0:36  90/40 23:30 600 21:41 750
23:43 600
VR100 1 2:39  30/15 23:20 750 21:11 900
2:43  60/30
VR108 2 0:33 90 22:54 600 21:14 600
23:12 600 21:27 600
VR111 1 252 180/ 0:19 900 22:02 1200
120 0:37 900
VR114 1 2:56  180/90 0:55 900 22:26 1200
2 0:28  180/90 23:57 900
COMPARISON STARS
H3 1 337 3020 457 500 4:28 600
H11 2 256 20/10 4:26 360 3:44 360
VR 92 1 2:48 120 23:44 1000 21:46 1500
0:06 1200
VR152 2 0:39  90/30 21:58 600 22:41 750
0:40 ~/30 22:28 600
FLUX STANDARD
BD+2842111 3:21 30
2 1:01 30
1:03 30/-
RADIAL-VELOCITY STANDARDS
HD 18769F 1 127 20 212 40
2 20:51 80 20:57 80
HD 212943 1 1:41 20 157 40
2 0:00 20 329 20

3F8V, PKOIII-IV (AstronomicalAlmanac)

Table7.2: Log of the spectroscopiobsenations. Fromleft to right: starnumber;dateof obseration:
n(ight) 1=July 29, 2=July 30 1999; UT at startof the exposureand exposuretime te in seconddor
ISIS (whereappropriatetep is listed separatelyfor the blue/redarm), andthe blue andred setupof

UES.
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Figure 7.2: Colourmagnitudediagramof NGC6940 shaving the starswith propermotion mem-
bershipprobability larger than 70% (filled circles; Sandersl972). No propermotion informationis

availablefor thefainterstars,indicatedwith opentriangles.X-ray sourcesareindicatedwith squares,
our comparisonstarswith diamonds. The empty squareis at the position of VR 114 thatis not a

propermotion memberaccordingio Sanderg1972).

Low-resolutionspectra

Low-resolution(R =~ 1000) spectrawere obtainedwith the double-beanspectrographSIS

usedin combinationwith the 5700-dichroic. The blue armwascentredon 4504 A. The 300
linesmm~! gratinggivesa dispersiorof ~ 0.86A pixel~! which resultsin awavelengthcov-

erageof 2743-6260A. The atmospherdlocksflux below 3200A. Theredarmwascentred
on7191A andwasusedwith the158linesmm™1 grating. Thedispersiorof ~ 2.90A pixel~1

resultsin ared spectrunof 5778-8726A. Programstarswereobseredwith a 4” slit width;

theslit waswidenedto 8” for the obsenationsof theflux standard3D+284211.

IRAF routineswere usedto reducethe data. First a bias correctionwas appliedto the
frames. The dichroic leaves a signaturein the blue spectrabetweer4d000 and 4600A that
consistsof wiggleswith an amplitudeof up to 6% of the countlevel. This is not entirely
removedby dividing the bias-correctedramesthrougha normalisedlatfield image.Instead,
theeffectwasreducedy extractinga spectrunfrom anunflatfieldedmageandnext dividing
it by aflatfield spectrumextractedfrom the sameregion onthe CCD asthe objectspectrum.
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Wavelengthcalibrationwas donewith CuNe-lampspectra. A dispersionsolution was
derived by fitting second(blue) andfirst (red) order cubic splinesto the position of the arc
lineson the CCD. Countswerecornvertedto absoluteflux usingspectreof BD+284211and
the flux table by Massg et al. (1988)andthe atmospheriaxtinction curve for La Palma
(King 1985).

High-r esolutionspectra

The UtrechtEchelleSpectrograpflUES)wasusedin a blue (centralwavelength4253A) and
red (centralwavelength6565A) setupto obtainhigh-resolution(R ~ 49000) spectra.The
spectrograplwas combinedwith the 31 linesmm ™ gratingand SITe1 CCD, resultingin a
total wavelengthcoverageof 3620to 9930A. Exposuresf a Tungsterlampsenedasflatfield
images;Thorium-Argonlamp spectraveretakenfor the purposeof wavelengthcalibration.

Theimageswereprocessedavith the IRAF packagesCDRED andECHELLE. They were
correctedor abiassignalandflatfieldedbeforespectravereextractedfor eachechelle-order
Sixth-ordempolynomialswerefittedin bothdirectionsof the CCDto thepositionsof the ThAr-
lines. Themaximumresidualgo thefit are~ 0.01 A (or0.6kmst atSOOOA). Polynomials
werefitted to the spectraor continuumnormalisation.The orderscontainingthe Call H&K
linesof agivenstarwerecalibratedn unitsof absolutelux with thecalibratedow-resolution
spectreof the samestar

7.2.2 Photometry

The X-ray sourcesn NGC752weremonitoredin theU, B, V andl bandsduringthe seven

nights of December20 to 26 1999 with the 1-m Jacolus Kapteyn Telescopeon La Palma.
Thetypical seeingvariedbetweenl.6” and3”. Thetelescopes equippedwith a2148x2148
pixel? SITe2 CCD which hasan unvignettedfield of view of ~ 10x10arcmir?. The field

aroundthe blue stragglerH 209 wasobseredintensvely with 4 to 5 exposureerfilter per
hour Roughly every two UBVI-sequenceshe pointing was changedbetweena field that
in additionincludeseitherthe X-ray sourceH 156 or H 182. The frameswere exposedfor

typically 80sin U, 25sin B and15sin V andl. Two fieldsincludingH 205,H214,H 235

andH 313 wereobsened only onceor twice per night with typical exposuretimesof 180s

(U), 120s(B), 60s (V,1) for H313and80s (U), 15s(B), 10s(V, 1) for theothersourcesThe

locationsof thefieldsthatwereobsenedareshowvn in Fig. 7.3.

