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Abstract

WhiteDwarfsin OpenClusters:Theinitial-�nal massrelation,thesupernovamass
limit, andthewhitedwarf de�cit

by

KurtisA. Williams

White dwarfs are useful tools for studyingnumerousinterestingastrophysicalphe-
nomena.The upperlimit for white dwarf progenitormassesprovidesa lower limits
on the massof supernova progenitors.The initial-�nal massrelationgivesthe inte-
gratedmasslossover thelifetime of a star. This dissertationpresentstheresultsfrom
a photometricandspectroscopicstudyof WDs in nearbyopenclusters.First, a sam-
ple of nearbyopenclustersis constructed.Second,photometryfrom a subsetof the
sampleclusters,NGC 2168,IC 4665,NGC 6633,andNGC 7063,is presentedand
white dwarf candidatesselected.Spectroscopicfollow-up of the white dwarf candi-
datesuncoveredfour clustermemberwhite dwarfs,a numberfar below what would
be expectedbasedon integrationof the initial-massfunction in the clusters.Two of
the white dwarfs agreewith the existing HyadesandPraesepeempirical initial-�nal
massrelationship;a third clusterwhite dwarf is a suspectedhelium-corewhite dwarf.
Thehigh-massendof theinitial-�nal massrelation,previouslydeterminedfrom white
dwarfs in NGC 2516andthePleiades,is found to behighly sensitive to theadopted
agesof theseclusters.The lower limit on theuppermassof mainsequenceparame-
tersis reducedto 5.7�

� whentheageuncertaintiesaretakeninto account.Finally, a
MonteCarlosimulationis usedto show thattheapparentlackof whitedwarfsin most
openclustercanbemostlyexplainedby WDsin binarysystems,the�rst timethatthis
effecthasbeenquanti�ed.
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Chapter 1

Intr oduction

Spectrumanalysisenabledtheastronomerto tell whena starwasadvanc-
ing headon,andwhenit wasgoingtheotherway. Thiswasregardedas
very precious. Why the astronomerwantedto know, is not stated,nor
what he could sell out for, whenhe did know. An astronomer's notions
aboutpreciousnessare loose. They are not much regardedby practical
men,andseldomexcitea broker.

—Mark Twain,“The SecretHistoryof Eddypus”

To �rst order, white dwarfs arestraightforward systemsto model: a degenerate
core surroundedby a non-degenerateatmospherecooling passively by radiationof
thermalenergy. The �rst WD cooling modelsbasedon this pictureweredeveloped
by Mestel(1952). Developmentsin stellarevolutionarytheoryled to the realization
thatWDsweretheremnantcoresof evolvedstars(Schwarzschild,1958).Theoretical
studiesof nucleosynthesisin evolvedstarsledto theconclusionthatWDsmustconsist
of

� �

C and
���

O (seeSalpeter1971andreferencestherein). Theseadvancesled to the
developmentof new evolutionarymodelsfor 1�

� , pure
� �

C WDs(Lamb& vanHorn,
1975).

Numerousobstaclesin WD theoryremainedto beovercomein orderto produce
usefulcoolingmodels.WDs spana rangeof masses,from �

�����

�

� up to theChan-
drasekharmass( �
	

���

�

� ), with themajority of WD massesaround0.6�

� . In ad-
dition, thechemicalcompositionof WDs is a C/O mixture,andthe C/O ratio likely
varieswith radius.Asteroseismologicalobservationsof pulsatingDA WDs have pro-
vided convincing evidencethat the DA atmospheresare“thick”, i.e. the surfaceH
layersareon theorderof 	

�
���

��� , themaximumatmosphericmassbeforeH-burning
would ignite in theatmosphere(Fontaineetal., 1992).
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In light of theseconsiderations,Wood(1995,hereafterW95)developedevolution-
ary modelsfor C/O WDs for a variety of masses.Thesemodelsincludea radially-
varying C/O ratio and maximal H and He envelopesof zero metallicity. The C/O
pro�le waschosento be typical of thatobtainedfrom post-AGB evolutionarycalcu-
lations,but is dependentuponthehighly uncertain

� �

C(� ,� )
���

O reactionrate(Wood,
1990). Subsequentwork on WD evolution hasfocusedon effectssuchaschemical
separationandcrystallization(Salariset al., 1997),atmosphericconvection(Fontaine
et al., 2001), and cool atmosphericphysics(Hansen,1999), effects which become
importantfor 	�
���� 	

� �

K.

1.1 Supernovaeand the interstellar medium

Supernovaeareamongthemostenergeticeventsin thepresent-dayuniverse.It is
generallyacceptedthattwo typesof supernovaeoccur:thoseoriginatingfrom thecol-
lapseof acorein ahighly-evolvedmassivestar(core-collapsesupernovae),andthose
resultingfrom thedetonationof Chandrasekhar-massWDs (TypeIa). Supernovaere-
sult in thereleaseof signi�cant amountsof processedstellarmaterialandmetalsinto
theinterstellarmedium(ISM), aswell asthereleaseof signi�cant quantitiesof kinetic
energy.

Stellar evolutionaryand supernova explosion modelssuggestthat core-collapse
supernovaeoccurin starswhich carbonburningignitesin thecore(Mayle & Wilson,
1988andreferencestherein). We will refer to the minimummain-sequencemasfor
which a core-collapsesupernova occursas �����	� 
 . Although the canonicalvaluefor

�����
� 
 from stellarevolutionarymodelsis 8�

� , it dependsonthestar'smetallicityand
theexactdetailoninputphysics(Dominguezetal.,1999).Recentevolutionarymodels
includinga modestamountof convective overshootignite carbonfor main-sequence
massesof 6�

� (Girardi et al., 2000),and �����	� 
 couldbeaslow as5�

� (Castellani
et al., 1985).1

Becauseof their large kinetic energies ( � 	

���

�

ergs), supernovaehave an enor-
mousimpacton gasin galaxies,andsupernova feedbackis consideredfundamental
to understandingstarformationratesin galaxies(e.g.SomervilleandPrimack,1999),
theevolution of starburstsandstarformationregions(e.g.Leithereret al., 1999),and
theevolution of gasandthe ISM in dwarf galaxies (Dekel & Silk, 1986;Ferrara&
Tolstoy, 2000)).

�

A noteonnomenclature:Many paperson intermediate-massstellarevolutionusetheterm ����� . In
general,this refersto themaximumprogenitormassfor which a non-degeneratecarbon-oxygencore
developsand ignitesduring the latter stagesof stellarevolution. Someauthorsuse ����� to refer to
theupperprogenitormassfor which a white dwarf remnantis formed,but thesetwo numbersarenot
necessarilythesame.
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The valueof �����	� 
 is a vital but often-overlookedcomponentto supernova feed-
backstudies. For a Salpeterinitial-massfunction (IMF) (Salpeter,1955) in an in-
stantaneousburstof starformation,decreasing� ���
� 
 from 8�

� to 5�

� increasesthe
numberof core-collapsesupernovaeby �

� ���

, and the lengthof time over which
supernovaeoccurincreasesfrom � 40Myr to � 125Myr. Theresultof a decreasein

�����
� 
 is thereforean increasein theamountof kinetic energy injectedin to the ISM
overlongerperiodsof time. In low-masssystems,thisextraenergy would increasethe
strengthanddurationof any galacticwinds,resultingin ahigherlossof gasmassfrom
adwarf galaxyof agivenmass(Dekel & Silk, 1986).Thisextrakineticenergy would
alsoincreasethe amountof energy depositedin the intergalacticmedium(IGM). In
fact,someobservationsof theIGM suggestthatit is moreenergeticthanwouldbeex-
pectedfrom energy dueto supernovaewith � ���
� 
���� �

� (Binney, 2001).This could
bealleviatedwith adecreasein �����
� 
 , althoughAGN likely contributesomeenergy to
theIGM (Begelman,2001).

Sincesupernovaeareeasilyobserved,oneobviousmethodfor determining� ���
� 
 is
to compareobservedsupernova ratesto thoseexpectedfrom variousvaluesof � ���	� 
 .
This is a dif�cult exercise,asobserved supernova ratesin the Milk y Way andother
galaxiesaresensitive to correctionsfor extinction andotherselectioneffects,andex-
pectedsupernova ratesaresensitive to input star formationratesand IMFs, among
other factors. Historically-observed supernovaehave occurredat a higher rate than
wouldbeexpectedfor observedmassfunctionsin thesolarneighborhoodand � ���
� 
��

� �

� (vandenBergh & Tammann,1991). A lower valueof � ���	� 
 couldexplain this
discrepancy, but otherpossibilities,suchasa less-steepIMF or the solarsystembe-
ing locatedneara spiralarm,couldalsoresolve thediscrepancy (Dragicevich et al.,
1999).

An alternativemethodfor determining�����	� 
 is to determinethemostmassivepro-
genitormassesfor whitedwarfs.Thismassprovidesa�rm lowerlimit to � ���
� 
 , though
it maybemetallicity dependent(e.g. Bono,2000andreferencestherein).In general,
it is notpossibleto determinetheinitial massof WDs in the�eld, unlessthey arepart
of a non-interactingbinarysystem,in which casethecoolingageof theWD andthe
companionstarmasscanbeusedto placelower limits on theprogenitorstarmass.If,
however, theWD is locatedin asystemof co-eval starsfor whichanageof thesystem
canbedetermined,i.e. anopen(galactic)or globularstarcluster, it becomespossible
to deriveaninitial massasdescribedbelow.

1.2 The initial-�nal massrelation

Theinitial-�nal massrelationfor whitedwarfsrelatesthezero-agemainsequence
massfor theWD progenitorwith the�nal massof theWD. Theinitial-�nal massrela-

3



tion givestheintegratedmasslossovertheentireevolutionof theprogenitorstar. This
massmayhave beenlost throughany of severalstagesof stellarevolution, including
stellarwindsduringthemain-sequence,redgiant,andasymptoticgiantbranchphases
of evolution,aswell asduringthe�nal planetary-nebula ejection.

Theamountof masslost is critical to understandingtheevolution of theinterstel-
lar medium,especiallythat in elliptical galaxies,wherethe majority of the hot ISM
is presumedto comefrom stellarmassloss(Brighenti& Mathews, 1998;Mathews,
1989). The initial-�nal massrelationis not currentlywell-constrained(Weidemann,
2000).For starscurrentlyevolving off themainsequencein theoldeststellarpopula-
tions( ��� � 	 �

� ), theuncertaintyin the integratedmasslost is ���

���

. For higher
progenitormasses,theabsolutescatterin �nal massesis �

���

	 �

� for bothmodeled
andobservedinitial-�nal massrelationships(Weidemann,2000).

Therearea varietyof methodsfor deriving theoreticalinitial-�nal massrelation-
ships.Thesemethodsarediscussedin Weidemann(2000).Dif ferencesamongmodels
resultfrom differentmethodsof evolving starsthroughthethermally-pulsingasymp-
totic giantbranch(AGB). Dif ferencesin thestrengthandmodelingmethodsof con-
vective overshootalso affect the core masses,with the generaltrend that stronger
overshootresultsin moremassivecarbon-oxygencoresfor agivenprogenitormass.

Observationally, theinitial-�nal massrelationis derivedsemi-empirically. If aWD
is in a systemwith coeval starsof known agesandmasses(suchasa starcluster),it
is possibleto derive theprogenitormass.TheWD effective temperatureandsurface
gravity aremeasuredfrom analysisof theWD spectrum.Givenevolutionarymodels
for WDs, the cooling ageof the WD canthenbe derived. Comparisonof the WD
coolingageto theageof thestarclustergivesthepre-WDlifetime of theprogenitor
star, which includespost-mainsequenceevolution. Givenstellarevolutionarymodels,
onethendetermineswhich massof progenitorstarhasanevolutionarylifetime equal
to thepre-WDlifetime of theWD – theinitial mass.Both thetheoreticalandobserva-
tional initial-�nal massrelationsarehighly model-dependent,andslight changesthe
inputmodelscanleadto signi�cant changesin thederivedrelation(c.f. Jeffries,1997
andClaveretal., 2001).

Anotheroutstandingquestionis whetheror not the initial-�nal massrelation is
single-valued. While not often discussedin detail, it is conceivablethat parameters
suchasrotationmayaffect the�nal WD mass.Currentlyit is dif�cult to determineto
whatdegreetheseeffectsincreasethescatterin theinitial-�nal massrelation.

1.3 Critical review of opencluster white dwarf studies

The conceptof usingwhite dwarfs in openclustersasprobesof the maximum
massof WD progenitors,hereafterreferredto as � � , was�rst championedby Tinsley

4



(1974)andvan denHueval (1975) in studiesof the Hyades. Their work suggested
� � �

�

�

� , thoughthis limit was very uncertaindue to the advancedageof the
Hyadesandintrinsic faintnessof WDs. 2.

RomanishinandAngel(1980,hereafterRA80)determined� ���	� 
���� �

� basedon
photographicplateobservationsof four openclusters.They comparedthenumbersof
faint blueobjectsin clusterimagesto thenumbersin adjacentcomparison�elds. The
excessnumberof objectsis thencomparedto thenumberof WDs expectedgivenan
assumedIMF andthenumberof observedmain-sequencestars.Themajorlimitations
of this studywere the faint limit of the photometry( ����� �
	���
�� � 	

���

� ), as the most
massive WDs ( � ����� 	 �

� ) fadebelow this limit within 25 Myr, andthe lack of
quantitative photometryfor many of the blue objects,therebyprecludingat leasta
perfunctoryrejectionof background/ foregroundcontamination.

The analysisin RA80 raisesmany importantconcernsthat must be considered
in any photometricWD search.First, they recognizedthat WDs in binary systems
arevery dif�cult to detectby color selection,unlessthecompanionis very low mass.
Anotherconcernis thedynamicalevolutionof thestarcluster;WDsmaypreferentially
evaporatein comparisonto theremaininghigh-massmainsequenceclustermembers.
Theseconcernswill bediscussedin moredetail later.

A seriesof papersby Koester& Reimers(Koester& Reimers,1981; Reimers
& Koester,1982; Koester& Reimers,1985; Reimers& Koester,1988; Reimers
& Koester,1989; Koester& Reimers,1993; Reimers& Koester,1994; Koester&
Reimers,1996)took spectraof many of theRA80 WD candidates.While oftensuf-
feringfrom low signal-to-noise,thesepapersledtocon�rmationof many candidatesas
WDs,andthey providedthe�rst estimatesof physicalparametersfor theseWDs: the
effective temperature,	 
 � , andsurfacegravity, 
�� ��� . Their work on theclusterNGC
2516(Koester& Reimers,1996)placedalowerlimit on � � , with � � ���

���

�

� . This
lower limit is sensitiveto theadoptedstellarevolutionarymodels.

TheWDsin severalotheropenclustershavesincebeenstudiedby variousauthors,
includingM34 andPraesepe(Anthony-Twarog,1982),theHyades(Weidemannetal.,
1992),M67 (Richeretal., 1998;Williams etal., 2001),andNGC2099(Kalirai et al.,
2001b),amongothers.Most recently, a carefulstudyof WDs in Praesepewasunder-
takenby Claveretal. (2001).Thisstudyused� � ��� photometryto identify candidate
WDs, with high signal-to-noisefollow-up spectroscopy of the WD candidates.The
spectraof con�rmed WDs werethenanalyzedby theBalmer-line �tting methodsof
Bergeron,Saffer, andLiebert(1992),from which 	 
�� and 
 � ��� weredeterminedand

�

Anothernoteon nomenclature:The symbol ��� or ��� is usedin many papers,including Ro-
manishin& Angel (1980);Weidemann(2000)uses� ��� ; Anthony-Twarog(1982)uses�

��� . In this
dissertation,�

� refersto themaximummassof a progenitorstarwhich formsa white dwarf. Unless
thereis anunexpectedstageof stellarevolution, �

�! 
�#"%$'& ( . To beconservative, thesetwo symbols

will notbeusedinterchangeably.

5



the WD massderived. Throughthe useof stellarevolutionarymodels,an empirical
initial-�nal massrelationwasderived.

1.4 The program

Becausethevalueof ��� andtheinitial-�nal massrelationshipareof fundamental
importanceto severalareasof astrophysics,rangingfrom detailsof stellarevolution
throughtheevolution of dwarf galaxiesandtheIGM, it is necessaryto devisea care-
ful, methodicalstudyof theseparameters.White dwarfsin openstarclustersprovide
several advantagesto sucha study. First, their membershipin a single-metallicity,
coeval populationof starsprovidesnumerousconstraintson theadoptedmodels,and
therebyresultsin thetightestpossibleconstraintson thederivedparameters.Second,
numerousopenclustersspanninga variety of agesandmetallicitiesare locatedrel-
atively nearby, permittingeven the faintestmemberwhite dwarfs to be studiedwith
highsignal-to-noisespectroscopy, adistinctadvantageoverglobularclusters,theother
obviouscoeval populationsof starsin thegalaxy.

Until recently, the studyof openclusterWDs hasbeenlimited dueto the small
�eld of view of modernCCDimagers.Themostwell-studiedwhitedwarf populations
werechosenfrom photographicplatestudies,which limited theobserver to eitherthe
neareststarclusters– theHyades,Pleiades,andPraesepe– or to thebrightestWDs in
moredistantclusters.Themain limitationsof thesesurveys have beensmall-number
statistics. The Pleiadescontainsa single,massive white dwarf, but the distanceto
theclusteris uncertainenough,with nearlya0.5magdiscrepancy betweenHipparcos
parallaxesandmain-sequence�tting distances(Stello& Nissen,2001),that theWD
ageand progenitormassare not well-constrained.The Hyadessampleappearsto
containtoofew faintWDs,aresultexplainedin theliteratureaslikely incompleteness
andpossibledynamicaleffects(Claveretal.,2001),thoughthiswill bediscussedlater.
ThePraesepesampledoesnotextendfaintenoughto reachthefaintestexpectedWDs
(Claver et al., 2001). New wide-�eld CCD cameraspermit moredistantclustersto
besurveyedfor WDs to magnitudeswell-below thefaintestexpectedwhite dwarfsin
relatively shorttimes,permittingcompletesamplesof WDs to becreatedfor a larger
numbersof clusters.

Thegoalsof thisprogramareasfollows:
� To developa sampleof nearbyopenclustersspanninga wide rangeof agesyet

nearenoughto permithighsignal-to-noisespectroscopy of thefaintestexpected
WD candidates,

� To obtaindeepphotometricobservationsof openclustersin theabove sample,
andtherebyderiveacompletesampleof WD candidatesin eachcluster,
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� To obtain high signal-to-noisespectroscopy of eachwhite dwarf candidate,
therebycon�rming its white dwarf natureandclustermembershipanddeter-
mining theeffective temperatureandsurfacegravity, and

� To combinethesedatawith thebest-availabletheoreticalstellarandwhite-dwarf
evolutionarymodelsin ordertodeterminetheinitial and�nal massof eachwhite
dwarf, andtherebyobtainanempiricalinitial-�nal massrelationandlimits on
thevalueof � � .

Themetallicitydependenceof ��� andtheinitial-�nal massrelationis alsoanulti-
mategoalof thisprogram;however, thisremainsoutsidethescopeof thisdissertation.
Thedetailsof themethodusedto achieve thesegoalsarepresentedin the following
chapter.

7



Chapter 2

The Cluster Sample

Thecarefulconstructionof asampleof openclustersfor thestudyof whitedwarfs
andtheir progenitorsis crucial to thesuccessof this project.Thereareseveralpoints
of considerationwhich led to the�nal openclustersample:

� Declination. — As the Keck Observatory wasto be usedto obtainspectraof
candidateWDs,theclustersampleincludesonly thoseclusterswith declinations
within

�

�

�

of thelatitudeof theobservatory, speci�cally, � � �

�����������

�

�

.

� Angularextent. — Nearbyopenclusterssubtendfairly largeareasof sky, with
diametersup to �

�
�

( � Per). The wide-�eld imagerusedin this project,the
Lick ObservatoryPrimeFocusCamera(PFCam),hasa �eld-of-view of 	

�
	��

	

�
	

, muchtoo small to imagesigni�cant areasof the largestopenclusterswith
reasonableamountsof observingtime. Theclustersamplewasthereforelimited
to openclusterswith angulardiameters

�

�

�

	

. While clusterswith angular
diameters��


�

	

aretoo large to imagewith a reasonablenumberof pointings
of PFCam,larger clusterswereincludedin casefurther imagingwork wereto
make useof largermosaiccameras,suchastheNOAO CCD mosaic( 


�

	

�




�

	

FOV) andtheCFH12Kmosaiccamera.

� Age. – Clusterwhite dwarfs will not be found in openclustersin which stars
with mass � � � � � have not yet completedtheir evolution. Although the
exact valueof � � is not well known, it is generallyassumedto be lessthan
9�

� . Therefore,thesampledid not includeclusterswith turnoff masseshigher
than 9�

� . From the isochronesof Girardi et al. (Girardi et al., 2002), this
correspondsto anagelimit of 
�� ����������� ���

�

� .

� MagnitudeLimit. — Themagnitudelimit for this samplewasconstrainedmost
tightly by the � -bandphotometry. If theassumptionis madethat theobserva-
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tionswill besky-noisedominated,thenthesignal-to-noiseratio �

� for anobject
is �

� �

�

���

�

�

���

�

�	��

�

����� � � �

��� �

� (2.1)

where
�

� is thecountrateof theobjectin �

�

/sec,
�	��

�

is thecountrateof the
sky in �

�

/sec/pixel, ��� � � is thenumberof pixelscoveredby theobject,and � is
theexposuretime. If thecountrateis

���

for a referenceobjectwith magnitude
�

��
�� , thenthecountratefor anobjectof magnitude� is:
�

� �

���

	

�

�

���

� �"! �#!%$'&)(�*

�

(2.2)

Placingthis in Eq.2.1andsolvingfor �,+

�.- �

� ,

�/+

�.- �

�

��
�� � �

�

��
�� �

01

�
�

�

�

�

�	�

�

�
	

�

���

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�	�2
��

��� � �

�

34

�

(2.3)

For PFCamin the � -band,
����

�

� 	

���

(dark)and
���

� 


�

for � ��
�� � �

�

(Bolte,
personalcommunication).For the desiredphotometricaccuracy of 0.1 mags,

�

�

� 	

��� �

. If the total exposuretime is limited to 1800sandthetypical seeing
5%687:9

� 	 .
	 	

