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Intr oduction

Lesétoiles,quellequesoit leur massenaissente la fragmentatiordesnuagesmoléculaires
et del'effondremeniravitationneldesfragmentsformés. Les étoiles,définiescommedesobjets
dontla masseexcéde0.072fois la massedu Soleil, ap®s une phasede contraction,passenta
grandemajorite deleurvie surla"séquencerincipale”. Ellessontalorsenéquilibrehydrostatique
carl’ énegie produiteparla fusionnuckaireempechel’effondremengravitationnelde’ étoile.

Enrevancheesobjetsdemétallicite solairedontla masseestinférieurea 0.072massesolaire
n'atteindrontjamais destemperatureset des pressionscentralessufisantespour déclenchera
fusion de I'hydrogene. Cesobjetssontappeés nainesbrunes. Leur luminosi€ esttresfaible et
décrdt inexorablementu coursdu temps,ce qui rendleur détectiondifficile. En congquence,
les nainesbrunessontresgesindétectablependantiestrenteanreesqui ont suivi leur prédiction
théorique.L’avenementlesgrandstélescopesjesdétecteursa grandchampet descartographies
du ciel a grandeéchellea permisla decouserte de centainesde nainesbrunesisoléesdansle
voisinagesolaire, en tant que compagnongl’étoilesde faible masse mais aussidansles amas
ouwertsetlesrégionsdeformationd’étoiles.

Le nombred’étoilesforméesparunite demasseestappet la fonctioninitiale de mass«|nitial
MassFunction,IMF). Cettegrandeura étt définie dansl’ étudepionniere de Salpeteren 1955.
L'IMF a éte étudie lors desderneresdécenniesdansplusieursrégionsdu ciel et surun grand
intenalle de masseafin d’examinersadépendancevec I’ ageet I'environnement. En effet, la
formedel'IMF pourlesfaiblesetlesfortesmassegstimportantecar elle permetde contraindre
les processusle formation desétoiles. C’est malheureusemertanscesrégionsdu spectrede
masseajueles donréessontle plusdifficile ainterpiétercar, d’'une part, les étoilesmassiessont
rareset posdentunecourteduréedevie et, d'autrepart,lesétoilesdefaible masseet lesnaines
brunessontpeulumineusest difficiles a détecter

Lesamasouertset lesrégionsde formationd’étoilessontgéréeralemendetaille modestest
repesententune populationde mémeageet de mémemétallicité située a la mémedistancedu
Soleil. Par congquent,de nombreusegtudessesontconcenteessur cesrégionspourtenterde
determiners’il existait un changementle pentepresdela transitionétoile-nainebrune. Comme,
deplus,lesétoilesdefaiblemasseetlesnainesbrunessontintrinsequemenpluslumineusegjuand
ellessontjeuneseur détectionestplus aissedansles amaseunescommeles Pleiades Per,le
Trapezed'Orion, IC348 et o Orionis que dansle voisinagesolaire. Les diversesttudesmerees
danscesamasindiquentquel'IMF crait rapidementdesétoilesde grandemasseaux étoilesde
massesolaire, elle crait ensuiteplus lentementpour atteindreun maximumvers 0.1-0.2,masse
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solaireavantde déclinerdansle domainesous-stellaire.

Un autrevolet de |’ étudede 'lMF concernda recherchele savariationavec les conditions
physiqueségnantdansle lieu deformation. Par exemple,unecartographiérgrandchampmeree
recemmentdansle nuagedu Taureaua révelé un déficit de nainesbrunesdanscetterégionde
faibledensié parrapportauxétudesffectiteesdansiC348etle Trapezed'Orion. Cettedifféerence
suggrequ’il existeunevariationdel'IlMF aveclesproprietesphysiqueglel’environnement.

Cettethesea pour but d’appronfondirl’ etudede I'lMF, particulérementpour les étoilesde
faible masseet les nainesbrunes et sesvariationsavec I'environnement.Pourcela, les résultats
detrois cartographiesndépendantegjédiésa la recherchal’étoilesde faible masseet de naines
brunesdansle voisinagesolaireet dansdeuxamasd’étoilesjeunes,« Peret Collinder359, sont
détaillesdansce manuscrit.

Le chapitrel offre un apera desconnaissanceactuellessur les nainesbrunes,a la fois
théoriquestobsenrationnellesLa physiquedesnainesrunesstdécriteetlesdiversmécanismes
deformationrecemmenpropogspasésenrevue. La définition de'lMF estdonrée et sonim-
portancedansle domainesous-stellaireaborde. La partieobsenationnellefait un point surles
caracéristiguegphotonétriqueset spectroscopiquedesnainesultra-froidesdécouertesaucours
desdix derneresanrees.Enfin, lesdéterminationsle'IMF sous-stellairelanslesamageuneset
lesrégionsdeformationd’étoilessontanalyges.

Le chapitre2 présentdes résultatsphotonétriqueset spectroscopiqued’un échantillonde
candidatglu voisinagesolairestlectionessurla basedeleur grandmouvementpropreet deleur
couleur Cesaobjetssonten majoritt desnainesM situeesa moinsde 50 parsecglu Soleil. Les
résultatgérerauxdel’ étudesontdéecritset uneattentionparticulére estporttesurcertainsobjets
singuliers.

Le chapitre3 présentdesrésultatsd’'une cartographialansle procheinfrarouged’'unerégion
de0.7dgyré care dansa Per,un amasanalogueaux Pléiades De nouveauxcandidatstellaireset
sous-stellairesnt ét extraits desdiagrammegouleurmagnitudeet couleurcouleur combinant
desdonreesphotongétriquesdansles domainesvisible et procheinfrarouge. Les donreesspec-
troscopiqueslansle domainevisible d’unetrentainede candidatssélectioni@s parleur proprietes
photongtriques sontanaly&espourveérifier leur appartenancal’amas.

Le chapitre4 estdédi a |’ étuded’un amaspré-£quenceprincipalepeu étudge parle pasg,
Collinder359. Une cartographiedansle domainevisible de 1.6 degré caré dansCollinder359a
permisd’extraire descandidatsnembregde 'amasdont les massesontcomprisesentre 1.3 et
0.04massesolaire.Lesdonreesphotonetriguesdansle procheinfrarougedescandidatsa partir
du catalogue2MASS et d'obsenationsfaitesau CFHT, sontégalementinaly€es. Les résultats
de cettecartographievisible, combireea I étudedu mouvementproprede I'amas, ont permisde
préciserl’ agede 'amasainsi que sadistance. D’autre part, nousavons montié quela fonction
de massale Collinder359 présentaune penteplusfaible quecellesestineespourles Pléiadeset
aPer.

Le chapitreb présentda marchea suire pour extraire uneliste de membresi’amasouverts.
Lesprincipauxcriterespermettantle distinguerles objetspre-£quenceprincipaledesétoilesdu
champtelsquele mouvementpropre la photonétrieetla spectroscopidansesdomainewisible
et infrarougeet les obserationsenrayonsX, sontpas&senrevue. Lesfuturesobserationset
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perspecties pour les amasa Per et Collinder359 sont égalementabordeset placcesdansun
contecte pluslarge.

Le chapitreConclusionset Perspecties présentde bilan de ce travail de theseet décrit les
obsenationset étudesa menerdansle futur auregarddesrésultatsobtenusavec cellesanalyges
dansce manuscrit.

F-1 Théorie et obser vation des naines brunes

Kumar (1963) a &t le premiera prédire I'existenced’objets dont la masseestinférieurea
0.08massesolaire.Hayashi& Nakano(1963)ontégalementontritué ala compgéhensiordeces
objetsdefaibleluminosig, appeésal’origine “nainesnoires”. Cettedénominatioretaitcependant
déja utiliseepourlesnainesblanchegrésagees.EncongquenceTarter(1976)apropo le terme
de“nainesbrunes’dufait dela compl«ité deleuratmosplkre,denominatiorrapidementaccepte
parlesastronomes.

L’optimisationdeséquationsd’étatet la meilleureconnaissancde I'atmosplere desnaines
brunesont permisde localiseravec précisionla limite étoile-nainebrunea 0.072massesolaire.
Les donreesspectroscopiqueacquisesau coursdesderneresanreesmontrentque les naines
brunesne sontpasde couleurbrunemais de couleurviolette. Cettecouleurs’explique par la
présencade sodiumdeutré dansl’atmosplere, qui supprimeles couleursvertes. Commeles
raiesde cettemoléculesonten absorption)a couleurdesnainesbrunescorrespond la couleur
compEmentairedu mélangedeslongueursd’ondesémegentes.

F-1.1 Présentation théorigue des naines brunes

Leseétoilessontdesspleresde gazcompogesa 73% d’hydrogene,25% d’hélium et 2% de
métaux(pourcentagedonresenmasse)Lesétoilesrestenenéquilibrehydrostatiqueinegrande
partiedeleurvie carl’ €negie produiteparlesréactionsuckairesenemg@chesoneffondrement
gravitationnel. Enrevanche Jes nainesbrunesde métallicité solaire,dontla masseestinférieure
a0.072massesolaire,n’atteindronjamaisdestemgératureset despressionsentralesufiisantes
pourtransformei’hydrogeneenhélium. Lesobjetssous-stellairesontla masseestsugerieurea
0.013massesolairebriilentle deuériumselonla réactionp + d — v + *He. Lesnainesbrunesplus
massvesque0.065massesolairebriilentleur lithium pendantunecourtepériodedeleur vie etde
mangreinstableselonlesréactiongp+ "Li — 2a etp+5Li — a+3He.

Les coeursde nainesbrunesrepiesentenun mélanged’hydrogene et d’hélium moléculaire.
L'atmospleredesnainesbrunesestprincipalementompoged’hydrogene,d’hélium, decarbone,
d’oxygeneetd’azote.Leurdistribution spectraled’ €énegie estfortementinfluen@epardesbandes
moléculaireslevapeurd’eauetdeméthanedesraiesd’absorptiord’alcalinsneutresetde métaux
hydrogerésainsiqueparla presencale grainsde poussére.

L’équilibreentrel’ énegie nuckaireet I'effondremengravitationnelconduita la stabilisation
de la luminosig, de la temgeratureeffective et du rayon d’'une étoile apes quelquesmillions
d’anrées. Au contraire,la luminosit et la temperatureeffective des nainesbrunesdiminuent
inexorablemengvecle temps(Figure1.2). Par exemple,la luminosié d’une nainebrunede 0.03
massesolairedécrdt de 1072 L a6 x 107% L, entreun million et un milliard d’anrées. De
méme,satemperaturedécrdt de 2800a 900 Kelvins. Le rayondesnainesbrunesdécrdt avec
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I'agea unemassedonrée puis atteintun plateaupour desagessugerieursa un milliard d’anrées.
Par exemple,le rayond’'une nainebrunede 0.03massesolairepassele 4.3 fois celui de Jupitera
unefois celui de Jupiterentreun million etun milliard d’anrées.Par ailleurs,le rayoncroit avec
la massepourlesnainesbrunesplusjeunesgue100millions d’anréespuisla relations’inversece
qui rendlesobjetssous-stellairepeumassifspluslarges.

Lesétoilessontissuedle I'effondremengravitationnelde fragmentsd’un nuagemoléculaire.
Plusieurgphasegwlutivessesuc@dentpendantesquelleda matierecircumstellaireestprogres-
sivementaccéteeparl’objet central. Sonéwlution estensuitedécriteparunephasepré-£quence
principaleavantd’amorcena fusionde’hydrogene.

L'extensiondu mécanismede formation d’'étoiles aux nainesbrunesposedeux probEmes.
Premerement)’effondrementgravitationneld’'un nuagemoléculaireintervientlorsquesamasse
excédecellede JeansLesobsenationsmontrentcependantjuecettemassale Jeanssttypique-
mentdix fois sugerieurea la massedesnainesbrunes.Deuxiémement)a phased’accétion doit
étreinterrompuea un momentdonré pourempgecher’objet centralde devenir uneétoile.

En congquenceplusieursmécanismesnt recemmenété propogs pour expliquerla forma-
tion desnainesbrunescommeparexemple:

1. Extensiondu senariode fragmentatiordesnuagesmoléculairespar gravo-turlbulenceaux
nainesbrunegMac Low & Klessen2004).

2. Irradiationde coeurgré-stellairepardesétoilesmassiesappartenarduxassociation©B
(Whitworth & Zinnecler 2003;communicatiorpersonnelle).

3. Instabiliesgravitationnellededisquegpré-stellairegeuneset massifWatkinsetal. 1998a,
1998b;B0ss1998,2000,2001;Li 2002).

4. Ejectionde la composantda moins massie de sysemesmultiples jeunes(Reipurth &
Clarke 2001;Bateetal. 2002;Sterzik& Durisen2003).

5. Formationauseind’un disquecircumstellaireccommelesplaretesgéantesienotreSyseme
Solaire(Papaloizou& Terquem2001;Armitage& Bonnell2002).

L’ étudedelaformedel’lMF surungrandintenalle demasseestprimordialepourcomprendre
le ou les processusle formationd’étoiles. Un secondaspectde I'IMF concernesadépendance
aveclesconditionsphysiquestle temps.L’étudedel'lMF sous-stellairglansdiversegégionsde
formationd’étoilesestdoncimportantepour mieuxcomprendrd’origine desnainesbrunes.

L'IMF estdéfinie commeétantle nombred’étoilesn par unité de volumedansun intenalle
demassem, m+dm:
_dn 1 dn

=— = étoilespc™® M
dM  m(In 10) d log m ¥ ©

§(m)
Les approximationdes plus utiliséespour repésentef’IMF sontdeslois de puissancelont
lesindex = et sontliésparlarelationz =« — 1.

T

Em)=m™* et &(logm)=m"
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L'IMF aéte étudéesurungrandintenalle demasseetlesplusrécentegstimationsuggrent
les valeursa =2.7 pour les étoilesplus massies qu’une massesolaire,a=2.2 entre1.0 et 0.5
massesolaireet « = 1.3 dansl'intervalle 0.5-0.08massesolaire(Kroupa2002; Figure1.1). Les
multiplesétudesdel'lMF sous-stellairelandesamageunescorvergentversunindex o =0.5-1.0
endessousle 0.5 massesolaire(e.g.Bouvieretal. 1998;Figurel.8).

F-1.2 Présentation obser vationnelle des naines brunes

Aprées de multiples efforts déediés a la recherched’objets sous-stellairependantles trente
anreesqui ont suvi leur prédiction theorique, les deux premeres nainesbrunesirréfutables,
Gl229Bet Teidel, ont éte annonéesen 1995: la premereorbitantunenaineM (Nakajimaet al.
1995)et la secondalansl’amasdesPleiadesReboloet al. 1995). Peude tempsapescesdeux
déecouertes,plusieurscentainesle nainesultra-froides(typesspectraux> M7) ont é trouvees
en moins d’'une décenniegrace a 'avenementdes cartographiesx grandeéchelleet de larges
télescopesCesobjetsont & découertsisolésdansle voisinagesolaire,entantquecompagnons
d’étoiles,danslesamasouertsjeuneset danslesrégionsde formationd’étoiles.

Plusde250nained. et50nainesT isoleesdansle voisinagesolaireontéte decouwertesparles
cartographieagrandeéchellecomme2MASS (e.g.Kirkpatrick etal. 2000),DENIS (e.g.Delfosse
etal. 1999)et SLOAN (e.g.Leggettetal. 2000). Les étudesa mouvementpropreont aussicon-
tribué a leur recensememdansle voisinagesolaire(Ruiz etal. 1997;Cruz & Reid 2002;Lépine
etal. 2002;Scholzetal. 2000).Notrecontritution danscedomaineestdétailleedande chapitre2.

Cesdécouertesontpousg lesastronomea compkterle sysemedeclassificatiordeHarvard
envigueurpardeuxnouwellesclassesLeurscaracgristiquegphotonétriqueset spectroscopiques
desobjetsappartenanauxclassed. et T sontdécritesci-dessous:

1. LesnainesL sontdesobjetsplusfroids quelesnainesM, dontlestempgeraturessontcom-
prisesentre2200et 1300Kelvins. Plusd’un tiersdesnainesL sontsous-stellaired’apres
les mocklesthéoriquesactuels(Barafe et al. 1998). La disparitiondesbandesde TiO et
VO combiree avec I'apparition de raiesd’absorptionde métauxhydrogerés et d’'alcalins
neutresaugmentente flux dansle procheinfrarouge(Figurel.4). La classificatiordansle
visible repesenteune extensionde celle desnainesM (Martin 1997; Martin et al. 1999b;
Kirkpatrick etal. 1999b). Une classificatiorestaussidisponibledansle procheinfrarouge
(Tablel.3). La plupartdesnained. ontéte decouwertesparlescartographie@ MASS (Kirk-
patricketal. 2000)et SDSS(Fanetal. 2000). Nousavonsaussidécouert plusieursnaines
L lorsdenotreétudea mouvementpropredansle ciel austral(Chapitre2).

2. LesnainesT sontdesobjetsplus froids queles nainesL et sonttoutesdesnainesbrunes.
Leurstemperaturessontinférieuresa 1300Kelvins. Le flux émegentatteintun maximum
vers1pm du fait de la présencale vapeurd’eau et de méthanedansleur atmosphkre. La
présencele grainsde poussére réduit considrablemente flux dansles domainesvisible
et procheinfrarouge(Figure 1.5). Leur classificationestdéfinie dansle procheinfrarouge
a partir dessysemesdéweloppes par Geballeet al. (2002) et Burgasseret al. (2002) (Ta-
ble 1.4). Lescartographies grandeéchellecomme2MASS (Burgasseetal., 1999,2000a,
2000b,2002,2003b,2003c)et SDSS(Strausset al. 1999; Tswetanw et al. 2000; Leggett
etal. 2000;Geballeet al. 2002)ont decouert la majorite de cesobjets. Notre contritution
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estillustréedande chapitre2 parla decouertedela naineT binairela plusprochedu Soleil
(Scholzetal. 2003;McCaughrearet al. 2004).

De nombreusesainesbrunesorbitantdesétoilesdefaible masseont éte recemmentrouvees.
Lescartographieslevitesseradiale(e.g.Mayor etal. 1992)ont concluquelesnainesbrunessont
peufréquente$0.5%) afaibleseparation(< 3 unitésastronomiquesjutourd’étoilescomparables
anotreSoleil. Lesrécentesmageriesa hauterésolutionmereesavec I'optique adaptatre au sol
(Closeet al. 2003; McCaughrearet al. 2004) et le télescopespatialHubble (Reid et al. 2001b;
Bouy etal. 2003;Gizis et al. 2003;Burgasseket al. 2003b)ont decouert plusieursnainesbrunes
orbitantdesétoilesdefaiblemassgTablel.5)demémequedesnainesrunesinaires(Tablel.6).

Lafréquencelessysemedinairesdefaiblemasseestineéed 10—-15% estcependaninférieure
a cellesdesnainesG (574 9%; Duquenng & Mayor 1991)et desnainesM (424 9%; Fischer
& Marcy 1992). Par ailleurs,la distribution desseparationset desrapportsde massgFigure 1.6)
differentnotablemente celle desétoilesde type solaire(Duquenng & Mayor 1991)etdecelle
desnainesM (Fischer& Marcy 1992). Les nainesbrunesbinairespos&dentde tres faibles
separationsde 'ordre de 4-8 unités astronomique®t semblentfavoriser les sysemesd’égale
masse.

Descentainegle nainesbrunesont égalemenét découertesdanslesamasouvertsjeuneset
dansles régionsde formationd’étoiles. Les résultatsdesestimationgde I'lMF dansle domaine
sous-stellairent conclu:

1. Lapentea desPléiadessesitueentre0.5 et 1.0 dansl'intervalle de masse).5-0.03masse
solaire(Bouvieretal. 1998;Martin etal. 1998;Tej etal. 2002;Dobbieet al. 2002;Moraux
etal. 2003)enaccordavec le résultatobtenudansa Per(0.59; Barradoy Navascieset al.
2002;Figurel.8).

2. LU'IMF aéteestineedande domainesous-stellairpourlesrégionssuvanteg Figurel.7): le
Trapezed'Orion (Muenchetal. 2002),c Orionis (Béjaretal. 2001),IC348 (Luhmanetal.
2003b),le Taureau(Bricefio et al. 2002), p Ophiucus(Luhmanet al. 2000), et Caneléon
(Comebn et al. 2000). La fonction de massedu Taureaufait apparétre une carencede
nainesbrunespar rapportaux autresrégionsqui suggre une possiblevariationde I'lMF
avecl’environnement.

Notre contritution dansce domaineestdétaillée dansles chapitres3 et 4, dediés aux amas
ouvertsjeunesa Peret Collinder359.

F-2 Recherche d’étoiles de faible masse et de naines brunes
par mouvement propre dans le ciel austral

Unerecherchad’objetsa grandmouvementproprea ét initiée dansle ciel australpour des
déclinaisongnférieuresa —33° parScholzetal. (2000).Lesdonreesphotonétriquesdisponibles
danslesfiltres B et R, sontissuesde plaquesphotographiques.es magnitudedimites respec-
tives sontapproximatrement B; =22.5 mag et R=21 mag. Deux époquessépagespar une
quinzained’anréessontdisponibles permettanta détectiond’objetsdontle mouvementpropre
estcomprisentre0.3et1.0seconded’arc paran. La méthodenitiale arévelé desnainesblanches



Versionfranaise XiX

ainsiquedesnainesde type K et M dansle voisinagesolaire. Cettetechniquea ensuiteéwlué
versla recherchal’objetsdefaible masseet de nainesbrunesprochesdu Soleil.

Le chapitre2 présentdes résultatsphotonétriqueset spectroscopiquegour un échantillon
de 70 objets stlectionts pour leur large mouvementpropre et leur couleur semblablea celle
d’étoiles de faible masse(Table A.1). Les donreesspectroscopiquedansle domainevisible
(6000-1000@) descandidatsselectioniés ont éte obtenuesavec différentstélescope®t instru-
mentscommeVLT/FORS1et ESO3.6-m/EFOSCZFigures2.1,A.2, A.3). Lesdonréesspectro-
scopiquesiansle domaineinfrarouge(1.0-2.5:m) ont ét acquisesveclesinstrumentdSAAC
et Sofl monés respectiementsur les telescoped/LT et NTT (Figure A.4). La résolutiondes
spectreslansle domainevisible et infrarougeestidentiquepour 'ensemblede I' échantillon,de
I'ordre deR=600.

Cetravail estle fruit d'une collaborationau seindu groupe“Star and PlanetFormation” de
I'AIP entreRalf-DieterScholz,Mark McCaughreart moi-méme.Lesrésultatprésenésdansce
chapitreont éte publiesdansplusieursarticles:

1. Lodieu, Scholz,& McCaughrearf2002b)a report la déecouerte detrois nainesL dansle
voisinagesolaire.

2. McCaughreanScholz,& Lodieu(2002b)atrouve deuxnainesM tardivesa moinsde 10pc.

3. Scholz,Lodieu,lbataetal. (2004)aprésent la découerted’'unenaineM active orbitantun
sysemebinairesitué aerviron 20 parsecs.

4. Scholz, McCaughreanlLodieu, & Kuhlbrodt (2003) et McCaughrearet al. (2004) ont
découertla nainebrunebinairela plusprochedu Soleil, ¢ Indi Ba/Bh

5. Une publicationesten préparationpour présentet’'ensembledesrésultatsexpogsdansce
chapitre(Lodieuetal. 2004)

Les principauxrésultatsde cette étudesont détailles ci-apies. Nous avons attribué un type
spectrak chacundes70 candidatsélection@sselonles sytemesde classificatiordéveloppgespar
Martin etal. (1999b)et Kirkpatrick etal. (1999b).Nousavonscalcuk plusieursndicesspectraux
mesurantla force desbandesmoléculaireset desraiesd’absorptionpar rapportau continuum
voisin. Les spectrent égalemenéte compaés a ceuxde nainesM et L dites standardsgdont
le type spectralestconnuavec une grandeprécision. Les typesspectrauxdérivés par cesdeux
méthodesontenbonaccordet donresdansla TableA.1.

Nousavonsrépertoré 6 sous-nainesl0 nainesM de type spectralinféerieura M5, 47 naines
M tardives(M5.5-M9.5),4 nainesL. etunenaineT binaire. Touscesobjetssontsituesamoinsde
50 parsecgFigure?2.2).

Parmi les 52 étoilesdont un spectrea été obtenudansle domainevisible, plus de la moitié
présententineémissiorenHa 26563A. Dix huit d’entreellesposdentdeslargeursequivalentes
supérieuresaS,&, certainesatteignanﬂS,& (Figure2.3). Lesétoileslesplusactvesont destypes
spectrauM7—-M8, enaccordavecdesrésultatsanérieurs(Hawley etal. 1996;Gizis etal. 2000).

Nous avons égalemenimesue le flux contenudansles raiesd’absorptiondes doubletsdu
potassium(K 1) et du sodium(Nal) respectiementsitués & 7665/769R et 8183/8195A. Les
largeurséquialentesde cesdoublets gui sontsensibles la gravité d'un objet,atteignentiussiun
maximumpourdesétoilesde type spectraM7—M8 (Figure2.4).
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Parmi I’ échantillonde nainesultra-froidesdécouertesau coursde notreétude plusieursob-
jetsintéressantentfait I'objet d’'une publicationet méritentuneattentionparticuliere:

1. Sixsous-naineagrandmouvementpropre,dontla métallicite estinférieurea celledu Soleil
([Fe/H] comprisentre —1.0 et —2.0), ont ét découertesdansnotre échantillon. Deux
objetsont &t classifes sous-naineg[Fe/H] = —1.0) et quatreautresextrémessous-naines
([Fe/H]=—2.0) graceauxindicesspectrauxdéfinis par Gizis (1997)et leursspectreslans
le domainevisible (Figure2.5). Lesdistancesontcomprisesentre40 et 350 parsec®tles
massegstineesentre0.08et0.15massesolaire(Table2.1),d'apreslesmocklesthéoriques
deBarafe etal. (1997).

2. DeuxnainesM tardivesont été trouveesa moinsde 10 parsec{McCaughreanScholz,&
Lodieu 2002b)gracea leur mouvementpropresugerieura 0.3 secondesl’arc paran. Les
spectresie cesdeuxobjets,obtenusdansle domainevisible, suggrentdestypesspectraux
respectifsM7.5 et M8 (Figure2.7 et Table2.2). Cruzetal. (2003)arecemmentiéduitun
typespectraM7 pourlesdeuxobjets,confirmantunedistancenférieurea 10 parsecs.

3. Trois nainesL ont étt découertesdansle voisinagesolairegrace au cataloguea grande
échelleSuperCOSMOSky Suneys(Lodieu,Scholz,& McCaughrear2002b).Nousavons
assige a SSSPMJ0109-5101, SSSPMJ23106-1759 et SSSPMJ0219-1939 destypes
spectrauxespectifsM8.5, M9.5, et L1 (Table 2.2), d'apres les spectreobtenusa la fois
dansle domainevisible et procheinfrarouge(Figure 2.7). Les distanceont été estinees
entre 30 et 40 parsecspar comparaisoravec des nainesultra-froidesqui pos&dentune
parallaxe trigononétrique.

4. NousavonsdécouertlanaineT la plusbrillanteetla plusprochedu Soleil, ¢ Indi B. Scholz
etal. (2003)annona unenaineT a 3.626parsecsprbitant!’ étoile ¢ Indi A a unedistance
d’erviron 1500unitésastronomiquedNousavonsassig® acenouel objetuntypespectral
T2.5suiteal’acquisitiondesonspectredande domaindanfrarouge(Figure2.9). L'imagerie
a hauterésolutionobtenueavec I'optique adaptatie du VLT a mont quee Indi B esten
fait unebinaire dontles deuxcomponentesontsépaéespar 2.65 unités astronomiquest
la distancedu syseéme(Figure2.10). La spectroscopi@cquisedansle domaineinfrarouge
enbandeH nousa permisd’assignerdestypesspectrauxespectifsT1l et T6 a ¢ Indi Ba
ete IndiBb (Figure2.11),d’'apresles sytmesde classificationdéfinis par Burgasseret al.
(2002)et Geballeet al. (2002). Lesmassesle chaqguecomposantsontestineesa 47+ 10
et 28+ 7 massedgle Jupiteret les temgeratureseffectives de ~ 1300+ 40 et ~ 900+ 20
Kelvins(McCaughrearetal. 2004).

5. Une naineM tardive, APMPM J2354-3316C, a éte decouerte par Scholzet al. (2003)
orbitantun syseme compog d’'une naineM4 et d'une naineblanche. Cet objet pos&de
un mouvementpropreidentiquea celui du syseme, dont la distancephotonétrique est
estinte a 21 parsecqcatalogueARICNS). Nous avons obtenudeux spectresle ce com-
pagnondansle domainevisible a deuxépoquedifferentes3 October1999et 25 Novem-
ber 2001). La différenceentre cesdeuxspectresestfrappante(Figure 2.6). D’'une part,
le secondspectreprésenteunelarge raie d’@missionen Ha de largeur équivalenteégalea
61.4+ 5.0A et,d’autrepart,unlarge continuumdansle bleu(\ < 7500A) estobseré. Ces
carackristiqguessont égalemenbbseneesdansle spectrede LHS 2397a(Bessell1991).
Uneimagehauterésolutionde cetobjetarévele un compagnorsous-stellairé moinsde 4
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unités astronomiquegFreedet al. 2003), susceptibled’expliquer la présencade Ha et du
continuumdansle bleu.

F-3 Nouveaux membres stellaires et sous-stellaires dans o Per

Les premeressectionsdu chapitre3 font le point desconnaissanceacquisessur a Per,un
amasouvert analogueaux Pléiades. Sonmouvementpropre (1 =23 et ug = —25 milliémesde
secondesl’arc par an respectiementen ascensiordroite et en déclinaison)combiré a la pho-
tométrie optiquea établiuneliste de membresappartenani I'amasles moinsmassvesayantun
type spectrakgala M5 (Heckmanret al. 1956; Staufer etal. 1985,1989b;Prosser1992,1994).
DenombreusesbsenationsenrayonsX ontéte meréesdanscetamasetontpermisla decouerte
denouwauxmembregRandichetal. 1996;Prosseetal. 1996a).Le testdu lithium, propo par
Reboloet al. (1992),a étt recemmengppliqle a o Perpar Staufer et al. (1999). Sonagea éte
estimé a 90+ 10 millions d’anrées,deuxfois la valeurdétermiree parle turn-off dela sequence
principale(e.g.Mermilliod 1981).

Une cartographigprofondedansle domainevisible de 4.5 degrés caries dansa Pera extrait
erviron 100 nouweaux candidatsdont les massessont comprisesentre 0.3 et 0.035 masseso-
laire (Barradoy Navascieset al. 2002). Cescandidatsont ét classiféssurla basede leur pho-
tométrie visible et infrarougecommesuit: 54 membresprobables12 membregpossibleset 26
objetsrejeks. La liste de candidatsprobablesde I'amasa éte utilisée pour déduirela fonction
deluminosi& de « Per(Figure3.4; Barradoy Navasc@set al. 2002). Safonction de luminosié
a été transfornge enfonction de massepar I'intermédiaire de plusieursmocklesthéoriquesdont
celui de Barafe et al. (1998). La fonction de massea été reproduitepar uneloi de puissancale
pentea =0.59+ 0.05 sur I'intervalle de masse0.35—0.035massesolaire(Figure 3.5; Barradoy
Navasciesetal. 2002).

Ce travail sur aPerestle fruit d'une collaborationentre Mark McCaughreanPotsdam),
Jerdme Bouvier (Grenoble),David Barradoy Navascies (Madrid) John Staufer (Pasadenagt
moi-méme. Une partiedesrésultatsprésengs dansce chapitrea et publiée dansplusieursarti-
cles:

1. Barradoy Navasciesetal. (2002)ou la photorétrie infrarougeprésenée dansce chapitre
a éte utilisee poursepareiesmembregle'amasdesobjetsdu champ.

2. Lodieuetal. (2003)aé&noné lesrésultatgdela cartographigrocheinfrarouged’unerégion
de 0.7 degré care dansa Per(conférenceproceedings).

3. Lodieuetal. (2004,enpréparationseradédié a la cartographigorocheinfrarougeexpose
danscechapitre.

Le chapitre3 présentdes résultatsd’une cartographieprocheinfrarougefaite avec le filtre
K’ & 2.12um d'une surfacetotale de 0.7 degré care dansa Per (Figure 3.1 et Table 3.1). Les
obsenrations ont ét obtenuesavec la canerainfrarougegrand champ, Omega-Prime,monge
sur le télescopale 3.5-ma I'obsenatoire de Calar Alto en Espagne.La réductiondesdonrees
comportetoutesles étapesusuellespourdesimagesprocheinfrarouge:soustractiord’'un fond de
ciel, division par une cartede champplat et moyennede toutesles images. Le flux de chaque
étoile a éte estime al'int érieurd’un cercledontle rayonestdel'ordre dela largeura mi-hauteur
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du profil del’ etoile. Lescalibrationsphotongtriqueet astrongétriqueont et obtenues I'aide du
catalogued grandeéchelle2MASS.

Un total de 22129sourcesa éte extrait de la corélationdescataloguewisible et infrarouge.
La selectiond’objetsa gauchedesisochronedNextGen (Barafe et al. 1998)dansle diagramme
couleurmagnitudg( K’ ,I.—K") a extrait 103nouveauxcandidatenassumantinedistancede 182
parsecset un agede 90 millions d’anréespour o Per (Figure 3.9 et Table 3.2). La localisation
de cesnouwauxcandidatddansle diagrammecouleurcouleur((I.—K'),(R-I).) a demonté que
prés de 70% sontdesgéantesqui contaminentnotre échantillon(Figure 3.11). La moitié des
candidatsestanbntéte precedemmentlassifescommecandidatprobablesiea PerparBarrado
y Navascesetal. (2002).Les16 candidatsestantsontde nouveauxmembreprobablesiea Per
dontlesmagnitudegnbandel compriseentrel5.5et21.0(Figure3.9etTable3.2). La sélection
decandidatentrelesisochronedNextGen(Barafe etal. 1998)et Dusty (Chabrieretal. 2000b)a
permisd’extraire3 nouwellesnainesbrunescommemembregossiblesiel’amas(Table3.2). Tous
cesnouweauxcandidatsiecessitentependaritobtentiond’un spectredande domainevisible afin
devérifierleur appartenancal’amas.

Nousavonségalemenanaly$ lesspectrewisibles(5800-880®) de 29 candidatsiansa Per
extraits par Barradoy Navascues et al. (2002). L’ échantilloncontient24 membresprobables;1
membrepossibleet 4 objetsn’appartenanpasal’amas. La spectroscopiejerésolutionmocerée
(R~2000),a étt obtenueavec le spectrograph&win surle télescopeale 3.5-ma CalarAlto. La
réeductiondesdonreesspectroscopiquesomporteles étapessuivantes: soustractiord’'un fond
de ciel, division par une cartede champplat, éliminationdesrayonscosmiquesgextractiond’un
spectreunidimentionnel et enfin calibrationen longueurd’onde et en flux gracea I'obsenation
danslesmémesconditionsd’étoilesspectrophotoktrigLes.

Nousavonsassigi a chaquenbjetuntypespectrakelonlessysemesdeclassificatiordéfinis
par Martin et al. (1999b)et Kirkpatrick et al. (1999b). Chaquespectrea égalemenété compaé
adesétoilesdontle type spectralestconnua une sous-classeres. Tousles candidatgprobables
ontdesflux, destypesspectrauxdesraiesd’émissionHa (largeuréquivalentecompriseentre4.0
et 15.04) et desindicesde gravité confirmantleur appartenanca a Per. Le membrepossibleet
les candidatsnon membresde « Per,dont un spectrea été obtenudansle domainevisible, sont
définitivementexclus car leurs caracéristiquesdifferentde cellesd’étoilesjeunes. Nous avons
égalementcquisun spectrevisible pour quatrecandidatssélectionres au coursde notre étude.
Leursflux et leurstypesspectrauxsontcependanincotérentscompaésa ceuxdesmembresde
'amas.

Nousavons obtenuun spectredansle domainevisible pourtousles candidatgprobablesex-
traits par Barradoy Navascis et al. (2002) dont les massessont comprisesentre0.4 et 0.12
massesolaires.La pentedela fonctionde massg0.59; Barradoy Navasc@setal. 2002),base
uniquemensurlesdonréesphotongétriquesvisible et procheinfrarouge estdésormaisonfirmee
parnotrespectroscopisurl’intervalle demassed.4—0.12massesolaire.

Le travail presené dansce chapitredemontrel’efficacite descartographiesnereesdansle
domainevisible, suviesd’'unephotonetrie dansle procheinfrarougepourdistinguedesmembres
d’'un amasouvert jeunedesétoilesde champ.En revanche Ja selectionbageuniqguemensurun
diagrammecouleurmagnitudeen bandesl et K n'apparédt pasoptimaledu fait dela large con-
taminationpar les étoilesgéantes.Deux filtres en bandevisible sontpréféerablespour optimiser
I'extraction d’objets prée-€quenceorincipale. Les cartographiesestentcependantres efficaces
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danslesrégionsde formationd’étoilescommele Trapzzed'Orion (Hillenbrand1997)ou le Ser
pens(Lodieuetal. 2002a).

F-4 L'amas ouvert jeune Collinder 359

Le chapitre4 estdédié a I'amas ouvert pré-£quenceprincipale Collinder359. Cetamasa
ett obsere dansle cadred’un large programmemere avec la canera CFH12K du télescope
Canada-France-Maii. Ce projet a et supporé par le réseaueurogen “The Formationand
Evolutionof YoungStellarClusters“’pourexaminera dépendancdelafonctiondemassestellaire
etsous-stellairevecl’ ageetl’environnementQuatreamasouvertspré-£quencerincipale, dont
Collinder359,quatrerégionsdeformationd’étoilesetlesHyadesont &t obseréspendantes 30
nuits attribuéesa ce projet(Table4.1). Lesrésultatprésenésdansce chapitresontle fruit d’'une
collaborationentreplusieursmembresd’instituts appartenanau réseaveurofeen. Les résultats
relatifsa Collinder359ferontpartieintégranted’une publicationdansun procheavenir.

Collinder359estun amasprée-£quencegrincipalesitué autourdel’ étoile supegéante67Oph
dansla constellatiordu SerpentairéMelotte 1915;Collinder 1931). Sadistancesstestineea 250
parsecqRucihski 1987; Loktin & Besheng 2001) mais de réecentesestimationsont revu cette
distancea la hausseé550 parsecsKharchenk et al. 2004, communicatiorpersonnelle) Sonage
estestine a 30 millions d’anrées(Wielen 1971;Kharchenk etal. 2004). Unerecherchalansla
littératuremontrequecetamageunea éte peuétude parle pas€, éwoquantdelargesincertitudes
lieesasadistancestasonage.Parailleurs,unepoigreedemembregstconnuefousplusbrillants
gueV =10mag,dontl'appartenancestincertaing(Table4.2 et Figure4.2).

Une surfacetotalede 1.6 degréscariésa éte obserée enbandel et z avecla caneragrand
champdu télescopeCFH (Figure 4.2 et Table4.3). Trois sériesd’obsenationsde 2, 30 et 300
seconde®nt é acquisesfin de sonderle plus grandintenalle de massepossible.La limite de
saturationintervientautourde I = 12. Leslimites de compEtudeet de détectionsont] ~ z ~ 22
et 24. Laréductiondesdonreeset I'extractiondela photonétrie dansle domainevisible ont été
ache&éesavec SExtracton(voir sectionst.3.2et4.3.3pourplusdedétails).

TouslesobjetssitueésagaucheadesisochronefNextGen(Barafe etal. 1998)et Dusty(Chabrier
et al. 2000b)dansle diagrammecouleurmagnitude(Z,/—z) (Figure 4.6) ont éte stlectioniés
commecandidatamembregde 'amasen assumantine distancede 650 parsecst un agede 80
millions d’anrées.Cetteprocdurea extrait un total de 1033candidatsiontlesmagnitudesgom-
prisesentrel =12 et 22.5,corresponderd desmassesitueesentrel.3 et 0.040massesolaires.
(TableB.1, AppendixB). La photonetrie dansle domaineinfrarouge(JHK), disponiblepour
touslescandidatglusbrillantsquel =17, a permisd’éliminer certainsobjetssurla basede leur
couleur/-K (Figure4.8). Nousavonségalemenpréseng la photonétrie enbandeK’, obtenue
avecla canerainfrarougedutélescopeCFH pour39 candidatsuppEmentairesjiontla magnitude
estcompriseentrel =17 et I =22, afin d’examinerla contaminatiorverslesfaiblesmasses.

Nousavonsexploré lesincertitudediéesa la distanceet I agede Collinder359 encombinant
notre photonetrie dansle domainevisible avec le catalogueUCAC2 (USNO CCD Astrograph
Catalog)qui fournit le mouvementpropre d'étoiles dont la déclinaisonest inférieurea +40°
(Zachariaset al. 2003). Nous avons tout d’abord déemonté que I'existencede 'amas est non
éguivogue. Le diagrammea mouvementpropre(Figure4.10) fait apparitre la prsencede deux
groupedd’étoiles.Le premiercaracériseles étoilesde champet le secondjocali€ a (0.0, —8.5)
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milliseconded’arc paran, traduitla présenceale Collinder359. Nousavonsensuiteestingé I' age
de l'amasentre50 et 90 millions d’anreesen comparania positionde 67 Oph aux isochrones
de métallicite solairequi inclue un overshootmodéré (Figure4.11). Nousavonsenfin déduitune
distancede 500+ 100 parsecs.La positiondiagrammecouleurmagnitude(7,7—z) descandidats
selection@s surla basede leur mouvementpropreet leur photonétrie (Figure4.12) estbienre-
produitepar lesisochroneNextGen (Barafe et al. 1998)a 80 millions d’anréeset déplag¢esa
unedistancede 500 parsecs.

Consicrantunedistancede500parsecetun agede 80 millions d'anréespourCollinder359,
nousavonsdérivé sesfonctionsdeluminosié etdemasseLa fonctiondeluminosié (Figure4.13
et Table4.13),tracce a partir descandidatsselectionres par le biais de leur photorrétrie dansles
domainegisible etinfrarouge estcaracérigepar:

e Un maximuma I =12.5-13.0qui correspondh une massesolaire. Une contaminatiorim-
portanteparlesnainesde champestattendualanscetintenalle demagnitude Le déclinde
la fonctiondeluminosi€ autourde I =12 estla congquencele notrelimite de saturation.

e Un creuxautourde I =15-16qui corresponcdh 0.6 massesolaire. Son authenticié esta
veérifierapesl'obtentiondela spectroscopidesétoilesbrillantes,nécessairegouréliminer
lescontaminants.

e UnmaximumversI =17.0(M ~ 0.3 massesolaire)estdétecé, comparablé celuiobsere
dansles Pleiades(Jamesoret al. 2002) et « Per (Barradoy Navascs et al. 2002) par
exemple.La magnitudeabsoluede ce maximumdifférecependantl’un amasal'autre.

e Un creuxa I =20.0-20.5M ~ 0.07 massesolaire)di a la carenceade nainesM7—M8 ob-
senée a la fois dansle voisinagesolaire(Reid & Cruz 2002) et les amasouvertscomme
les Pleiadeg(Jamesoret al. 2002),I1C 2391 (Barradoy Navasc@set al. 2001a),0 Orionis
(Béjaretal. 2001),le Trapezed'Orion (Lucas& Roche2000),et1C348(Luhman1999).

Pourtransformeta fonctiondeluminosi€e enfonctiondemassenousavonsutilise lesmodeles
théoriquesNextGen (Barafe et al. 1998) et Dusty (Chabrieret al. 2000b). Cesisochronesou-
vrentnotredomainedemasseincluentle traitementdesgrainsde poussérepourdestemgeratures
effectivesinférieuresa2500K etont éte frequemmentitilisespourexaminerla fonctiondemasse
d’'amasouvertsjeunesetlessysemeshinaires(White etal. 1999).

LafonctiondemassaleCollinder359présentaincreuxa0.07massesolairedd ala carencale
nainesM7-M8 obsereedansle voisinagesolaireetlesamasouverts(Figure4.14et Table4.13).
La forme et la pentede la fonction de massesontpeusensiblesa I' Ageet la distancede I'amas.
Nousavonsestine la pentea dela fonctiondemasseexpriméeen j—ﬁ x M™% a0.34+0.2. Cette
déterminatiorapparit plusfaible quelesestimationglans'amasdesPléiadeq0.5-1.0;Bouvier
etal. 1998;Martin etal. 1998;Dobbieetal. 2002;Tej etal. 2002)ou « Per(0.59+ 0.05;Barrado
y Navasciesetal. 2002).

F-5 Futurs plans pour vérifier I'appar tenance de candidats a
un amas ouvert

Lescartographieslansle domainevisible et procheinfrarougede Collinder359et « Perainsi
que les futures obsenrations photonétriqueset spectroscopiquedanscesrégionssont décrites
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dansle chapitre5 et étendues d’autresamageunes.Lesdiversesobserationsnécessairepour
extraire uneliste de candidatsaappartenani un amasouvert sontpasgesenrevue.

Premérement,|’ étuded’'un amasouvert dansson ensembleest primordiale pour examiner
sonéwlution dynamique.Seulsles amasdesPleiades s Orionis et IC348 ont fait I'objet d'une
étudestatistiqueconduisant I'estimationde'lMF surla totalite del'amas(Tej etal. 2002).Les
catalogues grandeéchellecomme2MASS, le Guide Star Catalogou encorele SuperCOSMOS
Sky Suneys fournissenies photonetriesdansle domainevisible et procheinfrarougede méme
guele mouvementpropred’'un grandnombred’étoilesappartenanhuxamasouverts.

Deuxiémementla stlectionde candidatsnembresd’un amaspar mouvementpropreestune
techniquetrés efficace,déja appligee aux Pleiades(Hambly et al. 1999) et a o Per(Heckmann
etal. 1956)parexemple.Lescatalogues grandeéchellesonta nouveaud’unegrandeutilité pour
uneétudepréliminairedesamasouvertsdontle mouvementpropredifférede celui desétoilesde
champ.Dansle cascontraire |'extractionde candidatestuniguemenbasesurla photonétrie.

Troisiemementle suivi dansle domaineinfrarougedescandidatsélectionr@s pourleur pho-
tométrie visible estabord. Les catalogue2MASS ou DENIS ont été frequemmentutilisés
pour obtenir les magnitudesdansle procheinfrarougede candidatsappartenanaux amasou-
vertsetauxrégionsdeformationd’étoiles.Nousavonsabondammertiré profit decescatalogues
dansle cadredesétudesde a Peret Collinder359 pour les candidatplus brillantsque K =14.5.
Les objetsles plus faiblesnécessitentesobsenations suppementaireplus profondescomme
cellesacquisesavec la canerainfrarougedu télescopeCFH dansle cadrede I étuderelative a
Collinder359.

Quatremement|a spectroscopigisible descandidatphotonetriques étapeessentiellalans
I' étuded’un amasouwert, fournit descriteressuppeémentairepermettantle distinguerles mem-
bresd’'un amaspar rapportaux étoilesdu champ. Cescriteressont: le type spectral la gravite,
I'activité chromospbrique,l'abondanceenlithium et les vitessesadialeset rotationnelles.Des
obsenationsspectroscopiquesontprévuesenjuin 2004pourtouslescandidatplusbrillantsque
I=19 dansCollinder359 afin de poursuvre notre étudede I'amas et vérifier la forme de la sa
fonctiondemasse.

Cinguemementla comparaisomnlesspectresiescandidatglanse domaineprocheinfrarouge
avec lesrécentamocklesd’atmosplére développes pour les nainesultra-froidespar Allard et al.
(2001)fournit uneestimationde leur gravité etdeleur temperatureeffective.

Enfin,I'obtentiond’'uneliste demembresuthentiquegansesamasouvertsjeunepermettra
d’entreprendrelesobsenationssuppementaires long termecommeparexemple:

1. Etudedel’ émissiordesmembre&nrayonsX pourétudier’activité enfonctiondela masse.
2. Imageriea hauterésolutionpour étudierla fractionde binairesenfonctiondela masse.

3. Etudede la variabilitt a court et long termespour mieux comprendrd’atmosplere des
étoilesdefaible masseet desnainesbrunes.

Conclusionset perspecties

Nousavonsprésent danscettetheselesrésultatsderecherches’étoilesdefaible masseetde
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nainesbrunesdansle voisinagesolaireet dansdeuxamasouvertsjeunes o Peret Collinder359.
Lesperspectiesrelativesa cestrois étudessontdétailleesci-dessous.

La stlectiond’objetsa grandmouvementpropredansle ciel australa partir de plaquespho-
tographigues révelé un grandnombrede nainesultra-froidessitueéesa moinsde 50 parsecsLa
spectroscopielansles domainesvisible et procheinfrarougede 70 candidatshousa permisde
répertoriel6 sous-nainesl0 nainesM detypesspectrawinférieursa M5, 48 nainesM tardives,4
nainesL etunenaineT binaire.Certainsde cesobjetsoffrent de nouellesopportuniés:

1. LesdeuxnainesM tardivessituéesa 8.0 et 6.4 parsecsepesententineimportanteaddition
au seinde I' échantillonde 10 parsecs. Elles constituentégalemenid’excellentescibles
pourlarecherchelecompagnonsefaible massearimageriea hauterésolutionetpourles
missionduturesdédiéesal’explorationdeplaretesextrasolairecommeTPFou DARWIN.

2. Le spectrevisible de la naineM8.5 active découerte orbitantle sysemecompog d'une
naineM et d’'une naineblancheressembldortementa celui de LHS2397a.Uneimagerie
a hauterésolutionavec I'optique adaptatie au sol ou avec le télescopespatialHubble est
nécessair@ourvérifier la préesencel’'un compagnorsous-stellairé procheseparation.

3. La découertedela naineT binairela plus prochedu Soleil offre une opportunié unique
detesterles isochroneghéoriquesdansle domainesous-stellaire L’ éclatde cettebinaire
vapermettrd’obtentiond’'une spectroscopibauterésolutionde bonnequalit pourchaque
composantsurun grandintervalle enlongueurd’onde. La faible separatiordesdeuxcom-
posantegstacequatepourdéterminetesmassedividuellesd’ici unequinzained’anrées.

Le chapitre3 a préseng les résultatsd’'une cartographiea grand champdansle domaine
procheinfrarougede I'amasouvert jeunea Per. De nouveauxmembresstellairesde 'amasont
été déecouertsainsi que quatrenainesbrunessélectionreesa partir desdonreesphotonétriques.
Un spectrevisible de chaguenouweaucandidatestcependanhécessair@our vérifier leur appar
tenance 'amas. Pourétendrda couverturedansa Peret réveler de nouveauxmembresdansle
domainesous-stellaireplusieursprojetssontervisageables;omme:

1. Une cartographieen bandez de I'amasen suppementde celle en bandesR et I afin de
demasquede nouwellesnainesbruneslavecMEGACAM parexemple).

2. Etendrela cartographier, I, et z ala partiede 'amas non étudie jusqua présentpour
déwiler denouveauxmembrestdéduirel'IMF surlatotalite del’amasa Per.

3. Un programmed’imageriea hauterésolutionau sol (optiqueadaptatie) ou dansl’'espace
(Hubblg pourétudierla dependanceela binarit enfonctiondela masse.

Le chapitre4, déedié a Collinder359, constitueune premere étapedansl!’ étudede cetamas
gquasiinconnuprecédemment. La stlectiondes membresde I'amas a partir desdonréespho-
tométriguesvisible et procheinfrarougea révéle 1033 candidatsdontles massesontcomprises
entrel.3et0.040massesolairepourunedistancede650parsecgtunagede80 millions d’anrées.
Afin de vérifier I'affiliation de cescandidatsa I'amas, deux périodesd’obsenations deédiéesa
Collinder359aurontlieu enjuin 2004.
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1. Uneimageriedansle procheinfrarougedes250 candidatgestantslontla magnitudel est
compriseentrel? et 20 pour éliminer les étoilesde champcontaminaninotre &chantillon.
Un total de 8 nuits d’obsenationsa &t octroyé a ce projetenjuin 2004,dont4 nuitsavec
l'instrumentMAGIC surle 2.2-maCalarAlto et4 nuitsavecla cangérainfrarougedu CFH.

2. Une spectroscopielansle domainevisible a basseaésolutiondescandidatsselection@es a
partir desdonréesphotongétriquesafin de vérifier leur appartenanca I'amas. Six nuits
ont éte octroyéesa ce projetenjuin 2004avec le spectrographenulti-fibore AF2/WYFFOS
monE surle télescopavilliam Herschel.Trois nuits suppEmentaire®nt éte spacialement
accordesala spectroscopigisible descandidatsiansCollinder359avecle spectrographe
DOLORESsurle TelescopidNazionaledi Galileo.

L’amasCollinder359aétt I'un desquatreamaspré-£quenceprincipalecartographé dansle
cadredu programmedestiré a examinerles possiblesvariationsde I'lMF avec l'environnement
et I'age. Désque nousavons obtenuun spectrevisible pour tousles candidatssélectionres sur
la basede leur photonétrie, plusieursprojetsa long termesontervisageablesfin d’étudierles
proprétesdesétoileset desnainesbrunesdanslesamasd’étoilesjeunes:

e Etendrdacartographidl, z) ala partiecentraledel’amas(dansunrayondeundegré) pour
déduirel'IMF surlatotalite del’amas.L’instrumentMEGACAM offre ungrandchamp(un
degré cari), idéal pourcartographieCollinder359.

e Obsenationsdesmembredde 'amasenrayonsX pour étudierl’activité chromospbrique
etcoronaleenfonctiondela masse.

e Imageried hauterésolutiondesmembresiel’amaspourexamineria binarit enfonctionde
la masse.

e Suli desvariabilittsphotonetriquesa courtetlong termesdesmembresiel’'amaspouren
étudierla dépendancevecla masse.

Les amasd’étoilesjeunesont trois avantagesmportants: tout d’abord, une &wlution dy-
namigueminimale,ensuiteuneabsencale gazprovenantdu nuagemoléculaireoriginel, et enfin,
un grandintenalle en masse. Les amasouwerts répertorés dansl'Open Cluster Databaseont
desdistancest desagesincertainsuniquemenbass sur quelquesttoileshbrillantes. Les mou-
vementgproprescombirésavecla photonetrie danslesdomainesvisible et/ouinfrarougefournis
par les cataloguesa grandeéchellepermettrontd’affiner ces deux parangtresessentielsvant
d’entreprendraedescartographiewisibles profondesdédiéesa la recherchede nainesbrunessur
unezonelimitéeedel’amas.

Les incertitudesactuellessur la pentede I'MF sonttrop largespour déterminerle nombre
d’étoilesforméespar unité detempsdansun amaset fournir d'importantsdiagnosticsurla nais-
sanceet I’ éwlution desétoileset desnainesbrunesappartenané notre Galaxie. La cible idéale
pour adresserces questionsseraitun amaspré-£quenceprincipale (10-50millions d’anrées)
proche(d < 500 parsecs}kitué a hautelatitude galactiqueet pos€dantun mouvementproprequi
differedecelui desétoilesdu champpourréduireleur contamination.
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Le voletessentietelatif al’ étudedel'lMF concernesadépendanceveclesconditionsphysi-
quesdu lieu deformation,del’ ageet dela métallicite. Cettequestionétaitau cceurdu large pro-
grammemere avecle télescopeCFH etinitié parnotreréseateurogeen. Nousesgeronsapporter
quelqueséponsesa cettequestiorfondamentalesuiteauxrésultatsddesdonréesspectroscopigues
obtenuegdansles amaspré-£quenceprincipale et desrégionsde formation d’étoiles. Les fu-
turesmissionsspatialeccommele JWST, successeule Hubble permettrond’élagir le concept
de notreétudesur deuxaspectfondamentauxPremerement)es objetsde masseplarétairede-
viendrontaccessibleslansles amasprochespour examinerle rdle de la limite de fragmentation
surl'IMF. Deuxiemementje recensemende nainesbrunesdansdesamasouverts plus distants
apporteralesindicationssurl'influence dela métallicite surl’ @wlution de cesobjets.

Il y amoinsde dix ans,la quéte d'objets sous-stellairegtait ravivée par la decouerte des
deux premeresnainesbrunes. Notre connaissancee cesobjets, situés a la frontiere entreles
etoileset les plaretes,a nettemenprogresé gracea la découerte de centainesle nainesbrunes
dansle voisinagesolaire,entantquecompagnonsl’étoileset danslesamasieunes.Les mayens
d’'obsenations actuelssemblenten mesured’apporterune réponsea divers sujetssensiblesau
coursdesdix prochainesinrees.Premerement)’ @megencede binairesde faible masseva rapi-
dementpermettrela déterminationde la massedynamiqued’une nainebruneafin de testerles
isochroneghéoriguesdansle domainesous-stellaire.Deuxiémement]es futurs projetscomme
SIRTF et ALMA sontenmesured’estimerla dimensionetla massalesdisquesautourdesnaines
brunespourmieux comprendrdeur mécanismale formation. Enfin, les cartographieprofondes
mereesauseinderégionsdontlesconditionsphysiquesontdifferentesapporterontalongterme,
uneréponseala questiondel'universalie del'IMF.
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Résunedethese:

Nousdécrivonslesrésultatgde cartographiesd’étoilesdefaible masseet denainesbrunesala
fois ageeset prochesappartenanau champainsiquejeuneset éloigreesdansdesamasd’étoiles.

Premerementnousprésentonsesrésultatsl’'uneétudeamouvementpropredédiéeauxobijets
froids et prochesdu Soleil. Nousavonsdécouert de nombreusegsainesultra-froidesa moinsde
50 pc ainsiquela nainebrunebinairela plusproche.

Deuxiémementnousétudiondafonctiondemassesous-stellairelandesamasouvertsjeunes.
Une cartographigrocheinfrarouged’une régionde 0.7 deg? d’un amasanalogueaux Pleiades,
a Per arégle de nouveauxmembresstellaireset sous-stellairedJne cartographievisible d’'une
régionde 1.6 deg? dansCollinder359a extrait de nouveauxmembresie massenférieuresiune
massesolaire,révisant''age et la distancede I'amas.Safonctionde massecrait dansle domaine
sous-stellairavec unepenteinférieurea cellesestimeespourlesPleiades.

1) Cadre général et enjeux de la thése

J'ai effectle matheseauseindel’AIP (Astrophysikalischemstitut Potsdamyitué surla butte
de Babelsheg a erviron 30 km au sud-oueste Berlin. L'institut estcompog de deuxbranches
scientifiquesPremerementla physiquestellaireetla magrétohydrodynamiquetdeuxemement,
la physiqueextragalactiqueet la cosmologie Le groupeformation d’'étoiles”, auquelj'appar
tiens,fait partiede la secondéranchelUn laboratoired’instrumentatiorestaussiprésentau sein
del'AIP. Les sectionsnon-scientifiquesncluentla bibliotheque,la maintenancénformatiqueet
I'administrationavec unedivision pourle personneétla finance.

Le groupeformation d’étoiles”, dirigé parHansZinnecler, estconstitie de douzemembres,
dontsix étrangers

— 4 astronomegermanents

— 1 Emmy-Noethefellow

— 3 post-doctorantslont 1 finan@ parla communat# euroenneet 2 parle CentreSpatial
Allemand(DLR)

— 4thésardslont2 finan&sparEmmy-Noetherl parle DLR etmoi-mémeparlacommission
eurofgenne

Comprendréda formationdesétoilesestun butimportantdel’astronomiemodernelLesétoiles
sont,d’une part,les constituant€léementaireslesgalaxies et, d'autrepart, les sitesde formation
desplaretes.D’un coté, la compEhensiorde la formationd’étoilesmassivesestessentiellgour
ameliorer les modkles de galaxies.D’un autre cdte, la formation desplantteset dessyseémes
plarétairesestun produitdérivé de la formationd’étoilesdefaible massgc’esta-direplusfaible
qguele Soleil). Les disquesentourantes étoilespendanteur phasepré-stellairesontles sitesde
formationdesplaretesgéantesttelluriquescommecellesde notre SysemeSolaire.

Notre groupetravaille aux deux extréemesde la formation d’étoiles. Une partie des études
se porte sur les étoilesmassies appartenank desamasjeuneset une autresur la détectionet
l'imagerie de disquesstellairesdansdesrégionsde formationd’étoiles.Par ailleurs,notregroupe
estcompog dethéoriciensqui s’attachenti comprendrdes processuphysiquesmpliqguésdans
la formationd’étoileset d’'obsenateursqui souhaitenten établirlesreglesempiriques.

Ma contrikution au seindu groupeestdoubleet concernda rechercheale nainesbrunes.Par
définition, les nainesbrunes,commurementappeées” étoilesrattes”,ont desmassesomprises
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entre0.075et 0.013fois la masseade notre Soleil. La densié et la temgératureau centrede ces
objetssonttrop faiblespour déclencheta fusionde I'hydrogenequi constituel’empreinted’une
étoile. Le premierbut estde répertorierles objets prochesde notre Soleil, importantspour la
recherchalevie extrasolaire Le secondout concernd’investigationde la fonction de massedes
amasd’étoilesjeunesc’esta-direle nombred’étoilespar unite de mass€orméesa la naissance
del’amas,afin d’étudiersesvariationservironnementalest temporelles.

Lestechniguesitiliseeslorsde mathésepourdécouvrirlesnainesrunesdande voisinageso-
laire etlesamasd’étoilessontmultiples. Tout d’abord,I'obsenation de plaguesohotographiques
adeuxépoquedlifferentepourdétectede mouvementd’un objet.Plusun objetestprochedu So-
leil, plussonmouvementdansle ciel estgrand.Ensuite Ja photongétrie dandle visible etle proche
infrarougepour détecteres objetsde faible masseMoins un objetestmassif,plusil estfroid et
plusil émeta grandedongueursd’onde.Enfin, la spectroscopipermetde classifier'objet etde
déterminera compositionde sonatmospkre.

Mon principal outil detravail estl'ordinateur Les sysEmesd’exploitation utilisés sontUnix
ou Linux de mémequedeslogiciels de traitementd’images,de réductionde donrées.Les mes-
sage<tlectroniquegE-mails) sontfrequemmentitilises pour communiquea distance préparer
un article scientifiqueou unedemandale tempsd’obsenation. L’accesa Internetpour la dispo-
nibilité dessitesastronomiquesonstitueune sourceincommensurablé’informations.Certains
sitessontabondammentonsulés commele Centrede DonreéesAstronomiquede Strasboug,
I’AstrophysicsDataSystempourobtenirlesarticlesscientifiquesécentspu encore’Open Clus-
ter Databas@ourrécupererlesdonreesconcernantesamasd’étoiles.La conferencescientifique
estun autremoyenbéréfiqueauxéchanges'idées.Cesconferenceséunissenplusieursdizaines
aplusieurscentainesl’astronomesuiantle sujettraite. Desprésentationsraleset dessessions
postersenconstituent’'essentielpourcommuniquetesderniersrésultatset partagetesidées.La
publicationet transmissiordesrésultatsscientifiquessefont exclusvementen anglaissaufdans
le cadrede certainegpublicationsnationales.

Le telescopeestun autreoutil detravail essentieb I'astronome Outrelestélescopesjui ap-
partiennenauninstitut prive, lesnuitsallovéesparlesobsenratoiresinternationauXObseratoire
Sud-Europen,Kitt PeakObsenatory, Gemini Obsenratory etc...)sontsujettesa la comggtition
internationale Par exemple,dansle cadrede I'Obsenatoire Sud- Eurogen,deux dateslimites
(avril etoctobre)sontfixéespoursoumettredesdemandesle temps.Un comit scientifiquejuge
chaqueapplicationafin d’allouerun certainnombrede nuitsauxmeilleuresd’entreelles.Lesob-
senationssefont alorssoit autélescopesoit parl'intermédiairedesastronomesésidantau Chili.
Ceprocessugstégalemenvalablepourlesautresobsenatoiresinternationaux.