Bias removal andflatfielding were donein IRAF. Aperturephotometryfor all the stars
in the fields wasdonewith the DAOPHOT.PHOT task. The methodof ensemblgphotometry
(Honeycutt 1992)wasusedto computedifferentiallight curves.
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Figure 7.3: Map of a 35 x 35 arcmir? region of NGC752 centredon 032001"58M1153, 832000=
37°39 34.0". Thefieldsthatweremonitoredareindicated,X-ray sourcesareencircled. The coordi-
natesof the starsin thefield aretakenfrom the USNO-A1.Ocatalogue.

7.3 Results

7.3.1 Photometric variability

The light curvesin eachfilter weretestedfor variability with a x2-test. A starwaslabelled
asaprobablevariableif the probabilitythatits light curve is compatiblewith beingconstant
is smallerthan0.3%. Two starswerethusfoundto be variable: H 313 and,asexpectedthe
contactbinary H235. We computedLomb-Scagle periodogramgScagle 1982)to search
for periodicity in the light curvesof H 313, that containonly ~ 10 points. A periodogram
was computedat 1000 frequenciesbetweena minimum period and maximum period that
correspondo twice the samplingperiod (3 hours)andthe length of the obserationrun (7
days). We chosethe highestpeakin the periodogranmasa first estimatefor the periodof the
variability. A false-alarmprobability (fap) for the period detectionwas computed(van den
Berg etal. 2001b[Chapter3]) to estimatethe chancedetectionof the periodicity. We accept
periodswith afap lessthan1% assignificant,but the candidateperiodsall hadhigherfaps.
However, whenthe datapoints are folded on the binary period of 1.95 days, photometric
variability on that periodlooks suggestie (Fig. 7.4). As an accuratephotometricperiod of
0.4118daysis known for H 235(Milone etal. 1995),we did notsearctfor aperiodin its light
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Figure7.4: Light andcolourcurvesof H 313foldedontheorbital periodof 1.95days. Themagnitudes
areplottedwith respecto the averageV -magnitudeandcolours.

curvesof only ~ 10 points.
Thelight curvesof our maintargetH 209 areconstanwithin <0.01mag.

7.3.2 Spectralclassification

With the classificationcriteria of Malyuto & Schmidt-Kaler(1997)for F- to K- type stars,
spectraltypeswere assignedo H 156 and H 182, for which no classificationswvere found
in literature. The methodis basedon featuresin the wavelengthregion 3640to 5305A that
definetheclassificatiorindicesl, I2, 13 andls. We computedhevaluesfor thesaendiceswith
thelow-resolutionspectraA spectraklassof G9-K0V is derivedfor H 156 andof F5-F7for
H 182; the valuesof the classificationndicesof H 182 areinsensitve to luminosity classin
thatspecificregion, but its positionin the colourmagnitudediagramshows it to be a dwarf.
The comparisorgiantH 11 is classifiedasa G-type giant (luminosity classlll or brighter).
For the otherstarswe find spectraltypesthatarein agreementvith earlierclassificationgo
within two subclasseéseeTable7.1). The spectratypesof H209andH 214 aretoo earlyto
be classifiedwith thecriteriaof Malyuto & Schmidt-Kaler

125



CHAPTER 7

With the low-resolutionspectrumof VR 114 we derive its spectroscopidistance. The
luminosity classificationis refinedusingthe calibrationof the equivalentwidth of the Call
infraredlinesat8498.02and8542.09A againstuminosityclassby Mallik (1994). Theequv-
alentwidth of 4.8 A (determinedrom the high-resolutiorspectrumbetweerntherangesused
by Mallik) indicatesthatVR 114is probablyof luminosityclassll or lll. B—V (1.24+0.14)
andU — B (1.08+0.14,no measuremerfoundin literature)coloursarecomputedoy folding
the spectrumcalibratedin absolute-fluxunitswith U, B andV filter transmissiorcurves. Er-
rorsareestimatedrom comparisorof the magnitudeshusderivedfor the flux standardvith
takulatedvalues. The reddeninganddistancecannow be derived from comparisorwith the
coloursandabsolutemagnitudeof standardyiant(classlil) andbright giant(classll) stars.
If VR 114is agiant,thenE(B—V) = 0.3 (for type KO) andthedistance~ 810pc, similarto
the valuefound by Belloni & Tagliaferri; if VR 114 is a bright giant,thenE(B—V) ~ 0.16
(for type KO) andthe distance~ 4 kpc. As thereddeningn the directionof NGC6940was
foundto vary betweer0.2 and0.3 (Larsson-Leandel964),the classificatiorof VR 114 asa
classlll giantseemso bemoreplausible.We thusconfirmthatVR 114lies ataboutthesame
distanceasNGC6940.

