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Abstract

White Dwarfsin OpenClusters:Theinitial- nal massrelation,thesuperneamass
limit, andthe white dwarf de cit

by
Kurtis A. Williams

White dwarfs are useful tools for studyingnumerousinterestingastrophysicaphe-
nomena.The upperlimit for white dwarf progenitormassegprovidesa lower limits
on the massof supern@a progenitors. Theinitial- nal massrelationgivesthe inte-
gratedmasdossover thelifetime of a star This dissertatiorpresentghe resultsfrom
a photometricandspectroscopistudyof WDs in nearbyopenclusters.First,a sam-
ple of nearbyopenclustersis constructed.Second photometryfrom a subsetof the
sampleclusters NGC 2168, IC 4665,NGC 6633,and NGC 7063, is presentecand
white dwarf candidateselected.Spectroscopicollow-up of the white dwarf candi-
datesuncoveredfour clustermemberwhite dwarfs, a numberfar belov whatwould
be expectedbasedon integrationof the initial-massfunctionin the clusters. Two of
the white dwarfs agreewith the existing Hyadesand Praesepempiricalinitial- nal
massrelationship;athird clusterwhite dwarf is a suspectedhelium-corewhite dwarf.
Thehigh-mas®ndof theinitial- nal masgelation,previously determinedrom white
dwarfsin NGC 2516andthe Pleiadesijs foundto be highly sensitve to the adopted
agesof theseclusters.The lower limit on the uppermassof main sequencgarame-
tersisreducedo 5.7  whenthe ageuncertaintiesretakeninto account.Finally, a
Monte Carlosimulationis usedto show thattheapparentack of white dwarfsin most
openclustercanbe mostlyexplainedby WDs in binarysystemsthe rst timethatthis
effecthasbeenquanti ed.
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Chapter 1

Intr oduction

Spectrumanalysisenabledheastronometto tell whena starwasadvanc-
ing headon, andwhenit wasgoingthe otherway Thiswasregardedas
very precious. Why the astonomerwantedto know is not stated,nor
what he could sell out for, whenhe did know An astronomers notions
aboutpreciousnessire loose They are not mud regarded by practical
men,and seldomexcite a broker.

—Mark Twain, “The Secet History of Eddypus”

To rst ordet white dwarfs are straightforvard systemsto model: a degenerate
core surroundedoy a non-dgienerateatmosphereooling passvely by radiation of
thermalenegy. The rst WD cooling modelsbasedon this picture were developed
by Mestel (1952). Developmentsn stellarevolutionarytheoryled to the realization
thatWDs weretheremnantcoresof evolvedstars(Schwarzschild,1958). Theoretical
studiesof nucleosynthesim evolvedstardedto theconclusiorthatWDs mustconsist
of Cand O (seeSalpeterl971andreferencesherein). Theseadvancededto the
developmenbf new evolutionarymodelsfor 1, pure CWDs(Lamb& vanHorn,
1975).

Numerousobstaclesn WD theoryremainedo be overcomein orderto produce
usefulcoolingmodels.WDs spanarangeof massesfrom upto the Chan-
drasekhamass( ), with the majority of WD massesround0.6 . In ad-
dition, the chemicalcompositionof WDs is a C/O mixture, andthe C/O ratio likely
varieswith radius.Asteroseismologicadbsenationsof pulsatingDA WDs have pro-
vided corvincing evidencethat the DA atmospheresre “thick”, i.e. the surfaceH
layersareon the orderof , themaximumatmospherienassbeforeH-burning
wouldignitein theatmospherg¢Fontaineetal., 1992).



In light of theseconsiderationsMood (1995,hereafteiVV95) developedevolution-
ary modelsfor C/O WDs for a variety of masses.Thesemodelsinclude a radially-
varying C/O ratio and maximalH and He ervelopesof zero metallicity. The C/O
pro le waschosento betypical of thatobtainedfrom post-AGB evolutionarycalcu-
lations,but is dependentiponthe highly uncertain C( , ) O reactionrate(Wood,
1990). Subsequentvork on WD evolution hasfocusedon effects suchaschemical
separatiorandcrystallization(Salariset al., 1997),atmosphericorvection(Fontaine
et al., 2001), and cool atmospherighysics(Hansen,1999), effects which become
importantfor K.

1.1 Supemovaeand the interstellar medium

Superngaeareamongthe mostenegetic eventsin the present-dayniverse.lt is
generallyacceptedhattwo typesof supern@aeoccur:thoseoriginatingfrom the col-
lapseof a corein a highly-evolvedmassve star(core-collapsesuperneae),andthose
resultingfrom the detonatiorof ChandrasekhamasswDs (Typela). Superneaere-
sultin thereleaseof signi cant amountsof processedtellarmaterialandmetalsinto
theinterstellamedium(ISM), aswell asthereleaseof signi cant quantitiesof kinetic
enegy.

Stellar evolutionary and supernea explosion modelssuggestthat core-collapse
supern@aeoccurin starswhich carbonburningignitesin the core(Mayle & Wilson,
1988andreferencegherein). We will referto the minimum main-sequencenasfor
which a core-collapsesupern@a occursas . Although the canonicalvalue for

from stellarevolutionarymodelsis8 |, it depend®nthestar's metallicity and
theexactdetailoninputphysic§¥Domingueztal., 1999).Recenevolutionarymodels
including a modestamountof convective overshootignite carbonfor main-sequence

masse®f 6 (Girardietal., 2000),and couldbeaslow as5 (Castellani
etal., 1985)!
Becauseof their large kinetic enepies ( ergs), supernvae have an enor

mousimpacton gasin galaxies,and supernea feedbackis consideredundamental
to understandingtarformationratesin galaxieqe.g. SomervilleandPrimack,1999),
the evolution of starlurstsandstarformationregions(e.g. Leithereretal., 1999),and
the evolution of gasandthe ISM in dwarf galaxies (Dekel & Silk, 1986; Ferrara&
Tolstoy, 2000)).

A noteonnomenclatureMany paperonintermediate-massellarevolution usetheterm .In
general this refersto the maximumprogenitormassfor which a non-dgyeneratecarbon-oxygercore
developsandignites during the latter stagesof stellar evolution. Someauthorsuse to referto
the upperprogenitormassfor which a white dwarf remnantis formed, but thesetwo numbersarenot
necessarilghe same.



The value of is a vital but often-overlooked componento supernwa feed-
back studies. For a Salpeterinitial-massfunction (IMF) (Salpeter,1955)in anin-
stantaneouburstof starformation,decreasing from8 to5 increaseshe
numberof core-collapsesupernwae by , andthe length of time over which
supernwaeoccurincreasesrom 40Myrto 125Myr. Theresultof a decreasén

is thereforean increasan the amountof kinetic enepgy injectedin to the ISM
overlongerperiodsof time. In low-masssystemsthis extraenegy wouldincreasehe
strengthanddurationof any galacticwinds,resultingin ahigherlossof gasmassrom
adwarf galaxyof agivenmasgDekel & Silk, 1986). This extrakinetic enegy would
alsoincreasethe amountof enegy depositedn the intergalacticmedium(IGM). In
fact,someobsenationsof theIGM suggesthatit is moreenepgeticthanwould be ex-
pectedirom enegy dueto superngaewith (Binney, 2001). This could
bealleviatedwith adecreasén , althoughAGN lik ely contribute someenengy to
thelGM (Begelman,2001).

Sincesupern@aeareeasilyobsened,oneobviousmethodfor determining is
to compareobsened supern@a ratesto thoseexpectedfrom variousvaluesof
This is a dif cult exercise,asobsenred supernea ratesin the Milky Way and other
galaxiesaresensitve to correctiondor extinction andotherselectioneffects,andex-
pectedsupernoa ratesare sensitve to input star formationratesand IMFs, among
otherfactors. Historically-obsered superneae have occurredat a higherrate than
would be expectedor obsenedmasdunctionsin thesolarneighborhoodnd

(vandenBergh & Tammann1991). A lower value of could explain this
discrepanyg, but otherpossibilities,suchasa less-steepMF or the solarsystembe-
ing locatedneara spiralarm, could alsoresolhe the discrepang (Dragicevich etal.,
1999).

An alternatve methodfor determining is to determinghemostmassve pro-
genitormasse$or white dwarfs. Thismasgrovidesa rm lowerlimit to , though
it may be metallicity dependenge.g. Bono,2000andreferencesherein).In general,
it is not possibleto determinegheinitial massof WDsin the eld, unlessthey arepart
of a non-interactingoinary system,n which casethe cooling ageof the WD andthe
companiorstarmasscanbeusedto placelowerlimits onthe progenitorstarmass.If,
however, theWD is locatedin asystenof co-eval starsfor which anageof thesystem
canbedeterminedi.e. anopen(galactic)or globular starcluster it becomegpossible
to derive aninitial massasdescribedelow.

1.2 Theinitial- nal massrelation

Theinitial- nal masgelationfor white dwarfsrelateshe zero-agenainsequence
masdor the WD progenitorwith the nal massof theWD. Theinitial- nal massela-
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tion givestheintegratedmasdossovertheentireevolution of theprogenitorstar This
massmay have beenlost throughary of several stagesof stellarevolution, including
stellarwindsduringthe main-sequenceedgiant,andasymptotiagiantbranchphases
of evolution,aswell asduringthe nal planetary-nebla ejection.

Theamountof masdostis critical to understandinghe evolution of the interstel-
lar medium,especiallythatin elliptical galaxieswherethe majority of the hot ISM
is presumedo comefrom stellarmassloss (Brighenti & Mathews, 1998; Mathews,
1989). Theinitial- nal massrelationis not currentlywell-constrainedWeidemann,
2000). For starscurrentlyevolving off the mainsequencén theoldeststellarpopula-
tions( ), the uncertaintyin the integratedmasslost is . For higher
progenitormassesthe absolutescatterin nal massess for bothmodeled
andobsenredinitial- nal massrelationshipgWeidemann2000).

Therearea variety of methodsfor derving theoreticalinitial- nal massrelation-
ships.Thesemethodsarediscussed Weidemanr(2000). Differencesamongmodels
resultfrom differentmethodsof evolving starsthroughthe thermally-pulsingasymp-
totic giantbranch(AGB). Differencesn the strengthand modelingmethodsof con-
vective overshootalso affect the core masseswith the generaltrend that stronger
overshootresultsin moremassve carbon-oxygeroresfor a givenprogenitormass.

Obsenationally theinitial- nal masgelationis derivedsemi-empiricallyIf awWD
is in a systemwith coeval starsof known agesandmassegsuchasa starcluster),it
is possibleto derive the progenitormass.The WD effective temperature@ndsurface
gravity aremeasuredrom analysisof the WD spectrum.Given evolutionarymodels
for WDs, the cooling ageof the WD canthenbe derved. Comparisonof the WD
cooling ageto the ageof the starclustergivesthe pre-WD lifetime of the progenitor
star whichincludespost-mainsequencevolution. Givenstellarevolutionarymodels,
onethendeterminesvhich massof progenitorstarhasanevolutionarylifetime equal
to thepre-WDlifetime of theWD —theinitial mass.Both thetheoreticabndobsena-
tional initial- nal massrelationsare highly model-dependengndslight changeghe
inputmodelscanleadto signi cant changesn thederivedrelation(c.f. Jefries, 1997
andClaveretal.,2001).

Another outstandingquestionis whetheror not the initial- nal massrelationis
single-valued. While not often discussedn detail, it is concevablethat parameters
suchasrotationmayaffectthe nal WD mass.Currentlyit is dif cult to determingo
whatdegreetheseeffectsincreasehe scatteiin theinitial- nal massrelation.

1.3 Ciritical review of opencluster white dwarf studies

The conceptof usingwhite dwarfs in openclustersas probesof the maximum
massof WD progenitorshereaftereferredtoas , was rst championedby Tinsley
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(1974) andvan denHueval (1975)in studiesof the Hyades. Their work suggested
, thoughthis limit was very uncertaindue to the advancedage of the
Hyadesandintrinsic faintnesof WDs. 2.

RomanishirandAngel (1980,hereafteRA80) determined basedn
photographiglateobsenationsof four openclusters.They comparedhe numbersof
faint blue objectsin clusterimagesto thenumbersn adjacentomparisonelds. The
excessnumberof objectsis thencomparedo the numberof WDs expectedgivenan
assumedMF andthe numberof obsenedmain-sequencstars.Themajorlimitations
of this studywerethe faint limit of the photometry( ), asthe most
massve WDs ( ) fadebelow this limit within 25 Myr, andthe lack of
quantitatve photometryfor mary of the blue objects,therebyprecludingat leasta
perfunctoryrejectionof background foregroundcontamination.

The analysisin RA80 raisesmary importantconcernsthat must be considered
in ary photometricWD search. First, they recognizedhat WDs in binary systems
arevery dif cult to detectby color selectionunlessthe companions very low mass.
Anotherconcerns thedynamicalkevolution of thestarcluster;WDs maypreferentially
evaporatdn comparisorio theremaininghigh-massnainsequencelustermembers.
Theseconcernswill bediscussedn 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 spectreof mary of the RA80 WD candidatesWhile often suf-
feringfrom low signal-to-noisethesepaperdedto con rmation of mary candidatesss
WDs, andthey providedthe rst estimate®f physicalparameter$or theseWDs: the
effective temperature, , andsurfacegravity, . Theirwork on the clusterNGC
2516(Koeste& Reimers1996)placedalowerlimit on , with . This
lower limit is sensitve to theadoptedstellarevolutionarymodels.