Notre groupeesta la téted’'un résealeurof@enqui regroupeseptéquipeseurogennegvoir
ci-dessous)Deux écolesou conferencessontorganigesannuellemenpour réeunir sesmembres
afind’aborderdesderneresavan@&esscientifiquest stimulerla collaboratiorentreinstituts.Cette
experiencefut trésenrichissantau niveauhumainmaisplutdt déceranteau niveaucollaboration
carlesastronomesnttendanceénégligerle travail enéquipe Outrele réseateurogeen,il n'existe
pasde véritablesrelationsentreinstituts,maisdesrelationsentremembresie diversinstitutspar
le biais de projetsen commun.Le nombrede collaborateursaaugmenteavec I'expérience.Dans
moncas,j'ai collabok avec JeromeBouvier et songroupea I'Obsenatoire de Grenobledu fait
denosintéretscommunsa savoir I’ étudede la fonctionde massadansles amasd’étoilesjeunes.
Cettecollaboratiorfut élaigie al'ensembledu réseateurogensuiteal'aboutissemend’un large
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programmael’obsenationsaucoursdela dernereanrée.Outrelescollaborationsauseinduréseau
eurofeen,j'ai collabog avec David Barradoy Navasciesde Madrid et JohnStaufer de Pasadena
aux Etats-Unisdansle cadrede monétudede'amasde Per&e.J'ai aussigarck d’étroitscontacts
avecmonancienresponsabldestagede DEA a Toulouse J'ai aussibeaucoupravaillé avec Ralf-
DieterScholzal’AIP dansle cadredela recherchale nainesbrunesdansle voisinagesolaire.

A I'oppos descollaborationsil y alaforte concurrencauniveaunationaletinternationalDu
faitdemonintégrationauseinduréseateurofgen,j'ai peuressentcetteconcurrenceCependant,
un collaborateursur un projet peut aussiétre un concurrentsur un autre projet. Par exemple,
mon collaborateurespagnokstimpliqué dansle recherchale nainesbrunesdansd’autresamas
d’étoiles.

Notregroupefut enconcurrencé maintesreprisesavecplusieursequipesaméricainesdansle
cadrede monprojetsurla détectionde nainesbrunesprochesdu Soleil. Une petiteanecdotgpour
illustrer cettecompetition. Nousavonsdécouertla nainebrunela plusprochedu Soleilil y aervi-
ronunan.Suitea cettedecouerte,nousavonsobtenudu tempsd’obsenationssurdestélescopes
eurofeenspour étudiercet objet en détails. Pendantes six mois qui séparentl’acceptationde
la demandeale tempset les obserations,uneéquipeanéricainea obsené "notre” objet avecle
télescopeen questionet a decouert un compagnonCetteattitudeestcontrairea la deontologie
et estinterdite par le guide conduitede I'obsenatoire. En congquencenousavons obtenula
primeurdela découerteet publié lesrésultats.

2) Codlt du projet

Mon financementprovient du Fifth Framevork Programme(FP5) de la CommissionEu-
ropéennelLe résealeuroen,auquelj'appartiens,estintitulé "The Formationand Evolution of
YoungsStellarClusters”et regroupeseptéquipesie six paysdifferents;

1. Astrophysikalischetstitut PotsdamAllemagne

. Osseratorio Astrofisicodi Arcetri, Florence|talie

. Instituteof Astronomy Cambridge Angleterre

. Departmenbf AstronomyandAstrophysicsCardiff, Paysde Galles
. Laboratoired’ Astrophysiquedel’Obsenatoirede Grenoble France
. Obsenatorio AstrorbmicodeLisboa,Lisbonne Portugal

. Commissariad I'Energie Atomique,Saclay France

~N o ok 0N

Le budgettotal du réseaueurofenestde 1.4 MEurosdistribué de mangre équitableentre
les septéquipes.Le nombretotal de personnesmpliquéesestde 70, enincluantles septpost-
doctorantqun par équipe)et lestrois thesardemplo/ésparle réseaule financementieédié ala
formationdesjeuneschercheurgorrespona 283 semainesle salaire Notreinstitut estfinane a
hauteurde 250kEurosparle réseatce qui inclue un postede thésardplus un post-doctorant.

Mon salairenet mensuelkestd’environ 900 a 950 Eurospour 40 heuresde travail (20 heures
pourlinstitut et 20 heurespour mathese).L'institut débourse21 KEurospour payermon salaire
suruneanree. Le colt desmissionss’estélevé a environ 4700 Eurosen 2002,3 000 Eurosen
2003, et 1400 Eurosen 2004 (conferenceset visites dansd’autresinstitutsincluses).ll fauty
ajouterlesobsenationsauxtélescopesCe montantvarieenfonctiondesanreeset dependdutaux
dusuce@sdesapplicationssoumisesLe financementlecesobsenationsprovientgéréralemente



Nouweauchapitrede thése XXXiil

la fondationderecherchallemanddDFG). Parexemple unenuit d’'obsenationssuruntélescope
de 3.5-ma CalarAlto (Espagnek’éleve a 10 kEuros,a La Silla (Chili) a 15 kEuros.Une nuit
d’obsenationssuruntélescopale 8-m a Paranal(Chili) s’éleve a50-60kEuros

Le colt du matriel (ordinateurscd-rom,fournituresentoutgenre)s’éleve aenviron 3 KEuros
par an. Le budgetadministratifde I'institut s’éleve a 150 kEuros(3 personnes)soit erviron 2
kEurospar chercheurLe colt de I'infrastructuren’est pasdéetermiré préeci€mentet n’estdonc
pasdisponible.

3) Déroulement et gestion du projet

J'ai géré mon travail et conduismon projet de manire autonome Dansmon domainede
recherchegchaquepersonnestindépendantet decidede sesprojetsselonsesidéeset butsscien-
tifigues.Lors de monarriveea Potsdamle sujetsuivant, plutdt vague était défini ainsi: "I’ étude
dela fonctionde massal’amasouvertsjeunes” Plusieurgypesde donréesastronomiqueétaient
disponiblesafin de s’entraner avantd’embrayersur un sujetplus précis.

Premerementj'ai réeduislesdonréesconcernanta rechercheal’objetsprochedu Soleil obte-
nuespardeuxmembresiugroupe’formationd’étoiles”del’AlIP. Suiteauxrésultatgpréliminaires,
nousavonssoumisdesdemandesletempsauxtélescopesurof@ens Cesdemandesetemps bi-
annuelleset a datesfixes, sontouvertesa la concurrencenternationale Nos efforts furent mal-
heureusementainset le projetrestaen suspengendantun an. Les demandesiltérieuresfurent
couroneesde suc@s,avec a la clé, la decouerted’objetsintéressantgt plusieurspublications.
La découerte de la nainebrunela plus prochedu Soleil debouchasur deux publicationsdans
desjournauxspeciali€set plusieursarticlesdansdesrevuesa grandpublic. Enrésuné, ce projet
demarraardvementmaisfonctionnedésormaisa pleinrégime.

Deuxiémementj'ai dispo€ de donreessur I'amas de Per&e des mon arrivée a I'AIP. Par
ailleurs,je suisimmédiatemenpartiobserer enEspagnel.esbonnesonditionsméteorologiques
(3 nuitsclairessur4) ontfourni denouwellesdonreesquej'ai analyg€esdansla foulée.Ce projet,
fruit d'unecollaboratiorentreplusieurschercheurgnAllemagne France Espagnest Etats-Unis,
fut donccourone de suc@s.Aucunarticle nefut cependanpublié du fait dela lenteurdescolla-
borateurs.

Un large programmael’obsenationsfut octroyé anotreréseateuro@enaucoursdela dernere
anreedethése.La quantie de donreesrécoleesdéclenchauneétroite collaborationau seindes
differenteséquipesainsi que la mise en oeuvrede straggiescommunespour menera hien ce
projet. Les premiersrésultatssontapparentsl’'un d’eux étantinclus dansmathese,et plusieurs
publicationssontattendue$annéeprochaine.

Jesouhaitanaintenantnettreenavantdeuxfacteursarisqueimportantquej’'ai expérimenés
pendanimathese.

Le premierconcernde crashdu disquedur de I'ordinateur et, par congquent,la pertedes
donreesanaly€es.La straggie de mise en placepour éviter cetincidentdramatiquefut traitee
commesuit. Tout d’abord, une sausegarderéguliere sur cd-romdesfichiersles plus importants
commelesprogrammesl’analysededonrées Ensuite uneméthodede sauegardeatrois ordina-
teursbagesurle principesuivant: étudiantl sausgardesurordinateur2, étudiant2 sauegarde
surordinateur3, et étudiant3 sauegardesurordinateurl. Par congquentsi un ordinateutombe
enpannejesdonréessontsauegarceessurun second.
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Le deuxemefacteurarisqueconcerndes conditionsméteorologiquesencontéeslors d’ob-
senationsastronomiquesAutant nouspouwons apporterune solutiona une panned’ordinateur
autantnoussommedmpuissantsievant les aléasclimatiques.Une fagon d’éviter la bérézinato-
tale estde multiplier les demandesie tempssur diverstélescopegdansla mesuredu possible)
afin d’augmentete tauxde suc@slors desobsenrations.

Lespublicationsscientifiquesiansdesarticlesspecialis (Monthly Noticesof the Royal As-
tronomicalSociety Astrophysicallournal Astronomy& Astrophysicsegtc...)constituent’abou-
tissement’un travail d’équipea court,mayen, etlongtermesLesobsenationset, enparticulier
lesrésultatssontgéréralementéwiléslors despublications Ensuite lesdonreeset résultatsle-
viennentpublicset sontutilisablesparn’importe quelchercheurLesarticlesfont réferencea des
travauxangérieursetlescitationsdoiventy appar#tre defagon amettreenavantlesauteurseces
travaux.

Lesréunionsau seindu groupe”Formationd’étoiles” sonthebdomadairest reunissentous
lesmembregdansla mesuredu possible)e mardivers13h.Lesdiscussionsontvariees,comme
parexemple(la liste n'estbiensir pasexhaustve) :

Lesconferencesmportantesgui va ou et quand?
Lesprojetsassodesauxdemandesletempsd’obsenations(bi-annuels)
Lesinvités,leur dureede séjouretleur but
Lesdiscussionslerécentsarticlesou résunt deconferences

Lesavan@&esscientifiguesauseindu groupe

o g bk~ N PE

LesprobEmesadministratifs

Lesdiscussionsvec monresponsableetheseen Allemagnefurentbeaucoupplus espaées
dansle tempsquelesréunionsde groupe.En congquencej'ai géré mon projetseul,ce qui, en
fait, correspondaié I'attente de monresponsableQuanta monresponsabléethesea Toulouse,
les contactsfurenttélephoniquesll n'estvenua Potsdanqu’uneseulefois en4 ans.Sonimpli-
cationdansmontravail scientifiquefut moindrequecelle de monresponsablen Allemagne.En
revanchejorsqu’il estquestionde déplacemen(visitesdansun autreinstitut, conferencespbser
vations,etc...),unesignaturedu responsabldethése(ou de groupe)estobligatoire.Les dépenses
d’un thésardsont,eneffet, géréesparles membregpermanentslel'institut.

4) Comp étences, savoir-faire, qualit és professionnelles et per-
sonnelles

Mon domained’expertisescientifiqueconcernda formationd’étoilesde faible masseet des
nainedrunesetla physiqueguiy estassodde.Entantqu’astronomemateurje posedeégalement
desconnaissancede basesurunevariéte de sujetscouvertsparl’astronomie J'ai develope pen-
dantmathesedesconnaissancesecessaires la réductionde donréesphotonétriqueset spec-
troscopiqueglansle domainevisible et infrarouge.Le domainevisible estla partie du spectre
électromagatiqueaccessibl@notreoeil contrairemenal’infrarougequi estapluscourtedréquen-
ces.La photonétrie permetde mesureida quantie de lumiére émisepar uneétoile a difféerentes
frequencesfin d’estimersatemperature.La spectrorétrie, qui étudiela compositionchimique
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de I'atmosplere desétoiles, permetde les classifieret d’estimerleurs temperatures Cesdeux
méthodesontcompEmentairegt nécessairea l'identification d’étoilesdefaible masse.

Les donreesastronomiquesgjui constituent’essentielde ma thesefurent obtenuegyracea
diverstélescopesle pointe situés sur desobsenatoiresen Espagneau Chili ou a Hawaii. Leurs
utilisationsnécessitenplusieursetapesToutd’abord,un projetprécis,adapé al'instrumentetau
telescopeestdéfini. Ensuite Jesobjets lestempsd’expositionetautresparangtresindispensables
al’'optimisationdela nuit d’obsenation sontsélection@s.Enfinvient'analysedesdonreesobte-
nues.Uneméthodestandardde réductiond’imagesexiste pourla photongtrie etla spectroscopie.
Enrevanchechaqudypededonréesresteuniqueet nécessitain traitementspecifiqgue.Un travail
d’analyseet de synthesedifféerentdanschaquecasconstituela force du doctorant Cetravail im-
pliquediverslogicielsdetraitementd’images(Midasou IRAF) etdeprogrammatiorfFortran,ldl,
SuperMongo)L’analysedesdonreesexige unerecherchelansla littératurepour compareres
résultatsLa publicationdesrésultatsmécessitd’ utilisation delogicielsdetraitemendetexte pour
lespublications(Latex, Word, Excel) et de présentatiorcommePaverpointou StarOfice lors de
colloques. L'ordinateurappar#t donccommele compagnorindispensabléel’astronome.

La langueprincipale des chercheursest I'anglais. Une connaissanc@arfite de la langue
de Shalespearesst obligatoire pour publier par écrit ou présenteroralementsestravaux. J'ai
égalementommunig@ en allemandsachantquej'ai vécupresde 4 ansa Potsdam.Un mini-
mumestnécessairgourla vie detouslesjours (supermarch, docteuy pharmacie, . .). De plus,
les termestechniquediés a I'ordinateur (panneou installationd’un logiciel) ou administratifs
(inscriptiona la mairie, contratappartementjurent tres utiles pour faire faceaux contingences
guotidiennes.

Trois types d’organisationsont necessaireslansmon domainede recherche un travail a
court, moyen et long termes.L'organisationa court termecorresponcau travail de la semaine.
Avant chaquedéhut de semaineun plan de travail esttrace avec une grille d’'importancepour
chaquechoseaaccomplir Parexemple,uneheureestconsaceeenfin desemaingourrésumete
travail dela semainelesnouwellesidéeset sauegarderlesfichiersimportants Par ailleurs,notre
réunionde groupehebdomadaireonstituele lieu de présentatiorde nosavan@esscientifiques.
L'organisationa mayen termeconcernda préparationd’'une présentatior(orale ou poster)dans
le cadred’une conferencepar exemple. Tout d’abord vient I'inscription, ensuitela résenation
d’'un vol (en allemandpour communiqueravec I'agencede voyage attitrée a I'institut) puis la
résenation de I'hdtel et, enfin, la participation.Le sujetdoit mdrir a I'avance, puis exige une
préparatiorminutieuseafin d’optimiserla quali& de la présentationL’organisatiora long terme
concerngorincipalementesdemandesletempsd’obsenations.Deuxfois paranet partélescope,
nous, les astronomessommesinvités a soumettrenos demandesLes résultatsde la selection
apparaissengrviron six mois aps, et les obsenations neuf mois apes. En congquencepune
préparationdu projet se fait sur un an. Ensuite,s’ajoutentdes préparationsa plus court terme
commeles obserations en elles-némes.Un minimum d’adaptabilié estexigé, en particulier
lorsquela datelimite de soumissioresta minuit. Jesuisrese a plusieursreprisedréstardle soir
en attentedesdernerescorrectionsdescollaborateursLe secondexempletraite de la recherche
d’un post-doctorant;ommenéeplusdesix moisavantla fin demoncontrat.Lesoffresd’emplois
ontdesdatesaléatoirequi necorresponderpaspréciementala fin demathese.

L'organisationdu matriel et desfichierssauwgarces surl'ordinateuresttrésimportante Le
principe de baseconsistea retrouer rapidement’article, I'image, ou le fichier dont on a be-
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soinalinstantT. Lestachesd'un étudiantconcernenprincipalemensontravail scientifiqueLes
tachesadministratres sont mineureset repiesententune infime partie du temps.Par exemple,
avantetap®sun voyage(obsenationsou conference)un formulaireestaremplir eta signerpar
le responsablée groupeafin d’obtenirremboursemendesfrais. Cestachesadministraties sont
principalement’affaire desresponsablede groupe.

5) Résultats et impact de la thése

L'incidencede mathese(et de I'astronomieen géréral) sur |’ @conomieet la socéte estmi-
nime. L'astrophysiqueestune sciencequi fait réver les gensmais sansmodifier leur vie quoti-
diennecommepeutle fairela médecingparexemple.L’incidencesurle laboratoireesteégalement
faible. En revanche mathésea un impactau niveaudu groupe.Tout d’abord, I'institut estmis
en avant a traversles articlesque je publie et mesprésentation®raleslors de conferencesPar
ailleurs, le résealteurogena déwelopge et renfore la collaborationentreles membresdessept
institutsimpliguésdandesprojetscommunsCefort lien scientifiquen’existait paspréalablement
et chaquepersonne apporé quelquechoseaux autresau traversdesréunionsorganigesparle
réseau.

L'impactdemathésesurmondomainederecherchestdouble Enpremierlieu, la decouerte
d’'objetstrésprochesdu Soleil s'inscrit dansun cadregéréral qui vise a détectertoutesles étoiles
contenueslansunespherecentéesurle Soleil. Cetteapprocheestun compEmentdesrecherches
mereespar d’autresgroupesau niveauinternational En secondieu, I' étuded’'un amasd’étoiles
jeunespeuétude parle pas€& a demonté quelesinstrumentset méthodesutiliseessontacequats
pourcegenred’étudesCetteanalyseseraélaigie aungrandnombred’amasdansunavenirproche.

6) Pistes professionnelles identifi ées

La continui& logiquede matheseestun post-doctoraenastrophysiqud_esthésarddrangais
partentgéréralementa I’ étrangermour une ou plusieursanreesde post-doctorapuis postulent
pour un postepermanenen France Mon casestdoncparticulierpuisquej'ai effectie mathese
al’ étrangertout enétantinscrital’'Universié de Toulouse A I'heureou j’ écriscedocumentj'ai
envoyé septcandidaturepourun post-doctoratjui ontéchow et quatreautressontenpréparation.
L'une d’entreellesconcerngpréci€mentle sujetde mathéseet le financemenprovient del'ins-
titut d’astrophysiqueadeslles CanariesPlusieurstypesde post-doctorasont ervisageableslLa
premere possibilie estun post-doc100% dédié a la recherche la secondesstun posteen tant
gu’assistant’un télescopedansun obseratoire c’est-a-dire 50% du tempsestpasg a encadrer
lesobserateursetle resteestdestiré a saproprerecherchel’Obsenatoire Sud-Eurogeen,|'Ob-
senatoire Canada-France-Maii, le GroupelsaacNewton et autresobsenatoiresrenouellent
regulierementeursmembresN’ayantpasobtenuderéponsepositive auxdeuxpremiersobsena-
toires,je vais soumettrenacandidatureutroisieme.

Un déboucle suppementaireestuneorientationversdesindustriesou groupediésal'espace
et la constructionde satellitecommel’ESA, Astrium, Alstom ou le CNES. Cesentreprisesnt
besoinde personnetualifie, passeulemeningénieurs pourdéfinir le projetscientifiqueenamont
dela constructiordusatellite Bien quen’étantpasqualifié pourl’ €laboratiorensoidu satellite je
peuxapportemesconnaissanceasstronomiquestmonexpériencedanda réductiondesdonreées.
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L'espaceetlesmissionsspatialeconstituenta monavis, undéebouclé industrielpourlesthésards
en astronomie L'expériencedéweloppee en informatiqueappliglee a la sciencepeutégalement
s’avérerutile dansle domainespatial.

Deux autrespossibilies ervisageablesont liéesaux connaissanceacquisegpendantmon
expériencede 4 ansa I’ étranger La premere concernele journalismescientifique.De nom-
breusegevuesa grandpublic ou plus spécialiescommeCiel et Espacel|' Astronomie, Pourla
Sciencerelatentles dernieresavan&esastronomiquesu scientifiquesNos connaissancescien-
tifigues allieesaux qualits de rédactiondéwvelopgeesau travers despublicationsdansdesjour-
naux spéciali€s pourraientinteressetes rédacteuren chef de tellesrevues.La secondeossi-
bilité estinterpiete. Pendanguatreans,j'ai déweloppe desqualitslinguistiqgues(anglais+ alle-
mand)qui deviennentindispensabledansde nombreusesirconstancesn particulierenvue de
I' elagissementel’Europe. Bien quecesmétiersne soientpasintimementli ésa mathésesurles
nainesbrunesun staged'apprentissagde quelquesnois de misea niveauesta ervisageret ais
dufait del’adaptabilie du doctorant.






Introduction

Thegravitational collapseandfragmentatiorof molecularcloudsform starsover alargerange
of massesStarsspendmostof their lifetime on the so-calledmain-sequenci hydrostaticequi-
librium, asthe nuclearfusion enegy supportsthe staragainstgravitational collapse. However,
objectswith massesower than0.072M, at solarmetallicity will never reachcoretemperatures
andpressuresigh enoughto fusehydrogen.Hence theseobjects termed“brown dwarfs”, cool
off inexorably asthey ageandreachvery low luminosities,hamperingheir detection.As a con-
sequencehrovn dwarfsremainecelusive for some30 yearsaftertheir first theoreticalprediction.
The adwentof wide-fieldarrays,all-sky suneys, andlarge telescopesave now ledto thediscor-
ery of hundredsof browvn dwarfsasisolatedobjectsin the solarneighbourhoodascompaniongo
low-massstars,in youngopenclustersandin starforming regions.

The numberof starsperunit of mass known asthe Initial MassFunction(hereaftedMF), is
of primeimportancein understandingtarformation processesFollowing the pioneeringstudy
by Salpeteilin 1955,the stellarIMF hasbeeninvestigatedduringthe lastdecadesn variouservi-
ronmentsandover awide massrangeto look into its possibledependencentime andplace.

Many questionswvere, however, raisedregardingthe shapeof the IMF at the high-massand
low-massends.On the one hand,high-massstarsare not so numerousandhave extremely short
lifetimes. Onthe otherhand,low-massstarsandbrown dwarfsarefaintanddifficult to detect.

To addressomeof thecrucialissuesncludingapossibleurn-overin theIMF atthehydrogen
burninglimit, youngopenclustersandstarforming regionshave beenextensvely targetedasthey
represent coeval populationof starsof similar metallicity at a givendistancewithin asmallarea
in the sky. Brown dwarfs areamenabldor detailedanalysisin youngclustersbecauseahey are
intrinsically brighterwhenyounger Most studiescarriedout in the Pleiades Per, Trapezium
Cluster 1C348,ando Orionisindicatethatthemassunctionrisesfrom high-massiown to asolar
mass,moreslowly down to a maximumaround0.1-0.2M, beforedeclininginto the substellar
regime. A recentwide-field suney conductedn the low-densityTaurusregion revealeda dearth
of brown dwarfs, suggestinghatthe IMF mightindeedvary with theervironment.

Threeindependensuneys arediscussedn this thesis,aimedat finding brovn dwarfsin the
solar neighbourhoodandin young openclustersto contritute to the understandingf the low-
massend of the massfunction. First, we describea searchfor nearbyold low-massstarsand
brown dwarfs usingpropermotionasthe primary selectioncriterion. Secondwe presentawide-
field nearinfraredsuney of o Per,aPleiadesnaloguesluster Finally, we reportanopticalsuney
of apre-main-sequenaguster Collinder359,alongwith infraredfollow-up obserations.

Chapterl reviews the currenttheoreticaland obsenrationalknowvledgeon browvn dwarfs and
the recentmassfunction determinationsn variousregions. Then,we presenthe alternatve for-
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mationmechanismgroposedo accounfor brown dwarfs. Afterwards,we describethe evolution
of substellaobjectsaswell asthecompositiorof theiratmosphered:inally, we discusghediffer-
entkindsof searchesonductedn differentervironmentsto uncover brovn dwarf ascompanions
to low-massstars,asisolatedobjects,in starforming regions,andin youngopenclusters.

Chapter2 dealswith a propermotion suney in the southerrsky, aimedat finding the closest
andcoolestneighbourgo the Sun. Our approachs complementaryo the methodsemployed by
all-sky suneys suchas2MASS, wherecolourwasthe primary selectioncriterion usedto reveal
nearbybrovn dwarfs. Ourtargetswereselectedrom overlappingregionsof archival photographic
platesavailable in threeoptical filters and taken at different epochs. We presentthe outcome
of optical andnearinfrared spectroscopidollow-up obsenationsof low-massstellarand brovn
dwarf candidatesvith anemphasi®n someinterestingobjects.

Chapter3 focuseson « Per, a Pleiades-lik cluster which is amongthe four closestand
youngestbopenclusters.We first review previous propermotion, photometric,and spectroscopic
suneys dedicatedo the searchfor clustermembers.Then,we emphasiseecentbreakthroughs
regardingthe ageof the clusterandthe massfunction determinatiorfrom 0.3M, down into the
substellaregime. Thereafterwe presenthe resultsof a wide-field nearinfraredsuney of a0.7
squaredegreeareain « Perinitiated to uncover newv younglow-massstarsandbrown dwarfs be-
longingto the cluster Finally, we discusshe membershipf previous clustermembersaandnewn
infrared-selectedandidate®n the basisof moderate-resolutioaptical spectroscop

Chapter4 is dedicatedto the pre-main-sequenceluster Collinder359 obsered within the
framawvork of awide-field opticalimagingsuney of youngopenclustersto investigatehe possi-
ble dependencef thelow-massstellarandsubstellamasgunctionontime andervironment.We
first reportthe currentknowledgeof the clusterandput it into a wider context. We thenpresent
thewide-fieldopticalobserationsof a 1.6 squaredegreein Collinder359 carriedoutin the I and
z filters down to a completenesBmit of 0.040M . We have selectectlustermembercandidates
from their locationin the optical (I,/—z) colourmagnitudediagramandhave usednearinfrared
photometryasa further criterion to disentangleclustercandidatesrom contaminatingield ob-
jects.We alsodiscusghe ageanddistanceof Collinder359basedon the opticalsuney andother
dataavailablefor the cluster Finally, we derive luminosity andmassfunctionsfor Collinder359
down into the substellaregime andcompareit to otherestimatesn openclusters.

Chapter5 discusseshe perspectiesregardingthe o Perand Collinder359 openclusters.We
alsoput the photometricsuneys of a PerandCollinder359 into a wider context for subsequent
extensionto otheryoungopenclusters.We describethe variousfollow-up obserationsof cluster
membercandidatesincluding propermotion, optical and nearinfrared photometrywith subse-
quentspectroscop X-ray suneys, binarity, aswell asvariability monitoring.



Chapter 1
A theoretical and obser vational
overview of brown dwarfs

Starsarelarge sphere®f gascomposeaf ~ 73% of hydrogerin mass~ 25% of helium,and
about2 % of metals,elementswvith atomicnumberlarger thantwo like oxygen,nitrogen,carbon
or iron. The core temperatureand pressureare high enoughto corvert hydrogeninto helium
by the proton-protoncycle of nuclearreactionyielding sufficient enegy to preventthe starfrom
gravitational collapse. The increasechumberof helium atomsyields a decreasef the central
pressureandtemperature.The innerregion is thus compressednderthe gravitational pressure
which dominateshe nuclearpressure.This increasein densitygeneratesighertemperatures,
making nuclearreactionsmore efficient. The consequencef this feedbackcycle is thata star
suchasthe Sunspendmostof its lifetime onthe main-sequence.

The mostimportantparameteof a staris its massbecausét determinests luminosity ef-
fective temperatureradius,andlifetime. Thedistribution of starswith massknown asthe Initial
MassFunction(hereaftetMF), is thereforeof primeimportancdo understandtarformationpro-
cessesincluding the corversionof interstellarmatterinto starsandbackagain. A majorissue
regardingthe IMF concerndts universality i.e. whetherthe IMF is constantin time, place,and
metallicity.

Whena solarmetallicity starreachesa massbelov 0.072M, (Barafe et al. 1998),the core
temperatureand pressureare too low to burn hydrogenstably Objectsbelon this masswere
originally termed“black dwarfs” becausehe low-luminosity would hampertheir detection(Ku-
mar 1963). The nameblack dwarfs wasalsosuggestedor extremelyold white dwarfs, but both
typesof objectswereundetectedt thattime. Tarter(1976) proposedhe name“brown dwarfs”
becauséhe atmospheredominatedoy moleculeswould be difficult to understandThis denom-
ination was quickly adoptedby astronomers However, the true colour of a brown dwarf is not
brown but purple. Indeed,deuteratedsodium(NaD) absorptionlines are prominentin substel-
lar objects,suppressingreenwavelengths.Therefore a mixture of red colourfrom a blackbody
andcolourfrom theabsorptioninesof NaD appeamostlikely, yielding a magentacolourin the
optical.

After 30 yearsof unfruitful searchesthe first unambiguousrowvn dwarfs were announced
independentlyarounda nearbyM2 dwarf, GI229B (Nakajimaet al. 1995)andin the Pleiades,
Teidel (Reboloet al. 1995). Substellarobjectsare now routinely uncoseredas companiondo
low-massstars(e.g.Bouy et al. 2003), asisolatedfield objects(e.qg. Kirkpatrick et al. 2000),as
membersof youngopenclusters(e.g.Bouvieretal. 1998),andin starforming regions(e.g.Hil-
lenbrandl997). Mary recentstudiesn youngclustershave focusedon the shapeof the substellar
IMF to investigatea possibledependencen time andervironment.
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Thischaptereviewsthecurrentobserationalandtheoreticaknowvledgeon brovn dwarfsand
recentdetermination®f the substellamassfunctions. This chapteris organisedasfollows. We
definethe Initial MassFunctionin § 1.1 andreview its determinationsn thefield, in youngopen
clusters,andin starforming regions. In § 1.2, we discussthe formation mechanismgproposed
to explain the existenceof brovn dwarfs alongwith the currentobserational constraints. We
presenthe physicsof substellabjectsin § 1.3, including the evolution of luminosity effective
temperatureandradiuswith time andbriefly describethe compositionof their atmosphereswe
describethe spectraklassificatiorof ultracooldwarfs (spectraltypes> M8) aswell astheir pho-
tometricand spectroscopicharacteristicén § 1.4. Finally, we give in § 1.5 an overview of the
differentwaysto look for brown dwarfs: radialvelocity, microlensingpropermotion,ascompan-
ionsto nearbylow-massstars asisolatedfield objects,n youngopenclustersandin starforming
regions.

1.1 The Initial Mass Function

1.1.1 Definitions

ThestellarInitial MassFunction ¢ (log m), wasdefinedby Salpeter(1955)asthe numberof
starsN in avolumeof spacel/ perlogarithmicmassintenal dlog m:

AN/dV _ dn

= starpc> M
dlogm dlogm ¥ ©

{(log m) =

wheren = N/V representhe stellarnumberdensityandm themass.

Scalo(1986)definedthe massspectrum¢ (m), asthe numberdensitydistribution of starsper
unit masshin. The massspectrumwhosedefinitionis given belaw, is linked to the logarithmic
massfunctionby:

dn 1

§(m) = m = mf(log m) StaI‘SpC_3 M@

Themostcommonlyusedapproximationgor the logarithmicandlinearIMFs arepower laws
of index z anda, respectiely:

E(logm)=m* and &(m)=m ¢

Thez anda indicesarerelatedby therelationz = o — 1.

The Initial MassFunctionrepresentshe distribution of starswith masswhich werebornto-
gether However, asstarsmoremassive thanthe Sunevolve off the main-sequencwithin theage
of the Galacticdisk, the presentistribution of starsabore 1 M, differsfrom the primordialdistri-
bution. For starswith masse®elonv about0.8M ), theinitial massfunctionis well approximated
by the present-daynassfunction.

Many studieshave investigatedhelMF overalargemassangein thesolarneighbourhoo@nd
in youngclusters.A brief overvien of theseestimatess givenin § 1.1.3with anemphasionthe
substellaiMF. The resultsquotedthroughoutthis work for the IMF derived from the obsered
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luminosity function will refer to the massspectrum(unlessotherwisestated)i. e. j—ﬂl‘f[ x M~
wherea representshe slopeof the power law.

1.1.2 The mass-luminosity relation

Theobseredquantityis theluminosityfunctionandnotthemasgunction. A mass-luminosity
relationis requiredto transformthe obsened parametersuchasfluxesandcoloursinto physical
parametersincluding massesndeffective temperaturesOn the one hand,the mass-luminosity
relationcanbe obtainedfrom variousevolutionarymodelsdown into the substellaregime asde-
scribedbelav. Ontheotherhand,amass-luminosityelationcanbederivedfrom the obsenrations
of nearbystarswith accuratetrigonometricparallaxes. However, this approachs hamperedy
severaldifficulties, includingthe small statisticsof starswith knovn massesndthelimited depth

dn

of parallaxprograms At agivenager, therelationbetweertheluminosityfunction, T () and
dn

the massfunction, a0 is asfollows:

S i) (22,
dM(m)

where=;-"= representshe mass-luminosityelation. M (m) denoteshe absolutemagnituden
agivenfilter centredon the wavelengthA.

Two differentwaysexist to transformthe luminaosity functioninto a massfunction. The first
methodinvolvesthe modellingof theluminosity functionat a givenwavelengthto derive its mass
function. Thesecondmethodnvolvesmulti-colourphotometryspectroscop andpropermotions
to placeeachindividual objectin a Hertzsprung-Russetliagramin orderto estimatetheir mass.
The latter approachwhich will be usedin this work, requiresa hugeamountof telescopdime.
Both techniquessufier from uncertaintiesincluding the large contaminatiorby field starsat the
low-massend,theeffect of reddeningandthe uncertaintiesn pre-main-sequendsochronesThe
mostfrequentlyusedsetsof isochronego to corvert magnitudesnto massesn youngclustersare
listedbelow:

e Palla& Stahlen1993)computedre-main-sequenavolutionarytracksfor starsin the1.0—
7.0Ms masgange.Theobjectsoriginatedfrom protostarsaccretingrom molecularclouds
andwerefollowedup to anageof 100Myr.

e D’Antona& Mazzitelli (1994)computedpre-main-sequenavolutionarytracksfor objects
youngerthan 100Myr over the 2.5-0.015V; massrange,assuminghydrostaticequilib-
rium, nomassaccretionandno masdoss.

e Burrows et al. (1997) generatechon-graysolarmetallicity modelspredictingthe colours,
spectralenegy distributions, and evolution of brown dwarfs and extrasolargiant planets
down to 0.3M,;, from 1 Myr to 10Gyr.

e Barafe etal. (1998)generatedhon-graysolarmetallicity pre-main-sequendsochronegor
low-massstarsdown to the substellaregime (1.4-0.02MM ) spanningl Myr—1Gyr in age
(NextGenmodels).Thesemodelshave beenextendedo 0.001M, (Dustymodels;,Chabrier
etal. 2000b)andincludethetreatmenbf grainformationin theequationof stateandin the
opacity A third setof models the Condmodels(Chabrieretal. 2000b),considetthesettling
of refractoryspecieshenceeliminatingtheir role in the opacity
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e Siessetal. (2000)presentethen pre-main-sequenawolutionarytracksfrom 0.1to 7.0M,
atfour differentmetallicities(Z = 0.01-0.04)jncluding solarmetallicity.

1.1.3 Observational determinations of the IMF

The pioneeringstudy of the IMF by Salpeter(1955)yieldeda slopewith anindex « equal
to 2.35 between0.4 and 10Mg,, when expressedas the massspectrum(Figure 1.1). Miller &
Scalo(1979) and Scalo(1986) extendedthe IMF in the subsolarregime and approximatedhe
massspectrunmby athreeseggmentpower law with « equalto 1.4,2.5,and3.3in themassranges
0.1<M<1Mg, 1<M<10Mg, andM > 10M, respecirely (Figure1.1). Scalo(1986)up-
datedthedeterminatiorof the massfunctionby Miller & Scalo(1979)usingtheluminosityfunc-
tion takinginto accounthe lateststarcountsuneys in the solarneighbourhoodWielen, Jahreil3,
& Kriuger1983)anddeepphotometricsuneys (Reid & Gilmore 1982). However, the low-mass
end of the luminosity function consideredoy Scalo(1986)is now outdatedbecauseon the one
hand,its mass-luminosityelationis inconsistenwith currentstellarmodels,and, on the other
hand,theluminosityfunctionis not correctedor binarity.

Sincetheextensve studyof themasdunctionby Scalo(1986),severalbreakthroughsccured
regardingthe luminosity function determination. First, several deepphotometricsuneys were
conductedalongdifferentlines of sight, yielding similar resultson the shapeof the luminosity
function at faint magnitudege.g. Tinney etal., 1993). Second progressn the modelling of the
scatterobsered in colourmagnitudediagramswere achiered (Kroupa, Tout, & Gilmore 1993).
Third, the mass-magnitudeslationwasbetterconstrainedbsenrationally to faintermagnitudes
and explainedtheoretically(Kroupa, Tout, & Gilmore 1990). Finally, surneys dedicatedo the
multiplicity of field G, K, and M dwarfs (Duquenng & Mayor 1991; Fischer& Marcy 1992)
helpedconstrainingthe binary propertiesof nearbystars,and, thustheir influenceon the mass
functiondetermination.

Usingthelatestsetof dataavailablein thesolarneighbourhoodndin youngclustersKroupa,
Tout, & Gilmore (1993) extendedthe IMF to the hydrogen-brning limit. They representedhe
massfunction(Figurel.1) by athreesegmentpower law with o= 2.7 for starsmoremassie than
1Mg, a=2.2from 0.5t0 1.0Mg, anda =0.7-1.85in the 0.08-0.9M massrangewith a best
estimateof 1.3 (Kroupa2002). The latter estimateis in agreementith the Salpeters estimate
betweerD.5and1 Mg, andalsoabore 1M,

The IMF is fairly well constrainedn the 1.0-0.1M massrangebut uncertaintiesemainat
the high andlow-massends.For starsmoremassie than15M, severalcomplicationsaffectthe
determinatiorof theIMF, includingthedifficulty of spectraklassificationtheuncertaintie®nthe
kinematics,andthe unresoled binary companions.On the low-massend, the recentdetermina-
tions of the IMF acrosshe hydrogen-brning limit arebriefly quotedbelow, suggestinga power
law index of & =0.5-1.0in the0.5-0.03; massange.

Reid et al. (1999) approximatedhe massfunction of starswithin 8 parsecdy a power law
with anindex « rangingfrom 1.0to 2.0 with a meanvalueof 1.3in the0.1-1.0M massrange.
Thisresultwassupersedelly amorerecentwork, yieldingaindex of aboutl.3,in agreementvith
the former study aswell asa changen slopein therange0.7-1.1M, (Reid etal. 2002a). This
latestestimateof the nearbymassfunction essentiallyerifiesthe resultsof Kroupaetal. (1993),
yielding a consensusn thefield-starmassfunction. Uncertaintiesemainneverthelessarge with
regardto thechoiceof themass-luminosityelationfor the8-pcsamplewvhich constituteamixture
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Figure 1.1: Comparisonof IMF from the literature, including the pioneering estimate by
Salpeter(1955; dashed-dottetine), the studiesby Scalo(1986;dashedine) andKroupa(2002;
solid line). The derived massfunctionsfor the PleiadegMoraux et al. 2003)andthe Trapezium
Cluster(Muenchetal. 2002)areoverplottedassolid linesfor comparisorpurposesThedifferent
estimatesreoffsetalongthey-axisfor clarity.

of starsatdifferentagesanddistances.

The adwent of sensitve andwide-field opticalandinfrareddetectorded to the discovery of a
large numberof substellaobjectsin youngopenclustersandin starforming regions.In Tablel.1,
we list the recentsubstellariMF determinationbtainedin the PleiadesBouvier et al. 1998;
Martin et al. 1998; Tej et al. 2002; Dobbie et al. 2002; Moraux et al. 2003), « Per (Barrado
y Navascies et al. 2002), o Orionis (Béjar et al. 2001), IC348 clusters(Najita et al. 2000; Tej
etal. 2002;Luhmanetal. 2003b),in the Tauruscloud (Bricefio etal. 2002;Luhmanet al. 2003a),
andin theTrapeziunCluster(McCaughrearmtal. 2002a;Hillenbrand& Carpente2000;Luhman
etal. 2000;Muenchetal. 2002).

Oneshouldnevertheleskeepin mind thatthe measurednassfunctionwill not be the same
asthetrue IMF for severalreasonsFirst, unresoled multiple systemswill highfaintcompanions
which arenot correctedfor in the massfunction (Kroupa2001). The binary populationevolves
with time throughdisruptionof multiple systemsoccuringat early ages(Kroupa2002). In ad-
dition, the derivation of anIMF from high-massstarsdown to the substellaregime is a difficult
taskdueto dynamicalevolution leadingto thelossof massie andlow-massstars(Kroupa2002).
Finally, gasexpulsionduring the earliesttimesof anembeddedlusterleadsto violent evolution
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which might affect the shapeof the IMF (Kroupaetal. 2001).

To summarisethe currentknowledgeon thesubstellailMF suggests power law index in the
range0.5-1.0for alarge numberof openclustersandstarforming regions(Tablel.1). Therecent
studyin the low-density Tauruscloud, however, indicatesa dearthof brown dwarfs comparedo
the TrapeziumClusterand1C348 (Bricefio et al. 2002; Luhmanet al. 2003a). The derved mass
function peaksaround0.8M and0.1-0.2M, in TaurusandIC348, respeciiely, followed by a
declineinto the substellaregime whenexpressedn logarithmicunits (Figurel.7).

This differencemight indicatea possiblevariationof the IMF with ervironment. This point
is importantto addresghe issueof the formation of brown dwarfs. Basedon hydrodynamical
simulations,Delgado-Donateet al. (2004) concludedthat the substellariMF is more sensitve
to initial conditionsthan the stellar massfunction, henceproviding a possibleexplanationfor
the dearthof brown dwarfs obsered in Tauruscomparedo the TrapeziumCluster Kroupaé&
Bouvier (2003a)conducted\-body simulationsandfavouredthe ejectionfrom multiple systems
to explain thevariability of the substellapopulationbetweeriow-massandmassye starforming
regions. Thoseresultssupportthe conclusionsfrom suneys dedicatedto the binarity of field
brown dwarfs (Burgasseetal. 2003b;Closeet al. 2003;Bouy et al. 2003).

Tablel.1: ThesubstellaiMF determinationsn youngopenclustersandin starforming regions.
Theestimate®f the slopeof the IMF, expressedsthe massspectrurr(j—]\"/’, x M~9), areprovided
for the Pleiadesq Per, o Orionis, andC348 clusters the Taurusregion, and TrapeziumCluster
(TC). Themassrangewherethe massfunctionis valid is givenin solarmass(My). Thevalueof
« is notgivenfor TaurusandIC348 becausehe authorsdid not attemptto fit the massfunctions
givenin logarithmicscale.ln Figurel.7,we comparebothestimateslongwith thedeterminations
in the TrapeziumClusterandin ¢ Orionis.

Cluster Age Distance| Massrange| Massspectrum References
Myr parsecs Mg Slopea
Pleiades| 125+8 130 0.25-0.040{ 1.00+0.50 Martin etal. 1998
0.40-0.040{ 0.60+0.15 Bouvieretal. 1998
0.50-0.055| 0.50+0.20 Tej etal. 2002
0.60-0.030 0.80 Dobbieetal. 2002
0.48-0.030|] 0.60+0.11 Morauxetal. 2003
aPer | 90+10 182 0.30-0.035| 0.59+0.05 | Barradoy Navasciesetal. 2002
o Ori 3-8 352 0.20-0.013| 0.80+0.40 Béjaretal. 2001
IC348 1-3 315 0.30-0.030 Luhmanetal. 2003b
0.50-0.035| 0.70+0.20 Tej etal. 2002
0.22-0.015 0.50 Najita etal. 2000
Taurus 1-2 140 0.30-0.035 Bricefio etal. 2002
TC <1 450 0.15-0.020 0.43 Hillenbrand& Carpente2000
0.56-0.035 0.70 Luhmanetal. 2000
0.60-0.120 1.15 Muenchetal. 2002
0.12-0.025 0.27 Muenchetal. 2002
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1.2 The formation of brown dwarfs

Molecularcloudsfragmentinto smallerentitieswhich collapseoncethey excessthe thermal
Jeansnass.Theminimummasseachedy fragmentations approximately0.007M underhigh
densitymedium(Hoyle 1953; Rees1976; Low & Lynden-Bell1976). This lower masslimit is
achievedwhenthe collapsebecome®ptically-thickthatis whenthe centralobjectcannotradiate
its heataway andis unableto fragmentfurther The subsequenaccretionof the surrounding
materialon the centralobjectleadsto theformationof starsof differentmasses.

As a consequencehe formation mechanisnof brovn dwarfs appearcontrosersial for two
aspectsFirst, the critical massa volume of spacemustcontainbeforeit will collapseunderthe
force of its own gravity, calledthe Jeangnassis typically an orderof magnitudehigherthanthe
massof a brown dwarf. Secondthe centralobjectshouldstopaccretingin ordernotto reachthe
hydrogen-brninglimit. Wewill briefly describebelov mechanismsvhich have emegedoverthe
lastyearsto explain the existenceof brown dwarfsascompaniongo stars asisolatedobjects,and
in youngclusters.

1.2.1 The theory of brown dwarf formation
Turbulence

In this scenario starsform from turbulent fragmentationof molecularclouds(for a review
on this topic, referto Mac Low & Klessen2004). On the one hand,supersonidurbulencewill
prevent the collapseof large scalestructures. On the other hand,the enhancementf density
fluctuationson small scaleswill provoke their collapse. At later stagesthe gravity takes over.
This picturecanbeextendedo lower massesincludingsubstellamassesassumindarge enough
densityfluctuationg(Klessen2001;Padoan& Nordlund2002).

Irradiated pre-stellar cores

A mechanisnproposedy Whitworth & Zinnecler (2003; personatommunicationsuggests
thatbrown dwarfsmaybe prestellarcoreswhoseouterlayerswereerodedoy theionisingradiation
from OB stars.This processphbviously only possiblein OB associationsiequiresarge fluxesof
ionising photons high densitiesof hydrogenandsmallisothermaloundspeedaccordingto the
model.

Disk instabilities

Gravitational instabilities of self gravitating protostellardisks might be responsiblefor the
formationof brown dwarfs (Boss1998,2000;Li 2002). Theinclusionof strongmagnetidieldsin
the disk, responsibldor an efficient cooling, canreducethe classicalopacity-limit fragmentation
(Low & Lynden-Bell1976)by afactorof 10to producefragmentsvith masse¢essthana Jupiter
mass(Boss2001).

Theformationmechanisnof brown dwarfs might beinducedby stardisk (Boffin etal. 1998)
anddisc-discencountergWatkinset al. 1998a,1998b;Lin etal. 1998)occurringat early stages
with the presenc®f massie disks.

Stardisk interactionstendto truncatethe disk andtrigger its fragmentatiorto producenew
stars,mary of themendingup into multiple systems. For disk-disk interactions the evolution



10 A theoreticakndobsenationaloverview of brovn dwarfs

of the systemis dominatedby the fragmentatiorof the disk to producetwice or threetimesas
mary companiongo the original starsasstardisk encountersln coplanardisk-diskencounters,
the disk materialbetweenthe two interactingstarsis sweptinto a shocklayer that fragments
to producenew objects,including brown dwarfs (Watkins et al. 1998a). Non-coplanarencoun-
terstrigger gravitational instabilitiesin the disk, which thenfragmentto form nev companions
(Watkinsetal. 1998b).

In recenthydrodynamicakalculationby Bate,Bonnell, & Bromm (2002), threequartersof
brown dwarfsformedvia fragmentatiorof gravitationally unstablalisks,followedby asubsequent
ejectionfrom multiple systems.

Ejection mechanism

The dynamicalejectionof the leastmassie componenin multiple systemscanaccountfor
browvn dwarfs aswell andis necessaryo stopthe accretionphaseduring the formationprocess
(McDonald& Clarke 1993;Reipurth& Clarke 2001). This scenaricsuggestshatbrovn dwarfs
stoppedaccretinggasfrom the molecularcloud dueto an early ejectionfrom a multiple system
(Reipurth& Clarke 2001),in agreementvith the conclusionsdravn from the hydrodynamical
simulationby Bateetal. (2002)whereall brown dwarfsareejectedjndependentf theirformation
mechanism.

Delgado-Donatetal. (2003)andSterzik& Durisen(2003)conductednodellingof thedecay
of non-hierarchicaN-body systemgo investigatethe propertiesof eachindividual objectafter
completionof thedecay The mainresultsof thesesimulationsjn termsof multiplicity, massatio
and binary separatiordistributions of low-massstarsand brovn dwarfs, can be summariseds
follows:

1. Brown dwarfs are preferentiallycompaniongo low-massstars. Purebinary brovn dwarfs
arepredictedto be rare by the N-body simulations. If brovn dwarfs are seenascompan-
ions, the primaryis oftena binary The latter predictionawait for obserationaltests. The
simulationby Bateet al. (2002)formedat mostonebinary brovn dwarf with a separation
smallerthan10 AU, indicatingthatbinary brovn dwarfs shouldbe lessfrequentthan’5 %.
This prevision contradictgecentobserationssuggesting lower limit of about10% (Bur-
gasseetal. 2003b;Closeet al. 2003;Bouy et al. 2003). However, the presenttomparison
of theoreticabpredictionsandobsenrationsis hamperedy smallstatistics.

2. Themassratio distribution of brown dwarfsis predictedto be flat with rareextrememass
ratios,in agreementvith currentobserations. Low-massand brown dwarf binarieshave
separationsmallerthan 16 AU with a peakin the distribution around4-8AU (Burgasser
etal. 2003b;Closeetal. 2003;Bouy et al. 2003).

3. Velocity dispersionshouldbe typically of afew kms~!. Brown dwarfswould tendto ex-
hibit slightly highervelocitiesthantheir stellarcounterpartsThisfactrepresents potential
explanationfor the lack of low-massstarsand brown dwarfs in openclustersolder than
200Myr, in agreementvith recentdynamicalevolution simulationsby dela FuenteMarcos
& dela FuenteMarcos(2000).
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Formation in circumstellar disks

Straddlingtherealmsof starsandplanetspbrown dwarfsmightalsoform within acircumstellar
disk asthe giant planetsof our Solar System. The formationof planetsin circumstellardisksis
a longer procesghanthe disk instabilities discussedearlier becausdhe rocky core needstime
to grow by accretionandbecomea planet. To testthis scenarioPapaloizou& Terquem(2001)
implementedsimulationsof dynamicalinteractionsof 5 < N < 100 planetary-masebjectswithin
100 AU of a solarmassstaron a time-scaleof about100 orbits. At the endof the simulation,at
mostthreeplanetarymassobjectsremainecdboundto the centralstar the remaindembjectsbeing
ejected.As thosesimulationsdo notimposeanlower limit on the massthe ejectedobjectscould
contritute to the populationof planetary-masebjectsuncoreredin the TrapeziumCluster(Lucas
& Roche2000)andqo Orionis(ZapaterdOsorioetal. 2000).

Radial velocity searchedave noticeda lack of tight (< 3AU) brovn dwarf companionto
solartype starsat oddswith the one hundredextrasolarplanetsdiscoreredto date. Motivated
by this ‘brown dwarf desert’, Armitage & Bonnell (2002) ervisioned a scenariowhere brovn
dwarfs migrateeitherinwardsor outwards,dependingon the initial separation.For example,a
0.040M ¢ brown dwarf would migrateinwardsand mege into the centralstarin a few Myr if
the initial orbital radiusis smallerthan5 AU. For radii larger than 10 AU, wherethe disk is
expanding,outwards migration occursand pushesbronvn dwarfs out to radii of about100 AU.
As a consequenceahe model predictsa reductionby a factorof 5 to 10 of tight brovn dwarf
companiongo solarmassstarsolderthanafew Myr, explainingthusthe obsered ‘brown dwarf
desert'.

1.2.2 Observational constraints on the formation of brown dwarfs

To addresghe issueregarding the formation of brown dwarfs and constrainthe proposed
mechanismg§ 1.2.1),several suneys have recentlybeencarriedout to searchfor disksaround
young brovn dwarfs in variouservironments. The presenceof disks aroundsubstellarobjects
will imply astarlike formationscenario.Truncatedliskswill favourtheejectionmodeldescribed
by Reipurth& Clarke (2001)whereaghe absencef diskswill suggesta planet-like formation
mechanisnfollowed by dynamicalejection. Planetscanneverthelesshave their own disksfrom
which theirmoonsystemdorm dueto the angulatmomentunof the accretingmaterial.

Thedirectevidencefor disksaroundyounglow-massstarsandbrown dwarfs hasbeenfound
usingfive differenttechniquesiescribedelow:

1. Nearinfrared (J at 1.25um, H at 1.65um, and K at 2.2um) excessof selectedmem-
berswerereportedin the TrapeziumCluster(McCaughrear& O’Dell 1996; Hillenbrand
etal. 1998; Muenchet al. 2002), p Ophiuchus(Wilking et al. 1999; Cushinget al. 2000),
IC348 (Luhman1999),and ¢ Orionis (Oliveira et al. 2002) basedon their locationin the
(J-H,H-K) colourcolour diagram. The disk frequeng aroundbrowvn dwarfs appears
lower in the o Orionis cluster(6 4= 4%; Oliveiraet al. 2002)thanin the TrapeziumCluster
(65+ 15%;Muenchetal. 2002),suggesting disk lifetime lower thanfew Myr.

2. High-resolutionspectroscop for a large sampleof spectroscopicallgonfirmedlow-mass
stellarand brown dwarf membersin a variety of starforming regions, including Taurus,
IC348, p Ophiuchus,and Upper Scorpius,shaved that all of the targets exhibit moder
ateto strongasymmetricHa emissionlines (Jayavardhanaet al. 2002,2003b; Muzerolle
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etal. 2003; White & Basri2003). Someobjectsalsoexhibit emissionfeaturessuchasOl

(8446A), Cal (8662A), andHel (6678A), characteristiof accretionin classicalTTauri
stars. Furthermorethe fraction of accretor¢endsto decreasavith increasingage. In ad-
dition, the inferred accretionratesare lower thanin TTauri starsby at leastone order of

magnitudeandrangefrom 10 Mg yr—! to 10 12 Mg yr! (Muzerolleet al. 2003), sug-
gestingthe massof the disk scaleswith the massof the centralobject. Finally, Barradoy

Navasces& Martin (2003)have reportedsimilartimescale®f accretiorfor low-massstars
andbrowvn dwarfs.

3. Two extensie and complementant’-bandat 3.8:m surneys were conductedn various
starforming regionsandassociationgp Oph,|C348,Chameleom, Taurus UpperScorpius,
o Orionis,andTW Hydrae)to searchor disk aroundpre-main-sequenaabjectswith spec-
tral typeslaterthanM5 (Liu, Najita, & Tokunaga2003; Jayavardhanaet al. 2003a). The
L’-bandofferstwo advantagecomparedo nearinfrared (JHK) filters. First, the emission
from the brown dwarf photospherés lower at 3.8,m thanbelov 2.5um and,secondthe
dustsublimesattemperaturebotterthan1000K. Thosestudiesconcludedhatalargenum-
berof younglow-massstarsandbrown dwarfs harbourinfrared K—L' excessegorrelated
with strongH« emission indicatinga commonformationmechanisnfor starsandbrown
dwarfs. Thedisk frequenyg decreasewith increasingage,supportingheideathatdisksdo
not survive longerthan10Myr.

4. Thefirst evidencefor disksaroundyoungbrowvn dwarfsweremadein themid-infraredwith
ISO (InfraredSpaceObsenatory) measuremenis p OphiuchugBontemp<setal. 2001)and
in Chameleor (Comebn etal. 2000; Persiet al. 2000). The spectralenegy distributions
of brown dwarfsin both regionswere successfullfit by optically-thick flareddisk models
(Nattaetal. 2002)with a possibleextensionto theplanetary-massegime (Testietal. 2002),
suggestingga commonformation mechanisnfor starsand substellarmassobjects. Mid-
infrared ground-baseaneasurementtailed, however, to detectthe silicate featurearound
10um (Apai et al. 2002) predictedby flareddisk models(Natta& Testi2001),indicating
that an optically-thick flat disk model might be suficient to explain the obsered fluxes.
Themid-infraredspectrakenepy distribution of nearbyold browvn dwarfswassatishctorily
reproducedby ablackbodyatthetemperaturef thephotosphere;onfirmingthedissipation
of diskswithin few hundredMyr.

5. Thefirst dust continuumemissionassociatedvith young browvn dwarfs belongingto the
TauruscloudandtheC348clusterwerereportedoy Klein etal. (2003).Upperlimits of the
guantityof dustwereinferredaroundPleiadesandold field brovn dwarfsandamountsor
few EarthandMoon massesiespectrely. Thosedetectionsuggesthatplanetanightform
aroundbrovn dwarfs. The presencef circumstelladustaroundyoungbronvn dwarfsalong
with thediscovery of binarybrown dwarfs (Burgasseetal. 2003b;Closeetal. 2003;Bouy
et al. 2003) exclude the fragmentationof disks as major formation mechanisnof brown
dwarfs.

1.2.3 Conclusions on the formation of brown dwarfs

Sereralmechanismbave recentlyemepgedto explaintheexistenceof brovn dwarfs,including
turbulence,erosionof pre-stellarcores,protostellardisk instabilitieswith subsequenfragmenta-
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tion andcollapse dynamicalejectionfrom multiple systemsandin circumstellardisks. Current
obserationsconductedn the infraredhave concludedthat a large fraction of brown dwarfs are
surroundedy diskswithin thefirst Myr of their life asstarsare. However, the L'-bandandmid-
infraredmeasurementselor 15um areonly capableo probetheinnerradii (< few AU) of disks
aroundbrown dwarfs.

The planet-typeformation for brown dwarfs seemsto be ruled out by the presentobsera-
tions. The ejectionmodelproposedy Reipurth& Clarke (2001)predictstruncateccircumstellar
disksof afew AU in size,in agreementvith the currentinfraredstudiesandN-body simulations
(Kroupa& Bouvier2003a). Theseresultssuggesthat brovn dwarfs and starssharea common
formationmechanism.The recentobsenationsof binary brovn dwarfs (seeSection1.5.1; Bur-
gasseetal. 2003b;Closeetal. 2003;Bouy et al. 2003)andN-body simulationsby Kroupaetal.
(2003)suggesthatbrown dwarfs do not form with the samepropertiesasstarsbecauséheir bi-
nary propertiesdo not represent naturalextensionof thoseseenin stars. Theseresultstendto
favour the ejectionmechanisnproposedy Reipurth& Clarke (2001). Regardingthe turbulence
scenariof starformation,it remaingplausibleasbothstellarandsubstellacanbeformedwithout
additionalmechanism.

Thenext stepis to determinedisk sizesandmassegrom the (sub)millimetrewavelengthso
shedight ontheformationmechanism(spf brovn dwarfs. Theexpectedluxesfrom disksaround
youngbrown dwarfs arewithin the capabilitiesof future instrumentationincludingthe Atacama
Large Millimeter Array (ALMA).

1.3 The physics of brown dwarfs

Currentobsenationssuggesthat starsand brovn dwarfs sharea commonformationmech-
anism(§ 1.2). How aboutthe physics? Starsarelarge spheresf gaswherethe nuclearfusion
compensatethe gravitational enegy, yielding arelationshipR oc M6 betweerthe mass(M) and
theradius(R). As theelectrondegenerag pressurdecomesnoreandmoreimportantatthe low-
massendof themain-sequenceheevolution of abrowvn dwarf is notdominatedy thermonuclear
processesAs aconsequencdarovn dwarfs cool off inexorably asthey age.

This sectionis structuredasfollows. First, we describethe evolution of luminosity (§ 1.3.1),
effective temperaturd§ 1.3.2),andradius(§ 1.3.3)with age. Secondwe discussthe influence
of metallicity on the luminosity temperatureandmass(§ 1.3.4). Then, we presentthe role of
deuteriumandlithium burningin brown dwarfs (§ 1.3.4).Finally, we give a brief overview of the
compositionof brovn dwarf atmosphere§; 1.3.6).

1.3.1 The evolution of luminosity

The top panelin Figure 1.2 depictsthe evolution of luminosity of substellarmassobjects
rangingfrom 0.3M j,,;, t0 0.2M, (Burrowsetal. 2001}. Objectswith massebelav thedeuterium
burninglimit at0.013M, areplottedin red,brown dwarfsfrom 0.013to 0.075M¢, in green,and
starsin blue.

The separatiorbetweerstarsandbrown dwarfs occursonly at ageolderthan1 Gyr. Indeed,
starsstabiliseat a given luminaosity whenthe nuclearburning in the core compensatethe loss

11 Mg =1047Mjyp
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of photonsat the surface. To the contrary brown dwarfswill never reachcoretemperaturesnd
pressure$igh enoughto ignite hydrogen.Only browvn dwarfs moremassve than0.065M, will
burn hydrogerbriefly, but not stably

Thelate-time(> 1 Gyr) evolution of luminosity of substellaobjectscanbe approximatedy
theEquationl.1 (Burrows etal. 2001):

10%yr 1.3 M 2.64 . 0.35
L~ 5L _r S — 1.1
4> 10 C>< t ) (&O5M@> (10—%mﬂgmf1> (1)

where kg is an averageatmospheridRosselandpacity The luminosity of a solarmetallicity
starat the hydrogenburning limit is 6 x 107° L. Accordingto Figure1.2,the luminosity’ of a
0.030M, objectis approximatelyl0—2 L, at 1Myr falling down to 6 x 1076 L at1Gyr. This
quick computationdemonstratesvhy the detectionof old brown dwarfs is limited to the Solar
Neighbourhoodvhereag/oungsubstellaobjectsareuncoseredin moredistantopenclustersand
starforming regions.

For comparisonthe luminosity of main-sequencéow-massstarsis approximatelyindepen-
dentof ageandis awealer function of massthanfor brown dwarfsasshavn in Equationl.2:

s M 2.2
Lstar ~107" Lo 0.1M (1.2)
. ©

1.3.2 The evolution of temperature

Thebottompanelin Figurel.2 depictstheevolution of the effective temperaturesf substellar
massobjectsspanning).3M j,,—0.2M, in mass(Burrows etal. 2001).

If the massis high enough,the thermonucleapower equalsthe total luminosity allowing
the surfaceand coretemperatureso stabilise,yielding a coretemperaturef about3 x 10° K at
the hydrogen-birning limit. However, the core of brown dwarfs will not achiere temperatures
sufficient enoughto balancenuclearburningandphotonlosses.Their coretemperaturesise with
age,reacha peakbeforefalling down again. The peakof the coretemperaturés massdependent
andis givenbelow:

. M 4/3
T, ~ 2 x 105K
e~ 2x10 <005M@>

The late-timeevolution of the effective temperatureof brown dwarfs is reproducedby the
power-law given in Equationl1.3 (Burrows et al. 2001). The effective temperaturds of prime
importancean the classificatiorschemegor brovn dwarfs (Sectionl.4).

109yr\ 32 M 0.83 . 0.088
Teg ~ 1550 K | —— _— —_ 1.
eff ~ 1550 ( t ) 0.05Mg 10—2cm?gm~! (1.3)

Accordingto Figure 1.2, a 0.030M; massbrovn dwarf haseffective temperaturesf approxi-
mately2800K and900K at1Myr and1 Gyr, respectiely.

2A calculatorfor browvn dwarfsis availableon Burrows’s homepagehttp://zenith.as.arizona.edwifibows/
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Figurel.2: Thesdfigures,extractedfrom Burrows etal. (2001),depictthe evolution of luminosity
(top panel)andeffective temperaturgbottom panel)versusageof isolatedsolarmetallicity red
dwarfs and substellaimassobjects. The starsare shavn in blue, brovn dwarfs abose 0.013Mg,

in green,andbrovn dwarfsbelowv 0.013M, in red. The masse®f objectsportrayedare0.3,0.5,

1.0,2.0,3.0,4.,5.0,6.0,7.0,8.0,9.0,10.0,11.0,12.0,13.0,and15.0M,,, and0.02,0.025,0.03,
0.035,0.04,0.05,0.06,0.065,0.07,0.075,0.08,0.085,0.09,0.095,0.1, 0.15,and0.2Mg. For
a given object, the gold and magentadots mark when50% of the deuteriumand lithium have
burned,respectiely.
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1.3.3 The evolution of radius

Theradiusdecreasewith agefor agivenmassandreaches plateauat agesolderthanabout
1Gyr. For very low-massstars,the radiusincreasesvith massasR o« M%6 but is roughly inde-
pendenbf agewhile on the main-sequenceHowever, the radiusincreasesvith massfor brovn
dwarfsyoungerthan100Myr anddecreaseatlatertimes. As aconsequencef the competitionin
the equationof statebetweerthe Coulombandthe electrondegenerayg, theradii of old substellar
objectsareindependenbdf massto within 30% with the leastmassie oneshaving larger radii.
Indeed the Coulombdegeneray yields a radius-masselationof Roc M'/3 whereaghe electron
dagenerag (two electronannotoccuy similar statesaccordingo the Pauli ExclusionPrinciple)
givesRoac M~1/3. A morethoroughanalysisof the mass-radiuslependencgields a relation of
R M~1/8 (Chabrier& Barafe 2000).

