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Chapter1

Introduction

1.1 Blue stragglers, yellow stragglers and sub-subgiants

Galacticclusters,alsocalled openclusters,are boundgroupsof stars,consistingof a few
hundredto a few thousandmembers.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 NGC188,
Dinescuetal. 1995),wherethey startto approachthetypicalageof theolder, moredenseand
populousglobular clusters.Thefield of anopenclusteris usuallynot too crowdedso thata
probabilityof clustermembershipfor individualstarsprojectedin thefield canbeestablished
by meansof proper-motionandradial-velocitymeasurementswith ground-basedinstruments.
Only recentlycanaccuratepropermotionsalsobemeasuredfor starsin globularclusters,with
theHubbleSpaceTelescope(e.g.King et al. 1999).

A basicfingerprintof aclusteris its colour-versus-magnitudediagram:comparisonof the
observedlocationsin this diagramof theclusterstarswith theoreticalisochronesprovidesan
estimateof theage,distanceandmetallicityof thecluster. Theadvantagesof studyingstarsin
clustersarethereforemany: wecanderivebasicstellarparameterslikemass,temperatureand
radiusof the individual membersfrom comparisonwith models.On theotherhand,clusters
have beenusedextensively to test stellar evolution models. By studyingthe propertiesof
clustersof differentagestheevolution in time of thosepropertiescanbe investigated.Also,
asthespatialdistributionof openclustersis concentratedtowardsthediscof theGalaxy, they
areusedto probethepropertiesandevolutionof theGalacticdisc.

Theopenclusterthatplaysacentralrole in this thesisis M 67(NGC2682,Fig. 1.1).M 67
is oneof thebest-studiedopenclustersasa resultof severalfactors:it is a rich cluster, at 850
pc it is relatively nearby, anddueto its high Galacticlatitude(b � 32

�
) the reddeningin the

directionof M 67 is low andthefield is little contaminatedby field stars;also,it is oneof the
few clustersolder thanseveralGyr. Thestarsin thecolour-magnitudediagramcanbefitted
with a4 to 5 Gyr isochroneof solaror slightly subsolarmetallicity (e.g.Fanet al. 1996).

Even after the non-membersare removed, the colour-magnitudediagramof M 67 still
featuresmany starsthat stragglefrom the theoreticalisochrone(seeFig. 1.2). This canbe
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CHAPTER 1

Figure1.1: Central25x 25arcmin2 of M 67.

accountedfor whenwe areactuallyseeingthelight of two clustermembersin anunresolved
binary. For instance,theline of starsthatliesaboveandparallelto themainsequenceis likely
dueto abinarypopulation.However, this cannotbethecasefor thetwo sub-subgiantsbelow
thebaseof thegiantbranch,for thebluestragglersthatarebrighterandbluerthanthemain-
sequenceturnoff andfor someof theyellow stragglersthatlie betweenthebluestragglersand
theredgiants.

Whatmakesthesestarsso interestingis thatwe have no explanationfor their properties
whichonly involvestheevolutionof asingleisolatedstar. Therefore,they offer thepossibility
to studytheproductsof interactionsbetweenstars– eitherbetweenthecompanionsin abinary
or betweenstarsin thecluster. Encountersandcollisionsbetweensingleandbinarystarsin
thehigh-stellardensityenvironmentof a clusterhave beeninvokedto explain the formation
of strangestarslike low-massX-ray binariesor bluestragglers,especiallyin globularclusters
(seereview by Bailyn 1995).Theinterestin thesesystemsis not only restrictedto thedesire
to understandinteractingstars:theexchangeof energy thatresultsfrom interactionsbetween
clusterstarscanalsoaffect theevolutionof theclusterasawhole(Hut et al. 1992).

Two ROSAT observationsof M 67 detectedmany of thepeculiarstarsin X-rays(Belloni
etal. 1993,1998),possiblyproviding animportantclueto their origin or presentstate.These
X-ray sourceswere selectedfor an optical follow-up study, and the resultscan be readin
this thesis.As theX-ray emissionof thesestarswasunexpected(seenext Section)our first
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INTRODUCTION

Figure1.2: Colour-magnitudediagramin whichthebinaries(Whelanetal. 1979,Mathieuetal. 1990,
Gilliland et al. 1991,Lathamet al. 1992,Lathamet al. privatecommunication)andtheX-ray sources
(Belloni et al. 1998)areindicated. Only starswith a proper-motion membershipprobability � 80%
(Girard et al. 1989, for several starsSanders1977) are plotted. Photometryis mostly taken from
Montgomeryet al. (1993),in a few casesfrom Sanders(1989).

questionwaswhetherwecanfind spectroscopic(Chapter2) andphotometric(Chapter3) sig-
naturesthatexplain theX-rays. Our photometric-variability studyinevitably includedmany
otherstarsin M 67 – theseresultsareincludedin Chapter3 andChapter4. Next, threesys-
temswerestudiedin moredetail: the blue straggler(Chapter5) andthe two sub-subgiants
(Chapter6). The last chapteraddsa studyof the peculiarX-ray sourcesin the old clusters
NGC752(2 Gyr) andNGC6940(1 Gyr).

1.2 X-ray observations of old open clusters

X-ray emissionof singlestarsis generallythoughtto arisefrom two mechanisms.For spectral
typesearlierthanA, theX-rayscomefrom shocksin a stellarwind. For typeslaterthanA, a
hot coronaaroundthestaris believedto give rise to X-rays. Thepresenceof thehot coronal
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CHAPTER 1

cluster age NX Nbin 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 sourcesin old openclusters.For eachclusterwe list theagein Gyr, thenumberof
X-ray sourcesidentifiedwith opticalclustermembers,thenumberof binariesamongtheopticalcoun-
terparts,thenumberof sourcesfor which theX-raysarelikely theresultof coronalactivity dueto tidal
interactionin abinaryandthenumberof peculiarX-ray sources(bluestragglers,yellow stragglersand
sub-subgiants;long-periodbinaries;starswithout indicationfor binarity). Datafor NGC188andM 67
aretaken from Belloni et al. (1998),for NGC752 from Belloni & Verbunt (1996),for IC 4651from
Belloni & Tagliaferri (1998)andfor NGC6940from Belloni & Tagliaferri (1997). Clusteragesare
takenfrom Dinescuet al. 1995,exceptfor IC 4651(Anthony-Twarog& Twarog2000)andNGC6940
(Carraro& Chiosi1994).Thenumberof X-ray sourcesdetectedin a clusterdependson many factors
not relatedto theintrinsic propertiesof thestarsin theclusters,like theexposuretime of theROSAT
observation,thedistanceandreddeningto thecluster.

mediumis relatedto magneticactivity, generatedby the interactionbetweenconvectionand
differentialstellarrotationin the outer layersof a star. The two classesarenot expectedto
contribute to the X-rays of an old stellarpopulation: massive starswith strongwinds have
longsinceevolvedoff themainsequence;therotationof late-typestarsdecreasesasthestars
age,andwith it themagneticactivity. Consequently, thelevel of X-ray emissionbecomestoo
low to bedetected.Randich(1997)hasindeedshown thattheaveragelevel of X-ray emission
for G-typestarsin the600Myr old clusterHyadesis lower thanin the50 Myr old α Per.

None the less,ROSAT observationsof old openclustersrevealedmany X-ray sources,
with X-ray luminositiesof a few times1030 erg s�

1, thatwereoptically identifiedwith cluster
members(seeFig. 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
reasonis thatin closebinariesthestellarrotationis lockedto theorbitalmotionthroughtidal
interaction,andthereforerapid rotationandmagneticactivity canbe maintainedregardless
theageof thecomponentstars.Indeed,many X-ray sourcesin old openclustershave tidally
interactingbinariesasopticalcounterparts(seeTable1.1).Thesemagneticallyactivebinaries
– also called RSCVn or BY Dra binariesdependingon whetherthe active star is a giant
or main-sequencestar, respectively – can be recognisedby other propertiesrelatedto the
activity. The orbits arecircular dueto the tidal interaction. Photometricvariability on the
orbital periodis often observed dueto starspotson the corotatingstellarsurfaces. Optical
spectralsignaturesof activity arestrongCaII H&K emissioncoresand/orHα emission.The
lifetimes of the (sub)giantsin RSCVns in youngerclustersaremuchshorterthan in older
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INTRODUCTION

clusters,which reducesthechancefor detection.TheX-ray observationsof old clusterswere
partlyaimedatobservinghomogeneoussamplesof activebinaries(Belloni 1997).

However, a considerablefraction of the X-ray sourcesin old clustersis not identified
with tidally interactingbinaries(seelast column of Table 1.1). For the hot white dwarf,
thecataclysmicvariableandthecontactbinariestheX-rays areunderstood.But theoptical
counterpartsalsoincludemain-sequencestarsor giantswith noindicationfor binarityor wide
binarieswith orbital periodstoo long for tidal interactionat present1; their X-ray emissionis
not aseasilyexplainedandmerits further study. Many starsin M 67 that werepointedout
in theprevioussectionasstragglersfrom thetheoreticalisochronealsobelongto this group
of sourcesfor which the X-rays are not understood.Apart from their anomalousposition
in the colour-magnitudediagramthis is an extra propertythatmakesthemnotable.Similar
sourceshave alsobeenidentifiedamongthe optical counterpartsof X-ray sourcesin other
old clusters.To summarise,X-ray observationsof old openclustersarevaluableasthey can
efficiently point theway to closeand/orinteractingbinariesandto specialcasesof stellarand
binaryevolution.

In the next sectionI will introducethe peculiarX-ray sourcesof M 67, NGC752 and
NGC6940in moredetailandI will summarisetheresultsof 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
propertiesof somesystemsaredifficult to understandin thecontext of binaryevolutionalone.
Therefore,oneof the conclusionsof this studyis that interactionsbetweenclusterstarsare
responsiblefor makingstarsthat are found away from the 4 Gyr isochronein M 67 – also
outsideof thebluestragglerregion – andthatthepropertiesof thestarsthataretheoutcome
of suchinteractionsareonly poorlyunderstood.

The bluestragglerS1082is probablya goodexampleof a systemthat is theproductof
anencounteror of multiple encounters.Our studysolvedthe apparentcontradictionsin the
observationsof thissystem:thestarshowedeclipsesin aperiodof 1.07days(Goranskijetal.
1992)but theradial-velocityvariationsof thenarrow linesin thespectrumarenot largerthan
afew km s�

1 (Mathieuetal. 1986)andindicatethatthestarmovesin anorbit of � 1000days
(Milone 1991). We concludedthat thestarmustbe triple, andindeedfoundthesignatureof
threestarslikelyboundin atriple (Chapters2,5). However, ourfindingsraisednew questions:
the outerstarin the triple is a blue straggleron its own account,the total massof the inner
binaryis largerthantwice theturnoff massof M 67 andoneof thestarsin theinnerbinaryis

1Thecut-off periodfor tidal interactiondependsonthesizeof thestarsin thebinary. For main-sequencestars
in M 67 thecut-off periodasderivedfrom thelongest-periodcircularorbit observedis 12.4days(Mathieuet al.
1992). For giantstarsfor which theradii rapidly vary in time, theevolution of thestellarradii shouldbetaken
into accountto judgewhetherabinarycouldbeor havebeentidally interacting(Verbunt& Phinney 1995).
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subluminousfor its mass(seeChapter5).

Two otherbluestragglersin theopenclustersNGC752andIC 4651weredetectedin X-
rays.Chapter7 discussestheopticalpropertiesof H 209in NGC752. Also for H 209a long
spectroscopicorbital periodwasdetected(Lathamet al., privatecommunication)and low-
amplitudevariability wasnotedby Hrivnak (1977). Yet our observationshave revealedno
sign of photometricor spectroscopicvariability, andthusits X-rays andevolutionarystatus
remainunexplained.

Thetwo sub-subgiantsin M 67,S1063andS1113,bothbinaries,arelocatedin aposition
wherenot many stragglershave beenfound before. We did spectroscopic(Chapter2) and
photometric(Chapter3) observationsto getmoreinformationon their properties.Chapter6
containsadiscussionon thepossibleoriginsof thesestars.Eventhoughtheirpositionsin the
colour-magnitudediagramaresosimilar, wehave foundthattheir differentorbital properties
– S1063hasaneccentric18.4dayorbit, S1113a circular2.8dayorbit – make it difficult to
find oneexplanationfor their origin. In fact,we have greatdifficulty to find anexplanation
for thesestarsat all, andare left to concludethat thesesystemswere involved in a recent
interactionwith otherclusterstars.

We studiedtwo yellow stragglersin somewhatlessdetail. S1072lies 1.2 magabove the
main-sequenceturnoff andcanthereforebe no combinationof two turnoff stars. At nearly
1500daystheorbital periodis too long for tidal interaction.Thatthestaris acombinationof
threeturnoff starsor of a giantanda bluestraggleris excluded,which similarly leavesopen
theoptionthatthebinarycontainsananomalousstar(Mathieuetal. 1990,Nissenetal.1987).
Weobservedthestarphotometrically(Chapter3) andspectroscopically(Chapter2) but found
nothingthatexplainstheX-rays.S1040is composedof agiantandawhitedwarf whosefirst
directobservationalsignaturecamefrom ultraviolet observations(Landsmanet al. 1997). Its
presencewashoweveralreadypredictedfrom thecircularorbit: thegiantis toosmallto have
tidal interactionin theorbit of 43days,which ledVerbunt& Phinney (1995)to theconclusion
thattheprogenitorof thenow optically invisiblewhitedwarf musthavecircularisedtheorbit.
Landsmanet al. constructedan evolutionaryhistory wherethe presentgiant received mass
from thewhite-dwarf progenitoruntil 75 Myr ago(thecoolingtime of thewhite dwarf). As
this is oneof the waysto make the massreceiver a bluestraggler, an explanationis needed
why theobservedcoloursof S1040aresored. Maybeit just startedevolving off themain-
sequenceinto a giant (Landsmanet al. 1997); in that casebinary evolution canexplain the
system.Thewhitedwarf is toocool for X-ray emission;wefind spectralsignaturesthatpoint
at magneticactivity of the giant, but do not understandthe reasonfor activity (Chapter2).
It hasbeensuggestedthat when intermediate-massstarsevolve off the main sequenceand
startdevelopingconvective envelopes,they canattainenhancedactivity levels (Pizzolatoet
al. 2000).

We studiedseveral X-rays sourcesthat arenot found at strangelocationsof the colour-
magnitudediagram. The positionof S1237to the blue of the giant branchcanactuallybe
accountedfor by combiningthe light of a giantanda turnoff star(Janes& Smith1984). Its
X-rayshoweverareunexplainedastheorbital periodis nearly700dayswhich excludestidal
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interaction.Our observationsoffer no solution,but we concludethatmagneticactivity of the
giant is likely not theorigin of theX-rays (Chapter2). Otherlong-periodbinariesandstars
with no indicationfor binaritywerecheckedfor photometricvariability (S760,S775,S1270
– all in M 67) with a negative result(Chapter3). In NGC6940,the long-period(3595day)
binaryVR 111 andVR 108 with no indicationfor binarity wereobservedspectroscopically.
Again, we found no sign of strongmagneticactivity. We concludethat, provided the opti-
cal identificationof the X-ray sourcesis correct,either thesestarswerealso involved in a
recentinteraction,or they aretriples that containa closerbinary with an active component.
Alternatively, theX-ray emissionof singleold starsis just notunderstoodverywell.

For X-ray sourcesthatwere identifiedwith closebinaries(Belloni etal.1998)ourfindings
supporttheinterpretationthattheirX-raysarisethroughmagneticactivity. In ourphotometric
study(Chapter3) the orbital periodof someof thesebinarieswasalsodetectedin the light
curves. Assumingthat thebrightnessmodulationsarecausedby spotson thestellarsurface,
this confirmsthat the starsare corotatingwith the orbit – a signatureof tidal interaction.
Most of thestarsthatwe foundto beperiodicvariables(within thelimits of oursensitivity as
describedin Chapters3 and 4) arebinaries.Thisconfirmsthatat theageof M 67singlestars
arenot rapidrotators.
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Chapter2

Opticalspectroscopy of X-ray sourcesin the
old openclusterM 67

MaureenvandenBerg, FrankVerbunt & RobertD. Mathieu
Astronomy& Astrophysics1999,347,866

Abstract – We have obtainedoptical spectraof seven starsin the old galacticclusterM 67 that are
unusualsourcesof X-rays,andinvestigatewhethertheX-ray emissionis dueto magneticactivity or
to masstransfer. Thetwo binariesbelow thegiantbranchS1063andS1113,thegiantwith thewhite
dwarf companionS1040andtheeccentricbinaryonthesubgiantbranchS1242show magneticactivity
in the form of Ca II H&K emissionandHα emission,suggestingthat their X-rays arecoronal. The
reasonfor theenhancedactivity level in S1040is not clear. The two wide, eccentricbinariesS1072
andS1237andthe blue stragglerS1082do not show evidencefor Ca II H&K emission.A second
spectralcomponentis found in the spectrumof S1082,mostclearly in the variableHα absorption
profile. We interpretthisasasignatureof theproposedhot subluminouscompanion.
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CHAPTER 2

Figure2.1: Colour-magnitudediagramof M 67. Coloursandmagnitudesarefrom Montgomeryetal.
(1993).Only starswith membershipprobability � 80%(basedon their propermotion,Sanders1977)
wereselected.Starsindicatethe observed X-ray binaries;squarestwo membergiantsobserved for
comparison.

2.1 Intr oduction

Two observationsof M 67 with theROSAT PSPCresultedin thedetectionof X-ray emission
from 25 membersof this old opencluster(Belloni et al. 1993,1998). TheX-ray emission
of many of thesesourcesis readilyunderstood.For example,theX-ray emissionoriginates
in deep,hot atmosphericlayersin a hot white dwarf; is dueto masstransferin a cataclysmic
variable;andis causedby magneticactivity in two contactbinariesandseveralRSCVn-type
binaries. However, Belloni et al. (1998)point out several X-ray sourcesin M 67 for which
the X-ray emissionis unexplained. All but oneof theseobjectsare locatedaway from the
isochroneformedby themainsequenceandthe(sub)giantbranchof M 67(Fig. 2.1).

In this paperwe investigatethenatureof theX-ray emissionof thesestarsthroughlow-
andhigh-resolutionopticalspectra.In particular, we investigatewhethertheemissioncould
becoronalasa consequenceof magneticactivity, by looking for emissioncoresin theCaII
H&K lines.Tidal interactionin aclosebinaryorbit is thoughtto enhancemagneticactivity at
thestellarsurfaceby spinningup thestarsin thebinary. Therefore,we alsoderive projected
rotationalvelocitieswith thecrosscorrelationmethod.Finally, we studytheHα profile asa
possibleindicatorof activity or masstransfer.

Theobservationsandthedatareductionaredescribedin Sect.2.2,andtheanalysisof the
spectrain Sect.2.3. Comparisonwith chromosphericallyactivebinariesis madein Sect.2.4.

10



OPTICAL SPECTROSCOPY OF X-RAY SOURCES IN M 67

ID V B � V sp.type Pb (d) e countrate(s� 1)
S1040 11.52 0.87 G4III 42.83 0.027(28) 0.0050(6)
S1063 13.79 1.05 G8IV 18.39 0.217(14) 0.0047(6)
S1072 11.32 0.61 G3III–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 G8III 697.8 0.105(15) 0.0010(3)
S1242 12.72 0.68 31.78 0.664(18) 0.0007(2)

Table2.1: Starsof M 67 discussedin this paper. Visual magnitudeandcolour (from Montgomery
et al. 1993),spectraltype (from Allen & Strom1995,andZhilinskii & Frolov 1994),orbital period
andeccentricity(from Mathieuet al. 1990,Lathamet al. 1992and– for S1113– Mathieuet al., in
preparation[Chapter6]), andX-ray countratein PSPCchannels41–240,correspondingto 0.4–2.4keV
(from Belloni etal. 1998).

A discussionof our resultsis givenin Sect.2.5. In theremainderof theintroductionwe give
brief sketchesof thestarsstudiedin thispaper;detailsonmany of themaregivenby Mathieu
et al. (1990). The starsareindicatedwith their numberin Sanders(1977),andarelisted in
Table2.1.

S1063 and S1113 are two binarieslocatedbelow the subgiantbranchin the colour-
magnitudediagramof M 67. Their orbital periods,18.4and2.82daysrespectively, aretoo
long for them to be contactbinaries;also they are too far above the main sequenceto be
binariesof main-sequencestars.In principle,a (sub)giantcanbecomeunderluminouswhen
it transfersmassto its companion,asenergy is taken from the stellar luminosity to restore
hydrostaticequilibrium(e.g.Kippenhahn& Weigert1967). However, masstransferthrough
Rochelobeoverflow very rapidly leadsto circularisationof thebinaryorbit, whereasS1063
hasaneccentricitye � 0� 217.Theorbit of S1113is circular, somasstransfercouldbeoccur-
ring in thatsystem.For themoment,thenatureof thesebinariesis not understood.In both,
Pasquini& Belloni (1998)observedemissioncoresin theCaII H&K lines.S1063is reported
to bephotometricallyvariablewith � 0� 10mag(Rajamohanetal. 1988;Kaluzny & Radczyn-
ska1991),but no periodis found. For S1113,photometricvariability with a periodof 0.313
daysandatotalamplitudeof 0.6magwasclaimedby Kurochkin(1960),but thishasnotbeen
confirmedby Kaluzny & Radczynska(1991),whofind variability with only 0.05mag.S1063
is theonly M 67 starin our samplethatshowssignificantlyvariableX-ray emission(between
0.0081and0.0047ctss� 1; Belloni et al. 1998).

S1072andS1237arebinarieswith orbital periodsof 1495and698 days,andwith ec-
centricitiese � 0� 32 and0.105,respectively. Thecolourandmagnitudeof S1072cannotbe
explainedwith the pairing of a giant anda blue straggler, sincethis is not compatiblewith
its ubvyphotometry(Nissenet al. 1987;Mathieu& Latham1986),nor with superpositionof
threesubgiants,sincethis is excludedby theradial-velocitycorrelations(Mathieuetal.1990).

11



CHAPTER 2

Theabsenceof the6708Å lithium featurein thespectrumof S1072indicatesthatthesurface
materialhasundergonemixing (Hobbs& Mathieu1991;Pritchett& Glaspey 1991). S1237
couldbeabinaryof agiantandastarat thetopof theevolvedmainsequence(Janes& Smith
1984);high-resolutionspectroscopy shouldbe ableto detectthe main-sequencestar in that
case(Mathieuet al. 1990). The wide orbits andsignificanteccentricitiesappearto exclude
bothmasstransferandtidal interactionasexplanationsfor theX-ray emission.

S1242hasthe largesteccentricityof the binariesin our sample,at e � 0� 66 in an orbit
of 31.8days. Its positionon thesubgiantbranchis explainedif a subgiantof 1.25M � hasa
secondarywith V � 15 (Mathieuet al. 1990). CaII K line emissionis reportedby Pasquini
& Belloni (1998).Photometricvariability with aperiodof 4.88daysandamplitudeof 0.0025
maghasbeenfound by Gilliland et al. (1991). We notethat this photometricperiodcorre-
spondsto corotationwith theorbit at periastron,which suggeststhattheX-ray emissionmay
bedueto tidal interactiontakingplaceat periastron.Thebinarywould thenbeaninteresting
exampleof a systemin transitionfrom aneccentricto a circularorbit. Indeed,accordingto
thediagnosticdiagramof Verbunt & Phinney (1995)agiantof 1.25M � with acurrentradius
of � 2� 3R� (asderivedfrom thelocationof S1242in thecolour-magnitudediagram)cannot
havecircularisedanorbit of 31.8days.

S1040is a binary consistingof a giant anda white dwarf. The progenitorof the white
dwarf circularizedtheorbit duringa phaseof masstransfer(Verbunt & Phinney 1995);asa
result the massof the white dwarf is very low (Landsmanet al. 1997). The white dwarf is
probablytoo cool, at 16160K, to be theX-ray emitter. Indicationsfor magneticactivity are
CaII H&K (Pasquini& Belloni 1998)andMg II (λλ 2800Å, Landsmanetal. 1997)emission
lines. If theX-raysaredueto coronalemissionof thegiant,this mustbetheconsequenceof
thepastevolution of thebinary, sincethegiant is too small for significanttidal interactionto
betakingplacein thecurrentorbit.

S1082is a blue straggler. Photometricvariability of 0.08 magwithin a few hourswas
observed by Simoda(1991). Goranskijet al. (1992) found eclipseswith a total amplitude
of 0.12 maganda binary periodof 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). Landsmanet al. (1998) detecta significantexcessat 1520 Å with
theUltraviolet ImagingTelescope,andascribethis to a hot, subluminoussecondary. Sucha
secondarywassuggestedalreadyby Mathys(1991)on thebasisof a broadcomponentin the
Na I D andO I absorptionlines.

2.2 Observationsand 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 theX-ray sourcesin M 67weobservedtwo ordinarymembergiants
of M 67,S1288andS1402,for comparison.Furthermoreoneflux standardandthreevelocity
standardswereobserved. Thebluehigh-resolutionspectraof S1113wereobtainedon April
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ISIS UESblue UESred
ID UT texp (s) UT texp (s) UT texp (s)

X-RAY SOURCES

S1040 02:43 60 22:03 600 00:46 300
S1063 02:30 180 20:51 1200 00:11 1200

21:15 1200 00:33 600
21:37 1200

S1072 02:49 60 22:24 360 01:01 240
S1082 02:39 60 20:39 300 00:01 360

23:24 600 01:41 360
04:11 360

S1113 03:01 180 22:37� 900 03:36 1200
22:58� 900 03:58 600

S1237 02:46 60 22:16 300 00:54 180
S1242 02:55 120 22:33 1500 01:08 900

COMPARISON GIANTS

S1288 02:58 60 23:12 600 01:33 300
S1402 02:52 60 23:01 450 01:26 240

FLUX STANDARD

HZ 44 02:21 80 23:42 600 01:57 600
03:13 80
04:43 480

RADIAL-VELOCITY STANDARDS

HD132737 06:04 90 05:13 45
HD136202 05:55 100 05:42 50
HD171232 05:34 45

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

7/8, 1998with thesametelescopethrougha serviceobservation(seeing1–2

�

). A log of the

observationsis givenin Table2.2.

All spectrahavebeenreducedusingtheImageReductionandAnalysisFacility (IRAF).
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2.2.1 Low-resolutionspectra

Low-resolutionspectrawere taken with the ISIS double-beamspectrograph(Carteret al.
1993). The blue arm of ISIS wasusedwith the 300 lines per mm gratingandTEK-CCD,
resultingin a wavelengthcoverageof 3831to 5404Å anda dispersionof 1.54Å perpixel at
4000Å. Theredarm,combinedwith the316linespermm gratingandEEV-CCD,covereda
wavelengthregionof 5619to 7135Å with adispersionof 1.40Å perpixel at6500Å. Thefor-
matof theframesis 1124 � 200pixels2 which includestheunder- andoverscanregions.For
theobjectexposurestheslit width wassetto 4


�

. Flatfieldsweremadewith a Tungstenlamp

while CuAr andCuNelampexposuresweretakenfor thepurposeof wavelengthcalibration.
For the ISIS-spectra,basicreductionstepshave beendonewithin the IRAF CCDRED-

package.Thesestepsincluderemoving thebiassignalmakinguseof theunder- andoverscan
regionsandzeroframes,trimmingtheframesto removetheunder- andoverscan,andflatfield-
ing to correctfor smallpixel-to-pixel gainvariations.Theremainingreductionhasbeendone
with IRAF SPECRED-packagetasks.With theoptimalextractionalgorithm(Horne1986)the
two dimensionalimagesarereducedto onedimensionalspectra.Next, thespectraarecali-
bratedin wavelengthwith thearcframes.A dispersionsolutionis foundby fitting third (blue)
andfourth (red) orderpolynomialsto the positionson the CCD of the arclamplines. The
fluxesof the spectraarecalibratedwith the absolutefluxesof HZ 44, tabulatedat 50 Å in-
tervals (Massey et al. 1988),andadoptingthestandardatmosphericextinction curve for La
Palmaasgivenby King (1985).Theestimatedaccuracy of theflux calibrationis � 10%.

2.2.2 High-r esolutionspectra

High-resolutionechellespectrawere taken with the Utrecht Echelle Spectrograph(UES,
Ungeret al. 1993).Observationsweredonewith a � 1


�

slit width.

For the1996observations,theUESwasusedin combinationwith a1024 � 1024pixels2

TEK-CCD, andthe 31.6 lines per mm grating(E31),which resultedin a broadwavelength
coverage,but small separationof the echelleorderson the CCD. In this setup,the UES re-
solvingpower is 49000perresolutionelement(two pixels),correspondingto a dispersionof
3 km s� 1 perpixel or 0.06Å perpixel at 6000Å. Theframeswerecentredon λcen � 4250Å
andλcen � 5930Å in orderto geta blue(3820to 4920Å) andred(4890to 7940Å) echelle
spectrum.The numberof ordersrecordedon the CCD is 34 in the blue and45 in the red,
eachcovering � 45 to 80 Å increasingfor longerwavelengths.Towardsthered,gapsoccur
betweenthewavelengthcoverageof adjacentorders.Exposuresof a quartzlampweretaken
to make theflatfield corrections.ThAr exposuresservedaswavelengthcalibrationframes.

For the 1998observationsof S1113,a 2048 � 2048pixels2 SITe-CCDwasused. Two
spectraweretakenwith the79.0linespermm (E79)grating(λcen � 4343Å). Thedifference
betweenthe E79 and the E31 gratingsis that E79-spectrahave a larger separationof the
echelle-orderson thedetector, which canimprove thedeterminationof thesky-background.
Thespectralresolutionof thegratingsis thesame(thecentraldispersionin theseobservations
is � 0� 04Å perpixel). Thespecifiedwavelength-coveragefor thiscombinationof gratingand
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detectoris 3546to 6163Å but only thecentralorderswerebright enoughto extractspectra
(3724to 5998Å). FlatfieldandThAr exposuresweremadefor calibrationpurposes.

Thereductionof theUESspectrahasbeenperformedusingtheroutinesavailablewithin
theIRAF ECHELLE-package.First, the framesaredebiasedandtheunder- andoverscanre-
gionsremoved.After locatingtheorderson theCCD for boththequartzlampandtheobject
exposures,weflatfieldedtheframes.Spectraareextractedwith optimalextraction.Thesmall
orderseparationmakessky subtractiondifficult; however, ourtargetsarebright,andtheresult-
ing erroris negligible. In thestepof wavelengthcalibration,thedispersionsolutionis derived
by fitting third andfourthorderpolynomialsleaving rms-residualsof 0.004Å (red)and0.002
Å (blue, 0.003Å for the 1998-spectra).To find absolutefluxesfor the Ca II K (λ3933� 67
Å) & H (λ3968� 47 Å) emissionlines(Sect.2.3), thefluxesof the relevantblueordersof an
objecthavebeencalibratedwith thecalibratedISIS spectrumof thesameobject.Continuum
normalisationof theordersin theredspectra,requiredfor therotationalvelocity analysis,is
doneby fitting third to fifth orderpolynomialsto thewavelength-calibratedspectra.

2.3 Data analysis

We studytwo indicatorsof magneticactivity. Thedirect indicatoris emissionin thecoresof
the Ca II H&K lines. Another indicator is the rotationalspeed:rapid (differential)rotation
andconvectivemotionsarethoughtto generatemagneticfieldsthroughadynamo.

2.3.1 Determination of Ca II H&K emissionfluxes

To estimatetheamountof flux emittedin theCa II H&K line cores,FCa, we addthe fluxes
above the H&K absorptionprofilesas follows. An upperanda lower limit of the level of
the absorptionpseudo-continuumis estimatedby eye andis marked by a straightline. For
S1113this is illustratedin Fig. 2.7. We obtaina lower andupperlimit of theemittedflux by
addingthefluxesin eachwavelength-binabove theselevels. Thevaluegivenin Table2.3 is
theaverageof thesetwo results,theuncertaintyis half their difference.Useof higherorder
fits (following Ferńandez-Figueroaet al. 1994)to theabsorptionprofile givessimilar results.
If anemissionline is not clearlyvisible, we obtainanupperlimit by estimatingtheminimal
detectableemissionflux at theH&K line centreswithin a 1 Å wide region (typical width of
theemissionlines).