� , thelimiting magnitudeis �

+

�.- � � �

�

� . For thecoolestexpected
WDs, � � � � �

�
�


 (see ; 3.1). This putsa magnitudelimit of � � � 
 on the
photometry.

The � magnitudeof the faintestWD in a clusterdependson four quantities:
the distanceof the cluster, the line-of-sightextinction to the cluster, the WD
mass,andthe WD cooling age. Whereasthe �rst two quantitiesareavailable
from publishedclusterdata,the WD massandcooling agemustbe estimated
from WD cooling models. In order to ensurea completesampleof WDs in
a given cluster, the � -bandmagnitudeof the faintestexpectedWD must be
estimatedindependentlyfor eachcluster. Due to the mass-radiusrelation for
WDs,moremassiveWDshaveasmallerradius,andthereforearelessluminous
for a given effective temperature.Therefore,the most-massive availableWD
models(1.0�

� ) wereused. As the cooling ageof a clusterWD mustbe less
thanthe clusterage,andsinceWDs fadeasthey cool, the � -bandmagnitude
wasestimatedfrom modelsassumingacoolingageequalto theclusterage.

It is desirableto extendthe photometryat least1 magfainterthanthe faintest
expectedWD in orderto ensurethattheWD coolingsequenceterminateswhere
expected. Basedon our photometriclimits, this requiresthat �=<:> � �@? �.A�
 � � � .
Therefore,theclustercatalogwasselectedto includeonly thoseWDsfor which
thefaintestexpectedWD has � � � � .
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Theopenclustersamplewasselectedusingthesecriteriafrom theweb-basedopen
clusterdatabase,WEBDA (Mermilliod, 1995). The �nal catalogcontains34 open
clustersand is presentedin Table2.1. It shouldbe notedthat the listed parameters
(distance,age,metallicity, etc.)maybequiteuncertain.
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Table2.1: Openclustersin thesampleful�lling thecriteria
in thetext.

Cluster RA Dec

�

�

d

�

�
�

�

�

�

age diam �
	�


�



�
�

� Richness
Name (J2000) (J2000) (

�

) (

�

) (pc) (

�

) Class

�

NGC225 00:43:26 +61:47 122.0 -01.1 657 0.274 8.114 14 21.4 2
Collinder463 01:48:23 +71:57 127.4 +09.6 702 0.259 8.373 29 21.8 2
NGC752 01:57:47 +37:41 137.2 -23.4 457 0.034 9.050 75 21.1 2
Stock2 02:14:59 +59:16 133.4 -01.9 303 0.380 8.230 45 21.3 4
Trumpler2 02:37:18 +55:59 137.4 -03.9 651 0.324 8.169 17 21.5 3
NGC1039(M34) 02:42:03 +42:47 143.6 -15.6 499 0.070 8.249 25 20.3 2
NGC1027 02:42:41 +61:33 135.8 +01.5 772 0.325 8.203 14 21.9 2
IC 348 03:44:33 +32:17 160.4 -17.7 385 0.929 7.641 7 21.6 1
NGC1647 04:46:02 +19:04 180.4 -16.8 540 0.370 8.158 39 21.2 3
NGC1662 04:48:28 +10:56 187.7 -21.1 437 0.304 8.625 12 21.2 1.5
NGC2168(M35) 06:08:52 +24:20 186.6 +02.2 816 0.262 7.979 25 21.6 4
NGC2232 06:26:34 -04:45 214.4 -07.7 359 0.030 7.727 45 18.7 1
NGC2287(M41) 06:47:03 -20:44 231.1 -10.2 693 0.027 8.385 39 21.1 2.5
NGC2281 06:49:19 +41:03 175.0 +17.1 558 0.063 8.554 25 20.9 2.5
NGC2301 06:51:46 +00:27 212.6 +00.3 872 0.028 8.216 14 21.3 1
NGC2302 06:51:56 -07:04 219.3 -03.1 1182 0.207 7.847 5 21.9 1
NGC2323(M50) 07:03:12 -08:20 221.7 -01.2 929 0.213 8.096 14 21.9 3
NGC2353 07:14:34 -10:18 224.7 +00.4 1119 0.072 7.974 18 21.7 2
NGC2395 07:27:07 +13:35 204.6 +14.0 512 0.120 9.070 14 21.6 1
Bochum4 07:31:03 -16:57 232.5 +00.8 872 0.194 7.545 15 21.0 1
NGC2422(M47) 07:36:36 -14:29 231.0 +03.1 490 0.070 7.861 25 19.7 1

�

RichnessClassasgivenin Janes& Adler (1982)
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Table2.1: (cont.)

Cluster RA Dec

�

�

d

�

�
�

�

�

�

age diam �
	�


�



�
�

� Richness
Name (J2000) (J2000) (pc) (

�

) Class

�

NGC2548(M48) 08:13:46 -05:48 227.9 +15.4 769 0.031 8.557 29 21.5 1
NGC2632(M44) 08:40:04 +19:59 205.5 +32.5 187 0.009 8.863 70 18.8 4
IC 4665 17:46:15 +05:43 30.6 +17.1 352 0.174 7.634 70 18.9 2
NGC6633 18:27:44 +06:34 36.1 +08.3 376 0.182 8.629 20 20.6 3
IC 4725(M25) 18:31:39 -19:15 13.6 -04.5 620 0.473 7.965 29 21.6 3
IC 4756 18:38:57 +05:27 36.4 +05.3 484 0.192 8.699 39 21.3 3
Stephenson1 18:53:33 +36:55 66.9 +15.5 390 0.040 7.731 20 18.9 1
NGC6716 18:54:33 -19:53 15.4 -09.6 789 0.220 7.961 10 21.3 2
Roslund5 20:10:02 +33:46 71.4 +00.3 389 0.098 7.832 50 19.2 � � �

NGC7039 21:11:12 +45:39 88.0 -01.7 951 0.131 7.820 14 21.2 2
NGC7063 21:24:27 +36:30 83.1 -09.9 689 0.091 7.977 9 20.7 3
NGC7092(M32) 21:32:12 +48:26 92.5 -02.3 326 0.013 8.445 29 19.4 1
NGC7243 22:15:17 +49:53 98.9 -05.6 808 0.220 8.058 29 21.5 2

�

RichnessClassasgivenin Janes& Adler (1982)
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Chapter 3

Photometry: Approach,Observations,
and Analysis

3.1 White Dwarf Models

Photometricindicesfor WD modelshave beenpublishedfor WDs of a constant

 � ��� (Bergeronetal., 1995b).CoolingWDs do not maintaina constantsurfacegrav-
ity; WDs shrinkasthey cool, resultingin anincreasingsurfacegravity for a constant
WD mass.To studyWDs of agivenmass,it is necessaryto calculatethephotometric
indices.

As describedin Chapter1, theW95 C/O modelsareusedfor theWD evolution-
ary models.Syntheticspectraof pure-hydrogen(DA) atmosphericmodelsarekindly
provided by D. KoesterDetailsof an earlierversionof theseconstantly-updatedat-
mosphericmodelsarepublishedin Finley, Koester, & Basri (1997). Thesesynthetic
spectrawereusedin conjunctionwith theW95 modelsto determinethe � � � photo-
metricindicesin thefollowing manner.

Thebolometriccorrection,BC, is de�ned as

�

�

�

�������

����� (3.1)

where ������� is theapparentbolometricmagnitude.Usingthede�nition of themagni-
tudesystem,

�	�

�

�	�

�

�

� � �

�

��
 � �


��

��
����

�

��� �����


��

��


�

�

�

�

��� �����

� (3.2)

where 
�� is theobserved�ux distributionaboveEarth's atmosphereand �

�

��� � is the
responsefunctionof �lter � ,

�

�

� �

�

��
�� �


��

��
����

� ��� �����



�

��
��

���

� �

�

��
 � �


��

��


�

�

�

� ��� �����




�

�

�

�

�

� (3.3)
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where 


�

is thesolarconstantand �

�

� is thebolometriccorrectionfor thesun.
Since

�

�

� � ������	 � � �

�

��
�� � �

� �

�




�

�

�

� ��� ����� �

�

�

�

��
�� � �

� �

�




������	

�

�

� ��� ����� ��� (3.4)

andby cancelingthedistanceandradiusdependencesin the 
 � terms,thebolometric
correctionequationbecomes

�

�

� �

�

��
 � �


��

��� ���

� ��� �����

�

���
	

	

�


��

� �

�

��
����


��

� 


�
����	

�

�

� ��� �����




�

�

�

�

��� ������	

�

�

�

�

�

(3.5)
where� � is theEddington�ux from themodelatmosphere.

Usingthemeasured�ux of Vegafrom Hayes(1985), �

�

� � �

� �

�

�

, � ������	 �

��� �


 ,
�

�

�

� �

�����

� , and 


�

� 	

�


 �
	

�

	

�

�

erg/cm
�

/s (Bessellet al., 1998),this equation
reducesto

�

�

� �

�

��
 � �



�

�
�
���

� ��� �����

�

���
	

	

�


��

�

�

�

� �

���

(3.6)

Thebolometricmagnitudeof amodelWD is simply

�

�����

� � �

�

��
 � ���

�

�

�

�

�

�����

� (3.7)

where
�

�

���

�

�

	

	

�


 �

,
�

�

� 


�

� � �

�
�

	

�����

erg/s, and �

�

�����

�

� �

�

�

(Bessellet al.,
1998).

�

is theWD radiusfrom thecoolingmodels.From �

����� , � � is determined
via Eq.3.1.

A color index � ��� is determinedfrom theequation

� ��� ��� �

�

��
�� �



�

�
�

� �

�

��� �����



�

���
�����

��� �����

�

�

�

�

�

� (3.8)

where
�

�

�

� is determinedfrom the Vega �ux es of Hayes(1985). For this work,
� � � � � ������	 =-0.005and � � � � � ������	 =-0.003,valuesassumedby Kurucz(Kurucz,
1979)astheindicesof Vega.It is notedthatseveraldifferentobservedvaluesof these
indiceshavebeenused(e.g.Castelli1999),all within 0.007magof theadoptedvalues.
Any changein the adoptedcolor indicesfor Vegaareadditive to the calculatedWD
indices.

The Koestersyntheticspectraare tabulatedfor �

� � � ���

� 	 
�� � 	

� � � ���

and
�
� �

� 
���� � � �

���

. The provided spectraonly containdatafrom 3300	A
�

�

�

8000	A, whereasthe � -band�lter responsecontinuesto � 3000	A. Therefore,the � -
bandintegralsarenotevaluatedbluewardof 3300	A. Theneteffectof this shouldbea
smallunderestimateof the � -bandmagnitudemostnoticeablefor thehottestWDs.
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Photometricindiceswerecalculatedfor eachprovidedsyntheticspectrum.To ob-
tain theevolutionarysequencesof photometricindicesfor WDs of constantmass,the
surfacegravity for eachWD massat eachtabulated 	 
 � was interpolatedfrom the
W95 models.A two-dimensionalsplineinterpolation(Presset al., 1992)in 	 
�� and


 � ��� wasthenusedto determinethephotometricindices,which arepresentedin Ta-
bles3.1-3.7.

Thesephotometricindicescanbecomparedwith thoseof Bergeronet al. (Berg-
eronet al., 1995b). Figure3.1 comparesthe resultsin the � � � color-magnitude
diagram(CMD). The new calculationsmatchwell with the previously publishedre-
sults.For a given 	�
�� , theBergeronet al. (1995b) � � � areabout0.01magsbluer;
this is dueto differencesin theassumedvaluesfor �

� and �

�

� . Figure3.2compares
thetwo setsof indicesin the ��� ��� � ��� color-color plane.Heresigni�cant (0.04
mag)differencesareseenbetweentheBergeronet al. (1995b)indicesandthesecal-
culationsamongthe hotterWDs, with the currentindicesbeingredder. This could
bedueto theeffect of not integratingthe � -band�ux esbluewardof 3300	A. Also, as
mentionedin thediscussionin Finley et al. (1997),differencesbetweentheBergeron
modelsandKoestermodelsareapparentfor thehotteststars,thoughthe reasonsfor
thesedifferencesareuncertain.

3.2 Main-sequencemodels

For theclustersin thissample,theagesanddistancesaredeterminedby isochrone
�tting. The derived distancesand agesfor the clustersvary dependingupon the
isochroneinput physics.This implies that thederived initial-�nal massrelationwill
alsovarydependingon theisochronesused.For this work, thetheoreticalisochrones
of Girardi et al. (2002)areused.The �

�

isochrones(Yi et al., 2001)do not include
the uppermain sequencefor youngclusters( � � � �

� ), andso arenot useful in
studyingprogenitorswith massesin this interestingrange.

TheGirardietal. (2002)isochronesarecalculatedwith moderateconvectiveover-
shootingandarangeof metallicities.Thereis alsoasetof solar-metallicity isochrones
with no convective overshoot.For mostof the sampleclusters,the metallicitiesare
poorlydeterminedor controversial.Therefore,for eachWD, theprogenitormasswill
be determinedusing stellar evolutionary modelsfor a rangeof metallicities( � �

�
� � �

� �

�����

	 � �

��� �


 ) andfor thesolar-metallicity modelswithout convectiveovershoot.
The rangeof initial massesthusderived will give someinsight into the systematics
introducedby assumptionsin themetallicityandconvectionphysics.
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3.3 Observations

Imagingof several openclusterswasobtainedover two runstotaling � ve nights
usingthePrimeFocusCamera(PFCam)onthe3-metertelescopeatLick Observatory.
PFCamprovidesa 	

�

	

�

	

�

	

�eld-of-view and
�

.
	 	

�

� �

pixelsusingaSITe �

� �

�

�

�

� �

�

thinnedCCD. Imageswerebinned �

�

� on-chip.During theSeptember21-232001
(UT) observingrun,seeingwasexcellentfor Lick Observatory, averagingaround

�

.
	 	

�

in all bands.This resultedin moderatelyundersampledimagesof point sources.The
weatherwasphotometriconly for thesecondnight,with high thin cirruson theother
nights.During this run, thePFCamshuttertiming wasunreliable,with randomerrors
in exposuretimesestimatedat �

�
�

� seconds.Fieldsin eachclusterweretiled to cover
aslargeof anareaof theclusteraspossible.

A secondPFCamrunonSept.7-8,2002obtainedadditionalimages.Weatherwas
photometricboth nights. Seeingwas � �

	 	

on the �rst night, andsteadilyimproved
duringthesecondnight from �

	 	

to � 	

	 	

.
Dueto theshuttererrors,weather, andsaturationof thebrighteststarsontheshort-

estimages,several�elds in eachclusterwereimagedascalibrationsusingtheNickel
Imageron the1-meterNickel telescopeatLick Observatoryduringaphotometricob-
servingrunonJuly6-82002.Theimagerhasa �eld of view of �

�

	

�
�

	

usinganLL
thinned �

� �

�

�

�

� �

� CCD with
�

.
	 	

	 � pixels. Imageswerebinned �

�

� , andseeing
washighly variable,rangingfrom 	 .

	 	

� to �

�

	 	

. The�elds werechosento includethe
brightestclusterstars.

As the clustersIC 4665,NGC 6633,andNGC 1039(M34) have too large of an
angularextent to tile completelywith PFCam,� � imagesof theseclustersfrom the
CFHT CFH12K archive were obtained. The observationsof theseclustersare de-
scribedin Kalirai et al. (2001a).

Observinglogsfor theclusterspresentedin this paperarelistedin Table3.8. The
imaged�elds areindicatedin Figs.3.3-3.7. Figs.3.8 and3.9 show compositecolor
imagesof thePFCam�elds in NGC2168andNGC7063,respectively.

3.4 Imagereductionand photometric analysis

ImageswerereducedusingtheImageReductionandAnalysisFacility (IRAF) in
standardfashion.Biaslevelsweredeterminedfor eachframeusinga third-orderLeg-
endrepolynomial�t to theimageoverscanandweresubtracted.Imagesof thetwilight
sky wereusedto constructa �at �eld in eachband. Programframeswerecorrected
for ef�ciency variationsonall spatialscalesby dividing themby theappropriate,nor-
malized�at �eld image. Multiple imagesof the sameprogram�eld with the same
exposuretime wereregisteredandwerecombinedby rejectingthehighestpixel and
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averagingtheremainingvalues.
Photometrywasobtainedfor thePFCamandCFHT imagesusingthePSF-�tting

routinesof DAOPHOT II (Stetson,1992). DAOPHOT determinesthe point-spread
function (PSF)by �tting an analyticfunction andan empirically-determinedlookup
tableto selectedPSFstars. For these�elds, the PSFwasdeterminedseparatelyfor
eachframe,andwaspermittedto vary quadraticallyacrossthe frame. The analytic
functionwasselectedby selectingthefunctionalform which minimizedthe �

�

�ts of
thePSFstarsto themodelPSF.

As thestellar�elds arecrowded,ALLSTAR wasusedto redeterminephotometry
andsubtractdetectedstarsfrom eachframe. A seconddetectionandphotometryrun
wasthenusedto detectandanalyzeany previously-hiddenstars.

Thegoodness-of-�tfor thePSFis givenby theDAOPHOT output � , which is the
observed pixel-to-pixel scatterdivided by pixel-to-pixel scatterexpectedfrom Pois-
sonnoisefrom theobject�ux andthemeasuredbackgroundnoise. In theory, points
sourcesshouldexhibit a scatterabout � � 	

� �

, andextendedobjectsshouldhave rel-
atively high � values.In thesedata,the � valuefor point sourcesincreasesfor bright
objects,dueeitherto animperfectPSFor anerror in theinput CCD gain. In orderto
separateout non-pointsourcesfrom thesample,a fourth-orderpolynomialwas�t to
andsubtractedfrom thechi valuesin eachcluster. A � -cut wasthenmadeto remove
thosepointswith highly-discrepantresiduals.

TheresultantPFCamphotometryrevealsa substantialnon-linearityin theimages
from theSept.2001observingrun. Fig. 3.10comparesthe(instrumental)magnitudes
obtainedfrom NGC 7063in a 30-secondB-bandexposurewith thoseobtainedin a
120-secondexposure.For a linearCCDresponse,theplot shouldshow ascatterabout
a constantvalue(zeroin this case).For theseimages,a trendin themagnitudeoffset
with magnitudeis observed, indicatinga non-linearCCD response.This trendhas
only a weakspatialdependence,indicating that shutterproblemsare not the cause
of thenon-linearity. The imageheadersindicatenothingunusual,suchasvoltageor
temperature�uctuations. The non-linearityis observed in all framesexcept for the
imagesof NGC 2168. Analysisof the unprocessedframesalsocontainedthe non-
linearity, indicatingthat imageprocessingwasnot the cause.Subsequenttestingof
PFCamhasfailedto detectany non-linearityin theCCD response.

Theonly datafor thisdissertationaffectedby thenon-linearityweretheNGC7063
images.Therefore,the2002NGC 7063datawerecomparedwith thoseof 2001,and
a linearfunctionwas�t to themagnitudedifferencesto compensatefor thenon-linear
response.

TheCFHT imagespresentedsomeminor challenges.Flat �elds takenduring the
sameobservingrun were taken in areasof high stellar background,and it wasnot
possibleto create�at �elds freeof featuresdueto residualstars.Therefore,�at �elds
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wereconstructedfrom archived �at �elds from a subsequentCFH12Karchived run.
Also, sinceonly onelong exposurewastaken in eachframe,the inter-chip gapsand
cosmicraysremain,thenetresultof whichwasnumerousspurioussourcedetections.
One chip in the CFH12K mosaiccontainedsuf�cient bad columnsthat it was not
possibleto obtainusefulphotometryfrom thatchip; therefore,dataon thatchip were
ignored.

3.4.1 Calibrations

Becauseof the shuttertiming errorsand non-photometricweatherexperienced
during the PFCamruns,andbecausethe photometricquality of the archival CFHT
datais unstated,it wasnecessaryto establishlocal calibratorstarsfor eachcluster.

TheNickel imageswereusedfor thispurpose.After beingreducedasstatedabove,
photometrywasobtainedusingthe aperturephotometryroutinesof DAOPHOT. For
eachframe,instrumentalmagnitudesandaperturecorrectionsweredetermined.Im-
agesof several Landolt standard�elds (Landolt, 1992) were usedto establishthe
photometriccalibrationcoef�cients in Eqns.3.9-3.11.Each�eld wasthencalibrated
usingtheequations
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���

�

� � ��� �

���
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where �

�

�

�

	 arethe instrumentalmagnitudes,� � � ��� arethestandard-systemmag-
nitudes,� is theairmass,	 is thetime,and

�

�

� � �

�

� arethecoef�cients to bedeter-
mined.Thecoef�cients weredeterminedvia least-squares�tting.

Color termsweredetermined�rst by permittingthezeropointsto varyfrom frame
to frameandsolvingtheequations.Thecolor termswerethen�x ed,andeachnight's
frameswerereducedseparatelyto obtainzeropoints,airmassterms,andtime vari-
ance. �

� and
�

� werefound to be nearzero,andthe inclusionof thesetermsin the
�t increasedtheerrorsin theotherterms,so �

� and
�

� weresetequalto zerofor the
�nal determination.Thevaluesfrom the�nal �t aregivenin Tab. 3.9.