Theradiusof old substellarobjectscanbe approximatedy Equationl.4 given belov (Bur-

rows etal. 2001).
10° 0.18 Tog 0.11
R~ 6.7 x 10* km [ — e 1.4
* ( g ) (1000K> 1.4)

As anexample,a0.030M massbrown dwarf hasaradiusof 4.3R;,, and1.0R;,, at1Myr and
1Gyr, respectiely.

1.3.4 The influence of metallicity

The propertiesof starsandbrovn dwarfs are a function of the helium fraction (Y, ~ 0.25—
0.28), the metallicity, andthe opacity of the cloudsin the atmosphere Larger helium fraction,
largermetallicitiesandlargeropacitiesproducdower centraltemperatur@anddecreastheenegy
from the surface,yielding morecompactbjectswith lower masses.

The massof a starat the hydrogen-arning limit is a function of metallicity with valuesbe-
tween0.070and0.092M, at solarandzerometallicity, respectiely. Moreover, the luminosity
of astaratthestellar/substellaboundaryincrease$rom 6 x 10 to 6 x10 3 L, andits effective
temperaturdy afactorof two from 1700K to 3600K with decreasingnetallicity.

On the obsenrational side, a solarmetallicity star at the hydrogen-birning limit hasabso-
lute magnitudesof My =19.5,M =18.0,and Mg =11.5 comparedo 12.8,12.0,and11.1 at
zero-metallicity The similarity in the K-bandmagnitudess a consequencef collision-induced
absorptionby Hy which suppressethe flux longwardsof 2.0um. Subdwvarfs (or low-metallicity
dwarfs with [Fe/H] between—2.0to —1.0) are, thus, intrinsically more luminousthan normal
dwarfs.

1.3.5 Deuterium and lithium burning in brown dwarfs

Substellarobjectsdo not generatesufiicient thermonucleapower to reachthe hydrogen-
burninglimit but the mostmassie onescanhave partialor temporarynucleamphases.

Objectsmore massie than0.013M, will burn deuteriumvia the p+d— ~ +3He reaction.
Theevolution of thedeuteriumfractionversusageshavs thatall brown dwarfsmoremassie than
0.015M¢ have burnedtheir deuteriumwithin 30Myr. This limit correspond$o Teg ~ 2000K,
spectratypesaroundL0-L2, andluminosityof 1073 L.
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Starsmoremassve thanapproximately0.3M, arecomposeaf acorvective outerlayeranda
radiative core.Lithium is mixedin the convective partof the starbut is unableto reachthe central
partdueto theradiative region, implying thatlithium is retained.On the contrary low-massstars
(£0.3My) arefully corvective. As a consequencdithium canreachthe centralcoreof the star
andbedestryedif thetemperaturés high enough.

In the substellaregime, brovn dwarfs moremassve than0.065M, andolderthan300Myr
will totally depletetheir lithium, while substellarobjectsyoungerthan 30Myr will retainit all.
Brown dwarfsmoremassve than0.065M;, with anagerangebetweer80 and300Myr will burn
lithium isotopesvia the p+6Li — a+3He and p+7Li — 2a reactions. This theoreticalpredic-
tion translatesnto an obsenrationalboundaryknown asthelithium depletionboundarybetween
objectswhich exhibit lithium in absorptiorandthosewhich do not. Indeed abore a givenmagni-
tude, lithium will not be spectroscopicallpbserable becausaepletedwhile belav this magni-
tudelimit, thelithium absorptiorline will appeaiin thespectraat6708,&. This lithium depletion
boundarytechniquecalledthe lithium test(Reboloet al. 1992),wassuccessfullyappliedto date
openclusters,including the PleiadeqStaufer et al. 1998), o Per (Staufer et al. 1999),1C2391
(Barradoy Navascigsetal. 2001a),andNGC2547(Oliveiraetal. 2003).

1.3.6 Atmosphere models of low-mass stars and brown dwarfs

The main speciemearandabove solarmetallicity brown dwarf photosphereare hydrogen,
helium, oxygen,carbon,andnitrogen. Strongmolecularbands absorptiorfeaturesanddustare
responsibldor the shapeandthe obsered spectrakenegy distributionsof brovn dwarfs. We will
briefly discusdelav thecompositiorof brown dwarf atmosphereandthetheoreticahtmospheric
modelsavailableto reproducdehe emegedspectra.

9 Hydrogenis predominantlyin the form of Hy, andis asalundantas90% in brovn dwarf
atmosphereslts abundanceenableghe presencef light hydrides(H,O, CH4, NH3, and
H,S) aswell asheavier ones,ncludingFeH,CrH, CaH,andMgH.

9 Heliumisthesecondnostabtundant(~ 9%) speciesafterhydrogenHeliumis notobsered
in brown dwarfsbecausét is chemicallyandspectroscopicallinert.

9 Oxygenis predominantlyin theform of water(H,0O) andcarbonmonoxide(CO) but abun-
dantenoughto form of oxides,including Al,O3 (alumina), TiO, andVO. Titanium oxide
(TiO) andvanadiumoxide (VO) areresponsibldor theshapeof M dwarf spectrebut disap-
pearattemperaturefowerthan~ 2100K and~ 1800K, respectrely, by condensingutor
forming condensablepeciesuchasperosskite (CaTiOg).

9 Carbonis in theform of carbonmonoxide(CO) at high temperatureandlow pressureand
of methangCHy,) atlow temperaturandhighpressuresThus,COis dominanin M dwarfs
andCH; in T dwarfs andJovian planets. The transitionfrom CO to CHy is governedby
theequationCH4 + H,O = CO+ 3H,, andoccursaround1100K (Fegley & Lodders1996).
Carbonmonoxidehasbeendetectedat 4.5-5.0um in GI229B (Noll et al. 1997)whereas
methanewas obsered at 3.3um in field dwarfs asearly asL5, suggestinghat vertical
mixing play animportantrole in brovn dwarf atmosphere§€Saumoretal. 2000).

9 Thedominantform of nitrogenin browvn dwarf atmospheres NH3 (ammonia)atlow tem-
peraturegandN, athightemperaturesThetransitionfrom Ny to NH3 occursat 600—70K
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andis governedby the equationN, + 3H, = NH3. Molecularnitrogenis invisible in the
nearinfrared but ammoniahasalreadybeendetectedn GI229B (Noll et al. 1997), proof
thatverticalmixing is important(Saumoretal. 2000).

2 Neutralalkalislike Na, K, Li, Cs,andRb arelessrefractorythanTi, V, Ca, Si, Al, Fe,and
Mg andsurvive in ablundancen substellamtmosphereattemperaturearound1000-150K
becausef the condensatiomf otherspecies.For example,lithium formsinto LiCl belov
~ 1400K, makingit undetectablén the opticalspectreof T dwarfs.

2 Metallic hydridesasFeHandCrH arepresenin late-M dwarfs, L dwarfs,andin M subd-
warfs. CrH persistdown to ~ 1500K wheread-eHdisappearbelonv ~ 2000-220K after
condensatingn grains.

2 Magnesiunandsilicium aremoreatundanthancalciumandaluminiumandform Mg/Si/O
compoundsincludingMg, SiO; (forsterite)andMgSiOs (entstatite)which rain outaround
temperatures therangel800-250(.

Two simple casef atmospherienodelscanbroadlyreproducehe spectralenegy distribu-
tionsof L andT dwarfs(see§ 1.4 for adefinition)over the 0.6-5.0um wavelengthrange.

e TheDustymodelsconsidelanatmosphergherethedustis uniformly mixed. Thesemodels
reproduceheredoptical-to-infraredandinfraredcoloursof L dwarfsbecausehe emepged
photonsareabsorbedy the dustandre-emittedat longerwavelengths.

¢ The Condmodelsdealwith anatmospherevherethe dusthasentirely settleddown. These
modelsreproduceheredoptical-to-infraredandblueinfraredcoloursof T dwarfsbecause
thedustis locatedin the optically-thickregion andphotonsarenot reprocessed.

Thesetwo extreme casesof modelsare, however, unableto reproducethe overall spectral
enegy distributions of L/T transitionobjects(e.g.Leggettet al. 2000). The presencef clouds
asthoseseenon Jupiterareintroducedto explain the coloursandspectraof L/T transitionbrovn
dwarfs.

Allard etal. (2001)proposedhe“Settl” modelsasintermediatephaseo the DustyandCond
modelswhererefractoryspeciesaredepletedandrain out.

Tsuji (2002)introducedthe presencef a cloudin the atmosphereharacterisetyy fixed par
ticle sizesandconstantemperatureatthe bottomandthetop.

Ackerman& Marley (2001)introducedthef,,;, parameterdefinedasthe ratio betweernthe
sedimentatiorvelocity andthe corvective velocity. A smallvalue of f,.;, correspondgo little
sedimentatiorand densecloudswith vertical extent. The spectraof L/T transitionobjectswere
bestreproducedy f,,;, =3 aftervaryingthis parametefrom 0.1to 10.

The L/T transitionis neverthelessvery suddenand still poorly understood.Cloud models,
which allow to reproducethe obserations, might still be in error. Possibilitiesof holesin the
clouds,optically-thinregionswith higheroutward flux transmissionaswell asothermechanisms
shouldbeincludedandtestedn futureatmospherienodels.

To summarisethe actualatmospherenodelsbroadlyreproducehe spectralenegy distribu-
tions of low-massstarsandbrown dwarfs. Despitethe improvementin the modelling of the at-
mospheresseveralissuesemainto be quantified,including the treatmenif grain condensation,
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the locationof dustclouds,the molecularline lists for waterand methane the non-equilibrium
chemistry andthe interplaybetweerprocessesuchassedimentatiormandcondensationA large
numberof objectsin theL/T transitionwith full wavelengthcoverage(0.4-5.0um) andhigh qual-
ity spectroscoparemandatoryto narrav down the uncertaintiesnentionedabove.

1.4 Characterisation of M, L, and T dwarfs

Thefirst releasef the2MASS databaséKirkpatrick etal. 1997),coveringroughly 1 % of the
whole sky, led to the discovery of several objectsredderthanlate-M dwarfs with spectracompa-
rableto the cool companiorto the white dwarf GD165,GD165B (Becklin & Zuckerman1988).
Discoveriesof coolerobjectswith strongmethanebandsand spectralfeaturesresemblingthose
seenin theinfraredspectrumof GI229B (Oppenheimeet al. 1995)followed quickly (Burgasser
etal. 1999;Straussetal. 1999;Cubyetal. 1999).

The large numberof objectscoolerthanthe latestM dwarfs triggeredthe definition of two
new spectralclassesn additionto the Harvard Spectralclassificationschemen useto classify
stars(Morganet al. 1943). Martin (1997)andKirkpatrick et al. (1999b)proposedhe letter “L”
for the classof objectscoolerthanM dwarfs,with GD165BasabenchmarkThediscorery of L
dwarfsoriginatedrom thefirst analysisof the DENIS databaséDelfossestal. 1997)andthespec-
troscopicfollow-up reportedby Martin (1997). The classificatiorwasimproved by Kirkpatrick
etal. (1999b)usingthediscoreriesfrom the 2MASS suney. Objectsbelongingto the sameclass
as Gl229B werenamed“T” dwarfs and are sometimesdubbed“‘methane”dwarfs (Kirkpatrick
etal. 1999b).

A furtherclassof objects(the*Y” dwarfs)coolerthanT dwarfswith strongammoniaabsorp-
tion bandsin the nearor mid-infrared,characteristiof effective temperaturecoolerthan 700K
couldbeexpectedn the nearfuture (Burrows etal. 2001).

We will describejn this section the maincharacteristicef field M (§ 1.4.1),L (§ 1.4.2),and
T (§ 1.4.3)dwarfs,includingopticalandnearinfraredcoloursaswell asmajor spectrafeatures.

1.4.1 Spectroscopy of M dwarfs

TheoriginalMKK classificatiorschemeadefinedalist of standardstarsfor eachsubclasgrom
O starsto aspectraktypeof M2 (Morganetal. 1943)with a subsequendxtensionto M5 (Johnson
& Morgan1953). Boeshaaf1976)extendedthis classificationto a spectraltype of M6.5 based
on new latertype dwarfs foundin the meantime.The large numberof late-M dwarfs discovered
in the 1990syieldeda well-definedclassificationschemefor M dwarfs (Kirkpatrick et al. 1991;
Kirkpatrick etal. 1999b;Martin etal. 1999b)

Optical spectraof M dwarfs (Figure 1.3) are characterisedby strongoxide bandsincluding
TiO at 6320-650(, 6600-680@, 7050-725(, 7590-768@, 7670-786(R, 8430-845@,
and8860-894@ andVO at 7330-753@, 7850-797(, and8520-867@&. TheatomicK | and
Nal doubletsat 7665/7699R and8183/8195, respectiely, arestrongaswell. The Ha emis-
sionline at 6563A, which represents measureof chromospheri@ctiity in M dwarfs, reaches
a peakat aroundM6—-M7 in spectraltype and dropssignificantly towardslater types (Hawley
etal. 1996). Thelithium absorptiorline at6708A is detectedn somelate-M dwarfslike LP944-
20 (Tinney 1998), placing constraintson the age and massof theseobjects. The detectionof
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Figurel.3: Examplesf opticalspectrg0.6—1.0um) of M dwarfs. alongwith themainmolecular
featuresandatomiclines. Fromtopto bottom,theM dwarfsareSSSPMI0829-1309M9), LP655-
48 (M7.5; McCaughrearet al. 2002b),andAPMPM J1222-245ZM5) taken from our sampleof
propermotionobjectsin the SoutherrSky. Opticalspectraarenormaliseoat7500,& andoffsetin

intensityfor clarity.

lithium in absorptionat 6708A implies a masslessthan0.065M ¢, andagesolderthan300Myr
(Reboloetal. 1992). Theamountof lithium andthe luminosity of the objectprovide an estimate
of its massandage(Figurel.2).

Nearinfrared spectraof M dwarfs exhibit strongH,O, CO (2.3um), andFeH (1.2m) fea-
turesaswell asstrongatomiclines,includingK | andNal at1.25and1.51um, respeciiely.

Theoptical spectraklassificatiorof M dwarfsis basedn spectraindices(Tablel.2)defined
by Kirkpatrick etal. (1991),Kirkpatrick etal. (1999b),andMartin etal. (1999b).A complemen-
tary methoduseful for spectralclassificationis the direct comparisorwith templateobjectsi.e.
whosespectrakypeis well-determinedor internalconsisteng

1.4.2 Spectroscopy of L dwarfs

L dwarfs are characterisedby redderoptical colours(R-I > 2.2), redderoptical-to-infrared
colours(I-J > 3.0),andreddelinfraredcolours(J-K > 1.2;0.7< J-H < 1.5;0.4< H-K <1.0)
thanM dwarfs. A large scatterin coloursis neverthelessobsered amongL dwarfs (Leggett



1.4. Characterisatioof M, L, andT dwarfs 21

etal. 2000; Hawley etal. 2002). A completelist of L dwarfswith infraredmagnitudesandopti-
cal spectrais availableat Kirkpatrick's webpag@. Most of themare extractedfrom the 2MASS
(e.g.Kirkpatrick etal. 2000)andSDSS(e.g.Geballeet al. 2002).

The effective temperaturesf field L dwarfs rangefrom 1300-150K to 2000-220K and
their luminositiesfrom 4 x 10~* to 3 x 1075 L, (Basrietal. 2000; Leggettet al. 2000). Typical
uncertaintiesn theseparametersireon the orderof 15% mostly dueto uncertaintieon the age
of nearbyultracooldwarfs. L dwarfsrepresent mixture of starsandbronvn dwarfswith the ones
laterthanL5 beingunambiguoushsubstellaastheoreticaimodelspredicteffective temperatures
of 1700K for a starat the hydrogen-tirning limit. The detectionof lithium in absorptionin the
optical spectrumof a L dwarf placesthe objectin the substellaregime but not sufficient asthe
mostmassve brown dwarfswill burn hydrogenfor a shortperiodof time. As a consequencdhe
statusof L dwarfs remainuncertainbut morethanonethird of L dwarfs are expectedto browvn
dwarfs(Kirkpatrick etal. 1999b.Thederived densityof field L dwarfsin thesolarneighbourhood
is estimatedo 2—8x 1073 pc—3 (Kirkpatrick et al. 2000)comparedo 2 x 102 pc—2 for starsin
the0.1-1.0M; massrange.
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Figure 1.4: Examplesof optical spectra(0.6—1.0um) of L dwarfs alongwith the main molecu-
lar featuresand atomiclines. Fromtop to bottom,the L dwarfs are2MASS0825+2115L7.5),
2MASS0208+250(L5), and 2MASS0015+3516L2) from Kirkpatrick et al. (2000). Optical
spectraarenormalisecat8250A andoffsetin intensityfor clarity.
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The TiO andVO absorptiorbandsyesponsibldor the shapeof M dwarfs, disappeaat lower
temperatureandvanishcompletelyby mid-L. Optical spectraof L dwarfs (Figure1.4) arechar
acterisecby metallic hydridessuchasCrH (8611and9969A), andFeH (8692and9896A), and
neutralalkalis, including Nal (8183/8195}), K I (7665/7699), Rbl (7800 and 7948A), CsI
(8521and8943A), andlithium at6708A. Hydride metals,CrH andFeH, arestrongaroundmid-
L andwealen towardslate types. Groundstatealkali of Csl and Rbl strengthertowardslate
typesbecausenoleculescondens®utin the atmospher@iminishingthe veiling of atomiclines.
Overall, thespectraof L dwarfsarebestreproducedy the so-called'Dusty” atmospherenodels
of Allard etal. (2001).

Theopticalclassificatiorschemeof L dwarfsis basedon spectraindicesdefinedby theratio
of thesummedlux in aregion containingaline or abandof interestdividedby theflux in anearby
continuumregion. Two schemesvereindependentiyproposedy Kirkpatrick etal. (1999b)and
Martin etal. (1999b).

The Kirkpatrick schemds basedon several spectralratioswhich characterise¢he strengthof
oxides, metallic hydrides,and neutralalkali, aswell ason comparisorwith templatespectraof
well-definedstandards.

The Martin schemerelieson the so-calledPC3 spectralindex and on spectrumsynthesisof
high-resolutiorprofilesdevelopedby Basrietal. (2000).

Thereis aslight differencebetweerboth schemegparticularlyat low temperaturesThe com-
munity tendsmore often to usethe Kirkpatrick et al. (1999b)schemealthoughthe PC3index
remainsa good spectraltype discriminantfor M dwarfs and early-L dwarfs (Figure A.1 in Ap-
pendixA). Meanwhile,someauthorshave definednew spectralindicesor adaptedxistentones
to their spectraresolutionand/orsignal-to-noisd€e.g.Lépineetal. 2003b).

Table 1.2 lists the mostreliable spectralindicesfor the spectralclassificationof M and L
dwarfs,accordingto our own experiencgseeChapter2 for moredetails).We suggesthe follow-
ing “recipe” to classifyM andL dwarfsin the optical with an uncertaintyof half a subclassor
better:

e Computethe VO-aindex from Kirkpatrick etal. (1999b).

Computethe TiO5 index from Reidetal. (1995).

Computethe PC3index from Martin etal. (1999hb).

Take the averageof the spectraktypesderived from eachspectraindex.

Comparethe spectrumto M dwarf templatespreferentiallyobsered with the sametele-
scope/instrumertdonfiguratiorasthe sciencdargets.

Averagethe resultsobtainedfrom both methods.If a differencelargerthanonesubclasss
found,thedirectcomparisorwith spectratemplateshouldbefavoured.

Spectralindicestracethe strengthof an absorptionbandor a spectralfeature. Eachwave-
lengthof a spectrumis associatedvith a flux value. Thosevaluescontainedn the numeratorand
denominatomwavelengthrangesare summedor averagedaccordingto the definition. The ratio
of the two resultsis then computed yielding a value for the spectralindex. The outputis then
comparedo talulatednumbergjuotedin the papersvheretheindicesaredefined.
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Table 1.2: Spectralindicestaken from Martin et al. (1999b; hereafterM99), Reid et al. (1995;
hereafterR95), and Kirkpatrick et al. (1999b; hereafterkK99) for optical classificationof M and
L dwarfs. The differentvaluesof the flux availablein the wavelengthrangefor the numerator
anddenominatoiare summedor averageddependingon the definition). The outputof the ratio
providesavaluefor the spectraindex. Thisresultshouldthenbe comparedo valuestakulatedin
theoriginal papers.

Index Numerator(A) Denominatot(A) Feature | Ref
PC3 8230-8270 7540-7580 Pseudo-continuuny M99
TiO5 7126-7135 7042-7046 TiO A7053 R95
VO-a Sumof 7350-737@&Nd7550-7570 7430-7470 VO A~ 74348 K99
CrH-a 8580-8600 8621-8641 CrH A8611A K99
Rb-b | Av of 7922.6-7932.6nd7962.6-7972.§ 7942.6-7952.6 | RbI A\7947.67 K99
TiO-b 8400-8415 8435-8470 TiO A8432A K99
Cs-a | Av of 8496.1-8506.hnd8536.1-8546.1 8516.1-8526.1 | Csl A8521.1A K99
VO-b Sumof 7860-788&nd8080—-8100 7960-8000 VO A~ 79124 K99

Nearinfrared spectraof L dwarfs are dominatedby water absorptionbandsat ~ 0.95um,
~1.15um, 1.35-1.5Q:m, 1.75-2.0%:m, andlongwardsof 2.3um, aswell asby the CO band
headat 2.3um. Strongmolecularbandsof FeH around1um anda prominentK | doubletat
1.25um in the J-bandarepresentaswell.

Severalattemptshave beenmadeto provide a nearinfraredclassificatiorschemdor L dwarfs
in agreementvith the optical scheme(spresentedcabore. We will briefly mentionbelow the
variousindicesandtheir applicability (Table1.3):

e Tokunaga& Kobayashi(1999)definedtwo indices,K1 andK2 (Table1.3) basedon high-
resolutionK -bandspectroscop andnarrav-bandphotometry No clearrelationshipcould
be inferreddueto the small numberof objectsunderstudy More recently Geballeet al.
(2002)concludedhattheseindicescouldbe usedto distinguishM, L, andT dwarfs.

e Basedon very low-resolution(R ~ 50-100)nearinfrared (0.85-2.5:m) spectraof 26 L
dwarfs with optically-determinedspectraltypes, Testi et al. (2001) definedindices(Ta-
ble 1.3)in agreementvith the opticalclassificatiorschemdrom Kirkpatrick etal. (1999b).
However, thosespectraindicesappeathighly dependenon theinstrumentsetupandmight
yield different classificationat higher spectralresolution. Neverthelessthis approactre-
mainsappealingor faintbrown dwarf candidatesn starforming regionsinvisible atoptical
wavelengthdueto the high extinction.

¢ Reid et al. (2001a)proposedfour watervapour indices well-correlatedwith the optical
schemefrom Kirkpatrick et al. (1999b)accordingto a sampleof 14 L dwarfs with full
1.0-2.5um coverage Thebestcalibrationwith spectratypeis providedby theindex H,OF
(Tablel.3)which measurethedepthof absorptiorin theredwardwing of the1.4um steam
band.

e Geballeet al. (2002)definedthreewatervapourindicesandtwo methaneandicesto clas-
sify T dwarfs andextendedthe schemeto L dwarfs. The watervapourindex at 1.5um is
suitablefor classificationacrosghe entireL-T sequencandin agreementvith the optical
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schemerom Kirkpatrick etal. (1999b). The CH4 2.2um andH,O 1.5um spectralindices
areefficientwaysof classifyingtheL/T transitionobjects.

Tablel.3: Nearinfraredspectraindicesproposedy Tokunaga& Kobayash{1999;TK99), Testi
etal. (2001;T01), Reidetal. (2001a;R01),and Geballeet al. (2002; G02) to extendthe optical
classificationschemefrom Kirkpatrick et al. (1999b). Only the bestdiscriminantsfor spectral
classificatioraregivenin the caseof Reidetal. (2001a)andGeballeetal. (2002).

Index Numerator(um) Denominator(um) Ref
K1 (2.10 — 2.18) — (1.96 — 2.04) 0.5x ((2.10 — 2.18) +(1.96 — 2.04)) | TK99

K2 (2.20 — 2.28) — (2.10 — 2.18) 0.5x ((2.20 — 2.28) +(2.10 — 2.18)) | TK99
SHJ {(1.265 — 1.305) — (1.60 — 1.70) | 0.5% ({1.265 — 1.305) + (1.60 — 1.70)) | TO1
sKJ (1.265 — 1.305) — (2.12 — 2.16) | 0.5% ({1.265 — 1.305) + (2.12 — 2.16)) | TO1
sH, 0’ {(1.265 — 1.305) — (1.09 — 1.13) | 0.5% ({1.265 — 1.305) + (1.09 — 1.13)) | TO1
sH, Ot (1.60 — 1.70) — (1.45 — 1.48) 0.5x ((1.60 — 1.70) + (1.45 — 1.48)) TO1
sH, 012 (1.60 — 1.70) — (1.77 — 1.81) 0.5x ({(1.60 — 1.70) + (1.77 — 1.81)) TO1
sH 0K (2.12 — 2.16) — (1.96 — 1.99) 0.5x ((2.12 — 2.16) + (1.96 — 1.99)) TO1
H,OPB Averageof 1.47-1.49 Averageof 1.59-1.61 RO1
H,O 1.5um Sumof 1.46-1.48 Sumof 1.57-1.59 G02
CHy 2.2pum Sumof 2.08-2.12 Sumof 2.215-2.255 G02

1.4.3 Spectroscopy of T dwarfs

T dwarfs or methanedwarfs, objectscoolerthan L dwarfs, are all brown dwarfs have ef-
fective temperaturedelov 1300K. Most of themwere discoreredamongthe SDSS(Strauss
etal. 1999; Tswetanw etal. 2000;Leggettetal. 2000; Geballeet al. 2002)andthe 2MASS (Bur-
gasserrtal., 1999,2000a, 2000b,2002,2003b,2003c)surneys. The remaindemwerefound as
companiongEls et al. 2001),in deepfields (Liu et al. 2002b; Cuby et al. 1999),andin proper
motion suneys (Scholzet al. 2003; McCaughrearet al. 2004). A list of T dwarf discoreries
with magnitudesspectraltypes,andreferencess availableon Burgasseg webpagé. Thereare
currently50 T dwarfsknown (May 2004).

T dwarfsexhibit veryredopticalcolours redderthanL dwarfs,makingthemofteninvisiblein
the R filter andsometimesn the I filter. Theoptical-to-infraredcoloursareveryred (R—J > 9.0;
Golimowski etal. 1998)with anincreasdowardslatertypes.

Contraryto the optical colours, however, the infrared coloursare bluer thanL dwarfs and
decreaséowardslatertypesdueto:

e Methaneabsorptiorin the H and K bands
e Strongwatervapourbandsdepressingheflux in the K band
e H, pressure-induceabsorptiorinesincreasinghe opacitylongwardsof 2.0m

Infraredcoloursof T dwarfsareprovided hereasanindication:—0.5< J—H < 0.9,-0.9< J-
K <1.4,and1.5< K-L' < 2.5. A largescatteiis obseredin infraredcoloursparticularlytowards

“http://www.astro.ucla.edu/-adam/homepage/researchtfdw
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latertypes(Hawley etal. 2002). Furthermorecoloursandmagnitudesrestronglydependenon
thefilter systemausedwith variationsupto 30% (Hawley etal. 2002;Stepheng& Leggett2004).
A transformatiorbetweerfilter systemss requiredprior to ary comparison.
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Figure 1.5: Examples of nearinfrared (1.0-2.5um) spectraof T dwarfs along with the
main molecular features and atomic lines. From top to bottom, the T dwarfs are
2MASS0348+602ZT7.5; Burgasseetal. 2003¢c)2MASS0727+171QT5; Burgasseetal. 2002),
andSDSS1254-0122(T2; Burgasseketal. 2002).Nearinfraredspectraavailableon Burgasses
webpagearenormalisedat 1.28um andoffsetfor clarity.

Optical spectraof T dwarfs exhibit lessstriking featuresthanM and L dwarfs. Pressure-
broadenedNal at5890/5895A andK | at 7665/7699 resonanceoubletsareresponsibldor the
shapeof T dwarf shortwardsof 8000A. Strongneutralalkali absorptionines of Csl (8521and
8943A) andRbl (7800and7948A) andstrongH,O bandat 9250A arepresentiswell. Metallic
hydridessuchasFeHat 86924 andCrH at8611A and9969A arepresenin early-Tdwarfsand
vanishat mid-T.

Contraryto L dwarfs, no accurateoptical classificationschemds availablefor T dwarfs due
to their faintnessat thosewavelengthsandtheir red colours. Optical spectragven obtainedwith
thelargesttelescopesareoftennoisy hamperinghe definitionof spectraindices.

Nearinfrared spectra(Figure 1.5) are mostly shapedby strongwater (1.11-1.6um, 1.35—
1.45um,and1.77-2.03:m) andmethand€1.30-1.5Q:m, 1.60—1.8Q:m, and2.20-2.5Qum) bands.



26 A theoreticakndobsenationaloverview of brovn dwarfs

StrongK | doubletsat 1.17,1.25,and 1.45um aswell asthe Nal doubletat 2.21um arealso
present.The CO bandat 2.3um is detectedn early T dwarfs but disappeaat latertypes. Finer
featuresof the metallic hydrideFeHareseenat 1.19,1.21,and1.237um. Finally, the collision-
inducedH, exhibit no distinctbandheadbut suppressethe flux longwardsof 2.0um. Methane
andcarbonmonoxidehave beendetectedat3.3ymand4.7min L dwarfsandin GI229B,respec-
tively (Noll etal. 1997)andareattributedto vertical mixing in the upperatmospheregSaumon
etal. 2000).

Tablel.4: Nearinfraredspectraindicesfor theclassificatiorof T dwarfsasdefinedby Burgasser
etal. (2002;B02) andGeballeetal. (2002;G02).

Index Numerator(pm) Denominator(pm) Feature Ref
HQO-A Averageof Fi1o-1.17 Averageof Fio5_1.28 115/I,m H20/CH4 B0O2
H,O 12/J/m Sumof F1.26_1.29 Sumof F1.13_1,16 112/.Lm H,O G02
H,O-B Averageof Fi1.505—1.525 Averageof Fi.575—1.595 14/,Lm H,O B02
H,O 15/J/m Sumof F1.57_1.59 Sumof F1.46—1.48 15/,Lm H,O G02
H,O-C Averageof F2.00—2.04 Averageof Fs.00—2.13 19,um H,O B0O2
H,O 20,um Averageof Fo00-2.11 Averageof Fi.975-1.995 19,um H,O B02
CH4-A Averageof F1.295_1,325 Averageof F1.25_1,28 13/1,m CH, B02
CH4-B Averageof Fy 64170 | Averageof Fy 5751595 1.6 um CHy B02
CHy 16/J/m Sumof Fi156-1.60 Sumof Fi1.635—1.675 16/1,m CHy G02
CH;-C Averageof Fs.005_9.975 Averageof Fs.00—2.13 22/1,m CH, B0O2
CH, 22/I/m Sumof Fa.08-2.12 Sumof Fa215_9.955 22/1,m CH, G02
H/J Averageof Fy 50_1.75 Averageof F; 29 1.305 NIR colour B0O2

K/J Averageof F3.99—_2.30 Averageof F; 29_1.325 NIR colour B02
K/H Averageof F3.99—_2.30 Averageof Fy 50_1.75 NIR colour B02
CcoO Averageof F2.305_9.375 Averageof Fs.00—2.13 23pm CcoO B0O2

Two nearinfrared classificatiorschemehave beenproposediy Burgasseret al. (2002)and
Geballeet al. (2002) basedon the 2MASS and SDSSsamplesyespectiely. The nearinfrared
classificationscheme®f T dwarfs are generallymore accuratehanfor L dwarfs dueto much
wider obsered rangesin spectralindices. To first order T dwarfs can be classifiedby direct
inspection,noting the strengtheningpf methaneabsorptionat 1.6—1.7um and 2.2um towards
latertypes.

To quantify the classification,Burgasseret al. (2002) definedseveral indices(Table 1.4) to
measureahe strengthof water methaneandcarbonmonoxidefeatures.Theseregionshave been
chosento samplethe peakof the J, H, and K broad-bandilters and the associate¢pseudo-
continuum. Additional spectralindiceshave beendefinedto probethe nearinfrared coloursat
1.25,1.6,and2.1um.

Geballeet al. (2002) independentlyproposedthree water spectralindicesat 1.2, 1.5, and
2.0pm andtwo methanespectraindicesat 1.6 and2.2um (Table1.4). Theadwantageof Geballe
et al. (2002) classificationis the extensiontowardsL dwarfs. For example,the waterindex at
1.5pm andthe methandndex at 2.2 um aresuficiently monotonicthroughtheL-T sequencet
classifybothtypesof objects.

Therecipeto classify T dwarfs consistsof measuringall indiceslistedin Table1.4 andthen
comparingthe resultsto the standardvaluesgiven in Burgassetet al. (2002) and Geballeet al.
(2002). After rejectingthe lowestandhighestresults,the valuesare averaged yielding spectral



1.5. Differentkinds of searche$or brovn dwarfs 27

typesaccuratdo half asubclas®r better Additionalmeasurementsf templatel dwarfsobsered
with the sameinstrumentsetupasthe scienceametwould refinethe spectraklassification.

A projectis undervay for a joint classificationschemen the spirit of the MK scheme.The
maingoalsarethefollowing (Burgasseetal. 2003a):

e DefineT dwarf standard$or eachsubclasgrom TO to T8. Thesestandardsnustbesingle,
bright, andaccessiblérom bothhemispheres.

e Obtainuniform spectrakcoveragefor eachstandard.

e Defineoptimal spectralindices,usefulover abroadrangeof resolutionthatavoid contami-
natingtelluric absorptiorfeatures.

Analysis of the gravity-dependencef spectralfeatures,including collision-inducedH,, is
a future goal to allow differentiationbetweenyoungandold T dwarfs to the field andin open
clustersrespectiely.

1.5 Different kinds of searches for brown dwarfs

Thetheoreticabredictionof the existenceof objectsunableto fusehydrogerin their coresled
astronomerso improve their searchmethodsandprobethesky atgreaterdepths.

The adwent of infrared detectorswide-field capabilitiesat optical and infrared wavelengths
andadaptve opticsfacilities hastriggereddiscoveriesof numerousrovn dwarfsin variousen-
vironments. Discoveriesof brovn dwarfs ascompaniongo solarlike stars,low-massstars,and
substellaobjectsarereportedin § 1.5.1. Large-scaleandpropermotionsuney contrikutionsare
presentedn § 1.5.2.Searche$or youngbrown dwarfsin starforming regionsandin openclusters
arehighlightedin § 1.5.3andin § 1.5.4,respeciiely.

1.5.1 Brown dwarfs as companions

The confirmationof brown dwarfsis mostly basedon the detectionof thelithium absorption
line at6708A, onthe low-luminositiesandcool temperaturesTo date,no directdynamicalmass
measuremendf a brovn dwarf hasbeenreported. The obseration of a full orbit of the low-
masshinary GI569Babwith adaptve opticsby Laneetal. (2001)providedanaccurateestimateof
thetotal massof the system.The secondarys incontrovertibly substellamwhereaghe primaryis
eitheralow-massstaror a browvn dwarf dependingn the age. The detectionof brown dwarfsas
companiongo starsandbrown dwarfsis of primeimportanceo investigateseveralaspect®of star
formation,including:

1. Massratiosprovide aconstrainto theformationmechanism(s)f low-massstarsandbrown
dwarfs

2. Correctthelnitial MassFunctionfor binarity.
3. Studythebinaryfrequeng asafunctionof massn thefield andin openclusters

4. Dynamicalmassesvould allow usto testevolutionarytracksat differentages
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A variety of suneys have beenundertakn to unveil brown dwarfs aroundobjectscoveringa
largerangein massrom solartype starsto therecentlydefinedT class.Differentmethodsareem-
ployedto probecertainzonesaroundfield dwarfs. The closeorbitswithin few astronomicalnits
aretherealmsof radial velocity searchesSeparationsf 1 to 10AU areprobedby speckleimag-
ing. Coronagraphisureys arebestsuitedto investigatecompanionsvith separationbetweeri0
and100AU. Widercompaniong> 100AU) aremostefficiently searchedvith wide-fieldsuneys.
This sectionsummariseshe currentknowvledgeof the frequeng of brovn dwarf companiongo
solartype starsandlow-massstars.

Radial velocity surveys

Thepresencef acompaniorarounda starcanbeinferredby the perturbatiorit engenderin
theradial velocity of the star This constituteghe hallmarkof the radial velocity suneys started
about25 yearsagoto unveil extrasolamplanetsaroundsolaranalogues.

The first extrasolarplanetwas discovereda pulsarby Wolszczan& Frail (1992). The first
extrasolarplanetorbiting a solartype star was discorered around51Pay by Mayor & Queloz
(1995),the sameyearasthe first unambiguousrown dwarfs. Prior to this discovery, planetary
companionsveredetectedaroundthepulsarsPSR1829-10 (Bailesetal. 1991)andPSR125% 12
(Wolszczam& Frail 1992).Hundredsof F, G, K, andM dwarfshave now beensuneyedby radial
velocity programswith sensitvities reachingfew metresper secondgMayor et al. 1992; Marcy
& Butler 1992;McMillan etal. 1994;Cochran& Hatzes1994).

Todate,morethanhundredextrasolarplanetshave beenuncoreredby Dopplermeasurements
within 3AU of their parentstarsand massesaslow asthe massof Jupiter(Butler et al. 2003).
About five percentof the suneyed solartype starsharbourone or multiple planetswith a wide
rangeof eccentricitiesand periods. The analysisof 164 nearbysolartype starsby Duguenng
& Mayor (1991)indicatesthatabout13% of G dwarfs have stellarcompanionswvithin the same
separatiodimit.

Thedistribution of masse®f extrasolamplanetsaroundsolarlik e starsis pealed atlow masses
(1-2My,p) with a decreasingower law towardslarger massegseeFigure17in Vogtetal. 2000
for example). Radialvelocity suneys are not biasedagainstthe discovery of brown dwarfs (de-
finedhereasobjectmoremassivethan13Mj,;,) astheir perturbatiorontheparentstarsis stronger
thanplanets.This obsered lack of browvn dwarf companionsatlow separatioraroundsolartype
starsis suggestie of the existenceof a “brown dwarf desert”. Thesin ¢ uncertaintyon the mea-
suremenbdf the massdoesnot affect the shapeof the distribution of objectsasa functionof mass
becausehe probability to seea brown dwarf at smallinclination is negligible, accordingto nu-
meroussimulationgQueloz2002).

A radial velocity surwey of about1000starswith a precisionof 0.5 kms~! implementecdoy
Lathamet al. (1989) announcedhe first browvn dwarf candidateamong20 radial velocity stan-
dards. The object,HD114762,stoodout of the samplewith a lower limit of 11 Jupitermasses.
The currentstatusof this objectremaincontrosersial dueto the uncertaintieon the inclination
(Halbwachsetal. 2000).

To date,a dozenbrown dwarf candidategxtractedfrom radial velocity programshave been
reported.Mayor et al. (1992)found nine starswith possiblesubstellacompaniongrom a suney
of 540 nearbyF and G dwarfs. Mazehet al. (1996) investigatedow-amplituderadial velocity

Shttp://www.obspm.fr/engcl/catl.html
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variationsof threestarsbelongingto the original list of radialvelocity standardsTokovinin etal.
(1994)megedradialvelocity obserationsaccomplishedihdependentlyvith two spectrometer®
infer amassof 60Mj,,;, for onecompanionHowever, the orbitalinclinationsfrom the Hipparcos
satelliteconcludedhatmostof themaresimply stellarcompaniongHalbwachsetal. 2000). Sesen
objectsaredefinitely rejectedasbrown dwarf companionspneis acceptedvith alow confidence
level, andtheremainderequireadditionalstudiesto assessheir substellarity
Threeadditionalbrown dwarfs, with massegmsin ) rangingfrom 13to 18My,,;,, have been
reportedaroundHD168443(Marcy etal. 1999),HD162020,andHD202206(Udry et al. 2002).
Thesehreecandidatesemain,to date the solebona-fidesubstellacompaniongoundby Doppler
measurementslt is worth mentioningthat HD168443is a systemcomposedf an extrasolar
planet/bravn dwarf pair orbiting the nearbyhigh propermotionK dwarf, GI 86A (Els etal. 2001).

To summarisethe presentsetof datadravn from radial velocity suneys indicatesthat less
than 0.5% of solartype starsharbourclose brown dwarf companiongMarcy & Butler 2000;
Zucker & Mazeh2001). The extensionof this brovn dwarf desertat wide separatioris ruled
outby currentobsenrations,suggesting frequeny comparabldo stellarcompanionglespitethe
large uncertaintieg18+ 14%; Gizis etal. 2001a).

Microlensing

The main principle of microlensing,originally suggestedby Paczynski(1986),is thefollow-
ing: whenthe “lens” is alignedwith a distantbright star it bendsand distortsthe light of the
backgroundbject,yielding anenhancementf flux on a shorttimescale.Seseraltypesof lenses
arepossiblejncludingcompactbjectsin externalgalaxiesor disk objectsin our Galaxysuchas
normalstars,brovn dwarfsandplanets.

Variouscollaboratve efforts are underway to unveil extrasolarplanetsand brovn dwarfs.
Amongthemarethe MACHO project,the Optical Gravitational LensingExperimen{OGLE), the
Expériencepour la Recherchal’Objets Sombreq EROS), MicrolensingObsenationsin Astro-
physics(MOA), MicrolensingFollow-up Network (MicroFUN), the MicrolensingPlanetSearch
(MPS),andProbingLensingAnomaliesNetwork (PLANET).

The searchor browvn dwarfsthroughmicrolensingis just starting. Threepossiblecandidates
have beenrecentlyreportedbut the uncertaintieson the massdeterminationremainlarge and
additionalobsenationsareohviously requiredto further constrainthe natureof thelens.

1. Alcock et al. (2001) obsered a microlensingeventin the Large Magellanic Cloudswith
the Hubble SpaceTelescopegyielding a massestimatebetween).03and0.10M,. Optical
spectroscop of the lenssuggesthiovever a masslargerthan0.09M,, placingthe object
above thehydrogen-tirning limit.

2. Smithetal. (2003)inferreda massof M ~ 0.05070:31% M, for a bright microlensingevent
obsered towardsthe Galacticbulge by the OGLE project. If verified,thelenswould be a
brown dwarf locatedat a distanceof 6.5kpc.

3. A recentmicrolensingeventtoward M31 wasannouncedby An etal. (2004). Thelensis a
binary systemlocatedeitherin the disk of M31 or in the halosof the Milky Way or M31.
Thesecondarys eithera brovn dwarf or alow-massstardependingn the distanceof the
system.
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Brown dwarf companions to low-mass stars

Thefirst brovn dwarf companiorcandidatavasfoundaroundawhite dwarf, GD165(Becklin
& Zuckermanl1988). This objectis now recognisedasa templatefor the newly-definedL class
andis likely a browvn dwarf (Kirkpatrick et al. 1999a). The first T dwarf, GI229B, was discov-
eredorbiting an early-M dwarf (Nakajimaet al. 1995). Thosediscoserieshave triggereda large
numberof high-resolutiorimagingsuneys conductedvith the HubbleSpaceTelescopandadap-
tive opticssystemson the world’s largesttelescopeso uncover new brown dwarf companiongo
low-massstars.A brief overview is provided belowv andin Tablel.5.

The mostcompletepopulationavailable to dateto investigatethe binary frequenyg of low-
massstellarandsubstellarompanionsarethe 5- and8-pc samples.Several programshave been
dedicatedto the closestneighboursto the Sunto unveil companionsover different separation
ranges.Henry & McCarthy(1990)failedto detectnew browvn dwarfs at separationgloserthan
10AU from a systematisearcharoundM dwarfswithin 5 parsecaisinginfraredspecklenterfer
ometry Simons,Henry,& Kirkpatrick (1996)investigatedseparationpetweeril00and1400AU
around63 systemswithin 8 pcandd > —25°. Second-epochbsenrationssupplementetheprevi-
oussearchwith propermotionasprimarycriterionbut did notuncover new low-masscompanions
(Hinz et al. 2002). High-resolutionimaging of 23 nearbydwarfs within 13pc carriedout with
the Hubble SpaceTelescopdailed to detectany companionat separationdetweenl and50AU
(Schroedeet al. 2000). Similarly, a coronagraphisuney of 107 nearbystar systemsprobing
separationsangingfrom 40to 100AU turnedup no new browvn dwarf companiongOppenheimer
etal. 2001). It sounddikely thatall stellarcompaniongo nearbydwarfs have now beendetected
by the extensve programsmplementedver severaldecadegReid & Gizis 1997a).

New low-massstarsandbrovn dwarf companiondiave beendetectedaroundK (Gizis, Kirk-
patrick, & Wilson 2001b),G (Potteret al. 2002; Goto et al. 2002; Liu et al. 2002a),M (Rebolo
etal. 1998;Goldmanetal. 1999;Martin etal. 2000b;Laneetal. 2001;Closeet al. 2002a;Freed
etal. 2003),andL dwarfs (Martin etal. 1999a;Koerneretal. 1999). Table 1.5 lists thosediscor-
eriesalongwith their parametersincluding spectraltypesof the primary andsecondarfwhena
spectrumwasobtained) distanceandageof the systemaswell asthe separatiorin astronomical
units. Thesecondarpf thesesystemss eitheralow-massstaror abrovn dwarf dependingpnthe
ageof the system. The separatiorand massratio distributions of ultracooldwarfs areplottedin
Figurel.6.

Large samplesof ultracool dwarfs with spectraltypesrangingfrom M8 to T8 have beenre-
centlyimplementedo improve statisticsin orderto investigatehe binaryfrequeng of substellar
massobjectsto very low-massstarsandbrovn dwarfs.

Reidetal. (2001b)reportedthediscorery of four binary systemsut of 20 L dwarfsobsened
with the Hubble SpaceTelescopeThelow-massbinarieshave separationspanning2—8AU with
nearequal-massesiowever, oneobjectdid exhibit amuchfaintercompanionsuggestingamass
ratio (q1/g2)aslow as0.8.

A sampleof 10 T dwarfs obsered by Burgassetet al. (2003b)urveiled two binary systems.
As for the previous studyby Reidetal. (2001b),bothsystemsaretight binarieswithin 4 AU with
nearequal-brightnesgatios.

A suney of 39 late-M dwarfswith spectralttypeslaterthanM8 revealednine binary systems
(Closeetal. 2002a,2002b,2003). Thelarge majority of primariesarelow-massstarswith spectral
typesM8-L0.5 andthe secondarieareeitherstellaror substelladependingn the anddistance.
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Table1.5: List of low-massstellarandbrown dwarf companiongo stars. Note that GI569B and
HD130948orbit normalstarsandwereresohed asbinary systemsTheremaininglow-massstel-
lar andbrown dwarf companiongo ultracooldwarfsfoundin the courseof recenthigh-resolution
imagingsuneys (Reidetal. 2001b;Closeet al. 2002b;Burgasseet al. 2003b;Gizis et al. 2003;
Closeetal. 2003;Bouy etal. 2003)aregivenin Table4 in Closeetal. (2003)with their estimated
parameterg¢separationspectraltypes,massesndperiods).

References{1) Reboloetal. 1998(2) Martin etal. 1999a(3) Goldmanetal. 1999(4) Martin etal.
2000b(5) Burgasseeet al. 2000a(6) Laneet al. 2001(7) Gizis etal. 2001b(8) Potteretal. 2002
(9) Gotoetal. 2002(10) Liu etal. 2002a(11) Closeetal. 2002a(12) Freedet al. 2003.

Name SpT Distance| Agesystem| Separation| Characteristicy Refs
Primary pc Gyr AU Secondary
G196-3 M2.5 21 ~0.1 ~ 300 BD Lithium 1
LHS102 M3.5 9.6 ~1 ~ 200 BD or VLM 3
GI569ABa/Bb M2 9.8 <1 50and1l M8.5/M9.0 4,6
GD570ABCD K4 5.9 2-10 1525 T8; BD 5
GJ1048 K2 21.2 <1 250 L1 7
HD130948ABa/Bb G2 18 <0.8 50and2.4 | L2-L4/L2-L4 | 8,9
15Sge Gl 17.7 1-3 14 L2-L6 10
2MASSJ1426316-155701| M8.5 18.8 0.5-75 2.92 L1-L3 11
LHS2397a M8 14.3 2-12 2.96 L7.5 12

The main conclusionsare similar to previous suneys. Two systemsexhibit, however, fainter
companionsuggestie of low-massratios(e.g.Freedet al. 2003).

Thelargestsampleof ultracooldwarfsstudiedto dateexplored134objects(Bouy etal. 2003),
including 20 L dwarfs (Reid et al. 2001b),84 M andL dwarfs (Gizis et al. 2003),and 30 new
objects.Exceptonetargetassociateavith a G dwarf in atriple system 25 out of the 133ultracool
dwarfs turnedout to be binaries. This statistically significantstudy suggests binary fraction
aroundl0% amongfield dwarfswithin 25pc. Themainconclusionglravn by theserecentsuneys
arediscussedn the conclusionof this section.

Brown dwarf binaries

Brown dwarf binariesare of prime importanceto test evolutionary tracksin the substellar
regime. Closebinariesaremostsuitableto obtaindynamicalmasse®ver a shorttimescale How-
ever, the numberof known field brown dwarf binariesis low and mostof themdo not have a
resohed spectrum.Note that PPI15is the only spectroscopibinary (Basri& Martin 1999b)and
is amemberof the Pleiadesopencluster

All genuinebrown dwarf binariesdiscoreredto datearelistedin Table 1.6 alongwith their
estimatedphysicalparameterdancluding distancesspectratypes,separationmassratio, andpe-
riod. Only threesystemsave accuratedistancespnamely2MASSW 1146345-223053,DENIS-
PJ0205.4-1159,ande Indi B.

Few other objectsare suggestedas possiblebinary brovn dwarfs, including GI569Ba/Bb
(Martin etal. 2000b;Kenworthy etal. 2001;Laneetal. 2001),HD130948B/C(Potteretal. 2002;
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Table 1.6: List of brown dwarf binariesdiscoveredto datein thefield andin the Pleiadesalong
with the estimatedohysicalparametersThe distanceof the systemis givenin parsecsthe sepa-
rationin astronomicalnits (AU), the spectratypes,the massratio (q parameter)andthe period
in years.

References(1) Martin et al. 1999a(2) Koerneret al. 1999 (3) Reid et al. 2001b(4) Burgasser
etal. 2003b(5) Gizis et al. 2003 (6) Bouy et al. 2003 (7) McCaughrearet al. 2004. (8) Martin
etal. 2003.

Name Distance| Sep SpT Massratio | Period | Refs
pc AU q yr
2MASSs0850359+-105716 27.7 4.4 L6/?7? 0.75 43 3,6
2MASSW0920122+-35174 20.8 1.6 L6.5/?? 1.0 16 3,6
2MASSW1146345+223053 26.2 7.6 L3/?? 1.0 70 2,3
2MASS1225-2739AB 11.2 3.0 T6/T8 0.7-0.8 | 25-40| 4
2MASS1239272-551537 21.3 4.0 L5/L5 1.0 30 5,6
2MASS 1534-2952AB 16.5 1.0 T5/T5 1.0 4-6.5 4
2MASS1728114-394859 20.4 3.4 | L7/earlyT 0.8 30 5,6
2MASS2101154-175658 23.2 4.0 L7.5/L8 1.0 42 5,6
DENIS-PJ0205.4-1159 18.0 9.2 L7/L7 1.0 ?? 2
DENIS-PJ1228.2-1547 18.1 5.0 L5/?? 1.0 35 1,2
eIndiB 3.626 | 2.65 T1/T6 0.6 15 7
CFHT-PI-12 125 7.75 — 0.7 76 8
IPMBD25 125 11.75 — 0.62 126 8
IPMBD29 125 7.25 — 0.84 68 8

Gotoetal. 2002),2MASSW0746425%200032(Reidetal. 2001b),and2MASS1426316 155701
(Closeetal. 2002a).The massesemainuncertaindueto thelack of lithium in absorptiorandun-
certaintieon the ageand/ordistance As a consequencehe primaryis a very low-massstaror a
brown dwarf andthe secondara brown dwarf.

Conclusions to the frequenc y of brown dwarfs as companions

The mainresultsof programsdedicatedo the searchfor substellacompaniongo very low-
massstarsandbrovn dwarfs canbe summariseésfollows:

1. A few bronvn dwarf companionshave beendetectedwithin 3AU aroundmain-sequence
starsby radial velocity surweys, yielding a binary frequeng lessthan0.5% andsuggestie
of a “brown desert”at theseseparations.A dearthof brovn dwarfs at wide separations
(> 1000AU) is not apparentaroundmain-sequenc@—MO0) stars(Gizis et al. 2001a)with
afrequeng of 18+ 14%. Studiesdedicatedo intermediateseparationsre barelyunder
way. The binary frequeng of ultracoolfield dwarfs lies around10-15% in contrastwith
574+ 9% for G dwarfs (Duquenng & Mayor 1991)and 42+ 9% for M dwarfs (Fischer
& Marcy 1992). Thefrequeng of binary browvn dwarfs of at most5 % predictedby recent
simulationgBateetal. 2002;Delgado-Donatetal. 2003)is lowerthantheobseredvalues.

2. Very low-massandbrown dwarf binarieshave separationsmallerthan16 AU with a peak
in the distribution occurringaround4—8AU (Left panelin Figure1.6). Similarly, sureys
in the Hyades(Reid & Gizis 1997b)andin the PleiadeqMartin et al. 2000a)producedno
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brovn dwarf companionswith separationsarger than14 and27AU, respectiely. These
resultsare at oddswith the distribution of companionsaroundM dwarfs. Firstly, about
40% of M dwarf multiple systemswithin 8 pc have separationgreatethan10AU (Reid&
Gizis 1997a).Secondly50% of MO—M6 dwarfs have separationdetweenl0 and10* AU
(Fischer& Marcy 1992). Furthermorethe distribution of separatiorof G andM dwarfs
is much broaderwith a maximumfrom 3 to 30AU (Fischer& Marcy 1992; Duquennyg
& Mayor 1991). Currenttechniquesare sensitve to wide low-massstellarand substellar
companionsut suffer from obserationalbiasegowardsspectroscopibinaries.

3. Low-masshinariesin the field tendto favour equal-massystemswith massratios larger
than 0.8 (Right panelin Figure 1.6). The lowest massratio is the ¢ Indi B systemwith
g~ 0.6 (McCaughrearet al. 2004). This might simply reflect the lack of sensitvity to
companiondainterthanthe primary by morethan4 mag. Theseresultsarein agreement
with thepeakatequal-massystemsoticedin the8-pcsamplgReid& Gizis1997a)out are
atoddswith theflatterdistributionsof G dwarfswhich peaksaroundq= 0.2 (Duquenng &
Mayor 1991). Dynamicalsimulationsof small clusterspredicta flat massratio distribution
of brown dwarfs with a rarity of extremeratios (Delgado-Donatest al. 2003; Sterzik &
Durisen2003)in agreementvith currentobsenrations.
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Figurel.6: Distribution of separatior{left panel)andmassratio (right panel)for G dwarfs (solid
line; Duquenng & Mayor 1991),M dwarfs (dashedine; Fischer& Marcy 1992),andultracool
dwarfs (histogram;seetext for all references).We have found a total of 34 binary systemsout
of 178 ultracoolfield dwarfs obsered with high-resolutionimaging from the groundand from
space.Thebinariesfoundin the Pleiadedy Martin etal. (2003)arenot plottedasthey represent
ayoungersubsampleTheerrorson the measurementre Poissorerrors(notincluded).
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1.5.2 The field brown dwarfs

Over 250 L dwarfs andabout50 T dwarfs have beendiscoreredin the field over the last
five years mostof themby threelarge-areasky suneys, namelythe Two Micron All-Sky Surwey
(hereafte2MASS),the DEepNearinfraredSuney (hereafteDENIS), andthe SloanDigital Sky
Sunwy (hereafteiSDSS).

The 2MASS (§ 1.5.2),DENIS (§ 1.5.2),and SDSS(§ 1.5.2) sunweys, their selectioncriteria
to unearthnew L andT dwarfs,andtheir maindiscoreriesare described Propermotion suneys
aimingat finding ultracooldwarfsin the solarneighbourhoodirehighlightedin § 1.5.2. Finally,
someserendipitousliscoreriesof L andT dwarfsarepresentedn§ 1.5.2.

The Two Micron All-Sky Survey

The Two Micron All-Sky Surnwey (http://ipac.caltecledy, projectled by the University of
Massachusettprovidesfull sky coveragein thenearinfraredJ (1.25um), H (1.65um), and K
(2.15um) broad-bandilters (Skrutskieet al. 1997). The surwey was conductedwith twin 1.3-
m telescopegachequippedwith a three-channe256 x 256 pixel NICMOS3 cameraobserving
simultaneouslyn J, H, and K. The pixel scalewas?2”, yieldinga 8.5 x 8.5 field-of-view. Six
framesof 1.3 secondsachwere obtainedfor eachindividual field on the sky, yielding a total
integrationtime of 7.8 seconds.The nominalsuney completenesimit wasJ =15.8, H =15.1,
K, =14.3with signal-to-noisef 10 at high galacticlatitudes.

The selectionmethodto find nearbyL dwarfs was rather crude but highly efficient. All
candidatesvith J—K colour redderthan 1.2 magwere followed-upspectroscopicallyvith the
Keck/LRIS spectrograptio ensuresuficient signal-to-noise. Over 150 nearbyL dwarfs were
foundin the2MASSdatabaséKirkpatrick etal. 1999b;Kirkpatrick etal. 2000;Cruzetal. 2003),
yielding accuratespectraltype classificationat optical wavelengthsshortwardsof 1 um (Kirk-
patricketal. 1999hb).

The CorMASSprojectaimsatlow-resolution(R ~ 300) spectroscopof all red (J—K > 1.2)
and bright (K; < 13.0) to extend the optical classificationschemeto the nearinfrared (Wilson
etal. 2003).

About half of the T dwarfs werediscoreredin the 2MASS databas€Burgasseret al. 1999,
2000a,2000b,2002,2003b,2003c). Several colour cuts, including J < 16.0, J-H < 0.4, and
H-K,;<0.30rJ<16.0,J-H <0.4,and H-K, > 0.3wereappliedto find field T dwarfsin the
2MASS database.Tamgetswere selectedo have galacticlatitudesabore 15° andto avoid the
MagellanicCloud and 47 Tuc regions. Propermotionsand optical counterpartgresentin the
Digital Sky Suneys wereremaoved from theinitial sample yielding a small pool of bona-fideT
dwarf candidatesor nearinfraredspectroscopiéollow-up.

The 2MASS projectis a powerful tool to detectbrovn dwarfsin the field aswell asin open
clusters.Sereral studiesmadeuseof the 2MASS databaséo confirmmembershigstatusof clus-
ter candidatesn the PleiadegTej et al. 2002),in Taurus(Bricefio etal. 2002),in MBM12 (Luh-
man2001),in « Per(Barradoy Navasciset al. 2002)andto studydisk fractionsin starforming
regions,includingo Ori (Oliveiraetal. 2002).

Onthetheoreticakide,the2MASS databas&asusedto refineatmospherenodelsandderive
effective temperaturescaledor ultracooldwarfs (Schweitzeretal. 2001).
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The DEep Near-Infrared Survey

The DEepNearInfraredSuney (http://www-denis.iap.fr/iasconductedvith the ESO1-m
telescopeat La Silla with a three-channetamerain the Gunnd (0.82um), J (1.25um), K
(2.15um) filters, covering the whole SouthernSky from —90° to +2.5° (Epchteinet al. 1997).
Two NICMOS3 arrayswith 256 x 256 pixels anda pixel size of 3" wereusedin the J and K,
channelsvhereasa 1024 x 1024 Tektronix CCD detectorwith 1” pixel scalewasusedfor the I
channel.Theresultingfield-of-view was12. The sky wasscannedn stepandstaremodealong
30 degreestripsat constantright ascensionvith integrationtime of 10 secondsThe approximate
3o limits of thesuney werel =18.5,J =16.5,K,=13.5.

The selectioncriterion to find low-luminosity objectsin the field was two-fold (Delfosse
etal. 1997,1999):

e Objectsredderthani—J colourof 2.5mag.
e Objectswith J and K detectionsandno optical counterpart.

No systematicspectroscopidollow-up wasimplementedas for 2MASS, yielding a smaller
numberof L dwarf discoveries.Nonethelesgshe DENIS “Mini-Survey” revealedabout20 objects
laterthanM8, including 3 L dwarfs(Delfosseetal. 1999),with opticalandnearinfraredspectro-
scopicassessmerfilinney etal. 1998;Delfosseet al. 1999). High-resolutionspectroscop of the
3 L dwarfs placedoneobject,DENIS-PJ1228.2-1547,asthefirst discoveredfield brovn dwarf
with Kelul (Ruiz etal. 1997),afterdetectionof lithium absorptiorat6708,& (Martin etal. 1997;
Tinney etal. 1997).

The Sloan Digital Sky Survey

TheSloanDigital Sky Sunwey (http://sdss.ay) hassurneyedover 10000deg? (onefourth of the
celestialsphere)of the high galacticlatitude sky, centredapproximatiely on the North Galactic
Pole,with a dedicated?.5-mtelescopeat the ApachePoint Obseratory (York et al. 2000). The
SDSSprojectimagedthe sky in 5 filters (u, g, r, 1, and z), covering the 0.4—1.0um wavelength
range(Fukugitaetal. 1996).

Theimagingarraywasamosaicof thirty 2048x 2048CCDswith 0.398'/pix providing atotal
field-of-view of 2.5° x 13. Theeffective integrationtime was54.1secondgerfilters perprint on
sky. Theexpectedcompletenesbmits (50 detectionlimit) of thesuney wereu ~ 22.3,g ~ 23.3,
r ~23.1,i~22.3,andz ~ 20.8,assuminga full-width-half-maximumof 1”andanairmasf 1.4.
Photometriccalibrationwasobtainedwith a smallauxiliary telescopet the samesite. Different
typesof objectswerefollowed-upspectroscopicallyith a dedicatedSDSStwin fibre-fedspec-
trograph. Fibreswere3” in diameterand provided wavelengthcoveragefrom 3800to 9200A at
R~ 1800.

The SDSScommissioninglatarevealedabout20 L dwarfsreportedin Fanetal. (2000)and
Schneidegetal. (2002). Theselectiorcriteriato find L dwarfsin the SDSSsurey are:

1. Objectsredderthani— > 1.6 andr— > 1.8.

2. i—z > 1.6 and 20 detectionin 7 and/ordetectionin the 2MASS catalogudor objectsunde-
tectedin ther images.
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The searchfor T dwarfsin the SDSSdatatook into accounthe fainthessandthered optical
coloursof theseobjects,consideringhefollowing searctcriteria:

1. Detectionabove 30 in i anddetectiontwice in the z filter with 2MASS counterpart.
2. Detectiononly in the z-bandrequiredz < 19.0.

A dozenT dwarfs were discoveredin the SDSScommissioningdata (Strausset al. 1999;
Tswetanw et al. 2000), including the first L/T transitionobjects(Leggettet al. 2000). Geballe
et al. (2002) developeda nearinfrared classificationschemefor ultracool dwarfs from M to T,
accordingto the SDSSdiscoveries(Table1.4).

Proper motion surveys

Theknowledgeof the solarneighbourhooddefinedasthe volumeof spacewithin 25pc, was
largely establishedby photographigropermotionsuneys prior to theadwentof large-arealigital
sky suneys. Despitethelarge numberof ultracooldwarfsunearthedy the 2MASS,DENIS, and
SDSSsuneys, the censuof the solarvicinity is incompleteat the faint endby 30% within 10pc
(Henry et al. 1997)and abouttwice this value within 25pc (Henry et al. 2002). Trigonometric
parallaxesrepresenthe bestway to measuralistancedut propermotionsremaina gooddistance
discriminantwhenthe spectrakype of the objectis known.

The mostextensie propermotion databasesvailable to dateare two cataloguesompiled
by Luytenbasedmainly on dataobtainedwith the 1.2-mPalomarOschinSchmidttelescopeand
publishedmorethantwentyyearsago:

1. ThelLuytenCatalogueof Starswith ProperMotions Exceeding).5’/yr Annually (hereafter
LHS; Luyten 1979) lists about3600 starswith x> 0.500"/yr and hundredsof starswith
propermotionsspanningd.235-0.500/yr.