Six of oursourcesshow CaII H&K line emission(Fig.2.2).Theprofilesof S1113appear
to bedouble-lined,suggestingthatwe seeactivity of bothstars(Fig. 2.7). Thefluxesgiven
in Table2.3 arethe total fluxes,i.e. no attemptwasmadeto deblendtheemissionlines. No
emissionis visible in thespectrumof S1082.
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Figure2.2: TheCa II H&K regionsin thehigh-resolutionspectraof our targets. In the lower right
cornerthespectrumof thenon-active comparisongiantS1288is shown.
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ID FCa K FCa H vsini
(erg cm� 2 s� 1) (erg cm� 2 s� 1) (km s� 1)

S1040 16
�
4��� 10� 15 17

�
5��� 10� 15 3.0(1.0)

S1063 6
�
1��� 10� 15 7

�
1��� 10� 15 3.9(0.8)

S1072 3
�
2��� 10� 15 	 13 � 10� 15 8.1(1.1)

S1082 	 11 � 10� 15 	 24 � 10� 15 5.1(0.7)
S1113 9

�
2��� 10� 15 10

�
3��� 10� 15 45(6)

12(1)
S1237 4

�
2��� 10� 15 8

�
5��� 10� 15 	 1� 8

S1242 2� 2 � 0� 5��� 10� 15 2
�
1��� 10� 15 	 2� 6 � 1� 0�

Table2.3: Fluxesof emissioncoresin Ca II H&K lines andprojectedrotationalvelocitiesderived
from ourhigh-resolutionspectra.Thevelocitiesweredeterminedfrom crosscorrelationwith thespec-
trumof HD 136202(F8III-IV, ESA1997)for S1040,S1072,S1082andS1242;andwith thespectrum
of HD 171232(G8III, ESA 1997)for theotherstars.Both HD starshave line widthsτ � 1� 8� 0.1km
s� 1. For S1113we list bothcomponents;theprimarycontributes � 82%of thelight andhasbroader
lines.

2.3.2 Determination of projectedrotational velocities

Crosscorrelation

In order to derive the projectedrotationalvelocity vsini of our targets,we apply the cross
correlationtechnique(e.g. Tonry & Davis 1979). This methodcomputesthe correlation
betweenthe objectspectrumandan appropriatelychosentemplatespectrumasfunction of
relative shift. Thepositionof themaximumof thecrosscorrelationfunction(CCF) provides
thevalueof theradial-velocitydifferencebetweenobjectandtemplate.Thewidth of thepeak
is indicative for thewidth of thespectrallinesandcanthereforebeusedasa measureof the
rotationalvelocityof thestars.

For rotationalvelocitiesnot too large the line profilesmay be approximatedwith Gaus-
sians,allowing analyticaltreatmentof thecrosscorrelationmethod.Assumingthatthebinary
spectrumis a shifted,scaledandbroadenedversionof thetemplatespectrum,thebroadening
canberelatedto thewidth of the CCF peakasfollows (Gunnet al. 1996).With τ thedisper-
sionin thetemplate’sandβ thedispersionin thetarget’sspectrallines,µ thedispersionof the
CCF peakandσ thedispersionof theGaussianthatdescribesthebroadeningof theobject’s
spectrumwith respectto thetemplate,onecanwrite:

µ2 � τ2 � β2 � 2τ2 � σ2 (2.1)

Eq.2.1appliesto bothcomponentsin thebinaryspectrumandtheircorrespondingCCF peaks.
Thecrosscorrelationsareperformedwith the IRAF taskFXCOR thatusesFourier trans-

formsof thespectrato computetheCCF. Beforeperformingthecrosscorrelation,thecontin-
uumis subtractedfrom thenormalisedspectra.Filtering in theFourierdomainis appliedto
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avoid undesirablecontributionsoriginatingfrom noiseor intrinsically broadlines(seeWyatt
1985).

Thetemplatesarechosenfrom theradial-velocity standardssuchthattheir spectraltypes
resemblethoseof the targets. The value of τ for thesestarsis determinedfor eachorder
separatelyby autocorrelationof the templatespectrumadoptingthesamefilter usedfor the
crosscorrelations.In thiscaseσ is zeroandthereforeτ is founddirectly from thewidth of the
CCF peak:τ2 � µ2 � 2.

The templatespectraarecorrelatedwith our target starsorderby order, wherewe limit
ourselvesto ordersin theredspectrathatdo not suffer from strongtelluric lines. Most CCF

peakscanbefitted well with a Gaussian.As thefinal valuefor vsini we give thebroadening
σ averagedover the differentorders,andfor the uncertaintywe take the rms of the spread
aroundtheaverageof σ (Table2.3).Equatingvsini to σ implicitly assumesthatτ is thewidth
of thelinesnot relatedto rotation.An upperlimit to vsini is foundfrom theotherextremein
whichweassumethatthetotalwidth of thespectralline β followsfrom rotation.Thiscreates
uncertaintiesof theorderof σ for S1242.In thecaseof S1237wefind thatβ 	 τ (σ 	 0), i.e.
the lines in S1237arenarrower thanin the template.For thesetwo stars,we give anupper
limit of vsini 	 β in Table2.3.

S1113is theonly binaryobservedwhoseCCF shows two peaks.The CCF peaksof both
starsoverlapin the1998observation. Thereforewe do not usethesespectrain thefollowing
analysis.For the 1996spectra,the CCF shows two peaks,oneof which is broadindicating
thepresenceof a fastrotatingstar. Both peaksareclearly separatedwith a centre-to-centre
velocityseparationof � 110km s� 1. Thelinesin thespectrumaresmearedout andlesspro-
nounced,resultingin anoisyCCF. To improvethis,wecombinefour sequentialordersbefore
crosscorrelating(beingconstrainedby themaximumnumberof pointsFXCOR canhandle).
From Eq. 17 in Gunnet al. we derive the relative light contribution of both componentsto
thespectrumfrom theheightanddispersionof thecrosscorrelationpeaks,assumingthatthe
binarystarshave thesamespectrumasthetemplate(α � 1 in Eq.17). Accordingto this the
rapidly rotatingstarcontributes � 82%of thelight. Notethat luminosityratiosderivedfrom
crosscorrelationsareuncertainandshouldbeconfirmedphotometrically.

Fourier-Besseltransformation

The line profile of the fast rotatingstar in S1113 is not compatibleanymorewith a Gaus-
sian, thereforewe adoptanothermethodto determineits vsini, describedin Piterset al.
(1996). This methodusesthe propertythat the Fourier-Besseltransformof a spectralline
thatis purelyrotationallybroadenedhasamaximumatthepositionof theprojectedrotational
velocity. In practice,this position is a function of the limits over which the Fourier trans-
form is performed.Thelocal maximaof this velocity-versus-cutoff-frequency (vcf) function
approachvsini within half a percent,theresultgrowing moreaccuratefor maximaat higher
frequencies.This error is negligible whencomparedto errorsarisingfrom noise,otherline
broadeningmechanisms,etc. (seePiterset al. 1996). In our determinationof vsini of the
primaryof S1113,wehaveusedthefirst localmaximumin thevcf-plot of thetransformation
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of four isolatedFeI linesat λλ 6265.14,6400.15,6408.03and6411.54Å. Thevsini in Ta-
ble 2.3 is an averageof the resultingvalues;the vsini of the secondaryis found from cross
correlation.

Theapplicationof theFourier-Besseltransformationmethodis limited onthelow velocity
sideby thespectralresolution:theFouriertransformcannotbeperformedbeyondtheNyquist
frequency which for slow rotatorslies at a frequency that is lower thanthecutoff-frequency
atwhich thefirst maximumoccursin thevcf-plot. For ourspectrathismeansthatthemethod
cannotbeusedfor vsini 	 5.2km s� 1. Indeed,for every starfor which thecrosscorrelation
methodgivesa vsini smallerthanthis value,thevcf-plot doesnot reachthefirst local max-
imum, exceptfor S1082for which we find vsini = 9.5(1.6). For S1072,theFourier-Bessel
transformgivesa vsini of 12.7(1.0)km s� 1. Spectrallineswereselectedfrom thoseusedin
Grootet al. (1996)andfrom theadditionallinesusedfor S1113.

2.4 Results

Theresultsof our searchfor emissioncoresin theCaII H&K linesaredisplayedin Fig. 2.2
andin Table2.3. The emissionlines arestrongin S1063,S1113andS1040;andstill de-
tectablein S1242which indicateschromosphericactivity in thesestars.In S1072andS1237
theemissioncoresaremarginal,andon S1082wecanonly determineanupperlimit.

The(projected)rotationalvelocitiesof all of our starsarerelatively smallvsini 	 10 km
s� 1, with theexceptionof S1113.

In Sect.2.4.1we investigatewhetherthe relationsbetweenX-ray emission,strengthof
theemissioncoresin theCaII H&K lines,andtherotationalvelocitiesof theunusualX-ray
emittersin M 67 aresimilar to the relationsfound for well-known magneticallyactive stars,
the RS CVn binaries. In Sect.2.4.2 we briefly discussthe behaviour of the Hα line and
spectrallinesotherthanCaII H&K thatareindicatorsof chromosphericactivity. Individual
systemsarediscussedin Sect.2.4.3.

2.4.1 Comparisonwith RS CVn binaries

To investigatewhethertheX-raysof theM 67 starsstudiedin this paperarerelatedto mag-
netic activity, we comparetheir optical activity indicatorsandX-ray fluxeswith thoseof a
sampleof RSCVn binaries.In particular, we selectRSCVn binariesfor which fluxesof the
emissioncoresin theCaII H&K lineshavebeendeterminedfrom high-resolutionspectraby
Ferńandez-Figueroaet al. (1994).To obtainX-ray countratesfor thesebinaries,wesearched
theROSAT dataarchive for PSPCobservationsof them.We thenanalysedall theseobserva-
tions,anddeterminedthecountrates,in thesamebandpassasusedin theanalysisof M 67,
usingthestandardproceduredescribedin Zimmermannet al. (1994). All pointingsthatwe
have analysedactuallyled to a positive detectionof theRSCVn system:evenwhennot the
target of the observation, the RS CVn systemis usually the brightestobject in the field of
view. Theresultsof our analysisarelistedin Table2.4.
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name d (pc) JD texp (s) ctrate(s� 1) ∆ (� )
LUMINOSITY CLASS V (GROUP 1)
IL Com 107� 12 8420.575 16156 0.322(5) 36

8775.123 8345 0.126(5) 36
TZ CrB 21.7� 0.5 8864.531 4267 6.072(15) 0

9003.872 5776 6.228(11) 0
8864.595 3651 6.84(2) 24
9004.871 3151 5.41(2) 24

V772Her 37.7� 1.9 9049.117 14531 1.206(4) 0
BY Dra 16.4� 0.2 9247.809 9895 1.009(7) 0
V775Hera 21.4� 0.5 9085.714 2140 1.10(2) 0
ER Vul 49.9� 2.1 9148.099 1209 1.23(3) 0
KZ And 25.3� 4.9 8604.712 5249 0.888(16) 36

LUMINOSITY CLASS IV (GROUP 2)
V711Tau 29.0� 7 8648.446 3098 6.29(2) 0
UX Com 168� 51 8426.486 21428 0.146(3) 33
RSCVn 108� 12 8810.279 2526 0.336(17) 44

8991.040 6214 0.372(11) 44
8796.874 5076 0.305(12) 51
8966.506 2904 0.366(18) 51

HR 5110 44.5� 1.2 8431.422 71803 2.3152(14) 44
9158.435 37658 2.403(3) 44

SSBoob 202� 57 9030.359 10327 0.059(2) 0
RT Lacb 193� 39 8789.392 8668 0.198(5) 0
AR Lacc 42.0� 1.0 8620.767 13460 1.717(4) 0

9136.873 4892 2.902(13) 0

LUMINOSITY CLASS I I I /I I (GROUP 3)
12 Cam 192� 34 8322.477 3516 0.574(13) 3
σ Gemd 37.5� 1.1 8346.927 4745 5.269(14) 0

8904.569 1438 3.43(4) 0
8735.159 7940 4.753(8) 0

DK Dra 138� 10 9272.484 4156 1.32(2) 41
ε UMi 106� 7.6 8328.919 14690 0.624(6) 40
DR Drae 103.� 8.5 8863.981 10576 1.554(8) 31
HR 7428e 323� 53 9088.631 24889 0.112(2) 0
IM Peg 96.8� 7.1 8589.200 6335 1.692(15) 44

8769.630 8150 1.422(12) 44
8973.263 22143 1.909(4) 44

λ And f � g 25.8� 0.5 8448.155 31165 4.077(2) 0

Table2.4: ROSAT PSPCcount ratesfor RS CVn binaries,from our analysisof archival data. For
eachsourcewe list the distance,adoptedfrom the Hipparcoscatalogue(ESA 1997),the Juliandate
( � 2440000)of the beginning of the ROSAT exposure,the effective exposuretime, the countratein
channels41–240(i.e.roughlyin the0.4–2.4keV band),andtheoffsetof thestarto theROSAT pointing
direction. Whereapplicablewe alsorefer to earlierpublicationof theROSAT observation: aSinghet
al. (1996a),bWelty & Ramsey (1995),cWhite et al. (1994),dYi et al. (1997),eSinghet al. (1996b),
f Bauer& Bregman(1996),gOrtolanietal. (1997).
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To comparesystemsat differentdistances,we multiply the ROSAT count rate and the
flux of theemissioncoresfor eachsystemwith thesquareof thedistancelistedin Table2.4;
for M 67 we adopta distanceof 850pc (Twarog& Anthony-Twarog1989). No corrections
aremadefor interstellarabsorption.The choiceof the 0.4–2.4keV bandpassminimisesthe
effectsof interstellarabsorption,which aresevereat energies 	 0� 4keV. As it is unknown
which componentof the binary emits the X-rays, we plot the total X-ray andCa II fluxes,
addingthecontributionsof bothcomponentswherethesearegivenseparatelyby Ferńandez-
Figueroaet al. (1994).

The resulting’absolute’countratesandfluxesareshown in Fig. 2.3. TheM 67 systems
with CaII H&K emissionclearlyvisible in Fig. 2.2,viz. S1063,S1113,S1040andS1242
lie on therelationbetweenX-ray andCaII H&K emissiondefinedby theRSCVn systems,
in agreementwith thehypothesisthattheX-ray flux of theseobjectsis relatedto themagnetic
activity. It is alsoseenthat theupperlimits or marginally detectedemissioncoresin S1082,
S1072 and S1237 are high enoughthat we cannotexclude the hypothesisthat the X-ray
emissionin thesesystemsis relatedto magneticactivity.

Therotationalvelocity is anotherindicatorof magneticactivity. We investigatetherela-
tion betweenrotationalvelocity andCaemissionby selectingthosestarsfrom thesampleof
Ferńandez-Figueroafor which a valueof vsini is given in the Catalogueof Chromospheri-
cally Active Binary Stars(Strassmeieret al. 1993). In Fig. 2.4 the Ca II H&K emissionof
thesestarsis comparedwith theirvsini. In thisfigurewedodiscriminatebetweentheseparate
contributionsof bothstarsto FCa, with theexceptionof S1113for whichwecombinethetotal
flux FCa with the vsini of the primary. The M 67 starsarefound within the rangeoccupied
by chromosphericallyactive stars.We notethat the correlationbetweenthe observedH&K
flux andvsini is not tight. In particular, high andlow Ca II H&K emissionflux is foundat
low valuesof vsini. Someof thescattermaybedueto theuseof vsini insteadof thestellar
rotationperiod.

Parametersdependingon thespectraltype(e.g. propertiesof theconvective region) have
beenusedto reducethescatterin theactivity-rotationrelation;whereasthis is successfulfor
main-sequencestarswith 0� 5 �	 B � V �	 0� 8, it fails for othermain-sequencestarsand for
giants(seediscussionin Stȩpień 1994).For example,thethreegiants33Psc(K0 III), 12Cam
(K0 III) andDR Dra (K0-2 III) have vsini valuesof 10, 10 and8 km s� 1, respectively, but
differ in logd2FCa by threeordersof magnitude(seeFig. 2.4).

2.4.2 Activity indicators

The Hα lines (λ 6562.76Å) of only two stars,S1063andS1113,show clearevidenceof
emission,asshown in Fig. 2.6. This is describedin moredetail in their individual subsection
in Sect.2.4.3. For the otherM 67 stars,we have usedthe few (sub)giantsin the library of
UES-spectraof Montes& Mart́ın (1998)to investigatethebehaviour of Hα. Wehavechosen
library spectraof starsthat matchthe spectraof the M 67 starsas closelyaspossible(see
Fig. 2.5). S1072andS1237show no evidencefor filling in of theHα profile comparedto a
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Figure2.3: PSPCcountratesin channels41–240versusobserved CaII H&K emissionflux FCa (in
erg s� 1cm� 2). Both aremultiplied with thesquareof thedistance(in pc). Opencirclesarechromo-
sphericallyactive binariesfrom the sampleof Ferńandez-Figueroa(1994). Their size indicatesthe
luminosity classof the active component.Whenmore thanonePSPCobservation is available, the
countrateof thelongestexposureis plotted. Filled symbolsaretheM 67-sources.Trianglesindicate
upperlimits.

G0IV–V anda K0III star, respectively. In S1040Hα seemsslightly filled in comparedto a
G8IV anda K0III star. This is alsothe casefor S1242comparedto a G0IV-V star, but we
notethatnoclassificationfor thisstaris foundin literature.For S1082,nomatchingspectrum
is availablein this wavelengthregion.

Filling in of thelinesin theMg I b triplet (λλ 5167.33,5172.70and5183.62Å) andin the
Na I D doublet(λλ 5889.95and5895.92Å) is visible in someactivestars.Thepresenceof a
He I D3 (λ 5876.56)absorptionor emissionfeaturecanalsoindicateactivity (seediscussion
in Montes& Mart́ın (1998)andreferencestherein). However, in noneof the M 67 starswe
seefilled in Mg I b andNa I D lines. Neitherdo we seea clearHe I D3 feature.For S1082
(Mg I b andNaI D) andS1113(Mg I b, Na I D andHeI D3) wefind nosuitablelibrary stars
for thesefeatures.

2.4.3 Indi vidual systems

S1063and S1113

Thetwo starsbelow thesubgiantbranch,S1063andS1113,bothshow relatively strongCa
II H&K emission,andaretheonly two starsin oursampleshowing Hα in emission,shown in
Fig. 2.6. We usetheorbital solutionsfor bothobjectsto try andidentify thestarresponsible
for theseemissionlines.Thevelocitiesof bothcomponentsin S1113,andof onecomponent
in S1063areindicatedin Fig. 2.6.
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OPTICAL SPECTROSCOPY OF X-RAY SOURCES IN M 67

TheHα line profileof S1063is asymmetric,showing emissionwhich is blue-shiftedwith
respectto theabsorption.Thelocationof theabsorptionline is compatiblewith thevelocity
of the primary, which dominatesthe flux; the emissionis probablydue to the secondary.
Remarkably, theCaII H&K emissionpeakis atthevelocityof theprimary. Thissuggeststhat
theHα emissionis not chromosphericin nature.TheHα emissionof S1063doesnot show
thedoublepeakthatis known to indicateaccretiondiscemission(Horne& Marsh,1986).

In S1113theHα emissionprofile is symmetricandbroad,with full width at continuum
level of 15 Å. Theemissionpeakis centredon themoremassivestar, which contributes82%
of the total flux (Table2.3). This suggeststhat the Hα emissionis dueto the primary. The
Ca II H&K emissionshows marginal evidencefor a doublepeak,suggestingthatboth stars
contributeto thechromosphericemission.In Fig. 2.7we indicatetheexpectedpositionof the
H&K linesfor bothstars.For thephaseobserved,their peaksoverlapin thecrosscorrelation
function. In the figure we usethe velocitiesresultingfrom fitting the order that gives the
’cleanest’crosscorrelation.

S1072and S1237

TheCaII H&K emissionin thewidebinariesS1072andS1237is only marginally significant.
The level of their X-ray and Ca II emissionis more appropriatefor active main-sequence
stars(Fig.2.3). One might speculatethat it is due to the invisible companionof the giant
detectedin thecrosscorrelation;evenif thiswerethecase,wewouldnotunderstandwhy this

Figure2.4: ObservedCaII H&K emissionflux FCa versusvsini. Opencirclesshow thecomparison
sampleof chromosphericallyactive binariesup to 60 km s� 1 (Strassmeieret al. 1993andFerńandez-
Figueroa1994). Their sizeindicatesthe luminosityclassof theactive star. Verticalbarsindicate1-σ
errorsdue to uncertaintyin the distance,for systemswith a Hipparcosparallax. M 67 sourcesare
plottedasfilled symbols.
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Figure2.5: Hα profilesof S1040,S1072,S1237andS1242.Library UES-spectra(Montes& Mart́ın
1998)areplottedwith a thinnerline. Thecomparisonstaris a K0III giant(HD 48432)for S1040and
S1237,anda G0IV–V subgiant(HD 160269)for the otherstars. Positionof Hα andotherlines are
indicatedwith verticallines.

companionwould bechromosphericallyactive. We concludethatwe do not understandwhy
thesetwo starsareX-ray sources.We find no indicationfor a faint secondaryin the cross
correlationprofile of S1237;at the time of observation, the spectraof two equallymassive
starsassuggestedby Janes& Smith (1984)would be separatedby 4 to 7 km s� 1 (derived
from theephemerisin Mathieuetal. 1990).Sincethesecondaryis 1.6magnitudefainterin V
thantheprimary, we think thatthis smallseparationis compatiblewith finding a singlepeak
in thecrosscorrelation.

S1242

S1242is chromosphericallyactive,asshown by its CaII H&K emission.Wesuggestthatthis
activity, whichalsoexplainstheX-rays,is dueto rapidrotationinducedby tidal interactionat
periastron,which triesto bring thesubgiantinto corotationwith theorbit at periastron.If we
assumethattheobservedperiodof photometricvariability is therotationperiodwe derivean
inclinationof � 9 usingour maximumvalueof vsini andtheestimatedradius.This would
bein agreementwith a companionat thehigh endof therange0.14–0.94M � allowedby the
massfunction(Mathieuet al. 1990).

S1040

Our detectionof clearchromosphericemissionindicatesthat the X-ray emissionof S1040
is dueto the giant. The white dwarf hasa low temperature,andis unlikely to contribute to
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Figure2.6: Hα in S1113(top), S1063(middle)andcomparisongiantS1288. The intensityis nor-
malisedto thecontinuumlevel; theuppertwo spectraaredisplacedvertically by 0.5 and1 unit. The
line marksthe radial-velocity shift of thestarsasdeterminedby thecrosscorrelation;for S1113the
primary(P) andsecondary(S)starareseparatelyindicated.

the X-ray flux. We find a ratherslow rotationalvelocity for the giant, 3km s� 1. Gilliland
et al. (1991)detecteda periodicity of 7.97daysin the visual flux (B andV bandpasses)of
S1040,with anamplitudeof 0.012mag.If this is therotationperiodof thegiant,theradiusof
5.1R� (Landsmanet al. 1997)impliesanequatorialrotationvelocity of v � 32km s� 1. This
is compatiblewith thevelocity measuredwith our crosscorrelation,vsini, for aninclination
i �	 5� 3 . This inclinationhasana priori probability lessthan0.5%;andit implies anunac-
ceptablyhigh massfor thewhite dwarf, from themeasuredmassfunction f

�
m��� 0� 00268.

We concludethat the8daysperiodcannotbe the rotationperiodof thegiant. It is doubtful
thatthewhitedwarf canberesponsible,asits contribution to theB andV flux is small.

S1082

The Hα absorptionprofile of the blue stragglerS1082is variable. If we considerthe most
symmetricspectrumprofile, thatof 00:01UT, astheunperturbedprofile of theprimary, we
find thatthechangesaredueto extra emission.This is illustratedin Fig. 2.8. Wesuggestthat
this variationis dueto thesubluminouscompanion,possiblyto a wind of thatstar. We have
alsoinvestigatedthepresenceof abroadshallow depressionunderlyingtheNaI D lines(near
λ 5895Å) andtheO I triplet (nearλ 7775Å) asfoundby Mathys(1991). We find that this
broadcomponentis variable,asillustratedin Fig. 2.9. Mathys(1991)suggeststhatthebroad
componentoriginatesin thesubluminouscompanion.This companionoutshinestheprimary
by a factorsix at λ 1520Å andthusis presumablyhot (Landsmanet al. 1998).We notethat
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Figure2.7: CaII H&K emissioncoresin S1113. Thevertical linesmark theshiftedpositionof the
linesfor theprimary(P)andsecondary(S)asderivedfrom thecrosscorrelationwith theradial-velocity
standardHD132737(K0III, ESA 1997). Errorsarealsoindicated.Thelong horizontallines indicate
theupperandlower limit chosento determinetheemittedCaII H&K flux (seeSect.2.3.1).

thestarcannotbetoo hotor it wouldnotshow neutrallines.

2.5 Discussionand conclusions

In this paperwe have tried to find anexplanationfor theX-ray emissionof sevensourcesin
M 67.

For S1242andS1040we have concludedfrom theCaII H&K emissioncoresthatmag-
netic activity is responsiblefor the X-rays. This is supportedby filling in of Hα (seee.g.
Monteset al. 1997;Eker et al. 1995). In S1242,activity is likely to be triggeredby inter-
actionat periastronin theeccentricorbit. This is alsoreflectedin theperiodof photometric
variability. For S1040, the reasonfor activity is lessclear. The explanationcould involve
masstransferfrom the precursorof the white dwarf to the giant andthe latter’s subsequent
expansionduringthegiantphase.As wasalreadynotedby Landsmanet al. (1997),a similar
systemis AY Cet,abinaryof awhitedwarf of Teff � 18000K (Simonetal. 1985)andaG5III
giantin an56.8dayscircularorbit. Thevsini of thatgiantis alsolow, 4 km s� 1, andthelong
photometricperiodof 77.2daysimpliesasynchronousrotation(Strassmeieretal. 1993).The
X-ray luminosity for AY Cet is 1� 5 � 1031 erg s� 1 in the 0.2–4keV bandasmeasuredwith
Einsteinby Walter& Bowyer (1981),somewhathigherthantheluminosityof S1040.(With
thecoronalmodeldiscussedby Belloni etal. (1998),thecountratefor S1040correspondsto
5� 6 � 1030 erg s� 1 in the0.2–4keV band.)Walter& Bowyer attributetheX-rays to coronal
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Figure2.8: Hα profile for thethreeexposuresof S1082.Thespectraarelabelledaccordingto theUT
at startof theexposure.For clarity, thelower spectrumis offsetwith � 0� 2 ! 10� 13 erg s� 1 Å � 1 cm� 2

in bothfigures.The lower panelsshow thedifferencebetweenthefirst andsecond(left) andthefirst
andthethird exposure.

activity of thegiant.
TheCaII H&K emissioncoresin S1063andS1113areverystrong.In S1113we might

evenseeemissionof bothstars.Dueto theshapeof theHα emissionwecannotconcludewith
certaintythattheX-raysarisein anactivecoronaandnot in adiscor stream.Thewingsin the
emissionpeakof S1113arevery broad. However, Monteset al. (1997)have demonstrated
thattheexcessemissionin theHα linesof themoreactivebinariesis sometimesa composite
of a narrow andbroadcomponent,the latter having a full width at half maximumof up to
470km s� 1. They ascribethis broadcomponentto microflaringaccompaniedby largescale
motions.Wenotethesimilarity betweenS1113andV711Tau,awell known extremelyactive
binary of a G5IV (vsini � 13 km s� 1) andK1IV (vsini � 38 km s� 1) star in a 2.84 days
circularorbit anda massratio 0.79(Strassmeieret al. 1993);themassratio of S1113is 0.70
(Mathieuet al., in preparation[Chapter6]). Fromthecountrateof V711Tauin Table2.4we
find Lx � 6� 8 � 1030 erg s� 1 in the0.1–2.4keV bandusingthesamemodelasin Belloni et
al. (1998)with NH � 0, which is comparableto the luminosity of S1113in the sameband
Lx � 7� 3 � 1030 erg s� 1 (Belloni et al. 1998). The Hα emissionof S1063is moredifficult
to explain. As this systemis not double-lined,Hα emissionby the(invisible) secondarystar
wouldhave to bestrongto riseabove thecontinuumof theprimary.

In thebinariesS1072andS1237we seeno Hα emissionwhile the level of Ca II H&K
emissionis low in comparisonwith active starsof the sameluminosity class. We have no
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Figure2.9: Na I D lines in S1082. Shown from left to right arethethreespectralabelledaccording
to theUT atstartof theexposure.Variability is mostclearlyseenleft of theNa λ 5895.92line.

explanationfor this. For S1072,anoptionis a wrongidentificationof theX-ray sourcewith
anopticalcounterpart.Belloni et al. (1998)giveaprobabilityof 43%thatoneor two of their
twelve identificationsof anX-ray sourcewith abinaryin M 67 is dueto chance.

No Ca II H&K emissionis seenin the spectrumof the blue stragglerS1082. Possibly,
theX-ray emissionhasto do with thehot, subluminoussecondarythat couldalsocausethe
photometricvariability andwhosesignaturewemight haveseenin theHα line.
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Chapter3

Photometricvariability in theold open
clusterM 67
I. Clustermembersdetectedin X-rays

MaureenvandenBerg, KeivanG. Stassun,FrankVerbunt& RobertD. Mathieu
submitted to Astronomy & Astrophysics

Abstract – We studyphotometricvariability amongthe optical counterpartsof X-ray sourcesin the
old openclusterM 67. Thetwo puzzlingbinariesbelow thegiantbrancharebothvariables:for S1113
the photometricperiodis compatiblewith the orbital period,S1063eithervarieson a periodlonger
thantheorbital period,or doesnot vary periodically. For thespectroscopicbinariesS999,S1070and
S1077 the photometricandorbital periodsaresimilar. Anothernew periodicvariableis the main-
sequencestarS1112,not known to bea binary. An increaseof thephotometricperiodin theW UMa
systemS1282(AH Cnc) is in agreementwith a previously reportedtrend. Six of theeightvariables
we detectedare binarieswith orbital periodsof 10 daysor lessand equalphotometricand orbital
periods.ThisconfirmstheinterpretationthattheirX-ray emissionarisesin thecoronaof tidally locked
magneticallyactive stars.No variability wasfoundfor thebinarieswith orbital periodslongerthan40
days;theirX-ray emissionremainsto beexplained.
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3.1 Introduction

Twentyfivemembersof theold openclusterM 67havebeendetectedin X-rays(Belloni etal.
1998).At theageof M 67 (4 Gyr, Dinescuet al. 1995)therotationof singlestarsis too slow
to generatedetectableX-rays.Therefore,theX-ray emissionof many M 67 sourcesprobably
arisesin interactingbinaries.Indeed,onesourceis known to bea cataclysmicvariable.Nine
sourcesarebinarieswith orbitalperiodsof 10daysor less,presumablyRSCVn typesystems,
whoseX-rays aredueto thecoronaeof magneticallyactive starsforcedto corotateby tidal
interaction(seeTable3.2). However, not all X-ray sourcesarebinaries,e.g. onesourceis a
hotwhitedwarf, andsomeothersarestarswhichdo notshow signsof binarity.

Therearefive peculiarbinarieswhoseevolutionarystatuseswe currentlydo not under-
stand.They arefound in thecolour-magnitudediagramin locationswhich cannotberepro-
ducedby combiningthelight from any two memberson themainsequence,subgiantand/or
giantbranches.Two of themhave longorbital periodswhichexcludestrongtidal interaction.
A sixth binary with a long orbital period lies to the blue of the giant branchwhich canbe
explainedby thesuperpositionof thelight of agiantanda turnoff star.

A spectroscopicstudy of thesepeculiarsystemswas presentedin van den Berg et al.
(1999)[Chapter2]. Herewe reportour photometricstudyof thesesourcesandof otherX-
ray sourcesthathappento be in the samefields of view. The photometryof S1082will be
publishedseparately(vandenBerg et al. 2001)[Chapter5]. Theobservationsandanalyses
aredescribedin Sect.3.2.Resultsarepresentedin Sect.3.3,followedby theinterpretationand
discussion– includingcomparisonwith earlierwork – in Sect.3.4. Sect.3.5summarisesour
conclusions.Thevariability of starsnot detectedin X-raysbut includedin our observations
will bethesubjectof PaperII (Stassunet al., in preparation)[Chapter4].

3.2 Data and analysis

3.2.1 Observations

U , B, V , I andGunni photometrywasobtainedwith the 0.90-mtelescopeat Kitt Peak,the
0.91-mESODutchTelescopeatLaSillaandthe1-mJacobusKapteynTelescopeonLaPalma.
Combined,thefiveobservationrunsspanaperiodof two years(seeTable3.1).Fig.3.1shows
thelocationof theobservedfields.During run 1 weatherconditionsweregoodwith a typical
seeingof 0���� 9 to 1���� 4. The observationsweremadeduring andaroundfull moonbut moon
illumination wasnot a problem. Weatherconditionsduring runs2 and3 weregood,with
a typical seeingof 1� ��� 6. During run 4 the typical seeingwas1���� 5 while the quality of some
imageswasaffectedby the brightnessof the nearbymoon. The same,at a seeingbetween
1���� 5 and3

���
, is truefor thelastrun, thatin additionwastroubledby partialcloudiness.This is

reflectedin therelatively largeerrorsof thelasttwo runs.
Every X-ray sourceof Belloni et al. (1998)wasmonitoredin at leastonerun, exceptfor

thefaintcataclysmicvariableEUCncandthehotwhitedwarf. Themainpurposeof run1 was
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PHOTOMETRIC VARIABILITY IN M 67 I.