� -bandcalibrationsfor 2002July 6 & 7 have largeerrorsin absolutezero-points
dueto a lack of well-measured� -bandstandardsin theobservedstandard�elds SA
110 andSA 112. On 2002July 8, PG 1633wasusedasthe primary standard�eld,
resultingin muchtighter � -bandsolutions.For this reason,� -banddatafor the �rst
two nightswereshiftedto producethetightestpossiblemainsequencesin theprogram
clusterson acluster-by-clusterbasis.

Thecalibrationswerethenappliedto theNickel observationsof opencluster�elds
tobringtheobservedclusterstarsontothestandardsystem.Thesestarswerethenused
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aslocalcalibrationstarstocalibratethePFCamandCFHTimagesbysolvingmodi�ed
versionsof Eqns.3.9 includingonly thezeropoint andcolor terms.Zeropointswere
allowed to �oat from frameto frame. The color termsfor PFCamandCFH12Kare
givenin Tab. 3.9.

As no Nickel imageswere obtainedfor NGC 2168, the photometryof Sung&
Bessell(1999)wasusedto calibratethe PFCamimagesof this cluster. The PFCam
color termsdeterminedfrom this calibrationagreedwith thosedeterminedfrom the
Nickel-calibrated�elds.

3.4.2 Distances,reddeningand ages

Determinationof theinitial-�nal massrelationand � � requiresknowledgeof the
clusterage,distance,and reddening,quantitieswhich areoften poorly determined.
An ultimategoalof this researchis to obtaindistance,reddening,andageinformation
from theNickel photometryof theuppermainsequencestars.Thatwork hasnot yet
beencompleted,soit is necessaryto usethebestavailablepublishednumbers.

NGC1039(M34). — Accordingto Diasetal. (2002),M34 hasadistancemodulus
�

�

� � �

�

� �

�

�

�

, � � � � � � �

�����

�

�

, anda logarithmicageof 8.249. Jones&
Prosser(1996)�nd adistancemodulusof �

�

� � �

�

� �

�


 � , � � � � � ���

�����

�

�

, and
a logarithmicageof between8.30and8.40.

NGC2168.— Sung& Bessel(1999)presentedCCD observationsof this cluster
anddetermined�

�

� � �

�

�

���
�

��� ���

	

�

, � � � � � ���

�
�

� � �

� �����

�

�

, andlogarithmic
ageof �

�




� ���


 , aswell asa binaryfractionof 35%.Themetallicity wasdetermined
to be fairly sub-solar, with � �

�
� � �

� . Datafrom the WIYN OpenClusterSurvey
indicate �

�

� � �

�

�

���

� � , � � � � � � �

���

� and logarithmic ageof 8.15 (von
Hippel et al., 2002), while the compilationof databy Dias et al. (2002) suggests

�

�

� � �

�

�

���

�

�

, � � � � ��� �

���

�

�

� , andlogarithmicageof 7.98. The PFCam
photometrydataarenoisyon theupper-mainsequence,andNickel datahave not yet
beenreduced. Fig. 3.11 shows the color magnitudediagramsfor isochroneswith
Z=0.008andZ=0.019.While far from conclusive,thesedatasuggestthat �

�

� � �

�

�

�
�

� , � � � � � � �

���

� � � , andanageof � �

���

. Neithermetallicityproducessatisfactory
resultsin eitherCMD, suggestingthemetallicity is intermediateto thesetwo values.

IC 4665. — No usefulNickel imageswereobtainedfor IC 4665,so the upper
mainsequenceof Prosser(1993)wasusedto determineage,reddening,anddistance.
Dias et al. (2002)claim �

�

� � �

�

� �

�

� 
 , � � � � � � �

���

	 �

�

anda logarithmic
ageof 7.634. The Prosserdataareplottedwith solar-metallicity isochronesof this
distanceandreddeningin Fig.3.12,andthedataappearto agreewith themodels.The
ageis dif�cult to determineaccurately, but the brighteststarssuggestan ageof less
than7.80.
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NGC 6633. — For NGC 6633,the distanceandreddeningwerecarefullydeter-
minedby Jeffriesetal. (2002)to be �

�

� � �

�

� �

���

	

� ��� � �

and � � � � � � �

���

	 � �

�

�
� �

	 	 .1 Themetallicityof NGC6633wasalsofoundto be �

5

���

7��

� �

����� � � � �����

��	 ,
or slightly sub-solar.

Figure3.13shows the upper-main sequenceregion of NGC 6633. Indicatedare
all starsdetectedin the Nickel photometryaswell asthosestarsfound to be proper
motionmembersby Sanders(1973). Also indicatedarefour brighterpropermotion
membersstarswithout Nickel photometricmeasurementsdueto saturation.Two of
theseobjectsappearto bepotentialbluestragglers(SAN 194andSAN 258),andthe
othertwo areevolvedmembers.Theageof NGC6633is estimatedthroughtheuseof
Girardietal. (2002)solar-metallicity isochronesto be 
���� ����� � � � �

� �

� �

� �
� �

� � . This
is signi�cantly lower thanthepreviously-publishedvalueof 8.82publishedby Janes,
Tilley, & Lyng	a(1988)but olderthanthe8.629quotedby Diasetal. (2002).

NGC 7063. — Little work hasbeendoneon this cluster. The valuesfor the
age,distance,andreddeningquotedin Dias et al. (2002)are �

�

� � �

�

�

���

	

�

	 ,
� � � � � � �

�
� � �

	 , and logarithmic ageof 7.977. Figure 3.14 shows the upper
mainsequenceof NGC 7063. Propermotionmembersclustermembers(Diaset al.,
2002; Glushkova & Uglova, 1997)areindicated,asaresolar-metallicity isochrones
for agesof 8.0and8.15. While sparse,thedatasuggestthat theclusterhasanageof

�

�

	 �

� �
� �

� .

3.4.3 Candidate White Dwarf Selection

Thepreferredmethodto �nd WDs would beto selectall objectswith photometry
within � 


	

of theWD coolingsequence.This methodsuffersfrom theshortcoming
thatany systematicerrors,suchasincorrectdistancemodulus,reddening,modeler-
rors,etc.,couldresultin therejectionof clusterwhitedwarfsfrom thesample.For this
reason,candidateWDs wereselectedby their locationin large regionsof the color-
colorplane(if � � � dataareavailable)or locationin thecolor-magnitudediagram(if
only � � dataareavailable).

Thecandidatesin M34 wereselectedfrom as-yetuncalibratedCMDsderivedfrom
aperturephotometryof the M34 �elds just prior to a spectroscopicobservation run.
Furtherphotometricanalysisof M34 hasyet to becompleted.

The resultingphotometryfor NGC 2168,IC 4665,NGC 6633andNGC 7063is
presentedin Figs. 3.15-3.20. Heavy contaminationfrom galacticdisk �eld starsis
apparentin eachdiagram.Thewhite dwarf candidatesfor eachclusterarepresented
in Tabs.3.10-3.14.

�

Quotedvaluesarefor the“long” Pleiadesmodulusof 5.60andassumea color-independentcolor
excess.
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Table3.1: Calculatedphotometricindicesfor
�
���

�

� W95
whitedwarf coolingmodel.

	 
�� log (age) 
������ �����

+ B.C. � � � � � � ���

50000 5.569 7.122 3.076 -4.500 7.576 -0.278 -1.183
45000 5.922 7.194 3.714 -4.150 7.864 -0.269 -1.171
40000 6.274 7.266 4.406 -3.774 8.181 -0.255 -1.154
35000 6.595 7.336 5.160 -3.383 8.543 -0.234 -1.125
30000 6.887 7.399 5.988 -3.012 8.999 -0.194 -1.063
28000 7.006 7.424 6.348 -2.860 9.208 -0.172 -1.025
26000 7.128 7.447 6.729 -2.688 9.417 -0.147 -0.984
24000 7.256 7.470 7.134 -2.487 9.621 -0.121 -0.941
22000 7.398 7.492 7.567 -2.261 9.828 -0.092 -0.892
20000 7.559 7.513 8.034 -2.010 10.043 -0.058 -0.833
19000 7.647 7.524 8.282 -1.873 10.155 -0.039 -0.799
18000 7.742 7.534 8.543 -1.729 10.272 -0.018 -0.762
17000 7.845 7.544 8.817 -1.576 10.394 0.006 -0.721
16000 7.953 7.555 9.107 -1.415 10.522 0.033 -0.676
15000 8.060 7.564 9.410 -1.244 10.655 0.065 -0.629
14000 8.165 7.573 9.732 -1.065 10.797 0.101 -0.583
13000 8.271 7.582 10.075 -0.880 10.955 0.141 -0.541
12000 8.378 7.590 10.444 -0.684 11.129 0.176 -0.517
11000 8.487 7.599 10.843 -0.477 11.320 0.201 -0.513
10000 8.599 7.607 11.277 -0.349 11.626 0.225 -0.529

21



Table3.2: Calculatedphotometricindicesfor
�
�

� �

� W95
whitedwarf coolingmodel.

	 
�� log (age) 
������ �����

+ B.C. � � � � � � ���

50000 6.081 7.531 3.857 -4.504 8.361 -0.274 -1.187
45000 6.283 7.575 4.423 -4.153 8.575 -0.264 -1.175
40000 6.476 7.615 5.036 -3.775 8.810 -0.250 -1.159
35000 6.678 7.653 5.711 -3.380 9.092 -0.228 -1.131
30000 6.919 7.691 6.474 -3.005 9.479 -0.187 -1.072
28000 7.031 7.705 6.810 -2.853 9.663 -0.163 -1.036
26000 7.157 7.719 7.167 -2.680 9.847 -0.137 -0.997
24000 7.302 7.733 7.548 -2.479 10.027 -0.110 -0.954
22000 7.477 7.746 7.959 -2.254 10.213 -0.080 -0.906
20000 7.673 7.759 8.405 -2.003 10.408 -0.045 -0.848
19000 7.776 7.765 8.644 -1.866 10.511 -0.026 -0.816
18000 7.881 7.772 8.895 -1.722 10.617 -0.004 -0.780
17000 7.983 7.778 9.159 -1.570 10.729 0.021 -0.740
16000 8.084 7.784 9.437 -1.408 10.845 0.050 -0.699
15000 8.182 7.790 9.732 -1.238 10.970 0.082 -0.654
14000 8.280 7.795 10.046 -1.060 11.106 0.119 -0.612
13000 8.380 7.801 10.383 -0.875 11.258 0.157 -0.578
12000 8.480 7.807 10.744 -0.672 11.417 0.185 -0.561
11000 8.583 7.813 11.136 -0.477 11.614 0.208 -0.555
10000 8.692 7.818 11.564 -0.358 11.922 0.228 -0.567
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Table3.3: Calculatedphotometricindicesfor
�
� �

�

� W95
whitedwarf coolingmodel.

	 
�� log (age) 
������ �����

+ B.C. � � � � � � ���

50000 6.343 7.801 4.334 -4.506 8.840 -0.271 -1.190
45000 6.452 7.830 4.863 -4.154 9.017 -0.261 -1.179
40000 6.581 7.857 5.442 -3.774 9.217 -0.247 -1.163
35000 6.755 7.884 6.090 -3.378 9.468 -0.224 -1.136
30000 6.992 7.909 6.822 -2.999 9.822 -0.182 -1.080
28000 7.118 7.918 7.145 -2.847 9.992 -0.157 -1.045
26000 7.272 7.928 7.490 -2.675 10.165 -0.130 -1.006
24000 7.457 7.937 7.861 -2.473 10.334 -0.102 -0.965
22000 7.653 7.946 8.261 -2.248 10.510 -0.071 -0.917
20000 7.853 7.956 8.700 -1.997 10.696 -0.035 -0.861
19000 7.947 7.960 8.934 -1.861 10.794 -0.015 -0.829
18000 8.039 7.965 9.180 -1.717 10.896 0.008 -0.794
17000 8.128 7.969 9.438 -1.564 11.003 0.034 -0.757
16000 8.216 7.973 9.712 -1.403 11.115 0.064 -0.716
15000 8.304 7.977 10.003 -1.234 11.237 0.097 -0.675
14000 8.393 7.982 10.314 -1.056 11.370 0.133 -0.638
13000 8.484 7.986 10.646 -0.870 11.516 0.166 -0.612
12000 8.577 7.990 11.004 -0.661 11.665 0.191 -0.598
11000 8.676 7.994 11.392 -0.479 11.871 0.211 -0.589
10000 8.783 7.999 11.817 -0.366 12.182 0.230 -0.598
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Table3.4: Calculatedphotometricindicesfor
�
�

� �

� W95
whitedwarf coolingmodel.

	 
�� log (age) 
������ �����

+ B.C. � � � � � � ���

50000 6.272 8.016 4.704 -4.507 9.211 -0.269 -1.192
45000 6.385 8.036 5.212 -4.154 9.366 -0.259 -1.181
40000 6.549 8.057 5.774 -3.774 9.548 -0.244 -1.166
35000 6.767 8.077 6.404 -3.376 9.780 -0.221 -1.140
30000 7.083 8.093 7.116 -2.994 10.110 -0.177 -1.087
28000 7.262 8.101 7.433 -2.842 10.275 -0.152 -1.053
26000 7.460 8.107 7.772 -2.670 10.441 -0.124 -1.015
24000 7.654 8.114 8.137 -2.468 10.605 -0.096 -0.974
22000 7.838 8.122 8.534 -2.243 10.777 -0.063 -0.928
20000 8.006 8.129 8.965 -1.992 10.957 -0.026 -0.873
19000 8.086 8.132 9.196 -1.855 11.051 -0.005 -0.842
18000 8.164 8.135 9.439 -1.711 11.150 0.019 -0.808
17000 8.243 8.139 9.695 -1.559 11.254 0.046 -0.772
16000 8.323 8.142 9.967 -1.398 11.365 0.076 -0.733
15000 8.404 8.145 10.255 -1.229 11.485 0.110 -0.696
14000 8.486 8.148 10.563 -1.052 11.615 0.144 -0.664
13000 8.573 8.152 10.893 -0.864 11.756 0.173 -0.643
12000 8.665 8.155 11.248 -0.650 11.898 0.194 -0.629
11000 8.764 8.158 11.634 -0.481 12.115 0.214 -0.617
10000 8.873 8.161 12.056 -0.373 12.429 0.230 -0.623
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Table3.5: Calculatedphotometricindicesfor
�
�

� �

� W95
whitedwarf coolingmodel.

	 
�� log (age) 
������ �����

+ B.C. � � � � � � ���

50000 6.226 8.204 5.028 -4.508 9.536 -0.267 -1.194
45000 6.382 8.219 5.524 -4.155 9.679 -0.257 -1.183
40000 6.585 8.235 6.075 -3.774 9.848 -0.242 -1.169
35000 6.879 8.249 6.689 -3.374 10.064 -0.218 -1.144
30000 7.336 8.262 7.392 -2.990 10.382 -0.173 -1.093
28000 7.524 8.268 7.705 -2.837 10.542 -0.147 -1.060
26000 7.695 8.273 8.041 -2.665 10.705 -0.119 -1.023
24000 7.854 8.279 8.404 -2.463 10.867 -0.089 -0.984
22000 8.000 8.285 8.796 -2.238 11.034 -0.056 -0.938
20000 8.139 8.290 9.222 -1.987 11.209 -0.018 -0.885
19000 8.209 8.292 9.452 -1.850 11.302 0.004 -0.855
18000 8.280 8.295 9.693 -1.706 11.399 0.029 -0.822
17000 8.352 8.298 9.947 -1.554 11.502 0.057 -0.787
16000 8.427 8.300 10.217 -1.394 11.611 0.087 -0.751
15000 8.504 8.303 10.504 -1.225 11.729 0.121 -0.717
14000 8.585 8.305 10.810 -1.048 11.858 0.152 -0.690
13000 8.671 8.308 11.138 -0.855 11.993 0.177 -0.672
12000 8.763 8.310 11.492 -0.643 12.135 0.197 -0.658
11000 8.863 8.313 11.876 -0.484 12.360 0.216 -0.643
10000 8.972 8.315 12.297 -0.380 12.677 0.230 -0.645
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Table3.6: Calculatedphotometricindicesfor
�
� �

�

� W95
whitedwarf coolingmodel.

	 
�� log (age) 
������ �����

+ B.C. � � � � � � ���

50000 6.231 8.379 5.339 -4.509 9.848 -0.266 -1.195
45000 6.436 8.392 5.827 -4.155 9.982 -0.255 -1.186
40000 6.737 8.403 6.368 -3.773 10.141 -0.240 -1.171
35000 7.192 8.414 6.975 -3.372 10.348 -0.216 -1.148
30000 7.611 8.425 7.672 -2.985 10.657 -0.170 -1.099
28000 7.752 8.430 7.983 -2.832 10.814 -0.143 -1.067
26000 7.884 8.435 8.317 -2.660 10.977 -0.114 -1.031
24000 8.009 8.439 8.675 -2.458 11.133 -0.083 -0.993
22000 8.132 8.443 9.064 -2.233 11.297 -0.049 -0.949
20000 8.258 8.447 9.488 -1.982 11.469 -0.009 -0.897
19000 8.323 8.449 9.716 -1.845 11.561 0.013 -0.867
18000 8.390 8.451 9.956 -1.702 11.657 0.039 -0.836
17000 8.460 8.453 10.209 -1.550 11.759 0.067 -0.802
16000 8.532 8.455 10.477 -1.390 11.867 0.098 -0.768
15000 8.608 8.457 10.763 -1.222 11.985 0.129 -0.739
14000 8.688 8.459 11.068 -1.044 12.112 0.157 -0.717
13000 8.773 8.462 11.395 -0.844 12.238 0.179 -0.700
12000 8.865 8.463 11.747 -0.640 12.387 0.198 -0.684
11000 8.997 8.465 12.130 -0.487 12.617 0.216 -0.666
10000 9.141 8.468 12.550 -0.387 12.937 0.229 -0.665

26



Table3.7: Calculatedphotometricindicesfor 	

� �

�

� W95
whitedwarf coolingmodel.

	 
�� log (age) 
������ �����

+ B.C. � � � � � � ���

50000 6.314 8.554 5.662 -4.510 10.172 -0.265 -1.197
45000 6.705 8.564 6.144 -4.155 10.299 -0.253 -1.188
40000 7.173 8.573 6.679 -3.773 10.451 -0.238 -1.174
35000 7.533 8.582 7.281 -3.371 10.652 -0.213 -1.152
30000 7.822 8.591 7.973 -2.981 10.954 -0.167 -1.105
28000 7.931 8.595 8.282 -2.827 11.109 -0.139 -1.075
26000 8.039 8.598 8.612 -2.654 11.266 -0.109 -1.040
24000 8.148 8.602 8.968 -2.452 11.421 -0.077 -1.002
22000 8.261 8.605 9.355 -2.228 11.582 -0.042 -0.959
20000 8.380 8.609 9.777 -1.976 11.754 -0.001 -0.909
19000 8.442 8.610 10.004 -1.840 11.844 0.022 -0.880
18000 8.506 8.612 10.243 -1.697 11.940 0.048 -0.850
17000 8.573 8.613 10.495 -1.545 12.040 0.077 -0.818
16000 8.643 8.615 10.763 -1.385 12.148 0.107 -0.787
15000 8.717 8.617 11.047 -1.217 12.264 0.136 -0.762
14000 8.817 8.619 11.351 -1.036 12.387 0.160 -0.743
13000 8.929 8.620 11.676 -0.832 12.508 0.180 -0.727
12000 9.039 8.622 12.028 -0.639 12.667 0.199 -0.708
11000 9.148 8.623 12.410 -0.491 12.901 0.216 -0.688
10000 9.255 8.625 12.829 -0.394 13.223 0.228 -0.684
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Table3.8: Observinglog for imagingdatapresentedherein

Date Instrument Cluster Field RA Dec Filter Exposure
(UT) (J2000) (J2000) (s)
2001Sept21 PFCam NGC7063 P1 21:24:30 +36:30

�

��� ��

�

�

�

�� �

� �

��� ��

�

�

�

�� �

2001Sept22 PFCam NGC2168 P1 6:08:46 +24:16

�

�
�

��

�

�

�

�� �

� �

��� ��

�

�

�

�� �

P2 6:09:23 +24:24
�

��� ��

�

�

�

�� �

� �

��� ��

�

�

�

�� �

2002July 6 Nickel NGC6633 N1 18:26:54 +06:24

�

�
�

	

�

��

�

�� �

� �


�
�

	

�

��

N2 18:27:13 +06:32

�

�
�

	

�

��

�

�� �

� �


�
�

	

�

��

NGC7063 N1 21:24:31 +36:31

�

�
�

	

�

��

�

�� �

� �


�
�

	

�

��

N2 21:10:99 +36:25

�

�
�

	

�

��

�

�� �

� �


�
�

	

�

��

2002July 7 Nickel NGC7063 N3 21:24:42 +36:27

�

	

�

��

�

�� �

� �


�
�

	

�

��

2002July 8 Nickel NGC6633 N3 18:27:36 +06:35

�

�
�

	

�

��

�

�� �

� �


�
�

	

�

��

N4 18:26:47 +06:32

�

	

�

��

�

�� �

� �


�
�

	

�

��

N5 18:28:06 +06:37

�

	

�

��

�

�� �

� �


�
�

	

�

��

�

PFCam= Lick ObservatoryPrimeFocusCamera;Nickel = Lick ObservatoryNickel
Camera;CFHT = CFHTCFH12KMosaicCameraArchive
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Table3.8: (cont.)