7.3.3 Call H&K emission

Emissioncoresin the centreof the broadCall H&K absorptionlines are often usedasop-
tical indicatorsfor magneticactiity in late-typestars(e.g. Ferrandez-Figueroatal. 1994).
Thereforestrongemissionin thesdineswould beanindicationthatthe X-raysareof coronal
origin. The high-resolutiorspectreof our late-typetargetandcomparisorstarsin the region
aroundthe 3933.67A Call K line areshavn in Fig. 7.5. Emissionabove the level of the
absorptionprofile is seenin all X-ray sourcesbut the emissionis of similar strengthasin
thenon—X-raysourcedH 3 andVR 92. Theflux in the emissionlines wasestimatedvith the
IRAF tasksPLOT: the pseudo-continuurof the absorptionline is estimatedy eye; the flux
abovethis level is obtainedby summingthe pixel valuesabore a straightline connectinghe
continuumon both sidesof the emission(seeTable7.1). We adoptan error of ~ 25% ac-
countingfor thefactthatthe choiceof thecontinuumis abit arbitrary We choosehis method
to measureemissionfluxesasit is similar to the way fluxeswere determinedor the starsin
our comparisorsample(Ferrandez-Figueroat al. 1994); higherorderfits to the continuum,
asusedby Ferrandez-Figueroatal., insteadof a straightline to estimatethe continuumgave
similar resultsfor the starsdiscussedn vandenBerg etal. (1999)[Chapter2]. No emission
flux is determinedor VR 100, that hasa compositespectrumandfor VR 84, whosespec-
trum couldalsobe compositgudging from its positionin the colourmagnitudediagram.For
VR 100the predictedpositionof the K line lies to theleft of the centrein the compositeab-
sorptionprofile. Apparently the relative contribution of the companionstaris strongin the
blue.

A comparisonwith magneticallyactive binariesis madeby combiningthe information
from the X-ray and H&K emission. In Fig. 7.6 the emissionin both actvity indicatorsis
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Figure7.5: Call K line in our late-typeX-ray sourceq’X’) andthe non—X-raysourceomparison
giantsH 3, H11, VR 92 and VR 152. The expectedposition of the K-line centreas derived from
the radial-\elocity measurementsf Sect.7.3.4is marked with the vertical line; from the positionof
this line to the left of the centreof the absorptionprofile it is clearthat the spectrumof VR 100is
composite. The spectraare normalisedto the continuumnear3915and 4000 A. A vertical offsetis
appliedfor clarity to all spectrabut thatof H 11.
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Figure7.6: Comparisorof theCall H&K andX-ray emissionof ourtargetswith thatof magnetically
active binaries. Fluxesin the Call H&K emissionlines Fc, (in erg st cm2) and X-ray countrates
betweerD.4and2.4 keV (channel1-2400f the ROSAT PSPC)aremultiplied with the squareof the
distanced in parsedo eliminatethe effect of distance.The luminosity classof the actve starin the
comparisorsampleis indicatedwith the sizeof thesymbol. ThecomparisorgiantsH 3 andVR 92 are
indicatedwith filled trianglesusingthe upperlimits to the PSPCcountrateslistedin Table7.1.

plotted for the samesampleof magneticallyactive binariesas usedin van denBem et al.
(1999)[Chapter2] to studymagneticactiity of starsin M 67. The H&K fluxesweretaken
from Ferrandez-Figueroatal. (1994),the X-ray emissioris givenasthe countratein the 0.4
to 2.4keV bandof theROSAT PSPCA descriptiornof thesampleandthedeterminatiorof the
X-ray countratescanbefoundin vandenBerg etal. (1999)[Chapter2]. Thefluxesandcount
ratesaremultiplied by the squareof the distancan parsecsothatstarsat differentdistances
canbe compared.To correctfor the absorptiontowardsNGC 6940, we multiply the X-ray
countrateandCall H&K optical fluxesaslistedin Table7.1 by 3.8 and 3.3, respectiely.
Our tamget starslie in the region whereactive binariesarefound, but the level of actwity in
VR 111andVR 114 appeardo below for their luminosity class. This makesit unlikely that
the X-ray emissionarisesthroughcoronalactiity in thesegiants. As the positionof VR 108
lies closerto the active giants,actwity couldbeenhancedn VR 108.

No H&K emissionlines are visible in the low-resolutionspectraof H 156, H182 and
H?214.

We also checled the X-ray sourcesfor emissionin the Ha line, anotheroptical signa-
ture for actwity, but found no indicationfor emission. The nine spectraof H209 shav no
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variability in the Ha-profile.

7.3.4 Radial and rotational velocities

Radial velocitieswere determinedthrough crosscorrelationof the high-resolutionspectra
againstthe spectraof the radial-welocity standards. We adoptthe velocity resultingfrom
correlationwith the templatethat givesthe highestcorrelationpeak(betterspectralmatch).
The ordersbetweerd960and5510A for the blue exposuresand4970and 5530A for the
red exposureswere used; Table 7.1 lists their average. The systematicerrorsin the mea-
surementdor the rapid rotatorH 214 will be larger thanin the other measurementas our
radial-welocity standardsreslow rotatorsandthereforegive a badmatchbetweerobjectand
templatespectrum.Theradial velocity of H 209 wasmeasuredby crosscorrelatingthe spec-
trum betweens5145and5225A with a syntheticspectrum(Kurucz 1979)of Tes = 9750K,
gravity logg = 4.0 andv;otsini = 50 km s~ (we adoptthe parametersor H 209 asderived
by Schbnbernei& Napiwotzki 1994).