TheWDsin severalotheropenclustershave sincebeenstudiedby variousauthors,
includingM34 andPraesep@Anthony-Twarog,1982),the HyadeqWeidemanretal.,
1992),M67 (Richeretal., 1998;Williams etal.,2001),andNGC 2099(Kalirai etal.,
2001b),amongothers.Most recently a carefulstudyof WDs in Praesep&asunder
takenby Claveretal. (2001). Thisstudyused photometryto identify candidate
WDs, with high signal-to-noisdollow-up spectroscop of the WD candidates.The
spectraof con rmed WDs werethenanalyzedby the Balmerline tting methodsof
Bergeron,Safer, andLiebert(1992),from which and weredeterminedand

Another note on nomenclature:The symbol or is usedin mary papers,ncluding Ro-
manishin& Angel (1980); Weidemann(2000)uses ; Anthory-Twarog(1982)uses . In this
dissertation,  refersto the maximummassof a progenitorstarwhich forms a white dwarf. Unless
thereis anunexpectedstageof stellarevolution, . To be consenrative, thesetwo symbols
will notbeusedinterchangeably



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

1.4 The program

Becausehevalueof andtheinitial- nal massrelationshipareof fundamental
importanceto several areasof astrophysicstangingfrom detailsof stellarevolution
throughthe evolution of dwarf galaxiesandthe IGM, it is necessaryo devisea care-
ful, methodicalktudyof theseparametersWhite dwarfsin openstarclustersprovide
several advantagedo sucha study First, their membershign a single-metallicity
coeval populationof starsprovidesnumerousonstrainton the adoptednodels,and
therebyresultsin thetightestpossibleconstrainton the derived parametersSecond,
numerousopenclustersspanninga variety of agesand metallicitiesare locatedrel-
atively nearby permitting even the faintestmemberwhite dwarfs to be studiedwith
highsignal-to-noisepectroscop adistinctadvantageoverglobular clusterstheother
obviouscoeval populationf starsin the galaxy

Until recently the study of openclusterWDs hasbeenlimited dueto the small

eld of view of modernCCD imagers.Themostwell-studiedwhite dwarf populations
werechoserfrom photographiglatestudieswhich limited the obsenerto eitherthe
nearesstarclusters- theHyadesPleiadesandPraesepe or to thebrightestWDsin
moredistantclusters.The mainlimitations of thesesurweys have beensmall-number
statistics. The Pleiadescontainsa single, massve white dwarf, but the distanceto
theclusteris uncertainenoughwith nearlya 0.5 magdiscrepang betweerHipparcos
parallaxesandmain-sequencedting distancegStello& Nissen,2001),thatthe WD
age and progenitormassare not well-constrained. The Hyadessampleappeargo
containtoo few faint WDs, aresultexplainedin theliteratureaslik ely incompleteness
andpossibledynamicaleffects(Claveretal.,2001),thoughthiswill bediscussedhter.
The Praesepsampledoesnot extendfaintenoughto reachthe faintestexpectedWDs
(Claver et al., 2001). New wide- eld CCD cameragpermit more distantclustersto
be sureyedfor WDs to magnitudesvell-below thefaintestexpectedwhite dwarfsin
relatively shorttimes, permittingcompletesamplesof WDs to be createdor alarger
numbersf clusters.

Thegoalsof this programareasfollows:

To developa sampleof nearbyopenclustersspanninga wide rangeof agesyet
nearenoughto permithigh signal-to-noisepectroscopof thefaintestexpected
WD candidates,

To obtaindeepphotometricobsenationsof openclustersin the above sample,
andtherebyderive a completesampleof WD candidatesn eachcluster

6



To obtain high signal-to-noisespectroscop of eachwhite dwarf candidate,
therebycon rming its white dwarf natureand clustermembershipand deter
mining the effective temperatur@ndsurfacegravity, and

To combinethesedatawith thebest-aailabletheoreticaktellarandwhite-dwarf
evolutionarymodelsin orderto determingheinitial and nal massof eachwhite
dwarf, andtherebyobtainan empiricalinitial- nal massrelationandlimits on
thevalueof

Themetallicity dependencef andtheinitial- nal masgelationis alsoanulti-
mategoalof this program;however, thisremainsoutsidethe scopeof this dissertation.
The detailsof the methodusedto achiese thesegoalsare presentedn the following
chapter



Chapter 2

The Cluster Sample

The carefulconstructiorof asampleof openclustersor the studyof white dwarfs
andtheir progenitorss crucialto the succes®f this project. Thereareseveral points
of considerationwhichledto the nal openclustersample:

Declination. — As the Keck Obsenatory wasto be usedto obtainspectraof
candidataVDs, theclustersamplancludesonly thoseclusterswith declinations
within of thelatitudeof the obsenatory, speci cally,

Angularextent.— Nearbyopenclusterssubtendairly large areasof sky, with
diametersup to ( Per). Thewide- eld imagerusedin this project,the
Lick Obsenatory Prime FocusCamera(PFCam),hasa eld-of-view of

, muchtoo smallto imagesigni cant areasof the largestopenclusterswith
reasonablamountof observingime. Theclustersamplewastherefordimited
to openclusterswith angulardiameters . While clusterswith angular
diameters aretoo large to imagewith a reasonabl@umberof pointings
of PFCam Jarger clusterswereincludedin casefurtherimagingwork wereto
make useof larger mosaiccamerassuchasthe NOAO CCD mosaic(
FOV) andthe CFH12K mosaiccamera.

Age. — Clusterwhite dwarfs will not be foundin openclustersin which stars
with mass have not yet completedtheir evolution. Although the
exact value of is not well known, it is generallyassumedo be lessthan
9 . Thereforethesampledid notincludeclusterswith turnoff massesigher
than9 . Fromthe isochronesof Girardi et al. (Girardi et al., 2002), this
correspondso anagelimit of

MagnitudeLimit. — The magnituddimit for this samplewasconstrainednost
tightly by the -bandphotometry If the assumptions madethatthe obsena-
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tionswill be sky-noisedominatedthenthe signal-to-noiseatio — for anobject
is

— (2.1)
where is thecountrateof the objectin  /sec, is the countrateof the
sky in  /sec/pbel, is the numberof pixels coveredby the object,and is

theexposuretime. If thecountrateis  for areferencenbjectwith magnitude
, thenthe countratefor anobjectof magnitude is:

(2.2)

Placingthisin Eq.2.1andsolvingfor :
— \/ — — (2.3)
For PFCamin the -band, (dark)and for (Bolte,

personalcommunication).For the desiredphotometricaccurag of 0.1 mags,
— . If thetotal exposuretime is limited to 1800sandthetypical seeing

, thelimiting magnitudes . For thecoolestexpected
WDs, (see 3.1). This putsa magnituddimit of onthe
photometry

The magnitudeof the faintestWD in a clusterdependson four quantities:
the distanceof the cluster the line-of-sight extinction to the cluster the WD
mass,andthe WD cooling age. Whereaghe rst two quantitiesare available
from publishedclusterdata,the WD massand cooling agemustbe estimated
from WD cooling models. In orderto ensurea completesampleof WDs in
a given cluster the -bandmagnitudeof the faintestexpectedWD must be
estimatedndependentiyffor eachcluster Due to the mass-radiuselation for
WDs, moremassve WDs have asmallerradius,andthereforearelessluminous
for a given effective temperature.Therefore the most-massie available WD
models(1.0 ) wereused. As the cooling ageof a clusterWD mustbe less
thanthe clusterage,andsinceWDs fadeasthey cool, the -bandmagnitude
wasestimatedrom modelsassuming coolingageequalto the clusterage.

It is desirableto extendthe photometryat leastl magfainterthanthe faintest
expectedWD in orderto ensurghatthe WD coolingsequencéerminatesvhere
expected. Basedon our photometriclimits, this requiresthat
Thereforetheclustercatalogwasselectedo includeonly thoseWDsfor WhICh
thefaintestexpectedWD has



Theopenclustersamplewvasselectedisingthesecriteriafrom theweb-basedpen
clusterdatabaseWEBDA (Mermilliod, 1995). The nal catalogcontains34 open
clustersandis presentedn Table2.1. It shouldbe notedthatthe listed parameters
(distanceage,metallicity, etc.) maybe quite uncertain.
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Table2.1: Openclustersin the sampleful lling the criteria

in thetext.

Cluster RA Dec d age diam Richness
Name (J2000) (J2000) () () (pc) O Class
NGC 225 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
NGC 752 01:57:47 +37:41 137.2 -23.4 457 0.034 9.050 75 21.1 2
Stock?2 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
NGC 1027 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
NGC 1647 04:46:02 +19:04 180.4 -16.8 540 0.370 8.158 39 21.2 3
NGC 1662 04:48:28 +10:56 187.7 -21.1 437 0.304 8.625 12 21.2 15
NGC2168(M35) 06:08:52 +24:20 186.6 +02.2 816 0.262 7.979 25 21.6 4
NGC 2232 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
NGC 2281 06:49:19 +41:03 175.0 +17.1 558 0.063 8.554 25 20.9 2.5
NGC 2301 06:51:46 +00:27 212.6 +00.3 872 0.028 8.216 14 21.3 1
NGC 2302 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
NGC 2353 07:14:34 -10:18 224.7 +00.4 1119 0.072 7.974 18 21.7 2
NGC 2395 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

Richnes<Classasgivenin Janes. Adler (1982)
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Table2.1: (cont.)

Cluster RA Dec d age diam Richness
Name (J2000) (J2000) (pc) O 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
NGC 6633 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
Stephensoni 18:53:33 +36:55 66.9 +15.5 390 0.040 7.731 20 18.9 1
NGC6716 18:54:33 -19:53 154 -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

NGC 7039 21:11:12 +45:39 88.0 -01.7 951 0.131 7.820 14 21.2 2
NGC 7063 21:24:27 +36:30 83.1 -09.9 689 0.091 7977 9 20.7 3
NGC7092(M32) 21:32:12 +48:26 92,5 -02.3 326 0.013 8.445 29 19.4 1
NGC 7243 22:15:17 +49:53 98.9 -05.6 808 0.220 8.058 29 21.5 2

RichnesClassasgivenin Janes. Adler (1982)



Chapter 3

Photometry: Approach,Observations,
and Analysis

3.1 White Dwarf Models

Photometriandicesfor WD modelshave beenpublishedfor WDs of a constant
(Bergeronetal., 1995b).CoolingWDs do not maintaina constansurfacegrav-
ity; WDs shrinkasthey cool, resultingin anincreasingsurfacegravity for a constant
WD mass.To studyWDs of agivenmassit is necessaryo calculatethe photometric
indices.

As describedn Chapterl, the W95 C/O modelsare usedfor the WD evolution-
ary models.Syntheticspectraof pure-hydrogeriDA) atmospherienodelsarekindly
provided by D. KoesterDetails of an earlierversionof theseconstantly-updatedt-
mospherianodelsarepublishedin Finley, Koester & Basri(1997). Thesesynthetic
spectravereusedin conjunctionwith the W95 modelsto determinethe photo-
metricindicesin thefollowing manner

ThebolometriccorrectionBC, is de ned as

(3.1)
where is the apparenbolometricmagnitude.Usingthe de nition of the magni-
tudesystem,

(3.2)
where istheobsenred ux distribution above Earth's atmospherand is the
responsdunctionof Iter

(3.3)
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where isthesolarconstantind is thebolometriccorrectionfor the sun.
Since

(3.4)

andby cancelingthe distanceandradiusdependences the  terms,thebolometric
correctionequationbecomes

(3.5
where istheEddingtonux fromthemodelatmosphere.
Usingthemeasuredux of Vegafrom Hayes(1985), : :
, and erg/cm /s (Besselletal., 1998),this equation
reduceso
(3.6)
The bolometricmagnitudeof amodelWD is simply
— (3.7)
where , ery/s, and (Bessellet al.,
1998). is the WD radiusfrom the cooling models. From : is determined
viaEq.3.1.
A colorindex is determinedrom the equation
(3.8)
where is determinedfrom the Vega ux es of Hayes(1985). For this work,
=-0.005and =-0.003,valuesassumedy Kurucz(Kurucz,

1979)astheindicesof Vega. It is notedthatseveraldifferentobseredvaluesof these
indiceshave beenused(e.g. Castelli1l999),all within 0.007magof theadopted/alues.
Any changen the adoptedcolor indicesfor Vegaare additive to the calculatedWD
indices.

The Koestersyntheticspectraare takulatedfor and

. The provided spectraonly containdatafrom 3300A

800A, whereaghe -band Iter responseontinueso 3000A. Thereforethe -
bandintegralsarenot evaluatedbluenvardof 3300A. The neteffect of this shouldbea
smallunderestimatef the -bandmagnitudemostnoticeablegor the hottestWDs.
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Photometridndiceswerecalculatedor eachprovidedsyntheticspectrum.To ob-
tain the evolutionarysequencesf photometriandicesfor WDs of constantmassthe
surfacegravity for eachWD massat eachtakulated was interpolatedfrom the
W95 models. A two-dimensionakplineinterpolation(Presset al., 1992)in and

wasthenusedto determinethe photometricindices,which arepresentedn Ta-
bles3.1-3.7.

Thesephotometricindicescanbe comparedvith thoseof Bemgeronet al. (Berg-
eronet al., 1995b). Figure 3.1 compareghe resultsin the color-magnitude
diagram(CMD). The new calculationsmatchwell with the previously publishedre-
sults.Foragiven ,theBemeronetal. (1995b) areabout0.01 magsbluer;
thisis dueto differencesn theassumedaluesfor  and . Figure3.2compares
thetwo setsof indicesin the color-color plane.Heresigni cant (0.04
mag)differencesareseenbetweernthe Bergeronet al. (1995b)indicesandthesecal-
culationsamongthe hotter WDs, with the currentindicesbeingredder This could
be dueto the effect of notintegratingthe -band ux esbluewvardof 3300A. Also, as
mentionedn the discussionn Finley etal. (1997),differencedetweernhe Bergeron
modelsand Koestermodelsare apparenfor the hotteststars,thoughthe reasondor
thesedifferencesreuncertain.

3.2 Main-sequencemodels

For theclusteran this sampletheagesanddistancesredeterminedy isochrone
tting. The derived distancesand agesfor the clustersvary dependingupon the
isochroneinput physics. This implies thatthe derivedinitial- nal massrelationwill
alsovary dependingon theisochronesised.For this work, the theoreticaisochrones
of Girardietal. (2002)areused.The isochronegYi etal., 2001)do notinclude
the uppermain sequencdor young clusters( ), and so are not usefulin
studyingprogenitorsvith massen thisinterestingrange.

TheGirardietal. (2002)isochronesrecalculatedvith moderatecorvective over-
shootingandarangeof metallicities. Thereis alsoa setof solarmetallicityisochrones
with no corvective overshoot. For mostof the sampleclusters,the metallicitiesare
poorly determinedr controversial. Thereforefor eachWD, the progenitormasswill
be determinedusing stellar evolutionary modelsfor a rangeof metallicities (

) andfor the solarmetallicity modelswithout corvective overshoot.
The rangeof initial masseghusderived will give someinsightinto the systematics
introducedoy assumptiong the metallicity andcornvectionphysics.
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3.3 Obserations

Imaging of several openclusterswasobtainedover two runstotaling ve nights
usingthe PrimeFocusCamerg PFCam)nthe 3-metertelescopatLick Obsenatory
PFCamprovidesa eld-of-view and . pixelsusingaSiTe
thinnedCCD. Imageswerebinned on-chip. During the SeptembeR1-232001
(UT) observingun, seeingwasexcellentfor Lick Obsenatory, averagingaround .
in all bands.This resultedin moderatelyundersampletmagesof point sources.The
weathemwasphotometriconly for the secondhight, with high thin cirruson the other
nights. During this run, the PFCamshuttertiming wasunreliable with randomerrors
in exposuregimesestimatedt secondsFieldsin eachclusterweretiled to cover
aslarge of anareaof the clusteraspossible.