2. The New Luyten Catalogueof Starswith ProperMotions larger than Two-Tenthsof an
Arcsecond(hereafterNLTT; Luyten 1980) representsa compilationof 58,845starswith
propermotionslargerthan0.18"/yr.

Two epochsvereobtainedwith positionsaccuratdo afew arcsecondsMagnitudesneasured
in two photographigassbandsn,, andm,, correspondingoughly to the currentphotometric
B and Rk o, respectiely, wereaccurateto about0.5 mag. The fainteststarscataloguechave
m, ~ 19andm,, ~ 20.5,respectiely.

Southof § < —33, boththe LHS andtheNLTT cataloguesvereextendedusingdatafrom the
BruceProperMotion suney conductedvith the0.65-mBrucerefractorbeginningof the20t" cen-
tury. Althoughthe Brucesurney extendedto propermotionsdown to 0.1”/yr, only starsbrighter
thanm,, ~ 15.5werecataloguedvith a bluemagnitudebut no colourinformation. The searcHor
low-luminosity objectsin the southis, thus, highly hamperedy the bright detectionlimit of the
Bruce catalogue .New faint propermotion objectsdowvn to m, =19.5andsouthof § < -5 were
extractedby Wroblewski & Torres(1989,1992,1994,1995,1996,1997,1998)andWroblewski
& Costa(1999,2000,2001).

To improve the censusof the solarneighbourhoodind characterisghe luminosity and mass
functionsacrosghe stellar/substellaboundary several propermotion suneys have recentlybeen
implementedothin the NorthernandSoutherrhemispheresie will briefly highlighttheresults
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of the suneys which contritutedto the discorery of low-massstarsandbrovn dwarfsin thesolar
vicinity, includingour own SoutherrSky propermotionsuney for nearbyreddwarfspresentedn
detailsin Chapter2.

e Reid& Cruz(2002),Reid,Kilkenry, & Cruz(2002b),andCruz& Reid (2002)presentec
seriesof papersaimingat finding low-massstarsandbrown dwarfswithin 20pc. By cross-
correlatingtheNLTT cataloguevith anearlyreleasef the2MASSdatabaséor galacticlat-
itudeshigherthan10°, theauthorsdiscoreredover 100 new ultracooldwarfsbasedn their
locationin the (m,, m,—K) colourmagnitudediagram. Although photometricdistances
are subjectto large uncertaintiesdue to errorson photometricmeasurementsr binarity,
theseresultsdemonstratelearly theincompletenesef the solarneighbourhoodespecially
atthelow-luminosityend.

More recently Cruz et al. (2003) initiated a volume-limited (d < 20pc) suney of nearby
M7-L6 dwarfsoverthewholesky entirelybasednthe2MASSsuney. Moderate-resolution
(R ~ 3000)optical (6000-1000@) spectroscop provided spectraltypesand photometric
distancedor eachindividual object,yielding the discovery of 39 new L dwarfs. A bright
(Ks=9.1) M8.5 dwarf at 6 pc with a propermotionof 0.75% /yr wasuncoveredwithin the
framework of this search(Reidetal. 2003).

e Lépine,Shara,& Rich (2002)conducteda systematicsearchfor high propermotion stars
(0.5< 1 < 2.0'/yr) atlow-galactidatitudes(|b| < 20°) usingtheDigital Sky Surwey database.
The sameproceduravasrecentlyextendedo galacticlatitudesabove 25° (Lépine,Rich, &
Shara2003a). Most of the high propermotion (0.5< p < 2.0"/yr) starslisted in Luyten’s
cataloguesvererecoreredandnew objectsbrighterthan20.0magwerediscovered.

The searchmethodwasbasedon the SUPERBLINK software developedby the authorsto
recover high propermotion starsin an automaticway after scaling,shifting, rotating,and
subtractingthe POSS and POSSI photographilates. This tool was specifically opti-
misedto work on relatively crovdedfields andto improve the detectionof propermotion
starsaffectedby a bright neighbour

Optical spectroscop of numerousen high propermotion starsrevealedwhite dwarfs, M
dwarfs, metal-poordwarfs (Lépine,Rich, & Shara2003b)aswell as:

1. A high propermotion (x=2.38'/yr) faint (V =19.3) M8.5 dwarf at 14pc (Lépine,
Sharag& Rich2002).

2. A bright(K; ~ 10.9)L1 brown dwarf at 10 pc confirmedby the detectionof lithium at
6708A (Salimetal. 2003).

3. An early-L subdvarf (Lépine,Rich, & Shara2003a).

e The Calan-ESOProperMotion Cataloguecontains542 starswith propermotionslarger
than0.2’/yr identifiedon5° x 5° ESOredplatestaken~ 10yr apart(Ruizetal. 2001). The
field selectionwasrandombut avoidedthe high galacticlatituderegionswith declinations
rangingfrom ¢ = —4C° to § = —25°. Thetwo hoursintegrationtime yielded photographic
magnitudesn, spanning7.5-19.5mag. This propermotionsunwey, originally aimingatthe
identificationof cool white dwarfsin the solarneighbourhoodled to the discovery of the
first field brown dwarf, Kelu-1(Ruiz, Leggett,& Allard 1997).

e ThelLiverpool-Edinlirgh catalogugPokorny, Jones& Hambly 2003)is a compilationof
about6200 starsat the SouthGalacticCap, with propermotionsexceeding0.18'/yr and
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R =9.0-19.5mag. Interestingobjectswere selectedrom the reducedpropermotion and
colourcolour diagramsfor spectroscopidollow-up obsenationsbut no nev subdvarfs or
brovn dwarfshave beenannouncedo date.

A new high propermotion suney was conductedn the SouthernSky southof § <-33
basedn 6° x 6° photographiglatesobtainedwith the UKST telescopeandmeasurements
madewith theAPM machineat CambridggScholzetal. 2000). Theinitial searchwasbased
on measurementis two passbandéB; and R) attwo epochsseparatedby ~ 15 yearsfor
6 <-=20. Typical limiting magnitudesare By ~ 22.5and R ~ 21, with an uncertaintyof
~0.25mag. Searchradii of 60 to 90 arcsecwere usedto recover large propermotions
(typically 0.3—-1.0/yr).

The pilot suney (Scholzet al. 2000) extractedabout100 new high propermotion objects
down to R ~ 20.0 over thousandsquaredegreesbetweend” and7” in right ascensiorand
—-63 and—32 in declination respectiely. This sampleincludednew white dwarfsaswell
asK andM dwarfs. This suney waslater extendedby Scholzusingthe SuperCOSMOS
Sky Suney and 2MASS cataloguesver the entire southernsky at four differentepochs.
Thenew approachgdetailedin Chapter2, led to the discorery of:

Six subdvarfs (Chapter).
NumerousM dwarfswithin 50 parsecg¢Chapter).
Two M dwarfswithin 10 parsecg§McCaughreanScholz,& Lodieu2002b).

Threeultracooldwarfs (Lodieu, Scholz,& McCaughrear2002b).

Theclosesbinarybrown dwarf andbrightestT dwarf to the Sun,e Indi Ba/Bb(Scholz
etal. 2003;McCaughrearetal. 2004).

a > w N

Serendipitous disco veries

Besideghelarge-scalesky suneys which revealeda large numberof ultracooldwarfsandthe

propermotionsuneys dedicatedo the searchfor nearbystars,a smallnumberof L andT dwarfs
wereunearthedluringunrelatedsuneys. Amongthem,we would like to emphasis¢hefollowing
discoveries:

e Cubyetal. (1999)reportedthe discovery of alate-T dwarf in the courseof a deepsuney

carriedoutwith the Sofl andSUSIinstrumentsnountedontheNTT. TheNTT DeepField
coveredanareaof 2.3 x 2.3 in the B, V, andr filters down to magnituddimits of 27.2,
27.0,and 26.7, respectiely. A 5 x 5 field-of-view was obsered aswell in the J and
K filters down to magnituddimits of 24.6and22.8,respectiely. This nenv T dwarf has
J =20.15andK = 20.3andalow-resolutiomearinfraredspectruncomparabléo GI229B.

Liu etal. (2002b)presentedhe discovery of afaint (I =23.6,J =18.2) T dwarf within the
framework of the Institute for AstronomyDeepSuney. This suney usedthe prime-focus
imager Suprime-Canon the Subaru8.2-m telescopeto cover a total areaof 2.5 square
degreesin the R, I, and 2’ filters down to 27.1,26.5,and 25.5, respectrely. Opticaland
infraredcolourswith additionalnearinfraredspectroscopyieldedaspectratypeof T3-T4
anda photometriadistanceof 45+ 9pc (Liu etal. 2002b).
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e As the result of a spectroscopisearchfor distantAGB stars,Kendall et al. (2003) an-
nouncedhediscorery of sevenunknavn L dwarfs. All sevenobjectswereveryfaintonthe
I-bandphotographiglateswith magnitudegangingfrom 17.0to 20.0 mag. The objects
wereassignedpectratypesbetweerL0.5 andL5 from directcomparisorwith templateL
dwarfs.

e Thorstense® Kirkpatrick (2003)recentlydiscoreredabright (K =11.3)L3.5 dwarfwithin
theframework of aparallaxprogramfor asampleof cataclysmidinaries.Thisnew L dwarf,
2MASS J07006+3157,hasa well determinedrarallaxof 82+ 2 mas,andconstitutesa new
additionto the catalogueof nearbystars(Gliese & Jahreissl995). It alsorepresentsan
importantadditionto the smallsampleof L and T dwarfswith accuratelistances.

1.5.3 Brown dwarfs in star-forming regions

In § 1.5.2,we have describedlifferentkinds of searchesledicatedo theimprovementof the
censusof starsandbrown dwarfsin the solarneighbourhoodThe ultimategoalis to derive the
luminosityandmasdunctionsof avolume-limitedsampleof objects.However, thedetermination
of thefield IMF is hamperedy majordravbacks,including:

e Parallaesarerequiredfor eachindividual starto infer theirmassesThemostreliablemass
functionestimates currentlyavailablefor the5- and8-pcsampleslthoughtheincomplete-
nessmightbeashigh as30%, particularlytowardslow-massstars(Henryetal. 1997).

e Agesaregenerallyunknavn anda meanvalueof the orderof 1 Gyr is assumedor nearby
objectsto infer the mass. The possibletime variationsoccurringin the starformationrate
arelostin this process.

e Large incompletenessxists for high-massstarsbecausef their rarity in the solarneigh-
bourhoodandtheir shortlifetimes.

e The incompletenessowardslow-massstarsand brovn dwarfs is significantdueto their
faintnesgHenry etal. 1997). The recentdiscovery of the ¢ Indi Ba/Bb systemat 3.626pc
(Chapter2) providesonecountergample.

To alleviate mary of thoseissuessereralstudieshave focusedon embeddedlustersandstar
forming regions becausdhey representan equidistantsampleof starswith a similar chemical
compositionwithin alimited areaon the sky. The adwantageg+) anddravbacks(—) compared
to the solarvicinity arethefollowing:

+ Verylow-massstarsandbrovn dwarfsarebrighterwhenyoungerat a givendistance mak-
ing their detectioneasierin starforming regionsthanin thefield (Figurel.2).

+ Small contaminatiorby field starsandbackgroundgiantsdueto the presencef dustand
thecompactnesef embeddedlusters.

+ Dynamicalevolution is olbviously low at youngagesalthoughthe birth of young clusters
might go throughphasesf violent gasexpulsionaffecting the shapeof the IMF (Kroupa
etal. 2001).High-massstarswill nothave evolved off the main-sequencgetandlow-mass
starsareretainedwithin theclustercore. TheIMF can,thereforepederivedfrom high-mass
starsdown to thedeuteriumburninglimit andbelow.
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— Starforming regionsarehearily embeddedn their molecularcloud hamperingoptical ob-
senations.

— Largeuncertaintieareexpectedon evolutionarytracksat very youngagesdueto unknavn
initial conditions(Barafe etal. 2002).

— Thetimescaleto form starsrepresentgn appreciabldraction of the clusterage. The star
formationprocesss still on-goingsothatthe massfunctionis alower limit of the IMF.
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Figurel.7: Comparisorof substellamassfunctionsin logarithmicscale(Salpetedefinition) for

the Tauruscloud (dashedistogram;Bricefio et al. 2002; Luhmanet al. 2003a),the IC348 clus-

ter (solid histogram;Luhmanet al. 2003b),the TrapeziumCluster(filled circleswith solid line;

Muenchet al. 2002),and o Orionis (opentriangleswith solid line; Béjar et al. 2001). Possible
explanationdor thedifferencein themassfunctionbetweenraurusandthe TrapeziumClusterare
discussedn Sectionl.1.3

Bearingin mind thosecaveats,an emphasison the recentmassfunction determinationwill
follow alongwith a brief descriptionof the moststudiedyoungclustersjncludingthe Trapezium
Cluster o Orionis, IC348, Taurus,p Ophiuchus,and ChameleonFigure 1.7). Additional star
forming regionshave beentargetedto uncorer low-massstarsandsubstellambjectsbut no mass
functionswere publishedto date. It includesLupus (Nakajimaet al. 2000), R CoronaAustralis
(Comebn et al. 2002), Upper Scorpius(Martin et al. 2004), NGC1333(Aspin et al. 1994),and
SerpengLodieu et al. 2002a). Wilking et al. (2004) have recentlysetan upperlimit of « <1.6
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on the massspectrumfor NGC1333acrossthe hydrogenburning limit basedon a spectroscopic
sampleof 25 brown dwarf candidates.

e TheTrapeziumClusterlies within the centralregion of the Orion Nehula Clusterandis the
mostextensvely studiedyoungcluster The clusteris young(~ 1 Myr), nearby(450pc),
rich anddenseg(~ 10* pc—3) andharboursawide rangeof stellarmasse$rom 50M, to few
Jupitermasses Furthermoreijts locationin front of molecularcloud minimisesthe back-
groundcontaminationmakingobjectswith a smallextinction likely members.

Multiple suneys atvariouswavelengthdrave beenconductedn theregion,includingproper
motion (Jones& Walker 1988),opticalimagesfrom the ground(Herbig & Terndrupl986)
and from space(Luhmanet al. 2000), infrared suneys (McCaughrear& Staufer 1994)
complementedby spectroscop (Hillenbrand1997; Lucaset al. 2001)to infer massesand
agesfor eachindividual member

Hillenbrand(1997)inferreda IMF which peaksatabout0.2M, anddeclinesowardslower
massesThe extensionof this work to the substellaregime confirmedthe previous conclu-
sions(Luhmanet al. 2000; Slesnicket al. 2004). Muenchet al. (2002) reporteda similar
IMF from B starsdown to thedeuterium-trninglimit by modellingtheinfraredluminosity
function(Table 1.1 andfilled circleswith solidline in Figurel1.7).

e Theo Orioniscluster locatedaroundthe O9.5starof the samename belongsto the Orion
OB 1b association.The X-ray detectionof a high concentratiorof sourcesaroundthe star
o Ori by ROSAT (Walter et al. 1994)triggereddeepoptical suneys dedicatedo the low-
masscomponenf the cluster The clusteris 1-8Myr old (Bé&jar et al. 1999), locatedat
352pc accordingto Hipparcos (Perrymanet al. 1997), and suffers from little reddening
(Lee 1968).

A deepoptical (R, I, and Z) surwy of a ~ 850arcmir? areain the clusterwith additional
nearinfrared photometryrevealednumerouslow-massstars, brovn dwarfs (Béjar et al.

1999),andplanetary-massbjects(ZapateroOsorioet al. 2000). Many objectshave been
spectroscopicallgonfirmedover a large massrangein the optical (Barradoy Navascies
etal. 2001b)andin the nearinfrared (Martin et al. 2001). The clustermassfunction, de-
rived from low-massstars(0.2Mg) down to the deuterium-brning limit, indicatesarising

slopewith anindex «=0.8+ 0.4 (Béjaretal. 2001),whenexpressedisthe massspectrum
(Tablel.1andopentrianglewith solidline in Figurel1.7).

e IC 348is locatedon the northeasendof the Perseusnolecularcloud comple. The clus-
teris young(1-3Myr), relatively nearby(d ~ 315pc), rich (about400 members)compact
(D ~ 20) with low extinction (<Ay > =0-5mag). IC348 hasbeenextensvely tamgetedin
the pastto extract clustermembersvia propermotion (Fredrick1956),Ha emission(Her-
big 1998),infraredluminosityfunctions(Lada& Ladal1995),andopticalcolourmagnitude
diagramqHerbig 1998;Luhman1999).

Tej etal. (2002) recentlyderived a clustermassfunction from all-sky cataloguesver the
whole clusterareaandinferred a power law with anindex «=0.8+0.2. Luhmanet al.
(2003b)aasignedspectraltypes,effective temperaturesand massedor a large numberof
memberswithin the central42 x 28 areain the clusterto constructan extinction-limited
sample(Ay <4) from B starsto late-M dwarfs. The clustermassfunctionrisesfrom high-
massstarsdown to 1 Mg, risesmoreslowly to peakat 0.1-0.2M,, anddeclinestowards
the substellaregime in logarithmicscale(Table 1.1 and histogramwith solid line in Fig-
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ure1.7). TheIMF derived from the modellingof the luminosity functionof a 20.5arcmir?
region confirmedthoseresults(Muenchet al. 2003).

Taurusis ayoung(1-2Myr), nearby(d ~ 140pc), low-density(n ~ 1-10pc—3) starforming
region locatedabove the galacticplane(b ~ 20°). Thetotal extentof the Taurusregion on
the sky is about100dey?. However, 60% of the pre-main-sequencgtarsare concentrated
in six groupswith anaverageradiusof aboutoneparseq25 onthe sky).
Combiningprevious studies(Bricefio et al. 1998; Luhman2000) with a new optical and
nearinfrared wide-field surney of 8.4 squaredegreesin Taurus,Bricefio et al. (2002) se-
lectedanextinction-limited(Ay < 4) sampleof spectroscopicallgonfirmedmemberglowvn
to 20My,p. Luminosities, effective temperaturesand massesvere inferred for eachin-
dividual memberbasedon their locationin the H-R diagram. Bricefio et al. (2002) and
Luhmanetal. (2003a)concludedhatthe TaurusIMF peaksat about0.8Mg anddeclines
moresharplythanthe TrapeziumClustertowardslow-massandhigh-massstars yielding a
deficit of brown dwarfs and starsmoremassve than1 Mg, in logarithmicscale(Table1.1
andhistogramwith dashedine in Figurel.7).

The p Ophiuchugdark cloud containsa young (< 1 Myr), nearby(d=160pc), andcompact
(D =20) populationof low-massstars.Theregion hasbeenextensvely tamgetedin thenear
infrared(e.g.Rieke & Rieke 1990),in the mid-infrared(e.g.Bontempset al. 2001),andin
theX-rays(Vuongetal. 2003)dueto large extinction (Ay upto 50 mag)hamperingoptical
obserations.Nearinfraredspectroscopis availablefor alarge numberof low-massstars,
including possiblebrown dwarfs (e.g.Greene Ladal1996).

Luhman& Rieke (1999)inferred a completeIMF down to ~ 0.08Mg from a compila-
tion of new spectroscopidataandprevious suneys. They concludedhatthe IMF for the
studiedregion in p Oph matchesthat of Miller & Scalo(1979) at massesabove 0.4Mg
andslowly declinesto the hydrogen-brning limit, in agreementvith a flat IMF found by
Comebn et al. (1993). Theseresultsare consistenwith logarithmicIMF determinations
in the TrapeziumClusterandIC348usingsimilar methodgo infer luminositiesandmasses
for clustermembergLuhmanetal. 2000).

Chameleoris ayoung(1-2Myr) andnearby(d ~ 160pc) starforming region with anangu-
lar sizeof about3 squarelegreegBoulangeletal. 1998)composeaf severalclouds(Wich-
mannet al. 1998). Therelatively high galacticlatitudeandmoderatesxtinction makesthe
region amenabldo unveil brovn dwarfs with X-ray (Neuhause& Comeron1998),near
infrared(Cambresyetal. 1998),andmid-infrared(Persietal. 2000)obsenrations.

A deepHa surey combinedwith nearinfraredimagingof a 300arcmir? areain the most
obscuredregion of the Chameleorcloud revealed22 membersless massve than 1 Mg,
(Comebn etal. 1999;Comebn et al. 2000). The derived massfunction, althoughaffected
by small statistics,is in agreementwith estimatesn otherstarforming regions(Comebn
etal. 2000). A wide-field nearinfrared surwey of aboutone squaredegreein Chameleon
hasextractedanadditionalsetof aboutl0O0memberspanningk = 12—-16mag,onthebasis
of their colour excess(Gomez& Kernyon 2001). Similarly, photometryfrom the DENIS
suney hasextractednev membersincluding possiblebrowvn dwarfs (Vuongetal. 2001).
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1.5.4 Brown dwarfs in young open cluster s

In the previous section,we have focussedon starforming regions and embeddectlusters
to indicatethe advantagescomparedto the solar neighbourhood. We will emphasiséherethe
significantadvantageg+) anddravbacks(—) of youngopenclusters(50-200Myr) comparedo
thefield andstarforming regions:

+ Openclustersare equidistantcoeval sampleof starswith a similar chemicalcomposition
within alimited areaon the sky asstarforming regions.

+ Brown dwarfs arebrighterat youngages. They areolviously brighterin starforming re-
gionsthanin openclustersbut the distancecomesinto play aswell.

+ Masssgyregationandevaporatiornof thelessmassve componentsiffectsclustersolderthan
~ 200Myr, not of interestwithin theframework of thisthesis.

— Largerdistanceshannearbystarsimpliesa lower sensitvity to low-massstars.This effect
is oftencompensatebly the youth of openclusters.

— Contaminatiorby field starsis the biggestdisavantageof openclustersparticularlyat the
faintend,yielding large incompletenesi the substellaregime.

— Incompletenesé the high-massregime becauseof the shortlifetime of high-massstars.
This point andthe previous one constituteargumentsin favour of the studiesdirectedto-
wardsstarforming regionsandmassie clusters.

Most of the suneys have concentratean nearbyandyoungopenclustersto investigatethe
substellamassfunction. Only four openclustersyoungerthan200Myr are closerthan 200pc:
thePleiadesq Per,|IC2602,andIC2391.Wewill emphasisbelov thePleiadesanda Perclusters
for which substellamassfunctionestimatesreavailable(Figure1.8).

The Pleiadesopenclusteris by far the beststudiedopenclusterandthe ideal placeto reveal
very low-massstarsandbrown dwarfs. As aconsequenceéieboloet al. (1995)unearthedhefirst
clusterbrown dwarf, Teidel, followed by mary othersover the lastfew years(e.g.Bouvieretal.
1998andreferencegherein). The reasondor the large numberof suneys tamgetingthe Pleiades
arethefollowing:

1. ThePleiadess arich clusterwith approximatelyl200knowvn members.

2. Theclusteris relatively nearbywith a distanceestimatedo ~ 130pc. Theisochronditting
estimate(d=128pc; Pinsonneaulet al. 1998) hasbeenrecentlyconfirmedby the orbital
solutionof adouble-linedeclipsingbinary (d=132pc; Munari etal. 2004)comparedo the
Hipparcosdistancgd=119pc; vanLeeuwenl999).

3. The clusterpropermotionis u, =+19 mas/yrand us =—43 mas/yr(Jones1973) with a
radial velocity of 5.9 kms™! (Rosvick, Mermilliod, & Mayor 1992). The motion of the
clusteris large enoughto disentanglenemberdrom field stars.

4. The clusteris relatively compactwith the majority of memberdocatedwithin 2.5° of the
clustercentre(Pinfieldetal. 1998).
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Figurel.8: Comparisorof substellamasdunctions plottedasthemassspectrumfor thePleiades
(Bouvieretal. 1998;Martin etal. 1998;Tej etal. 2002;Dobbieetal. 2002; Moraux et al. 2003),

and« Per(Barradoy Navascies et al. 2002) clusters. The massfunction estimatedoy Muench
etal. (2002)for the TrapeziumClusteris includedfor comparisorpurposes.The differentesti-

matesareoffsetalongthey-axisfor clarity.

5. Theclusteris relatively young. The uppermain-sequencturn-of fitting yieldedan ageof
70Myr while thelithium testdervedanageof 125Myr (Staufer etal. 1998).

6. Extinction and reddeningtowardsthe clusterare generallyuniform (Ay =0.12) and the
relatively high galacticlatitude(b =-24) reduceghecontaminatiorby backgrounabjects.

Propemotion studiesusingmulti-epochphotographiglatesrevealedclustermembersiowvn
to the hydrogen-hbrning limit with no significantcontaminatiorby backgroundbjects(Hambly
et al. 1993; Meusingeret al. 1996; Hambly et al. 1999). The searchfor brown dwarfs in the
Pleiadesvasmainly basedndeepopticalsuneysoversmallareasonthesky (Bouvieretal. 1998;
ZapaterdOsorioetal. 1997b;Pinfieldetal. 2000)with subsequentearinfraredimagingto weed
outcontaminatingobjects(ZapateraOsorioetal. 1997a;Dobbieetal. 2002).

Additional spectroscopicriteria, including Ha: in emission,lithium in absorption gravity,
radial and rotational velocities have strengthenedhe membership(Basri et al. 1996; Martin
etal. 1996). The large propermotion of the clusterrelative to field starsallowed Moraux et al.
(2001)to confirmbrowvn dwarf candidateasmembersver atime baselineof five years.

Thenumeroussuneys quotedbelon corvergedtowardscomparablestimate®f the Pleiades
massspectrum(Figurel.8andTablel.1) acrosshestellar/substellaboundary
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e Martin etal. (1998)derveda =1.0+ 0.5in the0.40-0.04%3 , massangebasednadeep
surwey initiated by ZapateradOsorioetal. (1997b).

e Tejetal. (2002)estimatedy=0.5+ 0.2 betweer0.50and0.055M, basedn a purestatis-
tical approachnvolving 2MASSandGSCdatabases.

e Dobbieetal. (2002)inferreda =0.8+ 0.2basednadeepopticalphotometricsurney dovn
t0 0.040Mg,.

e Morauxetal. (2003)found a:=0.6+ 0.11 over the 0.48—0.03V;, massrangefrom acom-
plementarydeep(Z, Z) imagingprogramto the (R, I) suney by Bouvieretal. (1998).

The a Perclusteris the secondbeststudiedopenclusterafter the Pleiades.Although a Per
might be asrich asthe Pleiadesthe membershidist is lesscompletethanthe Pleiadedor the
following reasons:

1. aPerhasa small propermotion not well separatedrom field stars.Hence,propermotion
suneys werelessfrequentandmoresubjectto contaminatiorthanin the Pleiades.

2. The clusteris locatedat low galacticlatitude (b=—7° versusb=-2# for the Pleiades),
increasinghe contaminatiorby reddenedackgroundjiantsandfield stars.

3. aPeris further away than the Pleiades(180pc versus130pc). However, the clusteris
youngerthanits Pleiadesounterpar{90Myr versusl25Myr), yieldingacomparabldoca-
tion of thelithium depletionboundaryl ~ 18.0.

Thereddeningo theclusteris low (Ay =0.30)althoughsomespatialvariationsareseeracross
the cluster(Prosserl994). Propermotion studiesbasedon Schmidtplateshave provided a large
list of probableclustermembergHeckmanretal. 1956;Staufer etal. 1985;Staufer etal. 1989b).
Colourselectionandspectroscopidollow-up were,howvever, necessaryo ascertairthe member
ship of selecteccandidateslueto the small propermotionandlow galacticlatitude of the cluster
(Prosser]1992,1994). Surwys conductedn X-rays confirmedthe membershimf known cluster
membergRandichetal. 1996;Prosseset al. 1996b)andunearthedhen candidatesaterassessed
asmemberssia photometryandspectroscop (Prosse& Randich1998,Prosseetal. 1998).

Recently Staufer et al. (1999) appliedthe lithium test(Reboloet al. 1992)andinferredan
ageof 90+ 10Myr for the a Percluster valuetwice aslarge asthe uppermain-sequenceirn-of
age(50Myr). Combiningoptical and nearinfraredimaging, Barradoy Navascis et al. (2002)
extracteda list of new clustermembersdown to 35My,,. The clustermassfunction waswell
approximatedby apowerlaw of index o =0.59+ 0.050verthe0.3—0.05masgange,n agreement
with the PleiadesestimateqFigure 1.8 and Table 1.1). Additional informationon the clusteris
providedin Chapter3.

Other openclustershave beensuneyed in detailsbut no massfunction estimatehasbeen
madeavailableto date. Themassfunctionfor the 150-20MMyr old openclusterM35 wasderived
down to the hydrogen-birning limit (Barradoy Navascset al. 2001)dueto its larger distance
(d~900pc). Among open clusters,pre-main-sequencenesare of prime interests,including
NGC2547(20—-40Myr and ~ 400pc), IC2391 (30-50Myr and 150pc), and IC2602 (~ 30Myr
and150pc). Thelarge numberof clustermembersn IC2391andIC2602originatefrom X-rays
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suneys with subsequenphotometricand spectroscopi@assessmentsThe age of IC2391 was
recentlyderived from the lithium test, yielding a value of 53Myr (Barradoy Navasci&s et al.
2001a) largerthantheturn-off main-sequencestimatg30Myr).

The main conclusionsof the studiesdirectedtowardsyoungopenclustersand starforming
regions suggesthatthe IMF keepsrising in the substellaregime. However, the recentsuney
conductedn the Tauruscloudindicatea possiblevariationof the massfunctionwith the erviron-
ment.

Thework presentedh thisthesiswill focusonthesearctor low-massstarsandbrown dwarfs
in thesolarneighbourhoodndin openclusters.Chapter2 presentsheresultsof a propermotion
suney carriedout in the southernsky to unearththe closestand coolestneighbourgo the Sun.
Chapter3 andChapterd concentrat®n the substellaiMF in two youngopenclusters.Im Chap-
ter 3, we will reporta nearinfraredwide-fieldsuney of the a Perclusterin additionto therecent
masgunctiondeterminatiorpublishedby Barradoy Navascigsetal. (2002).1n Chapted, we will
describethe resultsof a deepwide-field optical suney with nearinfraredfollow-up obserations
of the pre-main-sequenagpenclusterCollinder359.



Chapter 2

Proper motion survey for nearby
low-mass stars and brown dwarfs iIn
the southern sky

Aiming atfindingthe closestneighbourgo the Sun,anew high propermotionsurey wasini-
tiatedin the southerrsky for declinationsbelov —33° by Scholzetal. (2000)using6°® x 6° pho-
tographicplatesfrom the United Kingdom SchmidtTelescopdUKST) andmeasurementsiade
with the Automatic PlateMeasuring(APM) machineat Cambridge. The approachwasinitially
basedbnmeasurementsf UKST photographiglatesin two passband&B; andR) atepochssep-
aratedby aboutl5years.Typical limiting magnitudesrom thephotographiglatesare By ~ 22.5
magandR ~ 21 mag. Searchradii of 60to 90 arcseanvereusedto recover typical propermotions
of 0.3-1.0/yr dependingpn the epochdifference.The pilot surwey revealedabout100new high
propermotion starsover thousandsquaredegreesbetweer0” and7” in right ascensiomndfrom
—63° to —32 in declination,includingwhite dwarfsaswell asK andM dwarfs. More recently
this propermotion suney hasfocusedon the searchfor low-massstarsandbrovn dwarfsin the
solarneighbourhood.

Thischapterdedicatedo therecentesultsof thesearctor redhigh propermotionstarsjs or-
ganisedhsfollows. In § 2.1, we presenthesampleof about70very redhigh propermotiontargets
selectedasbrown dwarf candidatesin § 2.2, we describethe obserationsandgive anovervienv
of the varioustelescope/instrumemnfigurationsusedfor imagingandspectroscopifollow-up
obserations.In § 2.3,we detailthedatareductionof the opticalandnearinfraredphotometryand
spectroscop Generalresultsof the propermotionsuney aregivenin § 2.4. Interestingobjects
discoreredwithin theframawork of thesuney arehighlightedin thefollowing sectionsjncluding
somesubdvarfs (§ 2.5), anactve M8.5 asa wide companionof a M4/DA binary (§ 2.6),two M
dwarfs within 10 parsecq3 2.7), threeultracooldwarfs in the solarneighbourhood§ 2.8), and
the nearesbinary brovn dwarf, € IndiBa,Bb (§ 2.9). Conclusionsandfuture plansarepresented
in § 2.10.

The discoreriespresentedn this chapterare describedn more detailsin seseral published
papersjncluding:

1. Lodieu, Scholz,& McCaughrear{2002b)reportedthreel dwarfsin the solarneighbour
hoodalthoughtwo of themweresubsequentlglassifiedasM dwarfs.

2. McCaughrean$Scholz,& Lodieu(2002b)discoreredtwo M dwarfswithin 10 parsecs.

3. Scholz,Lodieu, Ibataet al. (2004) relatedthe discovery of an actve M dwarf asa wide
companiorto abinarysystem.
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4. Scholz,McCaughreanlodieu, & Kuhlbrodt(2003)reportedthe discovery of ¢ Indi B re-
solvedlaterinto a binary systenby McCaughrearetal. (2004).

5. A paperonthegeneraresultsof theentirepropermotionsuney is currentlyin preparation
(Lodieuetal. 2004).

The resultspresentedn this chapterconstitutethe outcomeof a teamwork (mainly R.—D.
Scholz,M. J. McCaughreanand myself). We will use“we” andnot“l” to describethis work
throughoutthe whole chapter Nevertheless] would like to stressthatthe sampleselectionwas
conductedby Ralf-Dieter Scholz. My contrilution consistedn reducingand analysingoptical
andnearinfraredimagingandspectroscopicataobtainedfor the whole sampleof objects. The
datareductionof theadaptve opticsdataobtainedfor thee Indi B systemwascarriedoutby Mark
McCaughrean.

2.1 The sample

The propermotion suney describedhereaimsat finding brown dwarfs in the solar neigh-
bourhoodamongselecteded high propermotion objects. A first setof follow-up imagingand
spectroscopidatafor redpropemotionobjectswasobtainedn 1999with theFORS1andISAAC
instrumentonthe ESOVery Large TelescopatParanal Chile. At thistime, thepreliminarysam-
ple revealedonly early andlate-M dwarfs aswell ascool white dwarfs (Scholzet al. 2002). The
high propermotion suney was extendedlater by Ralf-Dieter Scholzusingthe SuperCOSMOS
Sky Sunweys (hereaftelSSS)databask covering the whole southernsky from —90° to +2.5 in
threepassbandéB;, R, andI) andatfour differentepochsWe shouldstressherethatthesample
is neithermagnitudenor volume-limited. Theintrinsic limit of oursurwey is givenby theflux limit
of the photographiglates. The objectsare randomlyselectedbn the basisof their large proper
motionsand optical and/oroptical-to-infraredcoloursfor spectroscopidollow-up obserations.
Candidate$ave generallypropermotionslargerthan0.3’/yr. The colour selectionof the candi-
datesdid vary accordingto the type of objectswe aimedat finding. The searchprocedureo find
nearbylow-massstarsandbrovn dwarf candidategvolved with time for thefollowing reasons:

1. With time andexperiencethecolourscutshave beenimprovedto uncover latertypedwarfs.
As anexample,mostof theL dwarfsturnedoutto be undetectedn the B; passband.

2. Thefull southerrsky I-banddatabasérom the UK SchmidtTelescopeavasreleasedit the
SuperCOSMOSSky Suneyswebpage.

3. TheTwo Micron All-Sky Suney becamdully availableandenabledcolourselectiondased
on optical-to-infrarecandinfraredcolours.

Combiningvariousapproacheanddifferentselectioncriteria, several samplesof propermo-
tion objectsselectecasbrown dwarf candidatefiave beenextracted.Theoriginal or ‘preliminary’
samplecontainedobjectsmostly selectecon the basisof their B;—R colours. At thattime, most
objectswerelacking I-bandandinfrared measurementasthe SSSand 2MASS databasewere
not yet fully released. The remainingsamplestake into accountpropermotion and colour as
selectiorcriteria.

Yhttp:/www-wfau.roe.ac.uk/sss/
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We describeherethe sampleof red propermotion objectsselectedby Ralf-Dieter Scholzas
brown dwarf candidate$or spectroscopifollow-up in theopticaland/orin thenearinfrared. The
samplecontainsé subdvarfs, 10 early-M dwarfs (< M5), 47 late-M dwarfs (M5.5-M9.5), four
L dwarfs, andthe nearesbinary brown dwarf, € Indi Ba,Bh The photometricand spectroscopic
resultsare given in Table A.1 in AppendixA. The optical (6000-1000®) spectraare shawn
in Figures2.1 and 2.5, and FiguresA.2 and A.3 in AppendixA. Nearinfrared (1.0—2.5um)
spectraare displayedin Figure A.4 in AppendixA. Sometemplateobjectswith well-knowvn
spectratypeshave beenaddedor comparisompurposesincludingKelul (L2.0; Ruizetal. 1997),
BRI B0021-0214(M9.5; Irwin, McMahon,& Reid1991),andLP944-20(M9.5; Tinney 1998).

2.2 Observations

Opticalandnearinfraredphotometryandspectroscopwereobtainedwith severaltelescopes
andinstrumentsn serviceandvisitor modes. The obserationsaswell asthe characteristicef
eachinstrumentarebriefly describedelow.

¢ Optical imaging was obtainedfor a ‘preliminary’ sampleof selectedred proper motion
objectswith VLT/FORS1in servicemode (grey time and seeing< 0.8’). The aim was
to derive moreaccuratemagnitudesandcoloursthanthe SSSphotometryandobsere the
objectslacking I-bandmeasurements.
FORSL1is a focal reducermulti-modeinstrumentmountedon the UT1 on the VLT. The
camerds equippedvith a2048x 2048pixel TK thinnedCCD chip. Thepixel sizeis 24 ym,
correspondingo a spatialresolutionof 0.20arcsecyielding afield of view of 6.8 x 6.8.
A seriesof threeditheredpositionsin the Rp.ssenr andIgessep; broad-bandilters, exposed
10and5 sec respeciiely, wereobtainedor all the objectsamongthe‘preliminary’ sample.
Standardstarswereobsenred duringthe nightto calibratethe magnitude®f ourtaget.

¢ Nearinfraredimagingwasobtainedn servicemode(seeing< 0.8") with the ISAAC cam-
eraontheVLT for the‘preliminary’ sampleduringthe sameobservingoeriodsastheoptical
imaging.As the 2 Micron All-Sky Surwey is now fully releasednewly selectedropermo-
tions objectshave generallyinfraredcounterparts.
The nearinfrared cameralSAAC is equippedwith a HAWAII 1024x 1024 pixel array
(Moorwood & Spyromilio 1997) optimisedin the 1.0-2.5um rangewith a pixel size of
0.147, yielding a field of view of 2.5 x 2.5. A seriesof five ditheredpositions,exposed
two secondswasobtainedn threebroad-bandilters (J;, H, K;) to subtracthe sky back-
ground. Standardstarswere obsered during the night to calibratethe magnitudesof our
tamget.

e Opticalspectroscopwasobtainedoy Ralf-DieterScholzandmyselfwith EFOSC2mounted
ontheESO3.6-mtelescopetLa Sillain November2001andDecembef002. Thecamera
usesa 2048x 2048pixel Loral/LesserCCD with a pixel sizeof 0.157', yielding a useful
field-of-view of 5.2 x 5.2. A 1 arcsecslit wasusedfor spectroscopwith Grism12 cover
ing 6000—1000@ at a resolutionof R ~ 600. Up to threespectrashiftedalongthe slit by
~ 100 pixels were obtainedfor eachtamget dependingon the brightnessof the object. An
internalquartzlampflat field wastakenjust afterthe spectrurrin orderto remove efficiently

2ESOprogramme$3.L-0634,65.L-0689,68.C-0664and70.C-0568



50 Propemmotion suney for nearbyred dwarfsin the southerrsky

the fringing abore 8000A. Arc lampswere obtainedbeforeandafter the night to achieve
the wavelengthcalibration. Spectrophotometristandardsvere alsoobsered to calibrate
ourtametsin flux.

¢ Nearinfrared spectroscop wasobtainedwith Sofl (Sonof ISAAC) mountedon the New
TechnologyTelescopdhereafteNTT) atLa Sillain November2001by Ralf-DieterScholz
andmyself. The nearinfrared camera/spectrograpbofl is equippedwith a 1024x 1024
pixel HQCdTe HAWAII array (Moorwood & Spyromilio 1997)with a pixel sizeof 0.294'
for the Large Field Objectve usedfor spectroscop A 1 arcsecslit wasusedfor boththe
blue (0.95-1.64:m) andthered (1.53—-2.52:m) gratings,yielding aresolutionof R ~ 600.
Threepositionsalongtheslit shiftedby ~ 100 pixelsweretakento remove the background.
Arc lampswereobtainedbeforeandafterthe nightto achieve wavelengthcalibration.Fea-
turelessspectroscopistandardgtypically F5—F8)weremeasuredvithin onedegreeonthe
sky to remove telluric absorption.

2.3 Data reduction

Thedatareductionin theopticalandin thenearinfraredimagingandspectroscopimodesvas
conductedy myselfusinglRAF in asimilar manneffor eachtelescope/instrumegonfiguration.
A gquick overview is presentedbelow.

2.3.1 Optical imaging

The datareductionof the opticalimagingconsistedn subtractingbiasanddividing eachin-
dividual scienceframe by the domeflat-field. Subsequenaperturephotometryin Rgqsse; and
Iessen filters wascomputedwith the APPHOT packagen IRAF on eachindividual frame. Er-
rors on the magnitudesare estimatedrom the differencesetweenthe threemeasurementslhe
measurednagnitudesverethencorrectedor the extinction at Paranalandfor exposuretime fol-
lowing the equationgivenbelow.

The typical extinction coeficientsat Paranalare 0.13and 0.09in Rpesseyy and Igesserr, re-
spectvely (aslistedin the ESOweb page).The sameprocedurevasappliedto the standardstars
obsenred on the samenights and the aperturekept constantfor photometry The derived zero
pointswerethenappliedto the tamgets. No colour equationwasusedin the computationof the
magnitudes.

2.3.2 Near-infrared imaging

Thedatareductionof the nearinfraredimagingdiffersfrom the optical dueto the highersky
backgroundndwasachiezedasfollows. Differentialflat-fields(lights on — off) weretakenbefore
or aftereachnight of obserationsandaveragedo createa meanflat-field frame. To subtracthe
backgroundon eachscienceframe, the four remainingexposureswvere averagedto createa sky
image.Theraw imagewasthensky-subtractedandflat-fielded. The sameprocedurenvasapplied
to the standardstars. Subsequeraperturgphotometrywascomputedwith the APPHOT package
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in IRAF on eachindividual framein the Js, H, and K filters. The measurednagnitudesvere
correctedfor extinction and exposuretimes accordingto the equationgiven abore. The mean
extinction coeficientsat Paranalare0.11,0.07,and0.06in J, H, and K, respectrely. A mean
zeropoint, obtainedfrom several measurementsf standardstarsobsered throughoutthe night,
wereappliedto theinstrumentamagnitudes.

2.3.3 Optical spectr oscopy

The datareductionof the optical spectroscopwascarriedout within the IRAF environment
(package®nedspeandtwodspeg andconsistedn severalstepsdetailedbelow.

1.

Tenbiasframes,taken beforethe night, wereaveragedby rejectingthe lowestandhighest
valuesof eachindividual pixel. The resultingmeanbiasis thensubtractingfrom the raw
sciencamage.

A meanflat field was createdby averagingfive domeflats with a minmaxrejection. This
procedures adaptedor the VLT/FORS1spectroscop However, the presencef fringing
redward of 8000A in the ESO3.6-m/EFOSC2latarequiredthe obserationsof aninternal
flat fieldimmediatelyafterthefirst spectrunof eachtagetto remaove thefringing efficiently.
A responsdunctionwas createdo correctfor the wavelengthdependencef theflat-field
usinga high-orderpolynomialalongthedispersioraxis (taskresponsg

Thebias-correctedcienceramewasthendivided by the normalisedpolynomialfit of the
flat-field.

. Thelocationof theaperturethe size,andthe backgroundevel wereestimatednteractvely

(taskapsun). Theaperturevariesfrom few pixelsupto 10 or sodependingnthebrightness
of the source.The traceof the spectrumwasfit throughoutthe entire spectrumby a cubic
splinefunction, yielding the extractionof a one-dimensionaspectrum.

TheHeandAr linesweremarkedin arclampspectraandidentified(taskidentify) to createa
linearfit of thewavelengthasafunctionof thepixel number Thetwo-dimensionaturvature
of the arc spectrawasalsotaken into accountby thetask. Referencdaablescontainingthe
accuratepositionswere available within IRAF for cross-correlationvith the obsered arc
lamps.

The dispersionsolution was assignedo the sciencetarget accordingto the linear fit of
the wavelengthas a function of the pixel number(taskdispco)). The startingandending
wavelengthaswell asthe wavelengthper pixel andthe numberof pixels were outputand
shouldobviously correspondo the parameterfistedin the usermanualof theinstrument.

. The final stepwasthe flux calibrationof the sciencespectrum(task calibrate) expressed

in egcm-2s! A~L. This procedureequiresobsenationsof spectrophotometristandard
starswhosedatareductionwasidenticalto the sciencearmets. Two morestepswere,how-
ever, requiredto correctfor the non-uniformresponsef the detectorover the whole wave-
lengthrange.The numberof countsfor eachstandardstarwereintegratedover bandpasses
(typically 20-50A) to tatulatethe flux accordingto the numberof countsat a given wave-
length(taskstandad). A meansensitvity functionwasextractedfrom severalstandardstar
obsenationsto calibratein flux the sciencespectrumtasksensfung
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The calibratedspectrawvere normalisedat 7500A. No removal of the telluric absorptiorhas
beenapplied.Optical (6000-10000‘3\) spectraof the coolestobjectsdiscoreredwithin the frame-
work of the propermotion suney are shavn in Figure 2.1. Optical spectraof M dwarfs are
displayedn FigureA.2 andA.3 in AppendixA. Spectraof subdvarfsaredisplayedn Figure2.5.

2.3.4 Near-infrared spectr oscopy

Thedatareductionof thenearinfraredspectroscopconductedvith VLT/ISAAC andNTT/Sofl
wasdifferentfrom the opticalproceduradueto the higherandvariablesky backgroundatinfrared
wavelength. A minimum of threespectrashiftedalongthe slit by ~ 100 pixels was obtainedto
remove the sky background.Featurelesstandardsvereobsered at a similar airmasgo remove
thetelluric absorptiongpresenin the spectreof thetamgets.

Theinitial phaseof the datareductionrequiredthe subtractionof the sky background.The
procedureis similar to the infrared imaging as spectrawere combinedby pairs and averaged.
We subtractedhe combinedspectrafrom the remainderspectrumand subsequentlgivided by
theresponsdunction of the flat-field. We extracteda one-dimensionaspectrumandappliedthe
wavelengthcalibrationin a similar mannerasfor the optical spectra. The whole nearinfrared
rangewascoveredwith threegratingsfor ISAAC in J (1.1-1.4um), H (1.42-1.82um), and K,
(1.82—2.5Qum). A slightly larger wavelengthrangewas coveredwith the blue (0.95-1.64m)
andred (1.53-2.52um) gratingsusingthe Sofl instrument. We repeatedhe samedatareduction
procedurdor eachfilter.

Then,we averagedhethreeindividual wavelength-calibrat spectraanddividedthemby the
averagedspectrumof thefeaturelesstandarcdbbsened just beforeor afterthe scienceframeat a
similar airmasgo getrid off thetelluric absorptionsWe multiplied theresultingspectrumby the
blackbodyspectrumof a templatewith the samespectraltype asthe standard smoothedo the
resolutionof thetamgetspectra.To achieve this step,we have usedstellarspectraof O to M dwarfs
(Pickles1998) covering 1150—2500@ available at the ESOwebpagd. Thosetemplatespectra
were degradedto the resolutionof our obserationsby a simple smoothingoperation. Hence,
nearinfraredspectraarenot flux-calibratedoecause¢he standardstarsarenot spectophotometric
standardsgontraryto optical spectra.This stepcan, neverthelessbe achieved by comparingthe
spectrao the nearinfrared JHK magnitudesvhenavailable.

Nearinfrared (1.0—2.5um) spectraof our tamgets, normalisedat 1.25um, are displayedin
FigureA.4 in AppendixA.

2.4 General results of the proper motion survey

The primary selectioncriteria of the bona-fidebrown dwarf candidatesvastheir significant
propermotion. The optical and/orthe infrared coloursof the selectedobjectsprovided a rough
classificationof the target. However, spectroscop wasmandatoryto classifyaccuratelythe ob-
jectsand estimatetheir distance. Altogether optical and/ornearinfrared spectroscop was ob-
tainedfor about70 objectsusing a variety of telescopesandinstruments. The spectralclassifi-
cationof the selecteded propermotion objectsis basedon the schemeslefinedby Martin et al.

Shttp://www.eso.og/instrumentsfisaac/lib/
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Figure 2.1: Optical (6000—100003\) spectraof the latest (M9-L2) nearby objects found in

the course of our southernsky proper motion suney. Spectraof SSSPM J2356-3426
(M9.0), SSSPMJ2352-2538(M9.0), SSSPMJ23075009(M9.0), SSSPMJ0222-5412(M9.0),

SSSPMIJ2316-1759(M9.5),andSSSPMI24006-2008(M9.5), SSSPMJ0219-1939(L1.0),and
SSSPMJ0829-1309 (L2.0; Scholz& Meusinger2002). Two templateM dwarfs, LP944-20
(M9.5) andBRI B0021-0214(M9.5), arealsoshavn for comparisonSpectratypesareaccurate
to half asubclassTelluric featureshave notbeenremoved from the spectraAn arbitraryconstant
hasbeenaddedto the spectrdor clarity.
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(1999b)andKirkpatrick etal. (1999b).

Wehave appliedtherecipedescribedn Sectionl.4.2in Chaptell to assigrspectratypeswith
uncertaintie®f half a subclasr better A brief summaryis given here. We have computedthe
VO-a(Tablel.2;Kirkpatrick etal. 1999h),TiO5 (Tablel.2;Reidetal. 1995),andPC3(Tablel.2;
Martin et al. 1999b)andtook the averageof the threevalues. Then, we have determinedthe
spectraltype of our targetsby comparingthe spectrumwith the spectrumof aM dwarf template
obseredwith the sametelescope/instrumerwbnfiguration.Finally, we have averagedhe results
obtainedndependentiyoy bothmethods.

Spectralndicesversusspectratypesaredisplayedn FigureA.1 in AppendixA. Thosegraphs
clearlydemonstrat¢hatsomedispersiorexistsfor the TiO5 andVO-aindices.However, the PC3
index correlatewverywell andappearssthemostaccuratespectraindex for our sampleof M and
L dwarfs.

The spectralclassificationof nearinfrared spectrarelied on templateswith well-determined
opticalspectratypesavailableon Sandyleggetts webpage.As thespectraklassificatioris more
accuratelydefinedin the optical, we have favouredthe optical spectraltyping to the infraredone
whenthetamgetwasobsered atbothwavelengths.

The sampleof propermotion objectspresentedn this chapterincludes6 subdvarfs, 10 M
dwarfswith spectratypesearlierthanM5, 47 late-M dwarfs,four L dwarfs,andthenearesbinary
brown dwarf discoreredto date.TableA.1 in AppendixA lists 67 red propermotion objectswith
their coordinategin J2000),epochsandpropermaotionsin mas/yr The opticalandnearinfrared
magnitudedor all tagetsareprovidedin TableA.2 in AppendixA. Thevaluesof spectraindices
andthe derived spectraltypesaregivenin TableA.3 in AppendixA. Opticalspectraof thelatest
ultracooldwarfs (M9-L2) foundin the surwey aredisplayedin Figure2.1. Spectraof early and
late-M dwarfsareshavn in FigureA.2 andFigureA.3 in AppendixA, respectiely. Nearinfrared
(1.0-2.5um) spectraaredisplayedn FigureA.4 in AppendixA.

We have estimatedhe photometricdistanceof the propermotion objectswithin our sample
usingthe I — J coloursversusspectratypesrelationgivenin Dahnetal. (2002). Thoserelations
arebasednlate-typedwarfswith parallaxmeasurementndvalid in thespectratangeM6.5-L.8.
Dueto differencesbsenedin the I filter definition(centralwavelengthandwidth), moreaccurate
distanceestimatesare obtainedwith the absoluteJ magnitudeversusspectraltype relationship
givenbelon (Dahnetal. 2002):

M; = 8.38 + 0.341 x SpT

whereSpT="7 for spectratypeM7 upto 18for spectratypel 8, with adispersiorof 0.25mag.
Apparent/ magnitudesreavailablefrom the2MASSdatabaséor all propermotionobjects.For
objectswith earlierspectraltypes,we have usedthe primary standardsistedin Kirkpatrick etal.
(1991). The histogramof the distancedistribution of our sampleof propermotion objectsis
displayedin Figure2.2. The shadedareaincludesall objectslater than spectraltype of M6.5.
Figure2.2 shawvs thatmostof the objects(~ 95%) arelocatedwithin 50 parsec®f the Sun.

Uncertaintieson the photometricdistancesare givenin Table A.2 in AppendixA. We have
usedthedispersionvalueof 0.25maggivenin Dahnetal. (2002)andconsiderednupperlimit on
theerrorof the2MASS J-bandmagnitude®f 0.1 mag. Themajoruncertaintie®n the photomet-
ric distancesare, on the one hand,the uncertaintyon the spectraltype determination(generally
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Figure 2.2: Distribution of the photometricdistanceqin pc) of the propermotion objectsfound
in the courseof our suney in the southerrsky. Distancesandtheir uncertaintiearelistedin Ta-
ble A.2in AppendixA. Theshadedireaindicateghestarswith spectratypeslaterthanM6.5 with
photometriadistanceslerived from theabsolutemagnitude-spectrayperelationfrom Dahnetal.
(2002). For spectraltypesearlierthanM6, we have usedthe primary standard$rom Kirkpatrick
etal. (1991). This graphshavs thatmostof the objectsarewithin 50pc of the Sun.

betterthanhalf a subclasspnd,on the otherhand,the uncertaintyon the luminosity of the stan-
dardstars.As a consequencehesephotometricparallayxesarenot a linearfunctionof decreasing
mass. The cosmicscatterdue to inhomogeneousampleof objectsin termsof metallicity, age,
andspin(Kroupaetal. 1993)is neggligible comparedo the uncertaintiegjuotedabove.

Out of 52 propermotion objectsobsened spectroscopicallyn the optical, more than half
of themexhibit Ha in emission(Figure 2.3). The chromospheri@ctivity is very high in some
objectswith equivalentwidthsupto 15A. Amongtheactive objects,18 exhibit equivalentwidths
largerthan5 A. Thepeakof Ha: emissiornoccursaroundspectratypesM7—M8, in agreementvith
previous studiesof nearbystars(Hawley et al. 1996; Gizis et al. 2000). Neverthelessabout10
objectswith earlierspectraktypes(M4—M5) exhibit large equivalentwidths. It is known thatthere
is a strongconnectiorbetweerrotationandchromospheri@actiity for in K to mid-M dwarfs but
thistrendis lessclearfor latertype dwarfs (Mohanty& Basri2003).

We have also investigatedthe distribution of the equivalent widths of two gravity-sensitve
doublets K I at 7665/7699 andNal at 8183/8195\ asa function of spectraltype (Figure2.4
andTableA.3). TheK | doubletis resohed at the resolutionof the spectrabut the Nal doubletis
not. Figure2.4shavsthattheK | equivalentwidthsareratherconstanwith spectratypewhereas
the Nal peakaroundspectraltype M8. Theseresultsshouldbe consideredastrendsdueto the
limited statisticsbut will be comparedvith spectroscopicesultsobtainedfor low-massstarsand
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Figure2.4: Gravity featureequivalentwidths (in ,&) versusspectratype (4 = M4,5= M5, 10=
LO, etc...) for all red propermotion objectsexceptthe subdvarfs andthe objectsobsered only
in the nearinfrared. The K | doubletat 7665/7699 is shavn in the left panelwhereaghe Nal
doubletat8183/8193 is in theright panel.
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brown dwarfsbelongingto the a Percluster(Chapter3).

2.5 Subdwarfs in the solar neighbourhood

Six subdvarfs have beenidentifiedamongour sampleof red propermotion objects.The sub-
dwarfsarelistedin Table2.1 alongwith their coordinatesspectraltypes,heliocentricvelocities,
estimatednassesnddistances.

The spectralclassificationof lower metallicity objects([Fe/H] between—2.0 and —1.0) than
normal dwarfs wasundertaken by Reid et al. (1995)andlater on extendedby Gizis (1997). As
describedn the latter paper threesteps,involving TiO and CaH bandstrengthaneasurements,
arerequiredto pin down the spectraltype. All objectsconsideredn this section(Figure2.5and
Table2.1)fulfil the cutofs criteriadefinedby Equationsi—6givenin Gizis (1997).

Table 2.1: The six subdvarfs found within the framavork of the propermotion suney in the
southerrsky. Namescoordinategin J2000) spectratypeswith anuncertaintyof half asubclass,
heliocentricradialvelocities(in km/s),estimatednassei solarmassefrom Barafe etal. (1997),
anddistancesn parsecarelisted. Errorsonthe massesake into accounthe uncertaintieon the
magnitudesandmetallicity.

Taget R.A.(J2000) | Dec(J2000) | SpT | Vaa (kmis)| M (Mg) d (pc)
LP815-21 20280452 | —181857.5 | esdM0.0| +122+20 | 0.200+0.100 | 325+ 15
LP614-35 1207:51.63 | —00:52:32.0 | esdM0.5| +288+20 | 0.11G£0.020 | 103+ 15
CE352 1340:38.77 | —30:32.02.7 | esdM3.0| —66+20 | 0.100+0.020 | 151+ 15
LP 314-67 09.48:05.16 | +26:2418.9 | sdM3.5 | +214+20 | 0.110+0.020 | 151+ 15
SSSPMJ0506-5406 | 05:00:15.77 | —54:06:27.3 | esdM6.0| +247+20 | 0.090+0.020 | 60415
SSSPMJ1936-4311 | 19.2940.99 | —4310:36.8 | sdM5.5 — 0.085+0.020 | 44+15

Fromtheindices,threeobjectsnamelyLP614-35,CE 352,andSSSPMJ05006-5406,areun-
ambiguouslyclassifiedasextremesubdvarfswith spectratypesesdM0.5esdM3.0andesdM6.0,
respectrely, with anaccurag of half a subclass.Thelatter SSSPMJ0506-5406,is amongthe
coolestextremesubdvarfs foundto date. This objectis ascool asLHS 1826 (esdM6.0;Gizis &
Reid 1997)but warmerthan APMPM J0559-2903 (esdM7.0;Schweitzert al. 1999). The sam-
ple of late-M subdvarfs hasrecentlybeenextendedby the discovery of thefirst two L subdvarfs
(Burgasseetal. 2003c;Lépineetal. 2003a).

ConcerningLP815-21,this objectlies in the boundaryregion betweensubdvarfs and ex-
tremesubdvarfs (cf. Figurelin Gizis 1997). A directcomparisorwith the spectrunof LHS489
(esdM0.0:Gizis 1997)allowed usto classifyit asa esdM0.0dueto the similarity of their spectra.

Anotheruncertainobject, LP314-67,appearsambiguous.Spectralindicesdefinedby Gizis
(1997)classifythis objecteitherasa subdvarf or anextremesubdwvarf or both. Directcomparison
with templatesubdvarfsandextremesubdvarfsfrom Gizis (1997)solved the ambiguity yielding
aspectratypeof sdM3.5.

Finally, despitethelow signal-to-noisespectrunof SSSPMJ19306-4311,theclassificatioras
asubdvarf of spectrakype sdM5.5+1.0 couldbeestablished.

We have detectedspectralline shiftsin the Call lines at 8542and 8662A in all objectsex-
cept SSSPMJ1933-4311, wherethe signal-to-noiseof the spectrumwastoo low. The wave-
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Figure2.5: Spectreaof six subdvarfs andextremesubdvarfs found amongthe propermotion ob-
jectsobsered with VLT/FORSl1land ESO3.6m/EFOSC2.From bottomto top are LP 815-21,
LP 614-35,CE 352, LP 314-67,SSSPMJ05006-5406, and SSSPMJ1930-4311 classifiedas
esdM0.0,esdM0.5,esdM3.0,sdM3.5,esdM6.0,and sdM5.5, respectiely, basedon the scheme
describedn Gizis (1997).Major absorptiorbandsareoverplotted.An arbitraryconstanhasbeen
addedo eachspectrunfor clarity.

length shifts indicatethat thoseobjectshave a radial velocity component. The computedshifts
of 43.5, +8.0, —2.5, +6.5, and +7.0+ 0.5,&, correspondo heliocentricradial velocities of
+122, +288, —66, +214, and +247+20km/s for LP815-21,LP614-35,CE 352, LP314-67,
SSSPMJ0500-5406,respectiely (Table2.1).

Themetallicity of subdvarfsandextremesubdvarfs,definedhereastheiron to hydrogerratio,
is estimatedas[Fe/H]=—1.2+ 0.3and[Fe/H]= —2.0+ 0.5, respectiely. Theenhancemertf the
oxygento iron ratio originatingfrom the productionof oxygenin typell superngaeis takinginto
accountin the computationof the metallicity (Barafe et al. 1997). Hence,we have computed
the physicalparameter®f all subdvarfs (Table 2.1), including distanceand mass,accordingto
the evolutionarymodelsfrom Barafe et al. (1997)at anageof 10Gyr. The errorsonthe masses
includeuncertaintie®n the magnitudesswell asuncertaintieon the metallicity.
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2.6 An active M8.5 dwarf wide companion to a M4/DA binary

We have recentlydiscoreredan active late-M dwarf asa wide companiorto a M4/DA binary
systemwithin theframework of our propermotion program(Scholzetal. 2004).

APMPM J2354-3316Cwasfirst detectedn the UKST B; and R plateswith a subsequent
detectionin the R and I bandsfrom SuperCOSMOSSky Suneys at differentepochs.We have
selectedhis objectasa field brovn dwarf candidatébasecdbnits large propermotion (about0.5")
andredopticalcolour(R-I ~ 2.7). Later, weidentifiedit asacommonpropemmotionto analready
known binary consistingof a mid-M dwarf (LHS4039)anda white dwarf (LHS4040). The pair
wasoriginally discoveredby Luyten (1979)during his Bruce propermotion suney anda recent
spectralclassificationby Oswalt, Hintzen,& Luyten (1988)assignedspectraltypesof dM4 and
DA5+ to LHS4039andLHS4040,respectiely. The photometriadistanceof the pair is estimated
to 21pcin the ARICNS databaséor nearbystaré. Thetriple systemis the first M4/white dwarf
pair complementedby alate-M dwarf componentall threebeingwidely separateédndsuitedfor
detailedfollow-up obsenations.

Two optical spectraof APMPM J2354-3316C were obtainedon 3 October1999 with the
EFOSC2cameramountedon the 3.6-mtelescopeat La Silla. Onespectrumwastaken with the
grism#1covering the wavelengthrange3200—-1090@&. The spectrumof the objectwastypical
of a late-M dwarf and consideredas a possiblebrovn dwarf. Hence,a secondhigherresolu-
tion spectrum(R ~ 600), exposedd00sec,was obsered during the sameobservingrun with the
grism#12,covering 6000—1000G (thin line in Figure 2.6). The datareductionfor the second
spectrumwasstandardandis describedn § 2.3. The PC3index definedby Martin etal. (1999b)
yieldeda spectraltype of M8.7 while the VO-aindex from Kirkpatrick etal. (1999b)gave M8.3.
A directcomparisorwith templatespectra(M7.5—M9.5)from Kirkpatrick et al. (1999b)aswell
aswith late-M dwarfsfrom otherpropermotion objectsobsered with the sametelescopeonfig-
urationledto aspectratypeof M8.5, with anuncertaintyof half asubclassComparinghe JHK ;
magnitudesrom 2MASS andthe absolutemagnitudesf two M8.5 dwarfs given by Dahnetal.
(2002),we have derived a spectroscopidistanceof 19.5pc, in goodagreementvith the ARICNS
estimate.