Figure3.1: A 35x 35arcmin2 regionof M 67centredonthestarS783.Thecoordinatesof thesources
in thisfield aretakenfrom theUSNO-A1.0catalogue.Theareasmonitoredin thefiveobservationruns
areindicatedby thesquares(seealsoTable3.1). Theopencirclesmarktheopticalcounterpartsto the
X-ray sourcesthat arediscussedin this paper;the diamondmarksS1082that we discusselsewhere
(vandenBerg etal. 2001)[Chapter5].

to monitorvariability of S1113andS1063,of run 2 to monitorS1113andof runs3 to 5 to
monitorS1082. This meansthatexposuretimeswerechosento optimisethemeasurements
of thesestars.During run 5, five additionalfieldscontainingX-ray sourceswereobservedin
B andV onceor twicepernightto searchfor obvioussignsof variability. As S364andS1237
areverybrightstars(seeTable3.2)thequalityof theimagesof fainterstarsin thesefieldsare
poor. This affectsthequality of the light curvesof theX-ray sourcesin thefield of view of
S1237(i.e. S1242,S1270andS1282).

3.2.2 Data reduction and light curve solution

StandardIRAF routineswereusedto removethebiassignalandflatfieldtheimages.Aperture
photometryfor all the starswas donewith the DAOPHOT.PHOT task. For eachindividual
run, sourcecountswereextractedwithin a fixedradiuswith a valuedependingon theseeing
conditions.Thestarsin M 67areseparatedwell enoughto avoid problemsof crowding.

The light curve solution was computedwith the algorithm of ensemblephotometryas
describedby Honeycutt (1992).In thismethod,themagnitudesof all thestarsonevery frame
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CHAPTER 3

areusedto createan ensembleaveragewith respectto which the brightnessvariationsare
defined.Framesthathave a large offset from this average(e.g. dueto badseeing)show up
asdeviant observationsandcanbe excluded. For a given star, errorswereassignedto the
datapointsby estimatingthetypical spreadin the light curvesof starsof similar magnitude.
In mostcasesthe formal errorsfrom the PHOT taskarenegligible; if not, we usedthis error
instead.Thedifferentdatasetswereanalysedindividually.

As exposuretimeswerechosento optimisethemeasurementsof theX-ray sourcesin each
field, thephotometricprecisionasa functionof stellarbrightnessvariesfrom onerun to the
next. Generallyspeaking,thephotometricprecisionof thebrightest(unsaturated)starsin our
exposuresis flat-field limited to 5–10mmag.This precisionlevel typically holdsfor starsup
to 2–2.5magfainterthanthe brightestsources,andthenbecomesphoton-noiselimited and
degradesfor still fainterstars.ThebestoverallprecisionwasachievedonourKitt Peakframes
(run1; Table3.1),for whichthebrighteststars(B � 12,V � 12,I � 11� 5) haveσmag 	 0.007,
0.005,0.005in B, V , andI, respectively. Theprecisionbeginsto degradeataround14thmag.
For thefaintestsources,atabout18.5mag,theprecisionis 0.05–0.1mag.Wereferthereader
to PaperII [Chapter4] for a full discussionof thephotometricprecisionin our observations.

A simplezero-pointshift is appliedto the measurementsin eachfilter to roughly place
the instrumentalmagnitudeson an absolutescaleasdescribedin PaperII [Chapter4]. The
light andcolour curvesthat arepresentedin Fig.3.3-3.5show the variationswith respectto
themeanmagnitudeandcolour(seeTable2 of PaperII) [Table4.2].

3.2.3 Search for variability

Our searchfor variability is a two-stepprocess.First we performa χ2-teston the individual
light curvesfor eachfilter for eachrun, to calculatetheprobabilitythatthelight curvesof the
X-ray sourcesarecompatiblewith beingconstant.As theintrinsicpropertiesof thevariability
neednot be thesamein light curvesof differentruns(in particularfor brightnessvariations
due to spots),we considereachlight curve separately. To remove accidentaloutliers, the
minimumandmaximumdatapointsareexcluded.A staris labeledasa probablevariableif
theprobability for beingconstantis smallerthan0.3%in any of the light curves. Eight stars
aremarked asprobablevariables(seecolumnvar in Table3.2). For six of thesestarsthe
variability is notdetectedin every light curve. In mostcaseswecanascribethis to differences
in sensitivity betweenrunsor betweendifferentfiltersof acertainrun,or to differentdurations
of runs. For S1063, S1070 and S1077 it seemsthat the variability itself haschangedas
discussedbelow.

We next performa Lomb-Scargle time-seriesanalysis(Scargle 1982)to searchfor peri-
odicity in thelight curves. In caseswhenmultiple light curvesin a givenfilter aremarkedas
variable,thoselight curvesarecombinedfor theperiodsearch;no distinctionwasmadebe-
tweenI andGunni. If theresultingperioddoesnotproduceasmoothfoldedlight curve,data
from differentrunsareanalysedseparately;thiswill beindicatedfor eachsourcein Sect.3.3.
A periodogramis computedwith 1000frequenciesbetweenaminimumandmaximumperiod
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Pmin andPmax correspondingto twice the typical samplingperiodandthe full lengthof the
longestobservation run, respectively (seeTable3.1). We choosethe periodof the highest
peakin theperiodogramasour first estimatefor periodicity in thedata.However, aswill be
discussedbelow, external informationoften leadsus to immediatelyneighbouringpeaksof
comparablesignificance.

Photometricperiodshave beendeterminedpreviously for thetwo contactbinariesS1036
(Gilliland et al. 1991)andS1282(e.g.Kurochkin1979).Therefore,we look for periodsin a
narrow window insteadof therangelimited by Pmin andPmax. In bothcases,we find thatthe
power at half thephotometricperiodis far higherthanat thephotometricperiod,dueto the
symmetryin thelight curve. For S1036wesearchfor periodsbetween0.215and0.225days,
for S1282between0.175and0.185days. Theperiodogramis computedfor 5000pointsto
increasetheresolution.

An estimatefor thechancedetectionof a period,i.e. theprobability that the light curve
doesnot have the periodicity indicatedby the highestpeak,is expressedby the false-alarm
probability. In thecaseof theLomb-Scargle periodogramthefalse-alarmprobabilityfollows
the expression:1 
 �

1 
 exp �

 z ��� m, wherez is the heightof the peakandm is the number
of independentfrequencies.Horne& Baliunas(1986)demonstratedthat this numbercanbe
smallerthanthenumberof datapointsespeciallyin setsof unevenlysampleddata.Thevalue
of m is obtainedby fitting thisexpressionto aprobabilitydistributiongeneratedby measuring
themaximumpeakheightsin periodogramsof 5000simulatedrandomdatasetswith thesame
time-samplingandthesamespreadin themeasurementsastheactuallight curve.

Photometricperiodswith a false-alarmprobability smallerthan 1% are summarisedin
Table3.2. Thesecorrespondto the positionof the highestpeakin the periodogramunless
indicatedotherwise.To estimatetheerror in thebestperiodwe proceedasfollows. For the
correctperiod the light curvesdefinedby the first and last observationscoincide. A small
changedP in theperiodcausesa smallphaseshift:dφ 	 T ��� P � dP ��
 T � P, whereT is the
time spanof thedataset.For eachlight curve we estimate,by visual inspection,a maximum
dφmax for which the light curvesdo not split perceptibly. This correspondsto a maximum
acceptableperiodchangeof

dP
P 	 
 dφmaxP

T � dφmaxP
(3.1)

Thevaluefor dφmax thatwechooseis listedin Table3.2.

3.3 Results

We have divided the sourcesinto periodically(Sect.3.3.1)or non-periodically(Sect.3.3.2)
varying stars. The periodically varying starsare two W UMa systems,four spectroscopic
binariesandonestarnot known to beabinary, i.e. S1112.
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3.3.1 Periodic variables

W UMa systems

TheW UMa light curvesareplottedversusphotometric phasewherephase0 correspondsto
themomentof photometricprimaryminimum(seeFig. 3.3).

S 1282 is theW UMa variableAH Cncdiscoveredby Kurochkin(1960). Theperiodograms
of the total B andV datasetsshow peakswith a spacingof � 4 10� 5 and � 6 10� 4 days
dueto the two-yearandthe two-monthgapsin our observations,respectively (seeFig.3.2).
The highestpeaksin the B andV periodogramsarefound at 0.180226and0.180270days,
respectively, which correspondsto two neighbouringpeaksin the periodogram.We folded
thedataontwice thoseperiodsbut find thatthepeakat0.180226daysrepresentsbestthetrue
period:whenwe usethelongerperiod,thedeeperprimaryminimaof thefirst run fall on top
of thesecondaryminimaof thefourth run. Thuswe concludethat thephotometricperiodis
0.360452days.I datawereonly obtainedduringrun 1 andcannotprovideanequallyprecise
period.

In additionto short-termvariationson a time scaleof roughly 9 to 10 years,Kurochkin
(1979)findsa secularincreaseof theperiodof AH Cnc.His ephemerisfor theprimarymini-
mumis:

Min I 	 2441740� 7166� 27��� 0�d36044098� 53� E
� 1�d56� 38� 10� 10E2 (3.2)

Thisephemerispredictsaperiodduringthetimeof ourobservationsbetween0.3604447days
and0.3604479days,in agreementwith our result. We note that periodchangesof similar
magnitudehavebeenfoundfor othercontactbinaries.

Weobserveno significantcolourchangesin V 
 I andB 
 V .

S 1036, or EV Cnc,wasdiscoveredto beacontactbinaryby Gilliland etal. (1991)whoreport
a periodof 0.44125days.TheB andV periodogramsshow fine structurefrom the two-year
andtwo-monthgapsin thedata. In bothsets,that includedatafrom run 1, 4 and5, we find
thesamebestperiodof 0.22078days.Whenfoldedon this period,thelight curvesshow the
sameeffect of interchangingprimaryandsecondaryminimaasdescribedfor S1282.Proper
phasingis obtainedwith theperiodof 0.22072daysderivedfrom thepeaknext to thehighest.
Theperiodthat correspondsto thehighestpeakin theperiodogramof the I datais 0.22091
days,but againinterchangesminima. The periodof 0.22072dayscoincideswith a nearby
peakof similarheight.U datawereonly obtainedduringrun5 andcannotprovideanequally
preciseperiod.In Fig. 3.3thelight curvesarefoldedon thedoubleperiodof 0.44144days.

A light curve foldedon theperiodgivenby Gilliland et al. shows that this periodcannot
becorrectfor theepochof our observations.SinceGilliland et al. do not specifytheerror in
theperiod,wecannottell whethertheperiodhaschangedsignificantly.

Weseeno significantchangesin any of thecoloursU 
 V , B 
 V or V 
 I.
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PHOTOMETRIC VARIABILITY IN M 67 I.

Figure3.2: Periodogramsfor thevariablestars. The arrow indicatesthephotometricperiodor half
thephotometricperiodlistedin Table3.2. Thedottedline marksthepositionof theorbital periodfor
S1070,S1077andS1113,half theorbital periodfor S999andthepositionof theperiodaspredicted
by Kurochkin(1979)for S1282.Thehorizontalerrorbarsgive our estimatefor theuncertaintyin the
period.
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Figure3.3: Light curvesof thetwo contactbinariesS1036(EV Cnc)andS1282(AH Cnc)foldedon
thenewly derivedperiods(seeTable3.2).Datafrom differentobservingrunsaremarkedwith different
symbols:opencirclesfor run1, filled circlesfor run4 andopentrianglesfor run5.

Spectroscopic binaries

We note that the light curvesof the spectroscopicbinariesaregivesas function of orbital
phasewherephase0 correspondsto themomentof maximumpositive radialvelocity of the
primarystar(primaryreceding).

S 999 TheB andV dataof thefirst runshow variability with asemi-amplitudeof � 0� 03mag.
Only theperiodfoundin theB datahasafalse-alarmprobabilitysmallerthan1%. Thehighest
peakin theperiodogramis foundat 4.6� 1.0days(Fig. 3.2),but this perioddoesnot produce
a smoothlight curve. We suggestthat the peakat 4.6 daysis a harmonicof photometric
variationonor neartheorbitalperiodof 10.06days.Notethatthedurationof thefirst runwas
10nights,soourperiodsearchdoesnotextendupto theorbitalperiod.Gilliland etal. (1991)
reportaperiodof 9.79days(noerroris given)with anamplitudeof only 0.013mag.

In Fig.3.4wefold theB andV dataontheorbitalperiod.Accordingto theorbitalsolution
of Mathieuet al. (1990),theminimumbrightnessoccursaroundorbital phase0. TheB 
 V
colourdoesnot varysignificantly.

S 1070 A period of 2.6� 0.1 daysis detectedin the B andV light curves of run 3 with a
semi-amplitudeof thevariationof � 0� 03mag.

Thephotometricpropertiesof S1070havechangedwith respectto run1. If thevariations
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seenin thethird run (σ � 0� 014magin V ) werepresentin thefirst run, they wouldhavebeen
detected.

In Fig. 3.4 all dataof run 3 arefoldedon theorbital periodwhich is compatiblewith the
photometricperiod.Thephotometricminimumoccursaroundorbitalphase0.1-0.2(ephemeris
from Lathametal.,privatecommunication).TheV 
 Gunni colourcurveshowsperiodicvari-
ationswith asemi-amplitudeof � 0� 03magsuchthatthestarbecomesbluerasit getsbrighter.

S 1077 All light curvesof thisstararemarkedasvariableexceptfor theU andB dataof run5,
probablydueto thereducedsensitivity of run 5, andtheV andI dataof run 1. Thelattercan
pointata realabsenceof variationascouldbethecasein S1070;thevariationsof run3 (σ �
0.018magin V ) werenotseenin run1. In theperiodogramsof thecombineddatapeakswith
a false-alarmprobability smallerthan1% arefound near0.6 and1.3 days. However, when
foldedon theseperiods,thelight curvesdonot look smooth.Thereforewealsoanalyseddata
of thedifferentrunsseparately. Only thelight curvesof run3, with thehighestprecision,look
smoothwhenfoldedontheperiodsof about1.4days(seeTable3.2)whichhaveafalse-alarm
probabilitysmallerthan1% only in B, V andGunni. This perioddoesnot correspondto the
highestpeakin theV periodogram,which is foundat 0.60days. Thesemi-amplitudeof the
variationis small, � 0� 03magin V .

Thephotometricperiodis compatiblewith theorbital period;we considerthelatterto be
the true period for the photometricvariability. The dataof run 3 are folded on the orbital
periodin Fig. 3.4. Thephotometricminimumoccursaroundphase0.9-0.Thecoloursdo not
varysignificantly.

S 1113 As alreadynotedby Kaluzny & Radczynska(1991)thisstaris aphotometricvariable.
In our observations,the B andV datacover the longesttimespanandcanthereforeprovide
the mostaccuratephotometricperiod. The periodogramis computedfor 25000periodsto
make the period bins smaller than the accuracy of our period determination(0.001). The
periodogram(seeFig. 3.2) againshows fine structurewith a spacingasexpectedfrom the
two-yeargapbetweenruns1 and5. Themaximumpeakindicatesa periodof 2.833� 0.001
days,which is not compatiblewith the orbital period. The orbital periodcorrespondsto a
neighbouringpeakin theperiodogramat 2.822� 0.001days(in V ; 2.823� 0.001daysin B).
Given the lack of significantdifferencein peakheights,thephotometricandorbital periods
may be the same. Therefore,the light curves in Fig. 3.4 are folded on the orbital period.
For the B light curve we find a similar result. The periodsfound in the U and I bandare
compatible,but lessaccurate(seeTable3.2).

Datatakenduringdifferentrunsat thesameorbital phasegive rise to scatterin the light
curve, asseenin the top panelof Fig. 3.4. This could be explainedif the amplitude,phase
and/ortheperiodof thevariability haschangedbetweentheruns.Whenanalysedseparately,
thelight curvesof run1 and2 giveaperiodof 2.8� 0.1and2.83� 0.03days,respectively; the
uncertaintyis too large to detecta periodchange.Assumingthat the photometricperiodis
theorbital periodwe concludethat theamplitudeor thephaseof thevariationshaschanged,
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Figure3.4: Light curvesof S1112(foldedon thephotometricperiod)andof S999,S1070,S1077.
Datafrom differentobservingrunsaremarked with differentsymbols:opencirclesfor run 1, filled
trianglesfor run2, andopensquaresfor run3.
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Figure3.4 – continued:Light curvesof S1113(folded on the orbital period). Datafrom different
observingrunsaremarkedwith differentsymbols:opencirclesfor run1, filled trianglesfor run2, and
opentrianglesfor run5.
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eitherof which is possibleif thevariationis causedby astarspot.
We show separatelythe light andcolourcurvesfrom runs1 and3 in the lower panelsof

Fig. 3.4. Thecolourvariationis significantonly in V 
 I in run 1 andB 
 V andV 
 Gunni
in run 3, suchthatthestarbecomesbluerasit brightens.

S 1112

The dataof the first (B, V , I) andsecond(V ) runsshow variability but only in the B andV
light curvesdo we find significantperiodsof 2.7� 0.2 and2.65� 0.03days,respectively. In
Fig. 3.4thedataarefoldedon thelatterperiod.Theamplitudeof thevariationis againsmall,
only � 0� 04mag.Weakcolourvariationsareonly seenin V 
 Gunni andappearto bein phase
with thelight curve; thestarbecomesbluerasit brightens.No informationon binarity from
radial-velocitymeasurementsexistsfor this star.

3.3.2 Non-periodic variable: S 1063

Photometricvariability of thisstarup to 0.18magwasinferredby Racine(1971)from the
differencesbetweenpublishedvaluesof themagnitude.Rajamohanetal. (1988)andKaluzny
& Radczynska(1991)alsonotedits variability, but only the latter provide light curves(for
December9 to 15 1986,seeFig. 3.5). This binary wasincludedin all our runsexcept the
second.Thelight curvesof run 1 and3 clearlyshow variability (seeFig. 3.5)on a long time
scale. The variability during run 1 is similar to that observed by Kaluzny & Radczynska.
Thelongestinterval of continuousobservationwaseighteenconsecutivenightsduringrun 3,
which is almostthe lengthof theorbital period(18.39days). Thereforeduring any onerun
wecouldnothaveestablishedperiodicityon theorbital period.

Data from run 1 and3 werecombinedto look for periodsup to 18 days. The highest
peaksin theperiodogramarefoundbetween17and18days,all with afalse-alarmprobability
smallerthan1%. However, thefoldedlight curvesshow noconvincingperiodicity. Therefore,
noactualperiodis specifiedin Table3.2.

Theamplitudeof thevariationincreasestowardstheblue.

3.4 Discussion

We have studiedthe optical photometricpropertiesof X-ray sourcesin M 67. Eight photo-
metric variables,including threenew variables,were found amongthe twenty two sources
thatarediscussedin thispaper. In all casestheamplitudesof thevariationsaresmall,ranging
from 0.03to 0.4magin V .
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Figure3.5: Light curvesandcolourcurvesof S1063.Datafrom differentobservingrunsaremarked
asin Fig. 3.3. Thedatafrom Kaluzny & Radczynka(1991)of December9-151986areincludedon
theleft; thebrightnessvariationsaredefinedwith respectto themeanmagnitudeof thelight curve.

Thelight curvesof thetwocontactbinariesS1036andS1282arisethroughpartialeclipses
andellipsoidalvariationsof thetidally deformedstars.TheirX-raysarebelievedto beemitted
by thehotcoronaeof themagneticallyactivecomponents.

Theprimaryandsecondaryeclipsesof contactbinariesusuallyareof similar depth.This
hasbeeninterpretedasevidencethatbothstarshave almostthesametemperature,which in
turn is evidencefor energy exchangebetweenthetwo starsin contact.Unequaldepthsof the
primary andsecondaryeclipsesthenimplies differenttemperaturesfor both stars,i.e. poor
thermalcontact. The thermalcontactcanbe suppressedwhenthe systembecomes(semi-)
detached.It hasbeensuggestedthatsuchphasesof poorthermalcontactoccurperiodicallyin
contactbinaries(Lucy & Wilson1979).In view of this interpretationit mayappearsurprising
thatweseeunequaleclipsesbut no evidenceof colouri.e. temperaturevariationsin S1036.

S1036is interestingaseitheran immediateprogenitorof a contactbinary, or becauseit
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is in thesemi-detachedphaseof thethermalcycle of a contactbinary. Theupperlimit on the
colourvariationsin S1036is about0.05in B 
 V (Fig. 3.3). Radial-velocity measurements
arerequiredto determinetheevolutionarystatusof this systemandto convert theupperlimit
to thecolourvariationsinto anupperlimit on temperaturedifference.

The small amplitudeof the S1036light curve indicateseithera small inclination or an
extrememassratio (e.g. Rucinski 1997). In a volume-limitedsampleof contactbinaries,
Rucinski(1997) found that only two amongthe 98 systemshave light curveswith unequal
minima. Oneof thosetwo alsohasa relatively small amplitudeof variationof about0.25
mag.

Another featureof W UMa light curvesassociatedwith unequaleclipsesis that at first
quadrature(phase0.25)thestaris brighterthanat secondquadrature(phase0.75). This has
beenexplainedwith a hot spoton the secondary, possiblyasa resultof masstransferin a
semi-detachedsystem(e.g.Rucinski1997).Thiseffect is alsovisible in S1036.

Within thetwo yearsof ourobservationsweseeevidencefor variability of thelight curve
of S1282: thesecondaryminimumof run 1 appearsto belessdeepandflatterthanobserved
in run 4. A similar variation was seenby Gilliland et al. (1991) who notedthat in their
observationsof 1988thesecondaryeclipsehadaflat shape,while theobservationsby Whelan
et al. (1979)donefrom 1973to 1976showeda roundedsecondaryminimum. Thetimescale
of thesevariationsis indicativeof thepresenceof spots.

The light curvesof theperiodicvariablesS999,S1070,S1077andS1113displayonly
onemaximumper cycle. S1113andS1070alsoshow colour variationsin phasewith the
brightness.For all four systemsthereis indication for variability in the light curves. The
amplitudeof thevariationin S999is differentin ourobservationsandthoseof Gilliland etal.
(1991);in S1070andS1077therehaslikely beena changebetweenrun 1 andrun 3 andin
S1113betweenrun1 and2. Theshorttimescaleof thisvariationis anindicationof brightness
modulationsby spots.Remarkably, in all casestheminimumoccursaroundorbital phase0.
Wehaveno explanationfor this.

All four systemsarespectroscopicbinarieswith photometricperiodscompatiblewith the
orbital period. Thecircularorbital periods,their X-ray luminosity, andtheCaII K emission
in thecaseof S999,S1077andS1113(Pasquini& Belloni 1998,vandenBerg et al. 1999
[Chapter2]) make thesestarslikely candidatesfor magneticallyactivesystemsdueto oneor
bothstarsbeingtidally locked. This wasalreadysuggestedby Belloni et al. (1998)andour
light curvessupporttheir interpretation.

Thelight curveof S1112showslow-amplitudeperiodiclight andcolourvariationssimilar
to thoseseenin thesefour binaries. This star hasnot beenmonitoredfor radial-velocity
variationsbut the X-ray luminosity and the light curve are typical for magneticallyactive
systemswhichsuggeststhatS1112is abinarywith anorbital periodof about2.65days.

We do not understandthevariability thatwe observe for S1063.Thesourceshows spec-
troscopicsignaturesof magneticactivity (van denBerg et al. 1999)[Chapter2]. However,
if oneof the starsin this binary would be corotatingnearperiastron,we expecta rotation
periodof 14.6 days(Eq. 42 of Hut 1981)which is excludedby the observationsof run 3.
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Figure 3.6: Visual magnitudeversusorbital period of the M 67 binariesdetectedin X-rays. The
sizeof the symbol is a measurefor the logarithmof the X-ray luminosity (0.1-2.4keV, in erg s� 1)
asindicatedin thefigure. Eccentricbinariesareindicatedwith triangles,binarieswith eccentricities
compatiblewith zero (within the 3σ-error) with circles. Filled symbolsare systemsfor which we
detectedphotometricvariability. S1112is indicatedwith afilled square.

We concludethateitherthestardoesnot vary periodicallyor that theperiodof variability is
longerthan18days.Moreobservationscoveringalongertimespanarerequiredto understand
the natureof the variability. Our findingsarein contrastwith thesuggestionby Kaluzny &
Radczynska(1991)thatS1063,aswell asS1113,arehighly evolvedW UMa-typebinaries.

3.5 Conclusion

Of the twenty two X-ray sourcesin M 67 thatwe discuss,sixteenarespectroscopicbinaries
with known orbital periods.Our survey for opticalphotometricvariablesamongtheseX-ray
sourceshasestablishedeight variables. Seven of theseareamongthe sixteenbinaries,the
binary statusof the eighth, S1112, is not yet known. In addition, Gilliland et al. (1991)
observed periodicoptical variationin threemoreof the X-ray binarieswith amplitudestoo
low to bedetectedby us:S1019(semi-amplitude0.015mag),S1242(semi-amplitude0.0025
mag)andS1040(semi-amplitude0.012)mag.Thustenof thesixteenX-ray binariesin M 67
areopticalvariablesat the �

�
0.01maglevel.

Belloni et al. (1998)havesuggestedthatrapidstellarrotationresultingfrom tidal locking
resultsin enhancedmagneticactivity andX-ray emission.Fig.3.6showsthevisualmagnitude
versusorbital periodof thespectroscopicbinaries.With theexceptionof S1040andS1112,
all variableshave orbital periodslessthan20 daysandV � 15. In all casesbut S1019and
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S1063, the photometricperiod is equalto the orbital period or, in the caseof S1242, the
orbitalperiodnearperiastron.Evidentlytidal lockinghasbeenestablished,leadingto rotation
of at leasttheprimarystarthat is morerapidthantypical for solar-massstarsat 4 Gyr. Thus
our resultsestablishakey premiseof theBelloni et al. (1998)picturefor theX-ray emission.
Furthermore,if the causeof the observed optical variability is indeedspot modulationof
the observed flux, thenthe presenceof the requiredlarge spotsis consistentwith enhanced
magneticactivity in thesestars. The X-ray emissionand optical variability propertiesof
S1019andS1063requirefurtherinvestigation.

Threebinarieswerenot detectedasvariablesdespitetheir shortorbital periods.S972 is
thefaintestof thebinarysampleatV 	 15� 37,andsoits variability mayhavegoneundetected.
TheX-ray luminositiesof S1045(Porb 	 7� 6 days)andS1234(Porb 	 4� 3 days)areamong
the lowestof the binary X-ray sourcesandindicatelow activity levels; this canexplain the
absenceof optical variability dueto spots.Rajamohanet al. (1998)have notedS1234asa
possibleopticalvariable(semi-amplitude� 0� 16mag)whichsuggeststhattime-variability of
thespotphenomenoncanalsoexplain theabsenceof opticalvariation.

Theinterpretationof S1040andof theremainingthreeX-ray binariesS760,S1072and
S1237maybethemostchallenging.All have longorbital periods.Giventheirwider separa-
tionstidal lockingis notexpectedandsotheconsequentstellarrotationsmaybecharacteristic
of singlestars.As such,their lackof largespotsandconsequentphotometricvariability is not
asurprise.Nonetheless,thesebinariesareX-ray sources.TheirX-ray emissionremainsto be
explained.

No large radial-velocity variationswere found for S775 and S1270 (σ is 0.9 km s� 1

in 12 observationsspanning5200daysand0.7km s� 1 in 7 observationsspanning800days,
respectively, seeMathieuetal. 1986);if thesestarsarebinariestheirperiodsmustberelatively
long. Thustheir X-ray luminosities,asthoseof S364,S628andS1027for which no radial-
velocity informationis available,remainunexplained.
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Chapter4

Photometricvariability in theold open
clusterM 67
II. Otherstars

KeivanG. Stassun,MaureenvandenBerg, RobertD. Mathieu& FrankVerbunt
to besubmittedto Astronomy& Astrophysics

(WIYN OpenClusterStudy. VII.)

Abstract – We usedifferential CCD photometryto searchfor variability in BVI among991 stars
projectedin andaroundthe old openclusterM 67. Our previous paper[Chapter3] reportedresults
for 22 clustermembersthatareopticalcounterpartsto X-ray sources;this studyfocuseson theother
starsin our observations. A variety of samplingrateswereemployed, allowing variability on time
scalesrangingfrom � 0� 3 hoursto � 20 daysto be studied. Among the brightestsourcesstudied,
sensitivity to variationsas small as 10–15mmag(3σ r.m.s.) is achieved. The study is reasonably
completefor starswith 12� 5 � B � 18� 5, 12� 5 � V � 18� 5, and12 � I � 18 within a radiusof about
10 arcminfrom theclustercentre. In addition,starswith 10 � BVI � 12� 5 weremonitoredin a few
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small regionsin the cluster. We presentastrometryandphotometryfor all 991 sourcesstudied,and
reportthevariability characteristicsof thosestarsfoundto bevariableatastatisticallysignificantlevel.
Among thevariables,we highlight several sourcesthatmerit futurestudy, including starslocatedon
the clusterbinary sequence,blue stragglers,a faint blue star that exhibits periodicvariability, anda
newly discoveredW UMa system.

4.1 Introduction

With theintentof studyingthephotometricvariability of opticalcounterpartsto known X-ray
sourcesscatteredthroughouttheold openclusterM 67,wehaveobtainedsensitivephotometry
of starsprojectedin aregionapproximatelyone-thirddegreein sizearoundtheclustercentre.
Theresultsof theseobservationsfor theX-ray sourcesaredescribedin PaperI of this series
(vandenBerg etal. 2001b)[Chapter3].

While theX-ray sourcesweretheprincipalaimof theobservations,light curvesfor nearly
1000otherstarswereproducedin the courseof our analyses.In this paperwe presentthe
resultsof anextensive time-seriesanalysisof the967starsincludedin our observationsthat
arenot theopticalcounterpartsof X-ray sourcesknown to bemembersof thecluster.

Our basicgoal is to identify thosestarsthat exhibit statisticallysignificantphotometric
variability of any kind. At the old ageof M 67 (4 Gyr, Dinescuet al. 1995),most single
starsrotatetoo slowly to exhibit strongdynamo-generatedactivity, andthesensitivity of our
photometryis insufficient to detecttheextremelylow-level ( � few µmag)variationsthatmay
arisefrom solar-analogp-modeoscillations(Woodward& Hudson1983).Thus,photometric
variability in our observationsmay be an indicatorof, e.g.,spot-modulatedstellar rotation,
binaryinteraction(eclipsesor ellipsoidalvariations),or stellaractivity at levelsnotdetectable
in existing X-ray surveys. Periodicvariability is especiallyinterestingin thesecontexts, as
a periodicity in the light curve may be fundamentallyrelatedto a stellar rotationperiod,a
binaryorbital period,etc. But evenif a periodicity is not apparentin our data,thedetection
of photometricvariability maypoint theway to objectsthatmerit specialconsiderationand
furtherstudy.

Many objectsof interestmaybeidentifiedsimply from their locationin thecolour-magni-
tudediagram,photometricvariability notwithstanding.Thus,abasicproductof thiswork is a
colour-magnitudediagramof all of thesourcesstudied.

Basic photometryand time-seriesanalysishave beenperformedin M 67 by numerous
otherauthors.Most notably, Gilliland et al. (1991)conducteda very sensitive ( � 100µmag),
highly temporallysampled( � 1 min) study of starsin the core of the cluster, resultingin
several tentative detectionsof stellaroscillationsaswell asthe serendipitousdiscovery of a
few δ Scuti variablesandW UMa systems.However, this studywasconfinedfor the most
partto thecentralfew arcminof thecluster. Montgomeryet al. (1993)havepresenteda deep
(V � 20) colour-magnitudediagramof thecentralone-halfdegreeof thecluster.

The presentstudycomplementsandextendstheseprevious 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 ongoingspectroscopicsurveys of the WOCS (WIYN OpenClusterStudy) projectand
others(e.g.Lathametal. 1992)have identifiednumerousspectroscopicbinariesin thecluster
amongstarsbrighterthanaboutV � 14; in thisstudywe incorporatetheavailableknowledge
of binarity into ouranalyseswhereappropriate.

In Sect.4.2,we summarisethephotometricdataandtheir analyses.We provide astrom-
etry and photometryfor all of the sourcesincludedin our observations,as well as cross-
identificationsof our sourceswith thoseof severalpreviousauthors.In Sect.4.3,we present
thebasicresultsof this study, includingan identificationof starsexhibiting statisticallysig-
nificant photometricvariability, anda colour-magnitudediagramof all sourcesstudied.We
discussthe resultsof selectindividual sourcesin greaterdetail in Sect.4.4, andsummarise
our findingsin Sect.4.5.

4.2 Data and analysis

In this sectionwe provide a summaryof our observationsandof theproceduresusedin their
analysis.Completedetailsof thedataandof theanalysisproceduresusedaregivenin PaperI;
thereaderis referredto thatpaperfor amorethoroughdiscussion.

4.2.1 Observations

DifferentialBVI photometryof M 67 wasperformedduringfive separateepochswith a total
time spanof two years. The observationswere obtainedwith 1-metertelescopesat three
differentobservingsites,eachwith a differentfield of view (rangingfrom 3�� 8 to 23

�
) and

undera rangeof observingconditions. The five observingrunsdiffer considerablyin time
spanandsamplingfrequency; the shortestrun is the mosthighly sampled,spanning2 days
with individualmeasurementstakenatroughly5-minuteintervals,while thelongestrunspans
nearly25 dayswith measurementstakenat intervalsof severalhours.As eachobservingrun
hadasits primarytargetadifferentsetof X-ray sources,thefiverunsdiffer in depthandrange
of stellarmagnitudescovered.Thereaderis encouragedto consultthemap(Fig. 1) andtable
(Table1) in PaperI [Fig. 3.1andTable3.1] thatmorefully describetheseobservationdetails.