A secondPFCanrunon Sept.7-8,20020btainedadditionalimages Weathemwas
photometricboth nights. Seeingwas on the rst night, andsteadilyimproved
duringthesecondhightfrom  to

Dueto theshuttererrors,weatherandsaturatiorof the brighteststarsontheshort-
estimagesseveral elds in eachclusterwereimagedascalibrationsusingthe Nickel
Imageronthe 1-meterNickel telescopet Lick Obsenatoryduringa photometricob-

servingrunonJuly 6-8 2002. Theimagerhasa eld of view of usinganLL
thinned CCDwith . pixels. Imageswerebinned , andseeing
washighly variable,rangingfrom . to . The elds werechoserto includethe

brightestclusterstars.

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

Observingogsfor the clusterspresentedn this paperarelistedin Table3.8. The
imaged elds areindicatedin Figs.3.3-3.7. Figs. 3.8 and 3.9 shav compositecolor
imagesof thePFCamelds in NGC 2168andNGC 7063,respectiely.

3.4 Imagereductionand photometric analysis

Imageswerereducedusingthe ImageReductionand AnalysisFacility (IRAF) in
standardashion.Biaslevelsweredeterminedor eachframeusingathird-orderLeg-
endrepolynomial t to theimageoverscarandweresubtractedlmagesof thetwilight
sky wereusedto constructa at eld in eachband. Programframeswerecorrected
for ef ciency variationson all spatialscalesy dividing themby theappropriatenor-
malized at eld image. Multiple imagesof the sameprogram eld with the same
exposuretime wereregisteredandwere combinedby rejectingthe highestpixel and
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averagingtheremainingvalues.

Photometrywasobtainedfor the PFCamand CFHT imagesusingthe PSF- tting
routinesof DAOPHOT Il (Stetson,1992). DAOPHOTI determineghe point-spread
function (PSF)by tting ananalyticfunction andanempirically-determinediookup
tableto selectedPSFstars. For these elds, the PSFwasdeterminedseparatelyfor
eachframe,andwas permittedto vary quadraticallyacrossthe frame. The analytic
functionwasselectedy selectingthe functionalform which minimizedthe  ts of
the PSFstarsto themodelPSFE

As thestellar elds arecrowded,ALLSTAR wasusedto redetermingghotometry
andsubtractdetectedstarsfrom eachframe. A seconddetectionandphotometryrun
wasthenusedto detectandanalyzeary previously-hiddenstars.

The goodness-of- tfor the PSFis givenby the DAOPHOT output , whichis the
obsened pixel-to-pixel scatterdivided by pixel-to-pixel scatterexpectedfrom Pois-
sonnoisefrom the object ux andthe measuredackgroundoise. In theory points
sourceshouldexhibit a scatterabout , andextendedobjectsshouldhave rel-
atively high values.In thesedata,the valuefor point sourcesncreasegor bright
objects,dueeitherto animperfectPSFor anerrorin theinput CCD gain. In orderto
separateut non-pointsourcedrom the sample a fourth-orderpolynomialwas t to
andsubtractedrom the chi valuesin eachcluster A -cutwasthenmadeto remove
thosepointswith highly-discrepantesiduals.

TheresultantPFCamphotometryrevealsa substantiahon-linearityin theimages
from the Sept.2001observingun. Fig. 3.10compareshe (instrumentalmagnitudes
obtainedfrom NGC 7063in a 30-secondB-bandexposurewith thoseobtainedin a
120-secondxposure.For alinearCCD responsethe plot shouldshowv ascatterabout
aconstantalue(zeroin this case).For theseimagesa trendin the magnitudeoffset
with magnitudeis obsered, indicating a non-linearCCD response.This trend has
only a weak spatialdependencendicating that shutterproblemsare not the cause
of the non-linearity The imageheadersndicatenothingunusual,suchasvoltageor
temperatureuctuations. The non-linearityis obsenedin all framesexceptfor the
imagesof NGC 2168. Analysisof the unprocesseframesalso containedthe non-
linearity, indicatingthatimageprocessingvas not the cause. Subsequentesting of
PFCamhasfailedto detectary non-linearityin the CCD response.

Theonly datafor thisdissertatioraffectedby thenon-linearityweretheNGC 7063
images.Thereforethe 2002NGC 7063datawerecomparedvith thoseof 2001,and
alinearfunctionwas t to the magnitudedifferencego compensatéor thenon-linear
response.

The CFHT imagespresentedomeminor challengesFlat elds takenduringthe
sameobservingrun were taken in areasof high stellar backgroundandit was not
possibleto createat elds free of featuresdueto residualstars.Therefore,at elds
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were constructedrom archived at elds from a subsequen€FH12K archivedrun.

Also, sinceonly onelong exposurewastaken in eachframe,the inter-chip gapsand

cosmicraysremain,the netresultof whichwasnumerouspurioussourcedetections.
One chip in the CFH12K mosaiccontainedsufcient bad columnsthat it was not

possibleto obtainusefulphotometryfrom thatchip; therefore dataon thatchip were

ignored.

3.4.1 Calibrations

Becauseof the shuttertiming errors and non-photometrioveatherexperienced
during the PFCamruns, and becausdhe photometricquality of the archival CFHT
datais unstatedit wasnecessaryo establisHocal calibratorstarsfor eachcluster

TheNickelimageswvereusedfor this purpose After beingreducedasstatecabove,
photometrywas obtainedusingthe aperturephotometryroutinesof DAOPHOQIT. For
eachframe,instrumentaimagnitudesandaperturecorrectionswere determined.Im-
agesof several Landolt standard elds (Landolt, 1992) were usedto establishthe
photometriccalibrationcoefcients in Eqns.3.9-3.11.Each eld wasthencalibrated
usingtheequations

(3.9)
(3.10)
(3.11)
where arethe instrumentaimagnitudes, arethe standard-systemag-
nitudes, istheairmass, isthetime,and arethe coefcients to bedeter

mined. Thecoefcients weredeterminedria least-squaresting.

Colortermsweredeterminedrst by permittingthezeropointsto vary from frame
to frameandsolvingthe equationsThe colortermswerethen x ed,andeachnight's
frameswere reducedseparatelyto obtain zero points, airmassterms,andtime vari-
ance. and werefoundto benearzero,andtheinclusionof thesetermsin the
t increasedheerrorsin theotherterms,so and weresetequalto zerofor the
nal determinationThevaluesfromthe nal t aregivenin Tah 3.9.

-bandcalibrationsfor 2002July 6 & 7 have large errorsin absolutezero-points

dueto alack of well-measured -bandstandardsn the obsered standardelds SA
110andSA 112. On 2002 July 8, PG 1633wasusedasthe primary standardeld,
resultingin muchtighter -bandsolutions.For thisreason, -banddatafor the rst
two nightswereshiftedto producehetightestpossiblemainsequencem theprogram
clusterson a clusterby-clusterbasis.

Thecalibrationsverethenappliedto the Nickel obsenationsof opencluster elds
to bringtheobsenedclusterstarsontothestandaragystem.Thesestarswerethenused
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aslocalcalibrationstargto calibratethePFCamandCFHT imagedy solvingmodi ed
versionsof Eqns.3.9includingonly the zeropointandcolorterms.Zero pointswere
allowedto oat from frameto frame. The color termsfor PFCamand CFH12K are
givenin Tah 3.9.

As no Nickel imageswere obtainedfor NGC 2168, the photometryof Sung&
Bessell(1999)wasusedto calibratethe PFCamimagesof this cluster The PFCam
color termsdeterminedrom this calibrationagreedwith thosedeterminedrom the
Nickel-calibratedelds.

3.4.2 Distancesreddeningand ages

Determinatiorof theinitial- nal massrelationand requiresknowledgeof the
clusterage, distance,and reddening,quantitieswhich are often poorly determined.
An ultimategoalof thisresearchs to obtaindistancereddeningandageinformation
from the Nickel photometryof the uppermain sequencetars. Thatwork hasnot yet
beencompletedsoit is necessaryo usethe bestavailablepublishedhumbers.

NGC1039(M34).— Accordingto Diasetal. (2002),M34 hasadistancenodulus

, , anda logarithmicageof 8.249. Jones&
Prossef1996) nd adistancenodulusof : ,and
alogarithmicageof betweer8.30and8.40.

NGC 2168.— Sungé& Bessel(1999)presentedCCD obsenationsof this cluster

anddetermined , andlogarithmic
ageof , aswell asa blnaryfractlon of 35%. The metallicity wasdetermined
to be fairly sub solarwith . Datafrom the WIYN OpenClusterSuney
indicate and logarithmic age of 8.15 (von

Hippel et al., 2002), while the compilation of databy Dias et al. (2002) suggests
, andlogarithmicageof 7.98. The PFCam
photometrydataare noisy on the uppermain sequenceandNickel datahave not yet
beenreduced. Fig. 3.11 shaws the color magnitudediagramsfor isochroneswith
Z=0.008andZ=0.019.While farfrom conclusve,thesedatasuggesthat
, andanageof . Neithermetallicity producesatishictory
resultsm eitherCMD, suggestinghe metallicity is intermediatdo thesetwo values.
IC 4665. — No usefulNickel imageswere obtainedfor IC 4665, so the upper
mainsequencef Prossef1993)wasusedto determineage,reddeninganddistance.
Diasetal. (2002)claim anda logarithmic
ageof 7.634. The Prossemdataare plottedW|th solarmetallicity isochronesof this
distanceandreddeningn Fig. 3.12,andthedataappeato agreewith themodels.The
ageis dif cult to determineaccuratelybut the brighteststarssuggestin ageof less
than7.80.
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NGC 6633. — For NGC 6633, the distanceandreddeningwere carefully deter
minedby Jefriesetal. (2002)to be and
! Themetallicity of NGC 6633wasalsofoundto be :
or slightly sub-solar
Figure 3.13 shavs the uppermain sequenceegion of NGC 6633. Indicatedare
all starsdetectedn the Nickel photometryaswell asthosestarsfoundto be proper
motion memberdy Sanderg1973). Also indicatedarefour brighterpropermotion
membersstarswithout Nickel photometricmeasurementdueto saturation. Two of
theseobjectsappeato be potentialblue straggler{SAN 194andSAN 258),andthe
othertwo areevolvedmembersTheageof NGC 6633is estimatedhroughthe useof
Girardietal. (2002)solarmetallicityisochroneso be . This
is signi cantly lower thanthe previously-publishedralueof 8.82publishedby Janes,
Tilley, & Lynga(1988)but olderthanthe 8.629quotedby Diasetal. (2002).
NGC 7063. — Little work hasbeendoneon this cluster The valuesfor the
age,distance andreddeningguotedin Dias et al. (2002)are
, and logarithmicageof 7.977. Figure 3.14 shaws the upper
main sequencef NGC 7063. Propermotion member<lustermembergDiaset al.,
2002; Glushlova & Uglova, 1997)areindicated,as are solarmetallicity isochrones
for agesof 8.0and8.15. While sparsethe datasuggesthatthe clusterhasanageof

3.4.3 Candidate White Dwarf Selection

The preferredmethodto nd WDs would beto selectall objectswith photometry
within of theWD coolingsequenceThis methodsuffersfrom the shortcoming
thatarny systematicerrors,suchasincorrectdistancemodulus,reddeningmodeler
rors,etc.,couldresultin therejectionof clusterwhite dwarfsfrom the sample For this
reason candidaté/NDs were selectedby their locationin large regionsof the color-
color plane(if dataareavailable)or locationin the color-magnitudediagram(if
only dataareavailable).

Thecandidatesn M34 wereselectedrom as-yetuncalibratedCMDs derivedfrom
aperturephotometryof the M34 elds just prior to a spectroscopiobsenation run.
Furtherphotometricanalysisof M34 hasyetto becompleted.

The resultingphotometryfor NGC 2168,1C 4665,NGC 6633andNGC 7063is
presentedn Figs. 3.15-3.20. Heavy contaminationfrom galacticdisk eld starsis
apparentn eachdiagram.The white dwarf candidate$or eachclusterarepresented
in Tabs.3.10-3.14.

Quotedvaluesarefor the“long” Pleiadeanodulusof 5.60andassumea color-independentolor
excess.
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Table 3.1: Calculatedphotometricindicesfor W95
white dwarf 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 8543 -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
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Table 3.2: Calculatedphotometricindicesfor W95
white dwarf 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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Table 3.3: Calculatedphotometricindicesfor W95
white dwarf coolingmodel.
log (age) B.C.
50000 6.343 7.801 4.334 -4506 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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Table 3.4: Calculatedphotometricindicesfor W95
white dwarf 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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Table 3.5: Calculatedphotometricindicesfor W95
white dwarf 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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Table 3.6: Calculatedphotometricindicesfor W95
white dwarf 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
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Table 3.7: Calculatedphotometricindicesfor W95
white dwarf 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 12901 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: Observingog for imagingdatapresentedherein

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

8¢

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

PFCame= Lick ObsenatoryPrimeFocusCameraNickel = Lick ObsenatoryNickel
CameraCFHT = CFHT CFH12K MosaicCameraArchive



6¢

Table3.8: (cont.)