Theresultsfor H3,H 11, VR 152andVR 108 agreewith the valuesfound by Mermilliod
etal. (1998)andMermilliod & Mayor (1989)within 1 km s~1; thevelocity we find for H 214
is 2 km s~1 off from the value of Daniel et al. (1994). For the propekmotion non-member
VR 114 we find a radial velocity that doesnot agreewith the clustermean(7.75+:0.13 km
s~1, Mermilliod & Mayor, 1989). Comparisorwith Fig. 5 of Mermilliod & Mayor (1989)
shaws thatthe radial velocitiesof the binariesin NGC6940areroughly asexpected except
for VR 84 for which we obsere aradialvelocity thatis ~ 7 km s~ lower thanexpected We
do not know the reasorfor this; the periodof Mermilliod & Mayor is too accurateto allow
suchalargedeviation at the orbital phaseat which we obsened VR 84 (137.75t0.04).

Thered spectraof H 209 werealsocrosscorrelatedagainsteachotherto look for radial-
velocity variationson time scalesof hours. We found no variationwithin the errors(1-2km
s .

As stellarrotationand magneticactiity arecloselylinked, we alsodetermineprojected
rotationalvelocities. Rotationalvelocitieswere measuredrom crosscorrelationswith syn-
theticspectrgKurucz1979). Syntheticspectraof T = 5500K, gravity logg = 3.0, turbulent
velocity Vi, = 2 km st andvotsini varyingbetweerD and19km s 1 in stepsof 1 km st
werecalculatechetweerd970and5040A. The objectandsyntheticspectraverecorrelated
againsthe v;;sini=0 km s~ spectrumthe peakof the crosscorrelationfunctionsarefitted
with gaussiarprofiles. With the resultswe make a calibrationcurve that givesthe width of
the crosscorrelationpeakasfunction of rotationalvelocity. Therotationfor the objectsthen
follows from comparisorof the measuredvidths of their peakswith this calibrationcurve
(seeTable7.1). Thewidths of the correlationpeaksfrom H 3 andH 11 aresmallerthanthe
smallestwidthsin the calibrationcurve. We notethatthe velocity thusderivedis sensitve to
the spectraltype of the template.For example,correlationwith a templateof Tef = 5000K
(samelogg) givesrotationvelocitiesthatare~ 1 kms 1 lower.

For the rapid rotator H 214 v,q;Sini was determinedwith the methodof FourierBessel
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transformatior(seePiterset al. 1996,Grootet al. 1996)thatwe alsoappliedto the spectrum
of therapidrotatorS1113in M 67 (vandenBerg et al. 1999)[Chapter2]. We usedthreeFe
| linesat 6400.15,6408.03and6411.54A to find anaveragevyotSini of 64 km s 1 atypical
valuefor a starof this spectraltype (Grootet al. 1996). The errorin the cleanestine is 1.6
km s~1, in themostnoisyline 10 km s~1. We determinecdo rotationalvelocity for the blue
stragglerH 209 for which Sctbnberner& Napiwotzki (1994)determineda value of vyt Sini
of 50 km s~ from high-resolutiorspectra.

7.3.5 Lithium 6708A

As the elementLithium is easilydestrged at temperaturebigherthan~ 2 10° K, it canbe
usedto discriminatebetweerfirst-ascengiants,with outerlayersthatarenotyet completely
mixedto deeperhotterlayersby the developmentof a corvective ervelope,andclumpstars.
Discriminationbetweenrnthe two evolutionaryphasesanbe difficult basedon the positionof
astarin the colourmagnitudediagramaloneasthe positionof the clumpis closeto thetrack
of thefirst-ascengiants.Verkunt & Phinng/ (1995)suggestedhatthe orbital eccentricityof
binariescontaininga giantcanbe of help: the presentadiusof a clumpgiantis smallerthan
its radiusat the tip of the giantbranch;asthetime scalefor tidal circularizationtg. is very
sensitveto theratio of theradiusof the starwith thedissipativetidesR to the semi-majoraxis
a (15~ ~ (R/a)®), clumpstarscanhave circularizedorbitsthataretoo wide to becircularized
by first-ascengiantswith the sameradius.Basedon the circularorbitsof VR 84 andVR 100
Verlunt & Phinng thereforeconcludedhatthe giantsin thesebinariesmustbe clumpstars.
We cantestthis predictionnow by looking at the presenceof the Lithium 6707.8A line:
whereast is absenin VR 100- asexpectedfrom the predictionof Verlbunt & Phinneg - the
line is visible in the spectrunof VR 84 which impliesthatthegiantin VR 84 is afirst-ascent
insteadof a clumpgiant(seeFig. 7.7).