Date Instrument Cluster Field RA Dec Filter Exposure
(UT) (J2000) (J2000) (s)

2002Sept 7 PFCam NGC7063 P1 21:24:30 +36:30

�

	

�

��

�

�� �

�

�

�

�� �

�

	

�

��

�

�

�

�

�
�

�

	

�

��

�

�

�

�� �

1999Oct 16 CFHT NGC6633 C1 18:27:44 +06:34

� �

� �

�

	 �

�

�� �

NGC1039 C1 2:42:01 +42:47

� �

� �

�

	 �

�

�� �

1999Oct 17 CFHT IC 4665 C1 17:46:15 +05:43
� �

� �

�

	 �

�

�� �

�

PFCam= Lick ObservatoryPrimeFocusCamera;Nickel = Lick ObservatoryNickel
Camera;CFHT = CFHTCFH12KMosaicCameraArchive
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Table3.9: Adoptedcalibrationsfor photometry.

Instrument Date Filter Zero Color Airmass Time
(UT) Point Term Term

Nickel 2002Jul6

�

��� � � � � �

�

� � �

�

�

�

� �� � � �

�

� � � � �

�

�

� �� � �

�

� ��

�

�

�

� �

�

� � �

�

� � �

�

�

�

�

�

� �

� � �

�

� � �

�

�

�

�

� � �

�

� �

�

� � � � �

�

� � �

�

� �

�

� �

� �

� � �

�

�

�

�� 	� � �

�

� � 	 � �

�

� 	 �

�

� �

�

� � � � �

�

� � �� � �

�

� � 	 �

� � �

2002Jul7

�

�
�

� � �� � �

�

� 	 �

�

�

�

�

� �� � � �

�

� � � � �

�

�

�

�

�

� �

�

� �

�

�

�

�

�

� �

�

	 � �

�

� � 	 �

�

�

�

� � � � � �

�

� � 	�

�

�

�

� � �

�

� �

�

� � � � �

�

� 	 	

�

� �

�

� �

� �

� � �

�

�

�

� 	 �

�

� �

�

� � �

�

�

�

� 	 �

�

� �

�

� � � � �

�

�

�

� � � �

�

� � �

�

� � �

2002Jul8

�

�
�

� �� � � �

�

� � � �

�

�

�

� �� � � �

�

� � � � �

�

	 � �� � �

�

� �� � �

�

� � 	 	 � �

�

� � ��

�

�

�

	

�

� 	 � �

�

� � �

�

�

�

�

� � �

�

� �

�

� � � � �

�

�

�

� � � �

�

� � � �

� � �

�

�

�

�� � � � �

�

� � �

�

�

�

� 	 �

�

� �

�

� � � � �

�

�

�

	 � � �

�

� �

�

�

� � �

PFCam all

�

� � �

�

�

�

� � 	

�

� �

�

� � � 	

� � � � � �

�

� � �

�

�

�

�

� �� � � �

�

� � 	�

� � � � � �

�

� � �

� �

�

�

�

� � � �

�

� �

� �

� � � � � �

CFH21K all

�

� � �

�

�

�

� 	

�

�

� � � � � �

�

� � �

�

�

�

�

� �

�

� � �

�

� � ��

� � � � � �

�

Dueto theuseof localcalibrators,zeropointsvary from frameto frame.

�

Takenfrom CFH12Kwebsite,http://www.cfht.hawaii.edu/In stru ments /Ima ging/ CFH12K/
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Table3.10:Whitedwarf candidatesin NGC 1039(M34)

Candidate OtherID RA(2000) Dec(2000) � ����� � ���

WB 2 LB 3569 2:41:05.9 42:48:14.4 18.97	 0.90	 -0.38	

WB 3 ����� 2:43:00.0 42:48:13.5 �����

�

�����

�

�����

�

	 FromAnthony-Twarog(1981)
�

Currentlyonly uncalibratedphotometryavailable
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Table3.11:Whitedwarf candidatesin NGC2168

Candidate OtherID RA(2000) Dec(2000)

�

�

� �

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

WB 1 RA 2168-1 6:08:38.8 +24:15:06 20.924 0.047 0.029 0.067 -0.853 0.069
WB 2 � � � 6:08:42.4 +24:10:15 21.527 0.058 0.253 0.107 -0.973 0.115
WB 3 � � � 6:09:04.9 +24:21:38 20.561 0.098 0.042 0.132 -0.922 0.102
WB 4 RA 2168-2 6:09:05.8 +24:12:11 20.950 0.059 0.268 0.077 -0.665 0.071
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Table3.12:Whitedwarf candidatesin IC 4665

Candidate RA(2000) Dec(2000) �

�

� �����

�

� � �����

WB 1 17:46:21.4 +05:44:30.0 18.203 0.134 0.112 0.147
WB 3 17:47:05.6 +05:45:51.3 19.517 0.020 0.310 0.029
WB 4 17:47:35.7 +05:37:09.7 19.766 0.021 0.407 0.032
WB 6 17:45:25.8 +05:53:28.6 20.149 0.022 0.160 0.033
WB 14 17:46:38.2 +05:50:22.6 18.309 0.019 0.154 0.027
WB 15 17:47:08.5 +05:38:13.8 18.413 0.041 0.360 0.078
WB 16 17:46:30.1 +05:40:38.8 18.704 0.019 0.405 0.027
WB 17 17:46:48.3 +05:42:55.9 18.753 0.019 0.308 0.027
WB 18 17:46:52.5 +05:43:32.9 18.782 0.019 0.346 0.027
WB 19 17:47:41.0 +05:42:08.5 19.516 0.022 0.425 0.086
WB 20 17:47:03.3 +05:39:57.4 20.527 0.022 0.352 0.033
WB 21 17:47:02.3 +05:50:47.6 20.677 0.024 0.288 0.035
WB 22 17:46:58.3 +05:35:41.8 20.976 0.029 0.377 0.040
WB 23 17:45:55.8 +05:37:48.2 16.761 0.019 0.197 0.026
WB 24 17:45:39.6 +05:47:28.1 17.119 0.019 0.187 0.027
WB 25 17:45:13.4 +05:31:35.6 18.157 0.019 0.345 0.027
WB 26 17:45:46.4 +05:35:11.7 19.006 0.019 0.273 0.027
WB 27 17:45:31.0 +05:32:44.6 19.239 0.019 0.364 0.028
WB 28 17:46:08.8 +05:41:21.5 19.507 0.020 0.498 0.028
WB 29 17:45:14.8 +05:28:34.9 19.795 0.021 -0.039 0.030
WB 30 17:46:01.3 +05:52:42.2 19.772 0.021 0.492 0.031
WB 31 17:45:41.2 +05:45:09.7 19.920 0.043 0.233 0.064
WB 32 17:45:35.2 +05:39:25.6 20.716 0.025 -0.136 0.035
WB 33 17:45:11.8 +05:45:24.3 20.840 0.025 0.273 0.042
WB 34 17:46:05.9 +05:33:14.5 20.870 0.038 0.455 0.047
WB 35 17:45:06.0 +05:44:17.0 20.936 0.025 0.467 0.037
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Table3.13:Whitedwarf candidatesin NGC6633

Candidate RA(2000) Dec(2000) �

�

� � � �

�

� � � � �

WB 1 18:28:16.7 6:34:10.8 17.059 0.018 0.082 0.026
WB 2 18:27:13.6 6:19:54.5 17.144 0.019 0.124 0.026
WB 3 18:27:03.0 6:24:28.3 17.960 0.019 0.118 0.026
WB 4 18:27:10.4 6:26:15.7 18.816 0.019 0.159 0.027
WB 5 18:26:14.9 6:29:01.5 19.060 0.019 0.025 0.027
WB 6 18:27:43.7 6:32:57.1 19.069 0.019 0.384 0.027
WB 7 18:27:49.9 6:20:51.8 19.272 0.019 0.230 0.027
WB 8 18:27:23.4 6:19:49.8 19.744 0.019 0.231 0.027
WB 9 18:26:57.5 6:43:32.0 20.676 0.022 0.153 0.030
WB 10 18:26:52.4 6:27:29.3 20.699 0.024 0.282 0.034
WB 11 18:26:29.1 6:43:22.3 20.740 0.021 0.176 0.030
WB 12 18:28:49.9 6:26:12.0 20.787 0.021 0.365 0.030
WB 13 18:27:14.9 6:20:04.1 21.072 0.023 0.139 0.031
WB 14 18:27:12.2 6:21:35.8 16.927 0.019 0.132 0.026
WB 15 18:26:08.1 6:24:51.0 19.626 0.020 0.115 0.028
WB 16 18:28:04.7 6:45:06.3 20.083 0.020 0.139 0.029
WB 17 18:28:03.0 6:41:27.3 20.267 0.124 0.535 0.142
WB 18 18:28:03.1 6:23:19.4 20.481 0.020 0.508 0.029
WB 19 18:27:35.5 6:38:11.5 20.550 0.021 0.548 0.030
WB 20 18:26:56.4 6:39:05.3 20.855 0.229 0.615 0.233
WB 21 18:27:49.0 6:45:27.8 21.016 0.025 0.414 0.036
WB 22 18:27:07.8 6:42:29.7 21.041 0.024 0.634 0.036
WB 23 18:26:17.5 6:22:32.5 18.768 0.019 0.163 0.027
WB 24 18:27:36.7 6:26:42.7 19.020 0.040 0.159 0.059
WB 25 18:26:13.6 6:31:05.5 19.934 0.020 0.269 0.029
WB 26 18:27:17.4 6:22:55.9 20.086 0.020 0.496 0.029
WB 27 18:27:12.3 6:21:02.1 20.084 0.021 0.293 0.029
WB 28 18:27:22.2 6:36:26.0 20.308 0.020 0.555 0.029
WB 29 18:27:52.6 6:32:55.0 20.522 0.022 0.435 0.031
WB 30 18:27:30.3 6:24:59.7 20.782 0.021 0.507 0.030
WB 31 18:26:21.6 6:45:48.0 20.934 0.122 0.394 0.129
WB 32 18:26:16.0 6:22:58.6 21.066 0.025 0.468 0.036
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Table3.14:Whitedwarf candidatesin NGC7063

Candidate RA(2000) Dec(2000)

�

�

� �

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�

WB 1 21:24:10.3 +36:26:02.2 20.083 0.038 0.241 0.062 -0.342 0.068
WB 2 21:24:21.5 +36:26:00.7 19.204 0.031 0.152 0.052 -0.476 0.058
WB 3 21:24:07.3 +36:24:45.6 20.887 0.057 0.146 0.099 -0.524 0.114
WB 4 21:24:32.9 +36:27:51.5 21.142 0.042 0.411 0.075 -0.454 0.092
WB 5 21:24:43.6 +36:28:05.6 22.727 0.128 0.430 0.228 -0.369 0.276
WB 6 21:24:49.4 +36:33:16.4 21.969 0.136 0.422 0.242 -0.395 0.261
WB 12 21:24:33.5 +36:30:33.5 22.494 0.135 0.390 0.243 -0.597 0.279
WB 16 21:24:50.4 +36:34:08.2 21.067 0.052 0.484 0.091 -0.736 0.010
WB 18 21:24:20.7 +36:35:32.0 20.063 0.055 0.272 0.095 -0.459 0.110

35



Figure3.1:
���������

CMD for photometricmodelsof WD coolingcurves. Bergeronet al.
(1995)model(bluedashedline) is for �
	���
 =8.0.Redlinesindicatecoolingcurvesfor current
work (W95 modelswith Koesteratmospheres),with masses0.4�

� (0.1�

� )1.0�

� (top to
bottom).PointsonBergeronetal. (!995)modelandalternatingpresentcoolingcurvesindicate
temperaturesof (left to right) 50,40,30,20,16,14,12,10 ���

���
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Figure 3.2:
� � ����� � �

color-color plot for photometricmodels of WD cooling
curves. Bergeronet al. (1995) model (blue dashedline) is for �
	�� 
 =8.0. Red lines indi-
catecooling curves for currentwork (W95 modelswith Koesteratmospheres),with masses
0.4�

� (0.1�

� )1.0�

� (bottomto top). PointsonBergeronetal. (!995)modelandalternating
presentcooling curves indicatetemperaturesof (left to right) 50, 40, 30, 20, 16, 14, 12, 10

���

���

B-V
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Figure3.3: Digitized sky survey imageof NGC 1039(M34). CFHT image�eld-of-
view is indicatedby thegreenbox.
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Figure3.4: Digitized sky survey imageof NGC 2168,with reducedPFCam�elds
indicatedby yellow boxes.

P2 P1
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Figure 3.5: Digitized sky survey imageof IC 4665, with CFHT �eld indicatedby
greenbox.

C1
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Figure3.6: Digitized sky survey imageof NGC 6633,with CFHT �eld indicatedby
theredbox,andNickel �elds indicatedby blueboxes.
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Figure3.7: Digitized sky survey imageof NGC 7063,with PFCam�eld indicatedby
theyellow boxandNickel �elds indicatedby blueboxes.
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Figure3.8: Color compositeimageof NGC2168createdfrom PFCam� � � images.
Thelogarithmicstretcheswereadjustedto produceaestheticallypleasingresults.
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Figure3.9: Color compositeimageof NGC7063createdfrom PFCam� � � images.
Thelogarithmicstretcheswereadjustedto produceaestheticallypleasingresults.

44



Figure3.10: Evidenceof non-linearityin the PFCamCCD responsein Sept. 2001.
Plot comparestheinstrumentalB-bandmagnitudesof starsin NGC 7063for 30sand
120simages.The120smagnitudeshave beenoffsetby a 1.442magzero-pointshift.
Other�lters andclustersshow thissameeffectexceptfor NGC 2168.
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Figure3.11:CMDsof theuppermainsequenceof NGC2168.Pointsarefrom PFCam
photometry. Lines indicateisochronesfor � �

�
� � �

� , age=8.0(solid); � �

����� �

� ,
age=8.3(dotted); and � �

�
� �

	

�

, age=8.0(dashed).All isochronesare for �

�

�

� �

�

�

���

� and � � ����� ���

�
�

� � � .
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Figure3.12: ��� � � � CMD of theuppermainsequenceof IC 4665. Dataarefrom
Prosser(1993),andisochronesaresolar-metallicity of logarithmicages7.5 (dashed),
7.65(solid),and7.8(dotted).
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Figure3.13: ��� � � � CMD of theuppermainsequenceof NGC6633.Pointsindicate
starsmeasuredfrom Nickel andCFHTdata;green�lled pointsindicatepropermotion
members( � � �

���

) from Sanders(1973).Greenstarsindicatestarswithout Nickel
or CFHT photometry;photometryfor thesepointsis from Sanders(1973). Magenta
lines indicateisochronesfor solar-metallicity clusterswith logarithmic agesof 8.7
(solid),8.65(dotted),and8.6(dashed).
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Figure3.14: CMDs of theuppermain sequenceof NGC 7063. Pointsindicatestars
measuredfrom Nickel and PFCamdata;green�lled points indicatepropermotion
members( � � �

���

). Theopengreencircle indicatesa proper-motionmemberout-
side the PFCamandNickel �elds, HD 203921(Hoaget al., 1961). Magentalines
indicateisochronesfor solar-metallicity clusterswith logarithmicagesof 8.0 (solid)
and8.15(dotted).
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Figure3.15: Color magnitudediagramsfor NGC 2168. The magentaline indicates
the Z=0.008for �

�

� � �

�

�

���

�

�

, � � � � � � �

���

� � � , and a logarithmic age
of 8.0. Solid blue curvesarecooling sequencesfor clusterWDs of masses0.4�

� ,
0.7�

� , and1.0�

� (top to bottom). Dashedblue lines indicateWD coolingagesof
7.0(0.3)8.5.SolidblacklinesindicateWD coolingagesof 8.0and8.3,corresponding
with two publishedvaluesof theclusterage.Cyanpointsindicatecolor-selectedWD
candidates;errorbarsare 	

	

photometricerrors. Dashedlines indicatetheselection
criteria for WDs. Non-candidateobjectswithin a selectionregion do not ful�ll the
criteriain othercolors.
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Figure3.16: � � � � � � � color-colordiagramfor NGC2168.Objectsareasindicated
in previous �gure, exceptWD coolingcurvesarefor 0.4�

� , 0.7�

� , 1.0�

� bottom
to top. Thesolid redline indicatesthereddeningvector.
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Figure3.17: � � � � � CMD for IC 4665. Magentaline is an isochronefor solar-
metallicity with a logarithmicageof 7.8, �

�

� � �

�

���

�

� 
 and � � ��� � � �

�
�

	 �

�

.
Blue lines areWD cooling curves for 0.4�

� , 0.7�

� , and1.0�

� (top to bottom).
The dottedblue lines indicatelogarithmicWD cooling agesof 7.0(0.3)8.5,andthe
solid black line indicatesa WD cooling ageof 7.8. The dashedblack line indicates
selectioncriteria, andcyan points indicatethe WD candidates.Openpointson the
upper-mainsequencearephotometryfrom Prosser(1993).Thenumerousblueobjects
with � � �
	 aremostlyspuriousdetections;theseweremanuallyremovedfor brighter
magnitudes.
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Figure3.18: � � � � � CMD for NGC 6633. Magentaline is isochronefor solar-
metallicity isochronewith �

�

� � �

�

� �

���

	 , � � � � ��� �

���

	 � � anda logarithmic
ageof 8.7. Blue linesareWD coolingmodelsfor 0.4�

� , 0.7�

� , and1.0�

� (top to
bottom). Thedottedblue lines indicatelogarithmicWD coolingagesof 7.0(0.3)8.5,
and the solid black line indicatesa WD cooling ageof 8.7. The dashedblack line
indicatesselectioncriteria,andcyanpointsindicatetheWD candidates.
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Figure3.19: CMDs for NGC 7063. Magentalines indicateisochronesfor a solar-
metallicitypopulationwith �

�

� � �

�

�

���

	

�

	 , � � � � � � �

����� �

	 , andalogarithmic
ageof 8.15.Blue linesareWD coolingmodelsfor 0.4�

� , 0.7�

� , and1.0�

� (topto
bottom). Thedottedblue lines indicatelogarithmicWD coolingagesof 7.0(0.3)8.5,
and the solid black line indicatesa WD cooling ageof 8.2. The dashedblack line
indicatesselectioncriteria,andcyanpointsindicatetheWD candidates.
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Figure3.20: � � � � ��� � color-color diagramfor NGC 7063. Symbolsareasin
previousplot, exceptsolidbluelinesarefor 0.4�

� , 0.7�

� , and1.0�

� bottomto top.
Redline indicatesreddeningvector.
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Chapter 4

Spectroscopy:Data and results

While broad-bandimagingis usefulfor identifyingpotentialwhitedwarfs,it is not
ableto identify white dwarfsunambiguouslyor to con�rm clustermembershipin the
absenceof a well-de�ned sequence,nor canbroad-bandimagingdeterminephysical
parameterssuchas 	 
 � or 
�� ��� with highprecision.

Estimatesof 
�� ��� and 	 
�� arepossibleusingStrömgrenphotometry. Thesedata
aremostreliablefor 	�
�� � 	 �

� � � �

, andsurfacegravity estimatesareunreliablefor
	 
�� � �

� � � � �

due to the disappearanceof the Balmer jump (Bergeron,Saffer &
Liebert 1992, hereafterBSL). As the openclusterWD sampleis likely to include
hotterWDs,Strömgrenphotometrywill not suf�ce for thisproject.

Spectroscopy of WD candidatespermits unambiguousidenti�cation of white
dwarfs. In addition,	 
 � and 
 � ��� canbedeterminedfrom theabsorptionline pro�les.
A simultaneous�tting of theBalmerlinesfrom syntheticspectrato theobservedspec-
tra resultsin very tight constraintson thesurfacegravity andeffective temperature,a
methodpioneeredby Bergeronetal. (1990)andusedto analyzea largepopulationof
�eld WDs in BSL.

4.1 Observationsand reductions

Spectraweretakenduringtwo observingruns,2001Aug 22-23UT and2002Aug
7-8 UT usingthe blue sideof the Low-ResolutionImagingSpectrometer(LRIS) on
theKeckI telescope(Okeetal., 1995).

During the August 2001 run, the instrumentwas �tted with a SITe/Tektronix
�

� �

�

�

�

� �

� UV/AR-coatedCCD. Due to the extremelyhigh readoutnoiseof am-
pli�er #2, a single-ampreadoutusingonly ampli�er #1 wasused. The 400 l mm

�

�

grism,blazedat3400	A, wasusedalongwith the1
	 	

-wide longslit, resultingin aspec-
tral resolutionof 6 	A andwavelengthcoveragefrom thedichroic limit ( � � �

� � 	A) to
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theblueatmosphericcutoff ( � 


� � � 	A). TheD560dichroicwasusedasa beamsplit-
ter; red-sidespectrawereobtainedbut not analyzed.The weatherwasphotometric,
andseeingaveraged�

�

.
	 	

�

overbothnights.
Duringthisrun,spectrawereobtainedfor severalWD candidatesin IC 4665,NGC

6633,andM34. In addition,severalspectraof bright �eld WDswereobtainedfor the
purposesof comparisonwith previousanalysis.

Thebluesideof LRIS wasretro�tted prior to theAugust2002observingrun. The
SITe CCD wasreplacedwith a 2-chip �

� �

�

� � � � �

MarconiCCD mosaic,resulting
in higherthroughputfor shortwavelengths.Two-ampli�er readoutwasusedfor each
chip; no binningwasperformed.As before,the400l mm

�

�

, 3400	A-blazegrismwas
usedwith theD560dichroic.Theweatherwaspartlycloudy, with variably-thickcirrus
cloudsaffectingobservationsbothnights.Seeingwas �

�

.
	 	