We obsened APMPM J2354-3316Cwith low-resolution(R=600) spectroscopin the near
infrared (0.9-2.5:m) on 25 November2001 with the cameraSofl mountedon the NTT at La
Silla. The datareductionof the nearinfrared spectrumwas identical to the other taigetsand
is describedin § 2.3. The comparisonwith infrared spectraavailable on Leggetts web page
yieldeda spectraltype of M8, with an uncertaintyof half a subclassconsistenwith the optical
classification However, sincetheopticalclassificatiorschemes moreaccuratelydefined we have
assigneaspectratypeof M8.5+ 0.5to APMPM J2354-3316C.Thenearinfraredclassification
of M8.0would placethe objectat a distanceof 25pc by comparisorwith four M8 dwarfslistedin
Dahnetal. (2002).

We obtaineda new low-resolutionopticalspectrunmof APMPM J2354-3316Con 8 December
2002with thesameéelescope/instrumerbnfiguratiorasthepreviousopticalspectrum(EFOSC2;
grism#12). The datareductionwas also identical for both spectra. Both calibratedspectraare
overplottedin theupperpartof Figure2.6. Thespectrunmtakenin Octoberl999is shavn asathin

“http://www.ari.uni-heidelbeg.de/aricns/
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Figure2.6: Top: Flux calibratedspectraof APMPM J2354-3316Cin quietstate(thin line) from

1999andwith strongH,, emissionin 2002 (thick line). Bottom Thedifferencespectrumwhich

is a perfectblue veiling continuumplus H,, at 6563.82 andHel at 6678.1A in emissionwith

equivalentwidthsof 61.4+ 5.0A and2.3+ 0.5A, respectiely. FromScholzetal. (2004).

line whereaghe 2002 spectrumis displayedasa thick line. The lower partof Figure 2.6 shavs
theresultaftersubtractinghe spectrunobtainedn 1999from the 2002spectrum.

Thedifferencebetweenthe two spectreof the sameobject,taken with the sameinstrumental
set-up,is striking. Not only doesthe recentspectrumexhibit a large H, emissionline, but a
very strongblue continuumis also presentmakingthe optical colour of the objectbluerin the
active state.Many otherlate-M dwarfs wereobsened during that night andnoneof themexhibit
sucha blue continuum. Furthermorea look at the raw imageimmediatelyrevealeda peculiar
behaiour below 75004, excluding an incorrectdatareduction. Unfortunately we arelacking
anotheroptical spectrumof APMPM J2354-3316Cduringthatnight (andthe observingrun) so
thatthe durationin time of theeventis unknavn. Notethat APMPM J2354-3316Chasalsobeen
taigetedin X-rayshbut no excesswasdetectedht the positionof the objecton 13 Decembel001,
suggestingninactive stateatthattime.

Theflarespectrumof APMPM J2354-3316Cexhibit strongHa at6563A andHe | at6678A
emissionlines aswell (Figure 2.6), with equivalentwidths of 61.4+ 5.0A and 2.5+ 0.5A, re-
spectvely. The flux containedin the Ha emissionline during the flare spectrumwas 2.8 x
10~ egecm—2s~! whereaghe flux in the quiescenstatewas5.0 x 10~ egem=2s™!. As-
suminga distanceof 21 pc, the Ha luminosity L, is of about1.5 x 10?7 emgs~! during the
flare and abouta factor 60 lessin quiescence.Using absolutebolometric magnitudesof two



2.7. Two M dwarfswithin 10pc 61

M8.5 dwarfs given in Dahn et al. (2002), we have derived a meanbolometric luminosity of
Ly = 1.1 x 103 ergs™!.

Thebluecontinuumseenin theflarespectrunmof APMPM J2354-3316Cis steepeby afactor
of two comparedo the continuumdetectedn theM9.5 dwarf 2MASSWJ0149+29 (Liebertetal.
1999). However, theresulting Ly, / Ly ratiosin the flare and quiescenttatesare comparable
for bothobjects(1.4x 1073 versus2.5x 1072 and2.4x 1075 versus2.5x 107°%). A comparable
flare spectrumwasnoticedin the nearbyM8 dwarf, LHS 2397a(Bessell1991),recentlyresohed
asa binary systemwith a tight brovn dwarf companionat a separatiorof approximately3 AU
(Freedet al. 2003). We speculateahat APMPM J2354-3316C could be orbited thus by a tight
browvn dwarf. If it turns out that APMPM J2354-3316C s similar to LHS 2397a,the triple
systendiscussetherewould actuallybeaquadruplesystemwith two wide binariesata separation
of 2200AU, constitutedof a M4/white dwarf anda M8.5/bravn dwarf, respectiely.

2.7 Two M dwarfs within 10pc

McCaughreanScholz, & Lodieu (2002b) reportedthe discorery of two bright (Ky ~ 9.5
mag)late-M dwarfs of spectraltypesM7.5 andM8 within 10pc with propermotionslargerthan
0.30'/yr.

Tofind thesenearbyreddwarfsin thesoutherrsky, we selectedll 2MASSobjectswithoutop-
tical counterpartn the USNO-A2 cataloguebut a counterpartvithin 60" in the NLTT catalogue
as bona-fidecandidates. After applyinga colour selectionsuchas m,—K; > 6.0, two objects,
namelyLP775-31and LP655-48,stoodout from the remainingshortlist. The full astrometric
and photometricdatafor LP775-31and LP655-48are provided in Table2.2. Note that LP655-
48 was identified with a bright X-ray source(1RXS J044022.8053020; Vogeset al. 1999).
Otherlate-typeM dwarfs with comparablebrightnessnclude the brown dwarf LP944-20(Tin-
ney 1998),the M9 dwarf DENISP J104814.7395606reportedby Delfosseet al. (2001),and
2MASSIJ1835379 325954at 6 pc recentlydiscoreredby Reidetal. (2003).

Table 2.2: Astrometry and photometryfrom SSSand 2MASS for two M dwarfs within 10pc
(LP775-31and LP655-48), SSSPMJ0109-5101 (M8.5), SSSPMJ2310-1759 (M9.5), and
SSSPMJ0219-1939(L1) foundin our propermotionsuney.

Name a,d Epoch | jiq cosé s R | I J | H | K
(J2000) masl/yr masl/yr (SSS) (2MASS
LP775-31 | 043516.14—-160657.5 | 1998.9 | +160+4 | +305+4 | 16.35| 12.36 | 10.40 | 9.78 | 9.34
LP655-48 | 044023.33—053007.9 | 2001.8| +335+2 | +131+2 | 16.50 | 13.17 | 10.68 | 9.99 | 9.56
SSSPMO0219| 021928.03—193841.0 | 1999.9 | +194+4 | —173+06 | 20.13 | 17.46 | 14.09 | 13.30 | 12.83
SSSPM2310| 231018.53—175909.4 | 1998.1 | +24+17 | —246+13 | 20.52 | 17.67 | 14.40 | 13.58 | 13.01
SSSPM0109| 010901.29-510051.1 | 1990.8 | +207+4 | +94+11 | 18.21 | 14.80| 12.23 | 11.54 | 11.09

We obtainedpticalspectroscop(6000-1000@\) of LP775-31andLP655-48with theEFOSC2
cameramountedon the ESO3.6-mtelescopeThe normalisedspectraaredisplayedn Figure2.7
alongwith thoseof LP944-20(M9) andtheM7 dwarf 2MASS095229-192431(Gizisetal. 2000)
for comparisorpurposes.

We assignedspectraltypesof M7.5 and M8 to LP655-48and LP775-31,respeciiely, with
anuncertaintyof half a subclassSpectralindices,includingthe PC3(Martin et al. 1999b),TiO5
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(Reidetal. 1995),andVO-a(Kirkpatrick etal. 1999b)led to similar results.The spectraindices
foundfor thecomparisorobject(2MASS095229-192431andLP944-20)arein goodagreement
with publishedvaluesaswell.
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Figure2.7: ESO3.6-m/EFOSC3pectraof LP775-31andLP655-48(McCaughreartal. 2002b),
comparedwith thoseof LP944-20,a known brown dwarf (Tinney 1998), and the M7.0 dwarf
2MASS J0952219 192431(Gizis et al. 2000). Thelocationof typical featuresof late-M dwarfs
arelabelled,includingmetaloxide andhydrideabsorptiorbandsatomicabsorptiorlines, lithium
absorptionandHa emission.An arbitraryconstanthasbeenusedto separatéhe spectra.

IndependentlyCruz& Reid(2002)classifiedbothstarsasM6 dwarfs,while Cruzetal. (2003)
revised the spectraltypesand assignedvi7 to both objects. The direct spectroscopi®vidence
presentedn Figure2.7 favourslaterspectrakypes.

Basedon the absolutemagnitudesof known objectswith the samespectraltypes,we have
deriveddistance®f 8.0+ 1.6pcand6.4+ 1.4pcfor LP655-48andLP775-31 respectiely. If the
spectratypesestimatedy Cruz& Reid(2002)arecorrect thedistancesvill beroughlytwice as
large for both objects. Thoseassignedy Cruz et al. (2003)would yield distanceswithin 10pc,
confirmingour findings.

Furtherobserationsareneededo checkthebinarity of thoseobjectsandobtaintrigonometric
parallaxes. If distancesvithin 10pc areconfirmed,LP655-48andLP775-31would represenhewn
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benchmarldwarfsallowing detailedfollow-up obserationsandsearcHor planetarycompanions
with future missionssuchasDARWIN and/orTPF.

2.8 Three new ultracool dwarfs in the solar neighbourhood

Lodieuetal. (2002b)reportedthe discovery of threeL dwarfsin the solarvicinity within 30
parsecs.We foundthe threeobjectsby combiningB;, R, andI measurementom the UKST
platesand R-banddatafrom ESO Schmidtplateswithin the framewvork of a searchfor objects
with typical propermotionsof 0.15-0.20/yr on plateswith 15—20yearsepochdifferences.

The basicsearchstratgy consistedat looking for objectson a given plate which were not
matchedwith a correspondingbijectin a differentpassbando within a nominalsearctradiusof
3 arcsecThisprocessvasrepeatedor eachavailablephotographi@lateatagivenlocationonthe
sky. Then,we comparedhe reducedcatalogue®f unmatchedbjectsto look for possiblecoun-
terpartsoutto asearctradiusof 1 arcmin. We identifiedaspropermotioncandidate®nly objects
picked up at leastthreetimesalonga straightline. Furtherpositionalinformation,includingthe
2MASSdatabaseyasaddedo refinethesedetections.

As all three objectswere discoveredin the SuperCOSMOSSky Surneys data, we named
themasfollows: SSSPMJ0219-1939 (hereaftetSSSPM0219)SSSPMJ2310-1759 (hereafter
SSSPM2310)and SSSPMJ0109-5101 (hereaftelSSSPM0109) A full astrometricand photo-
metricinformationfor SSSPM0219SSSPM2310andSSSPM010%s givenin Table2.2.

We obtainedlow-resolution(R ~ 600) optical (6000—1000@\) spectraof SSSPM021%nd
SSSPM231@vith ESO3.6-m/EFOSC2ndnearinfrared(0.9—2.5:m) spectrdor all threeobjects
with NTT/Sofl in Decembe2001 (Figure 2.8). Optical spectrawere normalisedat 7500A and
nearinfraredspectravereadjustedo the optical spectraaroundQYOOA thanksto the overlapping
region betweenthe EFOSC2and Sofl data. The observingprocedureand datareductionwere
standardandaredescribedn § 2.2 and§ 2.3, respectiely.

The spectralclassificationfor SSSPM021%nd SSSPM2310vas basedon optical spectral
indicesdefinedby Kirkpatrick etal. (1999b)andMartin et al. (1999b)whereaghe classification
of SSSPM0109vasentirely basedon the nearinfrared spectralindicesdefinedby Tokunaga&
Kobayashi(1999), Testi et al. (2001), Reid et al. (2001a),and Geballeet al. (2002). Lodieu
et al. (2002b) publishedspectraltypesof L1, L2, andL2 for SSSPM2310SSSPM0219and
SSSPMO010%espectiely.

However, in the meantimewe have obtainedan optical spectrumfor SSSPM010%swell as
for M andL dwarf templateswith known spectraltypesusingthe sameinstrumentsetup. The
sampleof templateobjectsincludesLP944-20(M9.5), BRI0021-0214M9.5), andKelu-1(L2).
Unfortunately it is nov apparenthat the publishedclassificationsverein error and we revise
herethe spectraltypesof SSSPM0109SSSPM2310andSSSPM02190 M8.5, M9.5, and L1,
respectiely, with an uncertaintyof half a subclass.We have noticeda significantdiscrepang
betweerthe opticalandthe nearinfraredclassificatiorfor SSSPM0109Possibleeasondor the
differencemightbe:

1. Tokunaga Kobayash{1999)definedwo spectraindicesk1l andK2 (seeTablel.3)based
on higherresolutionspectroscopthanour dataandon narrav-bandphotometry
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Figure 2.8: Low-resolution (R ~ 600) optical (6000-1000@) and nearinfrared (12.0-2.5um)
spectraof SSSPM0109(M8.5), SSSPM2310(M9.5), and SSSPM0219(L1) obtained with
ES03.6-m/EFOSC2and NTT/Sofl, respectiely. Spectraarenormalisedat 7500A. Regions of
strongtelluric absorptionaround1.4 and 1.9um have beenremoved for clarity. An arbitrary
constantasbeenaddedn intensityto separateachspectrum.

2. Spectralindicesdefinedby Testiet al. (2001) appearefficient only at very low-resolution
(R=50-100).

3. Geballeetal. (2002)hasrecentlyconcludedhatthe watersteamindex at 1.5um is agood
spectraltype discriminantacrossthe L-T sequencebut its valuesexhibit large dispersion
for M8-L2 dwarfs.

Basedon trigopnometricparallavesof late-M andearly-L dwarfsandon spectratype/absolute
J magnitudeelationshipgproposedy Dahnetal. (2002),we have inferreddistance®f 37+ 7 pc,
35+ 1pc,and30+ 16pcfor SSSPM0109SSSPM2310andSSSPM021%espectiely. We have
derived tangentialvelocities of 43+ 10km/s, 51+ 2km/s, and 93+ 50km/s for SSSPM0109,
SSSPM2310and SSSPM0219respectiely. The errorsarelarge, particularlyfor SSSPM0219
asthey originatefrom two differentestimates.On the one hand,distancesare derived from the
spectratypesand,ontheotherhand,fromthel — J colours.Measurementwerein goodagree-
mentfor SSSPM010&ndSSSPM2310hut discrepanfor SSSPM0219.
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From the optical andinfrared colours, SSSPM0219s actually bluer SSSPM231&lthough
classifiedaslatertype. It might eitherbe the effect of a closecompanioror the resultof the dis-
persionin optical-to-infrarecandinfraredcoloursof L dwarfs(Hawley etal. 2002). Thepublished
I magnitudesrephotographianagnitudesand,thus,subjectto large uncertainties.

Thus,theseobjectsarenotL dwarfswithin 30pcasclaimedin Lodieuetal. (2002b)but ultra-
cooldwarfslikely betweerB80and40pc. Theirradialvelocitiesareconsistentvith thekinematics
of disk stars.

We have recentlyincludedthoseobjectsin a sampleof ~ 15 ultracool M8.5-L2 dwarfs for
high-resolution(R ~ 16000at 6000A) spectroscop (5750-731@) with VLT/FORS2to search
for lithium at 6708A. We have alsoincludedthe well-known M9.5 brown dwarf, LP944-20,as
atemplatesincelithium waspreviously detectedvia echellespectroscop usingeS0O3.6-m/CES
spectrograpliTinney & Reid 1998). The dataarenow in handandawait analysis.The detection
of lithium in objectslaterthanM8 would placeanupperlimit ontheirmassandaddconstraintso
their ages.

2.9 ¢Indi Ba,Bb: the nearest binary brown dwarf

Scholz, McCaughreanLodieu, & Kuhlbrodt (2003) announcedhe discorery of a bright
(K4~ 11.2mag)T2.5dwarf at 3.626pc from the Sun,asacommonpropermotion(4.7’/yr) com-
panion(projectedohysicalseparation~ 1500AU) to the nearbyK5V stare Indi A (HD209100).

We usedthe UKST By, R, andI platesaswell asthe ESO R platesas startingpoint for
the selectionprocedure.We selectedall objectsbrighterthan 7 =17 with no counterparwithin
6 arcsecon the UKST By andESO R photographiglates. ¢ Indi B wasamongthe candidates
but hada UKST R plate counterpart.Visualinspectionof the finding chartsrevealedthatthe R
detectionwasassociatedvith the diffraction spike of a bright star namelye Indi A. Furthermore,
onanoverlappingl platewith anepochdifferenceof justtwo years the objecthadclearlyshifted,
yielding a large propermotion of 4.7'/yr identicalto one of ¢ IndiA. Thus, we ‘discovered’
¢ Indi B just 7 arcminaway on the sky (correspondingo a physicalseparatiorof 1459AU) from
¢ Indi A. Theredopticalandbluenearinfraredcoloursof ¢ Indi B immediatelysuggestethatthe
objectbelongsto the newly-definedT class(Kirkpatrick etal. 1999b).

A few dayslater on the night of 16—17November2002, Bjoern Kuhlbrodtobtaineda near
infrared spectrumof ¢ Indi B with the Sofl instrumentmountedon the NTT. Three spectraof
¢ Indi B, shiftedby about100 pixels, weretaken alongwith a standardstarat a similar airmass.
Thedatareductionwasstandardor nearinfraredspectroscopandis describedn § 2.3. Thefinal
normalisedspectrum(0.9—-2.5um) is displayedn Figure2.9 alongwith thelocationof prominent
waterandmethaneabsorptiorbands.

We assigned spectraltype of T2.5+ 0.5, accordingto the nearinfraredindicesdefinedby
Burgasseret al. (2002) and Geballeet al. (2002) and direct comparisorwith T dwarf templates
availableat BurgasseandLeggetts® webpages.

¢ Indi A is amongthe 20 nearessystemdo the Sunandhasan accurateHipparcos parallax
measurementjielding a distanceof 3.626+ 0.010pc. Basedon rotationalpropertiesof ¢ Indi A,

Sftp://ftp.jach.havaii.edu/pub/ukirt/skl/dBpectra/
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Figure2.9: Original nearinfraredspectrunof ¢ Indi B obtainedwith NTT/Sofl from Scholzetal.
(2003).Regionsof strongtelluric absorptioraroundl.4and1.9m have beerremovedfor clarity.
The locationsof prominentH,O and CH,; absorptionbandsin the atmospheref ¢ IndiB are
indicated.Also labelledaretheK | at 1.25um andtentatve detectionof K | doubletat 1.52m
andtheNal doubletat2.33um.

Lachaumeet al. (1999)inferreda meanvaluefor the ageof 1.31“8:; Gyr. Hence,we derivedthe
following physicalparameteror ¢ Indi B:

Ter = 1270K
log(L/Ly) = —4.67
R = 0.097Rq
M = 40-60Myj,p

Following our discovery, we submitteda Hubble SpaceTelescopgHST) proposalto search
for a possible(planetary)companionaswell asa VLT proposalfor a detailedphotometricand
spectroscopstudy includingadaptve optics,of thisnew benchmark dwarf. TheHST proposal
wasrejected andthe VLT proposawasgranted20hservicemodeobservingimein spring2004.

SCommentsrom the HST Time Allocation Committeewere: Strengths:This seemsto be the possibility to find
a planetcompanionto a brovn dwarf. Use of the HST/ACSis well justified. WeaknessesVery expensve to look
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Meanwhile commissioningf anew differentialmethanémagingsystemon NAOS/CONICA
mountedon the VLT took placeande Indi B waschosemasa referenceby Laird Closeandcol-
laborators And, surprisele Indi B wasresolhedinto abinary systemwith a separatiorof approx-
imately 0.7”. Following the recognitionof the binary a collaborationstartedbetweenus andthe
obsenrers. Few dayslater, obserersatthe GeminiObsenatoryresolhede Indi B into abinaryand
announcedheir discovery in the IAU circular n®° 8188 on 27th August2003 (Volk et al. 2003).
A quick look into the ESOArchive revealedthatthe companionwasalreadydetectablén short,
0.6 arcsecFWHM seeingVLT/FORS1acquisitionimagesobtainedwithin the frameavork of a
polarimetricprogramfor brown dwarfs carriedout in June2003. The binary natureof ¢ Indi B
washowever not noticedat thattime. Dueto its large propermotion,bothcomponent®f ¢ Indi B
movedby 0.8 arcsedn two months,confirmingtheir physicalassociation.

Immediatelyafter the VLT discovery, we conductedadaptve optics obsenationswith the
infraredwavefrontsensingcapabilityof the NAOS/CONICAsystem.Despitethe naturalseeingof
0.8’ FWHM, we obtainedsharp(0.08arcsedn the K ; band)nearinfraredimagesof the e Indi B
binary T dwarf. Thefield-of-view of the S27NACO cameras 27.7 x 27.7arcseavith animage
scaleof 27.074+ 0.05milliarcsecperpixel. Thetotalintegrationtime in eachfilter was90 seconds.
No other sourcethan the ¢ Indi Ba,Bb systemwas detectedin the field-of-view (Figure 2.10).
The meanseparatiorof both componentss 0.732+ 0.002arcsec,correspondingo a projected
physicalseparatiorof 2.65+ 0.01AU atthedistanceof the system.

Figure2.10: NACO broad-bandhearlR adaptve opticsimagesof the ¢ Indi Ba,Bb system,with
J, H, and K, from left to right (McCaughrearet al. 2004). Eachimageis a 5.4x 5.4 arcsec
(19.6x 19.6AU at3.626pc) subsectiorof thefull 27.7x 27.7arcsedNACO S27camerdield-of-
view. Theangularresolutionsare~ 116,100,and84 masFWHM at J, H, and K, respectiely.
Northis up, Eastleft: ¢ Indi Bb is thefaintersourceto thesouth-eastTheintensitiesaredisplayed
logarithmically No othersourcesredetectedn ary filter acrosgshewhole NACO field-of-view.

We alsoobtainedmoderate-resolutio(R ~ 1000) H-bandspectroscopfor bothcomponents
with the NAOS/CONICAIlong-slit mode,covering 1.5—-1.85:m, with antotal on-sourcentegra-
tion time of 24 minutes. Obsenrationsof a nearbyG2V star (HD209552)were madeshortly
afterwardsto measurdhetelluric absorption.Tungsten-illuminatedpectraldomeflatswerealso

for somethingthat might not be there. If nothingis found in first 4 orbits, how will the remaining8 orbits be used?
Obsenationsin 3 epochsareunnecessarywo would do.
"Polarimetricprogramme’2.C-0575(A)for brown dwarfsfrom Ménard Delfosse & Monin
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takenwith the sameconfigurationat the endof the night. Theresulting H-bandspectrafor both
componentalongwith the majorwaterandmethaneabsorptiorbandsareshavn in Figure2.11.
We assignedspectratypesof T1 andT6 to € Indi Baande Indi Bb, respecitely, accordingto the
spectraindicesfrom Burgassegetal. (2002)andGeballeetal. (2002).
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Figure2.11: H bandspectraof ¢ IndiBa and ¢ Indi Bb from McCaughrearet al. (2004). The
spectratesolutions ~ 17A FWHM, yielding R ~ 1000.Flux calibrationwasmadeby cornvolving

the spectrumof ¢ Indi Bb with the2MASS H filter profile andassuminga 2MASS magnitudeof

H =11.51. The excellent signal-to-noiseof the spectrais seenin the relatively smooth1.58—
1.62um range;the ‘ripples’ shortward of 1.56um and longward of 1.72um are real features,
predominantlydueto H,O andCH, but alsopossiblyin partdueto FeH. The deepdoubleCH,

absorptiortroughseenin both sourcesat 1.67um is alsoseenin the T6 dwarf Gl 229B (Geballe
etal 1996),asis theadjacentbsorptiorfeatureat 1.658;m seenin ¢ Indi Bb.

The physicalparameter®f both componentsg Indi Ba and e Indi Bb, can be estimatedoy
combiningindividual magnitudesndspectratypeswith theaccuratalistanceof 3.626pc andthe
meanagevalueof 1.3Gyr for ¢ Indi A. We have emplgyed the evolutionarymodelsfrom Barafe
etal. (1998)to derive the physicalparameterfistedbelan. Theparametersf ¢ Indi A aregivenas
well for comparisorpurposesncertaintiesn the effective temperaturesre+ 40K and+ 20K
for e Indi Baande Indi Bb. Uncertaintieson themassesre10Mj,, and7 M, for € IndiBaand
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¢ Indi Bb andaredominatedby the ageuncertainty A cumulatve error of about20% affectsthe
determinatiorof theluminosity dueto uncertaintiesn T dwarf bolometriccorrection.

e cIndiA (K5V) Ter=4200K R=0.72R; log(L/Ly)=-0.16 M=0.63M
e cIndiBa(T1V) Tg=1276K R=0.091Ry log(L/Ly)=—4.71 M=47Myy,
e ¢cIndiBb(T6V) T=854K R=0.096R, log(L/Ly)=—5.35 M=28My,

To concludeon this very interestingobject(s) we would lik e to mentionthat photometricand
spectroscopidataof the ¢ Indi Ba,Bb systemobtainedwith FORS2andISAAC on the VLT in
thewavelengthrange0.6-5.Qum arenow in handandawait analysis. Accurate JHKLM photom-
etry will be extractedfor bothcomponentaswell asa goodsignal-to-noisenoderate-resolution
spectrunfrom 1.0to 5.0pm.

Few mid-infrareddataareavailablefor T dwarfsto dateand,in particular goodquality spectra
longwardsof 3.0um. On the onehand,e Indi Ba is a transitionobjectwhererefractoryspecies
are depletedandrain out in the atmospherdo form cloudsasin Jupiter On the other hand,
¢ Indi Bb hasanatmospheravherethe dusthasentirely settledout. The modellingof the spectral
enepy distribution of eachT dwarf componentepresents majorchallengeo the understanding
of bronvn dwarf atmospheresMoreover, the detectionof the methanebandat 3.3um in both
componentsvill addconstraintgo the understandinghe verticalmixing involvedin brovn dwarf
atmospheresTo date,the only modellingof the 3.3um methanebandrelieson a poor signal-to-
noisespectrunof the T6 dwarf, GI229B (Saumoretal. 2000).

The otherinterestingadwantageof the e Indi B systemis the opportunityto derive dynamical
massedor the systemwithin afew years,accordingto therelatively shortorbit of approximately
15 years.Finally, the ultimategoal will beto obtainthe individual massesindependenthof the
evolutionary modelsin orderto testtheir reliability. The e Indi B systemis currently the only
binary brown dwarf with accuratespectraklassificatiorandmassestimategor bothcomponents.

Becausethe ¢ Indi B systemis close, bright, and hasa short orbit, it will become,to my
opinion, oneof the mostextensve studiedsystemin the comingyearsandprovide vital cluesfor
understandinghe atmospheregprmation,andevolution of brown dwarfs.

2.10 Conclusions on the proper motion survey and outlook

We have presentedn this chapterthe photometricand spectroscopicesultsof an on-going
propermotion suney in the southernsky focusingon the searchfor low-massstarsand brovn
dwarfsin thesolarneighbourhoodOptical andnearinfrared spectroscop hasrevealeda variety
of objectswithin 50 parsecsincluding 6 subdvarfs,57 M dwarfs,four L dwarfs,andthe closest
binary T dwarf to date,e Indi Ba,Bh New red propermotionselectedasbrovn dwarf candidates
have beenalreadyobsenred spectroscopicallin the opticalandawait analysis.

Futurepossibleobsenationsof someinterestingobjects,presentedn this chapter have al-
readybeenobtainedor areforeseen.

e High-resolution(R ~ 20000)spectroscop of ultracooldwarfs (M8.5—-L2) belongingto our
sampleof propermotion objectsto detectthe lithium absorptionline at 6708A. The de-
tectionof lithium in the atmospheref thesenearbyobjectswill setanupperlimit on their
massand constraintheir age. This programhasalreadybeengrantedtime atthe VLT and
spectraof aboutl5 objectsarenow in hand.
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e High signal-to-noiseoptical andinfrared photometry(VRIJHKL M) aswell asmoderate-

resolutionspectroscop(0.6—5.0um) of eachcomponendf thee Indi B systemto constrain
atmospherianodelsof brown dwarfs. The nearinfrared datahave beenalreadyobtained
with VLT/ISAAC andawait analysis.

e Thedeterminatiorof theparametersf theorbit of thee Indi B systemwill provide thetotal

massof the system. Several epochshave beenobsered with the adaptve optics system
ontheVLT. The ultimateaim is to determinedynamicallythe individual masse®of each
componento testevolutionary modelsin the substellaregime. This canbe achieved by
measuringhe orbital-motioninducedradial velocity variationsin oneof thecomponent.

¢ High spatialresolutionmagingfrom spacewvith Hubbleor from thegroundwith VLT/NACO

for exampleto verify the presencef a tight brovn dwarf companionto the M8.5 active
dwarf APMPM J2354-3316C.Sucha discorery would provide an explanationfor the ob-
senedpeculiarspectrum.

e Adaptie opticsimagingof the two nearbylate-M dwarfs within 10 parsecgo searchfor

possiblebrown dwarf or planetarycompanions.

The work presentedn this chapterrepresents first stepin the characterisatiorof brown

dwarfs. However, large uncertaintiesemainregardingthe ageandthe distanceof nearbyobjects.
As brown dwarfs cool off with age,the ideal placeto unearthbrowvn dwarfs at a given distance
andwith a homogeneousageare youngopenstellar clusters. We will presentin the following
chapterghe latestresultsof a nearinfraredwide-field suney in the o Percluster(Chapter3) as
well asa detailedoptical and nearinfrared photometricstudy of the pre-main-sequenceluster
Collinder359 (Chapter4).



Chapter 3
New low-mass stars and brown
dwarfs In the o Per cluster

Chapter2 focusedon the searchor low-massstarsandbrovn dwarfsin the solarneighbour
hood. Although nearbyand generallyamenablgo detailedstudies,large uncertaintiesemain
concerningtheir massestimatesiue to the poor agedeterminatiorandthe lack of trigonomet-
ric parallaxes. Therefore the determinatiorof the local IMF down into the substellaregime is
hamperedy severalissueggivenbelow:

1. Accuratedistancameasurement@rerequiredto infer massesHowever, the sampleof stars
with trigonometricparallaxesfrom the astrometricsatelliteHipparcosis completedown to
V <8. A small numberof fainter nearbyobjectshave well-determineddistancesas well
but the sampleis by farincomplete A large programmehasbeenrecentlyinitiatedin order
to provide trigonometricparallaxes for objectsstraddlingthe stellar/substellalimit (Dahn
etal. 2002).This suney is essentiafor improving thegalacticfield starluminosityfunction
in thelow-massandbrown dwarf regimes.

2. Nearbyobjectsspanawide rangein agefrom few millions yearsfor co-maoving groupsand
youngassociationso billions of yearsfor the coolestandoldestneighbours.

3. High-massstarsarerareandalmostinexistentin the solarneighbourhoodlueto their short
lifetimes.

4. Numerouslow-massstarsandbrowvn dwarfs have now beendetectedn the solarvicinity
overthelastpastyears.However, theirfaintnesgendergheir detectiondifficult asthey cool
off with age.Hence the numberdensityof low-massstarsandbronvn dwarfsis expectedo
belargely incompleteasemphasisetty Henryetal. (1997).

Thedeterminatiorof ameaningfull MF for galacticfield starsrequiresa volume-limitedsam-
ple of objectswith knovn ageandspectraltypesover a large massrange. However, theincom-
pletenesss approximately80% within 5 pc anddoublewithin 8 pc (Henryetal. 1997). Therecent
discovery of the ¢ Indi Ba/Bb system(Scholzet al. 2003; McCaughrearet al. 2004) at 3.626pc
provide a striking example.

To alleviate someof the issuesmentionedabore, mary recentsuneys have concentratean
youngopenclusterg30-200Myr) to unearthvery-lov-massstarsandbrown dwarfs. Indeed open
stellarclustersaregoodplacesfor suchquestasthey represenequidistanaindcoeval populations
of starsof similar chemicalcompositionwithin arelatively smallvolumeof space.Somecaveats
neverthelesgemain,includingthe dearthof high-massstarsandissuesegardingtheincomplete-
nesgowardslow-massstarscausedy the contaminatiorby backgrounbjects.Thebesttargets
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are, hence the youngestopenclusters. However, only four openclustersare within 200pc and
youngerthan200Myr. A brief descriptionof eachclusteris givenbelow:

e The Pleiadeqa=03°46.6", § =—244') is, by far, the beststudiedopenclusterfor low-
massstarsandbrowvn dwarfs. Theclusteris rich (about1200members)nearby(~ 130pc),
young (~ 120Myr), relatively compact,locatedat high galacticlatitude (b =—24) with a
metallicity estimatedo besolar(Boesgaard. Friel 1990). Theextinctionis low (Ay =0.12
mag)andgenerallyuniform. Thelarge propermotion (i, cos ~ +25mas/yrandus ~ —45
mas/yr)allows membershimssessmerntdf photometrically-selded candidatesver atime
scaleof few years(Moraux et al. 2001). Many propermotion and photometricsuneys
have focusedonthe Pleiadesyielding thediscorery of thefirst youngbrowvn dwarf, Teidel
(Reboloet al. 1995). Sincethattime, mary brovn dwarf candidatesave beenproposed
andsomeconfirmedspectroscopicallyMartin etal. 1996;Staufer etal. 1998). Thecluster
massfunction over alarge massrange(10-30M ) waswell approximatedy alognormal
distribution of index 1.7 anda peakaround0.25M¢, (Chabrier2003).

e 1C2391(x=0840.2", § =-5304) is a close(~ 150pc) andyoung(~ 30Myr) openclus-
ter with solarmetallicity (Randichetal. 2001). The extinction towardsthe clusteris rather
low (E(B-V) =0.06). Exceptfor the brightestcomponent®f the cluster(V < 11), proper
motionstudiesarehamperedy thelack of bright membersaandthelow galacticlatitudeof
the cluster(b=—-6.9"). Most of the clustermembergabout100 membershave beense-
lectedin X-rayswith the ROSAT satellite(Patten& Pavlovsky 1999)andtheir membership
assessedith opticalphotometryand/orspectroscop(Staufer etal. 1989a).Theestimated
ageof 30Myr, derived from the uppermain-sequencturn-of fitting, wasrecentlyrevised
to 53+ 5Myr from the lithium test (Barradoy Navascigs et al. 1999). The lithium de-
pletionboundarywasfoundat R—I =1.91andM(J) =10.25mag,correspondingo a mass
of ~0.12Mg, assuminga distancemodulusof 5.95 and an ageof 53Myr. New brown
dwarf candidatedave alsobeenextractedfrom a deepR and I-bandsuney with infrared
follow-up (Barradoy Navascieset al. 2001)but no clustermassfunction hasbeenderived
to date.

e 1C2602(a=10°43", § =—6424) is similarto 1C2391in termsof distancgd=150pc), age
(30Myr), andmetallicity Theclusteris locatedaroundthe BOVp starf Carinaglb=—4.9")
in aregion of low extinction (E(B—V') = 0.04). The propermotionof theclusteris estimated
to 4o oY ~—9mas/yrandus ~ +3.5mas/yr Thisis theleaststudiedclusteramongthefour
clusterwithin 200pc andyoungerthan200Myr. The largestmembershigdist (about100
memberswasestablishedy Randichetal. (1995)throughan X-ray studyconductedvith
the ROSA satellite. Photometricand spectroscopidollow-up confirmedmostcandidates
asgenuineclustermemberqProsseet al. 1996a).No clustermassfunctionis availableat
present.

e The «a Per cluster (¢« =03°50™, § =49°00) hasbeenwell studied,thoughlessthan the
Pleiadesdue to its smaller propermotion (14,C08 ~ +23 mas/yrand us ~ —25 mas/yr)
and lower galacticlatitude (b=—7°). The clusteris locatednorth-easbf the F5V super
giant Alpha Perseiat a distanceof about180pc and solarmetallicity (Boesgaard Friel
1990). The extinction towardsthe clusterwas estimatedo be Ay =0.30 magwith possi-
ble spatialvariations.Several propermotions,photometricandspectroscopisuneys have
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revealedabout400membersn « Per(Prossefl994). The clusterwasalsoextensvely stud-
iedin the X-rays, yielding new membercandidatedasedon ROSA obserations(Randich
et al. 1996; Prosseret al. 1996b). The lithium testappliedto the clusteryielded an age
of 90+ 10Myr (Staufer et al. 1999). The clustermassfunction is well approximatedy
a power law with anindex «=0.59+ 0.05in the 0.30-0.033M; massrange(Barradoy
Navascueset al. 2002). We will provide more detailsaboutthosesuneys in the next sec-
tions(§ 3.1-3.4)andemphasis@ur contritution to the o Perclusterin § 3.5and§ 3.6.

The presentchapteris dedicatedto a comprehense study of the young openclustera Per
carriedoutwithin theframeawvork of our collaboration.The a Perclusteris richerthanlC2391and
IC2602but probablylessrich thanthe Pleiades.The clusterpresentlyhasabout400 catalogued
membersomparedo about1200for the Pleiades.However, the clustermembeiist of « Peris
muchlesscompletethanthe Pleiadedor threemajorreasons:

1. The numberof deepopticaland/orpropermotion surneys implementedn o Peris smaller
thanin thePleiades.

2. Theclustermeanpropermotionis notwell separatedrom field stars.

3. aPeris locatedat lower galacticlatitudethanthe Pleiades.

This chapteris organisedasfollows. In § 3.2, we review resultsfrom suneys dedicatedo the
searchfor low-massclustermembersn o Per.In § 3.2, we reportthe recentdeterminatiorof the
ageof the clusterby the“lithium test” (Staufer etal. 1999).1n § 3.3,we describeéhemainresults
of the optical wide-field surey in the « Perclustercarriedout within our collaboration(Barrado
y Navascees et al. 2002), including the determinationof the luminosity function (§ 3.4.1)and
themassfunction(§ 3.4.2).1n § 3.5, we describethe selectionof new clustermembercandidates
includingnew brown dwarfsfrom anearinfraredsurney of a0.70squaredegreeareain thecluster
Opticalspectroscopitollow-up of asubsamplef selectectlustermembercandidatess presented
in § 3.6. We comparethe updatedx Permassfunctionto thefield andPleiades-lik openclusters
in § 3.7. Conclusionsandfuturework arediscussedn § 3.8.

Theresultspresentedh this chaptehave been(or will be)publishedn severalpapersinclud-
ing:

1. Barradoy Navascigs, Bouvier, Staufer, Lodieu, & McCaughrean2002) where | have
providedinfraredphotometryof faint optically-selectealustermembers.

2. Lodieu,McCaughreanBouvier, Barradoy Navascies,& Staufer (2003)publishedhema-
jor resultsof thenearinfraredwide-fieldsurwey describedn § 3.5in thelAU211conference
proceedings.

3. Thenew resultsrelatedto the nearinfraredwide-field suney will be partof a forthcoming
paper(Lodieuetal. 2004,in preparation).This partof the work hasbeenessentiallydone
by myself.
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i AltheSky.

Figure3.1: Imageof a 4.2 x 5.3 towardsthe . Percluster North is at the top and Eastto the
left. A concentratiorof starsis seernsouth-easof thebrighteststarin theimage the F5 supegiant
Alpha Persei. The greensquaregepresenthe 13 KPNO/MOSA fields-of-viav (35.4 x 35.4)
obseredin the R, andI. bandsdown to a completenestimit of 21.9and 20.75,respectiely.
Copyright: T. Credner& S.Kohlg AlltheSk.com

3.1 Known members of the aPer cluster

Thea Perclusteris clearlyseeron photographiplatesasa concentratiomf starssouth-easbf
the F5 supegiant Alpha Perseiwhosemembershipf the clusteris estimatedo 97 % probability
(dezZeeuwetal. 1999).Figure3.lis a4.2 x 5.3 imagetakentowardsthe o Percluster

Several authors,including Heckmann,Staufer, Prosserand collaborators have extensiely
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studiedthe bright componentandlow-massmemberwof the a Percluster The membershias-
sessmenimadeuseof propermotion, multi-band photometry optical spectroscop for Ha and
lithium detection,aswell asradial androtationalvelocities. We will briefly summarisegrevious
suneys designedo identify low-massmembersn the o Percluster

1. HeckmannDieckwss,& Kox (1956)obtainedpropermotionsfor starsbrighterthana vV’
magnitudeof 12.0in the vicinity of « Per. Slightly morethan10% of the 1400 starssur
veyedwithin thefield-of-view wereidentifiedasprobableclustermembersThosemembers
weretermedby HE (asHeckmann)ollowed by threedigits startingwith one. UBV pho-
tometryof those~ 150new memberavasobtainedoy Mitchell (1960),providing reddening
anddistancesstimatesswell ascriteriato rejectnonmembers.

2. Staufer etal. (1985)sureyeda 1.2’ x 1.2 areaof the o Perclusterand obtainedproper
motion for 4000starsdowvn to V ~ 16.0mag. Propermotion, VRI photometry Ha emis-
sion, radialandrotationalvelocitieswereusedasmain criteriato selectabout90 new low-
massclustermembers.Thosenew G, K, andM clusterdwarfs with high rotationalveloci-
tiesroughly spanthe 0.5-1.2M; massrange,assuminga distanceof 165pc andanageof
50Myr. Theseobjectsweretermedby AP asin ‘AlphaPer’ followedby threedigits starting
with one.

3. Staufer, Hartmann,& Joneg(1989b)identifiednen low-massmembersover a 2.5 square
degreeregion in a Perbasedon propermotion, BVRI photometry and subsequenspec-
troscopy. The percentag®f clustermemberscomparedo the total numberof starsalong
theline of sightdropsto few percentdrom V' =10to V =15 magdueto the low galactic
latitudeof « Per.In total, Staufer etal. (1985,1989b)confirmedthe membershipf 30HE
membersand50 AP starsandidentifiednev memberslowvn to V' ~ 16.0mag.

4. Prossern(1992) carried out an extensve membershipsuney of a 6° x 6° whole Palomar
photographiglatein the a Percluster About 130new clustermembersaamonga sampleof
propermotioncandidatesvereextracteddovnto V' ~ 19.0mag,usingadditionalphotomet-
ric andspectroscopiinformation. Spectraltypeswerealsoprovided for somecandidates
brighterthanV =17 mag, correspondindo a spectraltype of M4. The spatialdistribution
of the new memberdfilled circles)is shavn in Figure 3.2. This study provided a revised
agefor the clusterto 80Myr basedon isochrondfitting with no significantagespread.The
meanreddeningwas estimatedo E(V-I) =0.18, consistentwith previous determinations
althoughsomespatialvariationsacrosghe clusterwerereported.

5. In anattemptto searchfor low-massmembersn the o Percluster Prosse1994)obtained
new CCD imagesof a ~ 0.8 squaredegreeareain the clusterin the V' andI bandsdowvn
to V ~22.0mag. Contraryto former suneys, no first epochwas available at thesefaint
magnitudesAboutnen 30 new clustermembercandidatesveresolelyselectednthebasis
of theirlocationin the (V,V-I) colourmagnitudediagram. Low-dispersionspectroscop
obtainedor someof thenew candidates;onfirmingthe clustermembershif eightobjects
andclassifiedthreeothersasnon-members.

6. A rasterscanandpointedX-ray obsenationswereobtainedtowardsthe « Perclusterwith
the ROSA satellitein the soft (0.1-0.4keV) andhard(0.4—-2.(keV) bands.
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Therasterscancovered~ 10deg? in o Perwith anexposuretime of 10ksec yielding limit-
ing sensitvity of L x ~10?° egsec’! (Randichetal. 1996).0utof ~ 160X-ray detections,
89 wereassociatedavith previously selectectlustermembers More than80% of theF, G,
andK dwarfsand~ 50% of the M dwarfsbelongingto the clusterweredetected.

The ROSAI pointing obsenrations (Prosseret al. 1996b), exposed22—-25ksec, covereda
slightly smallerarea(threepointings~ 50arcminin radius)thantherasterscanbut achiered
highersensitvities. About 80 X-ray sourcesincluding40 commonto therasterscanwere
associatedvith an optical counterpartfrom previous proper motion suneys. All the K
dwarfsandahighnumberof M dwarfsbelongingo theclusterweredetectedy thepointing
obserations. However, both suneys revealedabout200 sourceswith no optical counter
parts.Photometryalongwith low- andhigh-dispersiorspectroscop classifiedabout40 X-
ray sourcesasprobablenew clustermembergProsse& Randich1998;Prossegtal. 1998).
A detailedanalysiof the X-ray propertief theF, G, K, andM clusterdwarfsdetectedvith
ROSA ledto thefollowing results:

(i) TheX-rayluminositypeaksat G dwarfsandthendeclinesowardsM dwarfs,suggest-
ing thatthe dynamoactiity efficiency decreasetowardslow-massstars.

(i) Rotationalvelocitiesarecorrelatedwith the X-ray luminosity Fastrotatorswith ve-
locitieslargerthan15kms™! have larger X-ray luminositiesthanslow rotators.

(i) The meanX-ray luminosity of F and G starsin « Peris larger thanin their Pleiades
counterpartsvhereaso differencels foundfor K andM dwarfs. This resultindicates
thatF andG starsarespinningdown fasterin o Perthanin the Pleiades.

Dueto the low galacticlatitude (b=—7°) of the a Percluster it wasquickly recognisedhat
propermotion and photometryalonewould fail to eliminateall non-membersRadialandrota-
tional velocitiesaswell asspectroscopieaturesincludingHe in emissionat6563A andlithium
in absorptionat 6708A provide additionalcriteria suggestie of clustermembership.Hence,a
full analysisof membershign « Perrequireslarge amountof observingtime aswell asa vari-
ety of measurementandanalysis.We will now review recentimprovementsachiezed within the
framework of our collaborationonthe a Percluster

3.2 The age determination of the « Per cluster

The agedeterminatiorof openclustersoriginatestraditionally from isochronéefitting of the
uppermain-sequencandgiantbranch.However, this methodis generallyhamperedy thesmall
numberof starsevolving off the main-sequenceaheir photometricuncertaintiestheir unknavn
binary status andthe difficultiesin modellingthe amountof mixing of hydrogen-richmatterinto
the corvective core (“convective core overshoot”). Dependingon the amountof overshoot(no
overshootversusstrongovershoot) the ageof openclusterscanvary by a factorof two (Mermil-
liod 1981;Mazzei& Pigatto1988).

Recently a nav method,the “lithium test” was proposedo estimatethe age of openclus-
ters(Reboloet al. 1992). The ideais thatfor low-massstars,lithium is quickly destryed and,
therefore,unobserable in their spectra. On the contrary browvn dwarfs presere their lithium
contentbecausehe centraltemperaturés not sufficient to fuse hydrogen.The lithium depletion
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Figure3.2: Locationof knovn o Permembersn the (ra, dec)frame. Filled circles,opencircles,
andcrossesrethe probable possiblemembersandnon-membergespectiely, basedn suneys
dedicatedo low-massmembersn « Per. Opensquaresare spectroscopicallgonfirmedcluster
memberdrom Staufer et al. (1999). Large openhexagonsare new infrared-selectedandidates
from ourwide-fieldsuney (Section3.5)

boundary the point wherelithium hasbeendepletedby a factorof 100, is expectedto be sharp
with no lithium for objectsabove the limit and cosmicalundanceessentiallyfor objectsbelov
the boundary Furthermoreasstarsarefully corvective in the massrangeof interestthe surface
lithium akbundancereflectsdirectly the core alundanceyielding smalleruncertaintieghan the
“convective coreovershoot”determination.The mixing theoryin the atmospheresf low-mass
starsremainsnonethelesspoorly constrained Applied successfullyto the Pleiadesthe value of
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theageincreasedy afactorof two from 70Myr to 125Myr (Staufer etal. 1998).A similarresult
holdsfor theyoungopenclusterlC 2391with anageof 35Myr derivedfrom uppermain-sequence
fitting and53Myr inferredfrom thelithium test(Barradoy Navasciesetal. 1999).

The lithium testwasrecentlyappliedto the o Perclusterbasedon a 6 deg? optical surwey in
the R, andI, broad-bandilters (Staufer etal. 1999). A few bona-fideclustermembercandidates
wereidentifiedin alimited magnituderange(16.25< I < 18.75)to seekfor lithium absorptiorat
6708A andsubsequentlynfer the lithium depletionboundary The selectionprocedureyielded
27 bona-fidemembercandidategedderthan the Zero-Age Main SequencghereafterZAMS;
Leggett1992), shiftedto the distanceof the cluster(d=176pc; Pinsonneaulet al. 1998)in the
(I.,R.~I.) colourmagnitudediagram.Thebadagreemenbetweerthetheoreticaisochronesand
the sequencef clustermembersoriginatesfrom the differencebetweenthe ZAMS of old field
dwarfsandtheisochronegiravn for pre-main-sequencgars.In addition,modelsdo not predict
accuratepticalcoloursdueto theincompletenessf thecurrentopacityline lists. Low- andhigh-
resolutionspectroscop werecarriedout with the Low-Resolutionimaging SpectrograpfLRIS)
on Keckll telescopdor 14 and 11 candidatesrespectiely. Among the probableand possible
membercandidatesfive objectsdid exhibit lithium in absorptionwhereasnine othersdid not,
yielding a sharpdeterminatiorin (R.—I.) colourandmoreuncertainvalueof the I. magnitude.

Table 3.1: Field centresobsered in the a Per clusterwith CCD Mosaic Imageron the KPNO-
4m telescope.Eachimagehasa 35.4 x 35.4 field-of-view with a spatialscaleof 0.26". Right
ascensioranddeclinationaregivenin J2000. The five optical fields followed-upin the K'-band
usingOmeaya-Primeonthe CalarAlto 3.5-mtelescopareindicatedwith therespectie observing
datesgxposurdimes,suneyedareaandlimiting magnitudesl obseredfieldsE, K, andL in the
nearinfraredwhereasrhomasStanke obseredthe A andC fields.

Field R.A. DEC Nearinfraredfollow-up
(J2000.0) Obs.Date | ExpT | Area | K|, .

A 03:27:10.00| 49:24:00.0| 04—06Dec98 | 20min | 5807 | 17.5

B 03:28:00.00| 48:42:00.0

C 03:24:50.00| 48:42:00.0 06Dec98 | 20min | 2802 | 17.5

D 03:21:40.00| 48:42:00.0

E 03:19:35.00| 49:27:00.0| 14Dec00 | 20min | 5602 | 15.5

F 03:33:45.00| 49:35:00.0

G 03:33:45.00| 49:04:00.0

H 03:33:45.00| 48:34:00.0

I 03:33:45.00| 50:06:00.0

J 03:30:30.00| 50:09:00.0

K 03:27:00.00| 50:13:00.0| 11-12Dec00 | 20min | 560 | 17.5

L 03:23:10.00| 48:11:00.0| 11-12Dec00 | 20min | 5602 | 17.5

M 03:21:00.00| 50:48:00.0

Theadopted/aluesfor thelithium depletionboundarywereR.~I. =2.12andl, =17.70+ 0.15
mag. Assuminga distancemodulusof 6.23,andapplyingthe NextGenisochronesrom Barafe
etal. (1998),Staufer etal. (1999)derived anageof 90+ 10Myr for « Per,twice largerthanthe
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50Myr valuefrom theturn-off main-sequencétting. Thelithium depletionboundarybasedon
the K-bandphotometrywas estimatedo be at M g ~ 8.3 magand (I.—K) ~ 3.07, thoughwith
larger uncertainties.Note that comparisorwith other evolutionary tracks (D’Antona & Mazz-
itelli 1994;Burrows etal. 1997)led to similar valuesof the agewithin the uncertaintiesWe will

adopt the ageof 90+ 10Myr for subsequentanalysisof the a Per cluster unlessotherwise
stated We notethatBasri& Martin (1999b)derved anageagebetweert5and75Myr from the
detectionof thelithium absorptiorline in a handfulof objects.

3.3 The wide-field optical survey of the aPer cluster

Theaimof Staufer etal. (1999)wasto locatethelithium depletionboundaryin « Perto derive
the clusterage. No attemptwas madeto selecta completesampleof low-massstarsandbrown
dwarf membeicandidatesandderive theclustermasdunction. NeverthelessStaufer etal. (1999)
obtainedspectroscopfor a subsampl®f objects,includingtwo browvn dwarf candidates.

Meanwhile,a nev wide-field optical surney was conductedwith the KPNO/MOSA detec-
tor and covered ~ 4.5 squaredegreesin the « Per clusterto unearthnewv low-massstarsand
brovn dwarfs over the largestpossibleareain the cluster The MOSA (Mosaic Imager)detec-
tor mountedontheKitt Peakd-mtelescopés a8192x 8192pixelsCCD arraywith aspatialscale
of 0.28'/pixel, yielding a 35.4 x 35.4 field-of-view. Thirteenfields-of-viev (seeTable3.1 and
Figure3.1for coordinatesndlocationsin thecluster)wereobsered,reachingdetectiorandcom-
pletenes$imits of R, ~ 25.5and21.9mag,and . ~ 22.5and20.75mag,respectiely (Barradoy
Navascuesetal. 2002).

A sampleof 94 cluster membercandidatesvas extractedfrom 260000 detectionsin the
4.5 deg? surweyed areabasedon their locationin the optical (I.,R.—~I.) colourmagnitudedia-
gram (Figure 3.3). All objectslocatedto the right of the empirical Zero-Age Main-Sequence
(Leggett1992)shiftedto the distanceof a Perwereclassifiedascandidateclustermembers.The
gapbetweerfield starsandclustercandidatess detectabléFigure3.3) althoughnotassharpasin
the PleiadegBouvieret al. 1998). Indeed,a highercontaminatiorby field starsandbackground
giantsis expected,as« Peris locatedat lower galacticlatitude thanthe Pleiadeqb=—7" versus
b=—-24).

To estimatethe contaminatiorby field stars,Barradoy Navasciesetal. (2002)obtainednear
infrared photometryin the K’-bandfor mostof the optically-selected¢andidatesin the .J-band
for 24 of them, andin the H-bandfor a handful of objects,using Omega-Primeand Omega-
Casscamerason the 3.5-mtelescopeand the MAGIC cameraon the 2.2-m telescopeat Calar
Alto. The membershipstatusof the optically-selectectlustermembercandidatesvas assessed
by comparingthe locationof the objectsto the NextGen (Barafe et al. 1998), Dusty, and Cond
(Chabrieret al. 2000b)isochronesn variouscolourmagnitudediagrams.Objectslocatedto the
right of theisochronesn all the diagramswere classifiedas probablemembersvhereaghoseto
theleft wererejectedasclustermembersThe candidatesvereclassifiedasfollows:

e 54 (~ 60%) asprobablemembers
e 12(~ 12%) aspossiblemembers

e 26 (~ 28%) asnon-members
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Figure3.3: Colourmagnitude(Z.,I.—R.) for all optical detectionswithin the 0.70squaredegree
areafollowed-upin the nearinfrared with the Omega-Primecamera. Large filled trianglesare
probablecandidatedrom Barradoy Navascies et al. (2002) recoveredin our optical-infrared
selectiorwhereasmallfilled triangleswerenot recavered. Openhexagonsarethe new infrared-
selectedclustermembercandidates. Large open hexagonsindicate the nev candidatego the
right of the NextGen 100Myr isochronesn the optical-to-infraredcolourmagnitudediagram.
Opensquaresare spectroscopicallgonfirmedclustermemberdrom Staufer etal. (1999). Also
overplottedarethe NextGen(Barafe etal. 1998)isochronegor 50 and100Myr (solid lines),the
Cond(dottedline) andDusty (dashedine) 100Myr isochronegChabrieretal. 2000b),assuming
adistanceof 182pc. A reddeningvectorfor Ay =2 is alsoincludedfor comparisorpurpose.The
horizontaldashedine at I, = 18.2indicatesthe stellar/substellaboundaryat 0.075M , assuming
adistanceof 182pc andanageof 90Myr for the cluster(Staufer etal. 1999). The massscaleis
indicatedontheright sideof the plot. Thediscrepang betweerisochronesandclustercandidates
mightoriginatefrom the uncertaintie®n the currentopacityline lists.



3.4. Theluminosityandmassfunctionsof thea Percluster 81

Thus,the contaminatiorby field starslies in the range28-40%, estimateslightly largerthan
in the Pleiadeg(Bouvier et al. 1998; Martin et al. 2000a; Moraux et al. 2001). Basedon this
sampleof approximatelyl00 objects,Barradoy Navasc@set al. (2002)derived luminosity and
massfunctionsfor o« Perin the0.30-0.09V; massrange.Theinfluenceof thecontaminatiorand
theageon the shapeof themassfunctionwasanalysecdaswell.

3.4 The luminosity and mass functions of the « Per cluster

3.4.1 The cluster luminosity function

Barradoy Navascigsetal. (2002)derivedthe luminosityfunctionfor very low-massstarsand
brown dwarfsin « Peraccordingto the sampleof probableandpossibleclustermembergdashed
line with filled circlesin Figure3.4). Thecompletenesanddetectionimits of I, =19.5and22.5
magtranslatanto masse®f 0.050M ¢ and0.035M,, respectrely, assumingadistanceof 176pc
andan ageof 90Myr for the o Percluster The luminosity functionis displayedin Figure3.4.
Thesolidanddashedineswith filled circlesshav the clusterluminosityfunctionbeforeandafter
rejectionof non-membersiespectiely. The solid line with opencirclesrepresenthe numberof
starspermagnitudebin for a sampleof field starswith anarbitraryshift of —0.2magin the R—I
colourcomparedo clustermembers.
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Figure3.4: Luminosity function (numberof starsperbin of magnitudespf the « Perclusterbe-
fore andafter rejectingthe non-membergsolid anddashedine with filled circles,respectiely).
Thedistancemodulusis 6.22,correspondindo a distanceof 176pc. Apparentandabsolutemag-
nitudesareplottedon the lower andupperabscissaegspectiely. The uppersolid line with open
circleswasdervedfor acomparisorsampleof field stars.FromBarradoy Navasciesetal. (2002).
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Comparedo a controlfield luminosity function, the clusterluminosity function (Figure 3.4)
exhibits severalfeaturesdetailedbelow:

1. A peakatM; =10, detectedn theluminosityfunctionof the controlfield andin otheropen
clusters,including the PleiadegZapateroOsorioet al. 1997c). This peakwas, however,
locatedat M; =11 magin NGC2516(Jefries etal. 2001)andatM; =9 magin M35 (Bar-
radoy Navascuesetal. 2001),suggestinghatthe locationof this featureis not universalin
clusters100—-20Myr old andmight beagedependentThis maximummight correspondo
the Ha-cornvectionpeakidentifiedby (Kroupaetal. 1990,1993)in the luminosity function
of nearbyfield stars.

2. A gapwasdetectecat M ~ 12.5mag,correspondingo 0.055M;, andspectratypesrang-
ing from M6 to M8. Thisfeaturewasalreadyapparentatsamespectratypein otherclusters
at differentages,including o Orionis (Béjar et al. 2001),the TrapeziumCluster(Lucas&
Roche2000),IC348 (Luhman1999),the PleiadegJamesomtal. 2002),andIC 2391 (Bar
radoy Navascieset al. 2001a).Jamesoret al. (2002)suggestedhatthe formationof large
dustgrainsat thosespecifictemperaturesould be responsibldor this featurealthoughit
mightresultfrom theformationmechanisnof low-massobjects.

3. A secondpeakat M =14.5magwasdetectedn the clusterluminosity function but notin
thecontrolfield. Thisfeaturewas,howvever, belov thecompletenesbmit of thesurney and
shouldbeinterpretedwith caution.

3.4.2 The cluster mass function

Barradoy Navasces et al. (2002) transformedhe « Per luminosity function into a cluster
massfunction (Figure 3.5 usingthe NextGenmodelsfrom Barafe etal. (1998). The corversion
of theluminosityfunctioninto a massunctionrequiresa mass-magnitudeslationextractedfrom
evolutionarytracks. The choiceof a particularsetof isochronesad,however, little influenceon
the shapeandthe slopeof the massfunction (Barradoy Navascigs et al. 2002). The influence
of the ageon the massfunction was studiedas well: no variation on the slopeand the shape
of the clustermassfunction was obvious (Barradoy Navascies et al. 2002). Varying the age
shifts only the massof the objectstowards higher and lower massesvhen older and youngey
respectrely. Moreover, the clustermassfunction derived with the differentkind of membership
selectiorcriteriaexhibitslittle differenceasshavn in Figure3.5. Theinfluenceof binarieson the
shapeandthe slopeof the massfunctionis not consideredn this studyalthoughit canaffectthe
powerlaw index by upto 0.5 (Kroupa2001).

The most probablemassfunction in the « Per clusteris displayedas a thick solid line in
Figure3.5. Two estimate®f the Pleiadesnassfunctionfrom Bouvieretal. (1998;a=0.56)and
ZapateroOsorio (2002, personalcommunication;a =0.75) are displayedin Figure 3.5 aswell.
The slopeof the a Permassfunctionin the 0.30-0.03M, massrangewas approximatedy a
power law with anindex a.=0.59+ 0.05for comparisorwith other massfunction estimatesn
openclusters(Barradoy Navasciéset al. 2002). The shapeof the massfunction might, however,
reflectsomephysicsintrinsicto stars.A dropis detectedat0.055M, in theclustermassfunction.
A seconddropat0.035M, is alsodetectedut is uncertairasit is locatedbelonv thecompleteness
limit of thesunwey.
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Figure 3.5: Massfunctionsof the a Percluster illustrating the effect of contaminatiorby field
stars.Thesemasdunctionswerederivedusinga80Myr isochrongBarafe etal. 1998). Fromtop
to bottom, massfunctionsaredisplayedfor all membersall membersexceptthe non-members,
probableandpossiblemembersandfinally for only probablemembersThe mostprobablemass
functionis shawvn asathick line. A linearfit to this massfunctionis alsoincluded,with a power
law index of a=0.59+ 0.05whenexpressedsa power spectrum.For comparisonthe Pleiades
masgunction,by Bouvieretal. (1998),valid betweerD.40and0.045M s, andby Zapaterddsorio
(2002, personakcommunication)derived in the 0.3—0.04M massrangeareincluded. Figure
takenfrom Barradoy Navasc@setal. (2002).

In summarythe a Per massfunction (Figure 3.5)is similar to the various estimatesof the
Pleiadesmassfunction over the samemassrange (Bouvieretal. 1998inferreda =0.6; Dobbie
etal. 2002derved « =0.8;andTej etal. 2002found « = 0.5).

3.5 The near-infrared survey of the o Per cluster

Themain purposeof the K’-bandfollow-up surney wasto detectnew clustermembercandi-
datesjncludinglower massbrown dwarfs down to the deuteriumburninglimit around0.013Mg,
whencombinedwith the wide-field optical obserationspresentedn § 3.3.

We presentin this sectiona nearinfrared (K’-band)suney of 0.70 squaredegree areain
the o Peropenclusterconductedvith the Omega-Primecameramountedon the CalarAlto 3.5-
m telescope. The completeneséimit of the nearinfrared suney is deepenoughto probethe
substellaregime down to the deuteriumburning limit. Accordingto the Dusty isochronegrom
Barafe etal. (1998),a 20My,;, objectin the « Perclusterhasa (/-K) colour of about9.0 and
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K =18.1,assumingan ageof 90Myr anda distanceof 182pc. We have chosena compromise
for the clusterdistancebetweenthe Hipparcos estimate(d=190pc; Robichonet al. 1999)and
the main-sequencétting (d=176pc; Pinsonneaulet al. 1998). The latter estimatewasusedby
Barradoy Navasciesetal. (2002)to infer the clusterluminosityandmassfunctions.

This sectionis structuredas follows. First, the nearinfrared obsenations carried out with
Omaa-Primeare presentedn § 3.5.1. Secondthe datareductionandthe extractionof the pho-
tometryare describedn § 3.5.2. Third, the astrometryof the nearinfraredfields is detailedin
§ 3.5.3.Finally, theoptical-infraredcatalogues providedin § 3.5.4andnew clustermembercan-
didatesare extractedfrom the colourmagnitude(§ 3.5.5)and colourcolour (§ 3.5.6) diagrams,
respectiely.

3.5.1 Observations

Five of the optical fields, obsered in the R, and I, bandswith the KPNO/MOSA detector
(Table3.1),werefollowed-upin thenearinfrared(K’-bandat 2.12,,m) usingthe wide-fieldcam-
eraOmeaa-Primemountedon the CalarAlto 3.5-mtelescope Omega-Primehasa 1024x 1024
pixel HAWAII detectorwith a spatialscaleof 0.396/pixel, yieldinga 6.7 x 6.7 field-of-view
(Bizenbegeretal. 1998). At thetime of the obserations,Omega-Primehadthe largestfield-of-
view amonginfrared detectorsat Calar Alto®. The nearinfrared obserationspresentedn this
sectionwere carriedout at two differentepochgTable 3.1) andcover a total areaof 0.70square
degreein the o Percluster This arearepresent®nly abouthalf of the total areacoveredby the
five KPNO/MOSAfields-of-viev despitethe largefield-of-view of the Omega-Primecamera.