Theresultis adatabaseof differentialphotometricmeasurementsfor 991starsin a region
roughly 23

�
on a side,centredapproximately5

�
north of the clustercentre.The databaseis

relatively completein this large areafor starswith 12� 5 � B � 18� 5, 12� 5 � V � 18� 5, and
12 � I � 18. In addition,the databaseincludesstarswith 10 � BVI � 12� 5 in a few small
regionswithin this largerarea.SomeU -bandphotometrywasobtainedaswell, but asonly a
smallnumberof starsin a few selectregionswereobservedwedonot includetheanalysisof
theU -banddatahere.

Due to the differencesin depthand arealcoverageof the five observingruns, thereis
relatively little overlapof starsamongthe five epochsof data,so that the light curve of a
givenstarspansanywherefrom 2 to 25 dayswith the specifictime-samplingdependingon
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theparticularepochcontributing datato thatstar. Furthermore,starsnearthebright or faint
extremesof thedatabasemaynotbepresentin all threefiltersdependingonthestellarcolours.

4.2.2 Data reduction and light curve solution

The roughly 1200 dataframesproducedin the courseof the five observingruns were re-
ducedusing standardIRAF procedures.All stellar sourceson our data frameswith S/N� 10 were identified with the DAOPHOT task and aperturephotometrywas performedus-
ing the APPHOT.PHOT task. Astrometrywasextractedfor all stellarsourcesidentifiedusing
theSTSDAS.GASP package,producingastrometricsolutionswith formal internaluncertainties
of approximately0���� 1 in eachdirection.Astrometricpositionsarecalibratedto thecoordinate
systemadoptedby Montgomeryet al. (1993),resultingin anexternaluncertaintyof approxi-
mately0���� 4 in eachdirection.

In Table4.11 we presentthe masterlist of all 991 stellarsourcesincludedin our obser-
vations,sortedin orderof increasingright ascension.Stellarpositionsderivedfrom our data
framesareprovided for all sources.Cross-identificationswith the studiesof variousother
authorsarealsogiven,andvariousclustermembershipestimatesfrom thosestudiesarealso
providedwhenavailable.

Given thehighly inhomogeneousnatureof our photometricdata(all starsdo not appear
on all dataframes),differentialphotometriclight curvesarederived with the algorithmfor
differentialphotometryof an inhomogeneousensembledescribedby Honeycutt (1992),as
describedin PaperI.

The limiting precisionof our differential photometryis a function of stellarbrightness
andcanbeestablishedfrom anexaminationof thescatterpresentin the light curvesof non-
variablestarsat eachmagnitude.The limiting photometricprecisionasa functionof stellar
magnitudevariesamongthefive observingruns,but generallyspeakingtheprecisionof the
brightest(unsaturated)starsin ourexposuresis flat-fieldlimited to 5–10mmag.Thisprecision
level typically holds for starsup to 2–2.5mag fainter than the brightestsources,and then
becomesphoton-noiselimited anddegradesfor still fainterstars.Thebestoverall precision
wasachievedonourKitt Peakframes(run1; seeTable1 in PaperI [Table3.1]). In Fig.4.1we
show ther.m.s.variationsin theBVI light curvesof starsfrom thisobservingrunasafunction
of meanstellarmagnitude.Thenon-variablestarsaredefinedby thelowerenvelopeof points
in this figure. The brightestnon-variablestarsshow r.m.s.variationsof 0� 007, 0� 005, and
0� 005magin B, V, andI , respectively. Theprecisionbeginsto degradenoticeablyat around
14thmag.For thefaintestsources,at about18.5mag,theprecisionis 0.05–0.1mag.

We have applieda simplezero-pointshift to theinstrumentalmagnitudesin eachfilter to
roughlyplaceour instrumentalmagnitudesonanabsolutescale.Thezero-pointshift for each
filter wasdeterminedby taking theaveragedifferencebetweenour instrumentalmagnitudes
andthepublishedvaluesof Montgomeryetal. (1993)for at least10starscommonto our two

1Tables4.1and4.2areonly availablein electronicform via URL
http://www.astro.wisc.edu/ 	 keivan/maureen
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Figure 4.1: Mean stellar magnitudeversusr.m.s. variationsin the B (top), V (middle) and I light
curves of run 1. Variablesare indicatedwith triangles,spectroscopicbinarieswith squares,X-ray
sourceswith crosses.Non-variablestarsaredefinedby thelower envelopeof points.
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samples.

In Table4.21 wepresentmeanBVI photometryfor the991stellarsourcesin ourdatabase.
As discussedabove, uncertaintiesin the valueslisted are a function of stellar brightness:
formal uncertaintiesin thebrightestsourcesare0� 01 magor less,while the faintestsources
have formal uncertaintiesof � 10%. We note,however, that our photometryhasnot been
strictly calibrated,sothattheuncertaintyin thevalueslistedin Table4.2is morelikely limited
to a few percent.In Sect.4.3 we usethesestellarmagnitudesto constructcolour-magnitude
diagramsfor identifyingobjectsof interest.Thelight andcolourcurvesin Figs.4.3-4.6show
thevariationswith respectto themeanmagnitudeandcolouraslistedin Table4.2

4.2.3 Search for variability

To identify photometricvariability amongthe starsin our database,we apply a χ2-test,as
describedin PaperI, to computetheprobabilitythateachstar’s light curve is consistentwith
beingconstant.As our photometricprecisionis a function of stellarbrightness,our ability
to detectlow-level photometricvariationsis necessarilya function of stellar brightnessas
well. Amongthebrightestsources,thevariability searchis sensitive to variationslargerthan
� 10 
 15mmag.Dependinguponthespecificobservingrunscontributingdatato eachstar’s
light curve, thevariability searchis sensitive to variationson time scalesrangingfrom � 0� 3
hoursto � 20days.

Starswith datain multiple runswereanalysedonarun-by-runbasis,andtheresultsof the
variability analysisfor thedifferentrunswerecheckedfor agreement.All instancesin which
thevariability analysisgivesa differentresultin differentrunscanbeascribedto differences
in sensitivity betweenruns.

Amongthosestarsfoundto bevariables,weperformaLomb-Scargle time-seriesanalysis
(Scargle 1982)to searchfor thepresenceof aperiodicsignal.For eachstar, aperiodogramis
computedat 1000frequenciesbetweena minimum andmaximumfrequency corresponding
to thefull timespanof thelight curveandone-halfthetypicalsamplingrate,respectively. We
choosethehighestpeakin theperiodogramasthebestestimatefor a possibleperiodicity in
thedataandestimatethestatisticalsignificanceof thisbestperiodby computingafalse-alarm
probability(theprobabilitythatthedetectedperiodcouldresultfrom randomvariations).The
false-alarmprobabilityis computedvia a MonteCarlosimulationin which periodogramsare
computedfor 100 purely randomlight curveswith the sametemporalsamplingas the ac-
tual light curve, andthe heightof the highestpeakin these100 test light curvesis taken to
correspondto the level of 99%significance.We reporta periodonly if its peakin the peri-
odogramexceedsthatof the99%significancelevel soderived. Uncertaintiesin theperiods
areestimatedasis describedin PaperI.
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4.3 Results

Our databaseof differentialphotometryallows us to identify photometricvariablesamong
nearly 1000 starsin M 67 on a variety of time scales. In this sectionwe report the basic
photometricresultsof this studyaswell asour time-seriesanalysis.

4.3.1 Colour-magnitude diagrams

Thoughnot strictly calibrated,thestellarmagnitudesreportedin Table4.2 allow us to place
mostof the starsin our databaseon a colour-magnitudediagram. In Fig. 4.2 we presentV
versus

�
B 
 V � andV versus

�
V 
 I � colour-magnitudediagrams.Thecoloursplottedhave

notbeende-reddened(reddeningtowardsM 67 is relatively small,E
�
B 
 V ��
 0� 032,Nissen

et al. 1987).
Theclustermainsequenceis clearlyapparentamida field of apparentnon-members,ex-

tendingfromtheclusterturnoff atV � 12� 5downto thefaintlimit of ourdatabaseatV � 18� 52

(therangewithin whichourdatabaseis roughlycomplete).Theclusterbinarysequenceis also
clearlyapparentalongthis full range.Thewall of starslying below theclustermainsequence
hasbeennotedin studiesof M 67beforeandis likely dueto field starsin thehalo(e.g.Richer
etal. 1998).Fromtheobservingrunsintendedto studybrightersources(coveringafew small
areasin thecluster;seeTable1 [Table3.1] andFig. 1 [Table3.1] in PaperI), somebluestrag-
glersanda portion of the giant branch(aswell asthe red giant clump) arealsopresentfor
approximately10 � V � 12� 5.

4.3.2 Photometric variability

In Table4.3 we presentthe 69 starsin our photometricdatabasethat meetthe criteria for
photometricvariability discussedin Sect4.2.3. For eachstarwe give our own identification
number(from Table4.1),theidentificationnumberandproper-motionmembershipprobabil-
ity from Sanders(1977)if available,V magnitudesandcoloursfrom our photometry, andthe
r.m.s.of thestar’slight curvesin eachof theB,V, andI passbands.Starslistedin thistabledid
not necessarilyshow statisticallysignificantvariability in all threepassbands(dueto differ-
encesin thesensitivity of ourphotometryin thedifferentpassbandsandin differentobserving
runs);r.m.s.valueslistedin italics arenot statisticallysignificantin thatpassband.Table4.3
alsoprovidescommentsfor mostof thestarslisted.Thesecommentsgiveadditionalinforma-
tion suchaspossibleperiodicities,evolutionarystatus,binarity, etc. Starswithout comments
arestarssituatedon or neartheclustermain sequencewhoselight curvesshow only appar-
entlynon-periodicvariability in our observations.

Wenotethatthecriterionthatweadoptedto call astarvariableis thattheprobabilitythat
its light curve is consistentwith beingconstantis smallerthan0.3%. Therefore,oneexpects

2Note that the B � V colour-magnitudediagramcutsoff at V 	 17� 5 dueto the limiting B magnitude(B 	
18� 5) andthestellarcoloursat thatmagnitude(B � V 	 1); seeFig. 4.2.
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Table4.3: List of variablestars.Fromleft to right: identificationnumberfrom Table4.1; identifica-
tion numberandproper-motion membershipprobability from Sanders(1977)if available;averageV
magnitudeandB � V andV � I coloursfrom our photometryaslistedin Table4.2; r.m.s. of thelight
curvesin B, V andI , valuesin italics arenot significantat the3σ-level; comments.
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PHOTOMETRIC VARIABILITY IN M 67 II.

Figure4.2: Colour-magnitudediagramsthatshow V versus� B � V � andV versus� V � I � for all the
starsin our observations. Thevariableslisted in Table4.3 areindicatedwith triangles,spectroscopic
binarieswith squaresandX-ray sourceswith crosses.Periodicvariablesdiscussedin Sect.4.3.2are
indicated.
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thatasmallnumberof stars( � 3) hasbeenclassifiedasa variableby chance.

Variable stars

To givesomeclueasto thenatureof thestarslistedin Table4.3and,ultimately, to thephysi-
calorigin of theobservedphotometricvariability, weplot thesestarsin thecolour-magnitude
diagramsshown in Fig. 4.2. In additionto thesevariables(shown astriangles),we alsoindi-
catetheknown X-ray sources(shown asX’s) andtheknown spectroscopicbinaries(shown
assquares).The paucityof spectroscopicbinariesbelow V � 14 is a biaseffect dueto the
sensitivity limit of presentspectroscopicsurveys in thecluster(e.g.Lathamet al. 1992).We
find photometricvariablesin all regionsof theclustercolour-magnitudediagram;we discuss
starsin eachof thevariousregionsin moredetail in thefollowing section.

Periodic variables

Asidefrom theX-ray sourceswhich arethesubjectof PaperI, wedetecteddefinitiveperiods
in thelight curvesof only four stars.

For star 74 it is unclearwhetherthe correctphotometricperiodis 0.1444(2)days(the best
periodasdeterminedby the periodsearch)or twice that: the datapointsat minimum light
have sufficiently large errorsthat it is unclearwhetheror not the light curve consistsof two
dipswith unequaldepths.In Fig. 4.3thedataarefoldedon the0.1444days.The

�
B 
 V � and�

V 
 I � colourvariationsarenotsignificant.Wediscussthis starin greaterdetail in Sect.4.6.

Star 167 is locatedon the clusterbinary sequenceandexhibits a periodic light curve with
P 
 3� 7 � 3� daysin V, P 
 3� 4 � 2� daysin B, bothretrievedfrom dataof run1. TheI datashow
nosignificantperiodicvariation.TheV-bandlight curveof this staris shown in Fig. 4.3.The�
B 
 V � and

�
V 
 I � colourvariationsarenot significant.

For star 267 (S757)theperiodwasdeterminedby thecombineddataof run1 and5 (B andV),
thattogethercoveratimespanof 2 years.As with star74,it is notentirelycertainwhetherthe
correctphotometricperiodis 0.3600(1)days(assumingits light curve is intrinsicallydouble-
peaked)or half thatvalue,0.18000(5)days,which is in factthebestperiodasdeterminedby
theperiodsearch.In Fig. 4.3thedataarefoldedonthelongerperiod.Thisstarwasfirst noted
to beaphotometricvariableby Rajamohan(1988),althoughnoperiodicitywasreported.The
starshows no significant

�
B 
 V � and

�
V 
 I � colourvariations.We discussthis starandour

reasonsfor labellingit a (previously unknown) W UMa systemin Sect.4.4.3.

Star 561 (ETCnc, or III-79 in the nomenclatureof Eggen& Sandage1964)wasidentified
asa W UMa systemwith a periodof 6.49hoursby Gilliland et al. (1991)but no error in the
periodwasspecified.Wesearchedfor aperiodin anarrow window between0.1and0.15days
(thepowerathalf theperiodis muchlargerthanat thefull period)andfind abestperiodfrom
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Figure 4.3: Light and colour curves for stars74, 167 and 267 (S757) folded on the photometric
periodof 0.1444,3.7 and0.3600days,respectively. Datafrom differentobservingrunsaremarked
with differentsymbols:opencirclesfor run1, opentrianglesfor run5.

ourphotometryof run1 of 0.1356(4)days(in B andV, 0.1351(4)daysin I ) whichgivesafull
periodof 6.51(2)hours,compatiblewith Gilliland’smeasurement.Thedataarefoldedonthis
periodin Fig. 4.4.Thesystemis slightly redderduringprimaryeclipsethanduringsecondary
eclipse.Thisstaris discussedfurtheralongwith star267in Sect.4.4.3.

Tentative periods

In additionto thefour variablesshowing statisticallysignificantperiods,we indicatein Table
4.3possibleperiodsfor anothereightstars,whoselight curvesshow someevidencefor coher-
entvariationson time scaleslongerthanour observingwindows. While our periodsearches
did not revealstatisticallysignificantperiodsfor thesestars,we includethemhereascandi-
dateobjectsfor follow-up study. We cautionthat the periodslisted arebasedsolely on our
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Figure4.4: Light andcolourcurvesfor thecontactbinary561(ETCncor III-79) foldedon thepho-
tometricperiodof 0.2712days.

visual impressionof the light curves,andshouldbe taken only asa qualitative suggestion
of periodicity on the time scaleindicated.Of course,thesestarsdo still exhibit statistically
significantvariability, whetheror not that variability is indeedperiodic. Of these,star35 is
peculiarin thatit is locatedfar to theredof theclustermainsequencein thecolour-magnitude
diagram.Its coloursarethoseof anM dwarf, soits positionin thecolour-magnitudediagram
suggeststhatit is anearbystarof theM spectraltype.Exceptfor star308whichdoesnothave
therequisitecoloursto beplacedon thecolour-magnitudediagram,therestof thesestarsare
situatedon theclustermainsequence.

4.4 Discussion

We turn now to a discussionof the natureof thosestarsidentifiedasphotometricvariables,
usingthelocationsof thesestarsin thecolour-magnitudediagramasa way of organisingthe
discussion.
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Figure4.5: Light curve for thestar208.

4.4.1 Stars below the cluster main sequence

Cluster non-members

To begin, we immediatelydispensewith thosestarslocatedbelow theclustermainsequence.
In all 7 cases,our light curvesshow only apparentlylow-level randomphotometricvariations
(althoughin onecase,star529,thevariationsare � 0� 2 mag),andtheavailableproper-motion
membershipprobabilitiesconfirmnon-membershipin thecluster. While ourdataprovidevery
limited informationaboutthenatureof theobservedvariability, we speculatethat it is dueto
flares.Fig. 4.5shows theV-bandlight curve for star208asanexampleof thevariablestars
locatedbelow theclustermainsequence.

Possible new white dwarf?

Oneof thestarsshowing periodicphotometricvariability in our databaseis starnumber74.
The light curve shows a bestperiodof 0.1444days. While no membershipinformation is
availablefor this star, its positionin the colour-magnitudediagramtogetherwith its photo-
metricbehaviour make this objectworthyof furtherstudy.

Withoutadditionalinformation,it is difficult to makedefinitivestatementsaboutthenature
of this star, especiallywith respectto its evolutionarystatus.Oneobviouspossibility given
its position in the colour-magnitudediagramis that it is a cooling white dwarf. Another
possibility basedon its light curve is that it is a field W UMa system(in which casethe
photometricperiodwouldbetwice theobservedone,0.2888days).

With V 
 17� 8,
�
B 
 V ��
 0� 31,and

�
V 
 I �#
 0� 43 (seeTable4.3), thestar’s coloursare

somewhatredderthanthetheoreticalwhite dwarf coolingcurve for thecluster. Thecooling
curvefor M 67presentedbyRicheretal. (1998)has

�
V 
 I ����
 0� 1 for thesameV magnitude.

Nonetheless,thefar-ultraviolet photometricstudyof Landsmanetal. (1998)identifiedseveral
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white dwarf candidatesin M 67,andtwo of them(BATC4672andBATC3009)aresimilarly
situatedin thecolour-magnitudediagram,with V � 17� 5 and

�
B 
 V �s� 0� 3 (star74 is notone

of theseobjects).If star74is indeedasinglewhitedwarf, thenatureof its short-periodphoto-
metricvariability remainsunknown. Theperiodof 0.14daysis muchlongerthantheperiods
of pulsationcommonlyascribedto ZZ Ceti white dwarf variables( � few minutes).Perhaps
a faint, red dwarf companionis responsiblefor this star’s position in the colour-magnitude
diagram.In thatcase,thevariability mostlikely originatesfrom eclipsesor interactionin the
binarywhile theperiodof 0.1444daysreflects(half) theorbital period.

With the coloursof a main-sequenceearly-Fstar, an alternative explanationfor star74
maybethatit is adistantδ Scutivariable;suchstarsaretypically of typeA or F, with periods
of pulsationof lessthan0.3 daysandlight curve amplitudesof � 0� 2 mag(Feast1996). On
theotherhand,if star74 is aW UMa system,its photometricperiodis muchtooshortto place
it on thestandardW UMa period-colourrelation(e.g.Rucinski1993).A periodof 0.28days
is appropriateto W UMa variableswith

�
B 
 V ��� 0� 9; however, star74 is considerablybluer.

Thus,thenatureof this starremainsunclear.

4.4.2 Stars on the cluster main sequence

In Sect.4.3.2wementionedseveralstarssituatedontheclustermainsequencethatshow some
evidencefor periodicvariability. If thesetentativeperiodsareupheld,they mayberelatedto
thestellarrotationperiods(dueto, e.g.,starspotmodulation).In addition,we have found30
starswhoselight curvesshow non-periodicvariationsat a statisticallysignificantlevel. The
amplitudesof variability exhibitedby a few of thesestarsis remarkablylarge(few tenthsof
a mag;seeFig. 4.1). Our datado not shedmuchlight on thenatureandphysicaloriginsof
this variability. Perhapsthe variationswe observe have their origin in stochasticactivity on
thesurfacesof theseG andK stars.

Two of thevariablestarson theclustermainsequencehavebeenmonitoredspectroscopi-
cally. Star851(S1506)wasmonitoredby Mathieuetal. (1986)for radial-velocityvariations,
but no indicationof binarity wasfound (σ 
 1 km s� 1 in 8 observationsspanning2 years).
On theotherhand,star911(S1508),situatedat theclusterturnoff, wasfoundby Mathieuet
al. (1990)to bea spectroscopicbinarywith anorbital periodof 25.9daysandaneccentricity
of 0.44.TheBVI light curvesof this stardo not show evidencefor periodicvariability on the
spectroscopicorbital periodor thepseudo-synchronousperiod(Hut 1981)of 11.2days.

4.4.3 Stars on the cluster binary sequence

Photometricvariableson theclusterbinarysequenceareinterestingbecausesuchvariability
canpoint the way to the discovery of interactingbinary systems.If periodic, the observed
variability may be intimately relatedto the dynamicsof the binary system. Threeof the
variablesfor whichwe founda photometricperiodarelocatedon thebinarysequence.

ETCnc hasa semi-amplitudeof only 0.08 mag,which is relatively small for a contact
system.Theunequaleclipsesin theobservedlight curve potentiallyindicatethat thesystem
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is in poor thermalcontactor is semi-detached(seealsodiscussionin PaperI on the X-ray
sourceW UMa S1036).

We havediscoveredthatstar267(S757)is a strongcandidatefor beingaW UMa system
in M 67. Sanders(1977) gives this star a proper-motion membershipprobability of 95%,
makingit a very likely memberof the cluster. The most likely periodfrom our time-series
analysisis 0.1800days,which we interpretasthehalf-periodof 0.3600days,assumingthat
the light curve consistsof two eclipsesof very similar depth. Spectroscopicradial-velocity
measurementswill beneededto confirmthisperiod.Nonetheless,aperiodof 0.36daysplaces
this staron theW UMa period-colourrelationverywell, givenits

�
B 
 V � colourof 0.61.

In additionto thesetwo contactbinarysystems,wehavealsodiscoveredperiodicvariabil-
ity in anotherstaron theclusterbinarysequence,star167with a periodof 3.6 days. While
our datapermit us to say little aboutthis star, its locationin the colour-magnitudediagram
andits periodiclight curvemake this aprimecandidatefor follow-upspectroscopicmonitor-
ing. Perhapsthe observed photometricperiodcorrespondsto the binary orbital period. No
membershipinformationis presentlyavailablefor this star.

Finally, we note that we have found two more starssituatedon the clusterbinary se-
quencethat did not evince periodicvariability in our data,but nonethelessshowed statisti-
cally significantvariability. Thesestarsdeserve spectroscopicfollow-up to determineif they
areinteractingbinarysystems.Thesestarsdo not presentlypossessmembershipprobability
measurements.

4.4.4 Giant stars

Four of thevariablesresideon theredgiantbranchof theclustercolour-magnitudediagram
(we discountstar612asits photometryis suspectdueto thepresenceof a closeneighbour).
Thesevariablesshow relatively low levelsof variability, with r.m.s. � 0� 02mag.For theother
giantstarsincludedin ourobservations,wecanplace3σ upperlimits onvariabilityof � 0� 015
mag,basedon thelimiting photometricprecisionof ourphotometryfor thebrightestsources.

Thevariablestar591(S1279)is a K1 III starthatwasmonitoredfor radial-velocity vari-
ationsby Mathieuet al. (1986),but no indicationof binarity wasfound. Similarly, Mathieu
et al. monitoredthegiants732(S1293)and690(S1305),but foundno evidencefor radial-
velocityvariations(σ � 0.5km s� 1 in about15observationsspanningmorethan10years,for
all threestars).Thusweconsiderit unlikely thatthevariability is relatedto binarity. Henryet
al. (2000)founda largefractionof low-amplitude( � 0� 01mag)photometricvariablesamong
a sampleof 187 G ( � 25%) andK ( � 50%) giants. For the groupof giantsof type earlier
thanK2 – thatalsoincludesour four variablegiants– they excludebothradialpulsationand
rotationalspot-modulationastheorigin of thebrightnessvariations.Henryet al. suggestthat
non-radial,g-modepulsationsmostlikely giveriseto thevariability.

Interestingly, star973showsapeculiarlight curve,with rapid,short-durationdips(Fig.4.6).
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Figure4.6: Light curve for thegiantstar973.

4.4.5 Blue stragglers

Two of thebluestragglersin M 67 not detectedin X-rays show statisticallysignificantpho-
tometricvariability in our data.Photometricvariability amongbluestragglersis particularly
interestingin light of theuncertainevolutionarystatusof theseobjects.Photometricvariabil-
ity may be a clue to the presenceof a binary companion(e.g. in the caseof the eclipsing
bluestragglerS1082,seeGoranskijet al. 1992,van denBerg et al. 2001a[Chapter5]) or
mayprovide informationon the stellarstructureof the stars(in the caseof oscillations,see
discussionin Gilliland & Brown 1992).

Star679 (EX Cnc or S1284)is a spectroscopicbinary that shows low-amplitudephoto-
metricvariationswith aperiodof � 1� 3 hoursfirst discoveredby Gilliland etal. (1991,1992)
andSimoda(1991). TheB andV light curveswe obtainedduring thehighly sampledrun 4
show a similar behaviour. Theseshort-timescalevariationsareprobablyrelatedto thestar’s
positionwithin theδ Scutiinstability stripandnot to theorbitalperiodof 4.2days(Milone &
Latham1992)

Star655(S1263)wasmonitoredspectroscopicallyby Milone et al. (1992),but no orbit
wasdetermined.Gilliland et al. includedthis starin their searchfor solar-analogoscillations,
but no evidencefor variability was found. Simoda(1991)similarly found no evidencefor
photometricvariability, but Kim et al. (1996)do reporta high dispersionin thelight curve of
this star. Thelight curvesthatresultsfrom our observationsalsodisplaya largescatterup to
0.04magaroundtheaveragemagnitudein all four bands.

4.5 Conclusions

Our survey of photometricvariability among991starsin theold openclusterM 67 detected
69variablestars.Membershipinformationis availablefor 405stars(36variables)includedin
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ourobservationsandmarks316(27variables)asmemberswith aprobabilitylargerthan35%
(Girardet al. 1989).Outof this groupof 27 variablemembers,9 show periodicvariations.

In all casesthe amplitudeof variability is low, rangingfrom a few hundredthsto a few
tenthsof a magnitude.Our studyis sensitive to brightnessvariationson time scalesof 0.3
hoursto � 20 days. Apparently, at theageof M 67 periodicvariability on thesetime scales
at theseamplitudesis rare for singlestars,as in 7 (probably8 if we include the new can-
didatecontactsystemS757) cases,all X-ray sources,the variability finds its origin in the
binarynatureof thestars(eclipses,ellipsoidalvariations,rotationalspot-modulationin tidally
lockedbinaries).Thisconfirmsthepicturethatrapidrotationin anold populationcanonly be
maintainedin closebinaries.

In thecontactbinary561(ETCnc),for whichnomembershipinformationexists,thevari-
ability is theresultof binarity aswell. We encouragespectroscopicobservationsof thethree
remainingstarsthat exhibit periodic variations(the faint andblue star 74 and star 167 on
the binary sequence,both without membershipinformation) and the member523 (S1112,
discussedin paperI) to establishtheir binarystatusand/orobtainan indicationfor member-
ship from their radial velocity. Also, moreobservationsshouldbe obtainedof the starsfor
which we provide tentative periods,in thefirst placeto furtherexamineif their photometric
variability is indeedperiodicandsecondlyto establishif they aresingleor binary.

Theorigin of thephotometricvariability for theremainingstarsdiscussedin this paperis
in mostcasesunknown. As possiblecausesfor the variationswe suggestlow-level surface
activity, stellarpulsationsor, especiallyfor thestarsonthebinarysequence,binaryinteraction.

Caption to Table 4.1. Masterlist of all 991stellarsourcesincludedin ourobservations,sorted
in orderof increasingright ascension.Fromleft to right: identificationnumber;right ascen-
sionanddeclinationin 1950-coordinates;Sanders’identificationnumberandproper-motion
cluster-membershipprobability(Sanders1977);Girardet al.’s identificationnumber, proper-
motioncluster-membershipprobabilityPµ, proper-motionmembershipprobabilitytakinginto
accountthe star’s positionrelative to the clustercentrePµ� r andradial-velocity membership
probability Prv(Girard et al. 1989); Zhao et al. identificationnumberand proper-motion
membershipprobability (Zhaoet al. 1993);Eggen& Sandage(1964)identificationnumber;
Fagerholm(1906)identificationnumber;Montgomeryet al. (1993)identificatonnumber.

Caption to Table 4.2. MeanBVI photometryfor the991stellarsourcesin ourdatabase.
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ThebluestragglerS1082:a triple systemin
theold openclusterM 67

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

Abstract – We presenta photometricandspectroscopicstudyof thebluestragglerS1082in theopen
clusterM 67. Our observationsconfirm the previously reported1.07day eclipselight curve andthe
absenceof largeradial-velocityvariationsof thenarrow-linedstar. However, wefind two morespectral
componentswhich do vary on the1.07dayperiod. We concludethat thesystemis triple. We fit the
light andradial-velocity curvesandfind that thetotal massof the innerbinary is morethantwice the
turnoff massandthat the outercompanionto the binary is a blue straggleron its own account.We
briefly discussformationscenariosfor thismultiple system.

5.1 Intr oduction

Blue stragglersare starsthat are bluer andmore luminousthan the main-sequenceturnoff
of the populationto which they belong. Hencethey appearto be either youngerthan the
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otherstarsor have main-sequencelifetimes thatexceedthoseof starsof similar mass.Blue
stragglersareeasiestto distinguishin globular andopenclustersbut arealsofound among
field halo stars. Formationscenariosthat requireanomalousevolution of a single star are
consideredlesslikely thanexplanationsthat involve the interactionof starsin a binaryor in
a multiple-starencounter. For example,a blue stragglermay be formedwhenonestar in a
binary accretesa substantialamountof massfrom its companionor whentwo starsmerge
either in a binary or in a collision. In the last case,blue stragglerscarry informationabout
thehigh-stellardensityenvironmentsin which they arefound.Reviewsonbluestragglersare
givenby e.g.Stryker (1993)andBailyn (1995).

Thebluestragglersin M 67havereceivedfrequentattention.Tenof themweremonitored
for radial-velocity variationsfor nearlytwentyyears;this revealedoneshort-period(4.2day)
eccentricbinaryandfive circularandeccentricbinarieswith periodsbetween850and5000
days(Milone & Latham1992,Latham& Milone 1996). Leonard(1996)andHurley et al.
(2001)concludedthat not oneof the proposedblue-stragglerformationmechanismsalone
canexplain thepropertiesof thesebinaries.

S1082is oneof the remainingfour bluestragglerswithout anorbital solution. Its spec-
trumshows thelinesof anearlyF-typesubgiant.Theselinesshow only smallradial-velocity
variations(vrad

� 7 km s� 1 peak-to-peak,Mathieuet al. 1986)andlittle rotationalbroadening
(vrotsini � 4–11km s� 1, vandenBerg et al. 1999[Chapter2]). This appearsto bein contra-
diction to theeclipselight curve with a periodof 1.07daysfoundby Goranskijet al. (1992).
Therelativevelocityv of two starsin a1.07daybinaryis v=208(M

�
M ��� 1� 3 km s� 1 whereM

is thetotal massof thebinary; thestellarrotationin sucha short-periodbinaryis expectedto
besynchronisedwith theorbit, giving vrot �	� R � a � v, with a thedistancebetweenthebinary
starsandR thestellarradius.Theeclipselight curve excludesthe low inclinationaswell as
the extrememassratio requiredto bring the observed velocity limits in agreementwith the
predictedvaluesfor an F star in the binary. We thereforetentatively concludethatS1082is
a (visualor physical)triple.

Evidencefor a shortorbital periodis alsofurnishedby thevariationdetectedin a broad,
shallow component(Mathys1991)in e.g. theHα line on time scalesof hours(vandenBerg
et al. 1999)[Chapter2]. Evidencefor a wide orbital periodof about1000dayswasfound
from theradial-velocityvariationsof thenarrow linesof theF star(Milone 1991).

We have collectedmultibandphotometryof S1082togetherwith high-resolutionspectra
thatsamplethelight curvesatdifferentphases.Ourgoalwasto investigatetheeclipsesfound
by Goranskijet al., to monitor the variability of the secondspectralcomponentasfunction
of photometricphaseandto model the light curve togetherwith the radial-velocity curves.
Sect.5.2 describestheobservationsanddatareduction.Theresultsof thespectroscopicand
light curve analysisarepresentedin Sect.5.3 andSect.5.4. In Sect.5.5 we summariseour
interpretationof thenatureof thisbluestraggler.
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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 , I 350,30,15,8

Table5.1: Log of thephotometricobservations.For eachrunwegivethedateof theobservations,the
telescopeandfilters usedandthetypicalexposuretime for eachfilter.