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

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

19990ct 16 CFHT NGC6633 C1 18:27:44 +06:34
NGC1039 C1 2:42:01 +42:47
19990ct 17 CFHT IC 4665 Cl 17:46:15 +05:43

PFCame= Lick ObsenatoryPrimeFocusCameraNickel = Lick ObsenatoryNickel
CameraCFHT = CFHT CFH12KMosaicCameraArchive



o€

Table3.9: Adoptedcalibrationsfor photometry

Instrument Date Filter Zero Color Airmass Time
(Ut Point Term Term

Nickel 2002Jul6
2002Jul 7
2002Jul 8

PFCam all

CFH21K all

Dueto theuseof local calibrators zeropointsvary from frameto frame.
Takenfrom CFH12Kwebsite, http://www.cfht.hawaii.edu/In

stru ments /Ima ging/ CFH12K/



Table3.10: White dwarf candidatesn NGC 1039(M34)

Candidate OtherID RA(2000) Dec(2000)

WB 2 LB 3569 2:41:05.9 42:48:14.4 1897 0.90 -0.38
WB 3 2:43:00.0 42:48:13.5

FromAnthony-Twarog(1981)
Currentlyonly uncalibrategphotometryavailable
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Table3.11: White dwarf candidatesn NGC 2168

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

ce



Table3.12: White dwarf candidatesn 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: White dwarf candidatesn NGC 6633

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: White dwarf candidatesn NGC 7063

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




Figure3.1: CMD for photometricnodelsof WD cooling curves. Bergeronet al.
(1995)model(bluedashedine) is for =8.0. Redlinesindicatecoolingcurvesfor current
work (W95 modelswith Koesteratmospheres)vith masse€.4 (0.1 )1.0 (topto
bottom).PointsonBergeronetal. (1995) modelandalternatingoresentoolingcurvesindicate
temperaturesf (left to right) 50,40, 30,20,16,14,12,10
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Figure 3.2: color-color plot for photometric models of WD cooling
curves. Bemeronet al. (1995) model (blue dashedine) is for =8.0. Redlines indi-
catecooling curvesfor currentwork (W95 modelswith Koesteratmospheres)yith masses
04 (0.1 )1.0 (bottomtotop).PointsonBemeronetal. (1995) modelandalternating
presentcooling curvesindicatetemperaturesf (left to right) 50, 40, 30, 20, 16, 14, 12, 10
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Figure 3.3: Digitized sky surwey imageof NGC 1039(M34). CFHT image eld-of-
view is indicatedby the greenbox.
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Figure 3.4: Digitized sky surwey imageof NGC 2168, with reducedPFCam elds

indicatedby yellow boxes.
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Figure 3.5: Digitized sky surwey imageof IC 4665, with CFHT eld indicatedby
greenbox.
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Figure3.6: Digitized sky surwey imageof NGC 6633,with CFHT eld indicatedby
theredbox,andNickel elds indicatedby blueboxes.
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Figure3.7: Digitized sky surwey imageof NGC 7063,with PFCameld indicatedby
theyellow boxandNickel elds indicatedby blueboxes.
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Figure3.8: Color compositdmageof NGC 2168createdrom PFCam images.
Thelogarithmicstretchesvereadjustedo produceaestheticallypleasingresults.
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Figure3.9: Color compositdmageof NGC 7063createdrom PFCam images.
Thelogarithmicstretchesvereadjustedo produceaestheticallypleasingresults.
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Figure 3.10: Evidenceof non-linearityin the PFCamCCD responsen Sept. 2001.
Plot comparegheinstrumentaB-bandmagnitude®f starsin NGC 7063for 30sand
120simages.The 120smagnitudesave beenoffsetby a 1.442magzero-pointshift.
Other Iters andclustersshaw this sameeffect exceptfor NGC 2168.
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Figure3.11: CMDsof theuppemainsequencef NGC 2168.Pointsarefrom PFCam
photometry Linesindicateisochronedor
age=8.3(dotted); and

, age=8.0(solid); ;
, age=8.0(dashed). All isochronesare for

and
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Figure3.12: CMD of theuppermainsequence®f IC 4665. Dataarefrom
Prosse(1993),andisochronesresolarmetallicity of logarithmicages?.5 (dashed),
7.65(solid),and7.8 (dotted).
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Figure3.13: CMD of theuppemainsequencef NGC 6633.Pointsindicate
starsmeasuredrom Nickel andCFHT data;greenlled pointsindicatepropermotion

memberg ) from Sanderg1973). Greenstarsindicatestarswithout Nickel

or CFHT photometry;photometryfor thesepointsis from Sanderg1973). Magenta
lines indicateisochronedor solarmetallicity clusterswith logarithmic agesof 8.7

(solid), 8.65(dotted),and8.6 (dashed).
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Figure3.14: CMDs of the uppermain sequenc®f NGC 7063. Pointsindicatestars
measuredrom Nickel and PFCamdata;green lled pointsindicate propermotion
memberg ). Theopengreencircle indicatesa propermotion memberout-
sidethe PFCamand Nickel elds, HD 203921(Hoaget al., 1961). Magentalines
indicateisochronedor solarmetallicity clusterswith logarithmicagesof 8.0 (solid)
and8.15(dotted).
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Figure 3.15: Color magnitudediagramsfor NGC 2168. The magentdine indicates
the Z=0.008for , and a logarithmic age
of 8.0. Solid blue curvesare coollng sequences$or cIusterWDs of masse9.4
0.7 ,andl1.0 (topto bottom). DashedbluelinesindicateWD cooling agesof
7.0(0.3)8.5.Solid blacklinesindicateWD coolingagesof 8.0and8.3, corresponding
with two publishedvaluesof the clusterage.Cyanpointsindicatecolor-selectedVD
candidateserrorbarsare  photometricerrors. Dashedinesindicatethe selection
criteriafor WDs. Non-candidatebjectswithin a selectionregion do not ful Il the
criteriain othercolors.
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Figure3.16: color-colordiagramfor NGC 2168.0Objectsareasindicated
in previous gure, exceptWD coolingcurvesarefor 0.4 ,0.7 ,1.0 bottom
to top. Thesolidredline indicateshe reddeningvector
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Figure3.17: CMD for IC 4665. Magentaline is an isochronefor solar

metallicity with alogarithmicageof 7.8, and .

Blue lines are WD cooling curvesfor 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 dashedlackline indicates
selectioncriteria, and cyan pointsindicatethe WD candidates.Openpointson the
uppermainsequencarephotometryfrom Prossef1993). Thenumeroublueobjects
with aremostlyspuriougdetectionstheseveremanuallyremovedfor brighter

magnitudes.
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Figure 3.18: CMD for NGC 6633. Magentaline is isochronefor solar

metallicity isochronewith andalogarithmic
ageof 8.7. Blue linesareWD coollngmodelsfor04 ,0.7 ,andl1.0 (topto

bottom). The dottedblue linesindicatelogarithmicWD cooling agesof 7.0(0.3)8.5,
andthe solid black line indicatesa WD cooling ageof 8.7. The dashedblack line

indicatesselectioncriteria,andcyanpointsindicatethe WD candidates.

53



Figure 3.19: CMDs for NGC 7063. Magentalines indicateisochronedor a solar

metallicity populationwith , , andalogarithmic
ageof 8.15.BluelinesareWD coolingmodelsfor 0.4 ,0.7 ,and1.0 (topto

bottom). The dottedblue linesindicatelogarithmicWD cooling agesof 7.0(0.3)8.5,
andthe solid black line indicatesa WD cooling ageof 8.2. The dashedblack line

indicatesselectiorcriteria,andcyanpointsindicatethe WD candidates.
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Figure 3.20: color-color diagramfor NGC 7063. Symbolsareasin
previousplot, exceptsolidbluelinesarefor0.4 ,0.7 ,and1.0  bottomto top.
Redline indicatesreddeningvector
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Chapter 4

Spectroscopy: Data and results

While broad-bandmagingis usefulfor identifying potentialwhite dwarfs, it is not
ableto identify white dwarfsunambiguouslyor to con rm clustermembershipn the
absencef awell-de ned sequencenor canbroad-bandmagingdeterminephysical

parametersuchas  or with high precision.
Estimatesf and  arepossibleusing Stromgrenphotometry Thesedata
aremostreliablefor , andsurfacegravity estimatesareunreliablefor

dueto the disappearancef the Balmer jump (Bemgeron, Safer &
Liebert 1992, hereafterBSL). As the openclusterWD sampleis likely to include
hotterWDs, Stromgrenphotometrywill notsufce for this project.

Spectroscop of WD candidatespermits unambiguousidenti cation of white
dwarfs.In addition, and canbedeterminedrom theabsorptiorline pro les.
A simultaneousgting of theBalmerlinesfrom syntheticspectrao theobsenedspec-
traresultsin very tight constrainton the surfacegravity andeffective temperaturea
methodpioneeredy Bergeronetal. (1990)andusedto analyzea large populationof

eld WDsin BSL.

4.1 Obserwationsand reductions

Spectraveretakenduringtwo observinguns,2001Aug 22-23UT and2002Aug
7-8 UT usingthe blue side of the Low-Resolutionimaging Spectromete(LRIS) on
theKeckl telescopdOke etal., 1995).

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

UV/AR-coatedCCD. Due to the extremely high readoutnoiseof am-
pli er #2, a single-ampreadoutusingonly ampli er #1 wasused. The 4001 mm
grism,blazedat 34007, wasusedalongwith the 1 -wide longslit, resultingin aspec-
tral resolutionof 6A andwavelengthcoveragefrom the dichroic limit ( A) to
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the blueatmosphericutoff ( A). The D560dichroicwasusedasa beamsplit-
ter; red-sidespectrawere obtainedbut not analyzed. The weatherwas photometric,
andseeingaveraged . overbothnights.

Duringthisrun, spectravereobtainedor several WD candidates IC 4665,NGC
6633,andM34. In addition,severalspectreaof bright eld WDswereobtainedor the
purpose®f comparisorwith previousanalysis.

Thebluesideof LRIS wasretro tted prior to the August2002observingun. The
SITe CCD wasreplacedwith a 2-chip Marconi CCD mosaic,resulting
in higherthroughputfor shortwavelengths.Two-ampli er readoutwasusedfor each
chip; no binningwasperformed.As before,the4001 mm , 3400A-blazegrismwas
usedwith theD560dichroic. Theweathemwaspartly cloudy, with variably-thickcirrus
cloudsaffectingobsenationsbothnights. Seeingwas . onAugust7and . on
August8.

Obsenationsin August2002weremadewith bothal longslitandl slit masks,
with resultingspectrakesolutionof 6A. The candidate-WDcoordinateradanaccu-
ragy of ., somary slit-maskspectrasuffer from vignetting. Additional problems
with LRIS controlsoftwareresultedn severalimagesbeingreadout but notrecorded.
In spite of this, the majority of candidateWwDs in NGC 6633andNGC 7063 were
obsened.

Datawerereducedusingstandardnethodsn IRAF. Wavelengthcalibrationwas
accomplishedisingHgCdZnarc lamps;the resultingcalibrationshave RMS devia-
tionsof 0.5A. Night sky lineswereusedto shift the zeropointsof individual spectral
wavelengthscalesasneeded.

4.2 Balmer-line tting technique

Balmerline tting of syntheticspectrato WD spectrais a precisetechniquebe-
causeof the differing sensitvities of individual Balmerlines to and . Fig-
ure 4.1 shovs changesn theoreticalline pro les with changesn theseparameters.
Fromthe gure it canbe seenthat, for a given Balmerline, thereare strongdegen-
eraciesin and . The useof multiple Balmerlines lifts the degenerag and
permitsthe determinatiorof and .

Thetechniqueusedto t thelinesis amodi cation of thatusedin BSL andClaver
etal. (2001).A two-stepprocessvasusedto normalizetheline ux. Cunaturein the
spectrunwasremovedby tting anddividing outafourth-orden_egendrepolynomial.
Next, the ux wassetto unity ata x eddistancdrom theline centerby tting alinear
function at thesedistances. The wavelengthrangesusedin eachstepare listed in
Table4.1. Constanbffsetswereaddedto the wavelengthsolutionsasneededsothat
the line centersmatchedwith the restwavelengthof eachline. Model spectrawere
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convolved with a Gaussiarpro le to the instrumentalresolution,andline ux was
normalizedn the samemethod.

The obsened line pro les are comparedo the Koestermodel spectraby calcu-
lation of . Eachsampledpoint in the obsenred spectrumcontainsthe normal-
izedspectralux averagecdverthewavelengthinterval . The
model ux was calculatedby dividing this interval into ten sub-intenals. The nor
malizedmodel ux wasevaluatedat the midpointof eachsub-intenal by a bicubic
splineinterpolationof the input modelspectrum.The model ux averagedover the
entireinterval, ,isthen

— (4.2)

The valueis calculatedindependentlyfor eachBalmerline in eachavailable
modelatmosphereisingthe standardormula:

(4.2)

where rangedrom thelow-wavelengthto high-wavelengthendsof the t region.

The standarddeviation is taken to be constantover eachBalmerline tting
region andis the rms noisein the pseudo-continuumegions nearesthe line. This
valueof is an underestimat®f the true standarddeviation, as the relative noise
shouldincreasen theline core.

Theresultisagridof  valuesateachmodel and . A two-dimensionain-
terpolationis thenusedto determingheglobalminimumof . The  interpolation
is de ned overtherangel0000K 50000Kat 200K intervals ( )
or 500K intervals ( ). The interpolationis de ned over therange

at0.05dex intervals.

Con denceintervals for eachmodelatmospherare determinedasfollows. Let

, Where is the computedchi-squarevalue for a given and

modelof a given Balmerline and is the globalminimum  for theline.
The probability thatthe true modelhasa is givenby theincomplete
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 theindividual Balmerlines,
- — (4.4)

Thesecon dencecontoursareonly strictly valid if two conditionsaremet. First,
the measuremengrrorsmustbe normally distributed, which is likely. Secondthe
modelsmusthave alineardependencen and or themodelsmustbeableto
berepresentedly alinearizedmodelover theregion containingthe minimumandthe
uncertainties.This latter conditionis notis not strictly true for the syntheticspectral
models,althoughplots of modelline ux esshav that over small regions (

and ) the ux variationsarerelatively linearin and

This methodof determininghecon dencecontourdiffersfrom thatof BSL, who
usethe Levenbeg-Marquardtmethodto determinethe  minimum andthe covari-
ancematrix, from which con denceintervals canbe determined.Given the limited
numberof degreesof freedomand the relatvely small numberof models,it is not
necessaryo usethe Levenbeg-Marquardtmethodto determine , asthe entire

spacecanbe evaluatedin a matterof minutes,evenif the modelresolutionwere
to be greatlyincreased.The calculationof the covariancematrix resultingfrom the
useof themethodis theformally correctmeansof determininghe errorsonthe tted
parametersandwill beusedin future WD spectraknalyses.

The usefulnessf the simultaneousBalmer line tting techniquess shawn in
Fig. 4.2, which showns con dence contoursin : spacefor the individual
Balmerline ts andthe combinedt for WD 0352+096. Figure 4.4 compareghe
best- t spectraimodelfor eachBalmerline to the data.