�

on August7 and
�

.
	 	

� on
August8.

Observationsin August2002weremadewith botha1
	 	

longslit and1
	 	

slit masks,
with resultingspectralresolutionof 6 	A. Thecandidate-WDcoordinateshadanaccu-
racy of �

�

.
	 	

� , somany slit-maskspectrasuffer from vignetting.Additionalproblems
with LRIS controlsoftwareresultedin severalimagesbeingreadoutbut notrecorded.
In spiteof this, the majority of candidateWDs in NGC 6633andNGC 7063were
observed.

Datawerereducedusingstandardmethodsin IRAF. Wavelengthcalibrationwas
accomplishedusingHgCdZnarc lamps;the resultingcalibrationshave RMS devia-
tionsof 0.5	A. Night sky lineswereusedto shift thezeropointsof individual spectral
wavelengthscalesasneeded.

4.2 Balmer-line �tting technique

Balmer-line �tting of syntheticspectrato WD spectrais a precisetechniquebe-
causeof the differing sensitivities of individual Balmer lines to 
������ and 	 
�� . Fig-
ure 4.1 shows changesin theoreticalline pro�les with changesin theseparameters.
From the �gure it canbe seenthat, for a givenBalmer line, therearestrongdegen-
eraciesin 	 
 � and 
 � ��� . The useof multiple Balmer lines lifts the degeneracy and
permitsthedeterminationof 
�� ��� and 	 
�� .

Thetechniqueusedto �t thelinesis amodi�cation of thatusedin BSL andClaver
etal. (2001).A two-stepprocesswasusedto normalizetheline �ux. Curvaturein the
spectrumwasremovedby �tting anddividingoutafourth-orderLegendrepolynomial.
Next, the�ux wassetto unity ata �x eddistancefrom theline centerby �tting a linear
function at thesedistances.The wavelengthrangesusedin eachstepare listed in
Table4.1. Constantoffsetswereaddedto thewavelengthsolutionsasneededsothat
the line centersmatchedwith the restwavelengthof eachline. Model spectrawere
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convolved with a Gaussianpro�le to the instrumentalresolution,and line �ux was
normalizedin thesamemethod.

The observed line pro�les arecomparedto the Koestermodelspectraby calcu-
lation of �

�

. Eachsampledpoint � in the observed spectrumcontainsthe normal-
izedspectral�ux �

�����

� averagedoverthewavelengthinterval �

�

�

�

�

�����

�

�

�

�	�
�

�

�

�

�

� . The
model �ux wascalculatedby dividing this interval into ten sub-intervals. The nor-
malizedmodel�ux wasevaluatedat themidpointof eachsub-interval

�

by a bicubic
splineinterpolationof the input modelspectrum.The model�ux averagedover the
entireinterval, �

�

!

��


�

��� 
 � , is then

�

�

!

��


�

��� 
����

	

	

�

�

�

�

���

�

�

!

��


�

��� � �

�

(4.1)

The �

�

valueis calculatedindependentlyfor eachBalmer line in eachavailable
modelatmosphereusingthestandardformula:

�

�

� �

�

���

�

�

�

�

!

��


�

��� � � �

�

�����

�

��� � �

	

�

��� (4.2)

where � � rangesfrom thelow-wavelengthto high-wavelengthendsof the�t region.
The standarddeviation

	

� is taken to be constantover eachBalmer line �tting
region and is the rms noisein the pseudo-continuumregionsnearestthe line. This
value of

	

is an underestimateof the true standarddeviation, as the relative noise
shouldincreasein theline core.

Theresultis agrid of �

�

valuesateachmodel	�
�� and
�� ��� . A two-dimensionalin-
terpolationis thenusedto determinetheglobalminimumof �

�

. The 	 
�� interpolation
is de�ned over therange10000K

�

	�
 �

�

50000Kat 200K intervals( 	�
 �

�




� � � ���

)
or 500K intervals ( 	 
�� � 


� � � ���

). The 
�� ��� interpolationis de�ned over therange
�

� � �
�


 � ���

�
����� �

at0.05dex intervals.
Con�denceintervals for eachmodelatmospherearedeterminedasfollows. Let

� �

�

�

� �

�

!

� 


, where �

�

is the computedchi-squarevalue for a given 	 
�� and

 � ��� modelof a givenBalmerline and �

�

!

��


is the global minimum �

�

for the line.
Theprobability that the truemodelhasa �

�

� �

�

!

��


�

�

is givenby the incomplete
gammafunction �

���

�

�

�

�

�

�

� �

�

	

�

�

�

� ���

� �

�

� �

�

�

�

�

�

� �

�

�

� � (4.3)

where
�

is the numberof degreesof freedom(=2) (Presset al., 1992)andH � is the
Balmertransition. The level of con�denceat eachmodelgrid point is thenjust the
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productof the

�

from theindividualBalmerlines,
�

� �

�

�

���

�

���

�

� �

�

�

�

�

�

�

� � (4.4)

Thesecon�dencecontoursareonly strictly valid if two conditionsaremet. First,
the measurementerrorsmustbe normally distributed,which is likely. Second,the
modelsmusthavea lineardependenceon 	 
�� and 
 � ��� or themodelsmustbeableto
berepresentedby a linearizedmodelover theregioncontainingtheminimumandthe
uncertainties.This latterconditionis not is not strictly true for thesyntheticspectral
models,althoughplots of model line �ux esshow that over small regions (

�

	 
�� �

�

� � ���

and
�


 � ��� �

���

� � ) the�ux variationsarerelatively linearin 	 
�� and 
 � ��� .
Thismethodof determiningthecon�dencecontoursdiffersfrom thatof BSL,who

usethe Levenberg-Marquardtmethodto determinethe �

�

minimum andthe covari-
ancematrix, from which con�denceintervals canbe determined.Given the limited
numberof degreesof freedomand the relatively small numberof models,it is not
necessaryto usethe Levenberg-Marquardtmethodto determine�

�

!

��


, as the entire
�

�

spacecanbe evaluatedin a matterof minutes,even if the modelresolutionwere
to be greatly increased.The calculationof the covariancematrix resultingfrom the
useof themethodis theformally correctmeansof determiningtheerrorson the�tted
parameters,andwill beusedin futureWD spectralanalyses.

The usefulnessof the simultaneousBalmer line �tting techniquesis shown in
Fig. 4.2, which shows con�dence contoursin 	 
�� , 
�� ��� spacefor the individual
Balmer line �ts and the combined�t for WD 0352+096. Figure4.4 comparesthe
best-�t spectralmodelfor eachBalmerline to thedata.

Once 	 
�� and 
���� � areknown from the �tting, the massandcooling agecanbe
derived for eachWD from the WD evolutionarymodels. Thesequantitieswere in-
terpolatedfrom theW95 modelsusinga two-dimensionalspline(Presset al., 1992).
Gridsof constantmassandcoolingageareincludedfor referencein Fig. 4.2.

4.2.1 Testingand comparisonwith previous results

Internalconsistency checkson the Balmer-line �tting techniquewereperformed
by examiningspectrafrom WDswith multipleobservations.As noneof theDA WDs
wereobserved on multiple observingruns, thesechecksonly probethe consistency
within agivenrun. Fig.4.3showsresultsfrom two observationsof NGC6633WB 12.
Thesolutionsfrom individual imagesareconsistentwith eachotherandthecombined
results,suggestingthat the �tting techniquegivesconsistentresultsand reasonable
con�dencelimits.
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The Balmer-line �tting techniquewas testedon several WDs with previously-
determinedvaluesof 	 
�� and 
�� ��� . Table4.2 indicatestheobject,measured	 
 � and


 � ��� , and the previously-publishedvalues. Parametersfrom BSL do not contain
individual errorson atmosphericparameters,but the overall errorsare statedto be

�

�

	 
���� � 
 �

���

and
�

�


�� ����� �

����� ���

. Errorsquotedfor this work indicate90%
con�denceintervals;ellipsesindicatethatno90%con�denceinterval wasobtained.

FromTable4.2,it is apparentthatthestatederrorsin published	 
�� areoftenmuch
smallerthanthescatter, implying thatsystematicdifferencesbetweenthemodelsdom-
inate,andthatthesesystematicshavenotbeenfully accountedfor in theerrorbudget.
Thesurfacegravitiesgenerallyagreeto within statederrors.

Table4.3givesthederivedparametersof WD massandcoolingagefor mostof the
WDs in Table4.2. For comparisonpurposes,the massesof WDs in previous obser-
vationswerere-derived from the W95 modelsandthepreviously-published	 
�� and


 � ��� . The derived massesgenerallyagreeto within statederrors,but cooling ages
have scatterlarger thanthestatederrors.This is dueto thederivedagesbeinghighly
sensitiveto 	 
 � andtheassociated(understated)errors.

Thecurrentobservationsareof suf�cient quality( �

�

� 	 �

�

perresolutionelement)
that systematicerrorswithin the modelsprevent convergenceupon a solution. An
exampleof asystematicis shown in Fig. 4.4asaconsistentdepressionof theline �ux
in theredwingsof theobservedlinesin comparisonwith themodelpro�les.

Anothersystematicissuearisesathightemperatures,wherethemodelgridspacing
is large. In thecasesof hotWDs,thecorrectmodelcanbedistantenoughfrom all grid
pointsthatthe �

�

�ts giveno satisfactorysolution,asillustratedin Fig. 4.5. For most
of theprogramWDs,however, theobservationalerrorsarelargeenoughand 	 
 � cool
enoughthatthesesystematicsarenot largeissues.

4.2.2 Cluster membershipdetermination

While therearenumerousmethodsfor determiningwhethera staris a memberof
a givencluster, few of thesemethodswork well with theWD sample.Propermotion
studiesarenot deepenoughto detectthesecandidatesandcon�rm membership.The
wavelengthsolutionfor thespectraarenot accurateenoughto permit radialvelocity
measurements.Photometryaloneis insuf�cient, as the distanceis degeneratewith
WD massandtemperaturein photometricspace.

Anotherpossibletechniqueis theuseof interstellarCa II K-line absorption.Al-
thoughthe low-resolutionspectralobservationsdo not permit observationsof lines
from individual clouds,the equivalentwidth of the interstellarK-line as measured
in the spectraof memberWDs will equalthat seenin the spectraof clusterB stars.
While initially a promisingtechnique,theWD spectraobtainedwerenot generallyof
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suf�cient signal-to-noiseto observe theinterstellarK line.
The selectedtechniquefor determiningmembershipcombinesspectroscopicre-

sultswith the photometry. The massandcooling agederived from a WD spectrum
canbecombinedwith thephotometriccalibrationsof ; 3.1 to determinetheabsolute
magnitudeof theWD. Theapparentdistancemodulusof theWD canthenbederived
andcomparedto theapparentdistancemodulusof thecluster. If theapparentdistance
modulii are in agreement,then the WD is a likely clustermember. If the distance
modulii disagree,thantheWD is eitherforegroundor background.Fig. 4.6shows an
exampleof this technique.

4.2.3 Non-white dwarf identi�cation

Non-WDsweregenerallyidenti�ed basedon a qualitative inspectionof thespec-
tra. Thehigh surfacegravity of WDs quenchesthehigher-orderBalmerlines,sothat
lineshigherthanH9 aredif�cult to observe. Objectswith lowersurfacegravities,such
asearly-typestars,�eld horizontalbranchstars,andhot subdwarf stars,have these
higher-orderlines,makingthepresenceof theselinesa strongqualitative diagnostic
for identi�cation of a starasaWD.

Quantitatively, non-WDswith Balmerlinesresultin poor �

�

�ts in theBalmer-line
�tting technique.The best-�tting modelstendtoward the lowestmodelatmosphere
surfacegravities,and�ts from individualBalmerlinesdonotnecessarilyconvergeon
a single 	 
 � , asshown in Figs.4.7-4.8. Therefore,we have high con�dencethat the
spectralidenti�cationsareaccurate.

4.3 Candidatewhite dwarf results

The resultsof the spectroscopy aresummarizedin Table4.4. For eachobserved
WD candidate,the identi�cation is presented,and,if relevant, the observed andde-
rivedWD parametersarelisted.Identi�cationsof non-WDsaresubjectto uncertainty.
Starswith narrow hydrogenandheliumfeatureswereidenti�ed ashot subdwarfson
thebasisthatthedistancesto mainsequenceO andB starsof thesemagnitudeswould
be � 	

� �

kpc. Starswith narrow Balmerlineswereidenti�ed as�eld horizontalbranch
(FHB) starsif thebreadthof H

�

at20%below thecontinuumwaslessthan30	A (Beers
et al., 1988). Themajor contaminantsof thesampleare,asexpected,QSOsandhot
�eld stars.

The resulting 	�
�� and 
�� ��� measurementscanthenbe usedalongwith the W95
C/O WD modelsto determinetheWD mass,coolingage,anddistancemodulus.For
eachdetectedDA WD, thesederivedquantitesaregivenin Tab. 4.5. Resultsof indi-
vidual clustersarediscussedbelow.
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NGC1039. — Spectraareshown in Fig. 4.9. Both candidatesareDA WDs, but
theBalmer-line �tting did notconvergefor WB 3. Basedontheresultsof Balmer-line
�tting (Figs.4.10& 4.11),WB 2 is aclustermember.

IC 4665.— Spectraareshown in Fig.4.9.Neitherobservedcandidatewasawhite
dwarf.

NGC6633. — Numerouscandidateswereobserved. DA WD spectraareshown
in Fig. 4.12,andall otherspectraareshown in Fig. 4.13. Individual Balmer-line �ts
areplottedfor eachobservedDA WD in Figs.4.14-4.27.Of DA WDs, only two are
potentialmembers– WB 8 andWB 27.

Two DB white dwarfsweredetected,WB 14 andWB 16. WB 14 waspreviously
analyzedby Reimers& Koester(1994),andis a foreground,cool ( 	 
�� � 	�


� � ���

)
WD. The 	 
 � and 
 � ��� of WB 16 wereestimatedasin Koester, Schulz,& Wegner
(1981)andaregiven in Tab. 4.4. Basedon the helium-atmospherecooling models
presentedin Bergeronetal. (1995b),thedistancemodulusof WB 16 is �

�

� � � � �

�
� �

, about0.5 magsmoredistantthanNGC 6633. Theothernon-DA WD is WB 5,
whosespectrumshows strong,broadHe I � 4471 andHe II � 4686. This object is
thereforeclassi�ed asa DO WD. BecauseDO WDs arehot andintrinsically bright
( � � � 	

�

), thisWD is in thebackgroundof NGC6633.
NGC 7063. — The spectraobtainedaredisplayedin Fig. 4.28. Five DA WDs

weredetected,thoughonly one(WB 1) is a potentialclustermember. WB 1 hasan
abnormallylow mass( ��� � �

���




�

�

� ) ascomparedwith the distribution of �eld
DA WD masses,which is sharplypeakedbetween�

���

� �

� to �

���
�

�

� (Bergeron
et al., 1992). Given the clusterageand the empirical initial-�nal massrelation in
Claver et al. (2001),any WDs in theclustershouldhave masses� � � �

���

� � �

� . It
is thereforelikely thatWB 1 is ahelium-corewhitedwarf,WDsformedby binary-star
interactionstruncatingthepost-mainsequenceevolutionof astarbeforeHe ignition.

Basedon the He-coreWD evolutionarymodelsandthe observed 	 
�� and 
�� ��� ,
thelogarithmiccoolingageof WB 1 is � �

���

(Althaus& Benvenuto,1997),in sharp
disagreementwith the clusterage. This suggeststhreepossibilities: that WB 1 is a
�eld He-coreWD very nearthecluster, thattheevolutionarymodelsareincorrect,or
that the secondaryminimum visible in Fig. 4.29 is the correctmodel. In the latter
case,WB 1 is anormalDA WD foregroundto to thecluster. Thiswill beexaminedby
plannedhighersignal-to-noiseobservations.ShouldtheHe-coreinterpretationremain
thefavoredmodel,this objectmaybeusefulin constrainingtheevolution of He-core
WDs.
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4.3.1 Non-clustermemberWDs

Out of seventeenwhite dwarfs, four wereclustermembers.TheremainingWDs
are�eld WDs, which raisesthe interestingquestionof how many �eld WDs should
beexpectedin these�elds. Thelocalspacedensityof �eld WDs and�eld WDLF has
beenmeasuredfrom propermotion surveys of high-galacticlatitude �elds, suchas
Liebert,Dahn,& Monet(1988,hereafterLDM). Theopenclusterobservationsmight
beusefulin constrainingthe�eld WDLF moreaccurately, especiallyfor faintWDs.

For example,the NGC 7063containsfour �eld WDs brighterthan � � � � and
hotterthan � 	 


� � � �

. A crudeintegrationof theLDM WDLF resultsin anexpected
1.6 WDs in this �eld brighterthan � ��� � andwith 	�
�� � 	 


� � � �

, suggestingthe
LDM WDLF mayunderestimatethetruediskWDLF for hotWDs.

It mustbestressedthat this exampleinvolvesa very rudimentarycalculation,but
this exampleillustratesthat the openclusterWD sampleis also a useful seriesof
pencil-beamsurveys in the galacticdisk extendingmuch fainter than existing �eld
WD surveys. In addition,eachof these�eld WDs hasa measured	 
�� and 
���� � , and
soreasonabledistancemodulicanbeestablishedfor individualWDs. Carefulanalysis
of the�eld WD populationfrom theopenclusterWD studymaypermitcomparisons
of the pencil-beam�eld WD survey to the local WDLF, local WD massfunction,
currentdiskstarformationrates,andplanetarynebulapopulations,amongmany other
things.
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Table4.1: ContinuumFlux sampleregions

Line Line Legendrepolynomial Linear�t �

�

�t
Center samplingranges sampleranges range

���

( 	A) ( 	A) ( 	A)

�

�

�

���

�

( 	A)

H

�

4861.3 4460.5-4721.3;5001.3-5300.3 4716.3-4726.3;4996.3-5006.3 140
H � 4340.5 4176.7-4220.5;4460.5-4721.3 4215.5-4225.5;4455.5-4465.5 120
H

�

4101.7 3915.1-3922.1;4018.1-4028.7;4176.7-4220.5 4023.7-4033.7;4171.7-4181.7 75
H � 3970.1 3850.0-3859.1;3915.1-3922.1;4018.1-4028.7 3917.1-3927.1;4013.1-4023.1 50
H8 3889.1 3850.0-3859.1;3915.1-3922.1;4018.1-4028.7 3854.1-3864.1;3910.1-3920.1 30
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Table 4.2: Comparisonof measured

���

� and

��� �
�

to
previously-publishedmeasurements

ThisWork PreviousMeasurements
Object

�

�

�

�

�

�

�

�
� �

�

�

��� �� �

�

�

�

�

�

�

�
� �

�

�

�
� �

� Reference

�

K K K K

WD 0302+027 38500 � � � 7.70 � � � 35830 � � � 7.79 � � � BSL
35082 257 7.64 0.06 FKB

WD 0346-011 39500 � � �

	 9.00 � � � 40540 � � � 9.22 � � � BSL
43102 1982 9.09 0.09 BRB
34282 696 8.03 0.19 M89

WD 0349+247 31500 � � � 8.45 � � � 32920 � � � 8.60 � � � BSL
(PleiadWD) 31660 � � � 8.78 � � � BLF

28574 449 8.25 0.20 KSW
WD 0352+096 14800 425 8.15 0.05 14770 � � � 8.16 � � � BLF

14176 147 8.26 0.08 M89
14548 178 8.19 0.10 KSW

WD 1737+419 20600 550 7.95 0.11 19458 309 7.97 0.08 FKB
WD 1936+327 20200 100 7.85 0.02 21260 � � � 7.84 � � � BSL

21240 92 7.77 0.02 FKB
23265 143 8.17 0.03 M89

WD 2025+554 29800 300 7.95 0.06 30486 112 7.76 0.02 FKB
WD 2046+396 	

	 � � � �

� � � 7.45 � � � 63199 921 7.77 0.05 FKB

�

BLF=Bergeron,Liebert,& Fulbright (1995);BRB=Bragaglia,Renzini,& Bergeron
(1995); BSL=Bergeron, Saffer, & Liebert (1992); FKB=Finley, Koester, & Basri
(1997);KSW=Koester, Schulz,& Weidemann(1979);M89=McMahan(1989).
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Table4.3: Comparisonof derived

��� �

andcooling ages
to thosederivedfrom previously-publishedmeasurementsof

�

�

� and

��� �
�

.

ThisWork PreviousMeasurements
�

Object

�

� �

�

�

� � log(age)

�



�

�

�

� �

�

�

� � log(age)
�



�

� Reference

�

��� ��� ��� ���

WD 0302+027 0.53 � � � 6.57 � � � 0.56 � � � 6.70 � � � BSL
0.50 0.02 6.67 0.01 FKB

WD 0349+247 0.92 � � � 7.54 � � � 1.01

�

� � � 7.68
�

� � � BSL
(PleiadWD) 1.12

�

� � � 7.90

�

� � � BLF
0.79 0.12 7.45 0.33 KSW

WD 0352+096 0.70 0.03 8.42 0.06 0.71 � � � 8.43 � � � BLF
0.77 0.05 8.54 0.06 M89
0.73 0.06 8.47 0.07 KSW

WD 1737+419 0.60 0.06 7.79 0.16 0.61 0.04 7.92 0.10 FKB
WD 1936+327 0.54 0.01 7.73 0.03 0.54 � � � 7.61 � � � BSL

0.51 0.01 7.56 0.02 FKB
0.73 0.02 7.79 0.05 M89

WD 2025+554 0.62 0.03 7.02 0.04 0.53 0.01 6.92 0.01 FKB

�

Derivedfrom W95modelsusingpublishedvaluesof

�
�

�and

��� �
�

�

BLF=Bergeron,Liebert,& Fulbright (1995);BRB=Bragaglia,Renzini,& Bergeron
(1995); BSL=Bergeron, Saffer, & Liebert (1992); FKB=Finley, Koester, & Basri
(1997);KSW=Koester, Schulz,& Weidemann(1979);M89=McMahan(1989).