Thefirst setof datawasobtainedon 4—-6 December1998undergoodseeing(~ 1) but non-
photometricconditions. Mosaicsof 3 x 3 and4 x 4 Omeaya-Primefields-of-viev were obtained
for the A andC opticalfields, respectiely. The secondsetof datawasobtainedtwo yearslater
on11-14DecembeR000.Two 4 x 4 mosaicsn theK andL fieldswereobtainedduringthefirst
threenightsundervariableseeing(betweenl” and 1.4") and non-photometricconditions. The
field E wasobsered duringthe lastnight underpoorweatherconditions(andbadseeing)andis,
therefore shallaver thanthe otherfields (Table3.1).

Twentyexposuref 1 min eachditheredby lessthan40’ aroundthe centreof eachfield were
obtainedto subtractthe sky backgroundand keepa good signal-to-noiseratio over the largest
areapossible. Seriesof five differential (lights on—off) domeflat fields weretaken beforeand
aftereachnight of obserations,aswell asseriesof tendark frameswith exposuretimessimilar
to thoseof the tamgets. Several standardstarswere selectedrom the nearinfrared catalogueof
NorthernHemispherestandardstarsby Huntetal. (1998),somestarsbeingcommonto the Faint
StandardcatalogugLandolt1992)to estimatethe zero-pointghroughoutthe night. A five-dither
patternwasobsenred for eachindividual standardstar The obsened standardsvereFS1,FS16
andFS17,FS23,FS31,FS32,FS33,andAS15overthefour nightswith FS16andFS17takenon
threedifferentnightsto cross-checkhe zeropoints. The centreof theK field in « Per,takenon
thefirst night, wasobsenred againduringthe remaindemightsfor internalcalibration.

Thisinstrumenthasnow beensupersedetly Omega2000a15.4 x 15.4 camerawith a spatialscaleof 0.3'/pixel
ontheCalarAlto 3.5-mtelescope



3.5. Thenearinfraredsuney of thea Percluster 85

3.5.2 Data reduction

Theobservingprocedureandthe datareductionmethodwereaccomplishedh a similar man-
nerfor bothsetsof dataandcarriedout within the IRAF environment(packagedigiphoy.

e Theflat-field exposuresnere averagedusinga minmaxrejectionalgorithmi.e. the lowest
andhighestvalueswererejectedandtheremaindelaveraged.

e Eachon-sourcdramewassky-subtractedisingthemedianof theremainingditheredmages
anddivided by theaveragediat field.

e Theindividual imageswereaveragedo createa 20 min-exposureimage. Thefinal images
weretrimmedto keepthe centralpartwith the total exposuretime of 20 minutesandreject
the edgeswith lower signal-to-noise Dueto the ditheringpattern,roughly 100 pixels were
trimmedin bothx andy coordinatesresultingin afinal 6 x 6 squarearcminusablefield-
of-view.

We adjustedhefull-width-half-maximum thesky level andthedetectiorthresholdfor source
detectionin thefield, providing (x,y) coordinatesand photometryfor eachindividual object. To
optimisethephotometrywe have appliedanaperturesimilarto the FWHM to eachdetection.The
flux of few relatively brightandisolatedstarswasmeasuredor differentaperturesizes(from 1 to
4 timesthe FWHM) to computetheaperturecorrection. Thesky wasestimatedrom a3x FWHM-
wide annulusat a radiusof 4x FWHM from the centreof the star Then,we have correctedthe
resultingmagnitudedor extinction andzeropointsusingthe2MASS K ; photometryavailablefor
somepatchesn the o Percluster The zeropointsdiffer for eachindividual Omega-Primefield-
of-view causedy the non-photometriconditionsandthe zero-pointsderived from the standard
starsweredifferentat a level higherthanthe accurag of 0.1 mag. No ohbvious colourtermwas
seerbetweerthe K’ andthe K, broadbandfilters.

The completenestimit of eachfield, definedasthe magnitudewherethe histogramof the
numberof starsper bin of magnitudestopsincreasing,is listed in Table 3.1 and displayedin
Figure 3.6. Galacticmodels(Annie Robin personalkcommunication)predicta rising luminosity
functionupto K ~ 21.0(lower right panelin Figure3.6). Therefore the magnitudeat which the
obseredluminositydropsis likely thecompletenesbmit of thesurey andnotafeatureintrinsic
of thefield luminosityfunctionasit happerthreemagnitudedrighterthanthe modelpredictions.
A similarapproactwasappliedby Barradoy Navasciesetal. (2002)to estimatehecompleteness
limits of theopticalwide-fieldsuney in « Per.

3.5.3 Astrometry of the near-infrared images

Accurateastrometryin the nearinfrared wasnecessaryo cross-correlatedur infrared sur
vey with the previous optical data (Barradoy Navascies et al. 2002. The astrometryof the
nearinfraredimageswascarriedoutwith IRAF (packagemcood includingthetasksccxymath,
ccmap ccsetwcesandcctran).

The astrometryof the K'-bandimageswas doneby matchingthe obsered K’ coordinates
(x,y) andthe equatorialra,dec)coordinategrom the USNO-A2 catalogugMonetet al. 1998)for
relatively bright starslocatedin the Omega-Primefield-of-view. The USNO-A2 cataloguewas
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Figure3.6: Completeneskmits of the nearinfraredwide-fieldsurwey. An histogramof the num-
berof starsversusmagnitudeds shavn for eachindividual opticalfield with K’-bandobserations.
Thecompleteneskmits arel7.5for fieldsA, C, K, andL and15.5for field E. Thegalacticmodel
alongtheline of sightof the o Perclusteris displayedin the bottomright panelwith anarbitrary
cutat K’ =19.0mag(Annie Robin,personatommunication).

preferredto the Guide Star Catalogue(STScl,2001) dueto the bettersky coverageand higher
numberof starsavailablein the o Percluster

We have, first, matchedhe pixel (x,y) coordinateso thecelestial(ra,dec)coordinate®f three
referencestarschosenn the Omega-Primefield-of-view. Thethreestarswerechosento form a
triangle which coversthe largestareapossiblein the Omega-Primeframe. The referencestars
shouldohviously not bealignedto provide a goodfirst guessof the platesolution.

We have, then, extracteda plate solution from the threereferencestarsandrefinedit with
starscommonto the the USNO databas@andthe Omega-Primeimage(typically 50 to 100stars),
yielding accurag of order0.1-0.2 in right ascensiormnddeclination.

Finally, we have updatedhe headeof thefits file with the second-ordepolynomialfit for the
platesolution,providing afile with pixel andcelestialcoordinatesaswell asphotometryfor each
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individual source.

To checkthe validity of the platesolution,the scienceframesweredisplayedwith the Skycat
softwareandthe USNO-A2 cataloguealetectionsverplotted.Thevisualisationis straightforvard
sinceary discrepang betweenthe position of the USNO-A2 detectionsandthe objectson the
Omaa-Primemageswasimmediatelynoticed.

3.5.4 Optical-infrared catalogue

As discussedxtensiely in Barradoy Navasciesetal. (2002),nearinfrared(JHK) follow-up
obsenrationsof optically-selectealustermembercandidategonstitutegoodmeango rejectcon-
taminatingobjectsbasedon their locationin variousoptical-infraredcolourmagnitudediagrams.
Theinfrareddatawereeitherextractedfrom the2MASS databaser obtainedwith Omega-Prime
andOmegaCassontheCalarAlto 3.5-mtelescopealuringvariousobservingruns. Threesubsam-
pleswereextractedandclassifiedasfollows:

e 54 areprobablecandidates
e 12 possiblecandidates
e 26 wererejectedasclustermembers

Someoptically-selecteatlustermembersvere,however, lacking nearinfraredinformationor
hadonly upperlimits. Furthermorewith alimiting magnitudeof K, =14.3,the 2MASS suney
provided nearinfrared magnitudesonly for objectsat or above the stellar/substellaboundary
in o Per. To estimatethe contaminationin the brovn dwarf regime, deeperobsenationswere
thereforerequired. At the time of the obserations,the full 2MASS databasevasnot released,
creatingpatcheswithin the o: Perclusterwith no infrareddataat all. Finally, anotheraim of the
wide-fieldinfraredsurey wasto uncover lower massbrowvn dwarfsdown to thedeuteriumburning
limit. Indeed,we have expectedto find a nearinfrared counterparto faint objectin the I.-band
(andno R, measuremenih orderto unveil new clusterbrowvn dwarfs.

The cross-correlatiorof the optical (R. and I.) and nearinfrared (K') cataloguesvas not
straightforvard. The matchingradiuswasfirst increasedo inspectthe evolution of the number
of matchedbbjectswith radii rangingfrom 0.1to 10”. The numberof matchesncreasedteeply
up to 2-3' andthenkeptrising slowly. To optimisethe cross-correlatiorand avoid the loss of
goodcandidateswe have estimatedhe dispersionn right ascensioranddeclinationbetweerthe
optical andthe nearinfrared catalogues.The bestgaussiarfits to the distributions have sigma
valuesof 0.372' and0.193 for theright ascensiomnddeclination respectiely (Figure3.7). The
differenceobsenred in the dispersionbetweernboth directionscomesfrom the cos¢) not applied
to the right ascensiongspeciallyat high declinations(é =48-50 for « Per). We have cross-
correlatedthe nearinfrared (K') andthe optical (R, and I.) cataloguesvith matchingradii of
four timesthe dispersionvaluesquotedabore. Hence,we hase missedonly oneor two objects
amongthe 22,000matchedn the 0.70squaradegreeareasuneyedin o Per.

The final catalogueis available uponrequestandwill be available at the CDS websité af-
ter publicationof the resultsof the infraredsuney in o Per. The final cataloguecontains22,129

2http:/ivizieru-strasbg.fr/cgi-bin/izieR
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entrieswith theright ascensiormnddeclination(in J2000) andthe opticalandnearinfraredmag-

nitudes.We will usethis catalogudo extractthe new clustermembersn « Perandwe will refer

to theseobjectsasnew infrared-selectedandidatessopposedo the opticalmembersxtracted
by Barradoy Navasciesetal. (2002). The selectionprocedureof the new candidatess described
in theforthcomingsections.
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Figure3.7: Determinationof the matchingradii in right ascensiorand declinationfor the cross-
correlationof the opticalandnearinfraredcatalogue®f o Per. Theleft andright panelshavs the
numberof starsversughedifferencebetweertheopticalandthenearinfraredcoordinatesn right

ascensiomnddeclination respectiely. Thehistogramsareshavn for amatchingradiusof 10.0".

Thedottedcurvesrepresenthe bestgaussiariits to thedistributions.

3.5.5 Colour -magnitude diagram

A colourmagnitudediagramrepresentghe obserational counterpartof the Hertzsprung-
Russelldiagram. The magnituden the y-axis correspondo the luminositieswhereaghe ob-
sened colourson the x-axisreflectthe temperaturesf the objects. Young clustermemberswill
exhibit reddercoloursthantheirfield counterpartand,therefore occupy theright sideof theplot.

The optical-to-infraredcolourmagnitudediagram(K’,I.—K") is displayedin Figure3.8. All
sourcesletectedvithin the0.70squaradegreeareasuneyedin theclusteraredravn asblackdots.
Overplottedare the NextGenisochronegsolid lines) for 50 and 100Myr (Barafe et al. 1998),
the Dusty (dashedine), and Cond (dottedline) isochronedor 100Myr (Chabrieret al. 2000b),
assumingan ageof 182pc for the cluster A reddeningvectorfor Ay =2 is alsoincludedfor
comparisorpurpose.

Threesequenceareclearlyvisiblein the (K’,1.—K") colourmagnitudediagram(Figure3.8).
Thebluesideof thediagramwith K < 18 magis populatedoy F andG dwarfsfrom the Galactic
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thin disk, while fainterobjectsareF andG dwarfsbelongingto thethick disk. LatertypeK andM
dwarfspopulatetheredsideof thediagram.Thebulk of objectsseenontheright handsidebelow
theisochronesvith a I.—K’ colourof approximately4 aremainly reddenedackgroundjiants.

(Ie-K)

Figure 3.8: Colourmagnitude(K’,I.—K'). More than22,000detectionsover the 0.70 sq. deg.
areasunweyed in the o Perclusterare plotted as black dots. Also overplottedare the NextGen
(solidlines)isochronegor 50 and100Myr (Barafe etal. 1998),andDusty (dashedine) 100Myr
isochronegChabrieret al. 2000b),assuminga distanceof 182pc for the cluster A reddening
vectorfor Ay =2 is alsoincludedfor comparisorpurposes.

We have selectednev membercandidatefrom the optical-infraredsuney of 0.70 square
degreeareain o Perby extractingobjectsfalling to the right of the NextGenand Dusty 100Myr
isochronegFigure3.8andFigure3.9). As afirst step,we have extractedall objectsfalling to the
right of the NextGen100Myr isochrone®ver thewhole magnitudeangeandassumed distance
of 182pcfor a Per.Thetotal numberof newly infrared-selectechembercandidatess 103 out of
22,129detectionsn the0.70squaradegreesuneyedarea.Figure3.9providesa close-upregion of
the(K',I.—K') colourmagnitudediagramwherethenew infrared-selectedandidatesrelocated.
Thosenew clustermembercandidatesrerepresentethy large hexagonsandlistedin the bottom
panelof Table3.2. We have alsooverplottedthe optically-selecteghrobable(filled triangles)and
possible(opentriangles)clustermembercandidatesrom Barradoy Navasc@set al. (2002)for
comparison.

We have cross-correlatethe new infrared-selected¢andidatesith the recentreleaseof the
2MASS databasén orderto provide additionalJ and H magnitudes.The K’ magnitudefrom
the wide-field survey andthe K; magnitudedrom 2MASS arein goodagreementAnalysis of
the location of new candidatesn various colourmagnitudediagramsconfirmedtheir statusas
new probableclustermembersgexceptfor AP415which appearsedderin the optical (I.,R.—I.)
colourmagnitudediagram(Figure3.3). This discrepang might arisefrom a possiblecompanion.
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Furtheranalysisof themembershigtatusof thenew clustercandidatesvill bepursuedn the next
section(§ 3.5.6).

In an attemptto estimatethe influenceof the distanceon the candidateselection,we have
repeatedhe procedureassumingdistancesof 176pc and 190pc, respectiely. The numberof
infrared-selectedandidateddid vary as follows: 90 and 119 candidateswvere extractedfor a
distanceof 176 and 190pc, respectiely. The additionalobjectsfound for a distanceof 190pc
comparedo 182pcareincludedin Figure3.9.

However, the NextGenisochroneglo not includethe modelling of dustin ultracool dwarfs.
Severalsuneysin thefield andin openclustersconcludedhatthe spectrakenegy distributionsof
very low-massstarsandbronvn dwarfs areshapedy the presencef dustin theiratmospheres.

We have, therefore selectedall objectslocatedin the areadelineatedby the Dusty (masses
belav 50Mj,;, or T.g belov 2500K) andthe NextGen 100Myr isochrones. Galacticmodels
predictthat thoseobjectsare mostly distantreddenedjiantsbut we would expectsomecluster
membersiddenin this region of the colourmagnitudediagram.The numberof selectedbjects
are269, 310, 333, assuminglistancef 176, 182,and 190pc, respectiely. Thesenumbersdo
not include the candidateselectedbasedon the NextGenisochrones.All selectionprocedures
assumea meanextinction of 0.3mag(Barradoy Navasciesetal. 2002). Thenumberof genuine
clustermembercandidategxtractedfrom eachselectionmethodis givenin the next section.

3.5.6 Colour -colour diagram

The colourcolour diagramis of prime importanceto distinguishprobableclustermember
candidategrom distantbackgroundyiants. The photometryavailablein threebroad-bandilters
(R, I., K") providesa colourcolourdiagram((I.—K'),(R-I).) to furtherassesshe membership
of theinfrared-selectedandidategFigure 3.10). The giantbranchis clearly visible andcentred
approximatelyon (R-I). ~ 1 andI.—K' ~ 4. Figure3.10displaysall detectionsn the 0.7 square
degreeareasurweyed in the « Per cluster (black dots) alongwith the NextGen 50 and 100Myr
isochronegsolid lines; Barafe etal. 1998).

Theinitial selectionof new clustermemberaisingthe NextGen100Myr isochronest a dis-
tanceof 182pcfor a Perextracteda total of 103new infrared-selectedandidates.

Amongthosenewn candidatesmorethantwo-thirdsof them(70%) turnedoutto bereddened
backgroundjiants(diagonalcrossesn Figure 3.9 andFigure 3.11) ratherthanlow-massbrovn
dwarf candidatesaccordingto their locationin the ((I.—K"),(R-I).) colourcolourdiagram.This
contaminationis causedby the ability of the K’-bandto probelarger distanceshroughhighly
extinctedregionstowardsthe Galacticplane,asit is the casefor o Per.

The remaininginfrared-selecte@¢andidateswhich lie to the right of the NextGen 100Myr
isochronesin the colourcolour diagram, stay probablecluster membercandidates. However,
abouthalf of thesecandidate$16 out of 30) werealreadyextractedby the opticalsuney asprob-
ablemembersthus,confirmingtheir genuinemembershipThe shift in colourobsered between
the candidatesndtheisochrone®riginatesfrom the selectionprocedureof thesecandidatesand
theuncertaintie®f the opacityline lists. We have recoreredmorethan50% (18 out of 31) of the
probableclustermemberdrom Barradoy Navasceset al. (2002)(filled trianglesin Figure3.11
andupperpanelin Table3.2),distributedover theareasurneyedin the nearinfraredasfollows.
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Figure 3.9: Colourmagnitude(K’,I.—K') diagramshaving the location of the new infrared-
selectedmembercandidates.Also overplottedare the NextGen (solid lines) isochronedor 50
and 100 Myr (Barafe et al. 1998) and the Dusty (dashedine) 100Myr isochronegChabrier
et al. 2000b),assuminga distanceof 182pc for the cluster Filled andopentrianglesareproba-
ble andpossibleclustermembercandidatesxtractedby the optical surwey describedn Barradoy
Navascuiesetal. (2002).Openhexagonsarenew infrared-selectedlustermembeicandidateérom
our optical-infraredsuney. Thetwo selectionmethodsareclearlyapparentThe diagonalcrosses
indicatethedistantbackgroundjiants.The horizontaldashedine representshe stellar/substellar
boundaryat M x =8.7 mag(M; =11.8mag)assuminga distanceof 182pc for the cluster
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Figure3.10: Colourcolour((l.—K"),(R-I).). All 22,129detectionsareplottedasblackdots.Also

overplottedarethe NextGen(solid lines)isochronegor 50 and100Myr (Barafe etal. 1998),age
bracletingthe oneestimatedor o Perseiassuminga distanceof 182pc. Thegiantbranchis well

populatedn thisdiagram((R-I). ~ 1 andI.—K' ~ 4), dueto thelow galacticlatitudeof the o Per
cluster A reddeningvectorfor Ay =2 is alsoincludedfor comparisorpurpose.

Threeprobableclustermembersout of four in thefield A

Threeoutof sixin field C

Two out of threein field E

e Five outof sevenin field K
e Fiveoutof elevenin field L

Theremainingl4 objectsarenew infrared-selectegrobablenembercandidatesiot extracted
assuchby the optical surney (openhexagonsin Figure3.11andlower panelin Table3.2). One
of thesenew membercandidatefAP426)hasR,, 1., and K’ magnitudeselov the hydrogen-
burning limit, indicating a probablebrowvn dwarf clustermember Anothercandidate(AP425)
straddleghe stellar/substellaboundaryandis possiblya browvn dwarf. Finally, AP424lies close
to thelithium depletionboundaryestimatedy Staufer etal. (1999).

Moreover, oneobiject, previously classifiedasa non-membeby Barradoy Navascieset al.
(2002),wasincludedin our sampleaswell (large crossin Figure3.11).

As mentionedearlier (§ 3.5.5),our selectionof new clustermemberdn « Perto the right of
theNextGen100Myr isochronegxtractedd0 and119candidatesgor distance®f 176and190pc,
respectiely. How doesthe numberof infrared-selectedlustermembercandidatesand/orgiants
dependntheassumedlistance?
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[e—K’

(R-I)c

Figure 3.11: Colourcolour diagram((I.—K"),(R-I).). Also overplottedare NextGen (Barafe
et al. 1998) isochronedor 50 and 100 Myr, age bracleting the one estimatedfor the cluster
Filled and opentrianglesare probableand possibleclustermembercandidatesxtractedby the
opticalsuney describedn Barradoy Navascigsetal. (2002). Opensquaresarespectroscopically
confirmedmemberf o Perfrom Staufer etal. (1999). Openhexagonsarenew infrared-selected
clustermembercandidategrom our optical-infraredsurney. The diagonalcrossesndicatethe
distantbackgroundgiantsrejectedas clustermember The discrepang betweenisochronesand
clustercandidatesnight originatefrom the uncertaintie®n the currentopacityline lists.
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Table 3.2: List of the new membercandidatef the o Per clusterselectedrom the optical-to-
infraredsurwey (Section3.5). The namescoordinatesn J2000,and R, I., the 2MASS J, H,
andK; magnitudeand K’ magnitudegrom our nearinfraredobsenationsaswell asthe colours
of eachobjectarequoted. The upperpartof thetableprovide thelist of optically-selecteanem-
bercandidatesound independentlyin the optical-to-infraredsurney whereaghe lower partlists
the naew infrared-selectegrobablecandidates Among them,four new objectsarebrown dwarf
candidatenembers.The numberingof the nev candidatememberdollows the onedescribedn

Barradoy Navascuiesetal. (2002)andstarsat AP413.

Name | R.A. Dec | Re | I. | J | H | Ks | K' | (R | I—K")
Optically-selectealustermembercandidates
AP329 | 03:23:56.36 +480921.1 | 17.16 | 15.48 | 13.88 | 13.31 | 13.04 | 12.95 1.69 2.53
AP332 | 0325:16.91 +4836:09.3 | 17.63 | 15.80 | 14.06 | 13.43 | 13.19 | 13.13 1.82 2.67
AP334 | 03:2245.51 +4821:33.4 | 17.82 | 1596 | 14.25| 13.66 | 13.34 | 13.35 1.85 2.61
AP339 | 03:26:33.28 +5007:41.9 | 17.97 | 16.15| 14.35| 13.76 | 13.40 | 13.45 1.82 2.70
AP343 | 03:23:48.49 +4836:43.3 | 18.01 | 16.21 | 14.62 | 14.07 | 13.72 | 13.66 181 2.55
AP344 | 03:26:52.11 +50:00:32.8 | 18.24 | 16.27 | 14.33 | 13.69 | 13.39 | 13.44| 1.97 2.83
AP309 | 03:2240.69 +4800:33.8 | 18.23 | 16.38 | 14.49 | 13.88 | 13.58 | 13.59 1.85 2.79
AP349 | 03:26:48.01 +50:0215.7 | 18.45| 16.56 | 14.62 | 14.04 | 13.73 | 13.78 1.88 2.78
AP353 | 03:24:48.69 +484947.3 | 18.78 | 16.68 | 14.61 | 14.00 | 13.65| 13.63 | 2.10 3.05
AP364 | 03:20:39.19 +493206.2 | 18.90 | 16.92 | 15.00 | 14.41 | 14.03 | 14.00 1.98 2.92
AP365 | 03:2822.98 +4911:24.3 | 19.06 | 17.03 | 15.02 | 14.33 | 14.15| 14.20 | 2.03 2.83
AP366 | 03:26:35.49 +491544.2 | 19.05| 17.04 | 15.12 | 1454 | 14.22 | 14.15 2.00 2.89
AP369 | 03:26:45.11 +50:25:06.7 | 19.46 | 17.26 | 14.88 | 14.26 | 13.88 | 13.84 | 2.20 3.42
AP311 | 03:23:08.70 +4804:50.7 | 19.56 | 17.50 | 15.44 | 14.71 | 14.32 | 14.46 2.07 3.04
AP370 | 03:27:01.00 +491441.2 | 19.71| 17.67 | 15.61 | 14.94 | 1450 | 14.62| 2.04 3.05
AP305 | 03:19:21.62 +4923:31.1 | 20.59 | 18.36 | 15.81 | 14.96 | 14.64 | 14.78 | 2.24 3.57
AP399 | 03:2548.55 +50:01:00.8 | 22.71 | 20.15| — — — 16.09 | 2.56 4.06
AP406 | 03:23:09.86 +4816:30.0 | 23.60 | 20.78 | — — — 16.31 | 2.81 4.48
New infrared-selectedlustermembercandidates(NeéGenisochrones)
AP413 | 03:24:17.75 +4807:36.0 | 17.01 | 15.50 | 14.03 | 13.34 | 13.05| 13.06 151 2.44
AP414 | 03:2205.17 +481246.1 | 17.06 | 15.56 | 14.00 | 13.26 | 13.05 | 12.97 1.50 2.59
AP415 | 03:25:32.89 +484521.4 | 18.31| 16.14 | 13.75| 13.06 | 12.82 | 12.85 2.17 3.29
AP416 | 03:28:16.33 +50:0551.6 | 17.91 | 16.34 | 1457 | 13.91 | 13.63 | 13.63 1.56 271
AP417 | 03:2240.50 +481935.0 | 18.09 | 16.40 | 14.80 | 14.09 | 13.83 | 13.78 1.69 2.63
AP418 | 03:26:02.06 +50.05:34.7 | 18.04 | 16.45| 14.68 | 14.06 | 13.71 | 13.78 1.59 2.66
AP419 | 03:23:18.80 +4804:25.4 | 18.61 | 16.77 | 14.75| 14.07 | 13.77 | 13.87 1.83 291
AP420 | 03:27:17.27 +5007:19.8 | 18.51 | 16.87 | 15.12 | 14.41 | 14.13 | 14.12 1.64 2.75
AP421 | 03:22:09.83 +4816:43.8 | 18.53 | 16.93 | 15.30 | 14.66 | 14.28 | 14.19 1.60 2.74
AP422 | 03:23:17.96 +475901.7 | 18.69 | 17.07 | 15.31 | 14.54 | 14.20 | 14.28 1.61 2.79
AP423 | 03:24:08.12 +484830.0 | 19.53 | 17.54 | 1550 | 15.03 | 14.44 | 14.59 1.99 2.94
AP424 | 03:23:04.86 +4816:11.3 | 19.68 | 17.66 | 14.61 | 15.15| 14.61 | 14.62 | 2.02 3.04
AP425 | 03:27:07.06 +50:09:22.7 | 20.15| 18.12 | 15.75 | 15.00 | 14.77 | 14.78 | 2.03 3.34
AP426 | 03:26:16.24 +50:1843.3 | 23.07 | 20.57 | — — — 16.03 | 2.50 4.54
AP427 | 0323:59.92 +4808.00.5 | 17.92 | 16.38 | 14.84 | 14.09 | 13.87 | 13.81 1.54 2.57
AP428 | 03:23:05.59 +480900.7 | 19.95| 18.10 | 16.12 | 15.07 | 14.76 | 14.97 1.85 3.13
New infrared-selectedlustermembercandidates(Dustisochrones)
AP429 | 03:27:30.59 +4911:09.6 | 22.48 | 20.06 | — — — 16.27 | 2.42 3.79
AP430 | 03:20:14.94 +493146.6 | 23.42 | 21.00 | — — — 16.39 | 2.42 4.61
AP331 | 03:24:06.45 +482311.5| 22.20| 19.82| — — — 16.07 | 2.39 3.76

For adistanceof 176pc, thelist of 90 candidatess dividedasfollows:

e 64 candidate$71%) turnedoutto be giants.

e Oneobjectwaspreviously classifiedasnon-membeby Barradoy Navasciesetal. (2002).

e 15candidatesrecommonto the opticalandnearinfraredsuneys.
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e 10arenew infrared-selectedandidatesThe‘missing’ new candidatesomparedo distance
of 182pcareAP421,AP422,AP423,andAP426,thelatter beinga possibleclusterbrovn
dwarf.

For adistanceof 190pc, thelist of 119 candidatess dividedasfollows:

e 86 candidate$72%) areclassifiedasgiants
e Thesamecandidateclassifiedasnon-membeby Barradoy Navasciesetal. (2002).
e 16 objectsarecommoncandidatessfor a distanceof 182pc

e 16 new candidatesncludingtwo newv ones,AP427andAP428,represenbur new infrared-
selecteccandidatesAP428is straddlingthe stellar/substellaboundaryindicatinga possi-
ble browvn dwarf member

To summarisethe numberof giantsis approximately70% of all infrared-selectedandidates.
Thenumberf nev membercandidatess 16,assuminghedistancederivedfromisochronditting.
However, all thesenew candidatesrestellarcomponent®f the a Perclusterexcept,AP426.

To find new brown dwarf candidatesn the cluster we have examinedthe locationin the
colourcolour diagramof the objectsselectedo theright of the Dusty 100Myr isochronein the
colourmagnitudediagram. Following the previous selectionprocedurewe could extract5 new
brovn dwarf candidatesincluding the recavery two candidatesrom Barradoy Navascieset al.
(2002). Thelattertwo brown dwarfs, AP399andAP406,werelacking nearinfrared photometry
The numberingof the newv candidatestrictly follows the previous oneandstartsat AP439. The
remainderobjects,rejectedas possibleclustermembers.are mostly distantreddenedjiantsas
anticipatedoy galacticmodels(not shavn in Figure3.11to avoid overloadingtheplot).

Onecannow askthefollowing question:why werethosenew infrared-selectedlustermem-
ber candidatesnissedin the optical selection?To addresghis issue,we have comparedhe lo-
cation of the new candidatego previous membersin the optical (I.,(R-I).) colourmagnitude
diagram(Figure3.3).

All the infrared-selecteadtandidatedocatedto the right of the NextGen isochronesn the
(K',I.—K'") colourmagnitudediagramalsolie to theright of the NextGenisochronesn the (I,R—
I) colourmagnitudediagram.They definea bluersequencéhanthe probablemembersextracted
by Barradoy Navascies et al. (2002) andremain,therefore,likely nen clustermembercandi-
dates.Someobjectsfollow the sequencelefinedby the probablecandidategxtractedby Barrado
y Navasciesetal. (2002). Oneobject,AP415,lie above the sequencendmight be eithera con-
taminantor a binary belongingto the cluster(Figure 3.3). Optical spectroscop is requiredto
ascertaithe membershipf thesenew infrared-selectedlustermembers.

The new brown dwarf candidatedollow the sequencealefinedby the probablecandidates
from Barradoy Navascesetal. (2002). Thefaintestnewv brovn dwarf candidate AP431,exhibit
blueropticalcolourwhich mightreflectthe settlingof dustin theatmospheresf youngsubstellar
objects.

3.6 Optical spectr oscop y of cluster member candidates

Dueto thelow galacticlatitudeof the a Percluster propermotion and photometryalonefail
to eliminateall non-membersThe membershipf the new clustermembercandidatesxtracted
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by Barradoy Navasceset al. (2002)andour nearinfraredwide-field suney aresolelybasedon
colourselectionasno first epochis available dueto the faintnessof the objects. To ascertairthe
membershipf the photometrically-seleetl candidatesn o Per,we weregrantedfour observing
nightsin autumn2002to carryoutmoderate-resolutioopticalspectroscopof thenew candidates
with the Twin spectrograpimountedon the CalarAlto 3.5-mtelescope.

Thespectroscopiobsenrationsaredescribedn § 3.6.1. Thedatareductionis detailed§ 3.6.2.
Themainresultsof the spectroscop of thenew clustermembercandidatesn o Perarepresented
in § 3.6.3.

3.6.1 Spectroscopic obser vations

Spectroscopiobsenrationswereconductedvith the Twin spectrograpimountedon the Calar
Alto 3.5-mtelescopén October/Noeember2002undervariableweatherconditionsover thefour
nightobservingrun.

The Twin CCD cameras a 2000x 800 pixel detectomwith a spatialresolutionof 0.5A/pixel.
Thelight enteringthe spectrograplis separatedthy a dichroic beamsplitterwhich allows the user
to obtainablueandredspectrunof thetarget. We have obtainedmoderate-resolutio(R ~ 2000)
optical spectraof 33 selectedmembercandidatesisingthe TO7 grating covering 5800—880QA.
Our sampleof objectscanbedividedinto four cateories:

e 24 probablemembergBarradoy Navasciesetal. 2002)

¢ 1 possiblememberAP350(Barradoy Navasciesetal. 2002)

e 4 non-membersAP327,AP336,AP338,andAP342(Barradoy Navasciesetal. 2002)
e Fournew infrared-selectethembersAP414,AP415,AP416,andAP418

We have obsered mostof the objectsthreetimes (Table 3.3), eachexposurebeing shifted
alongthe slit by approximatelyl00 pixels. Table 3.3 lists the 33 objectsobsered spectroscopi-
cally, their I, magnitudesthe observingdatestheexposureimes,aswell asspectroscopicesults
which aredetailedin the next section(§ 3.6.3). We have usedtwo differentslits (1.5" and2.1”)
dependingon the seeingconditions. We have adjustedthe exposuretimes taking into account
the brightnessof the objectaswell asthe weatherconditions. We have taken domeflat fields,
darkframesandHe—Ar arclampsbeforethe beginning of eachnight aswell. We have obsered
spectrophotometristandardtarsFeigel10(Hamuyetal. 1992)andG191-B2B(Massg & Gron-
wall 1990)twice eachduringthenightto flux calibratethe spectraMeanwhile we have obsered
sometemplateobjectswith known spectraltypeswith the sameset-upto derive accuratespec-
tral type classificationand comparegravity-sensitve absorptionfeatures. The templateobjects
andtheir spectratypesareGJ251(M3.5), LHS1417(M4.0), LHS0168(M5.0), LHS1326(M6.0),
LHS0248(M6.5), bracleting our clustertargetsin spectrakypes.

3.6.2 Data reduction

The datareductionwasentirely accomplishedvithin the IRAF ervironment(packagawod-
specandonedsper Eachstepof the procedureusedto extract a one-dimensionabptical spec-
trum is describedbelov. Thedispersionaxis of the spectraobtainedwith the Twin spectrograph
arealongthelinesandthe bluewavelengtharethe endof the x-axis.
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. The first stepconsistsin creatingan averagedbias frame. Ten biasimageswere taken

beforethe night andwereaveragedwith a minmaxrejection. The lowestandhighestvalue
of eachpixel were,thereforeyemoredandtheremaindemveraged Themeanbiaswasthen
subtractedrom theraw scienceémage.

. A large numberof cosmicraysaffectedthe longestexposuresiecessaryo obtainsuficient

signal-to-noiseatio for the faintestclustermembercandidates We have emplo/ed a pro-
gramusingthe corvolution with a Laplaciankernel(van Dokkum2001)2 to remove cosmic
raysbecaus@oneof the IRAF taskwasfound efficientin this respect.

. We have averagedthe five domeflat-fieldstaken beforethe beginning of the night with a

minmaxrejection. To correctfor the wavelengthdependencef the flat-field, we have fit a
high-orderpolynomialalongthe dispersioraxis of theflat-field. Then,we have dividedthe
bias-correctedciencdrameby the normalisedesponsdunction of theflat-field.

. We have estimatedhe sky backgroundaroundthe spectrumby choosingtwo intenals to

theleft andto theright of the spectrumalongthe dispersioraxis. Theresultingimagewas
atwo-dimensionakky-subtractedgpectrunof the object.

. The centreof the spectrumthe width of the aperture andthe intervals for sky subtraction

were choseninteractvely until a satishctoryresultwasachiezed. Finally, we have fit the
traceof thespectrunby acubicsplineto extractthe one-dimensionapectrunof thetamet.

. A linearfit of thewavelengthasa functionof the pixel numbemwasachiezed by identifying

heliumandneonlines. For the Twin spectrographthe bluewavelengthcorrespondso high
numberpixels. Threeor four goodlineswereinitially selectedo obtaina first guesof the
linearfit. Thefit wasrefinedusinga larger numberof lineswith positionsavailablein the
IRAF databaseAny discrepantine wasdeletedo optimisethefit.

. Thelinearfit of the wavelengthasa function of the pixel wasthenusedto assignthe dis-

persionsolutionto the sciencetarget. The startingand endingwavelengthsaswell asthe
wavelengthper pixel were computedandshouldobviously matchthe parameterprovided
in theusermanualof theinstrument.

. Theflux calibrationof the sciencespectrumrequiredobsenationsof spectrophotometric

standardstars. The flux of the calibratedspectrais expressedn egecm2s 1 A-1. We
have appliedthe samedatareductionprocedurdo the standardtarsandthe sciencdamets.
However, two additionalstepswererequiredto correctfor the non-uniformresponsef the
detectoroverthewholewavelengthrange.First, theflux of the standardstarwasintegrated
over50A-wide bandpassesndcorrectedor exposurgime. Secondthesensitvity function
of thedetectorasafunctionof wavelengthwascomputedakinginto accountheextinction.

Then, we have appliedthe fit of the sensitvity function to the dispersion-correctedne-

dimensionakpectrunof thetarget. Finally, we corvertedthe spectruninto anasciifile with flux

versuswavelengthfor further analysis. We have normalisedthe spectraat 7500A. Figure3.12

displaysonly the objectswhosespectroscopicesultsconfirmedtheir statusof bona-fidecluster
membercandidates.

Shttp://www.astro.yale.edu/dokkum/lacosmic/
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Figure3.12: Spectraof the 24 objectslistedin Table3.3 apartfrom the giantsclassifiedasa non-

memberandthe new infrared-selectedbjects. The spectraltypesquotedinto braclets after the

nameof the tamget rangefrom M4.5 to M6.0 with a typical uncertaintyof orderhalf a subclass.
Typical featuresof M dwarfs are clearly seenon the spectrajncluding TiO and VO absorption
broadbands.All tagetsexhibit Ha in emissionat 6563A. An arbitraryconstanthasbeenadded
to eachspectrunfor clarity.
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3.6.3 Analysis of the optical spectra

We have obsered spectroscopicallya subsamplef clustermembercandidatesn « Percon-
taining 24 probablemembers,l possiblememberand4 non-membersaken from the candidate
list in Barradoy Navascies et al. (2002). The objectsare listed in Table 3.3 along with their
spectroscopicesults.We have obtainedoptical (5800—88003\) spectroscopwith the Twin spec-
trographof all probablemembersspanningl =15.0-17.0but four. Among the remainingfour
objects,we have taken optical spectraof two of themwith the Kecktelescope Additionally, we
have alsocarriedout optical spectroscop of all probablemembersspanningl =17.0-18.0with
Keck. We will focushereonthe optical spectroscop conductedvith the Twin spectrographin-
cludingtheninecandidate$AP329,AP332,AP309,AP339,AP349,AP344,AP353,AP364,and
AP366)commonto the nearinfraredsuney.

We have assigned spectraltype to eachindividual confirmedmemberwith an uncertainty
of half a subclassaccordingto the M dwarf classificationschemeslefinedby Kirkpatrick et al.
(1999b)and Martin et al. (1999b). The spectraof the non-memberare consistentwith giant
spectra,confirming that theseobjectsdo not belongto the cluster The only possiblemember
candidatebseredin thesampleaxhibits a similar spectrumandwas,thereforerejectedascluster
member

We have appliedthe “recipe” presentedn § 1.4 to classify eachprobableclustermember
We have computedspectralindicesfor eachindividual target (Table 3.3), including TiO5 (Reid
etal. 1995),VO-a(Kirkpatrick etal. 1999b),andPC3(Martin etal. 1999b¥.

Theinferredspectratypesfrom eachindex weregenerallyconsistentvithin a subclassHow-
ever, we have noticedsomedifferencesandfavouredthedirectcomparisorwith spectratemplates
of well-known M dwarfs. The spectralindicesquotedabore weredefinedto classifyfield dwarfs
which have larger gravity thanyoungclustermembersn « Per.

To derive a self-consistentlassificatiorandnot rely solely on spectraindices,we have com-
paredeachindividual tamgetwith spectreof templateM dwarfs of similar spectratypes,including
2MASS J2300189-121024,2MASS J0244463-153531A&B, and 2MASS J0242252-134313
(Kirkpatrick etal. 1999b),aswell as2ZMASS J043549@-153720(Gizis & Reid1999),with spec-
traltypesM4.5,M5.0,M5.5,M6.5,andM6.0, respectiely. In addition,dueto possiblaifferences
in telescope/instrumérconfigurationsand detectorsensitvities, we have obsered comparison
objectswith known spectraltypes,including GJ251(M3.0), LHS1417(M4.0), LHS0168(M5.0),
LHS1326(M6.0),andLHS0248(M6.5) with thesamdnstrumenset-up.Thethreedifferentspec-
tral type estimategielded consistentesultswith uncertaintiesf half a subclasglastcolumnin
Table3.3andFigure3.12).

Finally, Table 3.3 shavs that the brighterthe clustermembersare, the earlieris the spectral
type. Furthermorewe have foundthe flux measuredn the spectreof the targetsconsistentvith
the I, magnitudegrom thewide-fieldopticalsuney.

The objectsdisplayedin Figure 3.12 spanspectraltypesM4—M6, M6.5 beingconsideredas
the stellar/substellaborderin youngopenclusters.All probablemembersn « Per,followed-up
spectroscopicallyare, therefore,stellar componentf the cluster Accordingto the NextGen
isochroneg(Barafe et al. 1998), the cluster membershave massesanging from 0.40M, to
0.12M,, assuminga distanceof 182pc andanageof 90Myr for a Per.

“Thedefinitionof thethreespectraindicesis givenin Chapterl in Table1.2
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TheHa emissionline at6563A constitutesa further criterionto ascertairthe membershipf
the selectecclustercandidatessit is a sign of youth. This featureis clearly detectedn all 24
probablecandidatesrom Barradoy Navascies et al. (2002) (Figure 3.12). The Ha equivalent
widthsrangefrom 4.0to 15.0A andareconsistentvith previous measurements « Perobtained
by ZapateroOsorioet al. (1996),Prossel(1992,1994),and Staufer et al. (1999)in the M3-M6
spectraltype range. However, the samplecontainstoo few objectsto probethe turnover around
M3-M4 in o Per(ZapaterdOsorioetal. 1996)causedy thetransitionfrom radiative to convective
coresoccurringat0.3-0.2M, regardlesof theage(D’Antona & Mazzitelli 1994). Thisturnover
wasdetectedn thePleiade<lusteraswell (Staufer etal. 1994b;Hodgkinetal. 1995).Figure3.13
shavs Ha equivalentwidthsversusspectratypesfor previousa Permembergopentriangles)and
from our spectroscop (filled hexagons).
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Figure3.13: Ha equivalentwidthsversusspectratypefor all spectroscopicallgonfirmedcluster
membersin the a Percluster Opentrianglesindicate memberdisted in Prossen(1992,1994)
and Staufer et al. (1999). Our Ha equivalentwidths areindicatedwith filled hexagonsandare
consistentvith measurementsf clustermemberswyith comparablespectraltypes. Valuesof 50,
60, and70givenon thex-axiscorrespondo KO, MO, andLO spectrakypes,respectiely.

Furthermorethe strengthof the Ha emissionline in the « Permembercandidatess stronger
thanin field dwarfsof similar spectratypesalthoughthechromospheriactiity in field M dwarfs
reachegmaximumaroundM6-M7 (Hawley, Gizis,& Reid1996)andcanbeashighasin young
magneticallyactive objects(Gizis, Reid, & Hawley 2002). We have comparedhe Ha equivalent
widths of o Perclustermemberdo field M dwarfs of comparablespectraltypesextractedfrom
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oursampleof propermotioncandidateg§ 2.4). Opticalspectroscopfor field M dwarfsspanning
M4—-M6 shavsthatabouthalf of themexhibit Ha with equivalentwidthsaslargeasthosedetected
in o Permembers.

Moreover, Ha equivalentwidths measuredn propermotion M4-M8 clustermembersn the
Pleiadess typically greaterthan3A. Although arbitrary the 3A valuereflectsthe ervelopeof
equvalentwidthsin the PleiadegHodgkinetal. 1995).

The detectionof the Ha emissionline in all probable cluster member candidatesaswell
asthe argumentspresentedhere add support to the belief that there are indeed membersof
the cluster.

To furtherconstraithemembershipf thephotometrically-seléed candidatesye have com-
putedthestrength®f gravity-sensitve featuresincludingtheK | andNal doubletsat 7665/7699
and8183/8193A, respectrely (tasksplotin IRAF; Table3.3). Youngpre-main-sequenceandi-
datesareyoungerthanfield dwarfs and should,therefore exhibit lower gravity. The equivalent
widths of the gravity featuresNal andK | versusspectraltypesare shavn in Figure 3.14 for all
probablemembercandidate®bsenred spectroscopically
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Figure3.14: Equivalentwidths(in A) of gravity-sensitve absorptiordoubletgK | at7665/769%A

on theleft panelandNal at 8183/8195 on the right panel)for all spectroscopicallgonfirmed
clustermemberin the o Percluster The hexagonsindicatethe sumof the equivalentwidths of

both lines whereagthe trianglesand the squaresndicatethe equivalent widths of the first and
secondine, respectiely. Valuesof 3,4, 5, and6 onthex-axiscorrespondo spectratypesof M3,

M4, M5, andM6, respectiely.

Theequvalentwidth of the first absorptiorline of the K I doubletexhibit strongerequivalent
widthsthanthesecondine while thistrendis not olbviousfor theNal doublet(Figure2.4). Those
measurementare comparableo resultsfor the sampleof field M dwarfs in the propermotion
suney (Figure2.4). The equivalentwidths of the K I doubletin a Perare slightly smallerthan
for field M dwarfs of similar spectraltypes. Similarly, a differencein the Nal doubletequivalent
widths betweena Perandfield dwarfs is obsered whencomparingFigure 2.4 and Figure 3.14
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(notethe differencein the Y-axis scale),indicative of a youngerage. The differencesare never-
thelesssmall and might simply reflectthe factthat the gravity differencein 100Myr-old cluster
membersandold (1-5Gyr) field dwarfs is lessthan 0.2 dex, accordingto the NextGenmodels
(Barafe etal. 1998). Our resultsregardingthe equivalentwidths of the Nal doubletareconsis-
tentwith a total equivalentwidth of order6 A measuredn the PleiadegMartin et al. 1996). Our
measurement@realsolargerthanthosein o Orionis(Béjaretal. 1999).

Asawhole,gravity measuementsadd support to the beliefthat thoseobjectsare genuine
membersof the a Per cluster.

The detectionof the lithium absorptionat 6708A is not expectedasall candidate®bsered
spectroscopicallprestellarmemberof « Per.

We have obtainedpticalspectroscopof asubsamplef four infrared-selectechembercandi-
datesn a Per(AP414,AP415,AP416,andAP418)to testtheoptical-to-infraredselectiormethod
presentedn § 3.5. We have classifiedthoseobjectsaccordingto their spectraasfollows:

e Oneobject(AP418)is clearlyanon-membenpf the clusterdueto its spectraexhibiting Ho
andNalD in absorptioraswell asa propermotioninconsistentvith the o Percluster

e Werejectedwo othercandidatesAP414andAP415,aspossiblememberglueto the non-
detectionof theHa emissionline andfluxesinconsistentvith membershipThey arelikely
contaminatindield dwarfswith a spectratype of M3.5+ 0.5.

e Thelastobject,AP416,exhibits Ha althoughwith an equivalentwidth wealer thanthose
measuredor the clustermembersbut still consistentwith previous studiesin the o Per
cluster(Figure3.13). However, we would considetthis objectasa non-membebecaus¢he
spectrakype (M3.5) is inconsistentvith themeasured, magnitudg(Table3.3).

To summarisethe factthatthe four infrared-selectedlustermembercandidatesn o Perare
likely contaminatingfield dwarfs do not add strong supportto the efficiengy of the optical-to-
infrared selectionmethodin selectingclustermembercandidatesn a low galacticlatitude open
clusterasa Per.

Thespectroscopof the optically-selected¢andidatesonfirmedtheir membershipThe prob-
able candidatesll exhibit Ha: and have fluxes consistentwith their spectraltypes. The previ-
ouslyclassifiechon-memberare,indeed non-memberasis theonly possiblenembersbsered
spectroscopicallyHence,the optical surwey andthe additionalnearinfraredimaging appearas
excellentdiscriminantbetweerclustermembersaandcontaminants.

On the contrary the optical-infraredsuney aloneappeardessadequateat selectingcluster
membersasthe contaminatioramongselectedbjectsis higherthanin the optical. Thelarge ma-
jority of candidateselectedrom the (K’,I.—K") colourmagnitudediagramarereddenedack-
groundgiants(~ 70%). Half of the remaindemwere previously consideredasprobablemembers
while the restawaits for spectroscopidollow-up obsenations. As a whole, the contamination
liesin therange70-85%, twice largerthanthe optical selection(28—40%; Barradoy Navascies
etal. 2002).Despitethelow statisticamongnfrared-selectedlustermembersvith spectroscopic
follow-up, noneof the new candidatesrebona-fideclustermembersWe stronglyemphasis¢he
useof the K’-bandasatool to constrainthe optical selection.However, one shouldbe cautious
usingthe optical-infrared(K’,I.—K') colourmagnitudediagramasa prime andsolecriterionto
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extractclustermembersin agreementvith the Pleiadessuneys focusingon deepoptical suneys
(R, I, and Z) to searchfor very low-massstarsand bronvn dwarfs. This procedureavoids large
optical-to-infraredcolourssuchas I-K, wherereddenedield dwarfs anddistantbackgroundyi-
antsexhibit similar coloursasyoungpre-mainsequencstars.

3.7 Comparison of the aPer IMF with other open cluster s

The new resultsfrom the optical spectroscop of all probablemembersspanningl, =15.0—
17.0have confirmedtheir clustermembershigstatus. Thus,we arein a positionto asserthatthe
masgfunctionderivedfor the probableclustermembersn o Per(bottomIMF in Figure3.5)is the
true clustermassfunctionaccordingto our spectroscopistudy Despitethe smallnumberof pos-
siblemembersaandnon-memberfollowed-upspectroscopicallys objectsout 38 extractedby the
optical sunwey), thoseobjectsexhibit spectranconsistentvith clustermembershipTheseresults
wereexpectedwith regardto objectsclassifiedasnon-memberbut thequestiorremainedpenfor
the possiblemembersTo summarisethe slopeof the « Peropenclusterremainsa =0.59+ 0.05
(Whenexpressedasthe massspectrum)n the 0.30-0.09V;, massrangewherethe photometric
dataarecomplete.

The Pleiadess the beststudiedyoungopenclusterwith a large numberof photometrically-
selecteccandidatedeing confirmedspectroscopicallyAlthough mostestimatef the index of
the Pleiadesmassfunction are not derived from an homogeneouand completesampleof spec-
troscopicmemberspower law indices(when expressechasthe massspectrumagreewithin the
uncertaintiesMartin etal. (1998)derveda =1.0+ 0.5in the0.40-0.04%  masgangebasedn
adeepsunwy initiated by ZapaterdOsorioetal. (1997b).Tej etal. (2002)estimatedr =0.5+ 0.2
from 0.50to0 0.055M , basedn a purestatisticalapproachnvolving 2MASSandGSCdatabases.
Dobbieet al. (2002) derived o =0.8+ 0.2 basedon a deepoptical photometricsurvey down to
0.040M. Finally, Moraux et al. (2003)inferred « =0.60+ 0.11 over the 0.48-0.03M, mass
rangefrom adeep(I, Z) surney complementindhe (R, I) suney by Bouvieretal. (1998).

All theresultsfrom the Pleiadesndicatean « index spanningd.5—1.0betweer0.5and0.030
solarmassesin closeagreementvith the o Perestimate Similar resultsarefoundin the Trapez-
ium Cluster(Muenchetal. 2002),in IC348(Luhmanetal. 2000),andin ¢ Orionis(Béjaretal. 2001),
suggestinghatthe shapeof the massfunctionin this massrangeholdsfrom few Myr up to few
hundredf Myr.

3.8 Conclusions on «aPer and future plans

We have carriedout a wide-field nearinfrared (K’-band)suney of a0.70squaredegreearea
in the a Percluster Combiningthe new infrared photometrywith existing optical (R, and I..)
imaging,we have extracteda total of 198 new clustermembercandidatesdasedon theirlocation
in the optical-to-infrared K',I.—K') colourmagnitudediagram. However, the positionof these
new candidatesn the colourcolour diagramrevealedthat about80% of themarecontaminants,
includingreddenedield dwarfs anda large numberof backgroundyiantsdueto the low galactic
latitude of the cluster The optical (I.,(R-I).) colourmagnitudediagramshaws that the new
infrared-selectedandidateslefineabluersequenc¢hanprevious probablemembersn o Perbut
remainbona-fideclustermembers Amongthe new candidatesywe have unveiled four new brown
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dwarf candidates.

Additional optical (5800—-880@) spectroscop of four infrared-selectedlustermembercan-
didateshasrevealedhattheir spectratypesandH o equivalentwidthsareinconsistenwith cluster
membership About 40 new infrared-selectedemainasprobableclustermembersjncluding 18
objectsalreadyclassifiedassuchby Barradoy Navasciesetal. (2002). Their opticalandoptical-
to-infraredcoloursareconsistentvith membershigut spectroscopiconfirmationis lacking.

We have alsopresentednoderate-resolutiotR ~ 2000)optical (5800-880Q) spectroscop
of 29 candidatesxtractedby Barradoy Navascies et al. (2002) with the Twin spectrograph
mountedon the CalarAlto 3.5-mtelescope.The samplecontainstwenty-four probablecluster
membercandidatespne possiblemember and the remaindemwere classifiedas non-members.
All probablemembersave spectratypes,Ha equivalentwidths,andgravity measurementson-
sistentwith clustermembership.The othercandidatesre clearly non-membersvith respecto
their spectra.All probablemembersspanningl.=15.0-17.0n « Per,but four, have beenspec-
troscopicallyfollowed-up. Their spectrakypesrangefrom M4 to M6 andtheir massesrom 0.40
to 0.12Mg,.

The a Permassfunctionis, thereforewell representetdy the probablemassfunctionderived
by Barradoy Navascieset al. (2002)andapproximatedy a power law with a slopeof 0.59over
the 0.30-0.09v; massrange,when expressedas the power spectrum. This massfunction is
confirmeddown to 0.12M ¢, with our resultsbasedbn photometricand spectoscopicmembership
criteria.

The optical spectroscop hasdemonstratedhat the optical (R and I) photometrywith near
infraredfollow-up imagingconstitutesa gooddiscriminantbetweerfield starsandyoungcluster
membersMore recently deep(I andZ) suneys have provenvery efficient to detectiower mass
brown dwarfsin openclustersdueto the saturatiorof the R—I coloursat late spectrakypes.

The nearinfrared wide-field surney combinedwith existing optical photometryis hampered
by highercontaminatiorby backgroundobjectsthan purely optical suneys. A combinationof
opticalandnearinfraredimagingis neverthelessnandatonyto disentanglelustermemberdrom
contaminants.

We would like to stresshere someissuesrelatedto the future deepnearinfrared suneys
plannedwithin the frameavork of the UKIDSS and CFHT consortia. Both surneys aim at sur
veying large areain well-knowvn openclusters,including a Per. On the one hand, suchdeep
suneys arerequiredto supersed¢he 2MASS databaseand enablecross-correlatiorwith faint
objectsurnveiled in on-goingdeepoptical suneys. On the other hand,thesesuneys would be
optimisedby includingone(or two) opticalfilters to reveallessmassve brovn dwarfsin clusters.
Nearinfraredsuneys remain,however, extremelyefficientin starforming regionswherethehigh
extinction hampersopticalobsenations.






Chapter 4

The intermediate-a ge open cluster
Collinder 359

Young openclustersare ideal regionsto placegood constraintson the time spreadof star
formationfor two reasons.First, clustermemberdessmassve thanabout0.8M, aredisplaced
well abore the ZAMS, making their identification easier Second,low-massstarsand brown
dwarfsremainboundto the clusterdueto thelimited dynamicalevolution.

To identify completeand homogeneousamplesof young very low-massstarsand brovn
dwarfsin clustersover large areasa Canada-France-Maii Key Programmevasinitiatedwithin
the framavork of our EC ResearcHrraining Network to suney aboutabout80 squaredegrees
in the I andz filters down to completenesimits of 22.0in starforming regions, openclusters
andin the Hyades. One part of the project focusedon five pre-main-sequencepenclusters,
includingIC 4665,NGC2232,Collinder70, Stephensofh, andCollinder359. The analysisof the
opticalimagesyielded several hundredshona-fidemembercandidatesn eachclusterdown into
the substellaregime, someof thembeing alreadyfollowed-upin the nearinfraredto weedout
contaminatingobjects.

This chapter devoted to the pre-main-sequencepenclusterCollinder359, is organisedas
follows. The CFHT Key Programmaes presentedn § 4.1 alongwith thetamgetlist andthe main
goals.A literaturereview of the presenknowledgeof Collinder359is givenin § 4.2. Thewide-
field optical (I,z) obserationsof a 1.6 squaredegreeareain Collinder359aredetailedin § 4.3.1.
The datareductionof the opticalimagesis detailed§ 4.3.2andthe extractionof the photometry
describedn § 4.3.3.Theoptical(7,/—z) colourmagnitudediagramis dravn § 4.3.4andthecluster
membercandidateselectionproceduredescribedn § 4.3.5. The nearinfrared follow-up of the
optically-selectedlustermembercandidatesn Collinder359is presentedn § 4.4. The cluster
luminosityandmasgunctionsarederivedin § 4.5andg§ 4.6,respectiely, includingadiscussioron
the uncertaintie®n the ageanddistanceof the cluster Conclusionf the studyof Collinder359
andfuture projectsarepresentedhn § 4.7.

The datareductionandanalysisof the CFH12K resultsfrom a large collaborationinvolving
severalteamswithin the EuropearNetwork. Thework describedn this chaptethasbeenmostly
doneby myselfandwill partof aforthcomingpaper | will continueto use“we” andnot“l” to
describeheresultson Collinder359andto keepwith the generalprinciple of this thesis.
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4.1 The CFHT Key Programme

4.1.1 Description of the CFHT Key Programme

A Canada-France-Maii Telescope(hereafterCFHT) Key Programme(30 nights over 2
years)centredon wide-field opticalimaging of young,intermediate-ageandolder openclusters
(Bouvier, PI) wascarriedout within the framework of the EuropearResearciraining Network
“The FormationandEvolution of YoungStellarClusters”(McCaughreangoordinatoro examine
thesensitvity of thelow-massstellarandsubstellalMF to time andenvironment.

The suney wasconductedvith alarge-CCDmosaiccamera(CFH12K)in the I andz filters
down to detectionand completeneséimits of I =24.0and 22.0, respectiely, covering a total
of 80 squaredgyreesin a variety of ervironment, from starforming regions (Serpens;Taurus,
Ophiuchus,and Perseus)to pre-main-sequencepenclusters(IC 4665, Collinder359, Stephl,
Collinder70,andNGC2232),to the olderHyades.All regionsarelistedin Table4.1 alongwith
their coordinategJ2000),agesin Myr, distancesn parsecanddiameters.The areasuneyedin
the opticalwith the CFH12K camergandMegaCamwhenusable)aregivenin thelastcolumnof
Table4.1.

Table4.1: List of starforming regions(SFR),pre-main-sequenagpenclusters(PMS),andolder
clusters(OC) targetedwithin the frameavork of the CFHT Key Programme Right ascensiorand
declination(in J2000)aregivenin columns3 and4, respectrely. Ages,distancesanddiameters
arelistedin columns5—7 (OpenStarClusterdatabasandLynga 1987). Theareasuneyedin each
clusterwith the CFH12K camerds providedin thelastcolumn.

Tamet R.A. Dec Age Distance| Diameter| Surv Area
SFR | Perseus 03:35:00 | +30:00:00 | <3Myr 300pc — | 6.5deg?
Taurus 04:30:00 | +20G:00:00 | <3Myr 140pc — | 7.8dey?
Ophiuchus | 16:00:00 | —25:00:00 | <3Myr 145pc — | 6.5deg?
Serpens 18:30:00 | +01:00:00 | <3 Myr 260pc — | 5.9dey?
PMS | Collinder70 | 05:33:00 | —01:00:00 | 10Myr 387pc 140 | 4.0dey’
NGC2232 06:24:00 | —04:00:00 | 53Myr 324pc 45 | 4.0dey?
IC 4665 17:43:00 | +05.00:00 | 43Myr 352pc 70 | 4.2dey?
Collinder359 | 17:58:00 | +0200:00 | 32Myr 249pc 240 | 1.6dey’
Stephensoft | 1851:00 | +37:00:00 | 53Myr 390pc 20 | 0.65dey?
OC | Hyades 04:24:00 | +14:45:00 | 600Myr 46pc 12dey. | 17.3dey?

4.1.2 The choice of the optical filter s

We have chosento carry out the wide-field optical obsenationsin the I and z filters mainly
to optimisethe searchfor low-massstarsandbrown dwarfs in youngclusters. This choicewas
alsomotivatedby the resultsof 6.4 deg? imagingsurwey of the Pleiadeswith the CFH12K in the
I- andz-bandg(Morauxetal. 2003)conductedvith the sametelescope/instrumebnfiguration.
New browvn dwarf candidate®f the clusterwererevealedandthe clustermassfunction, derved
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from the previous studyin the Pleiadesy Bouvieretal. (1998),extendedto 30M yp,.

1. Thesky backgroundn (7,z) passbandis dominatedoy OH emissiorandnot by the moon.
The obsenrationsof Collinder359werecarriedout with alunarphaseof about50%.

2. The I-J coloursgetreddertowardslow-massclustermembersproviding a gooddiscrimi-
nantto separatdhe clustersequencdérom field stars(ZapateroOsorioet al. 2000). Hence,
we expecta similar behaiour for the I—z colours.

3. The I— colourswerefoundto beagooddiscriminanto weedoutfield starsfrom low-mass
clustermembersn the PleiadegCosshirnetal. 1997;ZapaterdOsorioetal. 1999;Moraux
etal. 2003). We expecta similar trend, perhapsenhancedor youngerpre-main-sequence
objectsthanthe Pleiadegdlueto thereddercolours.

4. Youngbrown dwarfs getredderin R—I coloursimplying very faint R magnitudesvhich
greatlyhamperthe detectionof the leastmassie component®f the cluster Much longer
exposuretimesin the R filter thanin I are,thereforeyequiredto compensatéor this effect.
To the contrary we have achieved similar completenesand detectionlimits of 24.0and
22.0,respectiely, bothin I- andz-bandswith comparableexposuretimesof 300secand
360secin I andz.

4.1.3 Aims of the CFHT Key Programme
Themaingoalsof CFHT Key Programmevasto addresshe mostpressingssues:
e How do brown dwarfsform andatwhichrate?

Whatis the massdistribution of low-massstarsandbrown dwarfs?

Is therealower masdimit to theInitial MassFunction?

Is theInitial MassFunctionsensitve to the ervironment?

How do substellaiobjectsevolve with time?

As a secondstepafter membershipassessmenif the photometrically-selded clustercan-
didates,this large programmewill aim at studyingthe evolution and propertiesof stellar and
substellaobjectsin variousernvironments:

e Testtheevolutionarytracksusing10-50Myr old openclusters.

¢ Ageandmasgependencef thecoronalandchromospheriactiity of verylow-massstars.
¢ Massdependencef thelithium depletionin very low-massstarsandbrown dwarfs.

e Distribution of rotationratesasafunctionof mass.

¢ Distribution of rotationalvelocitiesof very low-massstarsasa functionof age.

¢ Disk frequenyg andtheir lifetime.

e Distribution of wide binariesasa function of mass.
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4.1.4 Selection of the pre-main-sequence open cluster s

The selectionof the five pre-main-sequencepen clustersmade use of the Open Cluster
Databask The following criteria were appliedto selectthe mostsuitableopenclustersto an-
swerthepresenissueswithin the framework of the CFHT Key Programme.

e Clusterswith anagebetweeril0 and50Myr

Clusterdessdistantthan500pcto beableprobethe substellaregime

NorthernHemispherapenclustersobserablewith the CFHT at MaunaKea,Hawai'i

A lowerlimit of 10° in galacticlatitudeto avoid significantcontamination

Besideswell-known openclusterssuchasthe Pleiadeso Per,1C2391,1C2602,amongoth-
ers,five pre-main-sequenadusterssatisfiedthe criterialisted above. The clusterswerelC 4665,
Stephensof, Collinder70, NGC2232,and Collinder359, the latter constituteshe core of this
chapterwhoseresultswill be publishedin a forthcomingpaper The main characteristicef the
five selectedopenclustersare provided in Table 4.1, including coordinatesage,distancesand
estimateddiameters.