How canit bethattheorbit of VR 84 s circular?Onepossibilityis thatthe decomposition
of VR 84 into the two binary componentgMermilliod & Mayor 1989) underestimatethe
radiusof the giant. However, accordingto the calculationsby Vertunt & Phinng the radius
hasto increasdo ~16 R-, which cannotbeaccountedor by varyingthereddeningor distance
moduluswithin therangeghatarefoundfor NGC6940(0.2 < E(B—V) < 0.3,(m—M)o =
9.7; Larsson-Leandet964)or by makingthe giantcooler(if Teg = 4420K thenR ~ 15R;
accordingto thetablesof Schmidt-Kalerhoweverthis givesanobsenedB —V = 1.42 which
is redderthanall the giantsin NGC6940). Alternatively, the orbit wasnot circularizedby
the presentgiant but during the giant-phaseof its companionthatin that casewould be a
white dwarf now. To accountfor the obsened blue coloursof VR 84 the companionwhite
dwarf mustbeyoungandbright. The probabilitythatwe seebothstarsin VR 84 in relatively
short-lived evolutionary phasess small. A white-dwarf companionis not excludedby the
spectroscopiorbit thatplacesalower limit onthe massof thecompaniorof 0.65M.,.

As anaside,we reporton the obseration of the Li | 6708A line in the two comparison
giantsH 3 andH 11. Thered clump of core-helium-lrning starsin NGC752 hasattracted
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someattention:Mermilliod etal. (1998)pointedout four stars,includingH 3 andH 11, below
andto theblue of themainclumpwhosepositionis not reproducedy theoreticaisochrones.
Knowledgeaboutthe evolutionaryphaseof H 3 andH 11 could provide moreinsightinto the
situation. Daniel et al. (1994) predictedthat H 11 would be depletedof Lithium, whereas
Lithium would be presenin H 3, thatlies moretowardsthefirst ascentrack;no Lithium was
foundin the othertwo starsbelow the mainclump (Pilachavski etal. 1988).
Theseexpectationsare confirmedby our obsenations(seeFig. 7.7) that show the Li |
doubletin H 3, while it is absenin H 11. Thusthethreeblueststarsunderthe clumplikely
form arealextensionto the clump. Girardi etal. (2000)suggestedhatthe spreadseenin the
clumpof NGC752resultsfrom thesimultaneoupresencef clumpstarsthathave undegone
the heliumflash (the main clump) andof more massve starsthat starthelium burning more
quiescently(at faintermagnitudes)a similar spreadchearthe clump hasbeenobseredin the
openclusterNGC7789thathasaboutthe sameageasNGC752.

7.4 Discussionand conclusions

In this paperwe reporton photometricandspectroscopiobsenationsof four X-ray sources
in the old openclustersNGC752andNGC6940,for which the X-rays areunexplained. We
concludethat our obsenationshave not provided an answerto the questionwhy thesestars
emit X-rays. Could it be that the optical identificationsof the X-ray sourcesare wrong?
Belloni & Verkunt (1996)show thatthe probability for a chancedentificationin the field of
NGC752is only 1%. In NGC6940,the suggestedpticalcounterpartaresobright (between
11.5and10.4)thatthe probability for a misidentificationis small. We concludethatthe stars
thatwe have studiedareindeedthe optical counterpartso the X-ray sources.

Thelight curvesof the blue straggleH 209in NGC 752 do not confirmearlierreportsof
variability (Hrivnak 1977); nor is anindicationfor variability seenin the spectra.Two other
bluestragglersn openclusters(in M 67 andin IC 4651)weredetectedn X-rays. Theformer
turnedoutto containa 1.07-dayperiodbinarythatcould have a late-typemagneticallyactive
componen{vandenBerg etal. 2001a)[Chapter5]. No evidencefor a similar systemis seen
in H209. The sourceof the X-ray emissionin H 209 andits blue-stragglenatureremaina
mystery

ThegiantsVR 108,VR 111andVR 114in NGC6940areof laterspectratypeandthere-
fore magneticactuity in their corvective outerlayerscouldin principle be a causefor X-ray
emissionthoughstrongactvity would be surprisingasVR 111is awide binaryandVR 108
shaws noindicationfor binarity. The Call H&K emissionfluxesthatwe measuren VR 111
andVR 114 areindeedlower thanis typical for magneticallyactive starsof their luminosity
class;the asymmetricemissioncoresin the Call H&K lines could be a signatureof mass
outflow assuggestedby Dupreeet al. (1999),who found similar emissioncoresin giantsof
variousmassesndtemperaturesAlso, the starsarenot foundto berapidrotators.Therefore
the X-rays areprobablynot a resultof enhancednagneticactwity in the giantsthemseles.
Similar optical counterpart$o X-ray sources- with long orbital periodsor no indicationfor
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binarity — wereidentifiedin theolderclusterM 67 (S1237,S760,S775,5S1270).Apparently
anothermechanisnthanactiity givesrise to the X-rays of the giants. Alternatively, these
starsaretriplesthatcontaina hithertoundetectedlosebinary, e.g.becauseéhe closebinaryis
relatively faint or becauséts spectrakignatures maslked by rapidrotationof thecomponent
stars.Activity couldbe enhancedn VR 108;interestingly therotationvelocity thatwe mea-
sureis someavhathigherthanin the othergiants. Thereasorfor anenhancedctvity level is
notclear

We confirmthatVR 114is locatedat aboutthe samedistanceasthe cluster Theinforma-
tion thatwe addhereis that, lik e its propermotion, its radial velocity is not compatiblewith
the clusteraverage. More radial-\elocity measurementare neededto establishits binary
nature.