�

Extrapolatedvalue;outsidegrid of W95 models
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Table4.4: Resultsof spectroscopy – identi�cations and �t
modelparameters

Cluster Object OtherName	 ID
�

	 
�� (K) 
�� ���

NGC1039 2 LB 3569 DA �

� � � ���

� �

� �

�

���

� �

�

�

�

���

���

�

�

�

���

�

�

3 DA ����� �����

IC 4665 26 A ����� �����

32 QSO ����� �����

NGC6633 1 sd ����� �����

2 RA 6633-7 FHB ����� �����

3 RA 6633-4 sd ����� �����

4 RA 6633-5 DA 	

�

�

� �
�

�

� � �

�

� �

� �

�

�




�
�

���

�

�

�

���

� �

5 RA 6633-1 DO ����� �����

6 FHB ����� �����

7 DA 	 �

�
� �

�

�

� � �

�

� �

� �

�

��� �
�

���

�

�

�

���

�

�

8 DA 	

�
�

� ���

�

�

� �

�
�

�

� �

�

���

�

�

���

�

�

�

���

�

�

9 FHB ����� �����

10 sd ����� �����

11 sd ����� �����

12 DA 	 � �

� �
�

�

�

� �

�

���

� �

�

��� �
�

���

� �

�

���

�

�

13 DA � 
 �

� � �

�����

14 RA 6633-6 DB ����� �����

15 DA �

���
� ���

�

�
�

�

�
�

� � �

�

�

� �

�

���

�
�

�

���

�

�

16 DB � 	

�




� �

� �

� �

19 QSO(� � 	

� �

� ) ����� �����

23 RA 6633-2 sd ����� �����

27 DA 	 
 �

� �
�

�

�

� �

�

� �

�

�

�

�

� �

�

���

�
�

�

���

� �

29 QSO(� � 	

�
�

) ����� �����

32 A ����� �����

NGC7063 1 DA 	 �

� � �
�

�

�

� �

���

� � �

�

�

� �

�

���

�

�

�

���

� �

2 DA 	 �

�
� �

�

�

� �

�

�

� �

�

� �

�

�

��� ���

�

��� �

�

	 RA=Romanishin& Angel (1980)
�

sd=hotsubdwarf; FHB=�eld horizontalbranch;A=A-type star, B=B-typestar
�

90%con�dencelevel spansentiremodelrange
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Table4.4: (cont.)

Cluster Object OtherName	 ID
�

	 
�� (K) 
�� ���

3 DA 	 � �

� � �

���

� �

�

�

�

� �

�

�

� �

�

���

�

�

�

���

�

�

4 DA 	�
 �

� � �

� �

�

�

� �

�

� �

�

� � � �

6 DA 	 � �

� � �

�

�

� �

� �

� � �

�

�

� �

�

16 QSO(� � 	

���

) ����� �����

	 RA=Romanishin& Angel (1980)
�

sd=hotsubdwarf; FHB=�eld horizontalbranch;A=A-type star, B=B-typestar
�

90%con�dencelevel spansentiremodelrange
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Table4.5: Masses,coolingages,anddistancemoduli of ob-
servedwhite dwarfs

Cluster WB � � � � �

�

� log(age)	 �

�

� � �

�

�

Member
�

NGC1039 2



�
�

� �

�

���

���

�

��� ���

�

� �

�

�

���

�

�

�

���

� �

�

�

�

�

�

���

� �

�

���

�

� 1

NGC6633 4
���

��	

�

��� ���

�

���

� �

�

�

�

� �

���

�

�

�

���

���

�

�

� �

�

���

� �

�

���

�

�

0
7

���

� �

�

��� �

�

�

���

�

�

�

�


 �

�

���

�

�

�

���

�

�

�

� � �

�

���

� �

�

���

� � 0
8

��� �

�

�

���

�

�

�

���

�

�

�

� �

�

�

���

�

�

�

���

�

�

�

�

� �

�

���

� �

�

��� �

� 1
12

��� �

�

�

���

� �

�

���

� �

�

� �

�

�

���

�

�

�

���

�

�

���

�

�

�

���

� �

�

���

��� 0
13 ����� ���

���

� 	

���

� 0
15

���

� �

�

���

�

�

�

���

�

�

�

�

	�


�

���

�

�

�

���

���

���

� �

�

���

� �

�

���

�

� 0
16�

�

�
�

�

�

� �

�


 �

��� �

0
27

�����

�

�

���

�

�

�

�

�

� �

�

���

�

�

�

���

� �

��� �

	

�

���

�

�

�

���

� � 1

NGC7063 1�

�
�




�
�

���

� �

�

���

�

�

�

� �

�

�

���

� �

�

���

���

�����

�

�

���

�

�

�

�

�

� � 1
2

���

�

���

��� �

�

�

��� �

�

�

�

�

���

��� �

�

�

��� �

�

�

� �

�

�

���

� �

�

���

�

� 0
3

���

�

�
�

���

�

�

�

���

�

�

�

� �

�

�

���

� �

�

���

� �

	

���

	 �

�

���

�

�

�

���

�
� 0

4
���

� �

�

�

�




�

�

�

��� �

�

���

�

�

�

�

�

�

�

� 0
6

�������

�

�

� �

�

�

��� �

�

�

���

� �

	 	

�




�
�

���

�

�

�

�

�

�

�

0
	 WD coolingage
�

apparentdistancemodulus
�

1=photometryconsistentwith clustermembership;
0=inconsistentwith clustermembership




Photometryfrom Anthony-Twarog(1982)
� EstimatesdeterminedusingBergeronetal. (1995)

� AgeassumesC/Ocore
� 90%con�dencelevel spansentiremodelrange

� 90%con�dencelimit extendsbeyondmodelgrid
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Figure4.1: Pro�les of KoestermodelatmosphereBalmer lines for differenteffective tem-
peraturesandsurfacegravities. From bottomto top, lines areH

�

throughH8; �ux eshave
beennormalizedto a pseudo-continuumasdescribedin text andhave beenvertically offset.
Surfacegravities are �
	���
�� 7.0 (solid line), 7.5 (dotted),8.0 (dashed),8.5 (long-dashed)and
9.0(dot-dashed).
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Figure4.2: Contourplot of con�dencelevels from �

�

�tting of modelsto spectraldatafor
WD 0352+096.Black lines indicate90% con�dencelevels for H

�

(solid), H � (dotted),H �

(dashed),H � (dot-dashed)andH8(dash-dot-dot-dotted). Thick blueline indicates95%con�-
dencelevel for simultaneous�t. Dashedmagentalines indicatecooling tracksof WDs of a
constantmass;dottedbluelinesrepresentlinesof constantcoolingage.
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Figure4.3: Consistency checkfor Balmer-line �tting of the spectrumof NGC 6633
WB12. Dashedanddottedlines indicatesthe 68.3%,and90% con�dencecontours
for 	 
�� and 
������ as determinedfrom individual observations. Solid lines indicate
68.3%,90%, and 95.4%con�dence levels for the combinedobservations. Starred
symbolsindicatethebest�tting modelsin eachcase.The68.3%con�dencecontours
for individualobservationsoverlapwith eachotherandthecombinedresult,indicating
consistentresults.
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Figure4.4: Comparisonof observed,normalizedspectrumfor WD 0352+096(histogram)to
atmosphericmodelsclosestto best�t � 
�� and �
	�� 
 . Modelsare � 
 � � 14000K, � 	���
 � 8.00
(dotted)and � 
�� � 15000K, �
	�� 
 � 8.25(dashed).
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Figure 4.5: Four atmosphericmodelsnearest�

�

minimum for the Pleiadeswhite
dwarf (WD 0349+247).Modelsshown arefor 	 
 � � 30000K(red), 35000K(blue)
and 
�� ��� � 8.5(solid),9.0(dotted).
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Figure4.6: An exampleof clustermembershipdeterminationusinga combinationof
spectroscopicandphotometricdata.Contoursof 68.3%,90%,and95.4%con�dence
for theatmosphericparametersof WD N6633WB 4 areshown in black. Greencon-
toursindicatethepossiblelocationsof a clustermemberWD with thesameapparent
V magnitudeastheWD, with �

	

contoursincludinguncertaintiesin photometryand
clusterdistancemodulusindicated. Sincethe WD contoursdo not overlapwith the
photometriccontours,theWD is notaclustermember.
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Figure 4.7: Con�dence intervals in 	�
�� and 
�� ��� for the non-white dwarf/sdB
NGC6633WB 1, analyzedas if it were a WD. Contoursindicate90% likelihood
levelsfor H � (solid),H � (dotted),H

�

(dashed)andH8 (dot-dashed);H � producedno
90%or better�t.
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Figure4.8: Balmer-line pro�les from non-WD NGC 6633WB 1 (histogram)com-
paredwith best-�tting models:	�
�� � 30000K, 
 � ��� � 7.0(dotted)and 	�
�� � 40000K,


 � ��� � 7.0(dashed).TheobservedBalmerlinesareclearlynarrower thanthemodels,
signifying lowersurfacegravity.
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Figure4.9: Spectraobtainedin NGC 1039(top panel)andIC 4665(bottompanel).
Spectrahavebeennormalizedandoffsetby arbitraryamounts.
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Figure4.10: 	�
�� – 
�� ��� plot for NGC 1039WB 2. Blackcontoursindicate90% and
95.4% con�dencelevels; thestarindicatesthebest-�tting model. Dottedblue lines
indicatelines of constantWD cooling age,labelsgive logarithmicages. The solid
blue line approximatesthe clusterage. The dashedmagentalines indicatelines of
constantWD mass,indicatedin solarmasses.Thesolidgreencurveindicatespossible
locationsin theplanefor cluster-memberWDs with thesame� -bandphotometryas
thecandidate.Dottedgreenlines indicate �

	

photometricerrors,includingerrorsin
distancemodulusandextinction. Intersectionof thegreencurveswith thecon�dence
contourssuggestsclustermembershipfor theWD.
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Figure4.11: Plot of Balmer-line pro�les for NGC 1039WB 2. Black histogramis
observedspectrum.Themagentacurve is themodelfor 	 
�� ���

� � � ���

and 
���� � �

�

�

� � ; thedashedbluecurve is themodelpro�le for 	 
�� � � �

� � ���

, 
���� � � �

�

� �
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Figure4.12:Spectraof con�rmed DA WDsobtainedin the�eld of NGC6633.Spec-
traarenormalizedby thecontinuumandoffsetby arbitraryamounts.
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Figure 4.13: Spectraof non-DA objectsobtainedin the �eld of NGC 6633. The
objectsinclude DB WDs (top panel),hot subdwarf and otherB-type stars(second
panel),�eld horizontalbranchandotherA-typestars(third panel),andQSOs(bottom
panel).Spectraarenormalizedby thecontinuumandoffsetby arbitraryamounts.
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Figure4.14: 	 
 � – 
������ plot for NGC 6633WB 4. Black contoursindicate68.3%,
90%,and95.4% con�dencelevels; the starindicatesthebest-�tting model. Dotted
bluelinesindicatelinesof constantWD coolingage,labelsgivelogarithmicages.The
solidbluelineapproximatestheclusterage.Thedashedmagentalinesindicatelinesof
constantWD mass,indicatedin solarmasses.Thesolidgreencurveindicatespossible
locationsin theplanefor cluster-memberWDs with thesame� -bandphotometryas
thecandidate.Dottedgreenlines indicate �

	

photometricerrors,includingerrorsin
distancemodulusandextinction. Intersectionof thegreencurveswith thecon�dence
contourssuggestsclustermembershipfor theWD.
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Figure4.15:Plotof Balmer-line pro�les for NGC6633WB 4. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 18000K and 
 � ��� � 8.25;
thedashedbluecurve is themodelpro�le for 	 
 � � 19000K, 
������ � 8.50.
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Figure4.16:Sameasin Fig. 4.14,exceptfor NGC6633WB 7.
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Figure4.17:Plotof Balmer-line pro�les for NGC6633WB 7. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 17000K and 
 � ��� � 8.50;
thedashedbluecurve is themodelpro�le for 	 
 � � 18000K, 
������ � 8.50.
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Figure4.18:Sameasin Fig. 4.14,exceptfor NGC6633WB 8.
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Figure4.19:Plotof Balmer-line pro�les for NGC6633WB 8. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 19000K and 
 � ��� � 8.00;
thedashedbluecurve is themodelpro�le for 	 
 � � 20000K, 
������ � 8.00.
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Figure4.20:Sameasin Fig. 4.14,exceptfor NGC6633WB 12.
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Figure4.21:Plotof Balmer-line pro�les for NGC6633WB 12. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 18000K and 
 � ��� � 8.00;
thedashedbluecurve is themodelpro�le for 	 
 � � 20000K, 
������ � 8.00.
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Figure4.22:Sameasin Fig. 4.14,exceptfor NGC6633WB 13.
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Figure4.23:Plotof Balmer-line pro�les for NGC6633WB 13. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 35000K and 
 � ��� � 8.00;
thedashedbluecurve is themodelpro�le for 	 
 � � 45000K, 
������ � 8.00.
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Figure4.24:Sameasin Fig. 4.14,exceptfor NGC6633WB 15.
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Figure4.25:Plotof Balmer-line pro�les for NGC6633WB 15. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 26000K and 
 � ��� � 7.75;
thedashedbluecurve is themodelpro�le for 	 
 � � 28000K, 
������ � 7.75.
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Figure4.26:Sameasin Fig. 4.14,exceptfor NGC6633WB 27.
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Figure4.27:Plotof Balmer-line pro�les for NGC6633WB 27. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 13000K and 
 � ��� � 7.75;
thedashedbluecurve is themodelpro�le for 	 
 � � 16000K, 
������ � 8.25
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Figure4.28: Spectraof WD candidatesin NGC 7063.Spectrahave beennormalized
andoffsetby arbitraryamounts.
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Figure4.29:Sameasin Fig. 4.14,exceptfor NGC7063WB 1.
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Figure4.30:Plotof Balmer-line pro�les for NGC7063WB 1. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 13000K and 
 � ��� � 7.75;
thedashedbluecurve is themodelpro�le for 	 
 � � 16000K, 
������ � 8.25
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Figure4.31:Sameasin Fig. 4.14,exceptfor NGC7063WB 2.
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Figure4.32:Plotof Balmer-line pro�les for NGC7063WB 2. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 13000K and 
 � ��� � 7.75;
thedashedbluecurve is themodelpro�le for 	 
 � � 16000K, 
������ � 8.25
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Figure4.33:Sameasin Fig. 4.14,exceptfor NGC7063WB 3.
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Figure4.34:Plotof Balmer-line pro�les for NGC7063WB 3. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 18000K and 
 � ��� � 7.75;
thedashedbluecurve is themodelpro�le for 	 
 � � 20000K, 
������ � 7.75
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Figure4.35:Sameasin Fig. 4.14,exceptfor NGC7063WB 4.
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Figure4.36:Plotof Balmer-line pro�les for NGC7063WB 4. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 13000K and 
 � ��� � 8.00;
thedashedbluecurve is themodelpro�le for 	 
 � � 18000K, 
������ � 8.00
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Figure4.37:Sameasin Fig. 4.14,exceptfor NGC7063WB 6.
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Figure4.38:Plotof Balmer-line pro�les for NGC7063WB 6. Blackhistogramis ob-
servedspectrum.Themagentacurve is themodelfor 	 
 � � 17000K and 
 � ��� � 7.75;
thedashedbluecurve is themodelpro�le for 	 
 � � 24000K, 
������ � 8.25
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Chapter 5

Analysis& Discussion

5.1 The initial-�nal massrelation

5.1.1 Final mass

Of fourteenDA WDswith spectraldatain four openclusters,four WDsarepoten-
tial clustermembersbasedon thecombinationof photometrywith thespectraldata–
NGC 1039WB 2, NGC 6633WB 8, NGC 6633WB 27, andNGC 7063WB 1. If
theseclusterWDs are indeedclustermembers,the photometricdatacanbe usedto
constraintheWD parametersmoretightly. For example,asseenin Fig. 4.18,thecon-
straintson 
������ and 	 
�� for NGC6633WB 8 arefairly loose.However, if NGC6633
WB 8 is a clustermember, its photometryandtheclusterdistancemodulusconstrain

	 
�� and 
���� � to lie in theregionde�nedby thegreencurvesin the�gure. Theintersec-
tion of thosecurveswith thecon�dencecontoursde�ne theregion of 
 � ��� - 	 
 � space
in which theclusterwhitedwarf lies.

Themassandcoolingagesfor eachlikely clusterWD werere-determinedto in-
cludeonly thosevalueswithin theregionof intersectionof the90%con�dencecontour
with the

�

�

	

photometryerrors. Thesevaluesaretabulatedin Tab. 5.1. The stated
valuefor � ��� andthecoolingagearefor thepoint of thebest �

�

�t alongthe line
de�nedby thebestphotometry(solidgreenline in Fig. 4.18),andthestatederrorbars
aretheextremaein eachvaluein theregionof intersection.
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5.1.2 Initial mass

Thecoolingageof eachWD is thelengthof time theWD hasbeencoolingsince
theplanetarynebula phaseof theprogenitorstar.1 Thelifetime of theprogenitorstar
from zero-agemainsequence(ZAMS) to theplanetarynebula phaseis thereforethe
currentclusterageminustheWD coolingage.

Thelifetime of theprogenitorstar, de�nedasthetimespentbetweenarrival onthe
ZAMS andthe thermalpulsingon the AGB, wasdeterminedfrom the evolutionary
trackssummarizedin Girardi et al. (2002). Subtractionof theWD coolingagefrom
the clusteragegivesthe lifetime of the progenitorstar. The progenitormassis then
determinedby interpolationfrom the tabulatedstellar lifetimes. The interpolation
routineis accurateto

��� �

	 �

� for progenitormasses�������

�

� � �

� but lessreliable
for highermasses.

Tab. 5.1givestheinitial ZAMS progenitormassof eachclusterWD for four stel-
lar evolutionarymodels: � �

�
� � �

� , � �

�����

	

�

, and � �

�
� �




�

for solar-scaled
abundanceswith moderateconvective overshoot,and � �

�����

	

�

without convective
overshoot.Theinitial massesarecalculatedatvariousclusteragesspanningtherange
of valuesdiscussedin ; 3.4.2. The resultsindicatethat the calculatedinitial massis
highly sensitive to the clusterage,and the sensitivity increasesdramaticallyas the
differencebetweentheWD coolingageandtheclusteragedecreases(see; 5.1.4).

5.1.3 The initial-�nal massrelation: newresults

Figure5.1displaystheinitial-�nal massdataalongwith the“revised” initial-�nal
massrelationof Weidemann(2000),andthecoremassesat the�rst thermalpulseand
at theendof theevolutionarymodels,both from Girardi et al. (Girardi et al., 2000).
Also givenareinitial-�nal masspointsfrom previously-publishedstudiesof thePrae-
sepe,Hyades,andPleiadesclusters(Claveretal., 2001),re-determinedfrom thepub-
lished 	 
�� and 
�� ��� with thecurrentmodels.Thecurrentinitial massesfor thePrae-
sepeandHyadesWDs aresystematicallylower thanthosein Claver et al. (2001)due
to theiruseof pure

� �

C WD coolingmodels,andouruseof C/Ocorecoolingmodels.2

Thesedifferencesaremostpronouncedfor themostmassiveWDs(
�

� � � �

�
�


 �

�

for WD 0836+199)andarenegligible for theyoungestWDs (
�

� ��� �

�����

	 �

� for
WD 0438+108).

Within thestatederrorsandageuncertainties,both NGC 6633memberWDs lie
within thepreviously-publishedinitial-�nal massrelation.TheNGC 7063memberis

�

While theremay be someuncertaintyin de�ning exactly when the cooling time is zero, these
uncertaintiesareon theorderof ���
	���
 yr, which is muchsmallerthantheWD agesof 	�������� yr.

�

C/Ocorescoolmorequickly thanpurecarboncoresbecausetheheatcapacitypergramof oxygen
is lessthanthatof carbon,thenetresultbeinglower initial massesfor theC/O cores.
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adistantoutlier, but this is readilyexplainedby its potentialHe-core.
NGC 1039WB 2 is a confusingcase.Basedon Fig. 4.10,theWD appearsto be

a clustermember, yet its positionin the initial-�nal massrelationcon�icts with the
previousmeasurements.Therearethreepossibleexplanationsfor this. TheWD could
be a hot �eld WD currentlywanderingthroughthe starcluster. The candidatewas
selectedby Anthony-Twarog(1982)in a studyof � 	

� � �

sq. arcminutescenteredon
M34. Basedon Fig. 4.10,it is assumedthatNGC 1039WB 2 lies within

�
�

	�� � ��� of
thede-reddenedclusterdistancemodulusof 8.38,or atadistanceof

�

�

� �

� ����� . The
volumeenclosedby this region is calculatedto be � 	 


� �

���

�

. Thespacedensityof
WDswith � �

�

	 	 � 	

� ���

���

� �

(Boyle,1989),sothelikelihoodthatat leastonehot
WD residesin thesurveyed�eld at theclusterdistanceis �

���

	 


�

. It thereforecannot
be ruledout thatNGC 1039WB 1 is not a clustermember. Improvedstudiesof the
clusterdistancemodulusandreddeningwill helpto testthisexplanation.