5.2 Observationsand data reduction

5.2.1 Photometry

S1082wasmonitoredin theU , B, V , I andGunni bandson threeoccasions(seeTable5.1).
In run1 weobservedthestarduringtwelvenightswith the0.91-mESODutchtelescopeatLa
Silla. Theobservingschedulewasdividedin four blocksof threenights;everyfirst night the
starwasobservedfor anaverageof 5 consecutivehoursin aU BV Gunni-exposuresequence
while every secondandthird night typically oneto threeexposuresweretakenin eachfilter.
During both nightsof run 2, S1082was observed for several hourswith the 1-m Jacobus
Kapteyn Telescopeon La Palma.In run 3, alsoon theJacobusKapteyn Telescope,we aimed
to completethephasecoverageof thelight curvebetweenphases0–0.3.

Standardreductionstepsof biassubtractionandflatfielding wereperformedwith IRAF
routines.Aperturephotometryfor all thestarsin thefield wasdonewith theDAOPHOT.PHOT

task.Dif ferentiallight curvesfor eachindividualdatasetwerecomputedwith ensemblepho-
tometry(Honeycutt 1992). The variability propertiesof the otherstarsin the fields aredis-
cussedin vandenBerg etal. (2001)[Chapter3] andStassunetal. (in preparation)[Chapter4].
Wereferthereadersto thesepapersfor a full descriptionof theobservationsandthephotom-
etry reduction.

5.2.2 Spectroscopy

High-r esolutionspectra

High-resolution(R � 49000) echellespectraweretaken with the UtrechtEchelleSpectro-
graphon the4.2-mWilliam HerschelTelescopeon La Palma. S1082wasobservedon four
nightsin 1996and2000(seeTable5.2for a log of all spectroscopicobservations).

The1996-spectrawerecentredon a blue(4250Å) andred(5930Å) wavelength.The31
lines mm� 1 gratingwasusedin combinationwith the 1024x1024pixels2 TEK-CCD. For a
full descriptionof thespectraof run 1 wereferto vandenBerg et al. (1999)[Chapter2].

Thespectraof 2000wereall takenwith thesameinstrumentalsetup:the79 linesmm� 1

gratingwasusedwith the2148x2148pixels2 SITe1-CCDwhile thespectrawerecentredon
5584Å. In run 2 the seeingwasabout2�
� , while light cloudswerepresentduring the start
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Run Dates ∆λ # texp (s) Inst RV
1 1996Feb28 3920–4920 2 600,300 UES HD 136202a

4890–7940 3 360 UES HD 136202
2 2000Feb16 4380–8650 17 1200 UES HD 89449b

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 2000Mar 20 4380–8650 5 1200 UES HD 89449

aF8III-IV, bF6IV (Simbad)

Table5.2: Log of thespectroscopicobservations.For eachrun we give thedateof theobservations,
thewavelengthcoveragein Å, thenumberof observations,theexposuretime in seconds,thespectro-
graphusedand(if applicable)theradial-velocity standard.

of the run. The slit width wasset to 1�
� . To securestability, no changesweremadeto the
instrumentalsetupduringthenight. In thefirst two observationsof run5 theseeingwasabout
2�
� ; this deterioratedto 3�
� with cloudinessduringthelast two observations.As theslit width
waskeptfixedat 1�
� , thesespectraareof badquality. In run 6 theseeingwas2�
� during the
first two observationsbut laterimprovedto 1� �
� 6. Theslit width wasaccordinglychangedfrom
2 to 1��
� 2. Dueto thewider slit thesespectrahave a lower resolutionthanthespectraof run 1
and5. All frameswereexposedfor 1200s, exceptfor thoseof run 5 thatwereexposedfor
1800s to accountfor thebadseeingconditions.Duringeachrun weobservedradial-velocity
standards.Flatfield imagesweremadewith exposuresof a Tungstenlamp. Thorium-Argon
lampemission-linespectraweretakenfor wavelengthcalibration.

Data-reductionwasdonein IRAF with CCDRED andECHELLE routines.After correcting
the framesfor the electronicbiasandafter flat fielding, spectrafor eachechelle-orderwere
extractedwith optimalextraction. Towardsthe red,gapsoccurin thewavelengthcoverage.
For the wavelengthcalibration,fifth-order polynomialswerefitted in both directionsto the
positionsof the arclineson the CCD; the maximumresidualsto the fit were � 0� 0125 Å
correspondingto0.75km s� 1. Low-orderpolynomialswerefittedto thespectrafor continuum
normalisation.

Intermediate-resolutionspectra

Two intermediate-resolution(R � 3600) spectrawere obtainedwith the IntermediateDis-
persionSpectrograph(IDS) mountedon the2.5-mIsaacNewton Telescopeon La Palma,on
February20.90214,2000(UT) andFebruary22.85523(UT). The R1200Bgratingandthe
EEV10CCD combinationgave a spectralresolutionof 1� 19 Å (FWHM) anda usefulwave-
lengthrangeof 3533-4825̊A. The exposuretimeswere900 s each,andthe signal-to-noise
level in theextractedspectrarangedfrom about65 perpixel neartheBalmerjump to about
150near4750Å.
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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) and fill in
thegapin their databetweenphotometricphase0.53and0.74(with phase0 corresponding
to primary minimum). In Fig. 5.1 our dataare folded on their ephemerisfor the primary
minimum:

Min I � 2444643� 253� 5��� 1�d0677978� 50� E (5.1)

Two unequaleclipseswith anamplitudeof about0.09and0.05magin V areclearlyvisible
with thedeeper, primaryeclipsesoccurringaroundphase0 asexpectedfrom Eq.5.1. Goran-
skij etal. notethatthelight curvenearsecondquadrature(phase0.75)is systematicallyhigher
thannearfirst quadrature(phase0.25)by 0.01to 0.02magin V . This might alsobethecase
in our data,but thescatterbetweenphases0.1and0.3makesthis difficult to see.Thescatter
is probablyrelatedto thebadobservingconditions(nearbymoon)of thelastrun.

5.3.2 Spectral line profiles

Thespectraof S1082aredominatedby a narrow-lined componentresemblinga starof type
early-F. In addition, the presenceof a broadandshallow componentin the high-resolution
spectrais prominentin theHα line (seealsovandenBerg et al. 1999[Chapter2]). Whenthe
spectraarearrangedin orderof light curve phaseusingEq. 5.1, it is clearthat the position
andstrengthof theasymmetricabsorptionin thewingsvary regularly (Fig. 5.2); thespectra
thatwereincludedin Fig. 8 of vandenBerg etal. (1999)[Fig 2.8] correspondto photometric
phases0.092,0.16and0.25.Aroundfirst quadrature(phase0.25)thedepthof Hα is smallest
while theasymmetricabsorptionin thewings is maximallyblue-shifted;for phasesbetween
0.5 and1 thephase-coverageis sparser, but in thespectraof phases0.88and0.90it canbe
seenthat the asymmetricabsorptionhasmoved to the red wing. The timing of the velocity
shift with respectto the eclipsesassociatesthe broad-linedfeaturewith the brighterstar in
the eclipsingbinary (the brighterstarmustapproachus after the primary eclipse). Similar
variableline profilesarevisible in theHβ, Na I D, Mg I b andCaII infraredlines(Fig. 5.3).

Thetemperatureof thenarrow-linedstarin S1082canbemeasuredwith thelow-resolution
spectra.Weassumethatits light is leastcontaminatedby its companionstar(s)in theblueand
thereforeconcentrateon theregion aroundtheBalmerjump. In Fig. 5.4syntheticspectrafor
variouseffective temperaturesTeff arecomparedwith theIDS spectrumbetween3535Å and
4050Å. The spectrawerecomputedwith modelatmospheresfor solarmetallicity (Kurucz
1979). The observed spectrumwascorrectedfor the reddeningtowardsM 67 (E � B � V ���
0� 032 � 0� 006, Nissenet al. 1987) and for a radial-velocity differencewith respectto the
modelspectra.From the relative strengthof the Ca II H&K lines, a sensitive temperature
indicatorin this region (e.g.Gray& Garrison1989),andthecontrastin theBalmerjump it is
clearthattheobservedspectrumis hotterthanthatof a6500K star.
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Figure5.1: Light andcolour curves for S1082folded on the ephemerisof Goranskijet al. (1992).
Data from the threerunsare indicatedwith different symbols: opencircles for run 1, filled circles
for run 2 andtrianglesfor run 3. A typical error bar is shown for eachrun. Magnitudeandcolours
areplotted relative to the averageV (11.25),U–V (0.45), B–V (0.41) andV–I (0.57) valuesin our
measurements.

This part of the spectrumwasfitted to modelspectrawith surfacegravity logg ranging
from 0.5 to 5.0 in stepsof 0.5, Teff from 6000to 8000K in stepsof 250K anda fixedpro-
jectedrotationalvelocityvrotsini of 10km s� 1. A freeparameteris awavelength-independent
scalefactorrangingfrom 0.025to 1 in incrementsof 0.025that is a measureof the relative
contributionof thenarrow-linedstar. Observedandmodelspectrawerenormalisedto theflux
at 4050Å. A straightline wasfitted to thedifferencebetweentheobservedandeachscaled
modelspectrum.Themodelthatproducesthesmallestresidualsto thefit hasTeff � 7500K,
logg � 4� 5 andscalefactor0.85. If the temperatureof the hot star is indeed7500K, it is
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Figure5.2: Seriesof Hα profilesin S1082.Thephaseof thelight curveis indicatedfor eachspectrum.
Notethecentraldepthof theline andtheasymmetricwings. Theobservationsduringphase0.54and
0.58 arenoisy due to the badweatherconditionsof run 5. The continuumseparationbetweenthe
spectrais 0.5unit.

a late A ratherthanan F star; the valueof logg is closeto that of a main-sequencestarfor
which logg � 4� 25 (Gray1992).This shows thatthenarrow-lined componentdominatesthe
spectrumin theblueandit impliesthatoneof theindividualcomponentsof S1082remainsa
bluestraggler. A moreaccuratedecompositionof S1082is givenin Sect.5.4.

5.3.3 Radial-velocity curves

Radialvelocitiesweremeasuredvia crosscorrelationof thehigh-resolutionspectrawith ap-
propriatetemplatespectra(Table5.3). To determinetheradialvelocitiesof thenarrow-lined
star in S1082we adoptedastemplatesspectraof F-typeradial-velocity standardsobserved
during the samerun (Table 5.2). Velocitieswere derived for eachorder separately. Only
orderswithout strongtelluric lines wereselected,andincluded4890-6820Å for the 1996-

77



CHAPTER 5

Figure5.3: Hβ, Mg I b andCa II infraredlines in S1082for a selectedsetof observations. Light
curve phasesareindicated.Thecontinuumseparationbetweenthespectrais 0.5unit.

spectraand4435-6820Å for the2000-spectra.Theradialvelocitieslistedin thethird column
of Table5.3 are the averagesof the valuesfrom the individual orders;the errorsrepresent
thespreadaroundtheaverage.Note that systematicerrorscanstill be included,e.g. dueto
thewavelengthcalibration.We expectthelatternot to exceed0.75km s� 1 (seeSect.5.2.2).
Our measurementsconfirmthat thenarrow-lined componentin S1082shows radial-velocity
variationsof only a few km s� 1.

The radial-velocity curves of the starsin the eclipsingbinary were measuredafter the
contribution of thehot, narrow-lined starto thetotal spectrumwasremoved. To thatend,all
spectrawerefirst broughtto therestframeof thehotstar. Then,ahot-startemplatespectrum
wasconstructedby taking the medianof the spectraobtainedat phases0.95,0.97,0.0035,
0.019and0.048;theseparticularphaseswerechosenin orderto let thespectralline profiles
of the templatebe as symmetricas possible. For the 1996-spectra,taken with a different
instrumentalsetup,the spectrumobtainedat phase0.092was chosenas a template. The
relative contribution of the hot-startemplateto the remainingspectrawasderived with the
samefitting procedureasdescribedin Sect.5.3.2:thetemplatemultipliedwith scalingfactors
rangingfrom 0.025to 1 wassubtractedfrom eachindividual spectrum,andthescalingthat
producesthe smallestresidualsarounda fit to a straightline waschosenasthe appropriate
scalingfor thatparticularspectrum.The scaledtemplatewasthensubtractedfrom the total
spectrumto obtainthespectrumof thebinaryat variousphases.

Next, theseresidualspectrawerecorrelatedagainstasyntheticspectrumof Teff � 5250K
andlogg � 3� 5. For this modelspectrumwe chosevrotsini � 50 km s� 1 to roughly match
theapparentlybroaderlines in the spectrumof thebinary. This procedurewasrepeatedfor
everyorderbetween4380and6435Å, excludingtheorderthatcontainsthebroadHβ line and
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Figure5.4: Spectrumof S1082comparedwith syntheticspectraof variouseffective temperatures;
surfacegravity andprojectedrotationalvelocityarefixedat logg � 4� 5 andvrotsini � 10km s� 1. The
spectraarenormalisedto the flux at 4050Å; eachspectrumis offset with 1 unit from the previous
spectrum.The relative strengthof theCa II K line andtheCa II H+Hε blend(marked with ’K’ and
’H’), andthecontrastin theBalmerjump(flux near4050Å relative to flux near3600Å) areindicators
of temperature.
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Figure5.5: Crosscorrelationfunctionresultingfrom theresidualspectrumtakenatphotometricphase
0.2535after thecontribution of thehot staris removed. Theleft peakcorrespondsto theprimarystar
Aa in theeclipsingbinary. Thewidth of thepeakcorrespondingto thesecondaryAb is broaderwhich
indicatesthatits spectrallinesaremorebroadenedby rotation.For thisparticularcrosscorrelationthe
spectrumbetween5160and5240Å wasused.Theradialvelocity is givenwith respectto thehot star
B in S1082.

theregion between5690and6090Å for which thecrosscorrelationfunctionsareverynoisy
with no clearpeaks. A crosscorrelationpeakis sometimesvisible at vrad � 0 km s� 1 and
representsfeaturesof thehotstarthatwerenotcorrectedfor (or introducedinto thespectrum)
by subtractionof the template.Thecrosscorrelationfunctionsof mostspectraclearlyshow
two peakswith a variableseparation(seeFig. 5.5). Onepeakis smallerandbroaderthanthe
other, andis redshiftedwith respectto thetemplatefor phasessmallerthan0.5;therefore,this
peakis identifiedwith thesecondarystarin theeclipsingbinary. This is thefirst spectroscopic
evidencefor the third starin S1082. The measurementsof thevelocity of theprimary near
phase0.1areprobablydistorteddueto its eclipseby thesecondarystar. In thefollowing we
will referto thecomponentsof theeclipsingbinaryasAa andAb, andto theoutercompanion
asB.

We usedthespectrumobservednearfirst quadrature(wavelengthregion 5160to 5240Å
containingthe Mg I b triplet) to derive an estimatefor the projectedrotationalvelocitiesof
bothcomponentsfrom thewidthsof their crosscorrelationpeaks.To thatend,we crosscor-
relateda syntheticspectrumof acertaintemperature(logg � 4� 0, vrotsini � 30 km s� 1) with
synthetictemplatesof the sametemperatureandsurfacegravity with vrotsini rangingfrom
10 to 100km s� 1, andwith theobjectspectrum.Thepeakof thecrosscorrelationfunctions
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HJD� phot. vrad� B vrad� Aa vrad� Ab

2450000 phase km s� 1 km s� 1 km s� 1

142.5101 .09213 33.0� 0.1 – –
142.5790 .1567 33.2� 0.1 � 97 � 4 –
142.6837 .2548 32.9� 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 33.7� 0.3 – –
1591.4640 .04750 32.4� 0.3 – –
1591.4805 .06294 32.8� 0.3 – –
1591.4967 .07812 32.7� 0.3 � 73 � 4 122� 7
1591.5452 .1235 33.2� 0.4 � 96 � 3 148� 4
1591.5616 .1389 33.3� 0.4 � 95 � 2 141� 4
1591.5779 .1541 33.3� 0.4 � 100 � 2 153� 5
1591.5993 .1742 33.1� 0.5 � 104 � 2 154� 5
1591.6150 .1890 33.5� 0.4 � 108 � 2 150� 12
1591.6310 .2039 33.9� 0.5 � 107 � 3 166� 5
1591.6474 .2192 34.2� 0.5 � 109 � 2 170� 8
1591.6682 .2387 33.8� 0.5 � 113 � 2 160� 7
1591.6840 .2535 33.9� 0.5 � 113 � 3 169� 14
1591.7010 .2695 33.9� 0.5 � 115 � 2 180� 5
1617.4072 .3435 31.8� 0.4 � 104 � 2 163� 5
1617.4308 .3656 32.7� 0.5 � 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:thecomponentsof theeclipsingbinaryAa and
Ab, andtheoutercompanionB. Fromleft to right: heliocentricJuliandate( � 2450000)atthemidpoint
of observation;photometricphasecomputedwith theephemerisof Goranskijetal. (1992);heliocentric
radial velocity for starB; radial velocity of theprimaryAa andsecondaryAb in theeclipsingbinary
with respectto star B in km s� 1. The spectraof phases0.5378and 0.5609were taken underbad
observingconditions.
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werefitted with gaussianprofiles. This wasrepeatedfor syntheticspectraof temperatures
5000to 6750K in stepsof 250K. With theresultsweconstructedcalibrationcurvesfor each
temperaturethat give the width of the crosscorrelationpeakasa function of the projected
rotationalvelocity of thesynthetictemplate.Thewidthsof thecrosscorrelationpeaksfrom
theobjectspectrumthengive a roughestimatefor thevrotsini of bothstars.For starAa we
obtaina vrotsini of 51 km s� 1 (5750K) to 58 km s� 1 (6750K), for starAb a vrotsini of 83
km s� 1 (5500,5750K) to 87km s� 1 (6750K).

5.4 Parameter estimation for the eclipsingbinary

WeusedtherecentlywrittenEclipsingLight Curve(ELC) codeof Orosz& Hauschildt(2000)
to fit thebasicbinaryobservablesof S1082,namelythelight curvesin thefour filters,thetwo
velocity curvesandthe observedprojectedrotationalvelocitiesof the two starsAa andAb.
The blue stragglerB in this caseis modelledas “third light”. The addition of a constant
(in phase)light will reducethe observed relative amplitudesof the light curves. The ELC
codeusesmodel atmospherespecificintensities,so the flux from a third star can be self-
consistentlyaddedto severaldifferentbandpasses(i.e.abluethird light stardilutestheB-band
light curve of a red binarymorethanit dilutesthe I-bandlight curve). We mainly usedthe
specificintensitiesderived from the NEXTGEN models(Hauschildtet al. 1999a;1999b). A
few modelswerealsocomputedusingspecificintensitiesderivedfrom Kurucz(1979)models.
Only thephotometricdataof run1 wereusedfor thelight curvefitting asthey form thelargest
setof homogeneousmeasurements.

We startby estimatingthecomponentmassesof theeclipsingbinary. Unfortunately, we
only have radial velocitiesnearonequadraturephase(poor weatherpreventedus from ob-
servingtheoppositequadrature),sothevelocity amplitudesof thetwo curvesandthebinary
systemicvelocity will not be asconstrainedaswe would like themto be. We fit sinusoids
to eachof the velocity curves,fixing the periodat the photometricperiod. For starAa we
find KAa � 120� 8 � 6� 4 km s� 1, γrel� Aa � 1� 7 � 5� 8 km s� 1, φ0� Aa � spect��� 0� 747 � 0� 007,
whereγrel is the systemicvelocity relative to themeanclustervelocity andwhereφ0 � spect�
refersto the phaseof maximumvelocity. For starAb we find KAb � 190� 1 � 12� 5 km s� 1,
γrel � Ab �	� 2� 6 � 12� 5 km s� 1, φ0� Ab � spect��� 0� 242 � 0� 010. The errorson the individual
velocitieswerescaledto yield χ2

ν � 1 for eachcurve, and the error estimateson the fitted
parameterswerederivedusingthescaleduncertainties.Thephasingof thecurvesareconsis-
tentwith expectations,wherestarAa hasits maximumvelocityonefourth of anorbital cycle
beforethe deeperphotometriceclipse. Sincesystemicvelocitiesareconsistentwith being
zero,we will assumethebinary is a clustermemberandhencehasγrel � 0 km s� 1. In this
casewe find for starAa KAa � 119� 1 � 3� 1 km s� 1 andφ0� Aa � spect��� 0� 748 � 0� 007, and
for starAb we find KAb � 190� 1 � 11� 6 km s� 1 andφ0� Ab � spect��� 0� 243 � 0� 010. Taking
thesinusoidfits at facevalue,we canimmediatelycomputethemassratio of thebinary. We
find Q � MAb

�
MAa � KAa

�
KAb � 0� 63 � 0� 04. Theminimummassesof thetwo component

starsarethenMAasin3 i � 2� 01 � 0� 38M � andMAb sin3 i � 1� 26 � 0� 27M � (seeTable5.4 for
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parameter value
Pphot 1.0677971(7)
T0 2444643.250(2)
V 11.251
B � V 0.415
KAa (km s� 1) 119.1(3.1)
KAb (km s� 1) 190.1(11.6)
Q 0.63(4)
γAa (km s� 1) 0.0 [fixed]
γAb (km s� 1) 0.0 [fixed]
MAasin3 i (M � ) 2.01(38)
MAb sin3 i (M � ) 1.26(27)
vrot� Aasini (km s� 1) 56(5)
vrot� Ab sini (km s� 1) 83(5)

Table5.4: Observed binary parameters.Aa andAb refer to thestarsin the eclipsingbinary. V and
B � V aretakenfrom Montgomeryetal. (1993).

asummaryof theobservedparametersof theeclipsingbinary).

Therearea total of twelve freeparametersin themodel: thefilling factors(by radius)of
thetwo stars fAa, fAb, themeantemperaturesof thetwo starsTAa, TAb, the“spin factors”of
the two starsΩAa, ΩAb, whereΩ is the ratio of the rotationalangularvelocity to theorbital
angularvelocity, the inclination i, themassratio Q, theorbital separationa, the temperature
of the third light starTB, the surfacegravity of the third light starloggB, andthe third light
scalingfactorSAB. Weassumetheorbit is circular, andthatthethird light starB doesnotvary.
Thegravity darkeningexponentof starAa wasfixedat0.25,thestandardvaluefor astarwith
a radiativeenvelope,while thegravity darkeningexponentfor starAb wassetat thestandard
convectivevalueof 0.08.TheELC codeusesWilson’s(1990)detailedreflectionscheme,and
for this problemthealbedoof starAa wastakento be1 andthealbedoof starAb wastaken
to be0.5.Threeiterationsof thereflectionschemewereneededto achieveconvergence.Both
starsin the binary areassumedto be free of spots. A variationof the “grid search”routine
outlinedin Bevington (1969)wasusedto optimisethe fits. In practicethefitting procedure
involveda greatdealof interactionwheresomeparametersweretemporarilyfixedat certain
values.Severaltwo-dimensionalgridsin parameterspaceweredefined(for exampleagrid of
pointsin the fAa 
 fAb plane).For eachpoint, we fixedthoseparametersat thevaluesdefined
by thegrid locationandoptimisedtheotherparameters,creatingcontoursof χ2 values.New
parametersetswereoptimisedusing the setof parametersfor a nearbypoint that gave the
bestpreviousfit. After the lowestχ2 valuein a grid wasfound, thena new grid usingother
parameterswascomputedusingthebestsolutionasa startingpoint. Thefitting took several
weeksof CPUtimeonanAlphaXP 1000,andsampledawide rangeof parameterspace.We
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Figure5.6: Fit to thelight curvesin theU , B, V andGunni band.Thesmallpanelsshow theresiduals
to thefit. Only thedatafrom thefirst observationrunareused.
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Figure5.7: Radial-velocity curvesof starAa of theeclipsingbinaryin S1082(filled circles)andstar
Ab (filled triangles).Thelinesindicatethebest-fittingvelocitycurvesascomputedby ELC.

arereasonablyconfidentthatour resultsareat or veryneartheglobalχ2 minimum.
We found a relatively large numberof solutionswith similar χ2 values. Fig. 5.6 shows

a typical fit. The light curves in the 4 bandsarefitted reasonablywell, althoughthereare
still somesystematicdeviations,especiallyneartheeclipsephases.Theradialvelocitiesare
alsofitted reasonablywell (Fig. 5.7), but againtherearesomesmall systematicdeviations
(thevelocity curvesseemto besystematicallyflatter thanthesinusoidfits nearphase0.25).
In all solutionsthe binary is detached,i.e. both starsarewell within their respective Roche
lobes.Weappliedtwo additionalconstraintsin orderto narrow down therangeof parameters.
Thefirst constraintis thatthetotalV magnitudeandB � V colourof themodelshouldmatch
theobservedV magnitudeof S1082. In this casetheapparentV magnitudeof themodelis
easyto compute.We usedthesyntheticphotometrycomputedfrom the NEXTGEN models1

to computetheexpectedabsoluteV magnitudeof eachstarAa andAb in theeclipsingbinary
from its temperature,radius,andsurfacegravity. TheV magnitudeof thebluestragglerB then
follows from thefitted luminosityscaling.Thesecondconstraintis that the implied massof
thebluestraggleris roughlyconsistentwith its placein thecolour-magnitudediagram.That
is, the radiusof the blue stragglerB canbe computedfrom the distance,theV magnitude,
andthe temperature.Sincethegravity of thebluestragglerB is specifiedin themodels,its

1ftp://calvin.physast.uga.edu/pub/NextGen/Colors/
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parameter Aa Ab B
f 0.520(10) 0.700(10)
R (R � ) 2.07(7) 2.17(3) � 2.5
R
�
RRoche 0.66(7) 0.86(7)

Ω 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
V 12.33(11) 13.10(11) 12.24(11)
B � V 0.51(2) 0.82(2) 0.33(1)
iA (deg) 64� 0 � 1� 0�
aA (R � ) 7.2(4)
V , B � V total 11.30(11),0.48(2)

Table5.5: Fittedbinaryparameters.Aa andAb referto thestarsin theeclipsingbinary, B to thethird,
outerstar.

masscanthenbe computed.The blue colour of S1082requiresa relatively hot third light
star( � 7500K), andits surfacegravity mustbenearlogg � 4� 25 in orderfor themassto be
near � 1� 7M � . Thederivedastrophysicalparametersfor theadoptedmodelaresummarised
in Table5.5.Theerrorson theparameterswereestimatedfrom theχ2 valuesgeneratedin the
variousgrid searches.Theseerrorestimatesmaybetoo small,giventhecomplicatednature
of themodel.Theerrorson themassesweretakento beon theorderof 15%,asjudgedfrom
thequalityof thesinusoidfits. Thelight curvesof thethreecomponentsareshown in Fig.5.8,
andacartoonof thebinaryat threephasesin Fig. 5.9.

Wehaveassumedthatthestarsarenot spottedandthattheeclipsingbinaryhasa circular
orbit. A violation of eitheroneof theseassumptionscouldalter the light curvesto produce
thesmallsystematicdeviationsseenin theresiduals.Bright or darkspotscouldeitheraddor
remove light at certainphases,complicatingthe analysis.Given the ratherlarge numberof
freeparameterswehavenow wedid notconsideraddingspotsatthistime. If thisbinaryis part
of atriple, thentheorbit couldbeeccentric(seeSect.5.5).A slighteccentricity(e � 0� 05say)
couldcausethemaximato beasymmetricandtheminimato beshiftedslightly in phase.Our
currentvelocitycurvesdonothaveenoughphasecoverageto placemeaningfulconstraintson
theeccentricity, soany firm conclusionson theeccentricitywill have to await thearrival of
additionaldata.

Fig. 5.10shows thedecompositionof S1082into its componentsin a colour-magnitude
diagramof M 67. StarAb is locatednearthe4 Gyr isochronethatprovidesthebestfit to the
observed main-sequence,subgiantandgiant stars(Polset al. 1998). Hencethe positionof
starAb is consistentwith theexpectedvaluebasedon its mass.Thepositionsof starAa and
thebluestragglerB area bit moreuncertainsinceonecan“tradeoff ” flux betweenthe two
stars(i.e. thebluestragglerB canbemadebrighterat theexpenseof starAa in thebinary).
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Figure5.8: Light curvesof thethreecomponentsin S1082(dashed-dottedline indicatestheprimary
Aa in theeclipsingbinary).

We notethat the starAb is alwayslocated(within the errors)on the 4 Gyr isochrone.The
errorbarsshown on theV magnitudesreflecttheuncertaintiesfor our adoptedmodelwhich
producesanoverallV magnitudeof all threestarscloseto theobservedvalue. In any event,
thehotterstarAa is subluminousby at least2 magin V (comparewith thetrackfor a2.2M �
star). Thepositionof thebluestragglerlies to theredof theextensionof themain-sequence
asdefinedby the1 Myr isochrone.

In orderto obtainobserved timesof primary minimum we usethe model light curve as
a templateto fit the datanearthe primary minima observed during run 1 andrun 2. Seven
additionaltimesof minimumareobtainedfrom fitting thedatain Table3 of Goranskijet al.
andfrom the datapointsof Simoda(1991)(seefirst columnof Table5.6). A straightline
is fitted to theobserved timesof minimum to find a new periodandT0 (seeTable5.4). The
periodthusderivedis compatiblewith theperiodlistedby Goranskijet al. (Eq.5.1). We use
thenew ephemeristo computeobservedminuscomputed(O–C)timesof primaryeclipseand
thecorrespondingcyclenumberwith respectto T0 (secondandthird columnof Table5.6,and
Fig. 5.11). The peak-to-peakamplitude∆O–C is � 39 minutes. If thesevariationsarereal
andcausedby themotionof theeclipsingbinaryarounda third bodyit would correspondto
a minimumsemi-majoraxis in theouter(o) orbit of thebinary(b) ao� bsinio � 1

�
2 c ∆ O–C

= 2.3AU. Assumingthatthebluestraggler(B) hasa masscompatiblewith its positionin the
colour-magnitudediagram(about1.7M � ) this correspondsto a minimumvalueof thesemi-
major axis of the total systemaosinio � ao� bsinio � 1 � MA

�
MB ��� 8� 4 AU; combinedwith

thetotalmassof thesystemof 6.1M � andKepler’s third law this givesaminimumperiodof
10 years.This is not compatiblewith theperiodof � 3 yearsfoundby Milone (1991). We
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Figure5.9: Cartoonof theconfigurationat threeorbital phasesof the inner binary accordingto the
modellistedin Table5.5.NotethattheRoche-lobesof thetwo starsAa andAb slightly overlapdueto
thefactthatneitherstarcorotateswith theorbit.
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Figure5.10:Colour-magnitudediagramof M 67 thatshows thedecompositionof S1082into a blue
straggler(B) andstarsAa andAb in theeclipsingbinary (A); a dashedline connectstheir positions.
Theobservedlocationof S1082is indicatedwith abox; theheightof thesquareequalsthedepthof the
primaryeclipse.Thedottedlinesareevolutionarytracksfor 1.6,1.8, 2.0 and2.2 M� starscorrected
for the distancemodulusandreddeningof M 67 (Z � 0� 02, Polset al. 1998). The 4 Gyr-isochrone
is includedto indicatetheexpectedpositionsof clustermembers;the1 Myr isochroneis includedto
give anestimatefor the locationof theZAMS (Polset al. 1998). B andV magnitudesof M 67 stars
arefrom Montgomeryet al. (1993). Only starswith a proper-motion membershipprobability � 80%
(Girardet al. 1989)areplotted.
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HJD � 2440000 O� C cycle source
3191.036 � 0.010 � 1360 Simoda(1991)a

4643.250 0.000 0 Goranskijet al. (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 idemb

11218.744 � 0.001 6158 run1
11539.078 � 0.006 6458 run2

aSimodaobserved two consecutive primaryeclipses.Thesedatawerecombinedto measureonetime
of minimum.
bBasedonameasurementof asecondaryeclipsewhichweconvert to aprimaryeclipseby addinghalf
a period. We notethat if the orbit of the eclipsingbinary is eccentric,the two eclipsesneednot be
separatedby half aperiod.

Table5.6: Timesof primaryminimum.Fromleft to right: observedtimeof minimum;O–Cdifference
(in days)betweentheobservedandcomputedtimeof eclipse;cyclenumberof theeclipsewith respect
to the T0 of Table5.4. The errorsin the observed timesof minimum andtheO� C valuesare0.005
days.

concludethatnot all thevariationin O–Cis dueto light-travel time in theouterorbit. There
is no evidencefor periodicityin theO–Ctimes,althoughthetimebaselineis somewhatshort
andthecoverageis somewhatspotty.

5.5 Discussion

Our new observationsof S1082confirmtheeclipsesreportedby Goranskijet al. (1992),the
smallradial-velocity variationsof thenarrow linesin thespectrum(Mathieuet al. 1986)and
thetime-variationof a broad-linedcomponentseenin high-resolutionspectra(vandenBerg
etal. 1999[Chapter2], Shetrone& Sandquist2000).In addition,wenow have foundthatthe
radial-velocity shifts of the broad-linedcomponentand of a third componentin the spectra
vary on the photometricperiod. This clearlydemonstratesthat the narrow-lined star, which
is a blue straggleron its own, is not part of the eclipsingbinary – this solvesthe seeming
contradictionin thepropertiesof this system.Thebroadvariablecomponentof theHα line
discussedby vandenBerg et al. (1999)[Chapter2] is theStark-broadenedHα line of thehot
componentAa of theinnerbinary. Theultraviolet flux measuredby Landsmanet al. (1998),
higherthanexpectedfor a starat the B � V colour of S1082, is only partly explainedasa
consequenceof thebluercolour, i.e. highertemperatureof thethird star.