Once and areknown from the tting, the massandcoolingagecanbe
derived for eachWD from the WD evolutionary models. Thesequantitieswere in-
terpolatedrom the W95 modelsusinga two-dimensionakpline (Presset al., 1992).
Gridsof constanimassandcoolingageareincludedfor referencen Fig. 4.2.

4.2.1 Testingand comparisonwith previousresults

Internal consisteng checkson the Balmerline tting techniquewere performed
by examiningspectradrom WDs with multiple obsenations.As noneof the DA WDs
were obsered on multiple observingruns, thesechecksonly probethe consisteng
within agivenrun. Fig. 4.3shawvsresultsfrom two obsenationsof NGC 6633WB 12.
Thesolutionsfrom individualimagesareconsistenwith eachotherandthecombined
results,suggestinghat the tting techniquegives consistentesultsand reasonable
con dencelimits.
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The Balmetline tting techniguewas testedon several WDs with previously-
determinedraluesof and . Table4.2indicatesthe object,measured and
, and the previously-publishedvalues. Parameterdsrom BSL do not contain
individual errorson atmospherigparametersbut the overall errorsare statedto be
and . Errorsquotedfor this work indicate 90%
con denceintenals;ellipsesindicatethatno 90% con denceinterval wasobtained.
FromTable4.2,it is apparenthatthestatederrorsin published  areoftenmuch
smallerthanthescatterimplying thatsystematidifferenceetweerthemodelsdom-
inate,andthatthesesystematictiave notbeenfully accountedor in theerrorbudget.
Thesurfacegravities generallyagreeto within statederrors.
Table4.3givesthedervedparametersf WD massandcoolingagefor mostof the
WDs in Table4.2. For comparisorpurposesthe masse®f WDs in previous obser
vationswerere-derved from the W95 modelsandthe previously-published  and
. The derved massegyenerallyagreeto within statederrors,but cooling ages
have scatterargerthanthe statederrors. This is dueto the derived agesbeinghighly
sensitveto andtheassociatequnderstatedgrrors.
Thecurrentobsenationsareof sufcient quality (— perresolutionelement)
that systematicerrorswithin the modelsprevent corvergenceupon a solution. An
exampleof asystematias shavnin Fig. 4.4asaconsistentepressiomnf theline ux
in theredwingsof theobseredlinesin comparisorwith themodelpro les.
Anothersystematigssuearisesathightemperaturesyherethemodelgrid spacing
is large. In thecase®f hotWDs, thecorrectmodelcanbedistantenoughfrom all grid
pointsthatthe  ts give no satishctorysolution,asillustratedin Fig. 4.5. For most
of theprogramWDs, however, the obsenationalerrorsarelargeenoughand  cool
enoughthatthesesystematicarenotlargeissues.

4.2.2 Cluster membershipdetermination

While therearenumerousnethoddor determiningwhethera staris a memberof
agivencluster few of thesemethodswork well with the WD sample.Propermotion
studiesarenot deepenoughto detectthesecandidatesndcon rm membershipThe
wavelengthsolutionfor the spectraare not accurateenoughto permitradial velocity
measurementsPhotometryaloneis insufcient, asthe distanceis degeneratewith
WD massandtemperaturén photometricspace.

Anotherpossibletechniques the useof interstellarCa Il K-line absorption.Al-
thoughthe low-resolutionspectralobsenationsdo not permit obsenationsof lines
from individual clouds, the equivalentwidth of the interstellarK-line as measured
in the spectraof memberWDs will equalthatseenin the spectraof clusterB stars.
While initially a promisingtechniquethe WD spectraobtainedwerenot generallyof
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sufcient signal-to-noiseéo obsenetheinterstellarK line.

The selectedechniquefor determiningmembershipcombinesspectroscopice-
sultswith the photometry The massandcooling agederived from a WD spectrum
canbe combinedwith the photometriccalibrationsof 3.1to determinethe absolute
magnitudeof the WD. The apparentistancemodulusof the WD canthenbederived
andcomparedo theapparentlistancanodulusof thecluster If theapparentlistance
modulii arein agreementthenthe WD is a likely clustermember If the distance
modulii disagreethanthe WD is eitherforegroundor backgroundFig. 4.6 shovs an
exampleof thistechnique.

4.2.3 Non-white dwarf identi cation

Non-WDsweregenerallyidenti ed basedon a qualitative inspectionof the spec-
tra. The high surfacegravity of WDs quencheshe higherorderBalmerlines,sothat
lineshigherthanH9 aredif cult to obsere. Objectswith lowersurfacegravities, such
asearly-typestars, eld horizontalbranchstars,and hot subdvarf stars,have these
higherorderlines, makingthe presencef theselines a strongqualitative diagnostic
for identi cation of astarasa WD.

Quantitatvely, non-WDswith Balmerlinesresultin poor  ts in theBalmerline
tting technigue.The best- tting modelstendtoward the lowestmodelatmosphere
surfacegravities,and ts from individual Balmerlinesdo notnecessarilyorvergeon
asingle , asshavnin Figs.4.7-4.8. Therefore we have high con dencethatthe
spectraldenti cationsareaccurate.

4.3 Candidate white dwarf results

The resultsof the spectroscop are summarizedn Table4.4. For eachobsened
WD candidatethe identi cation is presentedand,if relevant,the obsered andde-
rivedWD parametersarelisted. Identi cationsof non-WDsaresubjectto uncertainty
Starswith narrov hydrogenandheliumfeaturesvereidenti ed ashot subdvarfs on
thebasisthatthedistance$o mainsequenc® andB starsof thesemagnitudesvould
be kpc. Starswith narrov Balmerlineswereidenti ed as eld horizontalbranch
(FHB) starsif thebreadthof H at20%belown thecontinuunmwaslessthan30A (Beers
etal., 1988). The major contaminant®f the sampleare,asexpected,QSOsandhot
eld stars.

Theresulting and measurementsanthenbe usedalongwith the W95
C/O WD modelsto determinethe WD mass cooling age,anddistancemodulus.For
eachdetectedDA WD, thesederved quantitesaregivenin Tah 4.5. Resultsof indi-
vidual clustersarediscussedbelon.

61



NGC 1039. — Spectraareshown in Fig. 4.9. Both candidatesare DA WDs, but
theBalmerline tting did notcornvergefor WB 3. Basedontheresultsof Balmerline
tting (Figs.4.10& 4.11),WB 2is aclustermember

IC 4665.— Spectraareshovnin Fig. 4.9. Neitherobseredcandidatavasawhite
dwarf.

NGC 6633. — Numerouscandidatesvereobsered. DA WD spectraareshavn
in Fig. 4.12,andall otherspectraareshown in Fig. 4.13. Individual Balmekline ts
areplottedfor eachobserned DA WD in Figs.4.14-4.27.0f DA WDs, only two are
potentialmembers- WB 8 andWB 27.

Two DB white dwarfsweredetectedWB 14 andWB 16. WB 14 waspreviously
analyzedoy Reimers& Koester(1994),andis a foreground,cool ( )
WD. The and of WB 16 were estimatedasin Koestey Schulz,& Wegner
(1981)andaregivenin Tah 4.4. Basedon the helium-atmosphereooling models
presentedn Bergeronetal. (1995b),thedistancemodulusof WB 16is

, about0.5 magsmoredistantthanNGC 6633. The othernon-DA WD is WB 5,
whosespectrumshaws strong,broadHe | 4471andHe Il  4686. This objectis
thereforeclassi ed asa DO WD. BecauseDO WDs are hot andintrinsically bright
( ), thisWD is in thebackgroundf NGC 6633.

NGC 7063. — The spectraobtainedare displayedin Fig. 4.28. Five DA WDs
weredetectedthoughonly one (WB 1) is a potentialclustermember WB 1 hasan
abnormallylow mass( ) ascomparedwith the distribution of eld
DA WD masseswhich is sharplypealed between to (Bergeron
et al., 1992). Given the clusterage and the empirical initial- nal massrelationin
Claveretal. (2001),any WDs in the clustershouldhare masses t
is therefordik ely thatWB 1 is a helium-corewhite dwarf, WDs formedby binary-star
interactiongruncatingthe post-mainsequencevolution of a starbeforeHe ignition.

Basedon the He-coreWD evolutionary modelsandthe obsened and ,
thelogarithmiccoolingageof WB 1 is (Althaus& Bervenuto,1997),in sharp
disagreemenvith the clusterage. This suggestshreepossibilities:thatWB 1 is a
eld He-coreWD very nearthe cluster thatthe evolutionarymodelsareincorrect,or
that the secondaryminimum visible in Fig. 4.29is the correctmodel. In the latter
caseWB lisanormalDA WD foregroundto to thecluster Thiswill beexaminedby
plannedhighersignal-to-nois@bsenations.ShouldtheHe-coreinterpretatiormemain
thefavoredmodel,this objectmaybe usefulin constraininghe evolution of He-core
WDs.
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4.3.1 Non-clustermember WDs

Out of seventeerwhite dwarfs, four wereclustermembers.The remainingWDs
are eld WDs, which raisesthe interestingguestionof how mary eld WDs should
be expectedn theseelds. Thelocal spacedensityof eld WDsand eld WDLF has
beenmeasuredrom propermotion surnweys of high-galacticlatitude elds, suchas
Liebert,Dahn,& Monet(1988,hereaftel.DM). Theopenclusterobserationsmight
beusefulin constraininghe eld WDLF moreaccuratelyespeciallyfor faint WDs.

For example,the NGC 7063 containsfour eld WDs brighterthan and
hotterthan . A crudeintegrationof theLDM WDLF resultsin anexpected
1.6 WDs in this eld brighterthan andwith , suggestinghe
LDM WDLF mayunderestimatéhetrue disk WDLF for hot WDs.

It mustbe stressedhatthis exampleinvolvesa very rudimentarycalculation but
this exampleillustratesthat the openclusterWD sampleis also a useful seriesof
pencil-beamsurweys in the galacticdisk extendingmuch fainter than existing eld
WD surweys. In addition,eachof theseeld WDs hasameasured and , and
soreasonabléistancemodulicanbeestablishedor individualWDs. Carefulanalysis
of the eld WD populationfrom the openclusterWD studymay permitcomparisons
of the pencil-beameld WD surwy to the local WDLF, local WD massfunction,

currentdisk starformationratesandplanetarynehula populationsamongmary 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 4460.5-4721.35001.3-5300.3 4716.3-4726.34996.3-5006.3 140

H 4340.5 4176.7-4220.54460.5-4721.3 4215.5-4225.54455.5-4465.5 120

H 4101.7 3915.1-3922.14018.1-4028.74176.7-4220.5 4023.7-4033.74171.7-4181.7 75

H 3970.1 3850.0-3859.13915.1-3922.14018.1-4028.7 3917.1-3927.14013.1-4023.1 50

H8 3889.1 3850.0-3859.13915.1-3922.14018.1-4028.7 3854.1-3864.13910.1-3920.1 30




Table 4.2: Comparisonof measured and to
previously-publishedneasurements

G99

This Work 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 449 825 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 300 795 0.06 |30486 112 7.76 0.02 FKB
WD 2046+396 7.45 63199 921 7.77 0.05 FKB

BLF=Bemeron,Liebert,& Fulbright(1995); BRB=BragagliaRenzini,& Bergeron
(1995); BSL=Begeron, Safer, & Liebert (1992); FKB=Finley, Koestey & Basri
(1997);KSW=Koestey Schulz,& Weidemanr(1979);M89=McMahan(1989).
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Table4.3: Comparisorof derived
to thosederivedfrom previously-publishedneasurementsf

andcooling ages

and
This Work Previous Measurements
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 0.06 779 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
051 0.01 756 0.02 FKB
0.73 0.02 7.79 0.05 M89
WD 2025+554 0.62 0.03 7.02 0.04| 053 0.01 6.92 0.01 FKB
Derivedfrom W95 modelsusingpublishedvaluesof  and

BLF=Bemeron,Liebert,& Fulbright(1995); BRB=BragagliaRenzini,& Bergeron
(1995); BSL=Begeron, Safer, & Liebert (1992); FKB=Finley, Koester & Basri
(1997);KSW=Koestey Schulz,& Weidemanr(1979);M89=McMahan(1989).
Extrapolatedralue;outsidegrid of W95 models



Table4.4: Resultsof spectroscop — identi cations and t

modelparameters

Cluster Object OtherName ID
NGC 1039 2 LB 3569 DA
3 DA
IC 4665 26 A
32 QSO
NGC 6633 1 sd
2 RA6633-7 FHB
3 RA6633-4 sd
4 RA6633-5 DA
5 RA6633-1 DO
6 FHB
7 DA
8 DA
9 FHB
10 sd
11 sd
12 DA
13 DA
14 RA6633-6 DB
15 DA
16 DB
19 QSO(
23 RA6633-2 sd
27 DA
29 QSO(
32 A
NGC 7063 1 DA
2 DA

RA=Romanishir& Angel (1980)

sd=hotsubdvarf; 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=Romanishirg& Angel (1980)
sd=hotsubdvarf; FHB= eld horizontalbranch;A=A-type star B=B-typestar

90%con dencelevel spansentiremodelrange
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Table4.5: Massesgoolingagesanddistancemoduli of ob-
senedwhite dwarfs

Cluster WB log(age) Member
NGC1039 2 1
NGC 6633 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

apparentlistancanodulus
1=photometryconsistentvith clustermembership;
O=inconsistenwith clustermembership
Photometryfrom Anthony-Twarog(1982)
EstimategieterminedisingBergeronetal. (1995)
Age assume€/O core

90%con dencelevel spansentiremodelrange
90%con dencelimit extendsbeyondmodelgrid
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Figure4.1: Pro les of Koestermodelatmospherdalmerlines for differenteffective tem-
peraturesand surfacegravities. From bottomto top, linesareH throughH8; ux eshave
beennormalizedto a pseudo-continuurasdescribedn text and have beenvertically offset.
Surfacegravities are 7.0(solidline), 7.5 (dotted),8.0 (dashed)8.5 (long-dashedand
9.0(dot-dashed).
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Figure4.2: Contourplot of con dencelevels from tting of modelsto spectraldatafor
WD 0352+096.Black linesindicate90% con dencelevelsfor H (solid),H (dotted),H
(dashed)H (dot-dashedandH8(dash-dot-dot-dt&d). Thick blueline indicates95% con -
dencelevel for simultaneoust. Dashedmagentdines indicatecooling tracksof WDs of a
constantmassdottedbluelinesrepresentinesof constantoolingage.
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Figure4.3: Consisteng checkfor Balmerline tting of the spectrumof NGC 6633
WB12. Dashedanddottedlines indicatesthe 68.3%,and 90% con dencecontours
for and as determinedfrom individual obsenations. Solid lines indicate
68.3%, 90%, and 95.4% con dence levels for the combinedobsenations. Starred
symbolsindicatethebest tting modelsin eachcase.The 68.3%con dencecontours
for individual obsenationsoverlapwith eachotherandthecombinedesult,indicating
consistentesults.
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Figure4.4: Comparisorof obsered, normalizedspectrunfor WD 0352+096(histogram)o
atmospherienodelsclosestto best t and