4.2 Literature on the open cluster Collinder 359

Collinder359 (= Melotte186) was selectecasa 30Myr openclusterat a distanceof 250pc,
from a searchin the OpenStarClusterwebpage The clusteris locatedin the Ophiuchusconstel-
lation aroundthe star67 Oph (Figure4.1). The equatorialandgalacticcoordinategJ2000)of the
clustercentreare: (18"01M06s7+02°54) and(29.7+12.5),respectiely.

Collinder359 wasrelatively unstudiedandvery little literatureis available aboutthe cluster
No deepoptical suney had beencarriedout aroundthe clustercentre,althoughseveral papers
mentionthe clusterin passingHowever, oneneedgo be polyglot to dealwith paperdn different
languagesuchas French,English, and Russian! | will review the currentknowledge on this
clusterby summarisinghe contentof majorarticles.

e Collinder359(=Melotte186)wasfirst seeron the Franklin-AdamsChartsPlatesandclas-
sified asa coarseclusterby Melotte (1915)within the frameavork of his large catalogueof
globular and openclusters. It wasdescribedt asa large scatteed group of bright stars
around67 Ophiudi (= HD164353),coveringan areaof about6 squae degrees

¢ In alarge catalogueof openclusters,Collinder (1931)describedCollinder359 asa group
of about15 stars with no appreciableconcentation on the sky and no well-definedoutline
Clusterstarsappearbrighterthanthe surroundingstarsbut no bright starsstandout from
the others. The diameterof the clusterwas estimatedo 240 and dimensionsof 5° x 3°
werementioned.The clustercontainsthirteenstarslistedin Table4.2 andshavn asfilled
hexagonsin Figure4.2. Collinder(1931)providedthe coordinatesy magnitudesspectral
typesfor all 13 starsandadditionalpropermotion informationwhenavailable. Isochrone
fitting to thefive early-B starsyieldedphotometrigparallaxof 0.0048(d = 209pc) while the

Ihttp:/mww.seds.ag/messier/open.html
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Figure4.1: Theupperpanelis aschematioziew of thelocationof the openclusterCollinder359

(red circle) in the constellationof Ophiuchus,aroundthe B5 supegiant, 67Oph. The bright

starsbhelongingto the constellatiorof Ophiuchus Serpensand Scutumaremarked with symbols
representingheir brightness.Otherastronomicabbjectsareindicated,including openclusters,
glohular clustergddiamonds)andplanetarynelula(concentriccircles) Thelower panelis animage

of the sameregion of the sky andat the samescale. Courtesy: Astonomia For indication,the

differencebetweena Oph and 8 Ophis about2.1° and 8.C° in right ascensiorand declination,
respectiely. Thedifferencebetween67Ophand700phis aboutl.2 and26 in right ascension
anddeclination respectiely.
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Table4.2: This tablelists the 13 bright starswithin Collinder359 aslistedin Collinder (1931).
Column1l lists the runningnumberof the member column2 givesthe Henry DraperCatalogue
numbey columns3 and4 list theright ascensiomndthedeclination(in J2000),column5 liststhe
spectratypesCollinder(1931),columnsg, 7, and8 liststhe V- magnitudeandthe B—V andU-B
from Blancoet al. (1968),columns9 and 10 list the V-R and R—I, columns11 and12 list the
propermotionof the objectaccordingo the SAO catalogu€1966). Themembershimf the object
is given on the last columnaccordingto the discussiorbetweenRucihski (1980)andVan't-Veer
(1980).

HD RA Dec SpT |4 B-V U-B V-R R-1 P us

©CoOoO~NOUA WNE

M?
166233 | 180933.8 | 035935 F2 572 | +0.37 | 40.02 | 0.22 0.21 | +0.0360 | —0.007 | NM
168797 | 182128.4 | 052608 B5 6.16 | —0.02 | —0.64 | 0.00 0.01 | +0.0105| —0.004 | NM
164353 | 175808.3 | 025557 | B5Ib | 3.96 | +0.04 | —0.63 | 0.06 0.03 | —0.0015| —0.010 | M
164352 | 180041.7 | 030857 B8 9.33 | -0.01| -0.39 | 0.02 0.06 | —0.0015| —0.002 | M
164284 | 180015.8 | 042207 B3 470 | —0.04 | —0.86 | 0.10 0.08 | +0.0000 | —0.013 | NM
164283 | 175742.4 | 053237 A0 9.10 | +0.26 | +0.19 | 0.16 0.21 | +0.0075| —0.014 | M
164096 | 175934.6 | 023016 A2 9.70 | +0.20 | +0.17 | 0.13 0.20 | —0.0105| —0.006 | M
164097 | 175929.5 | 022037 A2 8.54 | +0.17 | +0.15 | 0.12 0.15 | —0.0060 | +0.003 | M
164432 | 180052.8 | 061605 B3 6.35| -0.08 | —0.77 | -0.01 | —0.01 | +0.0015| —0.003 | M
164577 | 180145.2 | 011818 A2 4.43 | +0.04 | +0.05 | 0.04 0.01 | +0.0090 | —0.012 | NM
165174 | 180437.3 | 015508 B3 6.14 | —0.01| —-0.98 | 0.03 0.03 | —0.0045| —0.003 | NM
163346 | 175537.5 | 020429 A3 6.78 | +0.56 | +0.36 | 0.37 0.40 | —0.0030 | 4+0.007 | NM
161868 | 174753.5 | 024226 A0 3.74 | +0.03 | +0.14 | 0.01 0.00 | —0.0240 | —0.074 | NM

fainterB8—A2 starsgave a meanparallaxof 0.0035(d = 286pc). However, themembership
of theseobjectswasnot well establishedisneitherpropermotion nor photometricstudies
were availablein Collinder359. One object, 67 Ophiuchi,is a supegiant memberof the

clusterwith a spectrakype of B5lb (Humphres 1970).

Searchingn the 1958 Genenl Catalggue of Variable Stais basedon openclusterscata-
loguedby Collinder (1931), Trumpler (1930), and others,Sahade& Frieboes(1960) ex-
tracted10 W UMa-typestarswithin threeclusterradii. A few yearslater, Sahade& Beron
Davila(1963)concludedhatnoneof theeclipsingbinarieswithin the clusterwereprobable
membersin atotal of 26 eclipsingvariables,12 objectswereclassifiedaspossiblemembers
while theremaindemereunlikely to be memberof Collinder359.

Blanco et al. (1968) compileda huge photoelectriccatalogueof more than 20,000stars
in the Galaxyin the UBV broad-bandilters basedon measurementsxtractedfrom the
literature. The 13 starsmentionedby Collinder (1931)areincludedin this catalogue.The
UBV magnitudegyivenin Table4.2 areaveragedvaluesof all measurementavailablefor

thosestarsfrom theliterature.

The only ageestimateof the clusteroriginatesfrom the work by Wielen (1971) and Abt
& Cardona(1983). The former derived an agerangingfrom 20 to 50Myr with a mean
valueof 30Myr usingisochronditting basedon three-colouphotometryavailablein large
catalogue®f openclusters(Beclker & Fenkart1971). Abt & Cardona(1983)studiedthe
distribution of Ap starsin openclustersasafunctionof age.A trendof olderclustershaving
alargernumberof Ap starswasnoticed.Abt & Cardong1983)putanupperimit of 30Myr
ontheageof Collinder359,assuminghat67Ophis amemberof the cluster in agreement
with theformerdetermination.
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e Akhundova (1971¥ selectednembercandidatesn Collinder359basecbn their propermo-
tions. Using the magnitudeversusspectraltype relationship,and after rejectionof likely
non-membersAkhundova (1971)derived a distanceof 350pc andestimatedheabsorption
to Ay =1.4mag.

¢ A discussionook placebetweerRucihski(1980)andVant-Veer(1980)regardingthe exis-
tenceof W UMa-typesystemsn Collinder359. While Rucinski (1980)notedthat mostof
the starslisted by Collinder (1931) might actuallybe field stars,Vant-Veer(1980)argued
the contrarybasedon homogeneousorversionof spectraltypesinto colours. Vant-Veer
(1980)found consistentlistancemoduli estimategrom the B3 andAO groupof starsbased
onthe(My,,B-V) colourmagnitudeadiagram.A few yearslater, Rucinski (1987)confirmed
the resultsof Van't-Veer(1980)andconcludedhatstarsn® 3, 4, 6, 7, 8, and9 (Table4.2)
arebona-fideclustermember$asedn BVRI CCD photometry A distancemodulusof 8.2
mag(distance= 436pc) wasderived from theisochronditting of the possiblemembers.

e The 5! edition of the OpenClusterDataCatalogue(Lynga 1987¥ providesa distanceof
200pc anda diameterof 240 for Collinder359. The formeris basedon the estimatefrom
the Bochum-Strasbogrmagnetictapecatalogueof openclusters.The latteris taken from
thework of Collinder(1931).However, no agewasmentionedor Collinder359.

e Baumgardtetal. (2000)confirmedclustermembersn Collinder359 from photometryra-
dial velocity andHipparcosmeasurement#\ meanpropermotionof 0.42+ 0.47mas/yrin
right ascensiorand —7.86+ 0.35 mas/yrin declinationwas estimated.Parallaxmeasure-
mentsyielded distancegangingfrom 317 to 460pc, in agreementvith isochronefitting
(Rucinski 1987). The parallaxmeasuremerftom the supegiant67 Ophled to adistanceof
435220 pc (Perrymaretal. 1997),consistenwith thestudyby Baumgardetal. (2000). Of
the 13 possiblememberqCollinder 1931),only two sharea commonpropermotion (stars
n° 3 and9; Table4.2). ThreeotherHipparcos starsmay be additionalclustermembers
while theremainingobjectswereexcludedasmembers.

e Hipparcostrigonometricparallayes of five starsin Collinder359 wereusedto derive pho-
tometricandspectroscopidlistancesyielding estimatesetween260to 280pc (Loktin &
Beshenw 2001} with typical errorsof about20pc.

e CombiningtheHipparcosandTycho?2 cataloguesalist of aboutl00possibleclustermem-
berswereextractedby Kharchenk et al. (2004, personacommunicatior?) basedon their
locationwithin the clusterareaandtheir propermotions. The positionof theseobjectsin
the (V,B-V') colourmagnitudediagramyieldeda distanceof 650pc from isochrondfitting.
The coreandcoronaradii of the clusterwereestimatedo 0.4and1.1degree,respecirely.

To summarisethe currentknowledge of Collinder359 basedon the availableliteraturesug-
gestsanageof 30Myr anda distancebetweer200pc and650pc with a meanvalue of approxi-
mately400pc.

2This paperis in Russiarandis notavailableatthe ADS webpage

3Thefull cataloguecanbe accessethroughthe Centrede Donréesastronomiquesle Strasboug

“Thedataof thefive starswerelost afterthe deathof oneof theauthor(A.V. Loktin, personatommunication)

5Nina Kharchenk and Anatoly Piskuna visited our groupat the AIP for a few monthsandkindly provided me
with theirresultson Collinder359prior to submission
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Figure4.2: Locationof thefive CFH12Kfields-of-viev (A, B, C, D, andE) shavn asboxeswithin
the clusterareadefinedby the OpenClusterwebpage The 13 possibleclustermemberdisted by
Collinder(1931)aredisplayedasfilled hexagons(Table4.2). Their namesandspectratypesare
providedaswell. Theopensquaresrethe possibleclustermembersisedfor isochronditting by
Kharchenk etal. (2004;personatommunication)yielding a distanceof 650pc.

4.3 The wide-field optical survey of Collinder 359

We initiated a wide-field optical suney in the I and z filters down to a detectionlimit of
24.0to studythe very low-massstarsandbrown dwarfsin the pre-main-sequenocapencluster
Collinder359.

4.3.1 The CFH12K wide-field optical obser vations

Five CFH12K frameswereobtainedon 18 and20 June2002in Collinder359in the I andz
filters, covering a total areaof 1.6 squaredegreesin the cluster(Table4.3). Figure 4.2 displays
thelocationof thefive CFH12Kfields-of-viev within the clusterarea.Thirteenpossiblemembers
aslisted by Collinder (1931) (filled hexagons)areincludedaswell. The CFH12K frameswere
choserto avoid bright clustermembers.

FieldsA, B, C,andD wereobtainedn 18 June2002underphotometricconditionswith seeing
~ 0.8arcsec.Theremaindeffield, field E, wasobsered on 20 June2002undernon-photometric
conditions. The coordinateof the five CFH12K fields-of-viev are provided in Table4.3 along
with the journal of the obserations. Threesetsof exposuresveretaken for eachfield-of-view:
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short, medium,andlong exposureswith integrationtimesof 2, 30, and about900 secondsye-
spectvely. The long exposureswere exposedthreetimes 300 and 360 secondsn the I and z
filter, respectrely, yielding detectionlimits of 24.0in both passband€Only oneimagewastaken
for the shortandmediumexposureswhereaghreeditheredpositionswere obtainedfor the long
exposuresallowing rejectionof bad pixels andremoval of badcolumns. The obserationswere
scheduledn agueuemodesothattheshort,medium,andlong exposuresn the I-bandweretaken
first,immediatelyfollowed by the short,medium,andlong exposuresn the z-band.

The CFH12Kis a CCD mosaiccameradedicatedo high-resolutiorwide-fieldimaging. The
cameracomprisesl 2 chipsof 4128x 2080 pixels with a pixel scaleof 0.208', yielding a field-
of-view of 42 x 28. Hence,no problemof undersamplingvas foreseeneven during excellent
conditionson MaunaKea,which wasthe casefor our obserations.Thecosmetioof the CFH12K
mosaicwasexcellentwith atotal of 200badcolumns mostof themwereconcentratedn CCDO5.
TheCCDO06,CCD08,CCD09,CCD10,andCCD11areentirelyfreeof badcolumns.Theread-out
time of the 12 chipswassmall (58 seconds)The camerahasan excellentresponsén thered part
of the spectrumaswell, betterthanMegaCam partly compensatindor the smallerfield-of-view.

Table4.3: Coordinate®f the five CFH12K fields-of-viev alongwith the journal of obserations
obtainedn thepre-main-sequenamenclusterCollinder359. Thetimesof obserationsaregiven
in UT andcorrespondo the beaginning of the shortexposuresn the I-band.

Field | R.A. (J2000)| Dec(J2000)| Obs.Date | Timeof obs.(UT)
A 1801:06.60 | +0207:26.0 | 2002—06-18, 08h19m15s
B 180236.90 | +03:37:52.7 | 2002-06-18, 09h07m43s
C 17:57:36.90 | +0337:56.1 | 2002—06-18 09h56mO07s
D 17:56:16.40 | +022946.4 | 2002-06-18, 11h52m24s
E 18:0555.70 | +03:28:58.4 | 2002—06—20 12h29m20s

4.3.2 The data reduction of the wide-field optical images

The initial datareductionwas provided by the Elixir pipeline andwas mostly executedby
David Jamesatthe CFHT HeadquartersElixir is notasingleprogramor packagebut acollection
of programsdatabasesandothertools relatedto the processingandevaluationof dataobtained
atthetelescopeThis pipelineincludesbiassubtractionflat-fielding,correctionfor scatteredight
in the I andz bands,combiningthe ditheredframesin caseof long exposuresandastrometric
solutionprovidedin theheadeof thefits files. Standardstarswereobseredthroughouthenights
andweremonitoredconstantlyby the Elixir/Skyprobetool to provide accuratezero-points.

Thedatareductionprocedureo extracta cataloguef all objectsfrom thereducedandstacled
imagesprocessedy the pipelinewasidenticalfor eachCFH12K field-of-view. The procedure
presentedn this paragraphs the resultof intensediscussionsand close collaborationbetween
the Grenoble PotsdamandArcetri (EC network) teamsto achiaze acommonandconsistentiata
reductionfor thewide-fieldopticalimagesof thepre-main-sequenagenclustersobtainedwithin

5The cameras now supersedetly MegaCamon the CFH 3.6-mtelescope



116

Theintermediate-agepenclusterCollinder359

theframavork of the CFHT Key ProgrammeThemajor stepsof the datareductionprocedureare
describeelawn:

1.

Find the offsetsbetweenthe I- and z- band images Thetelescopeshouldtheoretically
pointatthe samepositiononthe sky bothin I- andz-bandsasthe coordinategprovided by

theuserareidenticalfor bothfilters. However, we have foundshiftsof orderfew pixels(2 to

5 pixelstypically) betweerthe I andz images.Threerandomstarsweregenerallyenough
to correctfor the differencesn (x,y) coordinatesbetweenthe I and z images. The task
imexaminein IRAF wasusedto find the shifts. Tables4.4,4.5and 4.6 provide the shifts(in

integerpixels) of the z imagerelative to the I image.The CCD09sometime®xhibits shifts
largerthantypically obsened andaffectedfields A andC in the caseof Collinder359. The
causeof this discrepang is underinvestigation.

. Trim the I- and z- band imagesat [1:2048,1:4096] Althoughnotmandatorytheoverscan

regionsin eachchip in the I and z imageswere removed to avoid subsequenproblem
while runningthe extractionof the photometrywith SExtractor Indeed,somebright lines
andcolumnsaffectedthe edgesof the raw images,yielding overflow problemsduring the
extractionof the photometry Trimming wasappliedto both I andz imagesusingthe task
imcopyin IRAF.

. Combinethe I- and z- band images This stepbringstwo adwantagesFirst, the signal-to-

noiseratiois increasedy afactorof V2, allowing detectionof faintersourcesloseto the
detectiorimit (I ~ z ~ 24.0). SecondSExtractohastheability to runthesourcedetection
on oneimageandextract the photometryon anotherimage. Hence,the coordinategiven

in the final cataloguegesultfrom the combined(7,z) imageswhereasthe photometryis

extractedfrom the individual trimmed and shiftedimages. The astrometryof the faintest
sourcess thusmoreaccurateahanthe astrometryfrom a singlepassbananeasurement.

. Run SExtractor and PSFex. Both packagesvere ran on eachindividual CCD of each

CFH12K field-of-view for the short, medium,andlong exposuresin the I and z filters,
respectrely. A total of 180(5 Fieldsx 12 chips x 3 exposurestataloguesveregenerated
andcontaincoordinate$J2000),I andz magnitudegor eachsource aswell asothersource
parametersincluding the ellipticity, FWHM, andquality of the photometry A description
the parametergatheredn thefinal cataloguess givenin the next section(§ 4.3.3).

. Apply zero points for photometric calibration. To calibratethe photometrythe I andz

magnitudesverecorrectedor the zeropointslisted on the Elixir webpagé. The CFH12K
nominalzeropointsfor the I- andz- bandsare:

ZP(I)=26.184+0.023
ZP(2) =25.329+ 0.031

Thesezeropoint valuesoriginatesirom the bestquality setof standardstarsobsered with
the CFH12K cameraand collectedover several years. However, we have applieda slight
correctionto the zeropointsto take into accounthe conditionsof the night of the obsera-
tion€. The correctionsto the I and z filters were-0.0055and+0.0575for the first night

"http://www.cfht.havaii.edu/Instruments/Elixir/stds.2003.06.htm|
8http://www.cfht.havaii.edu/cgi-bin/uncgi/elixir/skprobe.pl?2002.06
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Table4.4: Offsets(in integer pixels) betweerthe I andz shortexposuremages.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | (+5+1) | (+4+2) | (+4,4+2) | (+3+2) | (+3,-1)
01 | (+440) | (+342) | (+4,4+2) | (+3+3) | (+2,-1)
02 | (=240) | (=342) | (=4,+2) | (=3+3) | (-2,-1)
03 | (=341) | (-242) | (=24+2) | (=3+3) | (-1,-1)
04 | (+141) | (+243) | (+1,42) | (+2,4+4) | (+0,4+0)
05 | (+1,+1) | (+2+2) | (+1,4+2) | (+1,4+4) | (+0,-1)
06 | (+4,-1) | (+440) | (+4,40) | (+4,-2) | (+34+2)
07 | (+4,40) | (+3,-1) | (+4,40) | (+4,-2) | (+3,+2)
08 | (+3,+0) | (+3,-1) | (+3,-1) | (+3,-3) | (+2,+2)
09 | (+240) | (+2,-1) | (+2,-1) | (+2,-3) | (+1,+2)
10 | (+0,40) | (+1,-1) | (+1,-1) | (+1,-3) | (+1,+2)
11 | (+1,-1) | (+1,-1) | (+1,-1) | (+1,-3) | (+0,+2)

Table4.5: Offsets(in integer pixels) betweerthe I andz mediumexposureémages.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | (+5+4) | (+440) | (+4+1) | (+4.+1) | (+3.+1)
01 | (+4,4+4) | (+341) | (+4,42) | (+4.41) | (+3.+1)
02 | (=344) | (=341) | (=342) | (=3+1) | (=2,+1)
03 | (=3+4) | (=241) | (=3+2) | (=3+1) | (-=2,+1)
04 | (+244) | (+141) | (+1,42) | (+242) | (+1,+1)
05 | (+2+44) | (+1+41) | (+1,42) | (+2.41) | (+1.+1)
06 | (+4,-3) | (+441) | (+4,40) | (+4,40) | (+3.40)
07 | (+4-3) | (+3+1) | (+4,-1) | (+4.40) | (+3,40)
08 | (+3-3) | (+241) | (+3-1) | (+3,~1) | (+2,40)
09 | (+2-3) | (+240) | (+2-1) | (+3,~-1) | (+2,40)
10 | (+2,-3) | (+1,40) | (+1,-1) | (+2,-1) | (+1,40)
11 | (+1,-4) | (+140) | (+2,-2) | (+2,-1) | (+1,40)

Table4.6: Offsets(in integer pixels) betweerthe I andz long exposureémages.

CCD| FieldA | FieldB | FieldC | FieldD | FieldE
00 | (+4+1) | (+4+1) | (+4+1) | (+4+0) | (+3.40)
01 | (+4+42) | (+441) | (+3+41) | (+3+0) | (+3,40)
02 | (=342 | (=341)| (=341) | (=340) | (-=2,40)
03 | (=242) | (-242)| (=242) | (=2,40) | (-2,40)
04 | (+142) | (+142) | (+141) | (+241) | (+1,40)
05 | (+142) | (+142) | (+141) | (+1+1) | (+1,40)
06 | (+4-1) | (+440) | (+340) | (+3+1) | (+3,40)
07 | (+3-1) | (+440) | (+340) | (+3+0) | (+3.+1)
08 | (+2-1) | (+3-1)| (+340) | (+3.+0) | (+2,40)
09 | (+30429) | (+2,-1) | (~27,-30) | (+2,40) | (+2,40)
10 | (+2-1) | (+2-1)| (+140) | (+140) | (+3.+1)
11 | (+1-2) | (+1-2)| (+1,-1) | (+140) | (+3+0)
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(18 June2003)and-0.013and +0.011for the secondnight (20 June2002), respecirely.
Thosecorrectiongo the zeropointswerecomputedrom two standardstarsbracletingthe
obserationsof fields A, B, C, andD on the 18 June2002whereasonly onestandardstar
wasobsenredbeforetheobserationsof field E. The Elixir/Skyprobesoftwareindicatedthat
thefirst night (18 June2003)wasphotometricuntil 210h30(UT) sothatfields A, B, andC
wereobsered underphotometricconditionsandgoodseeingconditions.However, therest
of thenightwasnon-photometriavith attenuatiorup to 0.1 mag,affectingthe obserations
of field D. The Elixir/Skyprobesoftwareindicatedsmall variationsof orderof 0.050mag
duringthe obsenrationsof field E, takenon the seconchight (20 June2002).

4.3.3 The extraction of the photometr y

We have usedthe SExtractorsoftware (Bertin & Arnouts 1996)to extract the photometry
from the wide-field optical surey carriedout with the CFH12K camera.However, althoughvery
efficient to distinguishstarsfrom extendedsources SExtractoris only capableof aperturepho-
tometry We have beenkindly provided by the PSFex packagé® speciallydevelopedto extract
PSFKfitting photometry We have favouredthe PSFfitting to the aperturephotometrybecauset
provided more accuratgophotometricmeasurementor faint sourceswhich are,in our case the
clusterbrowvn dwarf candidates.

The extractionof the photometryusingthe SExtractorand PSFe& packagesvasa three-step
procedure. First, relatively bright stars(but not saturated!) were extractedwith a reasonable
detectionthresholdabore the sky background. Next, a numberof isolatedobjectssuitablefor
point-spreadunction modelling were selected. A point-spreadunction was createdfor each
individual chip and eachexposurewith the selectedstars. However, one main dravback of the
PSFmodellingis theimpossibilityfor the userto checkinteractiely thereliability of the selected
starsfor the PSFcomputation Fromour experiencetheresultsweresatishctorythough.Finally,
SExtractomwasrun a secondime, with the PSFcreatedn the previous step,to detectall sources
in the field-of-view andextractthe photometry The last stepallowed usto cross-correlat¢he I
andz catalogueghroughthe assochnameparametekeyword. The matchingwasdonein pixel
coordinatesandnot in celestialcoordinates.The accurag wasbettersincethe I and z images
werepreviously shiftedto the samepixel coordinatesystem.

To illustratethe proceduradescribedabore, the exampleof a scriptto run the SExtractorand
PSFea packagess givenbelow.

1. seximal.fits-c default.s& -catalay_namepsfl.cat-chekimage_namebackgl.fits

N

. psfexpsfl.catcoll359I.psfe& -chekimage_namepsfl.fits

w

. sexcomblZ.fits,imal.fitscoll3591.s& -catalag_namecatl.cat-chekimage_nameresl.fits

IS

. seximaZ.fits-c default.s& -catalay_namepsfZ.cat-chekimage_namebackgZ.fits

ol

. psfexpsfZ.catcoll359Z.psfa -chekimage_namepsfZ.fits

Shttp://astroa.physics.metu.edu.tr/MAKRUS/sextractor/
1°The PSFe packagés notfreely availableasthe SExtractopackage
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6. sexcomblZ.fits,imaZ.fitxoll359Z.s& -catalog_namecatlZ.cat-chekimage_nameresZ.fits
-assocnamecatl.cat

TheinputarethetrimmedI, z, andcombined(7,z) imagesreferencedasimal.fits, imaZ.fits,
andcomblZ . fits,respectrely. The sex andpsfex keywordswritten in bold letterscorrespondo
the executableof the SExtractorand PSFe packagestespectrely. The wordswritten in italics
arethe parametekeywordslistedin the default.s&x configurationfile. We chooseto assignthe
file namego the keywordscatalay_nameandchedkimage_ nameon the commandine to createa
single configurationfile templatefor all chips. However, theseparameterganalsobe modified
directlyin thedefault.se file.

Thedefault.s& configuratiorfile containghemaindetectionthresholddeblendingandpho-
tometric (aperturesize, zero points) parameteraswell asheaderkeywords, including the gain,
andpixel size. The coll359l.s& andcoll359Z.s& arecopiesof the default.sex configurationfile
for the I andz filters, respectiely.

The outputfiles from the whole procedurearethe PSF, backgroundandresidualimagesde-
notedas psfl.fits (psfZ.fits), backgl.fits(backgZ.fits),andresl.fits (resZ.fits)for the I (z) filters.
The psfl.catandpsfZ.catfiles arebinaryfiles containingthe starsselectedor the PSFmodelling.
Thepsfl.fitsandpsfZ.fitsimagesepresenthe PSFof onechip of oneCFH12Kfield-of-view. The
backgroundmagescorrespondo the variationof the sky backgroundacrosshe whole chip. We
adjustedheparameterin thedefault.se configuratiorfile with cautiousnest take into account
the backgroundvariation aroundbright stars. The residualimagesrepresenthe scienceframe
afterremoval of all sourcesdy the PSFtakenfrom the psfl.fitsandpsfZ fitsfiles. Figure4.3shavs
the scienceframe correspondindo one CCD chip of one CFH12K field-of-view, aswell asthe
correspondind®SF backgroundandresidualimages.

Figure 4.3: Outputimagesfrom the extraction of the photometryusing SExtractorand PSFe.
From left to right areshavn the scienceframe correspondingo one CCD chip of one CFH12K
field-of-view, the correspondind® SF, backgroundandresidualimagesafter objectsubtraction.
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Thesix stepsdescribedabore wererepeatedor eachCCD chip of the CFH12Kin eachfield-
of-view (A, B, C, D, andE) for all threeexposureqshort,medium,andlong), generatinga total
of 180 catalogues.The final outputcataloguesontainthe following parametergbold font and
capitalletters)which we have selectedo beof interestfor our purposes:

¢ |D isthenumberof theobject.

¢ FLUX PSFistheflux containedwithin the PSFin counts.

e FLUXERR _PSFis theerrorontheflux containedwithin the PSFin counts.

¢ MAG_PSFis themagnitudederived from the psffitting in mag.

¢ MAGERR_PSFistheerroronthemagnitudederivedfrom PSFphotometry Up to now, no
errorestimates provided.

¢ MAG_APER isthemagnitudederivedfrom aperturgphotometry(in mag).

¢ MAGERR_APER is thermserrorvectoronthe magnitudederived from aperturgphotom-
etry (in mag).

¢ X_IMA GE istheX positionof the object.

e Y_IMA GE istheY positionof the object.

e ALPHA _J2000is theright ascensiomf the objectin degrees(in J2000).

e DELTA _J2000is thedeclinationof theobjectin degrees(in J2000).

e ELONGATION is theratio of the profile rmsalongthe ellipseaxis.

e ELLIPTICITY isequalto (1-ELONGATION).

¢ FWHM _IMA GE is the full-width-half-maximumof the objector seeingif we take into
accountthe pixel scaleof the CFH12K camera(0.206'/pix). Valueslower thanl indicate
badpixels while large valuescorrespondo extendedsources.We have consideredbjects
spanningl-5in FWHM for the subsequerdnalysis.

e FLUX RADIUS is theflux containedn half of the FWHM.

e FLAGS areinternalflags evaluatingthe quality of the photometry They are multiple of
2 rangingfrom 0 to 64. A flag of 0 indicategood photometry We have considerednly

objectswith flag valueslower thanfour.

e VECTOR_ASSOCistheassociategharametewvectorwhich addstwo columns namelythe
PSFmagnituden the I-bandandits associate@rror
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Beforediscussinghe colourmagnitudediagramandthe selectionof clustermembercandi-
datesanumberof “checks”wererequiredto insurethe validity of the outputcataloguesn terms
of colourandphotometry If the photometriccalibrationswereperfect,all colourmagnitudedia-
gramsof eachindividual chip andfield-of-view of the CFH12K camerashouldbe alignedontop
of eachother However, we found colour shifts betweenindividual chip, betweerfields-of-viewv,
andbetweerthe short,medium,andlong exposuredor all threepre-main-sequenagpenclusters
(IC4665, Stephl, and Collinder359) andfor the Serpensbserations. We have no explanation
for the causeof thesecolourshifts. Notethatwe have correctedor the z-bandscatteredight. We
describebelav the procedureappliedto correctfor thosecolour shifts.

Table 4.7: Colour shifts betweenindividual chip for eachCFH12K field-of-view for the short
exposuresThereferencas the CCD04. Negative andpositive valuesindicateblueandredcolour
shiftsof the colourmagnitudediagram respecirely.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | —0.057| —0.035| —0.062 | —0.057 | —0.014
01 | —0.055| —-0.075| —0.061| —0.083 | —0.024
02 | —0.051| —0.075| —0.070| —0.076 | —0.051
03 | —0.054| —0.070| —0.037 | —0.042| —0.028
04 | +0.000| +0.000| 40.000| +0.000 | 4+0.000
05 | —0.010| +0.004| —0.017| +0.030| +0.012
06 | —0.072| +0.030| +0.010| +0.004 | +0.027
07 | —0.103| —0.070| —0.023| —0.042| —0.019
08 | —0.181| —0.110| —0.103| —0.094 | —0.090
09 | -0.137| —-0.128| —0.129| —0.120| —0.081
10 | -0.103| —-0.122| —-0.072| —0.061 | —0.034
11 | -0.077| —0.070| —0.057| —0.047 | —0.040

Table4.8: Colour shifts betweerindividual chip for eachCFH12K field-of-view for the medium
exposuresThereferencas the CCD04. Negative andpositive valuesindicateblueandredcolour
shifts of the colourmagnitudediagram respectiely.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | —-0.014| 4+0.023| —0.011| —0.002 | —0.007
01 | —0.026| —0.032| —0.049| —0.036 | —0.029
02 | —0.061| —0.044| —0.082| —0.039| —0.042
03 | —-0.013| -0.018| —-0.012| —0.022 | —-0.014
04 | +0.000| +0.000| 4+0.000| +0.000| +0.000
05 | +0.040| +0.039| +0.038| +0.030| +0.022
06 | +0.018| +0.023| +0.003| +0.023 | 4+0.012
07 | —0.051| —0.021| —0.020| —0.018 | —0.016
08 | —0.081| —0.070| —0.059| —0.074| —0.054
09 | -0.090| —0.112| —0.090| —0.110| —0.086
10 | —-0.026| —0.035| -0.027 | —0.035| —0.028
11 | —0.021| —0.058| —0.027| —0.021| —0.024
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Table4.9: Colour shifts betweerindividual chip for eachCFH12K field-of-view for thelong ex-
posures.Thereferencds the CCD04. Negative andpositive valuesindicateblue andred colour
shiftsof the colourmagnitudediagram respecirely.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | —0.006| +0.020| +0.000| +0.028 | +0.023
01 | —-0.028| —0.025| —0.029 | +0.002 | +0.004
02 | —0.050| —0.036| —0.055| —0.065| —0.021
03 | —0.025| —0.030| —0.038 | —0.035| +0.001
04 | +0.000| 4+0.000| 4+0.000| +0.000 | 4+0.000
05 | 4+0.050| 4+0.038| 4+0.063| +0.030 | 4+0.045
06 | +0.006| —0.006 | +0.036 | +0.016 | +0.063
07 | —0.038| —0.019| —-0.017| —0.006 | +-0.005
08 | —0.069| —0.062 | —0.064 | —0.075| —0.041
09 | —-0.097| —0.076| —0.077| —0.092 | —0.066
10 | —0.023| —0.015| —0.006| —0.000| —0.010
11 | -0.036| —0.029| —-0.003| —0.019| +0.003

e Interchip colour shifts weredetectedn all CFH12K fields-of-viev. For consisteng in the
datareductionof pre-main-sequenampenclustersthe CCD0O4waschoserasreferencethe
I—= colourshift for this chipis always0.0mag). Tables4.7,4.8,and4.9list theshiftsfound
for eachindividual chipin all five CFH12Kfield-of-view comparedo CCDO04for the short,
medium,andlong exposuresrespectiely. Negative andpositive valuescorrespondo blue
andredshiftsin the I—z colourto align properlyall colourmagnitudediagramswith respect
to CCDO04.No cleartrendwasohviousfor eachindividual chip besideghatall of themneed
to beblue-shifted exceptCCD05andCCDO06

o Field-to-field colour shifts weredetectedaswell in all openclusterobserations.Although
fields A, B, andC wereobtainedon the samenight andunderphotometricconditions,the
I— colourdid not align on top of eachother We choosefield A asreferencedor the data
in Collinder359. We have appliedcolour shifts of +0.100,+0.010,+0.130,and+0.030
to the shortexposuresf fieldsB, C, D, andE, respecitiely, to aligntheir colourmagnitude
diagramswith respecto field A. We have appliedcolourshiftsof —0.090,4-0.010,—0.060,
and—0.020to themediumexposuresandshiftsof +0.030,+0.050,—0.010,and—0.020to
thelong exposureof fieldsB, C, D, andE, respecirely.

e Exposure-to-exposue colour shifts were detectedaswell in all CFH12K obserations.
After correctingfor interchipandfield-to-fielddiscrepanciesye expectedhecolourmagnitude
diagramsof the short,medium,andlong exposurego align properly However, I—z colour
shifts of —0.050,+0.030,and+0.020for the short,medium,andlong exposuresrespec-
tively, werestill neededo correctfor thedifference.

After applyingall colour shifts asdescribedabove, the I—z coloursare correctrelative to a
referenceframe (in our caseCCDO04 of field A for shortexposures)ut the individual I and z
magnitudesare in error by up to 0.10 mag, dependingon the offset (Table 4.7, 4.8, and 4.9).
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Figure4.4: Differencesn I magnitude®bsenedbetweerthe shortandmedium(left panels)and
mediumandlong (right panels)exposuresFrombottomto top areshavn offsetsfor fieldsA, B,
C, D, andE, respectiely. Offsetsareindicatedin eachpanelandarerepresentetly thelines.

This level of accuray is certainly good enoughfor the selectionof subsequentlustermember
candidates.

To calibrateinternallythe I-bandphotometrywe have cross-correlatetheshortwith medium
andmediumwith long exposuredor eachindividual field-of-view. Figure4.4 displaysthe shift
in I magnitudebetweernthe shortandmedium(left panel)andthe mediumandlong (right panel)
exposuresrespectiely. We have foundoffsetsof +0.000,—0.120,+0.000,—0.125,and—0.060,
betweerthe shortandmediumexposuresf fieldsA, B, C, D, andE, respectiely. We have found
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offsetsof —0.070,—0.010,+0.040,4-0.000,and—0.020,betweerthemediumandlong exposures
of fieldsA, B, C, D, andE, respectiely. We couldnot calibratethe I magnitudebetweerthefive
CFH12Kfields-of-viev sinceno overlappingregion wasavailable (Figure4.2).
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Figure4.5: Offsetsin T magnitudedetweenthe CFHT andDENIS measurementor a 15 x 6
overlappingarealocatedin field A. Photometricshifts of +0.050and+0.080arefound for the
short(left panel)andmedium(right panel)exposuresrespectiely. The sameprocedurevasnot
possiblewith thelong exposuresincethe detectionof DENIS corresponds$o the saturatiodimit
of the CFH12Klong exposures.

Comparisorof the I magnitudesvith measurementvailablein thein theliteraturefor knowvn
clustermembersvasnecessaryo calibrateexternally the I-bandphotometry However, first, the
CFH12K fields-of-viev werechosento avoid the bright component®f the cluster(Figure4.2),
and, second this clusterwasfairly unstudiedso that no knovn memberis availablein the sur
veyedarea.Thus,we arenotin a positionto apply this methodto the pre-main-sequencduster
Collinder359. However, we have cross-correlatethe final cataloguewith the recentreleaseof
the DEepNearInfrared Suney (Epchteinet al. 1997). The DENIS projectis a deepastronom-
ical suney of the SouthernSky in one optical band (I at 0.8um) andtwo nearinfrared bands
(J atl.25um and K at2.16sm) carriedout with a one-metettelescopeat La Silla (Chile). The
whole SouthernSky is coveredup to a declinationof +2° downto 7 =18.5,J=16.5, K, =13.5.
We could, therefore extracta small overlappingregion betweernthe DENIS suney andthe area
coveredby Field A. Theright ascensioranddeclination(J2000)of the 15 x 6’ overlappingarea
are:

RA
Dec

17:59:30
+01:54:00

18:02:30

<
< +02:00:00

<
<
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Thephotometrimffsetsin the I magnitude®etweerthe CFHT andDENIS measuremenisre
+0.050and+0.080for shortandmediumexposuresrespectiely. Figure4.5shavs thedifference
in I magnitudesdbetweenthe CFHT and DENIS photometryversusthe CFHT magnitudesfor
the short(left panel)andthe medium(right panel)exposuresyrespectiely. A similar procedure
couldnot be appliedto thelong exposuresdecaus¢he DENIS detectionlimit correspondso the
saturatiorof the CFH12Klong exposureg =18.0-18.5).

After bothinternalandexternalcalibrationof thephotometryandcolours thefinal magnitudes
givenin theoutputcataloguesrecalibratedandthe erroron the I magnitudeshouldbe of order
0.1mag.However, noerrorsonthe I andz magnitudesverecomputedy thePSFe& softwareand
we assumehisuncertaintyfor theforthcominganalysis.Thephotometricerrorscouldbeextracted
from overlappingregionsbut noneis availablein Collinder359. The z magnitudedistedin the
varioustablesthroughoutthis chapterandin appendixarein error becausehe I magnitudewas
calibratedandcolourshiftsapplied.However, the I-(I—z) valuesarecorrectwithin anuncertainty
of 0.1 mag.

4.3.4 The optical colour -magnitude diagram for Collinder 359

Thefinal (I,/—z) colourmagnitudediagramis presentedn Figure4.6. It includesall detec-
tionsin the 1.6 squaredegreeareasuneyedin the pre-main-sequenagpenclusterCollinder359.
The detectionand completenesgdashedine) limits of the suney areestimatedo 7 ~ z ~24.0
and22.0, respectiely. To createthe final colourmagnitudediagram,we have cross-correlated
the shortwith mediumandmediumwith long exposureso remove commondetectionsaandkeep
the bestphotometry Hence,the photometryof the objectswith I <15.0,15.0<71<19.0,and
I > 19.0is extractedfrom the short,medium,andlong exposuresrespectiely.

Overplottedonthecolourmagnitudediagramarethe NextGen(solidline; Barafe etal. 1998),
Dusty(dashedine; Chabrieretal. 2000b)andCond(dottedline; Chabrieretal. 2000b)isochrones
for 80Myr, assuminga distanceof 500pc for the cluster(this distanceis found to be the most
likely; see§ 4.5). The horizontaldashedline at I ~20.0 corresponddo the stellar/substellar
boundaryat0.075M . Themassscale(in My,) is indicatedon theright-handsideof theplotand
rangesfrom 1.3Mg down to 0.030Mg. Thelarge filled dotscharacterisall optically-selected
clustermembercandidateselectedup to a distanceof 650pc for an ageof 80Myr to take into
accountthe largestdistanceestimatefrom the literature (§ 4.2). The opentrianglesare clus-
ter membercandidatesommonto the Zachariag2003) catalogueand consisteniith the mean
propermotionof thecluster A reddeningrectorwith Ay =1 isindicatedby anarrowv for compar
isonpurposesWe have consideredheinterstellarabsorptiodaw from Rieke & Lebofsky (1985),
namelyA; =0.482for the I-band. As no estimates availablein the z band,we have assumea
linearfit betweertheinterstellarabsorptiorin the I and.J bandg(A ; =0.282),yielding a valueof
A, =0.382.

4.3.5 Selection of cluster member candidates

The extractionof the clustermembercandidatesn openclustersgenerallyconsistan select-
ing objectslocatedto theright of the ZAMS (Leggett1992)shiftedto the distanceof the cluster
We have chosenthe evolutionary modelsfrom the Lyon groupto selectclustermembercandi-
datesin Collinder359. We have usedthe NextGenisochronegsolid line in Figure4.6; Barafe
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Figure4.6: Colourmagnitudediagram(Z,I—z) for theintermediate-agepenclusterCollinder359
overthefull 1.6dey? areasuneyedby the CFH12KcameraThelargefilled dotsareall optically-
selectedcluster membercandidatesspanning1.30-0.04M,. Overplottedare NextGen (solid
line; Barafe et al. 1998), the Dusty (dashedine; Chabrieret al. 2000b)andthe Cond (dotted
line; Chabrieret al. 2000b)isochronedor 80Myr, assuminga distanceof 500pc for the cluster
The dashedine at I ~ 20 indicatesthe stellar/substellaboundaryat 0.075M . The massscale
(in Mg) is given on the right side of the graph. A reddeningvectorof Ay =1 is indicatedfor
comparisomurposes.The opentrianglesdepictscandidatesvith propermotion consistentvith
clustermembership.
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etal. 1998)for effective temperaturebigherthan2500K (correspondingo masse®sf 0.050M, at

theageanddistanceof thecluster)andthe Dusty(dashedine in Figure4.6; Chabrieretal. 2000b)
isochronegor lowertemperature@andmasses)We did notconsideithe Condmodels(dottedline

in Figure4.6; Chabrieret al. 2000b)sincethe isochrondlie to the right of the Dusty isochrone.
Consequentlyobjectslocatedto the right of the Condisochronesareto the right of the Dusty
isochronesswell and,hence remainbona-fideclustermembercandidates.

We have consideredhreedifferentvaluesfor the ageof the cluster First, anageof 30Myr
which correspondgo the value quotedin the OpenClusterDatabase.Next, an ageof 50Myr,
and,finally, anageof 80Myr to take into accountuncertaintiesn the agedeterminatiorof open
clusters. Thereis, indeed,typically a factorof two betweenthe age estimatefrom the turn-off
main-sequencftting (Mermilliod 1981)andthe agedeterminatiorbasedn thelithium test(Re-
bolo etal. 1992). For example,the ageof the Pleiadesncreasedrom 70Myr to 125Myr after
applyingthelithium test(Staufer etal. 1998). Concerningx Per,the ageincreasedrom 50 Myr
to 90Myr (Staufer etal. 1999; Chapter3). Largeruncertaintiesareforeseerfor unstudiedopen
clusterssuchasCollinder359.

The seconduncertainparameteiof Collinder359 is the distance.From the literaturesearch
presentedn § 4.2, distancegsangefrom 200pc from the OpenClusterDatabaseo 650pc for the
latestestimateby N. Kharchenbk et al. (2004; personakkommunication).Early estimateof the
distanceby Collinder(1931)arewithin thisintenal. Isochronditting suggesta meandistanceof
450pc.

To take into accountthe uncertaintiesn the age and the distanceof the cluster we have
selectedall objectslocatedto the right of the combinedNextGentDusty isochronegBarafe
etal. 1998;Chabrieret al. 2000b),shiftedto distancegrom 250pc to 650pc by intenals of 50pc
andassuminghreedifferentages(30, 50, and80Myr). This procedurehasgenerated total of
27 catalogueseachof themcorrespondindo a specific(distance,age)combination. The num-
ber of objectsin eachfile is givenin the Table4.10(§ 4.4.5). Thesefiles will be available on
CDROMSs uponrequesbr in awebpagealedicatedo Collinder359. We have implementedhe se-
lectionindependentlyor the short,medium,andlong exposuresThen,we have cross-correlated
thosecataloguego remove multiple detectionsand provide a list of clustermembercandidates
(TableB.1in AppendixB). Accordingto thesesconserative limits, we have certainlyincluded
the majority of true clustermembersat the expenseof a highercontamination.

We have examinedeachclustermembercandidatéhy eye bothin the I andz imagesto reject
extendedobjects blendedsourcesanddetectionsaffectedby badpixels or badcolumns.Indeed,
morethantwo-thirds of the objectslocatedto theright of the evolutionary modelswere affected
by badpixelsin onefilter atleast,or locatedon a badcolumndespitethe good cosmeticof the
CFH12K camera. The numberof candidatesdivided into short, medium,andlong exposures
(includingthecommonones),is asfollows.

e 737 candidategxtractedonly in the shortexposures
e 100commoncandidateso the shortandmediumexposures
¢ 13 commoncandidateso the short,medium,andlong exposures

e 102candidatesoundonly in the mediumexposures
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Table4.10: Numbersof optically-selected¢andidatesn Collinder359classifiedasprobablg(Y+),
possible(Y?), andnon-membergNM) for different(distanceage)combinationsProbablemem-
bersaredefinedasobjectslocatedto the right of the NextGent-dustyisochronesshiftedat dis-
tancesbetween250 and 650pc. Possiblemembersare locatedbetweenthe NextGert-Dusty
isochroneshiftedat a givendistanceandthe NextGenisochroneshiftedat the distanceof 650pc.
The non-membersare bluer than the NextGenisochroneshifted at the distanceof 650pc. The
assumedgesfor the clusterare 30, 50, and80Myr. The fourth columnindicatesthe numberof
objectslocatedin the bright part of the diagram(I = 12—-15)wherethe field contaminations ex-
pectedo behigh. Thelist includesthe numberof objectswith infraredmagnitudesrom 2MASS
andfrom our CFHT follow-up for the different(distanceage)combinations.

Distance(pc) | Age(Myr) | Al | I >15| Y+ | Y? | NM | 2MASS | CFHTIR
250 30 50 46 41 | 2 2 43 5
50 100 96 88 | 2 2 87 4
80 172 | 166 | 151 | 4 2 156 6
300 30 98 93 87 | 3 2 87 5
50 182 | 173 | 156 | 7 2 159 10
80 260 | 248 | 220| 10| 2 228 13
350 30 165 | 156 | 138| 7 2 140 9
50 264 | 252 | 221|110 2 228 13
80 369 | 352 (29914 | 3 315 15
400 30 243 | 231 | 194| 9 3 199 13
50 350 | 336 (29412 | 2 303 14
80 470 | 449 |379| 18| 3 401 17
450 30 300 | 288 |245| 10| 2 253 13
50 455 | 437 | 370 15| 3 387 16
80 604 | 578 |456| 22| 4 494 21
500 30 375 | 359 |310| 13| 3 318 16
50 551 | 528 |436|19| 4 458 19
80 732 | 699 |538| 25| 8 589 23
550 30 471 | 450 |360| 16| 5 375 20
50 656 | 627 | 505| 24| 5 538 21
80 854 | 816 |603| 27| 11 672 26
600 30 539 | 516 |424|19| 4 443 19
50 777 | 743 |580| 25| 9 624 24
80 867 | 829 |600| 27| 11 669 26
650 30 632 | 603 |486| 24| 5 515 20
50 862 | 824 |620| 25| 13 681 27
80 1033| 991 | 665| 27 | 15 733 30
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e 29 commoncandidateso the mediumandlong exposures

e 52 candidategxtractedonly in thelong exposures

After removal of all spuriousdetectionsthe final list of clustermemberscontainsa total of
1033 candidatesangingfrom 7=12.0to I =22.50ver 1.6 deg? areasunweyedin Collinder359.
Fromthecolourmagnitudediagram(Z, I—z), thelargefield contaminatiorat magnitudebrighter
than ~ 15is clearly visible. Out of the 1033 candidatesabout60% of themlie in the range
I=12-15. The contaminatiorat brighter magnitudegandthusat high massespriginatesfrom
the meging betweenthe clustersequencandthe sequencef field stars.As a consequencehe
large majority of candidatesxtractedin this part of the colourmagnitudediagramare mostly
contaminantsThe subsequentminosity function (§ 4.5) andmassfunction (§ 4.6) aretherefore
biasedat high massesAdditional obsenationsarerequiredto estimatethe level of contamination
in this partof the diagram.For comparisonthe numberof objectsfoundin the mediumandlong
exposuress similar to the numberof clustercandidateextractedfrom the (R, I) suney in a Per
(Barradoy Navascuesetal. 2002;Chapter).

All 1033clustermembercandidatesrelistedin TableB.1 in AppendixB with their coordi-
nates,photometryand membershigstatus. They are orderedby increasingright ascension.The
detailsof the columnsin TableB.1 aregivenin AppendixB. Additional parametersincluding
the pixel (x,y) coordinatesgllipticity, full-width-half-maximumof eachcandidatewill alsobe
availableuponrequest.Therangeof ellipticities and FWHM for all candidatesre,0.001-0.389
and1.6-3.5respectiely. Only oneobjecthasanellipticity of 0.602anda FWHM of 4.0, casting
doubtaboutits membershipThedistribution of theellipticity shavs that95% of the objectshave
anellipticity smallerthan0.15. The majority of objectshave full-width-half-maximumbetween
1.8 and 3.0, correspondindo a seeingvarying approximatelybetween0.4 and0.6 arcsec. The
seeingvaluesarebetterthanthoserequestedn the CFHT proposal0.65-0.8arcsec).

All tablescorrespondingo thevarious(distanceage)combinationsvill besasredon CDROMS.
Only the whole sampleof candidatess provided in AppendixB aspaperversion. AppendixC
providesoneexampleof finding chartsfor candidategandidatesn Collinder359. Theremaining
finding chartswill beavailableon CDROMSs or availableon a dedicatedvebpage.

Weareconfidenthatwe have extractedmostof theclustermembeicandidate# Collinder359.
However, inherentuncertaintiego the selectionprocedureemain.We have possiblymissedsome
bona-fideclustermemberdor variousreasonsFirst, 200 bad columnsaffect the CFH12K field-
of-view andmostespeciallythe CCD05. The largestincompletenesgs expectedin this specific
chip. Second,objectsaffectedby bad pixels might actually be genuineclustercandidatesut
wererejectedfrom thefinal list. Next, blendedobjectswereremoved from the candidatdist be-
causeheir photometrywasaffected. Finally, somebright starsmight hide faint clustermembers
althoughthe shortexposuresvereobtainedo partly addresshisissue.

Figure4.7 shaws the distribution of all probable(Y +) clustermembercandidatesn the five
CFH12K fields-of-viav for a distanceof 500pc andan ageof 80Myr. The numberof selected
candidatess muchlower in fieldsB andD thanin the otherthreefields. We have found 169,63,
105, 33, and182 candidatesn thefield A, B, C, D, E, respectiely. This plot is independenbf
the completenesBmit of our suney asit happensabore I =22.5mag. Using strongconstraints
in the FWHM andellipticity for all detectiongn eachindividual CFH12K field-of-view, we have
investigatedhe numberof detectionswithin one CFHT12K field-of-view:

e 94233+ 934 0bjectsin field A
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Figure 4.7: Distribution of the probablemembercandidatesn the 1.6 squaredegree areain
Collinder359,assuminga meandistanceof 500pc andanageof 80Myr. Six bright starslistedas
clustermemberdy Collinder(1931)areincludedto facilitatethe comparisorwith Figure4.2.

e 118018+ 8120bjectsin field B
e 99071+ 467 objectsin field C
e 81714+ 331o0bjectsin field D
e 111868+ 5060bjectsin field E

Thedifferencein densityfor clustermembercandidatesn Collinder359 doesnot follow the
differencein the total numberof detections.The field D appeamuchlessdensethanthe other
fields. However, field B is asdenseasfield E in termsof detectionsbut not with regardto the
numberof candidatesFieldsA andC arecomparablen density Thedifferencein densitymight
resultfrom anon-uniformextinction alongtheline of sight. Collinder359is locatedin the Aquila
Rift, whereCO mapsindicatethe presencef extinction (Dameetal. 2001).

It would be prematureto explain this effect as a result of dynamicalevolution within the
clusteras optical spectroscop and additionalmembershipcriteria are lacking. However, this

issuecertainlyrequiresspecialattentionin the nearfutureandshouldbefurtherinvestigatecbnce
the clustersequencés betterdefined.
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4.4 Near-infrared follow-up of opticall y-selected candidates

Collinder359is atagalacticlatitudeof b=+412.5, intermediatébetween Per(b=—7°) and
the Pleiadeqb=—24°). Therefore the sampleof optically-selecteclustermembercandidates
in Collinder359is inevitably contaminatedby foregroundandbackgroundbjects. The possible
sourcesf contaminatiorare:

1. Galaxies
2. Reddenedbackgroundyiants
3. Fielddwarfs

As specialcarewastakento remove extendedobjectsfrom the clustercandidatdist, the con-
taminationby galaxiesshouldbe extremelysmall. Moreover, reddenedackgroundjiantscould
be well rejectedusing an optical-to-infraredcolourcolour diagramas describedn the caseof
a Per(Section3.5.6andFigure3.10). Thelastbut not least field dwarfsrepresenanothersource
of contaminatiorasthey have similar opticalcoloursasyoungclustermembersHowever, optical-
to-infraredcolourmagnitudediagramssuchas(7,7-J) or (I,I1-K) have proventheir efficiengy to
weedout field dwarfsin ¢ Orionis (ZapateroOsorioet al. 2000),in the PleiadeqZapateroOso-
rio etal. 1997a;Pinfield etal. 2000),in « Per(Barradoy Navasciésetal. 2002),andin 1C2391
(Barradoy Navascuiesetal. 2001a).FurthermorethelatesttheoreticaDustyisochronegChabrier
etal. 2000a)predictbluer I-K coloursfor field dwarfsthanyounglow-massclustermembersy
1.0to 1.5magdependingpnthemass.

Nearinfrared obserationsprovide good meansto weedout contaminatingobjectsfrom the
optical sample. This sectionis dedicatedo the nearinfrared follow-up of the optically-selected
clustermembercandidatesn Collinder359 extractedin the previous section. First, the list of
clustermembersvascross-correlatedith the2MASSall-sky suney databaséor objectsbrighter
than7 =17.0(§ 4.4.1). Next, nearinfrared (K -band)follow-up obsenations,conductedvith the
Canada-France-Maii Telescopefor a sampleof 39 clustermembercandidatesaredescribedn
§ 4.4.2. The datareductionandanalysisof the nearinfraredimagesare presentedn § 4.4.3and
§ 4.4.4,respectrely. Thecontaminatiorof the opticalsamplées discussedn § 4.4.5.

Thework presentedn this sectionwasdonein collaboratiorwith memberdrom the Arcetri,
Grenoble,and Potsdanteams,within the framewvork of the CFHT Key Programmeand EC net-
work. David JamesandJerdmeBouviercarriedoutthe obserationsat CFHT in visitor modeand
Jerdme Bouvier reducedthe infrared data. Willem-Jande Wit, David Jamesand| extractedthe
infrared photometryof the clustermembercandidatesn the IC4665, Stephl, and Collinder359
pre-main-sequenaepenclustersrespeciiely.

4.4.1 Cross-correlation with the 2MASS database

To estimatethe contaminatiortowardsbright membercandidatesn Collinder359, we have
cross-correlatethe sampleof optically-selecteatlustermembercandidatewith the 2MASS sur
vey. Informationconcerninghe 2MASS all-sky suney andthe catalogugproductscanbefound
in Beichmanetal. (1998)aswell asonthe 2MASSwebpagé'. A shortoverviev of the 2MASS
projectis givenin Chapterl (§ 1.5.2). Dueto its completenesmit of K, =14.3,the 2MASS

Uhttp://wwwipac.caltech.edu/2mass/releases/second/doc/
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databaserovidesinfraredcounterpartsn J, H, and K, for mostof the optically-selecteatlus-
ter candidatesrighterthan I =17.0. For objectsfainterthan K, = 14.3, the uncertaintyon the
magnitudebecomdarger than0.1 magandadditionalnearinfrared obserationsarerequiredto
establishmembership.

Among 805 clustermembercandidatedrighterthan17.0in the I-band,772 of themhave a
2MASS counterpartvithin aradiusof 2”, with K; magnitudesrighterthan14.3,anderrorson
the J, H, and K; magnitudesmallerthan0.1 mag. Thesecriteriadid notallow theidentification
of 33 clustermembercandidatesn Collinder359. Thoseobjectshave a 2MASS counterparbut
eitherat larger radii (2 to 3") or K; magnitudedainterthan14.3or uncertaintiesargerthan0.1
mag.We have thereforenot takeninto accountheir 2MASS magnitudes.

A radiusof 2" is adaptedo the selectectlustermembersaswe examinedthoseobjectsnot to
beblendedwith otherstarsin thefield. For comparisonywe usedradii of aboutl.5and1” to cross-
correlationthe opticalandnearinfraredcataloguesn o Per(Sect3.5.4). As only 33 objectswere
not identified during the matching,our sampleof clustermembercandidatesvith nearinfrared
counterpartsn Collinder359is completeto 96%. The subsamplef clustermembercandidates
with 2MASS counterpartss displayedasplussymbolsin Figure4.8.

4.4.2 The CFHT K-band follo w-up

Nearinfrared(K’-band)obsenrationsof 39 optically-selectedlustermembeicandidatesvere
carriedout with the infrared camera(CFHTIR) mountedon the Canada-France-kaii 3.6-m
telescop®n10-12July2003(Table4.11). Theobserationswereconductedy David JamesThe
conditionswerenon-photometriover thethreenight observingun andthe seeingaroundd.5-0.7
arcsecA secondbservingrun wasgrantedn November2003with the sameinfraredcamereaon
CFHT. Theobserer wasJeromeBouvier The conditionswerehighly non-photometri@andnone
of thefive obseredfieldsin Collinder359wasusableto achieze the photometricaccurag better
than0.1mag.

TheCFHTIRIinfraredcamerahasa1024x 1024pixel HAWAII detectomwith aspatialscaleof
0.204'/pixel yieldinga 3.5 x 3.5 field-of-view. Five ditheredframes(offsetby ~ 50 pixels)were
obtainedfor eachtaget, eachframebeinga co-addof 7 or 8 imagesexposed8 secondsyielding
a total exposuretime on the orderof 5 minutes. All obserationswere pointedobserationsas
the candidatesre randomlydistributed over large areas. By chance two or more objectswere
sometimeswithin one CFHTIR field-of-view. In total, we have obsered K'-bandphotometry
of 39 candidatesn Collinder359, spanningl =17.0-22.0to probethe contaminatioracrossthe
stellar/substellaboundaryin the cluster The error on the K-magis betterthan 0.1 mag (see
column7in Table4.11).

Many CFHTIR fieldscontainbright clustermembersaswell but thosearegenerallysaturated.
Henceweretainedhe2MASSphotometnyfor the objectsbrighterthan’ = 17.0. Severalstandard
stars(AS30,AS31,AS33; Table4.12; Hunt et al. 1998)were obsered throughoutthe nightsto
calibratethe zero-points. the achiezed accurag is on the order of 0.02 mag. Seriesof dome
flat-fields(light on andoff) weretaken beforethe beginning of the night to correctpixel-to-pixel
variations.

Table4.11 lists the 39 optically-selecteatlustermembercandidatedollowed-upin the K'-
bandwith the CFHTIR camera.Two objects brighterthanl =17.0,areamongthe objectswhose
2MASS magnitudesvererejected. Columnsl and2 list the identificationnumberof the target
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Table4.11: List of optically-selectecclustermembercandidatesn Collinder359 with infrared
follow-up obtainedwith the CFHTIR camera.The objectsaresortedby decreasind magnitudes.
Columnl provide thenameaccordingo thelAU corvention,startingwith Coll359Jandfollowed

by the coordinates.Columns2 and 3 give the field andthe CCD wherethe objectis located.
Columns4, 5, and6 lists the I, z magnitudesand I—z colour, respectiely. Columns7 and8

givesthe K’ magnitudealongwith its associate@rrorandthe I-K’ colour Column9 givesthe

membershigstatusbasedon the optical-to-infraredcolourmagnitudediagram.

Coll359J... Field ID I z I—2z K' + errK’ I-K' | Memb?
180432+031617 EO06 250 | 14.800| 14.490| 0.310| 13.3284+0.003 | 1.472 Y?
180511+032221 EO7 | 2225 | 16.667| 16.159| 0.508 | 14.325+0.005| 2.342 Y+
180553+03351(0 EO2 | 2089 | 17.044| 16.551| 0.493 | 14.743+0.006| 2.301 Y+
180009+022152 AOQ0 153 | 17.246| 16.689| 0.557 | 14.842+0.007 | 2.404 Y+
180045+020257 A08 | 2038 | 17.465| 16.932| 0.533 | 14.913+9.999| 2.552 Y+
180000+022159 AO0O0 95 17.484| 16.843| 0.641 | 14.934+0.007 | 2.550 Y?
180548+033619 EO02 | 1774 | 17.548| 16.902| 0.646 | 15.008+0.008 | 2.540 Y?
175743+032953 CO09 | 1239 | 17.600| 17.048 | 0.552 | 15.055+0.008 | 2.545 Y+
180343+033137 B11 | 3969 | 17.720| 17.106| 0.614 | 15.033+0.007 | 2.687 Y?
180032+020711 AO07 | 2501 | 17.752| 17.148| 0.604 | 15.438+0.009 | 2.314 Y?
180551+031550 EO08 439 | 17.778| 17.076| 0.702 | 15.471+0.011| 2.307 Y?
175852+033359 C11 | 1971 | 17.857| 17.164| 0.693 | 15.158+0.009 | 2.699 Y?
175458+021734 D06 271 | 17.997| 17.267| 0.730 | 15.026+0.007 | 2.971 Y?
180147+032650 BO7 565 | 17.998| 17.306| 0.692 | 15.651+0.010 | 2.347 Y+
175728+03303 CO08 | 1509 | 18.140| 17.482| 0.658 | 15.315+0.008 | 2.825 Y?
180520+032123 EO7 | 4232 | 18.166| 17.555| 0.611 | 15.605+0.011| 2.561 Y?
180351+03294 B11 | 2938 | 18.234| 17.675| 0.559 | 15.615+0.010| 2.619 Y+
175725+033117) CO8 | 1676 | 18.442| 17.679| 0.763 | 15.744+0.011| 2.698 Y?
180004+022210 AO0O0 201 | 18.674| 17.666| 1.008 | 14.895+0.007 | 3.779 Y+
180549+031530 EO08 523 | 18.945| 18.236| 0.709 | 16.355+0.019 | 2.590 Y?
180022+021436 AO01 | 3978 | 19.007 | 18.161| 0.846 | 15.657+0.011| 3.350 Y?
180554+031521 EO08 418 | 19.260| 18.515| 0.745 | 16.720+0.024 | 2.540 NM
180657+03402§ EO5 | 2197 | 19.336| 18.348 | 0.988 | 16.962+0.024 | 2.374 NM
175506+021710 D06 576 | 19.556| 18.609| 0.947 | 15.874+0.011 | 3.682 Y?
180516+03203 EO7 | 3671 | 19.630| 18.948| 0.682 | 17.069+0.025| 2.561 NM
180439+033421 EOO | 8531 | 20.020| 19.232| 0.788 | 17.787+0.042| 2.233 NM
180342+033213 B1l1 | 7730 | 20.257| 19.432| 0.825| 16.793+0.022 | 3.464 Y+
180656+033222 EO5 | 10305 | 21.026 | 19.694| 1.332 | 17.982+0.055| 3.044 NM
180305+035059 BO3 | 1155 | 21.857| 20.918| 0.939 | 18.852+0.067| 3.005 NM
180702+033219 EO5 | 10242 | 22.175| 21.052| 1.123 | 18.308+0.093 | 3.867 Y?

accordingo IAU corventions.The CFH12KfieldandCCD numbemwherethecandidatés located
are given in columns2 and 3, respectiely. The I, z, K' magnitudesand the I—z and I-K'
coloursareprovided in columns4—8. The membershipstatusof the clustermembercandidates
in Collinder359is updatedn thelastcolumnof Table4.11. The Y+, Y?, andNM abbreiations
referto objectsclassifiedasprobable possiblemembersandnon-membergespectiely.