If NGC 1039WB 1 is a clustermember, thentwo possibleexplanationsfor the
discrepancy with the initial-�nal massrelation remain. One is that the ageof the
clustermaybeincorrect.In orderto bring theuppererrorbarinto agreementwith the
empiricalinitial-�nal massrelation,the logarithmicageof theclusterwould needto
begreaterthan � �

�
�

, in signi�cant con�ict with currently-publishedvalues.
Theotherexplanationwould bethatthis WD wasin aninteractingbinarysystem

andhasanabnormallylow mass,i.e. NGC 1039is anotherHe-coreWD. According
to Bragaglia,Renzini,& Bergeron(1995),the fraction of He-coreWDs in the �eld
is �

���

	 . Assumingthis fraction is similar in openclusters,theprobability that two
or moreHe-coreWDs would be found in a sampleof four WDs is � �

�
� �
�

. This
probabilityassumesthat thefractionof He-coreWDs in openclustersis thesameas
thefractionin the�eld, which neednotbethecase.

5.1.4 The initial-�nal massrelation and
	�


While the four new WDs do not provide any uniqueinsight into the initial-�nal
massrelation at this point, the analysisraisessomeinterestingpoints in regard to
high-massWD progenitors.Numerousdiscussionson the initial-�nal massrelation
have focusedon thehigh-massendof therelationasanindicationof thevalueof � � .
This discussionis basedon white dwarfs in two openclusters,NGC 2516and the
Pleiades.

NGC 2516 is a rich, slightly subsolar-metallicity cluster in the southernhemi-
sphere.Its logarithmicageis �

�

�

� �
�

	 (Sunget al., 2002); the clusterageusedin
Koester& Reimers(1996)is �

�

	 �

� �
�

	 . Table5.2containsthe�nal andinitial masses
calculatedfor eachWD at variousassumedclusterages. It is clearly seenthat the
lower limit to � � derivedfrom thedatais extremelysensitive to theassumedcluster
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age.For theSungetal. (2002)ageof 8.2, � � �

� �




�

�

� . If theclusterageis actually
8.3,thatlower limit is reducedto 5.70�

� .
TheotherWD commonlyusedto constrain� � is LB 1497,ahot,high-massWD

located � �

�

	

from the centerof the Pleiadescluster. Basedon its propermotion,
LB 1497hasa 79%likelihoodof membership(Schilbachet al., 1995),andis located
well within the projectedtidal radiusof the cluster, � � �

� � �

	

� 	

�

��� (Raboud
& Mermilliod, 1998). The measuredmassfor the PleiadWD is 	

��� �

	

� �����

�
	 �

�

from spectroscopicBalmerline �ts (Claver et al., 2001),
��� �

�

�

���

� �

�

���

���

�

� from gravita-
tional redshiftandanassumeddistancemodulusof �

�

�

� � ����� �

(Wegneretal., 1991),
	

� �

�

�

��� �

�

�

��� �

�

�

� from gravitational redshiftanda Hamada-Salpetermass-radiusrelation
(Wegneretal.,1991),and 	

���

� �

� �����

	 � �

� basedonthephotometryandanassumed
distancemodulusof 5.60(Claver etal., 2001).3

Due to coarsegrid spacingat high 	 
�� and 
���� � , it is not possibleto determine

 � ��� and 	 
�� from the LRIS observationsof the Pleiadat this time. Previously-
publishedvaluesof 	�
�� and 
 � ��� are available, but as the massof the PleiadWD
is � 	 �

� andtheW95modelsonly extendto 1�

� , theresultingcoolingagesrequire
extrapolationandarethereforesuspect.If the cooling time is extrapolatedfrom the
Balmer-line �t parametersof Claver et al. (2001)andtheW95 models,the logarith-
mic coolingageis 7.90for a (rederived)WD massof 1.16�

� ; Claver et al. derive
� ��� � 	

��� �

	 �

� and a cooling ageof 7.98 (for a pure
� �

C core). For a lower
WD massof 1�

� WD with 	 
�� � 

	

���
�

and 
�� ��� � �

�
�

�

(Claver et al., 2001),the
logarithmiccoolingageis 7.74.

The initial massof LB 1497canbe determinedoncethe ageof the Pleiadesis
known. Work by Pinsonneaultet al. (Pinsonneaultet al., 1998)�nds an logarithmic
ageof 8.0(withoutstatederrorbars)for thePleiades.Lithium depletionstudiesof the
Pleiadessuggesta slightly olderageof 8.05(Basriet al., 1996)to 8.1(Stauffer et al.,
1998). Diaset al. (Diaset al., 2002)statesa logarithmicageof 8.131.Theresulting
�nal massesassumingtheseagesaregivenin Tab. 5.3.

To furtherillustratetheeffectsof errorsin theclusterageuponthederivedinitial-
�nal massrelation,the initial massesof WDs in theHyadesandPraesepehave been
calculatedfor a rangeof agesconsistentwith the logarithmic ageof theseclusters
statedin Claver et al. (2001), �

�

�

� � �����

� . The initial massesof the Hyadesand
PraesepeWDs have beencalculatedfor agesin this rangeandarealsopresentedin
Tab. 5.4.

Basedon the quantitiesplottedin Fig. 5.1, the argumenthasbeenmadethat the
empirical initial-�nal massrelationmorecloselyfollows the relationof initial mass

�

Evidenceis very strongthat the Hipparcosdistancemodulusto the Pleiadesof 5.33 is incorrect
dueto systematicerrors(Narayanan& Gould,1999),so no analysisor discussionis presentedusing
theHipparcosdistance.

111



to thecoremassat the �rst thermalpulse(dashedline) asopposedto the theoretical
initial-�nal massrelationof Girardietal. (2000)(solid line). However, if thelogarith-
mic ageof NGC2516is 8.30(theupperendof thestatederrorsontheclusterage),the
resultinginitial-�nal massrelationis closerto thetheoreticalinitial-�nal massrelation
thanthecoremassat the�rst thermalpulse,asshown in Fig. 5.2.

The PleiadWD, shown in Fig. 5.2 for assumedPleiadesagesof 8.00,8.05,and
8.15anda WD massof 1.0�

� , remainsthe tightestconstrainton the upperendof
the initial-�nal massrelationshipand ��� . Becauseof the uncertaintiessurrounding
the cooling ageof the PleiadWD andthe clusterage,we �nd � � �

�

�

� , a more
conservativelowerlimit thanthe � � ���

� �

�

� advancedbyClaveretal. (Claveretal.,
2001).

The genericeffect of uncertaintyin the ageof an openclusteron the progenitor
massdeterminationis shown in Fig.5.3.The�gure showsthederivedprogenitormass
for WDs with actualprogenitormassesof 6�

� , 7�

� , and8�

� basedon assumed
errorsin theobservationally-derivedlogarithmicclusteragesof

� �
�

	

�

��� . The�gure
assumesthattheWD coolingage(theactualprogenitormasslifetime subtractedfrom
the actualclusterage)is known precisely. From the plot, it is clearthat for clusters
olderthana logarithmicageof 8.10,measurementsof theinitial massareverypoorly
constrainedif theerrorsin themeasuredclusterageare0.1dex. In orderto studythe
high-massendof the initial-�nal massrelationwith any trueaccuracy, eithercluster
agesmustbedeterminedto a higherdegreeof accuracy, or youngerclustersmustbe
studied.Thecorollaryof this is thatvaluesof � � derivedfrom the initial-�nal mass
relationcannotbe consideredexceptionallyvalid unlessthe clusterageis known to
highaccuracy, whichis not thecasefor eitherNGC2516or thePleiades,or thecluster
is youngerthan � 	

�

�����

, whichalsois not thecasefor NGC 2516or thePleiades.

5.2 White dwarf populationsand
�	�

Anothermethodfor estimating��� is basedontheinitial-massfunction(IMF) and
thenumberof observedWDs. Let thenumberof stars

��


with massesin ( � � �

�

�

� ) begivenby
��


�


��

� � �

�

�

�

(5.1)

Thenthenumberof stars



with massesbetween�

� and �

� is




�



�

��
��




�

�

� � �

�

�

�

(5.2)
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Supposingthat the numberof starsin a clusterin a magnituderange � � �@? �.A�
 ��� � �	������
 ,



� , is known, andthatthemassof astarwith magnitude� is � � � � . Then

 �

is


 �

�




�







�

���

$�� �
	�� *




�

�

(�

� ����*

�

� � �

�

�

�

(5.3)

If theZAMS massof themost-evolvedstarremainingin theclusteris ������� , thenthe
numberof WDs formedin thecluster




� � is




��� �




�





��


������

�

� � �

�

�


 


�

� �

$�� �
	�� *




�

�

(�

� ��� *

�

� � �

�

�

�

(5.4)

If
�

� � � and



� areknown, theerrorin



� � is
�




� � . Therefore,giventhenumber
of clusterstarsin a known massrange,it is possibleto determinethenumberof ex-
pectedWDs for variousvaluesof � � , andcomparetheseto theobservednumberof
clustermemberWDs.

5.2.1 Counting WDs

Thecombinedphotometryandspectroscopy availablefor severalclusterspermits
themostaccuratecountsof memberWDs. Figs.5.4 - 5.7 show the�nal CMDs and,
for NGC 7063,color-color plot, with spectroscopicresultsincluded. Thoughlittle
spectroscopicwork hasbeendone,IC 4665containsno con�rmed WDs. Basedon
the clusterage,only a handful of viable candidatesremain. NGC 6633 hasbeen
well-observedspectroscopically. Two WDs arelikely members,andtwo viableWD
candidatesremainunobserved. In NGC7063,only onememberWD wasfound.One
candidatewith photometrysimilar to theHe-coreWD remainsunobserved.

Two majorsourcesof incompletenessdominatetheWD samples.The�rst is pho-
tometricincompleteness,i.e. non-detectionof WDs duringtheimageprocessing,and
binarystarincompleteness,i.e. WDs hiddenin unresolvedbinaries.Bothof theseare
exploredbelow.

Photometric Completeness

Thephotometriccompletenessof thesamplewasdeterminedby arti�cial startests.
Arti�cial starsarecreatedfrom thescaledPSFandinsertedinto randomlocationsin
each�eld. For PFCam�elds, themagnitudedistribution of arti�cial starswasdrawn
from alinearapproximationto the0.6�

� WD coolingcurveateachcluster'sdistance
andreddening.Only 100arti�cial starswereplacedin the imagesin a singlerun to
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preventanincreasein thecrowding. Thetotal numberof runswereadjustedsuchthat
theexpectederrorin thecompleteness,

	

� ���




� 	 �




� � ��?���� � (5.5)

where
 is thefractionof starsrecoveredand � ?���� is thenumberof starsadded(Bolte,
1989),was �

�����

� . Photometricanalysisof thearti�cial starframeswasidenticalto
that in ; 3.4. The recoveredarti�cial starswererequiredto have outputphotometry
within �

	

of theinputvalues.
The resultsfrom the PFCamarti�cial star testsfor NGC 2168 and NGC 7063

are shown in Figs. 5.8 and5.9. NGC 7063 is �

� ���

completefor � � � � , one
magnitudefainterthanthefaintestexpectedWD. NGC2168is lessthan50%complete
for � � �
	

�

� , which correspondsto the faintestexpectedWD if the logarithmicage
of NGC 2168 is 8.0. If NGC 2168 is older, suchas the ageof 8.3 publishedby
Sung& Bessel(1999),the photometryis not deepenoughto reachthe faintestWD
candidates.The resultingwhite dwarf luminosity function for NGC 2168,corrected
for completeness,is givenin Tab. 5.5andshown in Fig. 5.10.

For the CFHT imagesof NGC 6633,1000arti�cial starswere insertedin each
of two arti�cial starruns. As the faint limit of theWD candidateselectionwaswell
above the photometriclimit, arti�cial starsin a singlemagnituderangeof �
	

�

� � �

� � �

�
�

� � and ��� � �

�����

wereusedto determinecompleteness.Thecompleteness
for NGC6633wasdeterminedto be 


�

��� �

	

� � ����� � �

.

WDs in unresolved binaries

Multiple-starsystemswith anevolvedmemberareknown to survive theplanetary
nebula phase,with Siriusbeinga primeexample. WDs in a binarywith a low-mass
( �

���


 �

� ) arestill recoveredby photometricselection,as the WD is signi�cantly
moreluminousthanthecompanionat opticalwavelengths.WDs in a binarysystem
with companionsof equalor brighterluminosityareunlikely to be recovered,asthe
combinedspectral-energy distribution doesnot meetthe color selectioncriteria ap-
plied to �nd WD candidates.

In order to determinethe incompletenessdue to binary systems,a Monte Carlo
simulationwasdeveloped.Thesimulationdraws starsrandomlyfrom a user-selected
IMF. If a starhasa masshigherthantheMSTO, thestaris assumedto have formed
aninvisiblestellarremnantif theZAMS massis greaterthan � � . Otherwise,thestar
is assumedto have formedaWD. TheresultantWD massis takenfrom the“revised”
initial-�nal massrelationof Weidemann(2000).

If the star hasevolved into a WD, its photometricindicesare determinedfrom
the WD cooling models,the WD mass,andcooling ageof the WD, determinedby
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subtractingtheprogenitorlifetime from theclusterage.If thestarhasnotevolvedinto
aWD or invisibleremnant,its photometryis determinedfrom theZAMS of Girardiet
al. (2002).

The binary fraction in the simulation is the fraction of observed point sources
which areactuallyunresolved binaries. Companionstarsareassignedto eachsim-
ulatedstarwith aprobabilityequalto thebinaryfraction.Themassof thecompanion
staris againdrawn from the input IMF. Binary systemphotometryis determinedby
summingthelight from thecompanionstars.

To simplify the simulation,the ZAMS photometryof eachstar wasused. The
outputsimulatedclustersthereforehavenomain-sequenceturnoff or redgiantbranch.
This hasno impacton thenumberof recoveredWDs. Both the evolvedandZAMS
starsin thestudiedmassrangesarefar moreluminousthanWDs,andtheWDs is not
bedetectedin eithercase.

Starscontinueto bedrawn in this manneruntil thenumberof simulatedstarsys-
temswithin agivenmagnituderangeequalsthenumberof observedstarsin themagni-
tuderange.Theselectioncriteriausedin ; 3.4.3arethenappliedto thedatato recover
WDs. Ten thousandsimulationsarerun for eachsetof input parametersto provide
robuststatisticalmeasurementsof thenumbersof WDs andobservedWDs, evenfor
sparsestellar systems. An exampleof the output from the simulationis shown in
Figs.5.13and 5.14.

ThreeIMFs of theform
�

� � ��� �

� �

�

���

*

wereusedin thesimulations:aSalpeter
IMF ( � � 	

�


 � ) (Salpeter,1955),a steeperpower law ( � ��� ), anda brokenpower
law ( � � 	

�
�

for � � 	 �

� and � � �

���

� for �

�

	 �

� ). The steeperpower
law is obtainedfrom the SalpeterIMF whenunresolved binariesareaccountedfor
(Nayloretal.,2002).Brokenpower lawsarecommonlyquotedas�tting theobserved
massfunctionsof openclusters(Naylor et al., 2002;Meusingeret al., 1996;Barrado
y Navascúeset al., 2001),andthe selectedform approximatesthe massfunction of
NGC2168(Barradoy Navascúesetal., 2001).

For the simulatedclustersin this project,the SalpeterIMF resultsin moreWDs
thantheotherIMFs dueto its lesserslopeat high-masses.Thebrokenpower law re-
sultsin few WDsin binarysystemsbeingrecovered,asthe�at low-endmassfunction
increasesthetypical WD companionmassandluminosity.

The clustersNGC 2168, NGC 6633, and NGC 7063 were modeledusing this
simulation.Resultsof eachclusterfollow:

NGC7063. — For NGC 7063,a clusterageof 8.15wasused.ThePFCam�eld
contains19 memberstarswith �

�

	 


�

� . Membershipcriteria arebasedon proper
motionmembership( � �

�
�

� ) whenavailableor photometryconsistentwith cluster
membershipwhenpropermotiondatais ambiguous(

�
�

� � � �

�����

) or unavailable.
Eachsimulationproceededuntil 19 starswith �

�

	 


�

� andlifetimes longerthana
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logarithmicageof 8.15weredrawn. Becauseof the clustersparseness,the average
numberof WDs in theclusterwaslow, 	

� � �

	

���

for aSalpeterIMF with � � � � �

�

and 	

� � �

	

���

WDs for a SalpeterIMF with ��� �

�

�

� . Both of thesenumbers
areconsistentwith theoneWD discovered.Variationsin theIMF andbinaryfraction
resultedin only fractionalchangesto thesenumbersanddid notprovideany additional
insight.

NGC 6633. — Basedon the propermotion studyof Sanders(1973), thereare
45 likely propermotionmembers( � � �

���

) with �

�

	 � in theCFHT �eld. The
resultingnumbersof WDsfrom theMonteCarlosimulationfor aclusterageof 8.675
aregiven in Tab. 5.6. Basedon the spectroscopicresultsof two con�rmed member
WDsandtwo moreviableWD candidates,theexistenceof up to four clustermember
WDs canbe assumed.Four or fewer WDs is in mild con�ict with the resultsfor a
SalpeterIMF; the � � � power law andbroken power laws arein betteragreement
with the numberof observed WDs, especiallyif the binary fraction is �

���

� . The
differencein expectednumbersof WDs basedon differing valuesof � � is too small
to beexploredwith this cluster.

NGC 2168. — The imaged�elds in NGC 2168containthirty-six starsbrighter
than � � 	�
 . In these�elds, four WD candidateswereobserved,6.9 after thecom-
pletenesscorrection. Tab. 5.7 containsthe resultsof the simulationfor the cluster
for two differentassumedclusteragesof 8.0 and8.3. Becauseof the small number
of WDs resultingfrom the simulations,only resultsfor a binary fraction of 0.5 are
shown for theageof 8.0; simulationswith differing binary fractionsproducednegli-
giblechangesin theresults.

Basedon thesimulations,if NGC 2168hastheyoungerageof 8.0,andif all four
of theWD candidatesareclusterWDs, thentheclusterhasa near-SalpeterIMF and

� � � � �

� . Giventhattheclustermassfunctionhasbeenfoundto likely besteeper
thanSalpeter(Barradoy Navascúesetal.,2001)andthat�eld WDslikely contaminate
thesample,this seemsunlikely. If theclusterhasanageof 8.0but only oneor two of
thecandidatesareclustermembers,thenit is notpossibleto rule outany of thetested
models. If the clusteragehasthe older valueof 8.3, thenit is dif�cult to draw any
conclusionsabout � � , theIMF, or thebinaryfraction.

HyadesandPraesepe. — This simulationis alsorun in a cursoryexplorationof
the lack of WDs in the Hyadesand Praesepecluster. According to Weidemannet
al. (1992),theHyadesis “missing” 21 WDs, i.e. theIMF would suggest29 WDs in
theHyades,yet only sevenHyadesmemberWDs areknown. A selectionon Hyades
membersin WEBDA resultedin 89 Hyadesmembersbrighterthan � � �

�

� . There-
sultingsimulations,usingthebroken-power-law IMF, containanaverageof 27 WDs
in theHyadesfor � � � � �

� , closeto thetwenty-nineWDs Weidiemannet al. cal-
culated.For a binary fractionof 0.5, on average	 �

�

�

� � �

� WDs arein binaries.A
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purelyphotometricsurvey would recover, on average,	 �

�




�




�

� WDs, 


�

�

�

	

�

� of
which would bein binarysystems.If � � �

�

�

� , thenumberof total WDs averages
� 


�

�

�

�

���

, of which 	

��� � �




�

� wouldbedetectedin aphotometricsurvey. Therefore,
thepresenceof only sevenknown memberWDsmaynotbeaseverediscrepancy.

Claver et al. (2001) give the total numberof potentialWDs in the Praesepeas
nine, six of which are con�rmed members. Jones& Stauffer (1991) �nd � 	

� �

completeness-correctedmembersof the Praesepebrighterthan � ��� �

�

� . Assum-
ing thebroken-power-law IMF and � � �

�

�

� , theaveragenumberof WDs in the
Praesepesimulationsis 	 �

�

�

� � �

� , with �

� � �

�

� �

beingdetectedfrom photometric
surveys, andthe remainderhiddenin binary systems.If � � � � �

� , thenthe total
numberof WDs in the Praesepesimulationaverages	

��� � � ���

� , with an averageof
�

�

�

�




���

beingfoundby photometricsurveys.
Theresultsfor bothof theseclustersarequitepreliminaryandaresensitive to the

input IMF andselectioncriteria.Analysisof theWDLFs in eachclustercouldhelpto
verify whetheror notbinarystarsexplain theWD de�cit.

Dynamical Evolution

The dynamicalevolution of openclustershasoften beeninvoked to explain the
lackof WDsin theHyadesandotherclusters(Weidemannetal.,1992).Self-consistent
N-bodysimulationsareonly now beingappliedto openclustersdueto thecomplex-
ity of the problem. Initial resultsreproducethe observed, grosscharacteristicsof
openclusterswell, includingmasssegregationandtheevaporationof stars.Theseini-
tial resultsalsosuggestthatWDs do not evaporatepreferentiallyfrom openclusters,
rather, they tendto concentratetowardthecentralregions.This concentrationoccurs
dueto masssegregationprior to theWD formationandpersistsbecausetheWDs in
intermediate-agestellarclustersaremoremassive thanthe majority of clusterstars
(PortegiesZwartetal., 2001).