(dotted)and

15000K,

8.25(dashed).
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Figure 4.5: Four atmospherianodelsnearest minimum for the Pleiadeswhite
dwarf (WD 0349+247). Models shown arefor 30000K (red), 35000K (blue)
and 8.5(solid), 9.0 (dotted).
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Figure4.6: An exampleof clustermembershigleterminatiorusinga combinationof
spectroscopiandphotometricdata. Contoursof 68.3%,90%,and95.4%con dence
for theatmospherigparameteref WD N6633WB 4 areshavn in black. Greencon-
toursindicatethe possiblelocationsof a clustermembeWD with the sameapparent
V magnitudeasthe WD, with  contoursincludinguncertaintiesn photometryand
clusterdistancemodulusindicated. Sincethe WD contoursdo not overlapwith the
photometriccontoursthe WD is nota clustermember
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Figure 4.7: Con dence intervals in and for the non-white dwarf/sdB
NGC6633WB 1, analyzedasif it werea WD. Contoursindicate 90% likelihood
levelsfor H (solid),H (dotted),H (dashedandH8 (dot-dashed)H producedho
90%or better t.
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Figure 4.8: Balmerline pro les from non-WD NGC 6633WB 1 (histogram)com-
paredwith best- tting models: 30000K, 7.0 (dotted)and 40000K,

7.0(dashed)TheobseredBalmerlinesareclearly narrover thanthemodels,
signifying lower surfacegravity.
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Figure4.9: Spectraobtainedin NGC 1039 (top panel)andIC 4665 (bottompanel).
Spectrehave beennormalizedandoffsetby arbitraryamounts.
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Figure4.10: - plot for NGC 1039WB 2. Black contoursindicate90% and
95.4% con dencelevels; the starindicatesthe best- tting model. Dottedblue lines
indicatelines of constantWD cooling age,labelsgive logarithmicages. The solid

blue line approximateghe clusterage. The dashedmagentdines indicatelines of

constantWD massjndicatedin solarmassesThesolid greencurve indicategossible
locationsin the planefor clustermembeWDs with the same -bandphotometryas
the candidate.Dottedgreenlinesindicate  photometricerrors,including errorsin

distancanodulusandextinction. Intersectiorof the greencurveswith thecon dence
contourssuggestslustermembershigor the WD.
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Figure4.11: Plot of Balmekline pro les for NGC 1039WB 2. Black histogramis
obsenred spectrum.The magentacurve is the modelfor and
; thedashedluecurwe is themodelpro le for :
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Figure4.12: Spectraof con rmed DA WDs obtainedn the eld of NGC 6633.Spec-
traarenormalizedby the continuumandoffsetby arbitraryamounts.
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Figure 4.13: Spectraof non-DA objectsobtainedin the eld of NGC 6633. The
objectsinclude DB WDs (top panel), hot subdvarf and other B-type stars(second
panel), eld horizontalbranchandotherA-type stars(third panel),andQSOs(bottom
panel).Spectraarenormalizedby the continuumandoffsetby arbitraryamounts.

25 ¢ \ \ \ ‘
. WB5
2 WWWWW
B WB14
1.5 o o e o e
WB16

Normalized flux
- w N
T \\‘\\‘\\H\‘ \\H‘\\\H\\\\‘\\
us)
[
'_\
\\H‘\\\\‘\\\‘H\\ \\‘\ ‘\\H\‘ L1l \\\H\\\\\‘\\\\\H\\\\

N
\\\‘H\

N
TP T
J
vy}
S

(o))
ESREE

N
s
m

%

}

82



Figure4.14. - plot for NGC 6633WB 4. Black contoursindicate 68.3%,
90%, and95.4% con dencelevels; the starindicatesthe best- tting model. Dotted
bluelinesindicatelinesof constant¥WD coolingage labelsgive logarithmicages.The
solidblueline approximatesheclusterage.Thedashednagentdinesindicatelinesof

constant¥WD massjndicatedin solarmassesThesolid greencurve indicategossible
locationsin the planefor clustermembeWDs with the same -bandphotometryas
the candidate.Dottedgreenlinesindicate  photometricerrors,including errorsin

distancanodulusandextinction. Intersectiorof the greencurveswith thecon dence
contourssuggestslustermembershigor the WD.
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Figure4.15: Plotof Balmerline pro les for NGC 6633WB 4. Black histogramis ob-

senedspectrumThemagentaurve is the modelfor
thedashedluecurwe is themodelpro le for

18000K and

19000K, 8.50.
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Figure4.16: Sameasin Fig. 4.14,exceptfor NGC 6633WB 7.
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Figure4.17:Plotof Balmerline pro les for NGC 6633WB 7. Black histogramis ob-
senedspectrumThemagentaurve is the modelfor 17000K and 8.50;
thedashedluecurwe is themodelpro le for 18000K, 8.50.
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Figure4.18: Sameasin Fig. 4.14,exceptfor NGC 6633WB 8.
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Figure4.19: Plotof Balmetline pro les for NGC 6633WB 8. Black histogramis ob-

senedspectrumThemagentaurve is the modelfor
20000K, 8.00.
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Figure4.20: Sameasin Fig. 4.14,exceptfor NGC 6633WB 12.
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Figure4.21:Plotof Balmerline pro les for NGC6633WB 12. Black histograms ob-

senedspectrumThemagentaurve is the modelfor

thedashedluecurwe is themodelpro le for

18000K and
20000K, 8.00.
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Figure4.22: Sameasin Fig. 4.14,exceptfor NGC 6633WB 13.
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Figure4.23:Plotof Balmekline pro les for NGC6633WB 13. Blackhistograms ob-
senedspectrumThemagentaurve is the modelfor 35000K and 8.00;
thedashedluecurwe is themodelpro le for 45000K, 8.00.
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Figure4.24: Sameasin Fig. 4.14,exceptfor NGC 6633WB 15.
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Figure4.25:Plotof Balmekline pro les for NGC6633WB 15. Black histograms ob-

senedspectrumThemagentaurve is the modelfor 26000K and 7.75;
thedashedluecurwe is themodelpro le for 28000K, 7.75.
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log(g)

9.0

Figure4.26: Sameasin Fig. 4.14,exceptfor NGC 6633WB 27.
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Figure4.27:Plotof Balmekline pro les for NGC6633WB 27. Black histograms ob-
senedspectrumThemagentaurve is the modelfor 13000K and 7.75;
thedashedluecurwe is themodelpro le for 16000K, 8.25
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Figure4.28: Spectraof WD candidatesn NGC 7063. Spectrahave beennormalized
andoffsetby arbitraryamounts.
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Figure4.29: Sameasin Fig. 4.14,exceptfor NGC 7063WB 1.
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Figure4.30: Plotof Balmetline pro les for NGC 7063WB 1. Black histogramis ob-
senedspectrumThemagentaurve is the modelfor 13000K and 7.75;
thedashedluecurwe is themodelpro le for 16000K, 8.25
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Figure4.31: Sameasin Fig. 4.14,exceptfor NGC 7063WB 2.
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Figure4.32: Plotof Balmerline pro les for NGC 7063WB 2. Black histogramis ob-

senedspectrumThemagentaurve is the modelfor

thedashedluecurwe is themodelpro le for

13000K and
16000K, 8.25
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Figure4.33: Sameasin Fig. 4.14,exceptfor NGC 7063WB 3.
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Figure4.34:Plotof Balmetline pro les for NGC 7063WB 3. Black histogramis ob-

senedspectrumThemagentaurve is the modelfor 18000K and 7.75;
thedashedluecurwe is themodelpro le for 20000K, 7.75
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Figure4.35: Sameasin Fig. 4.14,exceptfor NGC 7063WB 4.

S o to
Rt 6o (OAT
0.9 — — A

0.8 |

0.7 |

0.6 j

05 E

0.4 .
4XWO4 5x10

104



Figure4.36: Plotof Balmetline pro les for NGC 7063WB 4. Black histogramis ob-

senedspectrumThemagentaurve is the modelfor 13000K and 8.00;
thedashedluecurwe is themodelpro le for 18000K, 8.00
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Figure4.37:Sameasin Fig. 4.14,exceptfor NGC 7063WB 6.
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Figure4.38: Plotof Balmetline pro les for NGC 7063WB 6. Black histogramis ob-
senedspectrumThemagentaurve is the modelfor 17000K and 7.75;
thedashedluecurwe is themodelpro le for 24000K, 8.25
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Chapter 5

Analysis & Discussion

5.1 Theinitial- nal massrelation

5.1.1 Final mass

Of fourteenDA WDs with spectradatain four openclustersfour WDs arepoten-
tial clustermemberdasedon the combinationof photometrywith the spectradata—
NGC 1039WB 2, NGC 6633WB 8, NGC 6633WB 27,andNGC 7063WB 1. If
theseclusterWDs are indeedclustermembersthe photometricdatacanbe usedto
constrainthe WD parametersnoretightly. For example,asseenin Fig. 4.18,thecon-
straintson and for NGC6633WB 8 arefairly loose.However, if NGC 6633
WB 8 is a clustermembeyits photometryandthe clusterdistancemodulusconstrain

and tolie in theregionde ned by thegreencurvesin the gure. Theintersec-
tion of thosecurveswith the con dencecontoursde ne theregion of - space
in which the clusterwhite dwarf lies.

The massandcooling agesfor eachlikely clusterWD werere-determinedo in-
cludeonly thosevalueswithin theregionof intersectiorof the90%con dencecontour
with the photometryerrors. Thesevaluesaretalulatedin Tah 5.1. The stated
valuefor andthe cooling agearefor the point of thebest t alongtheline
de ned by thebestphotometry(solid greenline in Fig. 4.18),andthe statederrorbars
arethe extremaen eachvaluein theregion of intersection.
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5.1.2 Initial mass

The coolingageof eachWD is thelengthof time the WD hasbeencoolingsince
the planetarynehula phaseof the progenitorstar! Thelifetime of the progenitorstar
from zero-aganain sequenc€ZAMS) to the planetarynehula phases thereforethe
currentclusterageminusthe WD coolingage.

Thelifetime of the progenitorstar de ned asthetime spentbetweerarrival onthe
ZAMS andthe thermalpulsing on the AGB, was determinedrom the evolutionary
trackssummarizedn Girardi et al. (2002). Subtractionof the WD cooling agefrom
the clusteragegivesthe lifetime of the progenitorstar The progenitormassis then
determinedby interpolationfrom the takulated stellar lifetimes. The interpolation
routineis accurateo for progenitormasses but lessreliable
for highermasses.

Tah 5.1 givestheinitial ZAMS progenitormassof eachclusterWD for four stel-
lar evolutionary models: : , and for solarscaled
alundancesvith moderatecorvective overshootand without corvective
overshoot.Theinitial massesrecalculatedat variousclusteragesspanningherange
of valuesdiscussedn 3.4.2. The resultsindicatethatthe calculatednitial massis
highly sensitve to the clusterage,andthe sensitvity increasedramaticallyasthe
differencebetweerthe WD coolingageandthe clusteragedecreaseésee 5.1.4).

5.1.3 Theinitial- nal massrelation: newresults

Figure5.1displaystheinitial- nal massdataalongwith the “revised”initial- nal
masgrelationof Weidemanr(2000),andthe coremassestthe rst thermalpulseand
at the endof the evolutionarymodels,bothfrom Girardi et al. (Girardi et al., 2000).
Also givenareinitial- nal masspointsfrom previously-publishedstudiesof the Prae-
sepe HyadesandPleiadeslustergClaveretal., 2001),re-determinedrom the pub-
lished and with the currentmodels.The currentinitial massegor the Prae-
sepeandHyadesWDs aresystematicallyjower thanthosein Claver etal. (2001)due
to theiruseof pure  C WD coolingmodels,andour useof C/O corecoolingmodels?
Thesdlifferencesaremostpronouncedor themostmassve WDs (
for WD 0836+199)andarengyligible for the youngesWDs ( for
WD 0438+108).

Within the statederrorsandageuncertaintieshboth NGC 6633 membeWDs lie
within the previously-publishednitial- nal massrelation. The NGC 7063memberis

While theremay be someuncertaintyin de ning exactly whenthe cooling time is zero, these
uncertaintiegareontheorderof yr, which is muchsmallerthanthe WD agesof yr.

C/0O corescool morequickly thanpurecarboncoresbecausé¢he heatcapacitypergramof oxygen
is lessthanthatof carbon the netresultbeinglower initial massegor the C/O cores.
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adistantoutlier, but this is readily explainedby its potentialHe-core.

NGC 1039WB 2 is a confusingcase.Basedon Fig. 4.10,the WD appeargo be
a clustermembey yet its positionin the initial- nal massrelationcon icts with the
previousmeasurementd.herearethreepossiblesxplanationdor this. TheWD could
be a hot eld WD currentlywanderingthroughthe star cluster The candidatewas
selectedy Anthorny-Twarog(1982)in a studyof sg. arcminutesenteredn
M34. Basedon Fig. 4.10,it is assumedhatNGC 1039WB 2 lies within of
thede-reddenedlusterdistancenodulusof 8.38,or atadistanceof . The
volumeenclosedy this region is calculatedo be . The spacedensityof
WDswith (Boyle, 1989),sothelik elihoodthatatleastonehot
WD residesn thesuneyed eld attheclusterdistancds . It thereforecannot
be ruled out that NGC 1039WB 1 is not a clustermember Improved studiesof the
clusterdistancemodulusandreddeningwill helpto testthis explanation.

If NGC 1039WB 1 is a clustermembey thentwo possibleexplanationsfor the
discrepang with the initial- nal massrelationremain. Oneis that the age of the
clustermaybeincorrect.In orderto bring the uppererrorbarinto agreementvith the
empiricalinitial- nal massrelation,the logarithmicageof the clusterwould needto
begreaterthan , in signi cant con ict with currently-publishedalues.