Comparisonwith Figs.2 and3 of Dempsey et al. (1993)shows thattheX-ray luminosity
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Figure5.11: O–Ctimesof theprimaryeclipsein daysversusheliocentricJuliandate( � 2440000)of
themeasurement.

of S1082 (Belloni et al. 1998) is typical for a subgiantin an RSCVn system. The X-ray
emissioncould thereforebecausedby magneticactivity in therapidly rotatingsubgiantAb.
Thus,our modelcanexplain theX-raysof S1082.

Oursolutionto thephotometryis symmetric(seeFig. 5.8)anddoesnotexplain theasym-
metrybetweenphases0.25and0.75;nor thevariability in theform of thesecondaryeclipse
betweenour first two observationsruns.This indicatesthatvariablespotsarepresentandac-
cordinglythatthebest-fitparametersof thesystemaresubjectto someadditionaluncertainty.
However, wedo not think our mainconclusionsareaffected.

Wethink thattheeclipsingbinaryformsaboundtriple with thethird star, for two reasons.
First, theradial-velocitymeasurementsof thethird starB – thenarrow-linedsystemin S1082
– indicatethatit is in a � 1000dayorbit aroundacompanion.Thesystemicvelocitiesof both
the1000dayandthe1.07daybinariesarecompatiblewith theradialvelocity of thecluster.
A chancealignmentof two suchbright clustermembersis unlikely. Second,if we relax the
constraintthat thebinaryis at theclusterdistancein solvingthephotometry, we find thatthe
bestsolutionstendto beanAlgol binaryat highermass( �

�
4M � ) andlargerdistance(about

twice theclusterdistance).A high-massbinaryatsucha largedistancefrom thegalacticdisc
is unlikely.

Assumingthenthat thebinary formsa hierarchicaltriple with thethird star, in M 67, we
notethatthe1-σ lowerboundto themassof thebinaryis ataboutthreetimestheturnoff mass
of thecluster. The formationof thebinarymustthushave involvedat leastthreestars.The
third staris abluestraggleron its own account,andthusaccordingto mostcurrentmodelsits
formationinvolvestwo stars.We have to concludethat theformationof S1082requiredthe
interactionof no lessthanfivestars!
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This interactionmayhave startedwith a binary-binaryencounter, in which two starscol-
lided directly andmerged;oneof the remainingtwo starsendedin a closeorbit aroundthe
merger, thefourth starin a wide orbit aroundtheinnerbinary. Thefourth starmustbea blue
straggler, which eitherwasalreadypresentin theoriginal encounteror waslaterexchanged
into thesystem.Thattriplesareformedeasilyby binary-binaryencounters,andthatthey live
long enoughto undergo subsequentexchangeencounterswith a binary, is shown for exam-
ple by the computationsof Aarseth& Mardling (2001). It is lessobvious that mergersare
commonin suchencounters,asmostbinary-binaryencountersarebetweenrelatively wide
systems.Mergerproductstendto besubluminous(Sills et al. 2001),in accordancewith the
propertiesof themoremassive starAa in the innerbinary. Themainproblemwith this sce-
nariofor theformationof theS1082systemis thata mergerproductis only subluminousfor
a very limited period;comparableto its thermaltime scale.This reducestheavailabletime
within which the outerstarof the first encounteris exchangedwith a binary or blue strag-
gler in a subsequentencounter, andindicatesthat thebluestragglerwaspresentin theinitial
binary-binaryencounter. Alternatively, an initial encounterbetweentwo triple systemscan
have led immediatelyto thecurrentlyobservedconfiguration.In any case,theprobabilityof
catchingthemergerproductwhile it is stronglysubluminousis disconcertinglysmall.

Aarseth& Mardling (2001)note that the inclination of the outerorbit in a hierarchical
triple with respectto the innerorbit caninducea largeeccentricityin the innerorbit; subse-
quently, tidal forcesin theinnerorbit causeit to shrink.Thus,theinnerorbit maybeeccentric,
andsmallerthanin thepast.Our solutionfor theinnerbinaryimpliesthatthecool starhasa
radiuswhich is asizeablefractionof thebinaryseparationRAb

�
aA � 0� 3. Accordingto Eq.2

of Verbunt& Phinney (1995)thecircularisationtimescaleof theinnerbinaryA is � 103 year;
theeccentricityof A andasynchronicityof Ab thuswill bedeterminedby thecompetingef-
fectsof theperturbationby theouterstarB andthetidal forcesin theinnerbinary. Only if the
latteraresubstantiallyreducedwith respectto theZahn(1977)formulation– assuggestedby
e.g.Goodman& Oh(1997)– do weexpectmeasurableeccentricityandasynchronicity.

Whereasour new observationshave allowedus to resolve theapparentcontradictionsin
the earlierdataandto determinethe systemparameters,we concludethat theseparameters
– in particularthoseof theprimaryAa of the innerbinary– arehardto understandin terms
of standardstellarandbinaryevolution, evenwhenstellarencountersandmergersaretaken
into account.This situationis remarkablysimilar to that in thestudyof two othermembers
of M 67, locatedbelow thesubgiantbranchin thecolour-magnitudediagram,bothof which
turn out to be binaries(Mathieuet al., in preparation)[Chapter6]; and indeedto our lack
of understandingof theblue-stragglerpopulationin thecluster. Many of thesestarsmaybe
mergers,which raisesthequestionwhethertheobjectthatresultswhentwo starsmergemay
follow anevolutionarytrackwhich is very differentfrom thatof anordinarystarof thesame
mass;andwhetherthey candosofor aperiodof timewhichsignificantlyexceedsthethermal
timescale.

Furtherstudiesof the remarkabletriple systemS1082shouldprovide a better-sampled
radial-velocity curve, necessaryto determinewhetherthe inner binary is eccentric,and to
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measureits systemicvelocitymoreaccuratelyto establishclustermembership.Better-quality
light curvesmayalsoserve to improvetheaccuracy of theinnerorbit, e.g.if theinnerorbit is
eccentrictheseparationof theeclipsesis differentof 0.5. A long-termsamplingof the light
curveswill berequiredto improvetheinterpretationof theO–Cin thetimingsof theprimary
eclipse.
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Chapter6

Sub-subgiantsin theold openclusterM 67?

RobertD. Mathieu,MaureenvandenBerg, GuillermoTorres,
David Latham,FrankVerbunt& KeivanG. Stassun

to be submitted to The Astronomical Journal

Abstract – We presenttheorbitsof two spectroscopicbinariesin M 67 – S1113andS1063– whose
positionsin thecolour-magnitudediagramplacethembelow thesubgiantbranch.S1113is a double-
linedsystemwith acircularorbit having aperiodof 2.823094

�
0.000014days.S1063is asingle-lined

binary with a periodof 18.396
�

0.005daysandan orbital eccentricityof 0.206
�

0.014. A ROSAT
studyof M 67 independentlydiscoveredthesestarsto beX-ray sources.Themembershipin thecluster
of thesebinariesis assecureascanbe achieved at present. Both have proper-motion membership
probabilitiesgreaterthan97%;centre-of-massvelocitiesarepreciselyconsistentwith theclustermean
radial velocity. S1063is alsoprojectedwithin onecoreradiusof theclustercentre. We discussthe
possibleorigin andevolutionarystateof thesebinarieswhich remainasyet unknown.
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6.1 Introduction

The openclusterM 67 is oneof the mostcomprehensively studiedof all starclusters,and
haslong beentheprototypefor old (4-6 Gyr) openclustersin theGalaxy. Indeed,oneof the
first photo-electriccolour-magnitudediagramswasderivedfor M 67 by Johnson& Sandage
(1955).Sincethattime theprecisionof stellarphotometryhassteadilyimproved,andwith it
hasthedefinitionof theM 67 giantbranch(Janes& Smith1984,Montgomeryet al. 1993).
Indeedtheremarkablenarrownessof theM 67giantbranchhasservedasaprecisetouchstone
againstwhich innumerablesingle-starevolution modelshave beentested(e.g.,Dinescuet al.
1995).

However, evenafterapplicationof strict proper-motionmembershipcriteria, the colour-
magnitudediagramof M 67remainslitteredwith starsthatdonotfall onasingle-starisochrone
(Fig. 6.1). Someof theseseeminganomaliescanbeaccountedfor. For example,onelumi-
nousstarto theblueof thegiantbranchis a spectroscopicbinarywhosecompositelight can
be explainedby a giant–main-sequencepairing; anotheris a giant–whitedwarf pair with a
complicatedhistory (Mathieuet al. 1990,Verbunt & Phinney 1995,Landsmanet al. 1997).
Many of thestarsimmediatelyabove theturnoff andsubgiantbrancharespectroscopicbina-
riesandconsequentlyoverluminous.And theparallelsequenceof starsto theredof themain
sequenceareassuredlybinariesaswell (Montgomeryet al. 1993).

However, thereremainstarsthat arenot so easilyexplained. Most famousarethe blue
stragglers,first notedin M 67by Johnson& Sandage.Theorigin of bluestragglersin anopen
clusterenvironmentis still notsecurelyunderstoodtoday(Bailyn 1995).Similarly, theyellow
giantS1072,lying 1.2 magnitudesabove themain-sequenceturnoff, hasdefiedexplanation.
A kinematicmemberin all threedimensionsandlying in projectionin the clustercore, its
resolutionasa non-memberremainspossiblebut not satisfying(Mathieu& Latham1986,
Nissenet al. 1987). In this paperwe considertwo morestars– S1063andS1113– who by
every indicationareclustermembers,yet whoselocationin theM 67 colour-magnitudedia-
gramis dramaticallyinconsistentwith single-starevolutionarytheory. Specifically, asshown
in Fig. 6.1,thesestarslie below thesubgiantbranch,andassuchwecall themsub-subgiants.

Ourattentionhasconvergedonthesestarsfromtwodirections.Wehaveunderwayamulti-
decadesurvey of thespectroscopicbinarypopulationin M 67 (Mathieuet al. 1990,Latham
et al. in preparation).Both S1063andS1113werefoundto bespectroscopicbinaries,with
S1113 in particularbeing notablefor the rapid rotation of its primary star. Belloni et al.
(1998) have undertaken a comprehensive study of stellar X-ray sourcesin M 67 basedon
ROSAT observations(Belloni etal. 1998).S1063andS1113wereindependentlydiscovered
to beX-ray sources,of whichthereareonly 25known amongclustermembers.Bothbinaries
arealsophotometricvariables(vandenBerg et al. 2001)[Chapter3], which areinfrequent
in a clusterof this age(Stassunet al. 2001, in preparation)[Chapter4]. In this paperwe
presenta comprehensive discussionof theorbital, spectroscopic,andphotometricproperties
of S1063andS1113. Regrettably, like the blue stragglersandS1072, their interpretation
remainsapuzzle.
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Figure6.1: Colour-magnitudediagramof M 67basedonthephotometryof Montgomeryetal. (1993)
andincludingonly starswith proper-motion membershipgreaterthan80%(Girardet al. 1989). The
suggestedsub-subgiants– S1063andS1113– arehighlighted.Wealsoshow thedecompositionof the
light of S1113into theprimary(p) andsecondary(s)whichappliesif thesecondaryis amain-sequence
star(seealsoSect.6.4).
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6.2 The stars

ThestarsS1063andS1113hadattractedsomeattentionprior to our radial-velocity andX-
ray studies.Both starsareincludedin thehighly preciseproper-motionstudyof Girardet al.
(1989),in which S1063is givena kinematicmembershipprobabilityof 97%andS1113of
98%. Beinga bit lessthanonecoreradiusfrom theclustercentre,S1063hasbeenincluded
in mostphotometricstudiesof M 67; S1113is locatedat threecoreradii, andthusonly has
beenobserved in thewider field photometricsurveys. Racine(1971)notedthatS1063was
photometricallyunusualin that it lies roughly a magnitudein V below thesubgiantbranch.
S1113hasvery similar photometricpropertiesasS1063,but seemsto have escapednotice
until mentionedby Kaluzny & Radczynska(1991).In Fig. 6.1weshow thecolour-magnitude
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(0.18mag)in photometricobservationsof S1063,andits variability wassubsequently
confirmedby otherobservers(Rajamohanet al. 1988,Kaluzny & Radczynska1991).S1113
hasa variablestardesignation– AG Cnc– andKaluzny & Radczynska(1991)foundS1113
to bephotometricallyvariableat the0.05maglevel. Basedon their variability (but not light
curves)andtheir locationin the colour-magnitudediagram,Kaluzny & Radczynska(1991)
suggestedthatbothstarsarehighly evolvedW UMa binarieswith extremelysmallmassratios
andconsequentlysmallphotometricamplitudes.

BothS1063andS1113wereincludedin a largesurvey for spectroscopicbinariesamong
M 67 proper-motion clustermembersbegun in the mid-1980’s (last summarisedin Latham
et al. 1992). S1063wasquickly found to be a single-linedspectroscopicbinary, with no
evidentdistinctionotherwise.S1113wasimmediatelyrecognisedasanunusualdouble-lined
spectroscopicbinaryin thattheprimarystarwasa rapidrotator.

Independently, ROSAT PSPCobservationsof M 67 identifiedthesetwo starsasamong25
clustermembersdetectedto haveX-ray emission(Belloni et al. 1993,1998).As membersof
this selectgroup,S1063andS1113received optical spectroscopicattentionby Pasquini&
Belloni (1998)andvandenBerg et al. (1999)[Chapter2]. Both starsshow strongemission
coresin theCaII H andK lines,indicativeof chromosphericallyactivestars.Both starsalso
show Hα emission. In S1063the Hα line is asymmetric,showing emissionwhich is blue-
shiftedwith respectto anabsorptionfeature.Theabsorptionline agreeswith thevelocity of
theprimary, perhapssuggestingthat it canbe attributedto theprimary starandthat theHα
emissionoriginateselsewherein thesystem.Alternatively, theHα line profile is verysimilar
to thatseenfrom HK Lac by Catalano& Frasca(1994),who attributetheemissionto a large
flarelasting6 days.In S1113theHα emissionis broadandclearlycentredon thevelocityof
theprimarystar, with anequivalentwidth of 15 Å.
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6.3 Observations and data analyses

6.3.1 Speedometry and orbital solutions

High-precisionradial-velocity observationsof S1063werebegun in 1987,and28 observa-
tionswereobtainedthrough1989. 18 radial-velocity observationswereobtainedfor S1113
between1989and1998. All observationswereobtainedwith the Centerfor Astrophysics
(CfA) Digital Speedometers(Latham1992). Two nearlyidenticalinstrumentswereusedon
theMultiple Mirror Telescopeandthe1.5-mTillinghastReflectoratopMt. Hopkins,Arizona.
Echellespectrographswereusedwith intensifiedphoton-countingReticondetectorsto record
about45 Å of spectrumin a singleordernear5187Å with a resolutionof 8.3 km s� 1 and
signal-to-noiseratiosrangingfrom 8 to 15 perresolutionelement.

The28 radialvelocitiesfor S1063weremeasuredusingtheone-dimensionalcorrelation
packageRVSAO (Kurtz & Mink 1998)runninginsidethe IRAF environment. The template
spectrumwasdrawn from a new grid of syntheticspectra(Morse& Kurucz,in preparation)
calculatedusingKurucz’scodeATLAS9. Wecorrelatedourobservedspectraagainstanarray
of solar-metallicity templatesspanningeffective temperature,surfacegravity, andprojected
rotationvelocity. Thetemplategiving thehighestpeakcorrelation(averagedoverall observa-
tions)hadlogg � 3� 5,Teff � 5000K, andvsini � 6 km s� 1. Theradialvelocitiesderivedwith
this templatearepresentedin Table6.1. Extensive experiencemeasuringradialvelocitiesof
similar starswith the CfA speedometerssuggestsa typical single-measurementerror of 0.7
km s� 1.

A single-linedorbital solutionwith periodP � 18� 396daysis easilyderived from these
data;theelementsaregivenin Table6.2andtheorbit curvesaresuperimposedon thedatain
Fig. 6.2. Thecentre-of-massvelocity of γ � 34� 3 � 0� 2 km s� 1 is consistentwith thecluster
meanradialvelocityof 33.5km s� 1 andobservedvelocitydispersionof 0.5km s� 1 (Mathieu
1983),sothestaris akinematicclustermemberin all threedimensions.Otherwise,theorbital
elementsarenotnotable.

The analysesof theS1113spectraweredoneusingtheTODCORmachineryof Zucker
& Mazeh(1994),asimplementedat CfA. A two-dimensionalarrayof templatesin effective
temperatureandprojectedrotationvelocity, againderived from Kuruczspectra,werecorre-
latedwith all of theS1113spectra.Theeffective temperaturesandrotationvelocitiesof the
templateswereselectedbasedon maximisingthe correlationpeakheight,averagedover all
availablespectra.We find projectedrotationalvelocitiesvsini of 53 km s� 1 for theprimary
and12km s� 1 for thesecondary, respectively, with a1-σ uncertaintyof 2 km s� 1 oneach.Van
denBerg etal. (1999)[Chapter2] previouslymeasuredvsini for bothstars,finding45� 6 km
s� 1 for theprimaryand12� 1 km s� 1 for thesecondary. Thederivedeffective temperatures
are4800K and5450K for theprimaryandsecondary, respectively, with a1-σ uncertaintyof
150K. Finally, wederivea luminosityratioat 5187Å of 0.352� 0.016(secondary/primary).

The primary andsecondaryradial velocitiesderived with thesetemplateparametersare
given in Table6.3. A double-linedorbital solution is easily obtainedfrom thesedata; the
elementsaregivenin Table6.4andtheorbit curvesaresuperimposedon thedatain Fig. 6.3.
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Figure6.2: The single-linedorbit curve of S1063shown with the phasedradial-velocity measure-
ments.Thedashedline shows thecentre-of-massvelocity of thebinary.

Again,thecentre-of-massvelocityof γ � 33� 4 � 0� 4 km s� 1 is consistentwith theclustermean
radialvelocity. Theorbital eccentricityof e � 0� 022 � 0� 010leavesopenthepossibility that
theorbit maynotbecircular, but atpresentthatconclusionis notstatisticallysecure.Thuswe
alsopresentin Table6.4acircular-orbit solutionwith eccentricitye � 0, theelementsof which
wewill usefor theremainderof thispaper. Themassratioof thesystemis q � 0� 703� 0� 012.

6.3.2 Photometry and variability

VandenBerg et al. (2001)[Chapter3] have photometricallymonitoredbothstars,with 1-m
telescopesatESO(La Silla), Kitt PeakandLa Palma,in orderto look for light variationsthat
mayprovide insightinto thenatureof thesystems.Weheresummarisetheir mainresults.

While S1063 is definitively variable,as yet no period hasbeenidentified in our data.
Thevariability is clearlyof a long-termnature.If it is periodic,the18-daysESOlight curve
establishesthat theperiodis longerthanthepseudo-synchronousperiodof 14.64days(Hut
1981).Furthermore,theESOandKitt Peakdatadonotphaseupon theorbitalperiodof 18.4
days.Indeed,it is not evidentthattheKitt PeakandESOdatacanbephasedtogetheron any
period,astheKitt Peakdatashow asteeperslopein theirphotometricvariation.However, this
couldarguablybetheresultof achangein thesourceof thevariabilityduringtheyearbetween
the Kitt PeakandESOobservations(e.g.,a differentstarspotmorphology). Alternatively,
the variability may simply not be periodic. Longer intervals of continuousobservation are
required.

S1063becomesbluerasit brightens.This effect is small in the B � V colour, andmost
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HJD vrad (km s� 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-velocity measurementsfor S1063.

101



CHAPTER 6

P (days) 18.396� 0.005
γ (km s� 1) 34.30 � 0.20
K (km s� 1) 20.0 � 0.3
e 0.206 � 0.014
ω (deg) 95 � 5
T (244+ days) 7482.19� 0.22
a1sini (AU) 0.0330� 0.0006
f � m � (M � ) 0.0143� 0.0007

Numberof observations 28
σ (km s� 1) 0.99

Table6.2: Orbital elementsfor S1063.

HJD vrad	 p (km s� 1) vrad	 s (km s� 1)
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-velocity measurementsfor S1113.
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P (days) 2.823094� 0.000014 2.823105� 0.000015
γ (km s� 1) 33.4 � 0.4 33.8 � 0.4
K1 (km s� 1) 60.6 � 0.9 60.6 � 0.8
K2 (km s� 1) 86.2 � 0.6 86.2 � 0.6
e 0 0.022 � 0.010
ω (deg) – 333 � 16
Tmax (244+ days) 8916.368� 0.4 –
T0 (244+ days) – 8916.15� 0.13
a1sini (AU) 0.0157� 0.0003 0.0157� 0.0003
a2sini (AU) 0.0223� 0.0003 0.0223� 0.0003
M1sin3 i (M � ) 0.544 � 0.012 0.544 � 0.012
M2sin3 i (M � ) 0.382 � 0.012 0.382 � 0.012
q 0.703 � 0.012 0.703 � 0.012

Numberof observations 18 18
σ1 (km s� 1) 3.15 2.94
σ2 (km s� 1) 2.10 2.05

Table6.4: Orbital elementsfor S1113.Theprimaryis indicatedwith ’1’, thesecondarywith ’2’.

V B � V L 
 L � Teff (K) R 
 R �
Composite 13.77 1.01
Primary 14.07 1.08 2.51 4760 2.32
Secondary 15.30 0.83 0.70 5475 0.93

0.94M � 0.66 5475 0.90

Table6.5: Deconvolvedphotometryfor S1113.For comparisonwith theparametersof thesecondary
star, theparametersfor a0.94M� stararealsolisted.
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Figure6.3: The double-linedorbit curve of S1113shown with the phasedradial-velocity measure-
mentsfor the primary (filled circle) and secondary(opencircle) stars. The dashedline shows the
centre-of-massvelocity of thebinary.

evident in coloursincluding theU andI bandpasses.Thesecolourvariationsaremoresug-
gestive of relatively small temperaturevariationson the primary stellar surfaceor variable
extinction thanacontribution from eitherahot boundarylayeror acool circumbinarydisc.

A periodicitycomparableto theorbitalperiodwasquickly evidentin theS1113data.We
show in Fig. 6.4 theV light curvesderivedfrom the18-dayESOobservationsandphasedto
theradial-velocityorbit solution,which is alsoshown in Fig. 6.4Themorphologyof thelight
curve is sinusoidalwith a high degreeof symmetry. Maximum brightnessoccursat orbital
phase0.5, when the starsarealignedperpendicularto our line of sight and the primary is
approaching.As with S1063,thesystembecomesbluerasit brightens.

A time-seriesanalysisonall of thephotometricdataindicatesapossibleperiodof 2.822d�
0.001days. This periodis very similar to the orbital periodof 2.823094d� 0.000014days,
indicatingacloseassociation.Thereis someindicationthatthelight curveshapeis notstable.
As evident in Fig. 3.5 of van denBerg et al. (2001)[Chapter3], threesetsof photometric
observationsobtainedat intervalsof 4-6weeksand2 yearsdonot repeatto within theformal
photometricerrors,suggestive that thesourceof thephotometricmodulationhasundergone
smallchangeson thesetimescales.

6.4 Properties of the stars

S 1063 The mostnotablepropertyof the orbit of S1063may be its ordinariness.If S1063
fell on the main sequenceor the subgiantbranch,its orbit would merit no further attention.
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Figure6.4: Light curve (top) andprimaryandsecondaryorbit curves(bottom)for S1113phasedon
theorbitalperiodof 2.823094days.Thelight curveshowsV datatakenin January1998(opencircles),
FebruaryandMarch 1998(filled triangles)andFebruary2000(opentriangles),taken from van den
Berg et al. (2001)[Chapter3]. Note that maximumlight amplitudeoccurswhentheprimary staris
moving towardus(in projection).

For example,the eccentricityof e � 0� 206 is quite typical for main-sequenceandsubgiant
binariesin M 67with periods� 20 days(Mathieu,Latham& Griffin 1990).

Evidentlytheprimarystardominatesthelight at5187Å. As notedabove,theCfA spectra
indicateaneffective temperatureof Teff � 5000K anda gravity of logg � 3� 5. New analyses
of the higherS/N spectraof vandenBerg et al. (1999)[Chapter2] yield similar measures.
Comparisonof theVanadiumI 6251.83Å/FeI 6252.57Å line ratio with thespectralanalyses
of Gray(Gray1989,Gray& Johanson1991)yield a Teff of 5150K for a dwarf and4900K
for a giant. Alternatively, in Fig. 6.5we usethespectraldiagnosticIs asdefinedby Malyuto
& Schmidt-Kaler(1997)to deriveaspectraltypeof G8–K0.Suchaspectralclassificationin-
dicateseffectivetemperaturessimilar to thespectralline results(Schmidt-Kaler1982,Bessell
& Brett 1988,Bessellet al. 1998).

Detailedanalysesof theoptical spectraobtainedby vandenBerg et al. (1999)[Chapter
2] indicatethat the primary of S1063 is neithera giant nor a dwarf. We have taken two
approachesto determiningthesurfacegravity. First, we have comparedthegravity sensitive
Mg b lines with Kuruczspectra. In Fig. 6.6 we show the spectrumof S1063andKurucz
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spectraatTeff � 5000K overa rangeof logg. BasedontheMg b triplet line shapes,S1063is
clearlyneitheragiant(logg � 2� 5 � 3� 0) noradwarf (logg � 4� 5 � 5� 0). Spectralfitting (with
Teff a freeparameter)resultsin Teff � 5000K, logg = 3.5,andvsini = 8 km s� 1, confirming
theresultsobtainedfrom thelower-S/N CfA spectra.In Fig. 6.5we comparethevaluesof Is

andI2 for S1063with thoseof starsof all luminosity classes.Again, for starsof similar Is

S1063fallsbetweenthedwarfsandgiants.

Givenseveral linesof evidencethat thegravity of S1063is intermediatebetweendwarfs
andgiants,we interpolatebetweencalibrationsfor dwarfsandgiantsandadoptan effective
temperatureof Teff � 5000K. We usethecompositelight photometryof Montgomeryet al.
(1993), their reddeningof E � B � V �
� 0� 05, and distancemodulusof 9.6. A bolometric
correctionof 0.4 magwasobtainedfrom the main-sequencecalibrationsof Bessell& Brett
(1988)andBessellet al. (1998). With theseparameterswe deducea luminosity of 3.0 L � ,
anda radiusfor theprimarystarof 2.3 R � . For any reasonablepair of stellarmasses,sucha
starfits comfortablywithin its Rocheradiusat periastronseparation.

Theorbit placesanabsolutelower limit ontheprimaryandsecondarymassesof 0.06M � .
If the primary is taken to have the turnoff mass1.3 M � (Yale 5 Gyr isochrone;Demarque,
privatecommunication),then the orbit placesa lower limit on the secondarymassof 0.33
M � . This lower limit changesby lessthan0.1 M � for primarymassesbetween0.5 M � and
2 M � . The non-detectionof the secondaryin our spectrarequiresthat the secondarystar
haveV � 16,roughlytwo magnitudesfainterthantheprimary(heretakenasequivalentto the
compositelight). If thesecondaryis amain-sequencestar, thenbasedon thismagnitudelimit
theYaleisochronesgiveanupperlimit on themassof thesecondaryof 0.83M � (Demarque,
privatecommunication).

Moregenerally, for primarymassesbetween0.5M � and2 M � andfor massratiosbetween
0.1 and 1, the massfunction implies an orbital inclination angleof 20–45� . For aligned
rotationalandorbital axes, the true equatorialrotationvelocity could be as large as20 km
s� 1, andfor aprimaryradiusof 2.3R � therotationalperiodcouldbeasshortas6 days.Such
rapidrotationperiodswould beconsistentwith theobservedX-ray emission,chromospheric
activity, andpossibleflares.Perhapsmostplausibly, thepseudo-synchronousrotationperiod
of 14.64days(Hut 1981)is permitted,requiringan inclination angleof i � 47� (and,for a
primarymassof 1.3 M � , a secondarymassof 0.5 M � ). However, we remindthereaderthat
thephotometricdatashow no evidenceof periodicityat this or shorterrotationperiods.

Finally, we do not know thatthesecondaryis a main-sequencestar;we know only that it
is faintatV . If it wereinsteadawhitedwarf theexpectedmasswouldstill beof order0.6–0.7
M � (Wood 1992,Richeret al. 1998)andthe conclusionsabove regardingthe primary star
wouldchangelittle. How thesecondarycouldbecomeawhitedwarf withoutcircularisingthe
orbit duringits post–main-sequenceevolutionwouldneedto beexplained.

S 1113 Thespectroscopicdetectionof thesecondarypermitssubstantiallymoreinforma-
tion to be derived for this binary. Given that the primary staris evidently not on thecluster
mainsequence,we begin analysisof thesystemwith thepresumptionthat theprimary is an
evolvedclustermember, andinitially assumethattheprimarymassis thesameasthecluster
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Figure 6.5: Spectralclassificationof S1063 accordingto the classificationcriteria of Malyuto &
Schmidt-Kaler(1997). Left: IS, basedon featuresbetween4215 Å and 4360 Å and 5125 Å and
5290Å, is an index for spectraltypeandplacesS1063(solid line) betweentypeG8 andK0. Right:
I2, basedon featuresbetween4120Å and4280Å is anindex for luminosityclassandplacesS1063
betweendwarfsandgiants.

turnoff mass- 1.3M � . Thenwe immediatelyderiveanorbital inclinationangleof 48� anda
semi-majoraxisof 11.0R � . Themassfor thesecondarythenis 0.91M � , for which theYale
isochronesgiveaneffective temperatureof 5350K. This is closeto theeffective temperature
for thesecondaryof 5450K derivedfrom theTODCORanalysis(Sect.6.3.1).

If we assumethat the rotationalaxesof both starsare alignedwith the orbital angular
momentumvectorandthattherotationsof bothstarsaresynchronised,thenwecanderivethe
radii of the starsfrom the projectedrotationvelocities. We find the primary andsecondary
radii to be3.9 R � and0.9 R � , respectively. Thesecondaryradiusis againconsistentwith a
0.91M � main-sequencestar, while theprimaryradiusis indicativeof anevolvedstar.

TheRocheradii are4.5 R � and3.8 R � for theprimaryandsecondary, respectively. Ev-
idently the secondarylies well within its Rocheradius. The primary however fills a large
fractionof theRochevolume,andtheequipotentialsurfacewhosevolumeequalsthatof a3.9
R � sphereextends74% of the way to the L1 point. Using the Wilson-Devinney formalism
we have investigatedtheexpectedmagnitudeof photometricvariationsdueto theellipsoidal
shapeof the primary. Adopting the parametersabove, a temperatureof 4800K for the pri-
marystar, a limb darkeningcoefficient (linear law) of 0.6 for eachstar, a gravity brightening
coefficient of 0.32, anda reflectioncoefficient of 0.5, we find the peak-to-peakellipsoidal
variationsto be0.06magin V . Thesyntheticlight curve is presentedin Fig. 6.7 andshows
theexpectedtwo peaksperorbital cycle.

Suchdouble-peakedvariationsarein markedcontrastto thesingle-peakedsinusoidallight
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Figure6.6: Comparisonof S1063spectrumwith syntheticspectraof effectivetemperatureTeff = 5000
K, vsini = 8 km s� 1, anddiffering surfacegravities (Kurucz1979).Thespectraarenormalisedto the
continuumflux andshiftedvertically in stepsof 0.75 flux units. S1063 is bestfit by the synthetic
spectrumwith logg = 3.5.

curve foundby vandenBerg et al. (2001)(seeFig. 6.4). It is possiblethatthesesmallellip-
soidalvariationshave goneundetectedin contrastto the largerphotometricvariationsof the
system.We have modelledthebinaryasdescribedabove with theadditionof a cool spotin
theupperhemisphereof the primary andlocated90� from the major axis. (Specificallythe
spotpropertiesare: latitude40� , longitude270� , radius27� , temperature0.82of the stellar
surfacetemperature.)The resultantlight curve – including both spotandellipsoidalphoto-
metric variations- is alsoshown in Fig. 6.7. Evidently the ellipsoidalvariationsarelost to
inspectionin this syntheticlight curve, which in fact looksvery similar to theobservedlight
curve of S1113. It is not clearwhethertheellipsoidalvariationsshouldhave beendetected
in our Fourieranalysesof thetime-seriesdata;certainlythereis no indicationin theobserva-
tionsof power at half theorbital period. We alsonotethat this resolutionof the absenceof
ellipsoidalvariationrequiresaratherspecific(andasyetunmotivated)positioningof thespot.
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An independentanalysisof the primary and secondarystarscan be donefrom the ob-
servedphotometryandthemeasuredluminositydifferenceof ∆V � 1� 23 mag. Specifically,
wecandeconvolve thecompositephotometryto obtainmagnitudesandcoloursfor eachstar.
Adoptingagainthe photometryof Montgomeryet al. (1993),the primary andsecondaryV
magnitudesareimmediate.To obtaincolourswepresumethatthesecondarylieson theclus-
ter main sequence,a positionthat is uniquelydefinedby the secondaryV magnitude.With
this assumption,we find themagnitudesandcoloursfor theprimaryandsecondarystarspre-
sentedin Table6.5. Theseresultsfor theprimaryandsecondaryareplottedin Fig. 6.1. The
secondarystarlies on theM 67 mainsequenceby construction,while theprimary lies some-
what further below the subgiantbranchandslightly to the red of S1063. Adoptingagaina
reddeningof E � B � V ��� 0� 05magandusingagainthemain-sequencecalibrationsof Bessell
& Brett (1988)andBessellet al. (1998),we alsogive in Table6.5 effective temperatures,
luminositiesandradii for thestarsbasedon thederivedphotometry.