Basedon theinitial resultsof thebinarystarsimulationsin theHyadesandPrae-
sepe,theremaybelittle needto invokeWD evaporationfor thelackof observedWDs,
thoughfurtherstudyis neededbeforesuchaconclusionis �rmly drawn. It shouldalso
benotedthat thePleiadWD is fairly distantfrom theconcentratedcenterof thestar
cluster, in contradictionof theN-bodysimulations.
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Table5.1: Initial and�nal massesandcooling agesor ob-
servedwhite dwarfs,assumingclustermembership

Cluster Object

���

�

�

�

���

�

WD Cluster

�

�

�

�
�

�

���

�

age

�

age
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Table5.2: Initial & Final massesfor previously-published
WD datain NGC2516.

Object

�

WD Cooling Initial Mass(

�
� )

�

Mass(

���

) age age=8.05 age=8.10 age=8.15 age=8.20 age=8.25 age=8.30

NGC2516-1 0.931 7.802 7.42 6.64 6.02 5.54 5.13 4.79
NGC2516-2 1.010 7.606 6.24 5.79 5.40 5.06 4.77 4.49
NGC2516-3 0.972 7.950 	

�

	

�

7.21 6.34 5.70 5.20
NGC2516-4 1.066 7.887 	

�

7.42 6.57 5.91 5.41 4.99

�

As givenin Koester& Reimers(1996)

�

Assumingsolarmetallicitywith convectiveovershoot
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Table5.3: Initial-�nal massrelationfor PleiadWD

AdoptedWD Cooling Finalmass( �

� ) for
mass( �

� ) age age=8.00 age=8.05 age=8.10 age=8.15
1.09	 7.98	

���

�

� 	 
 �

�

7.65
1.16

�

7.90
�

� 	 	 � � 7.59 6.68
1.00 7.74 7.70 6.66 6.28 5.77

	 FromClaveretal. (2001)
�

Extrapolationfrom Claveretal. (2001) 	�
 � and 
�� ���

Table5.4: Initial & Final massesfor previously-published
WD datain theHyadesandPraesepe.

Object WD Mass Cooling Initial Mass( �

� )
�

( �

� ) age	 age=8.75 age=8.80 age=8.85

WD 0836+201 0.623 8.188 3.17 3.00 2.85
WD 0836+199 0.823 8.601 4.41 3.87 3.50
WD 0837+199 0.814 8.360 3.40 3.19 3.00
WD 0840+200 0.752 8.523 3.89 3.54 3.27
WD 0836+197 0.904 8.141 3.13 2.97 2.82
WD 0352+098 0.709 8.431 3.55 3.31 3.09
WD 0406+169 0.798 8.488 3.74 3.43 3.19
WD 0421+162 0.676 8.007 3.04 2.90 2.76
WD 0425+168 0.699 7.611 2.91 2.79 2.67
WD 0431+125 0.651 7.811 2.96 2.83 2.70
WD 0438+108 0.681 7.280 2.87 2.75 2.64
WD 0437+138 0.773 8.450 3.61 3.35 3.12

	 FromW95C/Ocoremodels
�

Averageof � �

�
� �

	

�

and � �

��� �




�

with convectiveovershoot
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Table5.5: Thewhite dwarf luminosity function from NGC
2168.

�
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<:> � � � �
�

�

	

�

����� ���

$'$	�

20.0 0 0.878 0.009 0 �����

20.5 1 0.716 0.020 1.40 1.40
21.0 2 0.659 0.017 3.04 2.15
21.5 1 0.410 0.017 2.44 2.44
22.0 0 0.070 0.009 0 �����

	 As in Bolte (1989)Eq.1 andEq.2
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Table 5.6: Simulatednumbersof WD detectionsin NGC
6633
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This is asubsetof thenumberof detectedWDs
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Table 5.7: Simulatednumbersof WD detectionsin NGC
2168
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Figure5.1: Derivedinitial-�nal massrelation.Filled circlesindicateresultsfrom this
studyfor the bestclusterages;error barsare �

� ���

con�dencelevels. The upper
limit with error barsis the He-coreWD in NGC 7063. OpentrianglesareHyades
andPraesepeWDs from Claver et al. (2001);opensquaresareNGC 2516WDs from
Koester& Reimers(1996);thehigh�nal-massupperlimit is thePleiadWD from data
in Claveretal. (2001).Thedottedline indicatesthe“revised”initial-�nal massrelation
of Weidemann(2000). The solid line is the theoreticalinitial-�nal massrelationof
Girardi et al. (2000); the dashedline are the coremassesat the �rst thermalpulse
from thatstudy.
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Figure5.2: Revisedinitial-�nal massrelation,assumingan NGC 2516ageof 8.30.
NGC 2516WDs are indicatedby asterisks.Filled boxesareHyadesandPraesepe
datafrom Claver et al. (2001),�lled circlesaredatafrom this study. Openstar, �lled
pentagon,andopenpentagonare for a PleiadWD massof 1�

� andPleiadagesof
8.15,8.05,and8.00,respectively. Dottedline is the“revised” initial-�nal massrela-
tion of Weidemann(2000);solidanddashedlinesarethetheoreticalinitial-�nal mass
relationandcoremassat �rst thermalpulsefrom Girardi (2000).
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Figure5.3: The sensitivity of derived progenitormassesto clusterageerrors. The
curvesindicatethederivedprogenitormassesfor WDs with actualprogenitormasses
of 8�

� (bluelong-dashed),7�

� (blacksolid),and6�

� (redshort-dashed)assuming
errorsin the logarithmicclusterageof 0.1 dex. Uppercurvesarefor underestimates
of theclusterage;lowercurvesarefor overestimates.
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Figure5.4: � � � ��� CMD of IC 4665,includingresultsof spectroscopicobservations.
Figureasin Fig 3.17,exceptcon�rmed non-WDsindicatedby redcrosses.
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Figure5.5: � � ����� CMD of NGC 6633,including resultsof spectroscopicobser-
vations. Figureasin Fig. 3.18,exceptcon�rmed memberWDs areshown as�lled
bluesquares,non-memberDA WDs asopenbluesquares,non-memberDB andDO
WDs as�lled magentasquares,non-WDsasredcrosses,andunobservedcandidates
as�lled cyanboxes.
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Figure5.6: � � � ��� and � � ����� CMDs of NGC 7063,includingresultsof spec-
troscopicobservations. Figureas in Fig. 3.19,exceptcon�rmed non-memberWDs
indicatedasopenblue boxes,con�rmed WD memberas�lled blue box, andunob-
servedobjectsas�lled cyanboxes.
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Figure5.7: � � ������� � color-colorplot onNGC7063,includingresultsof spectro-
scopicidenti�cations.Figureasin Fig. 3.20,exceptcon�rmedmemberWD identi�ed
with �lled blue box, con�rmed non-memberWDs identi�ed with openblue boxes,
andunobservedobjectsidenti�ed with �lled cyanboxes.
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Figure5.8: Completenessin detectionof WDs in NGC 2168,basedon the resultof
arti�cial startests.Error barsaredeterminedusingEq.5.5.
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Figure5.9: Completenessin detectionof WDs in NGC 7063,basedon the resultof
arti�cial startests.Error barsaredeterminedusingEq.5.5.
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Figure5.10: Thewhite dwarf luminosityfunction(WDLF) for NGC 2168,including
theraw WDLF (solid line) andtheWDLF correctedfor completeness(dashedline).
Errorbarsarecalculatedasin Eq.2 of Bolte (1989).
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Figure5.11: � � � ��� and � � � ��� CMDsfor WDsin binarysystems.Bluelinesindi-
cateWD coolingsequencesfor loneWDs with massesof 0.4�

� (0.1�

� )1.0�

� (top
to bottom);blackline indicatestheZAMS for asolar-metallicitypopulation;redlines
indicatethe sequencesfor ZAMS + WD binariesfor WD massof 0.7�

� , 	 
 � of
50000K,40000K,30000K,20000K,15000K,and10000K(top to bottom).Thegreen
linesindicatethebinarysequencesfor mainsequencestarswith thebrightestmodeled
WD (0.4�

� , 	 
�� =50000K;top) andthefaintestmodeledWD (1.0�

� , 	 
�� =10000K;
bottom).
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Figure5.12: � � � � � � � color-colorplot for WDsin binarystystems.Bluelinesindi-
catecoolingsequencesfor loneWDswith massesof 0.4�

� (0.1�

� )1.0msun(bottom
to top);blackline indicatestheZAMS for asolar-metallicitypopulation;redlinesindi-
catethesequencesfor ZAMS + WD binariesfor aWD massof 0.7�

� , 	 
�� of 50000K,
40000K,30000K,20000K,15000Kand10000K(left to right turnoffs alongZAMS).
Greenlines indicatebinary sequencesfor ZAMS + WD for brightestmodeledWD
(0.4�

� , 	 
�� =50000K;left) andfaintest-modeledWD (1.0�

� , 	 
�� =10000K;right).
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Figure5.13: CMDs from theMonteCarlosimulationof a binarystarsin a rich open
cluster. The�ctitious clusterhasaninput distancemodulusandcolor excessof zero,
abinaryfractionof 0.5,anageof 8.5,andaSalpeterIMF. Themainsequence,binary
sequenceandWD coolingsequenceareeasilyvisible,asis theregioncontainingWD-
MS binaries.BluelinesindicateWD coolingcurvesfor singleWDsof masses0.4�

� ,
0.7�

� , and1.0�

� (top to bottom).
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Figure5.14: � � ����� � � color-color plot from binarystarsimulationin Fig. 5.13.
Blue curvesindicateWD cooling curvesfor singleWDs of masses1.0�

� , 0.7�

� ,
and0.4�

� (top to bottom).

137



Chapter 6

Conclusionsand Futur eWork

This dissertationpresentsthe�rst resultsof a studyof white dwarfsin intermedi-
ate-ageopenclusters.Theprimaryconclusionsare:

� A sampleof openclusterswith completeWD sequenceswithin the reachof
Keckspectroscopy hasbeenpresented.

� Photometryfor theclustersNGC2168,IC 4665,NGC6633,andNGC7063has
beenpresented.Within eachcluster, WD candidateshavebeenphotometrically
selected.Basedon photometryalone,it is not possibleto identify clusterWDs
unambiguously.

� Spectroscopy for WD candidatesin NGC 1039(M34), IC 4665,NGC 6633,
andNGC 7063hasbeenpresented.Out of thirty-one identi�ed objects,four
areclustermemberWDs. For eachWD, theeffective temperatureandsurface
gravity havebeendetermined,andtheWD massesandcoolingagesderived.

� Analysisof the initial-�nal massrelationrevealsthat thehigh-massendof the
relationis very sensitive to theassumedagesof theparentopenclusters,more
sensitivethanusuallystated.

� Thelower limit on � � , andthereforethelower limit on �����
� 
 , is 5.7�

� .

� Basedontheempiricalinitial-�nal massrelationfrom thisstudyandpreviously-
publishedWD studies,the initial-�nal massrelationlikely lies betweenthere-
lation derived from the coremassesat the �rst thermalpulseandthe relation
derivedfrom thecoremassat theendof thermalpulsingfrom stellarevolution-
arymodels.

138



� The“white dwarf de�cit,” or apparentlackof WDsin openclustersascompared
with what would be expectedfrom an integrationof the initial massfunction,
can be explainedas being due to WDs being hiddenin unresolved binaries.
Evaporationof WDsfrom openclustersthereforeneednotbeasstronganeffect
assometimessuggested.

Morework remainsto bedonein orderto obtainthemostusefuldata.Someof the
necessarywork includes:

� Impr oved Balmer-line �tting . Someimprovementsneedto be madeto the
spectralmodel�ts. Most importantly, thecovariancematrixfor errordetermina-
tion needsto becomputedproperlysothatthestatederrorsaccuratelyrepresent
the modeluncertaintyandare lessdependenton assumptionsaboutthe error
distribution. It is alsonecessaryto obtaina higher-resolutiongrid of spectral
models,especiallyfor high 	�
 � . A �ner modelgrid wouldpermitmoreaccurate
determinationof 	 
�� and 
������ for hot ( 	 
 � � �

� � � ���

) WDs in thesample.

� Mor e and impr oved spectra. NGC 2168 is a very interestingcluster from
the standpointof beingrelatively younganda very rich, compactcluster. No
spectrahave beenobtainedyet, but themassesandagesof WDs in this cluster
will be importantin thedeterminationof the high-massendof the initial-�nal
massrelation.Improvedspectraof thepotentialHe-coreWD in NGC 7063are
neededto con�rm its nature.Finally, spectraof potentialWD-MS binariesmay
con�rm thepresenceof thebinariesandthevalidity of thebinarystarsimulation.

� Imaging and analysisof moreclusters.Theconclusionsdrawn from thisstudy
have beenhamperedby the small numbersof clustermemberWDs con�rmed
to date. Analysisof moreclusterswill provide a larger cluster-memberWD
sample.In addition,attentionneedsto befocusedonrich openclustersin order
to improvethelikelihoodof �nding clusterWDs.
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Astrophysics, 389, 871

Dominguez,I., Chief�, A., Limongi, M., & Straniero,O. 1999, TheAstrophysical
Journal, 524, 226

Dragicevich,P. M., Blair, D. G.,& Burman,R. R. 1999,MonthlyNoticesof theRoyal
AstronomicalSociety, 302, 693

Ferrara,A. & Tolstoy, E. 2000, MonthlyNoticesof theRoyalAstronomicalSociety,
313, 291

Finley, D. S.,Koester,D., & Basri,G. 1997,TheAstrophysicalJournal, 488, 375

Fontaine,G., Brassard,P., & Bergeron,P. 2001, Publicationsof the Astronomical
Societyof thePaci�c , 113, 409

Fontaine,G., Brassard,P., Bergeron,P., & Wesemael,F. 1992, The Astrophysical
Journall, 399, L91

Girardi, L., Bertelli, G., Bressan,A., Chiosi,C., Groenewegen,M. A. T., Marigo, P.,
Salasnich,B., & Weiss,A. 2002,Astronomy& Astrophysics, 391, 195

Girardi,L., Bressan,A., Bertelli, G., & Chiosi,C. 2000, Astronomy& Astrophysicss,

141



141, 371

Glushkova,E. V. & Uglova,I. M. 1997,AstronomyLetters, 23, 591

Hansen,B. M. S.1999,TheAstrophysicalJournal, 520, 680

Hayes,D. S.1985,in IAU Symp.111: Calibrationof FundamentalStellarQuantities,
Vol. 111,pp 225–249

Hoag,A. A., Johnson,H. L., Iriarte,B., Mitchell, R. I., Hallam,K. L., & Sharpless,S.
1961,Publicationsof theU.S.NavalObservatorySecondSeries, 17, 345

Janes,K. & Adler, D. 1982,TheAstrophysicalJournals, 49, 425

Janes,K. A., Tilley, C.,& Lynga,G. 1988,TheAstronomicalJournal, 95, 771

Jeffries,R. D. 1997,MonthlyNoticesof theRoyalAstronomicalSociety, 288, 585

Jeffries,R. D., Totten,E. J.,Harmer,S.,& Deliyannis,C. P. 2002,MonthlyNoticesof
theRoyalAstronomicalSociety, 336, 1109

Jones,B. F. & Prosser,C. F. 1996,TheAstronomicalJournal, 111, 1193

Jones,B. F. & Stauffer, J.R. 1991,TheAstronomicalJournal, 102, 1080

Kalirai, J.S.,Richer,H. B., Fahlman,G. G., Cuillandre,J.,Ventura,P., D'Antona, F.,
Bertin, E., Marconi, G., & Durrell, P. R. 2001a, TheAstronomicalJournal, 122,
257

Kalirai, J.S.,Ventura,P., Richer,H. B., Fahlman,G. G., Durrell, P. R., D'Antona, F.,
& Marconi,G. 2001b,TheAstronomicalJournal, 122, 3239

Koester,D. & Reimers,D. 1981,Astronomy& Astrophysics, 99, L8

Koester,D. & Reimers,D. 1985,Astronomy& Astrophysics, 153, 260

Koester,D. & Reimers,D. 1993,Astronomy& Astrophysics, 275, 479

Koester,D. & Reimers,D. 1996,Astronomy& Astrophysics, 313, 810

Koester,D., Schulz,H., & Wegner,G. 1981,Astronomy& Astrophysics, 102, 331

142



Koester,D., Schulz,H., & Weidemann,V. 1979,Astronomy& Astrophysics, 76, 262

Kurucz,R. L. 1979,TheAstrophysicalJournals, 40, 1

Lamb,D. Q. & vanHorn,H. M. 1975,TheAstrophysicalJournal, 200, 306

Landolt,A. U. 1992,TheAstronomicalJournal, 104, 340

Liebert,J.,Dahn,C. C.,& Monet,D. G. 1988,TheAstrophysicalJournal, 332, 891

Mathews,W. G. 1989,TheAstronomicalJournal, 97, 42

Mayle,R. & Wilson,J.R. 1988,TheAstrophysicalJournal, 334, 909

McMahan,R. K. 1989,TheAstrophysicalJournal, 336, 409

Mermilliod, J.1995,in ASSLVol. 203: Information& On-LineData in Astronomy, p.
127

Mestel,L. 1952,MonthlyNoticesof theRoyalAstronomicalSociety, 112, 583

Meusinger,H., Schilbach,E., & Souchay,J. 1996, Astronomy& Astrophysics, 312,
833

Narayanan,V. K. & Gould,A. 1999,TheAstrophysicalJournal, 523, 328

Naylor,T., Totten,E. J.,Jeffries,R. D., Pozzo,M., Devey, C. R., & Thompson,S.A.
2002,MonthlyNoticesof theRoyalAstronomicalSociety, 335, 291

Oke,J.B., Cohen,J.G.,Carr,M., Cromer,J.,Dingizian,A., Harris,F. H., Labrecque,
S.,Lucinio, R., Schaal,W., Epps,H., & Miller, J.1995, Publicationsof theAstro-
nomicalSocietyof thePaci�c , 107, 375

Pinsonneault,M. H., Stauffer, J., Soderblom,D. R., King, J. R., & Hanson,R. B.
1998,TheAstrophysicalJournal, 504, 170

Portegies Zwart, S. F., McMillan, S. L. W., Hut, P., & Makino, J. 2001, Monthly
Noticesof theRoyalAstronomicalSociety, 321, 199

Press,W. H., Teukolsky, S.A., Vetterling,W. T., & Flannery,B. P. 1992, Numerical
recipesin FORTRAN.Theart of scienti�c computing, Cambridge:UniversityPress,

143



—c1992,2nded.

Prosser,C. F. 1993,TheAstronomicalJournal, 105, 1441

Raboud,D. & Mermilliod, J.-C.1998,Astronomy& Astrophysics, 329, 101

Reimers,D. & Koester,D. 1982,Astronomy& Astrophysics, 116, 341

Reimers,D. & Koester,D. 1988,Astronomy& Astrophysics, 202, 77

Reimers,D. & Koester,D. 1989,Astronomy& Astrophysics, 218, 118

Reimers,D. & Koester,D. 1994,Astronomy& Astrophysics, 285, 451

Richer, H. B., Fahlman,G. G., Rosvick, J., & Ibata, R. 1998, The Astrophysical
Journall, 504, L91

Romanishin,W. & Angel,J.R. P. 1980,TheAstrophysicalJournal, 235, 992

Salaris,M., Dominguez,I., Garcia-Berro,E., Hernanz,M., Isern,J.,& Mochkovitch,
R. 1997,TheAstrophysicalJournal, 486, 413

Salpeter,E. E. 1955,TheAstrophysicalJournal, 121, 161

Salpeter,E. E. 1971,ARA&A, 9, 127

Sanders,W. L. 1973,Astronomy& Astrophysicss, 9, 213

Schilbach,E., Robichon,N., Souchay,J., & Guibert,J. 1995, Astronomy& Astro-
physics, 299, 696

Schwarzschild,M. 1958, Structure andevolutionof thestars., Princeton,Princeton
UniversityPress,1958.

Somerville,R. S.& Primack,J.R. 1999, MonthlyNoticesof theRoyalAstronomical
Society, 310, 1087

Stauffer, J. R., Schultz,G., & Kirkpatrick, J. D. 1998, TheAstrophysicalJournall,
499, L199

Stello,D. & Nissen,P. E. 2001,Astronomy& Astrophysics, 374, 105

144



Stetson,P. B. 1992, in ASPConf. Ser. 25: AstronomicalData AnalysisSoftware and
SystemsI, Vol. 1, p. 297

Sung,H. & Bessell,M. S.1999, MonthlyNoticesof theRoyalAstronomicalSociety,
306, 361

Sung,H., Bessell,M. S., Lee, B., & Lee, S. 2002, TheAstronomicalJournal, 123,
290

Tinsley, B. M. 1974,Publicationsof theAstronomicalSocietyof thePaci�c , 86, 554

vandenBergh,S.& Tammann,G. A. 1991,ARA&A, 29, 363

vandenHeuvel, E. P. J.1975,TheAstrophysicalJournall, 196, L121

von Hippel, T., Steinhauer, A., Sarajedini,A., & Deliyannis,C. P. 2002, TheAstro-
nomicalJournal, 124, 1555

Wegner,G., Reid, I. N., & McMahan,R. K. 1991, TheAstrophysicalJournal, 376,
186

Weidemann,V. 2000,Astronomy& Astrophysics, 363, 647

Weidemann,V., Jordan,S., Iben,I. J.,& Casertano,S.1992, TheAstronomicalJour-
nal, 104, 1876

Williams, K. A., Bolte,M., Claver,C. F., & Wood,M. A. 2001,AmericanAstronom-
ical SocietyMeeting, 198

Wood,M. A. 1990,Journalof theRoyalAstronomicalSocietyof Canada, 84, 150

Wood,M. A. 1995, in LNPVol. 443: WhiteDwarfs, p. 41

Yi, S., Demarque,P., Kim, Y., Lee,Y., Ree,C. H., Lejeune,T., & Barnes,S. 2001,
TheAstrophysicalJournals, 136, 417

145