We find thatthe short-periocbinaryH 313in NGC752is a photometricvariable,andthat
its light curve suggestsariability on the orbital period. If the latter canbe confirmed,the
rotationof oneor both of the starsis likely tidally lockedto the orbit. The X-rays— andthe
photometricvariability — can thus be explainedas coming from an active, spotted,rapidly
rotatingstar assuggestedby Belloni & Verbunt (1996).
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Hoofdstuk8

Samenmatting

Eenverlatenstranden eenonbevolkte lucht, zoalsop de voorkantvan dit proefschrift,zijn
ideaalom te genietenvan de sterren: overdagvan de Zon — de dichtstbijzijndester— en’s
nachtsvaneenhelehemelbezaaidnetsterren Bekekenmethetblote oogzienalle sterrerer
ongereerhetzelfdeuit — er zijn subtielekleurverschillenende éénis misschienwat helderder
dandeanderemaardatis hetwel zo’n beetje. Wanneeme sterremuin meerdetailbekijken,
metspeciaatlaanoorontworpeninstrumenterzoalstelescopernsatellietenkunnenwe veel
meerinformatieuit dezelichtpuntjeshalen.

Het onderzoekn dit proefschriftgaatover sterrendie rontgenstralingiitzenden.Omdat
we sommigeeigenschappewan dezesterrenniet begrijpen hebbenwe veel nieuwewaarne-
mingengedaanlk zaleerstetsvertellenoversterrenn hetalgemeenzodatduidelijkerwordt
wat we niet begrijpenaandezesterren.

8.1 Sterrenensterrenhopen

Het heelalis niet alleengevuld met sterrenen planetenmaarook met grote wolken stof en
gas.Eensterwordtgevormdwanneerzo’n wolk onderhaareigengewicht begint in te storten.
Op eengegevenmomentzijn dedrukendetemperatuubinnenin dewolk zo hoogopgelopen
datlossedeeltjessamensmeltetot ééndeeltje.Bij dit procesdatkernfusiewordt genoemd,
komtenegie vrij dieervoorzorgt dathetinstortervandewolk stopt:dewolk is daneenechte
stergeworden.Eendeelvandeenegie diein hetbinnensteraneensterwordt opgevektwordt
aanhetoppervlakvandesterin devormvanlicht uitgezondenSterrereijn dushetegasbollen
dielicht uitstralen.Als er binnenin de stergeendeeltjesmeerzijn die kunnensamensmelten
stoptde kernfusieenhoudtde sterop metstralen.

Er zijn lichte en zwaresterren.Zware sterrenverbruiken meerenegie danlichte sterren,
om het instortentegente gaan,en zullen daarommeerlicht uitstralenen snelleruitdoven.
Aandehelderheidrzaneenster(aande hemel)is nietdirectte zienhoezwaarzeis: eenlichte
sterdie dichtbij staatkan nog steedshelderderzijn daneenzwaresterop groteafstand.Ook
kunnendeeigenschappevaneensterin deloop vandetijd veranderenaanheteindvanhaar
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Figuur8.1: Het binnengebiedrande opensterrenhooM 67.

levenzal eensterenormopzwellenendaarbijveelhelderdemworden,voordatze ophoudimet
stralen.Omdeeigenschappevaneenstergoedte begrijpenis hetdusbelangrijkdatwe haar
afstandiot onswetenendelevenstsewaarinzij is.

Sterrenwordenvaakniet alleengeborenmaarmet honderdertot honderdduizendete-
gelijk. Eengroepvan eenpaarhonderdof eenpaarduizendsterrennoemenwe eenopen
sterrenhoopEenopensterrenhooplie je gemaklelijk methetblote oogkunt zienis de Plei-
aden,eengroepsterrendie ongeveer100 miljoen jaargeledens gevormd. Het onderzoekn
dit proefschrifthebik gedaaraansterrenin sterrenhopewan eenpaarmiljard jaaroud. Ik
hebme vooralgerichtop de sterrenin de sterrenhooM 67 — of Messier67 — vernoemcdhaar
CharlesMessierdie eencatalogusheeftgemaakivan nevelachtigehemelobjectern sterren-
hopen.Op 6 april (mijn verjaardag!)1780voegdehij nummer67 aanzijn lijst toe. De sterren
in M 67 zijn zo’'n vier tot vijf miljard jaargeledengevormd enzijn daarmeengeveernetzo
oudalsonzeZon. Figuur 8.1is eenfoto vanM 67. NaastM 67 hebik ook sterrenonderzocht
in deoudesterrenhopehNGC752enNGC6940.

Hetbestuderenansterrenhopeheeftzo zijn voordelen:desterrereijn allemaalkvenoud
enzestaarongereerevenvervanonsweg. Datmaakthetgemaklelijkeromdeeigenschappen
vande sterrenmetelkaarte vergelijken,zonderde preciezeafstanden leeftijd te weten.Van
dit voordeelwordt veel gebruik gemaakt,omdathet achterhalervan de afstanden leeftijd
van een“alleenstaandesterniet gemaklelijk is. M 67 heeftdaarbijnog als voordeeldat ze
relatiefdichtbij staatzodatde sterrervrij helderzijn, endaterweinig materiaakusseronsen
M 67 instaatdathetzicht op dezesterrenhoogpelemmert.
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8.2 RoOntgenstralingvan sterren

De sterrendie Messierzagendie wij ’'s nachtszien, nemenwe waarin hetlicht waaronze
ogengevoelig voor zijn: hetoptischof visueellicht. Sterrenstralenook anderlicht uit dat
onzichtbaars voor onzeogen,vanradiostralingtot rontgenstraling.