Thederivedpropertiesof thesecondarystarareindicativeof astarof mass0.94M � based
on theYale isochrones.While slightly highermassthanthe0.91M � estimatederived from
assumingtheclusterturnoff massfor theprimary, thetwo linesof argumentgiveaverysimilar
pictureof thesecondarystar.

Given its unusuallocation in the colour-magnitudediagram,the derived propertiesof
the primary stararenot subjectto comparisonwith single-starstellarevolutionarymodels.
Nonetheless,thepropertiesof theprimarygivenin Table6.5from analysisof thesystemlight
arein contradictionto themodelof theprimarydevelopedabovefrom geometricalarguments.
In particular, thephotometricradiusof 2.3 R � is substantiallysmallerthanthegeometricra-
diusof 3.9R � derivedfrom theadoptedmassof 1.3M � andsynchronousrotation.Putsimply,
theobservedflux is toosmallfor sucha large,early-Kstar.

We have explorednumerouspathsout of this quandary. With respectto the geometric
argument,theadoptionof aprimarymassof 1.3M � wasplausiblebut arbitrary. Theprimary
masscouldbeassmallas0.54M � , givenaninclinationangleof 90� . However, evenat this
limit the radiusof a synchronisedprimary starwould only be reducedto 2.9 R � . Equally
problematic,thesecondarymasswould thenbeonly 0.38M � , begging thequestionof how
sucha low-massstarcouldbedetectableagainsttheluminousprimary.

Alternatively, the vsini of a synchronouslyrotating2.3 R � starhasanupperlimit of 41
km s� 1 for aninclinationof 90� . This resultis consistentwith 45� 6 km s� 1 of vandenBerg
etal. (1999)[Chapter2] faroutsidetheuncertaintyin theCfA measurementof 53� 2 km s� 1.

Theassumptionof synchronismmight alsobegivenup, with theprimary takento rotate
super-synchronously. This is unexpectedon physicalgroundsgiven that the orbit hasap-
parentlybeencircularised(Hut 1981). More problematicis the fact that the systemshows
periodicphotometricvariationsidenticalto theorbital period.If thesearenotdueto abright-
nessvariationon the surfaceof a synchronouslyrotatingprimary star, an alternative origin
mustbefound. For suchmodulationsto derive from thesecondary, thesecondarylight must
vary by 50%. Variationsin secondarylight this largearenot seenin theCfA spectra.A spot
origin resultingfrom an accretionstreamis an intriguing possibility, but the origin of such

109



CHAPTER 6

Figure6.7: Syntheticlight curvesfor S1113,phasedagainstthebinaryorbit solution.Theuppercurve
showsexpectedlight variationdueto theexpectedellipsoidalshapeof theprimary, givensynchronous
rotation.Thelower curve shows thesamelight curve combinedwith thephotometricvariationdueto
aspotat longitude270� . Theresultinglight curve is verysimilar to thatseenfor S1113(Fig. 6.4),and
theellipsoidalvariationsareno longerevident.

a streamis not evident given that the primary doesnot fill its Rochelobe nor is thereany
observationalevidencefor suchastream.

On thephotometricsideof theargument,theprimaryneedsto be � 3 timesmorelumi-
nousat constanttemperatureto bring the geometricandphotometricradii into agreement.
Broadbandphotometricmeasurementsof S1113areseveralandcorroborative. The colours
andderived effective temperaturefor the primary arevery similar to the effective tempera-
turesderived from our several analysesof high-resolutionspectra,indicating both that the
effective temperaturesare reasonableand that the primary is not heavily reddened.While
thephotometricanalyseshavebeendonein thecontext of main-sequencecalibrations,useof
giantcalibrationstendsto slightly increasetheeffective temperatureandlower both the de-
rivedluminosityandstellarradius.Finally, it seemsunlikely – but asyetunconstrained– that
the bolometriccorrectionis in error by � 1 mag. The contradictionbetweenthe geometric
andphotometricderivationsof theprimaryradiuscanalsoberesolvedby abandoningcluster
membership.If S1113is located1.7 timesfurtherthanthecluster, thephotometricradiusis
immediatelybroughtinto agreementwith thegeometricradius.

In summary, the inconsistency betweenthe geometricandphotometricradii derived for
theprimaryremainsunresolved. However, botharguethattheprimarystaris largerthanany
main-sequencememberof thecluster.
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6.5 Discussion

6.5.1 Membership

Any discussionof seeminglyanomalousstarsin clustersis prematureuntil theclustermem-
bershipsof thestarsin questionareestablished.In theabsenceof a geometricallymeasured
distance,theM 67 membershipsof S1063andS1113areassecureascanbedemanded.As
noted,Girard et al. (1989)find the proper-motion membershipprobability of S1063to be
98%. FurthermoreS1063lies within onecoreradiusof theclustercentrein projection.The
membershipstatusof S1113is essentiallythesame,exceptthatits positionin projectionout-
sidetheclustercoremakestheargumentfor membershipslightly lesssecure.However, even
weightingby clusterpositionGirardet al. (1989)give it a membershipprobabilityof 94%,
reflectingthefactthatS1113lieswithin thehalf-massradiusof thecluster(Mathieu1983).

Even so, in a sampleof 300 high-probability( � 90%) proper-motion clustermembersa
small fractionwill in factbefield stars.Giventhehigh-precisionof theGirardet al. (1989)
propermotionsand the consequentexcellentseparationof clustermembersandfield stars
(246 of the 300 starshave membershipprobabilitiesgreaterthan 95%), this fraction is of
order5%or � 15stars.Presumingthatradialvelocitiesandpropermotionsareuncorrelated,
andrecognisingthat the radial-velocity dispersionof fields starsis several tensof km s� 1,
only a few percentof suchfield starinterlopersin the proper-motion samplewill alsohave
radial velocitieswithin 1 km s� 1 of the clusterradial velocity. Finding two suchfield stars
becomesunlikely.

The argumentfor S1063andS1113asfield starsbecomesstill moreimprobablegiven
thatthey arebothRSCVn stars(vandenBerg etal. 2001)[Chapter3]. Duquennoy & Mayor
(1991)find thefrequency of G-dwarf main-sequencebinarieswith periodslessthan20 days
to beof order5%. Thesebinarieswill turn into RSCVnsoncetheirmoremassivecomponent
startsto evolve onto the (sub)giantbranch;the binary turnsinto an Algol oncethe starfills
its Rochelobe. Thusan upperlimit to the fraction of RSCVns is given by the ratio of the
subgiantlifetime to main-sequencelifetime, i.e. lessthan10%. Togetherthesearguments
roughly predict that lessthan 1 in 200 field starsis an RSCVn. Presumingthat being an
RSCVn is independentof stellarkinematics,the probability that two of the few field stars
whicharekinematicallyidenticalto theclusterwouldby chancealsobeRSCVn wouldseem
to beverysmall.

We mustbewary of a posteriorireasoninghere,sinceS1063andS1113werenoticedin
partbecauseof their X-ray emission.However, evenif we grantthatS1063andS1113area
biasedsample,it is nonethelessthecasethattheir interpretationasfield starsimpliesthatthere
shouldbeseveralhundredotherfield starsamongthethree-dimensionalkinematicmembers.
Presumablythesestarsshouldnot have thephotometricpropertiesof clustersinglestarsand
fall moreor lessrandomlyin the M 67 colour-magnitudediagram.Examinationof Fig. 6.1
showsthis not to bethecase.

In summary, that S1063andS1113arefield RSCVns with three-dimensionalmotions
identicalto M 67seemsvery improbable.
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Regrettably, suchargumentscannever be definitive, andso it is worth consideringthe
natureof S1063andS1113in thecontext thatthey arenotclustermembers.Wehaveargued
above that the primary starof S1063hasa surfacegravity intermediatebetweengiantsand
dwarfs. We have alsoarguedthattheprimarystarof S1113,if synchronouslyrotating,hasa
radiusof order3–4R � . Both of theseargumentsareindependentof clustermembership,and
indicatethattheprimarystarsareneitherbackgroundK giantsnornearby(350pc)K dwarfs.
Rather, bothstarswould presentlybebackgroundnear-solarmassstarsevolving up thegiant
branch.

6.5.2 Origins

S 1063

The origin of S1063 is a challengingproblemsimply becauseneitherthe binary orbit nor
thestellarcomponentsareremarkable.EventheX-ray emissionandchromosphericactivity,
while notablein aclusterof thisage,areunderstandablein thecontext of tidally inducedrapid
rotationof theprimarystar(vandenBerg et al. 2001)[Chapter3]. Indeed,themostnotable
featureof thesystemis thelackof periodicphotometricvariability associatedwith suchrapid
rotation,and the presenceof longer term photometricvariation. Given a radiusof 2.3 R �
(Sect.6.4), theprimarystarof S1063doesnot approachfilling its Rochelobeat periastron,
andso thesub-subgiantlocationcannotbe dueto the Rochelimit seton theprimary radius
by the presenceof a secondary. Furthermore,the eccentricorbit doesnot suggesta larger
primary in the pastor prior masstransfer. Consequentlywe have exploredmechanismsby
which energy input to a lower-massmain-sequencestarmight inflate the starto the present
positionof S1063.

Giventhepresentlyeccentricorbit, tidal circularisationprocessesmustbedissipatingen-
ergy in theprimarystar. Using the formalismof Zahn(1977),the rateof energy deposition
(definedastheratioof theenergy differencebetweenthecurrentorbit andacircularorbit and
thecircularisationtime) in theprimarystaris presentlyvery small,of order10� 5 L � . This is
notadequateto explain theobservedexcessluminosity.

Alternatively, thepresentprimarymaybesuperluminousbecauseof recentdepositionof
kineticenergy via amergerof two stars.Hereweconsidertwo typesof mergers:coalescence
andcollision. In thecoalescencescenario,theS1063systemwasoriginally a triple systemin
which thepresentsecondarywasthetertiarystar. If weassumethattheorbital periodthatwe
observenow wasequalto theperiodof theoriginaltertiarystar, wecanusestabilityarguments
to placean upperlimit on the periodof the original inner binary star. Using the coplanar
formulationof Mardling & Aarseth(1998)for thestability of a triple system,andadoptinga
massratio of q � 0� 5 (outerstarto innerbinary),we find thatanoriginal innerbinarywould
have hadanorbital periodof lessthan2.22days.Sucha periodis physicallypermitted,and
sothatS1063wasformerlya triple systemis possible.Coalescencevia multiplemechanisms
is plausibleon time scalesof a few Gyr (Stȩpień 1995),andindeedthe old (6 Gyr) cluster
NGC188hasmany contactbinaries(Baliunas& Guinan1985,Rucinski1998).
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A collision scenariohasbeensuggestedas a possiblemechanismfor the formation of
somebluestragglersin M 67by Leonard& Linnell (1992).In thelow densityenvironmentof
anopencluster, collisionsof singlestarsareimprobable.However, binary-binaryencounters
havesubstantiallyhigherprobabilities,andin thecourseof suchencounterstheprobabilityof
a stellarcollision is not negligible. In this scenario,thepresentS1063would consistof three
of thestarsinvolvedin thebinary-binaryencounter, two having mergedinto theprimaryand
a third beingthepresentsecondary.

A predictionof eitherof thesemergerscenariosis thattheresultingstarwill rotaterapidly.
In thecoalescencescenariorapidrotationis expectedasaresultof synchronousrotationprior
to the merger. With respectto the collision scenario,the simulationsof Sills et al. (2001)
show that a collision productis born with a high rotationrate. We arguedin Sect. 6.4 that
for alignedrotationandorbital axes,thetrueequatorialrotationvelocity couldbeaslargeas
20 km s� 1, andfor a primary radiusof 2.3 R � the rotationalperiodcould be asshortas6
days.However sucha rotationperiodis still long comparedto thoseexpectedfrom mergers
or collisions. In the collision scenario,of course,the primary rotationaxis and the orbital
axisneednot bealigned,particularlysincetidal circularisationhasnot cometo completion.
As such,the surfacerotationvelocity of the primary could be significantlyhigher. A high
inclinationanglecouldalsopossiblyexplain thelackof periodicphotometricmodulation.As
anaside,mergerscenarioshave long beensuggestedfor theM 67 bluestragglers,which also
donot show evidencefor notablyhigh rotationvelocities.

Mostproblematic,theseimpulsiveoriginsmustfacethechallengethat– evenif themerger
productwould briefly have thepropertiesof theS1063primarystar– thethermaltime scale
of theprimary is very shortcomparedto theclusterlifetime. If, for thesake of example,we
adopta massof 0.75M � , the presentthermaltime scaleEpot/L is only 3.4 Myr. A merger
productwouldbeexpectedto readjustto its new massonsuchtimescales,evolving into either
abluestragglerfor amergerof main-sequencestarsor anFK Comaegiantif oneof theparent
starswasevolved. Given suchshort time scales,neitherof thesemerger mechanismscan
plausiblyoccurfrequentlyenoughto beaplausiblemechanismfor theformationof S1063

S 1113

Theshortorbitalperiodof 2.8dayssuggeststhatthesub-subgiantstatusof S1113mightresult
from Rochelimitation of theprimaryasit evolvesoff themainsequence,andthatthesystem
is presentlya semi-detachedbinary. However, if the primary rotationis both synchronised,
as suggestedby the photometricperiodicity, and alignedwith the orbit this cannotbe the
case.With theseassumptions,themeasuredvsini providesdirectly R1sini while theorbital
solutionprovidesasini. ThusR1 
 a � 0� 361independentof inclinationangle.Similarly, for
a givemassratio R 
 L1 is alsoindependentof inclinationangle.Thus,theratio R1 
 L1 � 0� 74
derivedin Section4 for thespecificcaseof M1 � 1� 3 M � is in factgeneral.

A slight (8� ) misalignmentof the primary rotationaxis andorbital axis would allow a
Roche-fillingprimary. However, the distortedshapeof sucha primary would leadto larger
amplitudeellipsoidalphotometricvariability, which is not seenin our light curves. Follow-
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ing theformalismin Section6.4,we have exploredtheellipsoidalvariationsresultingfrom a
Roche-fillingprimary. Thepeak-to-peakamplitudeincreasesto 0.12mag;theselargervaria-
tionsaredifficult to maskwith concurrentphotometricvariationsfrom aspot.

Thusevery indicationis thattheprimarystarof S1113doesnotfill its Rochelobe,nor is
thereany observationalindicationof massflow in thesystem.

6.6 Summary

The starsS1063andS1113 in the M 67 field have attractedattentionfor their location in
theclustercolour-magnitudediagramroughly1 magnitudebelow theclustersubgiantbranch
(Fig.6.1),for whichwehavecalledthemsub-subgiants.Comprehensivephotometric(optical
andX-ray), spectroscopic,andastrometricstudyhave shown themto be early-K RSCVn-
like systemswith observedthree-dimensionalmotionsthesameasthatof theclusterto high
measurementprecision.

Specifically, S1063is a single-linedspectroscopicbinarywith a periodof 18.4daysand
aneccentricorbit (e � 0� 2). Spectroscopicsurfacegravity measurementsindicatethatthepri-
maryis neitheradwarf noragiant,consistentwith its locationin theclustercolour-magnitude
diagramwhich impliesa radiusof 2.3R � . ThestrongX-ray emissionsuggestsrapidrotation
of theprimary, althoughthemeasuredvsini is only 6 km s� 1. Pseudosynchronousrotationat
a periodof 14.6daysis permittedby all observationsto date.Oddly thereis no indicationof
short-periodphotometricvariability associatedwith suchrapidrotation. Also unexplainedis
long-termphotometricvariationthat is clearlynot periodicon time scalesof shorterthan18
days.

S1113is a double-linedspectroscopicbinarywith a circularorbit having a periodof 2.8
days. The massratio of the systemis 0.7. The compositelight is variablewith a period
identicalto or veryneartheorbital period.Synchronousrotationof theprimaryandthelarge
measuredvsini of 53 km s� 1 shows theprimary to fill 74%of its Rochelobe,with a lower
limit on the primary radiusof 2.9 R � . If the primary star is taken to be an evolved cluster
memberwith a massof 1.3 M � , thenthe secondarystar is consistentwith a 0.9 M � main-
sequenceclustermember. However, theobservedfluxesandcoloursindicateaprimaryradius
of 2.3R � undertheassumptionof clustermembership.This discrepancy betweengeometric
andphotometricdeterminationsof theprimaryradiushavenotbeenresolved.Botharguethat
theprimaryis anevolvedstar.

We have beenunableto developa successfulmodelfor theorigin andevolution of either
S1063or S1113within thecontext of clustermembership.While disappointing,this failure
is notunique– decadesof work havenotsecurelyresolvedthestatusof bluestragglersin open
clusters.Moreuncomfortableis thelackof certaintyregardingthemembershipof thesebina-
ries in M 67. Their anomalouspropertiescanbequickly resolvedsimply by assigningthem
to thebackgroundfield population,despitetheunusuallystrongstatisticalargumentsindicat-
ing clustermembership.In so doing,however, we run the risk of missinga new alternative
evolutionarypathin stellarastrophysics.
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The issueof membershipcanonly besecurelyresolvedwith parallaxmeasurements.At
thedistanceof M 67 thesearea challenge,but we notethateven10%relative measurement
precisionwould be sufficient to distinguishwhetherthe difficulties in the primary radiusof
S1113canbe resolved by a backgroundlocation. Higher precisionparallaxmeasurements
will bewithin thescopeof plannedspacemissions.

Until then,S1063andS1113merit moredetailedstudyin searchof morecluesto their
nature.In particularweencourageinfraredstudiesto searchfor extendedmaterialthatwould
beindicativeof previousinteractionsin thesesystems.
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Chapter7

An opticalstudyof X-ray sourcesin
theold openclustersNGC752and
NGC6940

MaureenvandenBerg & FrankVerbunt
Astronomy & Astrophysics 2001, 375, 387

Abstract – We observed theoptical counterpartsof X-ray sourcesin theold openclustersNGC752
andNGC6940to searchfor theorigin of theX-rays. Thephotometricvariability reportedearlierfor
thebluestragglerH 209 is not confirmedby our light curves,nor is an indicationfor variability seen
in thespectra;thusits X-rays remainunexplained. TheX-raysof VR 111andVR 114arelikely not
a resultof magneticactivity asthesestarslack strongCaII H&K emission,while in VR 108thelevel
of activity couldbeenhanced.Theshort-periodbinaryH 313is a photometricvariable;this supports
the interpretationthat it is a magneticallyactive binary. Fromthedetectionof theLi I 6707.8Å line,
we classifythe giant in VR 84 asa first-ascentgiant; this leavesits circular orbit unexplained. As a
side-resultwe reportthedetectionof Li I 6707.8Å in thespectrumof thegiant H 3 andtheabsence
of this line in the spectrumof the giant H 11; this classifiesH 3 asa first-ascentgiant andH 11 asa
core-helium-burningclumpstar, andconfirmsthefaintextensionof thered-giantclumpin NGC752.
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7.1 Intr oduction

X-ray observationsof openclustersolderthan1 Gyr ledto thedetectionof many magnetically
active binaries(e.g. Belloni 1997). This is not unexpected:at thesehigh agessingle late-
type starsare believed to rotatetoo slowly to emit detectableX-rays, and tidal interaction
in a closebinary is thereforenecessaryto maintainrotationat a higher rate than is typical
for starsof that age. However, our interestis mainly in the starswhoseX-rays arenot as
easilyexplained:binarieswith orbital periodstoo long for tidal interaction,andstarswhose
evolutionarystatusesarepoorly understood.SuchpeculiarX-ray sourceswerepointedout
in M 67 (Belloni et al. 1998)andwereselectedby usfor anopticalfollow-up study(vanden
Berg et al. 1999)[Chapter2]. This revealedinterestingresults(e.g. thebluestragglerS1082
turnedout to beacomplex triple system,vandenBerg etal. 2001a[Chapter5]) but in several
casestheX-raysremainunexplained.Thefailureto explain theorigin andpropertiesof these
starsdemonstratesthat our understandingof the X-rays andstellar interactionsin old open
clustersis still limited. We have observed similar peculiarX-ray sourcesin two otherold
clusters,NGC752 andNGC6940,to look for for optical signaturesfor the X-ray emission
andto comparetheir propertieswith thoseof theonesfound in M 67. Thepropertiesof the
X-ray sourcesin thetwo clustersaresummarisedin Table7.1.

NGC752 is 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
members(Belloni & Verbunt 1996; not countingthe probabledetectionof the short-period
binary DSAnd). Our study is focusedon the blue stragglerH 209, the only X-ray source
in NGC752 that is not locatedalong the cluster’s main sequence(seeFig. 7.1). H 209 is
a spectroscopicbinary with a long orbital period (Lathamet al. private communication).
Magneticactivity in theearly-typestaris not expected,but alsotheorbital periodis too long
to generatemagneticactivity in a possiblelate-typesecondary. Low-amplitude(0.05 mag)
photometricvariability wasnotedby Hrivnak(1977). Threeof the remainingX-ray sources
(H 205,H 313andthecontactbinaryH 235)arebinarieswith orbitalperiodslessthan2 days;
hencetheir X-raysarelikely a resultof magneticactivity. Thesamecouldbethecasefor the
rapidrotatorH 214(Danieletal.1994).Theradial-velocitymeasurementsof H 182by Daniel
etal. (1994)show no indicationof binaritywhile no measurementsaremadeof H 156.

NGC6940is somewhatyoungerthanNGC752.It is consideredto beanold cluster(Janes
& Phelps1994)with age-estimatesrangingfrom 0.6Gyr (Carraro& Chiosi1994)to 1.1Gyr
(vandenBergh & McClure1980).Four X-ray sourceswereidentifiedwith clustermembers
(Belloni & Tagliaferri 1997, Fig. 7.2). VR 111 is a spectroscopicbinary with a 3595 day
eccentricorbit, toowide for tidal interaction(Verbunt& Phinney 1995).For VR 108thelimit
on theradial-velocity variationsexcludesorbital periodsshorterthan4000days(Mermilliod
& Mayor 1989). VR 114 is not a proper-motion member(Sanders1972)andthereforenot
includedin photometricandradial-velocity studies.However, Belloni & Tagliaferri derived
that it is locatedat a similar distanceasthe cluster( � 900 pc, Larsson-Leander1964)and
suggestedthat the star could somehow be relatedto the cluster. We aremainly interested
in thesethreestars. The othersources,VR 100 andVR 84, arespectroscopicbinarieswith
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CHAPTER 7

Figure7.1: Colour-magnitudediagramof NGC752showing thememberstarsaccordingto Danielet
al. (1994).X-ray sourcesareindicatedwith squares,our comparisonstarswith diamonds.Theempty
squareis at thepositionof H 156thatis classifiedasapossiblememberby Danielet al.

circularorbitsshorterthan100days,indicativefor tidal interaction.VR 100is adouble-lined
spectroscopicbinarywhichexplainsits positionin thecolour-magnitudediagrambetweenthe
turnoff starsandthegiants.

We haveobtainedlow- andhigh-resolutionspectrato look for opticalsignaturesof X-ray
activity. In particularwe studiedtheCaII H&K lines thatareoptical indicatorsof magnetic
activity, andwedeterminedprojectedrotationalvelocities.For theX-ray sourcesin NGC752
we also obtainedmulti-colour light curves. Sect.7.2 describesour observationsanddata-
analysis.Theresultsarepresentedin Sect.7.3andarediscussedin thelastsection.

7.2 Observationsand data reduction

7.2.1 Spectroscopy

Low- andhigh-resolutionspectrawereobtainedwith the4.2-mWilliam HerschelTelescope
on La Palmaon the nightsof July 29 and30 1999. Weatherconditionsweregoodwith a
typical seeingof 1

���
. An overview of thespectroscopicobservationsis givenin Table7.2.
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ISIS UES-b UES-r
ID n UT texp UT texp UT texp

X-RAY SOURCES

H 156 2 2:43 360
H 182 2 2:51 120
H 209 1 3:34 20 4:59 720 4:07 360

4:19 360
5:15 720
5:30 600
5:43 300

2 2:58 20 4:09 720 3:54 720
4:47 900
5:05 900
5:44 600

H 214 2 2:54 30 5:23 600
VR 84 2 0:36 90/40 23:30 600 21:41 750

23:43 600
VR 100 1 2:39 30/15 23:20 750 21:11 900

2:43 60/30
VR 108 2 0:33 90 22:54 600 21:14 600

23:12 600 21:27 600
VR 111 1 2:52 180/ 0:19 900 22:02 1200

120 0:37 900
VR 114 1 2:56 180/90 0:55 900 22:26 1200

2 0:28 180/90 23:57 900

COMPARISON STARS

H 3 1 3:37 30/20 4:57 500 4:28 600
H 11 2 2:56 20/10 4:26 360 3:44 360
VR 92 1 2:48 120 23:44 1000 21:46 1500

0:06 1200
VR 152 2 0:39 90/30 21:58 600 22:41 750

0:40 –/30 22:28 600

FLUX STANDARD

BD+284211 1 3:21 30
2 1:01 30

1:03 30/–

RADIAL-VELOCITY STANDARDS

HD 187691a 1 1:27 20 2:12 40
2 20:51 80 20:57 80

HD 212943b 1 1:41 20 1:57 40
2 0:00 20 3:29 20

aF8V, bK0III-IV (AstronomicalAlmanac)

Table7.2: Log of thespectroscopicobservations.Fromleft to right: starnumber;dateof observation:
n(ight) 1=July29, 2=July30 1999;UT at startof theexposureandexposuretime texp in secondsfor
ISIS (whereappropriate,texp is listed separatelyfor theblue/redarm),andthe blue andred setupof
UES.
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Figure 7.2: Colour-magnitudediagramof NGC6940 showing the starswith proper-motion mem-
bershipprobability larger than70% (filled circles; Sanders1972). No proper-motion informationis
availablefor thefainterstars,indicatedwith opentriangles.X-ray sourcesareindicatedwith squares,
our comparisonstarswith diamonds. The empty squareis at the position of VR 114 that is not a
proper-motionmemberaccordingto Sanders(1972).

Low-resolutionspectra

Low-resolution(R � 1000)spectrawereobtainedwith the double-beamspectrographISIS
usedin combinationwith the5700-dichroic.Thebluearmwascentredon 4504Å. The300
linesmm	 1 gratinggivesadispersionof � 0
 86Å pixel	 1 whichresultsin awavelengthcov-
erageof 2743–6260Å. Theatmosphereblocksflux below 3200Å. Theredarmwascentred
on7191Å andwasusedwith the158linesmm	 1 grating.Thedispersionof � 2
 90Å pixel	 1

resultsin a redspectrumof 5778–8726Å. Programstarswereobservedwith a 4
���

slit width;
theslit waswidenedto 8

���
for theobservationsof theflux standardBD+284211.

IRAF routineswereusedto reducethe data. First a biascorrectionwasappliedto the
frames. The dichroic leavesa signaturein the blue spectrabetween4000and4600Å that
consistsof wiggleswith an amplitudeof up to 6% of the count level. This is not entirely
removedby dividing thebias-correctedframesthrougha normalisedflatfield image.Instead,
theeffectwasreducedby extractingaspectrumfrom anunflatfieldedimageandnext dividing
it by aflatfield spectrumextractedfrom thesameregionon theCCDastheobjectspectrum.
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Wavelengthcalibrationwas donewith CuNe-lampspectra. A dispersionsolution was
derived by fitting second(blue) andfirst (red) ordercubic splinesto the positionof the arc
lineson theCCD. Countswereconvertedto absoluteflux usingspectraof BD+284211and
the flux table by Massey et al. (1988)and the atmosphericextinction curve for La Palma
(King 1985).

High-r esolutionspectra

TheUtrechtEchelleSpectrograph(UES)wasusedin ablue(centralwavelength4253Å) and
red (centralwavelength6565Å) setupto obtainhigh-resolution(R � 49000) spectra.The
spectrographwascombinedwith the 31 lines mm	 1 gratingandSITe1 CCD, resultingin a
totalwavelengthcoverageof 3620to 9930Å. Exposuresof aTungstenlampservedasflatfield
images;Thorium-Argonlampspectraweretakenfor thepurposeof wavelengthcalibration.

Theimageswereprocessedwith theIRAF packagesCCDRED andECHELLE. They were
correctedfor abiassignalandflatfieldedbeforespectrawereextractedfor eachechelle-order.
Sixth-orderpolynomialswerefittedin bothdirectionsof theCCDto thepositionsof theThAr-
lines.Themaximumresidualsto thefit are � 0
 01Å (or 0.6km s	 1 at5000Å). Polynomials
werefitted to thespectrafor continuumnormalisation.TheorderscontainingtheCaII H&K
linesof agivenstarwerecalibratedin unitsof absoluteflux with thecalibratedlow-resolution
spectraof thesamestar.

7.2.2 Photometry

TheX-ray sourcesin NGC752weremonitoredin theU , B, V andI bandsduring theseven
nightsof December20 to 26 1999with the 1-m Jacobus Kapteyn Telescopeon La Palma.
Thetypical seeingvariedbetween1
 6��� and3

���
. Thetelescopeis equippedwith a 2148x2148

pixel2 SITe2 CCD which hasan unvignettedfield of view of � 10x10arcmin2. The field
aroundthebluestragglerH 209wasobservedintensively with 4 to 5 exposuresperfilter per
hour. Roughly every two UBVI-sequencesthe pointing was changedbetweena field that
in addition includeseither the X-ray sourceH 156 or H 182. The frameswereexposedfor
typically 80s in U , 25s in B and15s in V andI. Two fields includingH 205,H 214,H 235
andH 313wereobserved only onceor twice per night with typical exposuretimesof 180s
(U ), 120s(B), 60s(V � I) for H 313and80s(U ), 15s(B), 10s(V � I) for theothersources.The
locationsof thefieldsthatwereobservedareshown in Fig. 7.3.

Bias removal andflatfielding weredonein IRAF. Aperturephotometryfor all the stars
in the fields wasdonewith the DAOPHOT.PHOT task. The methodof ensemblephotometry
(Honeycutt 1992)wasusedto computedifferentiallight curves.
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Figure7.3: Map of a 35 x 35 arcmin2 region of NGC752 centredon αJ2000=1h58m11
s3, δJ2000 �
37� 39� 34
 0� � . Thefields thatweremonitoredareindicated,X-ray sourcesareencircled.Thecoordi-
natesof thestarsin thefield aretakenfrom theUSNO-A1.0catalogue.

7.3 Results

7.3.1 Photometric variability

The light curvesin eachfilter weretestedfor variability with a χ2-test. A starwaslabelled
asa probablevariableif theprobabilitythat its light curve is compatiblewith beingconstant
is smallerthan0.3%. Two starswerethusfound to bevariable:H 313and,asexpected,the
contactbinary H 235. We computedLomb-Scargle periodograms(Scargle 1982) to search
for periodicity in the light curvesof H 313, that containonly � 10 points. A periodogram
was computedat 1000 frequenciesbetweena minimum period and maximumperiod that
correspondto twice the samplingperiod(3 hours)andthe lengthof the observation run (7
days).We chosethehighestpeakin theperiodogramasa first estimatefor theperiodof the
variability. A false-alarmprobability (fap) for the perioddetectionwascomputed(van den
Berg et al. 2001b[Chapter3]) to estimatethechancedetectionof theperiodicity. We accept
periodswith a fap lessthan1% assignificant,but thecandidateperiodsall hadhigherfaps.
However, when the datapoints are folded on the binary period of 1.95 days,photometric
variability on that periodlooks suggestive (Fig. 7.4). As an accuratephotometricperiodof
0.4118daysis known for H 235(Milone etal. 1995),wedid notsearchfor aperiodin its light
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Figure7.4: Light andcolourcurvesof H 313foldedontheorbitalperiodof 1.95days.Themagnitudes
areplottedwith respectto theaverageV -magnitudeandcolours.

curvesof only � 10points.
Thelight curvesof our maintargetH 209areconstantwithin � 0.01mag.