The otherexplanationwould be thatthis WD wasin aninteractingbinary system
andhasanabnormallylow mass,.e. NGC 1039is anotherHe-coreWD. According
to Bragaglia,Renzini,& Bemgeron(1995),the fraction of He-coreWDs in the eld
is . Assumingthis fractionis similar in openclusters the probability that two
or more He-coreWDs would be found in a sampleof four WDs is . This
probability assumeshatthe fraction of He-coreWDs in openclustersis the sameas
thefractionin the eld, which neednotbethecase.

5.1.4 Theinitial- nal massrelation and

While the four new WDs do not provide ary uniqueinsightinto the initial- nal
massrelation at this point, the analysisraisessomeinterestingpointsin regardto
high-massWD progenitors. Numerousdiscussion®n the initial- nal massrelation
have focusedon the high-massndof therelationasanindicationof thevalueof
This discussionis basedon white dwarfs in two openclusters,NGC 2516 andthe
Pleiades.

NGC 2516is a rich, slightly subsolammetallicity clusterin the southernhemi-
sphere.lIts logarithmicageis (Sunget al., 2002); the clusterageusedin
Koeste& Reimerq1996)is . Table5.2containghe nal andinitial masses
calculatedfor eachWD at variousassumedlusterages. It is clearly seenthat the
lower limit to derivedfrom the datais extremelysensitve to the assumedluster
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age.FortheSungetal. (2002)ageof 8.2, . If theclusterageis actually
8.3, thatlower limit is reducedo 5.70

TheotherWD commonlyusedto constrain  is LB 1497,ahot, high-mas3aND
located from the centerof the Pleiadescluster Basedon its propermotion,
LB 1497hasa 79%lik elihoodof membershigSchilbachetal., 1995),andis located
well within the projectedtidal radiusof the cluster (Raboud
& Mermilliod, 1998). The measurednassfor the PleiadWD is
from spectroscopi®almerline ts (Claveretal., 2001), from gravita-
tional redshiftandanassumedlistancemodulusof (Wegneretal., 1991),

from gravitational redshiftanda Hamada-Salpetenass-radiuselation
(Wegneretal.,1991),and basednthephotometryandanassumed
distancemodulusof 5.60(Claveretal.,2001)3

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

and from the LRIS obsenationsof the Pleiad at this time. Previously-
publishedvaluesof and are available, but asthe massof the Pleiad WD
is andtheW95 modelsonly extendto 1  , theresultingcoolingagesrequire
extrapolationand arethereforesuspect.If the coolingtime is extrapolatedrom the
Balmerline t parametersf Claver etal. (2001)andthe W95 models,the logarith-
mic cooling ageis 7.90for a (rederved) WD massof 1.16 ; Claveretal. derive
and a cooling ageof 7.98 (for a pure C core). For a lower
WD massof 1~ WD with and (Claveretal., 2001),the
logarithmiccoolingageis 7.74.

The initial massof LB 1497 canbe determinedoncethe ageof the Pleiadess
known. Work by Pinsonneaulet al. (Pinsonneaulet al., 1998) nds anlogarithmic
ageof 8.0 (without statederrorbars)for the PleiadesLithium depletionstudiesof the
Pleiadesuggest slightly olderageof 8.05(Basrietal., 1996)to 8.1 (Staufer etal.,
1998). Diasetal. (Diasetal., 2002)statesa logarithmicageof 8.131. Theresulting
nal massesssumingheseagesaregivenin Tah 5.3.

To furtherillustratethe effectsof errorsin the clusterageuponthe derivedinitial-
nal massrelation,theinitial masse®f WDs in the HyadesandPraesep&ave been
calculatedfor a rangeof agesconsistentwith the logarithmic age of theseclusters
statedin Claver et al. (2001), . The initial massesf the Hyadesand
Praesep&VDs have beencalculatedfor agesin this rangeandarealso presentedn
Tah 5.4.

Basedon the quantitiesplottedin Fig. 5.1, the agumenthasbeenmadethat the
empiricalinitial- nal massrelationmore closelyfollows the relation of initial mass

Evidenceis very strongthat the Hipparcos distancemodulusto the Pleiadesof 5.33is incorrect
dueto systematicerrors(Narayanar& Gould, 1999),so no analysisor discussioris presentedising
theHipparcosdistance.
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to the coremassat the rst thermalpulse(dashedine) asopposedo the theoretical
initial- nal masgelationof Girardietal. (2000)(solid line). However, if thelogarith-
mic ageof NGC 2516is 8.30(theupperendof thestatecerrorsontheclusterage),the
resultinginitial- nal masgelationis closerto thetheoreticainitial- nal masgelation
thanthecoremassatthe rst thermalpulse,asshavnin Fig. 5.2.

The PleiadWD, shown in Fig. 5.2 for assumedleiadesagesof 8.00, 8.05,and
8.15anda WD massof 1.0 , remainsthe tightestconstrainton the upperend of

theinitial- nal massrelationshipand . Becauseof the uncertaintiesurrounding
the cooling ageof the PleiadWD andthe clusterage,we nd , amore
conserativelowerlimit thanthe advancedy Claveretal. (Claveretal.,

2001).

The genericeffect of uncertaintyin the ageof an openclusteron the progenitor
massdeterminations shavnin Fig.5.3. The gure shovsthederivedprogenitomass
for WDs with actualprogenitormasse®f6 ,7 ,and8 basedon assumed
errorsin the obsenationally-dervedlogarithmicclusteragesof . The gure
assumeshatthe WD coolingage(theactualprogenitommasdifetime subtractedrom
the actualclusterage)is known precisely Fromthe plot, it is clearthatfor clusters
olderthanalogarithmicageof 8.10,measurementsf theinitial massarevery poorly
constrainedf the errorsin the measuredalusterageare0.1 dex. In orderto studythe
high-massndof the initial- nal massrelationwith ary true accuray, eithercluster
agesmustbe determinedo a higherdegreeof accurag, or youngerclustersmustbe
studied. The corollary of this is thatvaluesof derivedfrom theinitial- nal mass
relation cannotbe consideredexceptionallyvalid unlessthe clusterageis known to
highaccurag, whichis notthecasedor eitherNGC 25160r thePleiadespr thecluster
Is youngerthan , Wwhich alsois notthe casefor NGC 25160r thePleiades.

5.2 White dwarf populations and

Anothermethodfor estimating  is basedntheinitial-massfunction(IMF) and
the numberof obserned WDs. Let thenumberof stars ~ with massesn (
) begivenby
(5.1)

Thenthenumberof stars with massebetween and is

(5.2)
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Supposinghat the numberof starsin a clusterin a magnituderange :
, is known, andthatthe massof a starwith magnitude is . Then s

(5.3)

If theZAMS massof the most-e/olvedstarremainingin theclusteris , thenthe
numberof WDs formedin thecluster is

(5.4)

If and areknown,theerrorin is . Thereforegiventhenumber
of clusterstarsin a known massrange,it is possibleto determinethe numberof ex-

pectedWDs for variousvaluesof , andcomparetheseto the obsened numberof

clustermembeWDs.

5.2.1 Counting WDs

The combinedphotometryandspectroscop availablefor several clusterspermits
the mostaccuratecountsof membefWDs. Figs.5.4- 5.7 shav the nal CMDs and,
for NGC 7063, color-color plot, with spectroscopicesultsincluded. Thoughlittle
spectroscopievork hasbeendone,IC 4665 containsno con rmed WDs. Basedon
the clusterage, only a handful of viable candidategemain. NGC 6633 hasbeen
well-obsened spectroscopicallyTwo WDs arelikely membersandtwo viable WD
candidatesemainunobsered. In NGC 7063,only onemembeWD wasfound. One
candidatewvith photometrysimilar to the He-coreWD remainsunobsered.

Two majorsource®f incompletenesdominatethe WD samplesThe rst is pho-
tometricincompleteness,e. non-detectiorof WDs duringtheimageprocessingand
binary starincompleteness.e. WDs hiddenin unresolhedbinaries.Both of theseare
exploredbelow.

Photometric Completeness

Thephotometriccompletenessf thesamplevasdeterminedy arti cial startests.
Arti cial starsarecreatedrom the scaledPSFandinsertedinto randomlocationsin
eacheld. For PFCamelds, the magnitudedistribution of arti cial starswasdravn
from alinearapproximatiortothe0.6 WD coolingcurve ateachclustersdistance
andreddening.Only 100arti cial starswereplacedin theimagesin asinglerunto
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preventanincreasean the crovding. Thetotal numberof runswereadjustedsuchthat
theexpectederrorin thecompleteness,

(5.5)
where isthefractionof starsrecoreredand is thenumberof starsaddedBolte,
1989),was . Photometricanalysisof the arti cial starframeswasidenticalto

thatin 3.4. Therecoveredarti cial starswererequiredto have outputphotometry
within  of theinputvalues.

The resultsfrom the PFCamarti cial startestsfor NGC 2168 and NGC 7063
areshowvn in Figs. 5.8 and5.9. NGC 7063is completefor , one
magnituddainterthanthefaintestexpectedVD. NGC2168is lessthan50%complete
for , Which correspondso the faintestexpectedWD if thelogarithmicage
of NGC 2168is 8.0. If NGC 2168is older, suchasthe ageof 8.3 publishedby
Sungé& Bessel(1999),the photometryis not deepenoughto reachthe faintestWD
candidates.The resultingwhite dwarf luminosity function for NGC 2168, corrected
for completenesss givenin Tah 5.5andshavnin Fig. 5.10.

For the CFHT imagesof NGC 6633,1000arti cial starswereinsertedin each
of two arti cial starruns. As thefaintlimit of the WD candidateselectionwaswell
above the photometriclimit, arti cial starsin a single magnituderangeof

and wereusedto determinecompletenessThecompleteness
for NGC 6633wasdeterminedo be

WDs in unresolhed binaries

Multiple-starsystemswith anevolved memberareknown to survive the planetary
nelula phasewith Siriusbeinga prime example. WDs in a binary with alow-mass
( ) arestill recoveredby photometricselection,asthe WD is signi cantly
more luminousthanthe companionat optical wavelengths.WDs in a binary system
with companion®f equalor brighterluminosity areunlikely to be recovered,asthe
combinedspectral-en@y distribution doesnot meetthe color selectioncriteria ap-
pliedto nd WD candidates.

In orderto determinethe incompletenesslue to binary systemsa Monte Carlo
simulationwasdeveloped.The simulationdraws starsrandomlyfrom a userselected
IMF. If a starhasa masshigherthanthe MSTO, the staris assumedo have formed
aninvisible stellarremnantf the ZAMS masss greatethan . Otherwisethe star
is assumedo have formeda WD. TheresultanWWD masss takenfrom the“revised”
initial- nal massrelationof Weidemanr(2000).

If the starhasevolvedinto a WD, its photometricindicesare determinedfrom
the WD cooling models,the WD mass,and cooling ageof the WD, determinedoy
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subtractinghe progenitorifetime from theclusterage.If the starhasnotevolvedinto
aWD or invisible remnantjts photometryis determinedrom the ZAMS of Girardi et
al. (2002).

The binary fraction in the simulationis the fraction of obsered point sources
which are actually unresoled binaries. Companionstarsare assignedo eachsim-
ulatedstarwith a probability equalto the binaryfraction. The massof the companion
staris againdravn from the input IMF. Binary systemphotometryis determinecby
summingthelight from the companiorstars.

To simplify the simulation,the ZAMS photometryof eachstarwasused. The
outputsimulatedclusterghereforehave nomain-sequenceirnoff or redgiantbranch.
This hasno impacton the numberof recoveredWDs. Both the evolved andZAMS
starsin the studiedmassrangesarefar moreluminousthanWDs, andthe WDs is not
be detectedn eithercase.

Starscontinueto be dravn in this manneruntil the numberof simulatedstarsys-
temswithin agivenmagnitudegangeequalghenumberof obsenedstarsn themagni-
tuderange.Theselectiorcriteriausedin 3.4.3arethenappliedto the datato recover
WDs. Tenthousandsimulationsarerun for eachsetof input parameters$o provide
robust statisticalmeasurementsf the numbersof WDs andobsened WDs, evenfor
sparsestellar systems. An exampleof the outputfrom the simulationis shown in
Figs.5.13and 5.14.

ThreelMFs of theform wereusedn thesimulations:a Salpeter
IMF ( ) (Salpeter1955),a steepepower law ( ), anda broken power
law ( for and for ). The steepempower

law is obtainedfrom the SalpetedMF whenunresoled binariesare accountedor
(Nayloretal.,2002).Brokenpower laws arecommonlyquotedas tting theobsered
massfunctionsof openclusters(Naylor etal., 2002;Meusingeret al., 1996;Barrado
y Navascieset al., 2001),andthe selectedorm approximategshe massfunction of
NGC 2168(Barradoy Navasciesetal., 2001).

For the simulatedclustersin this project,the SalpetedMF resultsin more WDs
thanthe otherIMFs dueto its lesserslopeat high-massesThe broken power law re-
sultsin few WDsin binarysystemseingrecovered,asthe at low-endmassunction
increaseshetypical WD companiommassandluminosity.

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

NGC 7063. — For NGC 7063, a clusterageof 8.15wasused. The PFCam eld
contains19 memberstarswith . Membershipcriteria are basedon proper
motion membershig ) whenavailable or photometryconsistenwith cluster
membershipvhenpropermotiondatais ambiguoug ) or unavailable.
Eachsimulationproceededintil 19 starswith andlifetimeslongerthana
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logarithmicageof 8.15weredravn. Becauseof the clustersparsenesshe average
numberof WDs in the clusterwaslow, for a SalpetedMF with

and WDs for a SalpeterlMF with . Both of thesenumbers
areconsistentith theoneWD discovered.Variationsin the IMF andbinaryfraction

resultedn only fractionalchangeso thesenumbersanddid notprovide any additional

insight.

NGC 6633. — Basedon the propermotion study of Sanderq1973), thereare
45 likely propermotion memberg ) with in the CFHT eld. The
resultingnumbersof WDs from the Monte Carlosimulationfor a clusterageof 8.675
aregivenin Tah 5.6. Basedon the spectroscopicesultsof two con rmed member
WDs andtwo moreviable WD candidatesthe existenceof up to four clustermember
WDs canbe assumed.Four or fewer WDs is in mild con ict with the resultsfor a
SalpetedMF; the power law andbroken power laws arein betteragreement
with the numberof obsened WDs, especiallyif the binary fractionis . The
differencein expectednumbersof WDs basedon differing valuesof is too small
to be exploredwith this cluster

NGC 2168. — Theimaged elds in NGC 2168 containthirty-six starsbrighter
than . In these elds, four WD candidatesvereobsenred, 6.9 afterthe com-
pletenesxorrection. Tah 5.7 containsthe resultsof the simulationfor the cluster
for two differentassumectlusteragesof 8.0 and8.3. Becauseof the small number
of WDs resultingfrom the simulations,only resultsfor a binary fraction of 0.5 are
shown for the ageof 8.0; simulationswith differing binary fractionsproducedegli-
gible changesn theresults.