Met derontgentelescoopande satellietROSAT is gezochtaarstralingvandesterrenn
M67. Van sterrendie netzo oud zijn alsde Zon (endat zijn de sterrenin M67) verwachten
we eigenlijk datzete weinig rontgenstralingiitzenderom doorROSAT geziente worden:de
Zon straaltook rontgenlichtuit, maarals je de Zon net zo ver weg zou zettenals de sterren
in M 67 zouROSAT haarniet meerzien. Als we wel eenstervanM 67 in rontgenlichtzien
moeter dusiets speciaalsnetdie steraande handzijn. Het zou bijvoorbeeldeendubbel ster
kunnenzijn ...

8.3 Dubbelsterren

De meestesterrenstaamiet alleen,maarvormenmeteenanderestereenpaar of eendubbel-
ster datheelregelmatigom elkaarheenbewnveggt. Als eendubbelstererweg staatis hetvoor
onsmoeilijk om de tweesterrenafzonderlijkte zien, zelfs met eentelescoop.Gelukkig zijn

erwelindirectemaniererom af te leidendateensterdubbelis. Bijvoorbeeldalstweesterren
zo om elkaarheendraaiendat gedurendeeendeelvan de tijd de enestertussenonsende
anderesterin staat,danzal dedubbelsteevenwat minderhelderworden.Dit is eenbeetjete

vemelijkenmetwat er gebeurtals de Zon tijdenseenzons\erduisteringwvordt afgedektdoor
de Maan.

Sterrendie dichtbij elkaarstaarezullenelkaarbeinvioedendoormiddelvangetijdenkrach-
ten,netzoalsde Aardeende Maandatdoen(ebenvloed). Het effect vandie krachtenis dat
devormvandebaanwaarindetweesterrenom elkaarheendraaiensteedsneerop eencirkel
begint te lijk en. Ook de snelheidvaarmeede sterrerom huneigenasdraaienzal veranderen:
degetijdenkrachtemprobererervoor te zogendatdetijd waarineensteréénkeeromhaaras
draaitnet zolangwordt als de tijd waarinde sterrenéén rondje om elkaarhebbengedraaid.
Als eensteralleenis, zal ze in deloop vandetijd steeddangzameiom haarasdraaien(de
beweging wordt afgeremd),maarals eenster onderdeels van eendubbelstetkkan eenster
doorgetijdenkrachtemoch snelom haarasblijvendraaien ondanksde hogeleeftijd.

Waaromdit verhaalover dubbelsterreren ronddraaiendsterren?Sterrendie snelrond-
draaierkunnenmagneeteldenopweklenin hunbuitenlagen- we noemereze magnetisch ac-
tieve sterren.Die magneeteldenzorgenervor dater eenlaaggasom de sterheenwordt ge-
vormddie zo heetis (eenpaarmiljoen gradendathij rontgenlichtuitstraalt. Op grondhiervan
zouje dusverwachtendatveelvanderontgenbronnedie ROSAT in M 67 heeftgeziendub-
belsterrerzijn, waaringetijdenwisselerking plaatsvindt. Voor veel van de rontgenbronnen
in M67 blijkt dit inderdaade kloppen.
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8.4 Rarerontgenbronnen

In dit onderzoekwilden we vooral meerte wetenkomenover sterrenwaanan we rontgen-
straling hebbengezien,maarwaanoor we geenaanwijzingenhebbendat de stereendub-
belsteris. In anderegevallenis eensterwel eendubbelstermaarde twee sterrenstaandan
zovervanelkaaraf datze elkaarsaanwezigheisghauwelijksmerken. In zo’'n geval verwach-
tenwe ook niet dater rontgenstralingvordt opgevekt. Waaromdie sterrenzo helderzijn in
rontgenlichtis dusnogeenraadsel.

We hebbennog meerrare rontgenbronnermnderzocht. In het begin van dit hoofdstuk
beschreeik daterverbanderpestaanusserde helderheicendemassavaneenster entussen
demassandelevensduurNiet alle sterrenn M 67 lijk enzich hieraante houdenzelkertoen
bleekdat sommigevan dezesterrenin rontgenlichtte zien warentrokken ze onzeaandacht.
Dit waseenextra aanwijzingis dater iets raarsaande handmoetzijn. Eenpaarvandeze
sterrerhebbenwve ook bestudeerd.

Waaromwillen we meerte wetenkomenover dezesterren?Onzesterrengedragerzich
andersdanwe verwachtenen kunnenons daaromnieuwedingenleren. Eén van de moge-
lijkhedenis datze in contactzijn gewveestmet eenanderester In eendubbelstelkkomt het
wel eensvoor dat de enestergasoverdraagiaande anderemisschiens dit in hetverleden
ook gebeurdin de sterrendie wij hebbenonderzocht.Verderstaande sterrenin eenopen
sterrenhoopelatiefdicht bij elkaar zodatbotsingertussersterrenook niet uit te sluitenzijn.
Over desterrendie ontstaaruit botsingerwetenwe helaasnogniet zo veel.