7.3.2 Spectral classification

With the classificationcriteria of Malyuto & Schmidt-Kaler(1997) for F- to K- type stars,
spectraltypeswere assignedto H 156 and H 182, for which no classificationswere found
in literature.Themethodis basedon featuresin thewavelengthregion 3640to 5305Å that
definetheclassificationindicesI1, I2, I3 andIS. Wecomputedthevaluesfor theseindiceswith
thelow-resolutionspectra.A spectralclassof G9-K0V is derivedfor H 156andof F5-F7for
H 182; thevaluesof theclassificationindicesof H 182areinsensitive to luminosityclassin
thatspecificregion, but its positionin thecolour-magnitudediagramshows it to bea dwarf.
The comparisongiant H 11 is classifiedasa G-typegiant (luminosity classIII or brighter).
For theotherstarswe find spectraltypesthatarein agreementwith earlierclassificationsto
within two subclasses(seeTable7.1). Thespectraltypesof H 209andH 214aretoo earlyto
beclassifiedwith thecriteriaof Malyuto & Schmidt-Kaler.
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With the low-resolutionspectrumof VR 114 we derive its spectroscopicdistance. The
luminosity classificationis refinedusingthe calibrationof theequivalentwidth of the Ca II
infraredlinesat8498.02and8542.09Å againstluminosityclassby Mallik (1994).Theequiv-
alentwidth of 4.8 Å (determinedfrom thehigh-resolutionspectrumbetweentherangesused
by Mallik) indicatesthatVR 114is probablyof luminosityclassII or III. B � V (1.24� 0.14)
andU � B (1.08� 0.14,no measurementfoundin literature)coloursarecomputedby folding
thespectrumcalibratedin absolute-fluxunitswith U , B andV filter transmissioncurves.Er-
rorsareestimatedfrom comparisonof themagnitudesthusderivedfor theflux standardwith
tabulatedvalues.Thereddeninganddistancecannow bederivedfrom comparisonwith the
coloursandabsolutemagnitudesof standardgiant (classIII) andbright giant (classII) stars.
If VR 114is a giant,thenE � B � V ��� 0
 3 (for typeK0) andthedistance� 810pc,similar to
thevaluefoundby Belloni & Tagliaferri; if VR 114 is a bright giant, thenE � B � V ��� 0
 16
(for typeK0) andthedistance� 4 kpc. As thereddeningin thedirectionof NGC6940was
foundto vary between0.2and0.3 (Larsson-Leander1964),theclassificationof VR 114asa
classIII giantseemsto bemoreplausible.WethusconfirmthatVR 114liesataboutthesame
distanceasNGC6940.

7.3.3 Ca II H&K emission

Emissioncoresin the centreof thebroadCa II H&K absorptionlines areoften usedasop-
tical indicatorsfor magneticactivity in late-typestars(e.g. Ferńandez-Figueroaet al. 1994).
Therefore,strongemissionin theselineswouldbeanindicationthattheX-raysareof coronal
origin. Thehigh-resolutionspectraof our late-typetargetandcomparisonstarsin theregion
aroundthe 3933.67Å Ca II K line areshown in Fig. 7.5. Emissionabove the level of the
absorptionprofile is seenin all X-ray sources,but the emissionis of similar strengthas in
thenon–X-raysourcesH 3 andVR 92. Theflux in theemissionlineswasestimatedwith the
IRAF taskSPLOT: thepseudo-continuumof theabsorptionline is estimatedby eye; theflux
above this level is obtainedby summingthepixel valuesabove a straightline connectingthe
continuumon both sidesof the emission(seeTable7.1). We adoptan error of � 25% ac-
countingfor thefactthatthechoiceof thecontinuumis abit arbitrary. Wechoosethismethod
to measureemissionfluxesasit is similar to theway fluxesweredeterminedfor thestarsin
our comparisonsample(Ferńandez-Figueroaet al. 1994);higher-orderfits to thecontinuum,
asusedby Ferńandez-Figueroaetal., insteadof astraightline to estimatethecontinuumgave
similar resultsfor thestarsdiscussedin vandenBerg et al. (1999)[Chapter2]. No emission
flux is determinedfor VR 100, that hasa compositespectrum,andfor VR 84, whosespec-
trumcouldalsobecompositejudgingfrom its positionin thecolour-magnitudediagram.For
VR 100thepredictedpositionof theK line lies to the left of thecentrein thecompositeab-
sorptionprofile. Apparently, the relative contribution of the companionstaris strongin the
blue.

A comparisonwith magneticallyactive binariesis madeby combiningthe information
from the X-ray andH&K emission. In Fig. 7.6 the emissionin both activity indicatorsis
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Figure7.5: CaII K line in our late-typeX-ray sources(’X’) andthenon–X-raysourcescomparison
giantsH 3, H 11, VR 92 and VR 152. The expectedposition of the K-line centreas derived from
the radial-velocity measurementsof Sect.7.3.4is marked with thevertical line; from thepositionof
this line to the left of the centreof the absorptionprofile it is clear that the spectrumof VR 100 is
composite.The spectraarenormalisedto the continuumnear3915and4000Å. A vertical offset is
appliedfor clarity to all spectrabut thatof H 11.
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Figure7.6: Comparisonof theCaII H&K andX-ray emissionof our targetswith thatof magnetically
active binaries.Fluxesin theCa II H&K emissionlinesFCa (in erg s� 1 cm� 2) andX-ray countrates
between0.4and2.4keV (channel41-240of theROSAT PSPC)aremultiplied with thesquareof the
distanced in parsecto eliminatetheeffect of distance.The luminosityclassof theactive starin the
comparisonsampleis indicatedwith thesizeof thesymbol.ThecomparisongiantsH 3 andVR 92are
indicatedwith filled trianglesusingtheupperlimits to thePSPCcountrateslistedin Table7.1.

plotted for the samesampleof magneticallyactive binariesasusedin van denBerg et al.
(1999)[Chapter2] to studymagneticactivity of starsin M 67. TheH&K fluxesweretaken
from Ferńandez-Figueroaetal. (1994),theX-ray emissionis givenasthecountratein the0.4
to 2.4keV bandof theROSAT PSPC.A descriptionof thesampleandthedeterminationof the
X-ray countratescanbefoundin vandenBerg etal. (1999)[Chapter2]. Thefluxesandcount
ratesaremultiplied by thesquareof thedistancein parsecssothatstarsat differentdistances
canbe compared.To correctfor the absorptiontowardsNGC6940,we multiply the X-ray
countrateandCa II H&K optical fluxesaslisted in Table7.1 by 3.8 and3.3, respectively.
Our target starslie in the region whereactive binariesarefound,but the level of activity in
VR 111andVR 114appearsto below for their luminosityclass.This makesit unlikely that
theX-ray emissionarisesthroughcoronalactivity in thesegiants.As thepositionof VR 108
liescloserto theactivegiants,activity couldbeenhancedin VR 108.

No H&K emissionlines are visible in the low-resolutionspectraof H 156, H 182 and
H 214.

We alsochecked the X-ray sourcesfor emissionin the Hα line, anotheroptical signa-
ture for activity, but found no indicationfor emission. The nine spectraof H 209 show no
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variability in theHα-profile.

7.3.4 Radial and rotational velocities

Radial velocitieswere determinedthroughcrosscorrelationof the high-resolutionspectra
againstthe spectraof the radial-velocity standards.We adopt the velocity resulting from
correlationwith the templatethat givesthe highestcorrelationpeak(betterspectralmatch).
The ordersbetween4960and5510Å for the blue exposuresand4970and5530Å for the
red exposureswere used;Table 7.1 lists their average. The systematicerrorsin the mea-
surementsfor the rapid rotatorH 214 will be larger than in the othermeasurementsasour
radial-velocitystandardsareslow rotatorsandthereforegiveabadmatchbetweenobjectand
templatespectrum.Theradialvelocity of H 209wasmeasuredby crosscorrelatingthespec-
trum between5145and5225Å with a syntheticspectrum(Kurucz1979)of Teff � 9750K,
gravity logg � 4
 0 andvrotsini � 50 km s	 1 (we adopttheparametersfor H 209asderived
by Scḧonberner& Napiwotzki 1994).

Theresultsfor H 3, H 11,VR 152andVR 108agreewith thevaluesfoundby Mermilliod
etal. (1998)andMermilliod & Mayor (1989)within 1 km s	 1; thevelocitywefind for H 214
is 2 km s	 1 off from the valueof Daniel et al. (1994). For the proper-motion non-member
VR 114 we find a radial velocity that doesnot agreewith the clustermean(7.75� 0.13 km
s	 1, Mermilliod & Mayor, 1989). Comparisonwith Fig. 5 of Mermilliod & Mayor (1989)
shows that the radial velocitiesof thebinariesin NGC6940areroughlyasexpected,except
for VR 84 for whichweobservea radialvelocity thatis � 7 km s	 1 lower thanexpected.We
do not know the reasonfor this; theperiodof Mermilliod & Mayor is too accurateto allow
sucha largedeviationat theorbital phaseat which weobservedVR 84(137.75� 0.04).

Theredspectraof H 209werealsocrosscorrelatedagainsteachotherto look for radial-
velocity variationson time scalesof hours.We foundno variationwithin theerrors(1–2km
s	 1).

As stellarrotationandmagneticactivity arecloselylinked,we alsodetermineprojected
rotationalvelocities. Rotationalvelocitiesweremeasuredfrom crosscorrelationswith syn-
theticspectra(Kurucz1979).Syntheticspectraof Teff � 5500K, gravity logg � 3
 0, turbulent
velocity vturb � 2 km s	 1 andvrotsini varyingbetween0 and19 km s	 1 in stepsof 1 km s	 1

werecalculatedbetween4970and5040Å. Theobjectandsyntheticspectrawerecorrelated
againstthevrotsini=0 km s	 1 spectrum;thepeakof thecrosscorrelationfunctionsarefitted
with gaussianprofiles. With the resultswe make a calibrationcurve that givesthewidth of
thecrosscorrelationpeakasfunctionof rotationalvelocity. Therotationfor theobjectsthen
follows from comparisonof the measuredwidths of their peakswith this calibrationcurve
(seeTable7.1). Thewidthsof thecorrelationpeaksfrom H 3 andH 11 aresmallerthanthe
smallestwidthsin thecalibrationcurve. We notethatthevelocity thusderivedis sensitive to
thespectraltypeof the template.For example,correlationwith a templateof Teff � 5000K
(samelogg) givesrotationvelocitiesthatare � 1 km s	 1 lower.

For the rapid rotator H 214 vrotsini was determinedwith the methodof Fourier-Bessel
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transformation(seePiterset al. 1996,Grootet al. 1996)thatwe alsoappliedto thespectrum
of therapidrotatorS1113in M 67 (vandenBerg et al. 1999)[Chapter2]. We usedthreeFe
I linesat 6400.15,6408.03and6411.54Å to find anaveragevrotsini of 64 km s	 1, a typical
valuefor a starof this spectraltype(Grootet al. 1996). Theerror in thecleanestline is 1.6
km s	 1, in themostnoisy line 10 km s	 1. We determinedno rotationalvelocity for theblue
stragglerH 209 for which Scḧonberner& Napiwotzki (1994)determineda valueof vrotsini
of 50 km s	 1 from high-resolutionspectra.

7.3.5 Lithium 6708Å

As theelementLithium is easilydestroyedat temperatureshigherthan � 2 106 K, it canbe
usedto discriminatebetweenfirst-ascentgiants,with outerlayersthatarenot yet completely
mixedto deeper, hotterlayersby thedevelopmentof a convectiveenvelope,andclumpstars.
Discriminationbetweenthetwo evolutionaryphasescanbedifficult basedon thepositionof
astarin thecolour-magnitudediagramaloneasthepositionof theclumpis closeto thetrack
of thefirst-ascentgiants.Verbunt & Phinney (1995)suggestedthattheorbital eccentricityof
binariescontaininga giantcanbeof help: thepresentradiusof a clumpgiant is smallerthan
its radiusat the tip of thegiantbranch;asthe time scalefor tidal circularizationτcirc is very
sensitiveto theratioof theradiusof thestarwith thedissipativetidesR to thesemi-majoraxis
a (τ 	 1

circ
� � R � a � 8), clumpstarscanhavecircularizedorbitsthataretoowide to becircularized

by first-ascentgiantswith thesameradius.Basedon thecircularorbitsof VR 84 andVR 100
Verbunt & Phinney thereforeconcludedthatthegiantsin thesebinariesmustbeclumpstars.
We can test this predictionnow by looking at the presenceof the Lithium 6707.8Å line:
whereasit is absentin VR 100- asexpectedfrom thepredictionof Verbunt & Phinney - the
line is visible in thespectrumof VR 84 which impliesthatthegiantin VR 84 is a first-ascent
insteadof aclumpgiant(seeFig. 7.7).

How canit bethattheorbit of VR 84is circular?Onepossibilityis thatthedecomposition
of VR 84 into the two binary components(Mermilliod & Mayor 1989) underestimatesthe
radiusof thegiant. However, accordingto thecalculationsby Verbunt & Phinney theradius
hasto increaseto � 16R � whichcannotbeaccountedfor by varyingthereddeningor distance
moduluswithin therangesthatarefoundfor NGC6940(0
 2 � E � B � V ��� 0
 3, � m � M � 0 �
9
 7; Larsson-Leander1964)or by makingthegiantcooler(if Teff � 4420K thenR � 15R �
accordingto thetablesof Schmidt-Kaler;howeverthisgivesanobservedB � V � 1
 42which
is redderthanall the giantsin NGC6940). Alternatively, the orbit wasnot circularizedby
the presentgiant but during the giant-phaseof its companionthat in that casewould be a
white dwarf now. To accountfor the observed blue coloursof VR 84 the companionwhite
dwarf mustbeyoungandbright. Theprobabilitythatweseebothstarsin VR 84 in relatively
short-lived evolutionaryphasesis small. A white-dwarf companionis not excludedby the
spectroscopicorbit thatplacesa lower limit on themassof thecompanionof 0.65M � .

As anaside,we reporton theobservationof theLi I 6708Å line in the two comparison
giantsH 3 andH 11. The red clump of core-helium-burning starsin NGC752 hasattracted
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Figure7.7: TheregionaroundtheLi I 6707.76Å, 6707.91Å doublet.Theexpectedpositions
of thelinesarederivedfrom theradial-velocitymeasurements.
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someattention:Mermilliod etal. (1998)pointedout four stars,includingH 3 andH 11,below
andto theblueof themainclumpwhosepositionis not reproducedby theoreticalisochrones.
Knowledgeabouttheevolutionaryphaseof H 3 andH 11 couldprovidemoreinsightinto the
situation. Daniel et al. (1994) predictedthat H 11 would be depletedof Lithium, whereas
Lithium wouldbepresentin H 3, thatliesmoretowardsthefirst ascenttrack;noLithium was
foundin theothertwo starsbelow themainclump(Pilachowski et al. 1988).

Theseexpectationsareconfirmedby our observations(seeFig. 7.7) that show the Li I
doubletin H 3, while it is absentin H 11. Thusthe threeblueststarsundertheclump likely
form a realextensionto theclump. Girardi et al. (2000)suggestedthatthespreadseenin the
clumpof NGC752resultsfrom thesimultaneouspresenceof clumpstarsthathaveundergone
theheliumflash(themainclump)andof moremassive starsthatstartheliumburningmore
quiescently(at faintermagnitudes);a similar spreadneartheclumphasbeenobservedin the
openclusterNGC7789thathasaboutthesameageasNGC752.

7.4 Discussionand conclusions

In this paperwe reporton photometricandspectroscopicobservationsof four X-ray sources
in theold openclustersNGC752andNGC6940,for which theX-raysareunexplained.We
concludethatour observationshave not providedan answerto thequestionwhy thesestars
emit X-rays. Could it be that the optical identificationsof the X-ray sourcesare wrong?
Belloni & Verbunt (1996)show that theprobability for a chanceidentificationin thefield of
NGC752is only 1%. In NGC6940,thesuggestedopticalcounterpartsaresobright (between
11.5and10.4)thattheprobabilityfor a misidentificationis small. We concludethatthestars
thatwehavestudiedareindeedtheopticalcounterpartsto theX-ray sources.

Thelight curvesof thebluestragglerH 209in NGC752do not confirmearlierreportsof
variability (Hrivnak1977);nor is an indicationfor variability seenin thespectra.Two other
bluestragglersin openclusters(in M 67andin IC 4651)weredetectedin X-rays.Theformer
turnedout to containa 1.07-dayperiodbinarythatcouldhavea late-typemagneticallyactive
component(vandenBerg et al. 2001a)[Chapter5]. No evidencefor a similar systemis seen
in H 209. The sourceof the X-ray emissionin H 209 andits blue-stragglernatureremaina
mystery.

ThegiantsVR 108,VR 111andVR 114in NGC6940areof laterspectraltypeandthere-
fore magneticactivity in their convectiveouterlayerscouldin principlebea causefor X-ray
emission;thoughstrongactivity would besurprisingasVR 111is a wide binaryandVR 108
showsno indicationfor binarity. TheCaII H&K emissionfluxesthatwe measurein VR 111
andVR 114areindeedlower thanis typical for magneticallyactive starsof their luminosity
class;the asymmetricemissioncoresin the Ca II H&K lines could be a signatureof mass
outflow assuggestedby Dupreeet al. (1999),who foundsimilar emissioncoresin giantsof
variousmassesandtemperatures.Also, thestarsarenot foundto berapidrotators.Therefore
theX-raysareprobablynot a resultof enhancedmagneticactivity in thegiantsthemselves.
Similar opticalcounterpartsto X-ray sources– with long orbital periodsor no indicationfor
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binarity– wereidentifiedin theolderclusterM 67(S1237,S760,S775,S1270).Apparently
anothermechanismthanactivity givesrise to the X-rays of the giants. Alternatively, these
starsaretriplesthatcontainahithertoundetectedclosebinary, e.g.becausetheclosebinaryis
relatively faint or becauseits spectralsignatureis maskedby rapidrotationof thecomponent
stars.Activity couldbeenhancedin VR 108;interestingly, therotationvelocity thatwe mea-
sureis somewhathigherthanin theothergiants.Thereasonfor anenhancedactivity level is
not clear.

WeconfirmthatVR 114is locatedataboutthesamedistanceasthecluster. Theinforma-
tion thatwe addhereis that,like its propermotion, its radialvelocity is not compatiblewith
the clusteraverage. More radial-velocity measurementsare neededto establishits binary
nature.

Wefind thattheshort-periodbinaryH 313in NGC752is aphotometricvariable,andthat
its light curve suggestsvariability on the orbital period. If the latter canbe confirmed,the
rotationof oneor bothof thestarsis likely tidally lockedto theorbit. TheX-rays– andthe
photometricvariability – can thusbe explainedascoming from an active, spotted,rapidly
rotatingstar, assuggestedby Belloni & Verbunt (1996).
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Samenvatting

Eenverlatenstranden eenonbewolkte lucht, zoalsop de voorkantvandit proefschrift,zijn
ideaalom te genietenvan de sterren:overdagvan de Zon – de dichtstbijzijndester– en ’s
nachtsvaneenhelehemelbezaaidmetsterren.Bekekenmethetbloteoogzienallesterrener
ongeveerhetzelfdeuit – erzijn subtielekleurverschillenendeéénis misschienwathelderder
dandeandere,maardatis hetwel zo’n beetje.Wanneerwesterrennuin meerdetailbekijken,
metspeciaaldaarvoorontworpeninstrumentenzoalstelescopenensatellieten,kunnenweveel
meerinformatieuit dezelichtpuntjeshalen.

Het onderzoekin dit proefschriftgaatover sterrendie röntgenstralinguitzenden.Omdat
we sommigeeigenschappenvandezesterrenniet begrijpenhebbenwe veelnieuwewaarne-
mingengedaan.Ik zaleerstietsvertellenoversterrenin hetalgemeen,zodatduidelijkerwordt
wat wenietbegrijpenaandezesterren.

8.1 Sterrenensterrenhopen

Het heelalis niet alleengevuld met sterrenenplaneten,maarook met grotewolkenstof en
gas.Eensterwordtgevormdwanneerzo’n wolk onderhaareigengewicht begint in testorten.
Opeengegevenmomentzijn dedrukendetemperatuurbinnenin dewolk zohoogopgelopen
dat lossedeeltjessamensmeltentot ééndeeltje.Bij dit proces,datkernfusiewordt genoemd,
komtenergievrij dieervoorzorgt dathetinstortenvandewolk stopt:dewolk is daneenechte
stergeworden.Eendeelvandeenergiediein hetbinnenstevaneensterwordtopgewektwordt
aanhetoppervlakvandesterin devormvanlicht uitgezonden.Sterrenzijn dushetegasbollen
die licht uitstralen.Als er binnenin destergeendeeltjesmeerzijn die kunnensamensmelten
stoptdekernfusieenhoudtdesteropmetstralen.

Er zijn lichte enzwaresterren.Zwaresterrenverbruikenmeerenergie danlichte sterren,
om het instortentegen te gaan,en zullen daarommeerlicht uitstralenen snelleruitdoven.
Aandehelderheidvaneenster(aandehemel)is nietdirecttezienhoezwaarzeis: eenlichte
sterdie dichtbij staatkannogsteedshelderderzijn daneenzwaresterop groteafstand.Ook
kunnendeeigenschappenvaneensterin deloopvandetijd veranderen:aanheteindvanhaar
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Figuur8.1: Het binnengebiedvandeopensterrenhoopM 67.

levenzaleensterenormopzwellenendaarbijveelhelderderworden,voordatzeophoudtmet
stralen.Omdeeigenschappenvaneenstergoedtebegrijpenis hetdusbelangrijkdatwehaar
afstandtot onswetenendelevensfasewaarinzij is.

Sterrenwordenvaakniet alleengeboren,maarmet honderdentot honderdduizendente-
gelijk. Eengroepvan eenpaarhonderdof eenpaarduizendsterrennoemenwe eenopen
sterrenhoop.Eenopensterrenhoopdie je gemakkelijk methetbloteoogkunt zienis dePlei-
aden,eengroepsterrendie ongeveer100miljoen jaargeledenis gevormd. Het onderzoekin
dit proefschrifthebik gedaanaansterrenin sterrenhopenvan eenpaarmiljard jaar oud. Ik
hebmevooralgerichtop desterrenin desterrenhoopM 67 – of Messier67 – vernoemdnaar
CharlesMessierdie eencatalogusheeftgemaaktvannevelachtigehemelobjectenensterren-
hopen.Op6 april (mijn verjaardag!)1780voegdehij nummer67aanzijn lijst toe.Desterren
in M 67 zijn zo’n vier tot vijf miljard jaargeledengevormdenzijn daarmeeongeveernetzo
oudalsonzeZon. Figuur 8.1is eenfoto vanM 67. NaastM 67hebik ooksterrenonderzocht
in deoudesterrenhopenNGC752enNGC6940.

Hetbestuderenvansterrenhopenheeftzozijn voordelen:desterrenzijn allemaalevenoud
enzestaanongeveerevenvervanonsweg. Datmaakthetgemakkelijkeromdeeigenschappen
vandesterrenmetelkaarte vergelijken,zonderdepreciezeafstandenleeftijd te weten.Van
dit voordeelwordt veel gebruikgemaakt,omdathet achterhalenvan de afstanden leeftijd
vaneen“alleenstaande”sterniet gemakkelijk is. M 67 heeftdaarbijnogalsvoordeeldatze
relatiefdichtbij staatzodatdesterrenvrij helderzijn, endaterweinigmateriaaltussenonsen
M 67 instaatdathetzichtop dezesterrenhoopbelemmert.

136



SAMENVATTING

8.2 Röntgenstralingvan sterren

De sterrendie Messierzagen die wij ’s nachtszien,nemenwe waarin het licht waaronze
ogengevoelig voor zijn: het optischof visueellicht. Sterrenstralenook anderlicht uit dat
onzichtbaaris vooronzeogen,vanradiostralingtot röntgenstraling.

Met deröntgentelescoopvandesatellietROSAT is gezochtnaarstralingvandesterrenin
M67. Vansterrendie netzo oudzijn alsdeZon (endatzijn desterrenin M67) verwachten
weeigenlijkdatzeteweinigröntgenstralinguitzendenomdoorROSAT gezienteworden:de
Zon straaltook röntgenlichtuit, maarals je deZon netzo ver weg zouzettenalsdesterren
in M 67 zouROSAT haarniet meerzien. Als we wel eenstervanM 67 in röntgenlichtzien
moeter dusietsspeciaalsmetdie steraandehandzijn. Het zoubijvoorbeeldeendubbelster
kunnenzijn . . .

8.3 Dubbelsterren

Demeestesterrenstaannietalleen,maarvormenmeteenanderestereenpaar, of eendubbel-
ster, datheelregelmatigomelkaarheenbeweegt. Als eendubbelsterverweg staatis hetvoor
onsmoeilijk om detweesterrenafzonderlijkte zien,zelfsmeteentelescoop.Gelukkigzijn
erwel indirectemanierenomaf te leidendateensterdubbelis. Bijvoorbeeld,alstweesterren
zo om elkaarheendraaiendat gedurendeeendeelvan de tijd de enester tussenonsen de
anderesterin staat,danzaldedubbelsterevenwatminderhelderworden.Dit is eenbeetjete
vergelijkenmetwat er gebeurtalsdeZon tijdenseenzonsverduisteringwordt afgedektdoor
deMaan.

Sterrendiedichtbij elkaarstaanzullenelkaarbëınvloedendoormiddelvangetijdenkrach-
ten,netzoalsdeAardeendeMaandatdoen(ebenvloed). Het effect vandie krachtenis dat
devormvandebaanwaarindetweesterrenomelkaarheendraaiensteedsmeeropeencirkel
begint te lijk en.Ookdesnelheidwaarmeedesterrenomhuneigenasdraaienzalveranderen:
degetijdenkrachtenproberenervoor te zorgendatdetijd waarineensteréénkeeromhaaras
draaitnet zolangwordt als de tijd waarinde sterrenéén rondjeom elkaarhebbengedraaid.
Als eensteralleenis, zal ze in de loop vande tijd steedslangzamerom haarasdraaien(de
beweging wordt afgeremd),maarals eensteronderdeelis van eendubbelsterkan eenster
doorgetijdenkrachtentochsnelomhaarasblijvendraaien,ondanksdehogeleeftijd.

Waaromdit verhaalover dubbelsterrenen ronddraaiendesterren?Sterrendie snelrond-
draaienkunnenmagneetveldenopwekkenin hunbuitenlagen– wenoemenzemagnetisch ac-
tieve sterren.Die magneetveldenzorgenervoor datereenlaaggasomdesterheenwordtge-
vormddiezoheetis (eenpaarmiljoengraden)dathij röntgenlichtuitstraalt.Opgrondhiervan
zouje dusverwachtendatveelvanderöntgenbronnendie ROSAT in M 67 heeftgeziendub-
belsterrenzijn, waaringetijdenwisselwerkingplaatsvindt.Voor veelvande röntgenbronnen
in M67 blijkt dit inderdaadtekloppen.
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8.4 Rare r öntgenbronnen

In dit onderzoekwilden we vooral meerte wetenkomenover sterrenwaarvan we röntgen-
stralinghebbengezien,maarwaarvoor we geenaanwijzingenhebbendat de ster eendub-
belsteris. In anderegevallen is eensterwel eendubbelster, maarde tweesterrenstaandan
zo ver vanelkaaraf datzeelkaarsaanwezigheidnauwelijksmerken. In zo’n geval verwach-
tenwe ook niet dater röntgenstralingwordt opgewekt. Waaromdie sterrenzo helderzijn in
röntgenlichtis dusnogeenraadsel.

We hebbennog meerrare röntgenbronnenonderzocht. In het begin van dit hoofdstuk
beschreefik daterverbandenbestaantussendehelderheidendemassavaneenster, entussen
demassaendelevensduur. Niet allesterrenin M 67 lijk enzichhieraantehouden;zeker toen
bleekdatsommigevandezesterrenin röntgenlichtte zienwarentrokkenzeonzeaandacht.
Dit waseenextra aanwijzingis dat er iets raarsaande handmoetzijn. Eenpaarvan deze
sterrenhebbenweook bestudeerd.

Waaromwillen we meerte wetenkomenover dezesterren?Onzesterrengedragenzich
andersdanwe verwachtenen kunnenonsdaaromnieuwedingenleren. Eén van de moge-
lijkhedenis dat ze in contactzijn geweestmet eenanderester. In eendubbelsterkomt het
wel eensvoor datde enestergasoverdraagtaande andere;misschienis dit in het verleden
ook gebeurdin de sterrendie wij hebbenonderzocht.Verderstaande sterrenin eenopen
sterrenhooprelatiefdichtbij elkaar, zodatbotsingentussensterrenookniet uit te sluitenzijn.
Overdesterrendie ontstaanuit botsingenwetenwehelaasnogniet zoveel.

8.5 Dit proefschrift

Om onzerareröntgenbronnente onderzoekenhebbenwe veelnieuwewaarnemingengedaan
in optischlicht. Daarvoor hebbenwe telescopengebruiktin Chili, deVerenigdeStatenenop
de CanarischeEilanden. We hebbenop tweemanierennaarde sterrengekeken. Ten eerste
doorhetlicht uit elkaarte rafelenin verschillendekleuren(eenspectrum),ententweededoor
te zoeken naarveranderingenin de helderheidvan de sterrenin de loop van de tijd. Het is
niet geluktom alle vragendie we haddente beantwoorden,somszijn er zelfsnieuwevragen
bijgekomen,maarwe hebbennu wel beterinzicht in deeigenschappenvandesterren.In het
kort geefik eenpaarresultaten.

In hoofdstukken 2 en 7 hebbenwe in spectragezochtnaaraanwijzingenvoor eenhete
gaslaagrondomdester. Voor sommigesterrenheeftdit weinig opgeleverd,voor anderege-
vallen hebbenwe wel aanwijzingenvoor zo’n heetgasgezienook al is het niet altijd even
duidelijk watdeoorzaakis voor deaanwezigheidvandatgas.

Een kenmerkvan actieve sterrenis dat het steroppervlakdoor de magneetveldenniet
overal even veel licht uitstraalt. Tijdenshet ronddraaienvan eensterzal de helderheiddan
ook regelmatigveranderen;dezeveranderingenziener andersuit dandesterverduisteringen
waarik heteerderoverhad.Wanneerzo’n veranderlijkesterdeeluitmaaktvaneendubbelster,
kunnenwe deperiodevandehelderheidsveranderingenvergelijkenmetdeperiodewaarmee
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de sterrenom elkaarheendraaien.Als die tweegelijk zijn is dit eenduidelijke aanwijzing
voordewerkingvangetijdenkrachten.Vooreenaantal“normale” röntgenbronnenhebbenwe
op dezemanierhet ideedat we haddenover de oorzaakvan hun röntgenstralingbevestigd.
Slechtsvooreenenkelevanderareröntgenbronnenhebbenweookhelderheidsveranderingen
gezien.Dezemetingenwordenbeschrevenin hoofdstukken3 en7.

Bij het doenvan dit soort waarnemingen,meet je automatischook de helderheidvan
sterrendie in debuurtstaanvandesterrenwaarinje bentgëınteresseerd;deresultatenhiervan
zijn beschreven in hoofdstuk4. We hebbeneenaantalsterrengevondendie regelmatigvan
helderheidveranderen,maarwaarvanverderweinig bekendis. Misschienzijn het tot nu toe
onbekendedubbelsterren.We zijn vanplanzein detoekomstbeterte onderzoeken.

Ik zalnuhetstukonderzoeksamenvattendatik zelf hetleukstvind endatbeschrevenis in
hoofdstuk5. DesterS1082in M 67is eensterdieopvalt omdatzij langerlijkt te levendanwe
verwachtenop grondvanhaarmassa:zehadal langdoodmoetenzijn. Zulkesterrenworden
wel vaker gezienin sterrenhopenenwordenblauwedwaalsterren(blue stragglers) genoemd.
Eenoplossingvoordit probleemzouzijn alsdesterniet zo langgeleden“verjongd”is, door-
datzij er extra massa(=brandstof)heeftbijgekregen,bijvoorbeeldvia eenbegeleiderin een
dubbelsterof via eenbotsingmeteenanderester. HetprobleemmetS1082wasdatzenietom
eenanderedichtbijzijndesterleektebewegen,hetgeenookderöntgenstralenonverklaardliet.
Wel warenerhelderheidsveranderingengemetenmeteenkorteperiodevanietsmeerdaneen
dagdie lijk enopverduisteringenvaneensterdooreenanderester. Omdatdezetweewaarne-
mingenelkaarlekentegente spreken,enwaarschijnlijkook omdatdit resultaatgepubliceerd
was in eenweinig toonaangevendtijdschrift, werd er met het resultaatvan de helderheids-
veranderingenweinig gedaan.Onzebijdrageis geweestdatwe dehelderheidsveranderingen
hebbenbevestigd,en in hetspectrumvanS1082tweeextra sterrenhebbengevondendie wel
in die enedagom elkaarheenbewegen.Dit kanderöntgenstralenverklaren:we denkendat
zewordenopgewektdoormagnetischeactiviteit in dedubbelster. Het lijkt er zelfsopdatalle
drie desterrenom elkaarheenbewegen.Tochlossenonzeresultatenniet alle problemenop:
wevindendattweevandedriesterrennogsteedsteoudzijn voorhunmassa.Als zeverjongd
zijn via eenbotsingof doorhetoverdragenvangas,danbetekentdit dater nogmeersterren
bij devormingvanS1082betrokkenwaren. Met anderewoorden,dit is eenaanwijzingdat
botsingenenwisselwerkingentussensterrenin clustersechtgebeuren.
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