Basedon the simulationsjf NGC 2168hasthe youngerageof 8.0, andif all four
of the WD candidatesre clusterWDs, thenthe clusterhasa nearSalpetedMF and

. Giventhatthe clustermassfunctionhasbeenfoundto likely be steeper
thanSalpetefBarradoy Navascigsetal.,2001)andthat eld WDslik ely contaminate
the samplethis seemsaunlikely. If the clusterhasanageof 8.0 but only oneor two of
the candidatesreclustermembersthenit is not possibleto rule outary of thetested
models. If the clusteragehasthe oldervalueof 8.3, thenit is dif cult to draw ary
conclusionsabout |, thelMF, or thebinaryfraction.

Hyadesand Praesepe — This simulationis alsorunin a cursoryexploration of
the lack of WDs in the Hyadesand Praesepeluster Accordingto Weidemannet
al. (1992),the Hyadesis “missing” 21 WDs, i.e. the IMF would suggesR9 WDs in
the Hyadesyet only sevenHyadesmembenWDs areknown. A selectionon Hyades
membersn WEBDA resultedin 89 Hyadesmemberdrighterthan . There-
sulting simulations,usingthe broken-paver-law IMF, containan averageof 27 WDs
in the Hyadesfor , closeto thetwenty-nineWDs Weidiemanretal. cal-
culated. For a binary fraction of 0.5, on average WDs arein binaries. A
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purely photometricsurwey would recover, on average, WDs, of
whichwould bein binarysystemsl|f , thenumberof total WDs averages
, of which would bedetectedn aphotometricsurwey. Therefore,
the presenc®f only sevenknowvn membeWDs maynot be a severediscrepang.
Claver et al. (2001) give the total numberof potentialWDs in the Praesepas
nine, six of which are con rmed members. Jones& Staufer (1991) nd
completeness-correctedembersof the Praesepdrighterthan . Assum-
ing the broken-paverlaw IMF and , the averagenumberof WDs in the
Praesepasimulationsis , With beingdetectedrom photometric
surweys, andthe remaindethiddenin binary systems.If , thenthe total
numberof WDs in the Praesepsimulationaverages , with an averageof
beingfoundby photometricsurweys.
Theresultsfor bothof theseclustersarequite preliminaryandaresensitve to the
inputIMF andselectioncriteria. Analysisof theWDLFs in eachclustercouldhelpto
verify whetheror not binary starsexplainthe WD de cit.

Dynamical Evolution

The dynamicalevolution of openclustershasoften beeninvoked to explain the
lackof WDsin theHyadesandotherclusterqWeidemanretal., 1992).Self-consistent
N-body simulationsareonly now beingappliedto openclustersdueto the comple-
ity of the problem. Initial resultsreproducethe obsered, grosscharacteristicof
openclusterswell, includingmasssegregationandthe evaporatiorof stars.Theseni-
tial resultsalsosuggesthat WDs do not evaporatepreferentiallyfrom openclusters,
rather they tendto concentrateowardthe centralregions. This concentratioroccurs
dueto massseggregationprior to the WD formationand persistshecauseéhe WDs in
intermediate-agstellar clustersare more massve thanthe majority of clusterstars
(PortegiesZwartetal., 2001).

Basedon theinitial resultsof the binary starsimulationsin the HyadesandPrae-
sepetheremaybelittle needto invoke WD evaporatiorfor thelack of obsenedWDs,
thoughfurtherstudyis neededeforesuchaconclusions rmly drawn. It shouldalso
be notedthatthe PleiadWD is fairly distantfrom the concentratedenterof the star
cluster in contradictionof the N-bodysimulations.
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Table5.1: Initial and nal massesand cooling agesor ob-
senedwhite dwarfs,assuminglustermembership

811

Cluster Object WD Cluster
age age
NGC 1039 2 8.30
8.40
NGC 6633 8 8.63
8.68
8.82
27 8.63
8.68
8.82
NGC 7063 1 8.15
WD coolingage
No corvective overshoot

AssumesCO core



Table5.2: Initial & Final massedor previously-published
WD datain NGC 2516.

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
NGC 2516-2 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
NGC 2516-4 1.066 7.887 7.42 6.57 5.91 5.41 4.99

6TT

As givenin Koester& Reimerg(1996)
Assumingsolarmetallicity with corvective overshoot



Table5.3: Initial- nal massrelationfor PleiadWD

AdoptedWD Cooling Finalmasy ) for

masy ) 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 massedor 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

FromW95 C/O coremodels

Averageof and with corvective overshoot
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Table5.5: The white dwarf luminosity function from NGC
2168.

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

IMF  Binary
fraction () total detected detected

1 0.7

0.5

0.3

2 0.7

0.5

0.3

3 0.7

0.5

0.3

00 O 00O 00O 00O o 0o 0o

1=Salpeter2=Paver law, 3=Brokenpower law
Thisis a subsebf thenumberof detectedVDs
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Table 5.7: Simulatednumbersof WD detectionsin NGC
2168

age IMF Binary
frac ( ) total detected detected

80 1 0.5 8
6

2 0.5 8
6

3 0.5 8
6

83 1 0.7 8
6

0.5 8

6

0.3 8

6

2 0.7 8
6

0.5 8

6

0.3 8

6

3 0.7 8
6

0.5 8

6

0.3 8

6

1=Salpeter2=Paver law, 3=Brokenpower law
Thisis asubsebf the numberof detectedVDs
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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. Opentrianglesare Hyades
andPraesep®/Ds from Claver etal. (2001);opensquareareNGC 2516 WDs from

Koeste& Reimerg1996);thehigh nal-massupperlimit is the PleiadWD from data
in Claveretal. (2001). Thedottedline indicateghe“revised”initial- nal masgelation
of Weidemann(2000). The solid line is the theoreticalinitial- nal massrelation of

Girardi et al. (2000); the dashedine are the core massest the rst thermalpulse
from thatstudy
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Figure5.2: Revisedinitial- nal massrelation,assumingan NGC 2516 ageof 8.30.
NGC 2516 WDs are indicatedby asterisks. Filled boxes are Hyadesand Praesepe
datafrom Claver etal. (2001), lled circlesaredatafrom this study Openstar lled
pentagonand openpentagorare for a PleiadWD massof 1  and Pleiadagesof
8.15,8.05,and8.00, respectiely. Dottedline is the “revised” initial- nal massrela-
tion of Weidemanr(2000);solid anddashedinesarethetheoreticalnitial- nal mass
relationandcoremassat rst thermalpulsefrom Girardi (2000).
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Figure 5.3: The sensitvity of derived progenitormasseso clusterageerrors. The
curvesindicatethe derived progenitormassegor WDs with actualprogenitormasses
of8 (bluelong-dashed);  (blacksolid),and6  (redshort-dashedssuming
errorsin thelogarithmicclusterageof 0.1 dex. Uppercurvesarefor underestimates
of theclusterage;lower curvesarefor overestimates.
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CMD of IC 4665,includingresultsof spectroscopiobsenations.

Figure5.4:

Figureasin Fig 3.17,exceptcon rmed non-WDsindicatedby red crosses.
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Figure5.5:

CMD of NGC 6633,including resultsof spectroscopiobser

vations. Figureasin Fig. 3.18, exceptcon rmed memberWDs are shovn as lled
blue squaresnon-membeDA WDs asopenblue squarespnon-membebDB andDO
WDs as lled magentasquaresnon-WDsasred crossesandunobsered candidates

as lled cyanboxes.

128



Figureb5.6: and CMDs of NGC 7063, including resultsof spec-
troscopicobsenations. Figureasin Fig. 3.19, exceptcon rmed non-membeMWDs
indicatedas openblue boxes,con rmed WD memberas lled blue box, andunob-
senedobjectsas lled cyanboxes.
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Figure5.7:

color-color plot on NGC 7063, includingresultsof spectro-

scopicidenti cations. Figureasin Fig. 3.20,exceptcon rmed membeWD identi ed
with lled blue box, con rmed non-membeWDs identi ed with openblue boxes,
andunobseredobjectsidenti ed with lled cyanboxes.
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Figure5.8: Completenesm detectionof WDs in NGC 2168, basedon the resultof
arti cial startests.Error barsaredeterminedisingEg.5.5.
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Figure5.9: Completenesm detectionof WDs in NGC 7063, basedon the resultof
arti cial startests.Error barsaredeterminedisingEg.5.5.
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Figure5.10: Thewhite dwarf luminosity function (WDLF) for NGC 2168,including
theraw WDLF (solid line) andthe WDLF correctedor completenesg&dashedine).
Error barsarecalculatedasin Eq. 2 of Bolte (1989).
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Figure5.11: and CMDsfor WDsin binarysystemsBluelinesindi-

cateWD coolingsequencefr loneWDs with masse®f 0.4 (0.1 )1.0 (top
to bottom);blackline indicateshe ZAMS for asolarmetallicity population;redlines
indicatethe sequence$or ZAMS + WD binariesfor WD massof 0.7 of

50000K,40000K,30000K,20000K,15000K,and10000K(top to bottom). Thegreen
linesindicatethe binarysequencefr mainsequencstarswith thebrightestmodeled
WD (0.4 , =50000K;top)andthefaintestmodeledWD (1.0 , =10000K;
bottom).

5 N | i
. i 0 |
or — L i
=} I 1 >
= 5 — = 5 —
10 - . i 7
. - 10 - |
15 [~ N i i
C_1 I 1 1 1 1 I 1 1 1 1 I 1 1 17 C1 ‘ L ‘ | I ‘ L1 ‘ L
-1 0 1 0 0.5 1 15
U-B B-V

134



Figure5.12: color-colorplotfor WDsin binarystystemsBluelinesindi-
catecoolingsequence®r loneWDswith masse®f0.4 (0.1 )1.0msunbottom
totop); blackline indicategheZAMS for asolarmetallicity populationyedlinesindi-
catethesequenceor ZAMS + WD binariesforaWD mas=f0.7 of 50000K,
40000K,30000K,20000K,15000Kand10000K((left to right turnoffs alongZAMS).
Greenlines indicatebinary sequence$or ZAMS + WD for brightestmodeledWD

(0.4 , =50000K;left) andfaintest-modeledvD (1.0 , =10000K;right).
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Figure5.13: CMDs from the Monte Carlo simulationof a binary starsin arich open
cluster The ctitious clusterhasaninputdistancemodulusandcolor excessof zero,
abinaryfractionof 0.5,anageof 8.5,anda SalpetedMF. Themainsequencehinary
sequencandWD coolingsequencareeasilyvisible, asis theregion containingWD-
MS binaries.BluelinesindicateWD coolingcurvesfor singleWDs of masse$.4
0.7 ,and1.0 (topto bottom).
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Figure5.14: color-color plot from binary starsimulationin Fig. 5.13.
Blue curvesindicateWD cooling curvesfor singleWDs of massed.0 , 0.7
and0.4  (topto bottom).
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Chapter 6

Conclusionsand Futur e Work

This dissertatiorpresentghe rst resultsof a studyof white dwarfsin intermedi-
ate-ageopenclusters.The primary conclusionsare:

A sampleof openclusterswith completeWD sequencesvithin the reachof
Keckspectroscophasbeenpresented.

Photometryfor theclusterdNGC2168,IC 4665,NGC 6633,andNGC 7063has
beenpresentedWithin eachcluster WD candidatesiave beenphotometrically
selected Basedon photometryalone,it is not possibleto identify clusterWDs
unambiguously

Spectroscop for WD candidatesn NGC 1039 (M34), IC 4665,NGC 6633,
andNGC 7063 hasbeenpresented.Out of thirty-oneidenti ed objects,four
areclustermembeWDs. For eachWD, the effective temperature@ndsurface
gravity have beendeterminedandthe WD massesndcoolingagesderived.

Analysisof theinitial- nal massrelationrevealsthatthe high-massndof the
relationis very sensitve to the assumedgesof the parentopenclustersmore
sensitve thanusuallystated.

Thelowerlimit on , andthereforethelower limit on ,1s5.7

Basedntheempiricalinitial- nal masgelationfrom this studyandpreviously-
publishedWD studiestheinitial- nal massrelationlikely lies betweerthere-
lation derived from the core massesat the rst thermalpulseandthe relation
derivedfrom the coremassat the endof thermalpulsingfrom stellarevolution-
ary models.
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The“white dwarfde cit,” or apparentack of WDsin openclustersascompared
with what would be expectedfrom anintegrationof the initial massfunction,

can be explainedas being due to WDs being hiddenin unresolhed binaries.
Evaporatiorof WDs from openclusterghereforeneednotbeasstronganeffect

assometimesuggested.

Morework remaingo bedonein orderto obtainthe mostusefuldata.Someof the
necessaryork includes:

Impr oved Balmer-line tting . Someimprovementsneedto be madeto the

spectramodel ts. Mostimportantly thecovariancematrixfor errordetermina-
tion needdo becomputedoroperlysothatthe statederrorsaccuratelyrepresent
the model uncertaintyand are lessdependenbn assumptionsaboutthe error

distribution. It is alsonecessaryo obtaina higherresolutiongrid of spectral
modelsespeciallyfor high . A ner modelgrid would permitmoreaccurate
determinatiorof and for hot ( ) WDsin thesample.

Mor e and improved spectra. NGC 2168is a very interestingclusterfrom
the standpointof beingrelatively younganda very rich, compactcluster No
spectrahave beenobtainedyet, but the massesandagesof WDs in this cluster
will be importantin the determinatiorof the high-massendof the initial- nal

massrelation. Improved spectraof the potentialHe-coreWD in NGC 7063are
neededo con rm its nature.Finally, spectraof potentialWD-MS binariesmay
con rm thepresencef thebinariesandthevalidity of thebinarystarsimulation.

Imaging and analysisof more clusters. Theconclusiongiravn from this study
have beenhamperedy the small numbersof clustermemberWDs con rmed
to date. Analysis of more clusterswill provide a larger clustermemberWD
sample.In addition,attentionneedgo befocusedonrich openclustersin order
to improve thelikelihoodof nding clusterWDs.
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