8.5 Dit proefschrift

Om onzerarerontgenbronnete onderzoekn hebbernwe veelnieuwewaarnemingemgedaan
in optischlicht. Daarwor hebbenwe telescopemebruiktin Chili, de VerenigdeStatenenop
de CanarischeEilanden. We hebbenop twee manierenmaarde sterrengekeken. Ten eerste
doorhetlicht uit elkaarte rafelenin verschillende&kleuren(eenspectrum)ententweededoor
te zoelen naarveranderingern de helderheidvan de sterrenin deloop vandetijd. Hetis
niet geluktom alle vragendie we hadderte beantworden,somszijn er zelfs nieuwevragen
bijgekomen,maarwe hebbemu wel beterinzichtin de eigenschappevande sterren.In het
kort geefik eenpaarresultaten.

In hoofdstuklen 2 en 7 hebbenwe in spectragezochtnaaraanwijzingenvoor eenhete
gaslaagondomde ster Voor sommigesterrenheeftdit weinig opgelererd, voor anderege-
vallen hebbenwe wel aanwijzingenvoor zo’'n heetgasgezienook al is het niet altijd even
duidelijk wat de oorzaakis voor deaanwezigheidbandatgas.

Een kenmerkvan actieve sterrenis dat het steropperviakdoor de magneeteldenniet
overal even veel licht uitstraalt. Tijdenshetronddraaienvan eensterzal de helderheiddan
ook regelmatigveranderengezeveranderingezien er andersuit dande stenerduisteringen
waarik heteerdemoverhad.Wanneerzo’n veranderlijle sterdeeluitmaaktvaneendubbelster
kunnenwe de periodevande helderheidsgranderingenergelijikenmetde periodewaarmee
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de sterrenom elkaarheendraaien. Als die tweegelijk zijn is dit eenduidelijke aanwijzing
voor dewerkingvangetijdenkrachtenVoor eenaantal'normale” rontgenbronnehebbenve
op dezemanierhetidee dat we haddenover de oorzaakvan hun rontgenstralingoevestigd.
Slechtsvooreenenkelevanderarerontgenbronnehebberwe ook helderheidsgranderingen
gezien.Dezemetingerwordenbeschregenin hoofdstuklen3 en7.

Bij het doenvan dit soort waarnemingenmeetje automatischook de helderheidvan
sterrendie in debuurtstaanvandesterrerwaarinje bentgeinteresseerdjeresultaterhiervan
zijn beschrgenin hoofdstuk4. We hebbeneenaantalsterrengevondendie regelmatigvan
helderheidveranderenmaarwaanan verderweinig bekendis. Misschienzijn hettot nutoe
onbelendedubbelsterrenWe zijn vanplanzein detoekomstbeterte onderzoekn.

Ik zalnu hetstukonderzoelsamemattendatik zelf hetleukstvind endatbeschrgenisin
hoofdstuks. De sterS1082in M 67 is eensterdie opvalt omdatzij langerlijkt televendanwe
verwachtenop grondvanhaarmassazehadal langdoodmoeterzijn. Zulke sterrerworden
wel vaker gezienin sterrenhopeenwordenblauwedwaalsterrer{blue stragglers) genoemd.
Eenoplossingvoor dit probleemzou zijn alsde sterniet zo langgeleder'verjongd”is, door
datzij er extra massa=brandstoflheeftbijgekregen,bijvoorbeeldvia eenbegeleiderin een
dubbelsteof via eenbotsingmeteenanderester HetprobleemmetS1082wasdatzenietom
eenanderaichtbijzijndesterleekte bevegen,hetgeerook derdontgenstraleornverklaardiet.
Wel warener helderheidsgranderingeigemetermeteenkorte periodevanietsmeerdaneen
dagdielijk enop verduisteringewaneensterdooreenanderester Omdatdezetweewaarne-
mingenelkaarlekentegente sprelen,enwaarschijnlijikook omdatdit resultaagepubliceerd
wasin eenweinig toonaangeendtijdschrift, werd er met het resultaatvan de helderheids-
veranderingenveinig gedaan Onzebijdrageis gewveestdatwe de helderheidsgranderingen
hebberbevestigd,en in hetspectrunvan S 1082tweeextra sterrenhebbergevondendie wel
in die enedagom elkaarheenbewegen. Dit kande rontgenstralewerklaren:we denkendat
zewordenopgevektdoormagnetischactiiteit in dedubbelsterHetlijkt erzelfsop datalle
drie de sterrenom elkaarheenbewegen. Tochlossenonzeresultatemiet alle problemerop:
wevindendattweevandedrie sterremogsteedde oudzijn voorhunmassaAls zeverjongd
zZijn via eenbotsingof door hetoverdragernvangas,danbetelentdit dater nogmeersterren
bij de vormingvan S1082betroklenwaren. Met anderewoorden,dit is eenaanwijzingdat
botsingerenwisselverkingentussersterrenin clustersechtgebeuren.
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