4.4.3 Data reduction of the CFHT near-infrared images

Five ditheredframes offsetby about50 pixels (~ 10") wereobtainedfor eachsciencetamget.
Eachsciencdrameis asumof imagesthatis oneFITSfile savedondisk containsseveralimages
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Table4.12: List of standardstarsobsered within the framavork of the CFHTIR follow-up of

selectectlustermembercandidatesn threepre-main-sequenagpenclusterson 10—12July 2003.
Notethatonly standardtarsbracletingtheobsenrationsin Collinder359arelisted. Theremainder
shawv similar zero-pointscorverging to ameanvalueof ZP=22.90+ 0.02.

Name |

RA

DEC

Time | ExpT | Airm | Kgunt | K]

nstr ‘

ZPs

10June2003

AS30-0
AS30-1
AS31-0
AS31-1
AS33-0
AS33-2
AS33-0
AS33-2

16:40:41.6
16:40:41.6
17:44:06.8
17:44:06.2
1827.13.6
1827:12.4
1827.13.6
1827:12.4

+36:21:13
+36:21:13
—00:24:58
—00:24:22
+04:03:10
+04:02:16
+04:03:10
+04:02:16

06h17
06h17
06h23
06h23
10h50
10h50
10h55
10h55

3.0sec
3.0sec
5.0sec
5.0sec
3.0sec
3.0sec
3.0sec
3.0sec

1.112
1.112
1.335
1.335
1.100
1.100
1.100
1.100

13.141
12.175
12.048
12.476
11.739
13.168
11.739
13.168

15.255
14.155
14.144
14.614
13.826
15.286
13.826
15.336

22.886
23.020
22.904
22.862
22.913
22.882
22.913
22.832

11 June2003

AS30-0
AS30-1
AS31-0
AS31-1
AS33-0
AS33-2
AS31-0
AS31-1

16:40:41.6
16:40:41.6
17:44:06.8
17:44:.06.2
18:27:13.6
18:27:12.4
17:44:06.8
17:44:06.2

+36:21:13
+36:21:13
—00:24:58
—00:24:22
+04:03:10
+04:0216
—00:24:58
—00:24:22

05h54
05h54
06h22
06h22
07h48
07h48
10h29
10h29

3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec

1.145
1.145
1.324
1.324
1.149
1.149
1.182
1.182

13.141
12.175
12.048
12.476
11.739
13.168
12.048
12.476

15.309
14.189
14.160
14.620
13.822
15.292
14.185
14.610

22.832
22.987
22.888
22.856
22.917
22.876
22.863
22.866

12 June2003

AS30-0
AS30-1
AS31-0
AS31-1
AS33-0
AS33-2

16:40:41.6
16:40:41.6
17:44:06.8
17:44:06.2
1827:13.6
18:27:12.4

+36:21:13
+36:21:13
—00:24:58
—00:24:22
+04:03:10
+04:02:16

05h51
05h51
05h57
05h57
11h00
11h00

3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec

1.142
1.142
1.425
1.425
1.130
1.130

13.141
12.175
12.048
12.476
11.739
13.168

15.243
14.173
14.233
14.633
13.844
15.343

22.898
23.002
22.815
22.843
22.895
22.824

(in this specificcaser or 8) which wereco-addedo constructhefinalimage.Thedatareduction
was relatvely standardfor nearinfrared obserationsand was carried out by Jerome Bouvier
However, dueto non-photometriconditions,we have testedthreedifferentmethodsto estimate
thesky andachieze the bestpossiblephotometricaccurag. A brief outlineis providedbelow:

1. Method 1: “standard”: The sky wasestimateddy taking the medianof thefive dithered
sciencefield frames. As only 5 ditheredframeswere available to computethe sky, the
final sky subtractedscienceimagesdid exhibit “negative stars”in the background.These
“negative stars”affect the real “stars” themselesandwill flaw the photometry Thus,we
rejectedthis approach.

2. Method 2: “supersky”: To getrid off the “negative stars”,a medianimagesof 11 suc-
cessie sciencdrameswith minmaxrejectionwasusedto createa “supersly”. Thescience
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exposuregorrectedor the“supersly” neverthelesexhibit anon-uniform(low-level) back-
ground. The photometrywill be correctaslong asthe sky is estimatedocally aroundthe
stars. This methodyields the highestsignal-to-noiseratio as more frameswere usedto
estimatehe sky.

3. Method 3: “skynorm”: To get“nice-looking” imageswithout “negative stars”anda uni-
form backgroundthe sky was estimatedfrom the five framesafter having renormalised
all of themto the samevalue. The medianaverageof the normalisedscienceimageis
a more meaningfulsky estimateand do exhibit neither“negative stars” nor non-uniform
backgroundeven during non-photometricconditions. The photometrymeasuredn these
imageswill alsobe correct,thoughprobablylower signal-to-noisehanmethod2, because
fewer frames(only five) wereusedto estimatethe sky.

After estimatingcorrectlythesky backgroundeachsciencdramewassky-subtractedndflat-
fielded. Theflat-fieldis thedifferencebetweeraveragediat fieldsobseredlampon andlampoff.
Aperturephotometrywasdoneby myselfwithin the IRAF ervironmentandis describedelow.

The measurednagnitudesvere correctedfor extinction and exposuretime accordingto the
equatiorbelav in orderto obtaininstrumentamagnitudes.

Minstrumental= Mmeasured— EXtinction x Airmass+ 2.5 x log(ExpTime)

The airmasscorrectionfor CFHT on MaunaKeawasassumedo be 0.07 mag/airmassThe
airmassand exposuretime keywords were directly readfrom the headerof the fits files. Zero-
pointsfrom thevariousstandardebseredthroughouthe nightswereappliedto theinstrumental
magnitudesof the clustermembercandidatego derive the final magnitudes.A list of standard
starsalongwith their instrumentalmagnitudesas well asthe derived zero-pointsis provided in
Table4.12. The meanzero-pointfor all threenightswasZP=22.90+ 0.02 but variableduringa
night.

However, dueto thenon-photometrgonditionsencountereduringtheobservingun,across-
correlationwith the2MASS databas&asimplementedo checkthereliability of the photometric
calibration. Thetaskdaofindwasusedto detectall sourceonthesciencdrames.Thefull-width-
half-maximum thesky level andthe detectiorthresholdvereadjustedor eachframeto detectall
sources.The photometrywasthencomputedwith thetaskphot An apertureon the orderof the
FWHM waschosenTheflux of few relatively brightandisolatedstarswasmeasuredor different
aperturesizes(from 1 to 4 timesthe FWHM) to computethe aperturecorrection.Eachindividual
framewasastrometricallycalibratedfollowing the procedureadescribedn Section3.5.3.Then,we
have cross-correlatethe CFHTIR sourcewith the2MASSdatabasé comparebothphotometry
Thedifferencesn K magnitudesverein agreementith thezero-pointslerivedfrom thestandard
starswithin 0.05mag.

The final calibratedmagnitudef the optically-selectedtlustercandidatesn Collinder359
arelistedin Table4.11anddisplayedasfilled circlesin Figure4.8.

4.4.4 Analysis of the CFHT obser vations

We have obtainednearinfrared (K'-band)photometryfor 39 optically-selectedlustermem-
bercandidatesn Collinder359 (Table4.11andFigure4.8). Thosecandidatespanl =17.0-22.0
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Figure 4.8: We plot in the (I,I-K) colourmagnitudediagramsthe clustermembercandidates
locatedto theright of the NextGentDustyisochronesn the (1,1—z) diagram shiftedat distances
rangingfrom 250to 650pc by intenals of 50pc at anageof 80Myr. The infrared photometry
comesfrom the 2MASS catalogudrom objectsbrighterthan7 =17 (plus symbols)andfrom our
CFHTIR follow-up obserationsfor fainterobjects(filled circles). Overplottedarethe NextGen
(solid lines) and Dusty (dashedines) isochronesshifted at the distanceindicatedat the bottom
left corneraswell asthe NextGenisochroneshiftedata distanceof 650pc (dottedline). Probable
memberqY +) areobjectslocatedto the right of theisochroneshiftedat the distanceindicated
in the diagrams.PossiblemembergY ?) arelocatedto the right of the isochronesshifted at the
indicateddistanceandthe isochroneat 650pc. The objectsbluer thanthe isochroneshifted at
650pc arerejectedasclustermembers.
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mag andwere specificallyfollowed-upto probethe contaminatioracrossthe hydrogen-trning
limit aswell asin the browvn dwarf regimein pre-main-sequenocepenclusters. Two objectsare
brighterandonefainterthanthoselimits. The brightestone,for which K’ photometryhasbeen
obtaineds addedo thelist of objectswith 2MASS counterpartsThe positionof thesecandidates
in the (I,I-K) colourmagnitudediagramwill adda furthercriterionto weedout contaminating
objectsfrom the list of clustermembers.For example,at a given luminosity a 0.04M brovn
dwarf at30Myr hasa I-K colourof 3.8,while a0.1M, starat1Gyr hasacolourof 3.2 (Barafe
etal. 1998).

Figure4.8displaysin optical-infrared(7,/-K) colourmagnitudediagramghe candidatese-
lectedto theright of the NextGent+Dustyisochronesn the (7,1—z) diagram.Eachdiagramcorre-
sponddgo agivendistancerangingfrom 250to 650pc by intenals of 50pc. Theinfraredphotom-
etry wasextractedfrom the 2MASS databaséor candidate®righterthan =17 (plussymbolsin
Figure 4.8; Section4.4.1). The faintercandidateshave K’-bandphotometryfrom our CFHTIR
follow-up obsenations(filled circlesin Figure4.8; Section4.4.2). Accordingto the location of
the optically-selectedlustermembercandidatesn the (I,I-K) diagramandassuminganageof
80Myr, threesampleshave beendefinedasfollows:

1. ProbablemembergY+): theseobjectslie to the right of the NextGert-dustyisochrones
(solid anddashedines), shiftedat the distancandicatedin the lower left cornerin the dia-
gram(distancesangingfrom 250to 650pc). Their opticalandoptical-to-infraredcolours
areconsistentvith clustermembership.

2. PossiblanembergY?): thesecandidatearelocatecbetweentheNextGent-Dustyisochrones
(solid anddashedines) atthe distancendicatedin the diagramandthe NextGenisochrone
shiftedat thedistanceof 650pc (dottedline).

3. Non-membergNM): theseobjectsarebluerthanthe NextGenisochroneshiftedat the dis-
tanceof 650pc. They arerejectedasclustermembers.

Table4.10summarisethe numberof opticaldetectiongall), probable(Y+) andpossible(Y?)
membersandnon-membergNM) aswell asthe numberof candidatesvith infraredphotometry
from 2MASS andfrom our CFHTIR obserationsfor the various(distance age)combinations.
The membershipf eachindividual objectobsered with CFHT is alsogivenin the lastcolumn
in TableB.1 in AppendixB. Out of 39 candidateobsered with the CFHTIR camera,8 re-
mainprobablecandidategY+), 14 arepossiblemembergY ?), andtheremaindeareclassifiedas
non-membergNM). For comparisorpurposeswe provide the numberof objectspresentin the
magnituderangel =12-15,wherethe contaminatioris extremelyhigh.

4.45 Contamination of the optical sample

The aim of this sectionis to estimatethe contaminationamongthe optically-selectectlus-
ter membercandidatesn Collinder359. Combiningthe optical and optical-to-infraredcolour
magnitudediagrams,mostof the candidatesrighterthan 7 =17.0 remainprobablecandidates.
Indeed,9 out of 805arerejectedasclustermembersand15 moreareclassifiedaspossiblemem-
bers.Hence the contaminatiorappeargo be onthe orderof 1-3%. However, from the (I,/-K)
colourmagnitudediagrams(Figure 4.8), we canassesshat the estimateabove is a strict lower
limit to the true contamination. A large bulk of starsbrighterthan I =15 magarelikely very
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red field starscontaminatingthe optical sampleas discussedefore. Ultimately, low-resolution
spectroscop will add further constraintsto distinguishfield starsfrom clustermembers. The
clustersequenceppearsnore pronouncedor magnitudedainterthanabout15 and extendsto
faintermagnitudesHowever, from the colourmagnitudediagramsthis sequencés lessandless
well-definedtowardsfaintermagnitudesimply becausenearinfraredfollow-up obserationsare
lackingfor thelarge majority (90%) of candidategonly 39 werefollowed-upout of 359).

In Figure4.9,wedisplaythe(/—z,/-K) colourcolourdiagramof theoptically-selectedluster
membercandidatesvith infrared magnitudes.The K magnitudegeferto K, for objectswith
2MASS counterpartgl < 17.0mag)andto K’ for fainterobjectsfollowed-upwith the CFHTIR
camera.The 50% transmissioredgesof the K filter'? lie at 2.31m and1.97um whereast is
locatedat 2.0pxm and2.30um for the K filter'3. The differencebetweenboth filters becomes
importantshortwardsof 2.1um asthe K filter is narraver thanthe K’ filter to minimise the
contrikution from the Earthatmosphere We will considerherethatthe choiceof the filter has
little influenceon the magnitudeasno colourtermwasfoundin the courseof our infraredstudy
in a Per. As a consequenceahe (I-K) colour andthe membershipassessmerare not strongly
affected by the differencein filters. However, this is likely to play a role for large optical-to-
infraredcolours.

In Figure 4.9, the solid line indicatesthe NextGen50Myr isochronefor massedarger than
0.1Mg, andthe Dusty50Myr isochronéfor lower massesThehookat I—z ~ 0.65andI-K ~ 2.5
correspondso 0.1M, andreflectsthe differencein magnitudesierived from the NextGenand
Dusty models. The NextGenmodel predictsan absolutel magnitudeof 10.33andwhereaghe
DustymodelpredictsI =10.51magfor a0.1Mg, star

The (I—z,I-K) colourcolour diagram(Figure 4.9) doesnot provide ary additionaluseful
criterion for membershipssessmentNo clear clustersequencemepgesfrom this diagramdue
to, on the one hand, the large contaminatiorat small (I-K) colour (plus symbols),and,on the
otherhand the smallnumberof objectswith infraredmagnitude®elov I =17 mag(filled circles).
We neverthelessioticethatthecontaminatiororiginatesmostlyfrom field starsratherthangiants,
contraryto theresultsfoundin our studyof a Per(Chapter3).

To summarisethe optical selectiormethodappearsatherefficient at extractingclustermem-
ber candidatesn Collinder359 from the large numberof contaminatingobjectsdetectedn the
CFH12K wide-fieldimages. Infrared K’-bandphotometrywas usedto weedout contaminating
field dwarfs at magnitudedainterthanaboutl =15. for the bulk of objectsbrighterthan this
boundarythe optical-to-infraredcoloursarenot sufficient to estimatethe level of contamination.
Additional nearinfrared photometryof the remainder~ 300 faint candidatess requiredto fur-
ther analysethe contaminatiorat andbelow the stellar/substellaboundary A total of 8 nights
wasgrantedfor K-bandimagingin June2004,divided into 4 nightswith the 2.2-mtelescopeat
CalarAlto and4 nightswith the CFHT 3.6-mtelescopeAlso time for low-resolutionopticalspec-
troscoly wasgrantedwith the TNG/DOLORESandWHT/AF2/WYFFOSspectrographt® assign
spectraltypesto the optically-selecteatlustermembercandidatesn Collinder359 andascertain
membership.

http:/ivwwipac.caltech.edu/2mass/releases/pitiic/secbda.tbl3.html
Bhttp://www.cfht.havaii.edu/Instruments/Filters/cues/cth5338.dat



4.5. Theluminosityfunctionof Collinder359 139

5L T 7 T T T ]

oL v v b v b e b e e e e e e

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
|-z

Figure4.9: (I—z,I-K) colourcolour diagramfor the clustermembercandidatesn Collinder359
with infrared magnitudes. The photometryis derived from the 2MASS databasdor objects
brighterthan <17 mag(plus symbols)andfrom the CFHTIR follow-up obtainedin July 2003
for fainter objects(filled circles). The opentrianglesindicate candidateswith proper motion
(UCAC2; Zachariaset al. 2003) consistentvith clustermembership.The solid line corresponds
to the NextGen50Myr isochronefor massesabove 0.1M¢, andthe Dusty 50Myr isochronefor
lower massesThehookreflectsthedifferencen magnitudepredictedoy the NextGenandDusty
isochronedor a 0.1M¢. Most of the contaminantsare likely field dwarfs and not background
giantsseemalongtheline of sightof thecluster

4.5 The luminosity function of Collinder 359

As discussecarlier the ageanddistanceestimatesor Collinder359 arepoorly constrained.
Collinder359hasnot beenstudiedextensvely to dateandthewide-field optical surey presented
in this thesisis thefirst of this kind for the cluster Thus,we would like to addressn this section
threemajorissuesegardingthe cluster which areof primeimportancen inferring its luminosity
function.

1. Canwe confirmthe existenceof the cluster?

2. Whatis theageof thecluster?

3. Whatis thedistanceof the cluster?
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451 The existence of the cluster

Accordingto the availableliteratureon Collinder359,a handfulof objectsbelongto the clus-
ter, we are confrontedto the following question: can we confirm the existenceof the cluster?
Opticalimagesof theregion around67 Ophdo not shav anobviousclusteringasfor the Pleiades
asreportedby Melotte (1915) and Collinder (1931). Despitethe intermediategalacticlatitude
(b=+12.5) of Collinder359 betweenthe o Perandthe Pleiadeslusters the gapbetweerfield
starsand clustermemberdss not evidentin the (I,/—z) colourmagnitudediagram(Figure 4.6).
Furthermoreno clearclustersequencstandsoutin this diagramto infer the presencef acluster

To addresghis issue we have usedpropermotioninformationfrom the secondeleasef the
on-goingUSNO CCD AstrographCatalog(hereaftetJCAC?2) project. Anothersourceof proper
motionsfor the clusteris the SuperCOSMOSky Suney databasetHowever, platesnorthof +2°
in declinationarebeingprocessedndscannedtthemomeniandwill beavailableonlyin summer
2004overtheentireclusterarea(N. Hambly personatommunication).

The UCAC2 is a high densityand highly accurateastrometriccatalogueof over 48 million
starscovering the sky from —90° to +40° in declination(Zachariaset al. 2003). The obsered
positionalerrorsare about20 masfor starsbrighterthan 14 magand of order 70 masfor stars
down to 17.0 mag. The photometryis provided in a non-standardilter locatedbetweenthe V/
andR filters. Themagnitudesuffer from large uncertaintiesip to 0.3 maghbut arenot of interest
within theframework of this study We have extractedfrom the UCAC2 databas¢he coordinates
(J2000)and propermotionsfor all objectswithin one degreein radiusfrom the clustercentre
(RA=18'02" andDec=+02°54) to thefaintestmagnitudeavailable.

Figure4.10displaysthevectorpointdiagramgpropermotionin right ascensiowersusproper
motionin declination)or all starswithin onedegreein radiusfrom theclustercentrefor magnitude
brighterthan10.0,11.0,12.0,and13.0,respectiely. Two clusteringof starsemege from vector
point diagramswhereobjectsbrighterthan 12.0 magareincluded. Two peaksare seenaswell
when plotting the numberof starsasa function of declination. The first group of starshasno
significantpropermotionanddenotedield starswhereathe secondexhibits a shift in declination
andcorrespondso the cluster The propermotion of the clusteris approximately0.0 mas/yrand
—8.5maslyrin right ascensioranddeclination respectiely. Thelattervaluesareconsistentvith
the propermotion of the star67Oph (Hipparcos Perrymanet al. 1997) andthe variouscluster
motionestimategCollinder1931;Kharchenk etal. 2004). Theseparatioetweerfield starsand
clustermemberds hamperedt faintermagnitudesy highercontaminatiorso that both groups
of starshecomendistinguishable.

Basedon the vectorpoint diagramswith propermotion measurement®r bright objects,we
concludethat the cluster existsand hasa mean proper motion of approximately (0.0, —8.5)
masl/yr in right ascensiorand declination, respectvely.

4.5.2 The age of the cluster

Next, we attemptto derive anagefor Collinder359usingourwide-fieldopticalsurney andes-
timatethe associatedincertaintiesWe have followedthe approactappliedto the o Perclusterby
Staufer etal. (2003).By comparingthelocationof the stara Persef(filled squaran Figure4.11)
in the colourmagnitudediagram(My,,B—V") with theoreticalsolarmetallicity isochronesnclud-
ing moderatevershoofGirardietal. 2002),Staufer etal. (2003)inferredanageof about50Myr



4.5. Theluminosityfunctionof Collinder359 141
40 407 777
Magecacyy < 10.0 MaGcacyy < 11.0
< 207 1 < 20¢ 1
n (%) r
O O
£ £ ,
) Or ) O Or )
O ) r
O O
= c L
= 207 1 = —20r 1
o o *
400 *407”‘\.“‘\"”\“‘
—40 =20 0 20 40 —40 =20 0 20 40
PM in RA (mas/yr) PM in RA (mas/yr)
40 4017 77
MAgucacz) < 12.0 MAYucacz) < 130
> 207 ] > 207 .
0 (%) r
O O
£ £ ,
o) Or ) O Or )
O &) L
O O
j= =
> *20 [ ] > *20 [ ]
o o
—40 “‘\:““‘\f“\“‘ *407”‘\.“1\§“‘\“‘
—40 =20 0 20 40 —40 =20 0 20 40

PM in RA (mas/yr)

PM in RA (mas/yr)

Figure4.10: Vectorpointdiagramdor all stardocatedwithin onedegreein radiusfrom thecluster
centrefor magnitudesrighterthan10, 11, 12,and13 from left to right, respectrely. The proper
motions(accurateto 6 mas/yr)are taken from the USNO CCD AstrographCatalog(Zacharias
et al. 2003). Two groupsof starsare clearly separatedor magnitudesrighterthan12.0. The
firstis locatedat (0,0), andthe seconcdat approximately(0.0,—8.5) mas/yrin right ascensiorand
declinationrespectiely. For fainterstars bothgroupsof starsaremegedbecausef higherfield
starcontamination.
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for aPer(solid line in Figure4.11). We shouldkeepin mind herethatthe lithium testapplied
to the o Perclusteryieldeda valuetwice larger thanthe turn-of main-sequenceethod(90Myr
versuss0Myr; Staufer etal. 1999).

Collinder359 is locatedaroundthe B5 supegiant, 67 Oph (filled hexagonin Figure4.11),
which is consideredas a memberof the clusterwith a probability of 75% and over 95% by
Baumgardetal. (2000)andKharchenbk etal. (2004,personatommunication)respectrely. The
Hipparcosparallaxof 67 Ophis 2.30+ 0.77mas/yrandits propermotion0.41and—8.22mas/yr
in right ascensiormnddeclination respectiely (Perrymaretal. 1997).

Assuminga meanapparentnagnitudeof V = 3.97+ 0.02anda meandistanceof 435220 pc
(Perrymaretal. 1997),we have derived anabsolutemagnitudeof My = —4.220-%3. Thevertical
line crossingthe hexagonin Figure 4.11 representshe uncertaintyon the parallaxestimateof
670ph. Thebestpositionalfit of 67 Ophin the(My,B-V") colourmagnitudediagramis obtained
for anageof 60Myr (betweenthe solid anddottedlinesin Figure4.11), with anuncertaintyof
20Myr (extent of the vertical line). Our ageestimateis twice aslarge asthe 30Myr agefrom

Padua group isochrones

with overshoot (isoccomplz019)
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Figure4.11: (My,B-V") colourmagnitudediagram.The positionof the F5 supegiant Alpha Per
(filled square)andthe B5 supegiant 67 Oph (filled hexagon)areindicated. Overplottedarethe

solarmetallicity evolutionarymodelswith moderatevershoofrom the Paduagroup(Girardietal.

2002)for 30Myr (dashedine), 50Myr (solidline), 70Myr (dottedline), and90Myr (longdashed
line). Theverticalline crossingthe solid hexagonrepresenthe errorson the Hipparcos parallax
measuremerfor 670ph (Perrymaret al. 1997). The bestfit is obtainedfor agesof 50Myr and
60Myr for thea PerandCollinder359clustersyespectiely.
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Wielen(1971)but comparabldo the main-sequenceirn-off ageof thea Percluster Considering
theincreasen agefrom 50Myr to 90Myr for o Per,theagefor Collinder359is likely to beolder
Assumingafactorof ~ 1.6betweertheagefrom theturn-of main-sequencandthelithium testas
suggestedy Jefries & Naylor (2001),thevalueof agefor Collinder359would go upto 100Myr.
In this study we will considethe meanvalueof thetwo ageshamely80Myr. Thelithium testis
obviously neededn Collinder359to constrairfurtherthe ageof the cluster

Basedon the presentdataavailablefor the cluster we concludethat Collinder 359 has an
ageestimatecomparableto the « Per cluster in the range 60—-100Myr .

45.3 The distance of the cluster

Finally, we presenta distanceestimatefor Collinder359 using the propermotion informa-
tion availablefrom the UCAC2 catalogue We have cross-correlatethe optically-selectedluster
membercandidategrom the CFH12K optical suney with the UCAC2 catalogugZachariasetal.
2003),usingmatchingradii of four timesthe dispersionvalueof 0.553 and0.32¢ in right as-
censionanddeclination,respectiely. A total of 472 objects(opencirclesin Figure4.12)were
commonto bothcataloguebetweenl =11.6and15.1mag,representingbout70% of thewhole
optical candidatdist within this magnituderange. The UCAC2 cataloguencludesonly the ob-
jectswith propermotioninformationsothatthe 30% of objectslackingcouldbe explainedby the
incompletenessf the UCAC2 catalogue.

We have alreadymentionedhe large field contaminatiorat magnitudesrighterthan = 15.
To minimise this contaminationwe have selectedrom the vector point diagram(left panelin
Figure 4.12) propermotion candidatedocatedwithin a circle centredon the motion of 67Oph
(0.41and —8.22 mas/yr; Perrymanet al. 1997). The radiusof the circle, chosenequalto 3.5
mas/yrin bothdirections,correspondso the dispersiorof the probableclustermembersselected
by Kharchenk etal. (2004,personatommunicationppensquaresn Figure4.2)to derive adis-
tanceof 650pc andanageof 30Myr for Collinder359. The methodemployed by Kharchenk to
extractmembersaanddeterminethe clusteris asfollows. First, objectsareselectedrom their lo-
cationwithin thecluster Secondthe propermotionis usedto definethemostprobablemembers.
Third, the selectednembersare plottedin a colourmagnitudediagramto derive age,distance,
andreddening.Finally, this procedurds iterateduntil the bestfit is achieved. The dispersionof
the opencirclesin Figure4.12is mostly dueto the erroron the UCAC2 propermotion measure-
ments(+ 6 mas/yr),which is larger thanthe internal dispersionof the cluster This dispersion
indicatesalsothatthe sampleof candidatess contaminatedby field stars asdiscussegbreviously.
We have extractedl42propermotioncandidategfilled circlesin Figure4.12)within thecircle de-
finedabove. Thoseobjectsareplottedasopentrianglesin the (I, I-z) colourmagnitudediagram
(Figure4.6)andin the (I—z,/-K) CCD (Figure4.9).

Theright panelof Figure4.12displaysthe(7,/—z) colourmagnitudediagramfor theoptically-
selectedclustermembercandidatesn Collinder359 with propermotion information from the
Zachariastal. (2003)catalogue The bestfit to thelower ervelopeof the clustersequencéfilled
circlesin Figure4.12)is obtainedfor a distanceof 500pc and an age of 80Myr (solid line in
Figure4.12). Otheragessuchas30Myr and50Myr appeatoo youngfor the clustersequencas
they tendto predictreddercoloursthanthoseobsered in the I =14-15magnituderange. Ages
olderthan80Myr could alsobe possiblejmplying smallerdistances Note thatthe distancecan
be larger by about50pc if we take into accounta meanextinction of 0.2 magalongtheline of
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sightof thecluster

Thesequencef propermotioncandidategfilled circlesin Figure4.12)is about0.1-0.2mag
wide. The reddestbjectsat bright magnitudesarelikely field stars,effect not excludeddueto
the low galacticlatitude of the cluster We could alsoexpectthe presencef a binary sequence
wideningthe clustersequence.

Thedistanceandageestimate$rom propermotionandphotometryarecertainlymorereliable
thanturn-off main-sequencétting techniquebasedon a singlehigh-massstar 67 Oph. Further
more,our estimaterelieson a larger sampleof clustercandidateshanthe formerestimategrom
Van't-Veer(1980)andRucinhski (1987). Thereforewe would favour a meanageof 80Myr with
an uncertainty of 20Myr and distancesof 500+ 100pc for Collinder 359
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Figure4.12: Left panel Vectorpoint diagramfor optically-selecteccandidatescommonto the
Zachariast al. (2003)catalogugopencircles),includingthe oneswith propermotion consistent
with the cluster(filled circles). Right panel (I,/—z) colourmagnitudediagramfor the selected
propermotioncandidateskFilled andopencircleshave thesamemeaningasfor theleft panel.The
solid, dashedandlong dashedines correspondo the NextGen 80, 50, and 30Myr isochrones,
respectiely (Barafe etal. 1998). The lower ervelopeof thefilled circlesis bestfit by a distance
of 500pc andanageof 80 Myr.

4.5.4 The cluster luminosity function

Accordingto theresultspresentedhn the previoussectionq§ 4.5.1-§ 4.5.3),we will assume
meanageof 80Myr anda distanceof 500pc (distancemodulusof 8.5 mag)for Collinder359to
derivetheclusterluminosityfunction(Figure4.13andTable4.13). Weremindthattheuncertainty
on the ageandthe distanceof the clusterare20Myr and100pc, respectiely. Neverthelessye
will addressheissueregardingtheinfluenceof theageandthedistanceonthe shapeof thecluster
luminosity function. We will considethereonly the probable(Y +) clustermembercandidatesn
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Collinder359from the resultsof the optical andthe nearinfrared photometry We did not apply
ary selectiorbasedn propermotionmeasurements.

We have employedtwo approachet derive theclusteduminosityfunction. Thefirstapproach
consistedn countingthe numberof starsper bin of 0.5 mag(opensquaresn Figure4.13). The
secondapproach'smoothed”the luminosity function to bettercharacteris¢he faint end,i.e. we
have countedthe numberof starsperintenal of 1.0 magnitudewith stepsof 0.5 magnitudgfilled
circlesin Figure4.13). Both methodsyieldedsimilar clusterluminosityfunctions.

2.5 4.5 6.5 8.5 10.5 12.5 14.5

Number of stars

LF Coll359

e smoothed

o non—smoothed

11 13 15 17

Figure4.13: The clusterluminosity functionassuminganageof 80Myr anda distanceof 500pc
for Collinder359. The opensquaresrepresenthe numberof starsper bin of 0.5 magnitude
whereaghefilled circlesindicatethe numberof starsin a 1.0 magnitudebin by stepof 0.5magni-
tudes.Poissorerrorsassociatedo the clusterluminosity functionareindicatedby verticallines.
Table4.13providesthe numberof starspermagnitudebin for the smootheduminosity function.

Severalfeaturesseenin the clusterluminosity function (Figure4.13)aredescribedelow.

e A peakat I =12.5-13.0magcorrespondindo approximatelyl.0M. at anageof 80Myr
anda distanceof 500pc. The declineat brighter(I > 12.5)magnitudeseflectstheincom-
pletenes®f theopticalsuney in thatmagnitudeangecausedy the saturatiorof the short
exposures.Thecross-correlatioetweerthe optically-selectedlustermembercandidates
andthe UCAC2 catalogugZachariaset al. 2003)indicatesthat a large numberof objects
have propermotionsconsistenwith membershigFigure 4.12). However, the dispersion
in the vector point diagramconfirmsa significantcontaminatiorby field starsdifficult to
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guantifyatthis stage.

e A peakatl=17.0-17.5mag(M; =8.5-9.0mag)correspondingo masse®f approximately
0.30My. A comparablgpeakis seenat M; =11 magin NGC2516(Jefries et al. 2001),
while this featureis detectecht M; =9 magin M35 (Barradoy Navasciesetal. 2001)and
M; =10 magin « Per(Barradoy Navascieset al. 2002). This peakdoesnot occurat the
sameabsolutanagnitudan all clustersjmplying thatit maybeagedependentThisfeature
may correspondo the Hy-convection peakidentifiedby Kroupaetal. (1990,1993)in the
luminosityfunctionof nearbyfield starsbut this hypothesishouldbe furtherinvestigated.

e A dip at 1 =20.0-20.5mag (M ~ 0.070M,)) is clearly detectedn the colourmagnitude
diagram(Figure4.6) well abore our completenesBmit. This featureis comparabldo the
gap seenin the a Perluminosity function at M; =12.5 mag (Barradoy Navasc@s et al.
2002). This dip is detectedboth in the field (Reid & Cruz 2002) andin youngclusters,
includingo Orionis(Béjaretal. 2001),theTrapeziunCluster(Lucas& Roche2000),1C348
(Luhman1999),thePleiadegJamesortal. 2002),andIC 2391(Barradoy Navasciesetal.
2001a).Despitethe differencein agebetweerthe regionsmentionedabove, Jamesoret al.
(2002)amguedthatthis gapis universalasit occursconsistentlyat the samespectraltypes.
This featuremight originatefrom the sharpfall in the luminosity-masgelationdueto the
formationof large dustgrainsat low temperaturearoundspectratypesM7—-M8 (Jameson
et al. 2002). Consideringthe intrinsic coloursversusspectraltypesgiven in Table7 in
Luhmanetal. (2003b),a M7 dwarf hasa I—z =0.98(no extinction is takeninto accountfor
this estimate).The obsered dip in the colourmagnitudediagramfor Collinder359 occurs
at I-z=0.85-1.00mag. However, 1C348 is youngerthan Collinder359, yielding hotter
effective temperaturet a given spectraltype. Takinginto accountthe uncertaintieon the
photometry(+0.05mag)andon the spectratypedeterminatior(half a subclas®rror),it is
possiblethatthegapin the luminosityfunctionis causedy the deficit of M7—M8 dwarfs.

4.6 The mass function of Collinder 359

4.6.1 The mass-ma gnitude relation

To transformthe luminosity function of Collinder359into a massfunction,we have usedthe
NextGenandDustymodelsfrom theLyongroup. For agivenageandmasstheevolutionarymod-
elspredictoptical (VRIz) andnearinfrared(JHK) absolutemagnitudesThe I andz magnitudes
werespecificallycomputedor the CFH12K filters andwe will usethemto derive the massfunc-
tion. We have megedbothisochrondiles to createa magnitude-maselationshipfrom 1.4 down
t0 0.010M,. TheNextGenisochronesreusedfor effective temperaturebigherthan2500K, cor
respondingo masse®f 0.050M at80Myr (M ~ 13.0mag). Theseisochronesarecompleted
by the Dusty modelsfor lower massesiown to 20My,, (M7 ~ 19.1magat 80Myr). The useful
rangeof the megedisochronesn the courseof our studyof Collinder359is 1.3-0.03Mg,.

The NextGenandDusty modelsincludethetreatmenbf the atmospheres contrastto other
evolutionary models,suchasthoseof D’Antona & Mazzitelli (1994),which assumegrey atmo-
spheresTheseassumptiongenerallyleadto highereffective temperatureandluminositiesat a
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Table 4.13: Number of starsper magnitudebin (luminosity function) and numberof starsper
massbin in Mg (massfunction)in Collinder359, assuminga distanceof 500pc and an ageof

80Myr for the cluster The luminosity function wastransformednto a massfunction usingthe
NextGenandDusty evolutionarymodelsfor massesigherandlowerthan50Mj,,,, respectiely.

Theuncertaintiegjuotedfor theluminosityfunctionarePoissorerrors(squareoot of thenumber
of starsper magnitudebin). The transformatiorof the luminosity functioninto a massfunction
wasachieved by dividing the numberof objectsper magnitudebin by the differenceof the upper
andlower masdimit of thebin.

Magbin | Mid-mass(Mg) | Nb permagbin | Nb permass(Mg)
11.0-12.0 1.390 28+ 5 86+ 15
11.5-12.5 1.241 109+ 10 409+ 37
12.0-13.0 1.124 222+ 15 1002+ 67
12.5-13.5 1.020 243+ 16 1216+ 80
13.0-14.0 0.924 191+ 14 1073+ 78
13.5-14.5 0.842 149+ 12 876+ 70
14.0-15.0 0.754 83+ 9 468+ 50
14.5-15.5 0.664 40+ 6 277+ 41
15.0-16.0 0.609 33+ 6 283+ 51
15.5-16.5 0.548 32+ 6 233+ 43
16.0-17.0 0.472 32+ 6 190+ 35
16.5-17.5 0.380 47+ 7 256+ 38
17.0-18.0 0.290 53+ 7 326+ 43
17.5-18.5 0.217 36+ 6 291+ 48
18.0-19.0 0.166 24+ 5 272+ 56
18.5-19.5 0.129 22+ 5 348+ 79
19.0-20.0 0.103 20+ 4 439+ 87
19.5-20.5 0.084 11+ 3 328+ 89
20.0-21.0 0.069 3+ 2 120+ 80
20.5-21.5 0.059 5+ 2 210+ 84
21.0-22.0 0.046 7+ 3 378+ 162
21.5-22.5 0.040 5+ 2 5744229
22.0-23.0 0.037 3+ 2 446+ 297

given mass. Furthermorethe treatmenif the atmospherepredictsabsolutemagnitudesn var

ious passbanddienceavoiding the useof bolometriccorrectionsvhich remainhighly uncertain
for youngopenclusters.The modelsof Burrows et al. (2001)include non-grayatmospherebut

arevalid for massedower than0.1M, not low enoughfor our study Finally, the Dusty mod-
elsincludethe treatmenbf dustsettlingwhich affectsthe temperatureand obsered coloursof

low-massstarsandbrovn dwarfs. Theinfluenceof the dustsettlingat the L/T transitionaround
1300K for field objectshasbeenproven andobsered. The sameeffect will take placeat earlier
spectraltypes(late-M andearly-L) in pre-main-sequencdustersdueto the youngerages. The
knowledge of opacity line lists for speciessuchas TiO and VO, which are responsiblefor the
shapeof M dwarf spectra,is of prime importanceto reproducethe obsered coloursof young
clustermembers.

Moreover, the evolutionary modelsfrom the Lyon group have beenextensiely usedto esti-
matemasdunctionsin openclustersjncludingthePleiadegMartin etal. 1998;Dobbieetal. 2002;
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Moraux et al. 2003), « Per (Barradoy Navasces et al. 2002),and M35 (Barradoy Navascies
etal. 2001), and starforming regions suchas Taurus(Bricefio et al. 2002) andIC348 (Luhman
etal. 2003b). The NextGenand Dusty modelshave beenthe mostsuccessfukvolutionarymod-
elsin predictingcoeval agesfor the differentcomponent®f the youngmultiple systemGGTau
(White et al. 1999). Furthermoredifferentmodelsfrom variousgroupshad little effect on the
massfunctionin « Per(Barradoy Navasciset al. 2002)and M35 (Barradoy Navascigset al.
2001). Finally, the massestimategrom evolutionarymodelsappeamgenerallyunderestimatety
5 to 20% for main-sequencstarsandby up to 50% for pre-main-sequencgars(Hillenbrand&

White 2004).

4.6.2 The cluster mass function

We have corvertedthe clusterluminosity functioninto a massfunctionusingthe evolutionary
modelsfrom the Lyon group(Barafe etal. 1998; Chabrieret al. 2000b). The numberof objects
perunit of mass(dN/dM) is obtainedby dividing the numberof objectsper magnitudebin (AN)
by the differencebetweenthe upperandlower limits of the bin in mass(AM =My —M;). The
uncertaintyis computedrom the Poissonuncertaintieof the luminosity function. For example,
the magnituderangel =12-13mag corresponds$o a massrangeof M =1.241-1.02M.. The
numberof objectsperunit of massandits uncertainty(Table4.13)is givenby:

dN AN 222 V222

dM - AM 1241 - 1.020 T 1241 _ 1020  ‘002£67

The meanmassandthe numberof starspermasshin aregivenin Table4.13. Themassfunc-
tionis plottedasfilled circlesin Figure4.14.We will expresshe clustermassunctionthroughout
this sectionasthe massspectrum(a representthe slopeof the massspectrum)namely:

_ M_a
am &

The bestlinearfit to the clustermassspectraassumingan ageof 80Myr anda distanceof
500pc for Collinder359,is obtainedfor « =0.30(solid line in Figure4.14).

Threemajorfeaturesareseenin the clustermassfunctionanddescribedelow:

e A peakat aboutlMg which is not real dueto the large field contaminationobsered in
this range.Additional obserationsareneededo estimatethe level of contaminationn the
0.7-1.3M, massrange atthedistanceandageof the cluster

e A slow risein the clustermassfunction from 0.6M, down to our completenestimit at
about0.040M . Thepower law index « appearslatterthanthe Pleiadesestimates.

e A dip in themassfunction occursaround0.070M, andis likely dueto the dearthof M7—
M8 obijects. This gapis detectedn thefield (Reid & Cruz2002)andin six openclusters,
including the PleiadegJamesoret al. 2002)and « Per(Barradoy Navascigset al. 2002).
Thisaguments validatedby theintrinsic coloursof M7 dwarfsasdefinedby Luhmanetal.
(2003b)in the caseof the IC348cluster(seediscussiorin previoussection).
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Figure4.14: Massfunction for Collinder359. Filled circlesrepresenthe clustermassfunction,
assuminagdistanceof 500pc andanageof 80Myr for Collinder359. Leftpanel Influenceof the
ageon the massfunction for 30Myr (opensquares)50Myr (opentriangles),and80Myr (filled

circles). The slopeof the massfunction getssteepeifor youngerages. Right panel Influence
of the distanceon the massfunctionfor 400pc (opensquares)500pc (filled circles),and600pc
(opentriangles),assumingan ageof 80Myr. The distanceappeardo have little influenceon the
slopeof the massfunction. The vertical dottedline representshe completenessf the CFH12K
opticalsuney at I =22, correspondingo a massof 0.040M, attheassume@geanddistancefor

the cluster Thethreemassfunctionsareoffsetfor clarity.

Table 4.14: Dependencef the power law index o with distanceandagein Collinder359. We
have usedinearfits to estimataheslopeof the massspectrumassuminglifferent(distanceage)
combinationdor thecluster Thethreeagesare30,50,and80Myr assuminga distanceof 500pc.
Thethreedistancesire400,500,and600pc, assuminga meanageof 80 Myr.

Age | Distance Massrange Power law index
80Myr | 400pc | M=0.55-0.03M | «=0.35£0.15
500pc | M=0.61-0.04M; | «=0.30+0.10
600pc | M =0.65-0.04M, | «=0.25+0.10
50Myr | 400pc | M=0.43-0.03M; | a=0.60+0.15
500pc | M=0.54-0.03M | «=0.45+0.10
600pc | M =0.62-0.03M | a=0.45+0.10
30Myr | 400pc | M=0.60-0.03M, | «=1.0+0.2
500pc | M=0.70-0.03M; | «a=1.0+0.2
600pc | M=0.58-0.03M; | «=0.5+0.1

We have investigatedhe influenceof the ageandthe distanceon the clustermassspectrum.
In theleft panelin Figure4.14,we have plottedthe massspectrunin Collinder359for threeages,
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including30Myr (opensquares)50Myr (opentriangles),and80Myr (filled circles),assuminga
distanceof 500pc. In theright panelin Figure4.14,we have plottedthe massspectruntor three
distancesjncluding 400pc (opensquares)500pc (filled circles), and 600pc (opentriangles),
assuminganageof 80Myr.

We have usedlinear fits to estimatethe slopesfor each(distance,age) combination(Ta-
ble 4.14). The changein distance(+ 100pc) seemsto have little influenceon the power law
index o, independentf theassumedge.Onthecontrary theslopeof themassspectruntendsto
increasavith youngeragesyangingfrom o =0.3at80Myr to o = 1.0at30Myr. Thegapobsered
around0.070Mg, persistsndependenof the (distanceage)combinationjmplying thatit is likely
arealfeature.

Astheageof Collinder 359islik ely between60and 100Myr and the distance500+100pc,
we concludethat the bestfit to the cluster massspectrum s obtained for a power law index
a=0.30+ 0.200ver the massrange 0.60—0.04M .

4.6.3 Uncertainties on the cluster mass function

The derivation of the clustermassfunctionis, in theory a straightforvard process Basedon
the selectecclustermemberswe countthe numberof starsper magnitudebinsto createa lumi-
nosityfunction. To transformtheluminosityfunctioninto amassfunction,we applyamagnitude-
massrelationshipprovided by evolutionarymodels.For a givenageanda given mass the evolu-
tionary modelsprovide luminositiesandeffective temperaturesHowever, in practice the cluster
massfunctiondeterminatioris hamperedy multiple factorssometimedglifficult to quantify

1. Thelargestuncertaintyresidesin the distanceof Collinder359. Larger and smallerdis-
tanceswill shift objectstowardshigherandlower massestespectiely. We have assumed
adistanceof 500pc for Collinder359 andshavn that distancespanningd00-60(oc have
little influenceon the overall shapeof the massfunction.

2. Thesecondiuncertaintyconcerngheageof Collinder359. Olderandyoungerageswill shift
the objectstowardshigherandlower massestespectiely, with atendeng to increasehe
slopeof themassspectrumat youngerages.

3. Someobjectsmight have escapedietectionwithin the 1.6 squaredegreeareasuneyed in
Collinder359. Despitethe goodcosmeticof the CFH12K camerasomebona-fidecluster
membersnightlie onabadcolumnor have their photometryaffectedby badpixels. Simi-
larly, bright starshamperthe detectionof nearbyfaint clustermembersThis effectis likely
to berandom.If thebiasis largertowardsfainterobjects,c mayhave to beincreasedOur
ability of detectingsubstellarobjectsis affectedby the fact that the luminosity of brown
dwarfsdecreasewith age(dela FuenteMarcos& dela FuenteMarcos2000).

4. A large numberof faint (I > 17 mag) clustermembercandidatesare still lacking near
infrared photometry Furthermore pptical spectroscop is requiredto ascertairthe mem-
bershipof the selectedcandidates. As an example, the contaminatiornwas estimatedat
~ 25-40% for low-massstarsandbrovn dwarfsin thePleiadegBouvieretal. 1998;Martin
etal. 2000a;Morauxet al. 2001),andin « Per(Barradoy Navasc@set al. 2002). We ex-
pecta comparabldevel of contaminatiorin Collinder359 dueto its intermediategalactic
latitude. If the contaminations largerin thebrown dwarf regimethanfor low-massstars,o
may have to bedecreased.
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5. Accordingto estimatedrom Kharchenk et al. (2004, personalcommunication)we have
mainly focusedon the clustercorona.lf Collinder359is indeeda clusteryoungerthanthe
Pleiadesthe masssegregationandevaporationof brovn dwarfs shouldbe lessthan10%,
assuminganhomogeneoudistribution of substellaiobjectsacrosghe cluster(dela Fuente
Marcos& dela FuenteMarcos2000). In contrastjf the clusteris olderthanthe estimates
presentedhereandif dynamicalevolution hasalreadytakenplace,the numberof very low-
massstarsand browvn dwarfs detectedn the suneyed areahasbeenwell overestimated.
The«a index mayhave to beincreaseaccordingo theamountof browvn dwarfswhich have
escapedhecluster

6. We have usedthe magnitude-masselationshipfrom the Lyon group and combinedthe
NextGen and Dusty modelsto infer a massfunction from 1.3 to 0.040Mg. Otherevo-
lutionary modelsassumegrey atmospherege.g.D’Antona & Mazzitelli 1994)andtendto
predict higher effective temperaturesnd luminositiesso o would have to be decreased.
However, Barradoy Navascuies et al. (2001,2002) have shavn that variousevolutionary
modelshadlittle influenceon the o PerandM35 massfunctions. A thoroughcomparison
of alarge sampleof starswith differentevolutionarytracksby Hillenbrand& White (2004)
indicatesthatmasse®f main-sequencandpre-main-sequenasbjectsareunderestimated.
Theeffect ontheshapeof the massspectrunis difficult to asses# thatcase.

7. We have ngylectedthe effect of unresoled binaries. For example,a brown dwarf in the
PleiadesPPI15(Reboloetal. 1995)wasresohed into a spectroscopibinary browvn dwarf
(Basri& Martin 1999a). Theinfluenceof unresoled binariesin openclusterswasquanti-
fied by Kroupa(2001),implying thatthe power law index o shouldbe increasedy about
0.5 over the 1.0-0.1M massrange. Martin et al. (2000a)failed to detectcompanionsn
Pleiadesbrovn dwarf candidatesvith separationsvider than27AU at the distanceof the
cluster suggestinghat the binary frequeng of brown dwarfsis not muchlarger thanfor
M dwarfsandhaslittle effect onthe shapeof the massfunction. If the binary correctionis
importantat low massegfor exampleif alarge numberof M dwarfs arebinaries),a may
have to beincreased.

8. A possibleagespreadn theclusterwasnotconsideredhroughouthis study Spectroscopic
confirmationis requiredto placethe clustermembersn the HR diagramin orderto estimate
this effect.

To summariselarge uncertaintiesemainregardingthe massfunctionin Collinder359which
led usto considera conserative error on the slopeof the clustermassfunctioni.e. « =0.3+ 0.2
overthe0.6-0.04M; massrange.

4.6.4 Comparison with other young cluster s

We have comparedhemasdunctionfor Collinder359with estimateswvailablein theliterature
for otheryoungopenclustersandstarforming regions. Figure4.15compareghe massfunction
for Collinder359 (filled circles)with « Per(Barradoy Navascis et al. 2002), M35 (Barradoy
Navasciesetal. 2001),andvariousestimate®f the Pleiadesnassspectrum(Bouvieretal. 1998;
Martin etal. 1998;Dobbieetal. 2002;Tej etal. 2002).



152 Theintermediate-agepenclusterCollinder359

WOOOO? e < M35 (ByNOT) E
L - > B ]
i / -~ APer (ByN02) T
| , ; |
/ Martin (1998)
1000 7 )
| / |
-/ obbie (2002) 1
= I ]
N Pleiades Bouvier (1998)
= 100 3 B E
i — Collinder 359 ]
i 80 Myr
10F 500 pc
/‘ ‘ I 1 ‘ I 1
1.00 0.10 0.01

Mass (solar mass)

Figure 4.15: Comparisonof the masspectrumfor Collinder359 (filled circles with solid line)
with other open clusters,including « Per (dot-dashedine; Barradoy Navascis et al. 2002),
M35 (dashedine; Barradoy Navascigsetal. 2001),andthePleiadegMartin etal. 1998;Bouvier
etal. 1998;Dobbieetal. 2002;Tej etal. 2002). The bestlinearfit to theclustermassspectrum(red
line) appeardlatterthanthe Pleiadesover the 0.55-0.03%; massrange.Thepeakat~ 1 Mg is
notarealfeaturebut the outcomeof alarge contaminatiorat highermasses.

Acrossthe stellar/substellaboundary the power law indices estimatedin the Pleiadesby
variousgroupsweregenerallyin goodagreemenwithin the errorswith «=0.5-1.0in the 0.40—
0.045M masgange(Figure4.15;Tablel.1in Chapterl).

Barradoy Navasciesetal. (2002)hasinferredacomparablenassunctionfor thea Percluster
with «=0.59+ 0.05from 0.30to 0.035M¢, (Figure4.15;Chapter3).

ConcerningM35, the massspectrumwas approximatedy a three-sgmentpower law over
the6-0.08M massrange(Figure4.15;Barradoy Navascésetal. 2001).

Themassspectrunderivedfor Collinder359is overall consistentvithin theuncertaintiesvith
variousestimatesn openclusterandstarforming regions. Our resultappeathowever flatterthan
the Pleiadesand « Per estimateqFigure 4.15) althoughthey might be consideredn agreement
within theerrorbars(0.1and0.2for the PleiadesandCollinder359,respectely).
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Comparedo otherwell-studiedregionsmentionedabove, our estimatds solelybasecdbn opti-
calandnearinfraredphotometricselection.Thenext stepis to obtainlow-resolutionspectroscop
for all selectectlustermembercandidatesn Collinder359to verify the validity of themassfunc-
tion andthevariousobsereddipsandgaps.If confirmedthegapat0.070M; combinedwith the
searchor thelithium depletionboundarywould addstrongconstraint®ntheageandthedistance
of the clusterandconfirmthe presenestimates.

4.7 Conclusions of the survey in Collinder 359 and perspec-
tives

We have presentedn this chapterthe first deepoptical wide-field imaging suney comple-
mentedwith nearinfrared follow-up obserationsof the youngopenclusterCollinder359. We
have suneyed 1.6 squaredegreesin the clusterin the I andz filters down to detectionandcom-
pletenessimits of 22.0and24.0with the CFH12KontheCanada-France-Maii 3.6-mtelescope.
Basedontheirlocationin theoptical (1,/—z) colourmagnitudediagramwe have extractedatotal
of 1033clustermembercandidatesn Collinder359spanningl.3—-0.04M,, assuming distance
of 650pc andanageof 80Myr. We have cross-correlatethe optically-selectecdandidatesvith
the 2MASS databaséor objectsbrighterthanl =17.0to weedout contaminatindield stars.Fur
ther K’-bandphotometrjhasbeenobtainedor asubsamplef 39 faint clustercandidate$o probe
the contaminatiorat andbelow the stellar/substellaboundary

By comparingthe location of the brightestclustermembey 67 Oph, with solar metallicity
isochronegncludingmoderatevershootwe have derivedanageof 60+ 20Myr for Collinder359.
The comparisorof the NextGenevolutionarymodelsto the clustercandidateselectedrom their
propermotion and coloursyielded a meanage of 80Myr with an uncertaintyof 20Myr anda
distanceof of 500+ 100pc. Theageis largerthanpreviousestimatesn theliterature whereaghe
distances within the uncertaintieof formerdeterminationsut basedon alarger numberof ob-
jects. Hence,Collinder359is probablynot a pre-main-sequencgduster(10-50Myr) asthought
earlier but likely coeval with « Per. The questionsetin § 4.1 regardingthe testof pre-main-
sequencevolutionarytrackswith clusters10-50Myr old might not be solved with the study of
Collinder359.

Finally, we have derived luminosity andmassfunctionsfor Collinder359 usingthe NextGen
andDusty modelsfrom the Lyon group. Despitethe uncertaintiesnherentto photometricsureys
in openclusterswe have reporteda dip in the luminosity andmassfunctionslocatedat 7 =20.5
(correspondindo a massof 70Mj,,i assuminga meanageof 80Myr anda distanceof 500pc)
likely causedby the dearthof M7-M8 dwarfs obsered in the solar neighbourhoodind young
clusters. The bestfit to the slopeof the massfunction, whenexpressedasthe massspectrumis
a=0.30+ 0.20 over the 0.55-0.033M;, massrange. The derived slopeis flatter thanestimates
in the Pleiadesandin the a Per clustersalthoughthey are consistentwithin the uncertainties.
Spectroscopis neededo verify the resultspresentedn this chapterasour work is solely based
on photometry Our studydo not provide a corvincing evidencefor a variablemassspectrumin
openclusters.

Thedetailedstudyof Collinder359constitutesafirst steptowardsthe determinatiorof anun-
biasedmassfunctionin apreviously unstudiedyoungopencluster Follow-up obsenationsof the
selectedclustermembercandidatesn Collinder359 arerequiredto ascertairtheir membership,
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including nearinfraredimagingandoptical spectroscop We have beengrantedobservingtime

with several telescopesandinstrumentswithin the framewvork of the CFHT Key Programmeo

pursueour investigationof Collinder359 andotherpre-main-sequencgusters.Thetime sched-
ule andthe obserationsaredivided asfollows:

CFHT/CFHTIR 4 nights(30 May—03June2004) Nearinfraredimaging
CalarAlto 2.2-m/MAGIC 4 nights(10-13June2004) Nearinfraredimaging
WHT/AF2/WYFFOS 6 nights(18—-24June2004) Multi-object spectroscop
TNG/DOLORES 3 nights(19-21June2004) Opticalspectroscop

Nearinfraredimagingwill be obtainedfor theremainingfaint (I > 17.0)clustermembercan-
didatesin Collinder359 to probethe contaminationby field starsat and belov the hydrogen-
burninglimit. Low-resolution(R ~ 600)optical (6000-1000@\) spectroscopwill provide spec-
tral classificationgravity measurementsnddeterminatiorof thelevel of chromospheriactvity,
which,togetherwill allow usto furtherconstrainthe membershipf clustercandidates.

Longerterm obsenrationsare foreseerto enlage our study of Collinder359. For example,
higherresolutionoptical spectroscop of the bright clustermemberswill provide radialandrota-
tional velocitiesto studythedependencef theseparametersvith massandage.Additionally, the
innersquaredegreeareain Collinder359remainsto be sureyedto confirmtheresultspresented
in this chapter Finally, objectsbrighterthan’ ~ 12.0andthusmoremassie than~ 1 Mg, should
beinvestigatedo derive a completemassfunctionfrom highermassstarsdown to brown dwarfs.



Chapter 5
Outlook and future work for cluster
member ship

The suneys in o PerandCollinder359 presentedn this thesisareaimedat investigatingthe
stellarand substelladMF andits dependenceavith placeandtime. The a Perclusterhasbeen
muchmoretargetedthanCollinder359in the past.In a Per,we have presentedpectroscopias-
sessmenbf somelow-massmembersin Collinder359,we have extractedalist of clustermember
candidateslown into thesubstellaregimebasedntheir opticalcolours.Follow-up obserations,
including nearinfraredimagingandoptical spectroscop are, however, requiredto ascertairthe
membershipf photometrically-seleed candidatesind obtaina list of genuinemembers.The
suney in Collinder359is partof a larger photometricporogrammeaimedat investigatingthe de-
pendencef theIMF with placeandtime aswell asthe propertiesof starsandbrowvn dwarfsasa
functionof time.

We will discusdn this chapterthe differentphasesiecessarin the studyof youngopenclus-
terswith anemphasin the remainingprojectsandfuture plansfor the o Perand Collinder359
openclusters.This procedurds extendedo otheropenclustersaswell. This chaptelis structured
asfollows. Thevariouspossibilitiesofferedby large-scalecatalogueso studyanopenclusteras
awhole entity arepresentedn § 5.1. The selectionof propermotion candidatesn openclusters
is describedn § 5.2. The nearinfraredfollow-up imagingof optically-selectedlustermember
candidate$or membershiassessmeris detailedin § 5.3. Thewealthof informationprovided by
the optical spectroscop to derive spectraltypesandinvestigatechromospheri@ctiity, gravity,
age,radial androtationalvelocitiesof clustermembercandidatess emphasisedh § 5.4. Low-
resolutionnearinfraredspectroscopof clustercandidatess discussedh § 5.5. Theidentification
of X-ray counterpartso photometrically-selted membercandidateso ascertairtheir member
shipis presentedn § 5.6. Theissuesregardingthe binary fractionasa function of mass(§ 5.7)
andthevariability of clustermemberg§ 5.8) arediscussecswell.

5.1 Full coverage of a cluster

A sunwey of anopenclusterasawhole entity providesinsightsonits extentandits dynamical
evolution. Thedistribution of membersacrosshe clusteris a key parameteto probea possible
masssegregation. However, up to now, hardly ary openclusterhasbeenfully obsered dowvn
to the brown dwarf regime mostly becausef its large extenton the sky. Photographiglatesat
differentepochsrepresentvaluabletools to identify clustermembersover large areasvia proper
motion. This techniques generallylimited to the stellarcontentof openclustersandcanreach
down to the hydrogen-birning limit in a youngnearbyopenclusterslike the PleiadegHambly
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etal. 1999). Large-scalesky suneys, including 2MASS, the SuperCOSMOSSky Suneys, and
the Guide Star Catalogprovide additionalphotometryand propermotion for stellarmembersn
numerouopenclusters.Thecombinatiorof thesedatabasesansene asastartingpointto deeper
suneys dedicatedo low-massstarsandbrown dwarfsin alimited areain clusters.

Recently Tej etal. (2002) proposeda pure statisticalapproactusingnearbycontrol fields to
estimatethe field contaminatiortowardsthreeclusters:the Pleiades|C348,andg Orionis. This
methodcombinedopticalandnearinfraredmagnitudegrom the Guide StarCatalogand2MASS
suneys. Theclusterluminosity functionswerecorrectedor the numberof field starsin thesame
magnituderangeover the samearea.The inferredmassfunctionsagreedwithin the uncertainties
with estimategrom deepsuneys over a similar massrange.Optical spectroscop of the selected
objectswould verify whetheror not the level of contaminationwas correctly estimated. The
main dravbackof this methodis the assumptiorof anageanda distance parametersairly well
constrainedor thethreeclustersunderstudybut poorly known for thelarge majority of clusters.

Early studiedn the o Perclustermadeuseof the Palomarphotographiglatesto extractmem-
bercandidate®ver the entire clusteron the basisof their propermotion (Heckmannet al. 1956;
Staufer etal. 1985,1989b;Prosse1992). This selectionextendedto V =19 mag,corresponding
to I ~ 16 magand spectraltype of M5. Multi-band photometryand optical spectroscop were
necessaryo ascertairthe membershipf thesepropermotion candidateslueto thelow galactic
latitudeof a Per.

A deepwide-field optical (R, I) surwey over 4.5 deg? wasinitiatedin o Perto find members
down into the substellaregime (Barradoy Navascigs et al. 2002). The extensionof this deep
suney to theremainingareawould allow usto studythedistribution of starsandbrown dwarfsin
the cluster Moreover, obserationsin the z-bandarenecessaryo probesubstellarobjectsdovn
to thedeuteriumburninglimit at 13M jp.

Despitethe large field-of-view (42 x 28) of the CFH12K camerawe have only beenableto
suney 1.6 squaredegreesin Collinder359, which amountsfor 30-40% of thetotal clusterarea,
assuminga coronaradiusasderived by Kharchenk et al. (2004;personatommunication).Two
additionalprojectsaiming at afull coverageof Collinder359from high-massstarsdown into the
substellaregimewould provide anestimateof the massfunctionover thewhole clusterarea.

First,acomplementarguney to theCFH12Kopticalstudyshouldbeundertaknin thecluster
centrein the I andz filters down to a completenesbmit of 24.0to infer amassfunctionoverthe
whole area. Thefull coverageof the inner degreein Collinder359 canbe achieved in onenight
with 4 MegaCampointings,for example. The MegaCamwide-field camerahassupersedethe
CFH12Kcameraonthe CFHT andoffersa onesquaredegreefield-of-view with a spatialscaleof
0.187 /pixel.

The CFHT Key Programmeéocusedon the low-massend of the massfunction skippingthe
study of high-massmembersg(M > 1.3M4) in Collinder359. Optical and infrared photometry
of starswith spectraltypesB to G could be derived from previous sky suneys suchas2MASS,
SSS,andGSC. Subsequenspectroscop for membershippssessmens mandatorybut could be
conductedvith smalltelescopes.
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5.2 Proper motion

Propemotionsuneys represena powerful discriminantto identify membersn openclusters
and shouldbe consideredasthe primary stepto definea stellar sequencen new clustersprior
to ary deepphotometricsuney. The extractionof membercandidatess optimally achieed for
high galacticlatitude open clusterswith significantmotion comparedto field starsdue to the
lower contaminationThe besttargetsto applythis techniquearethe Pleiadege..g.Hamblyetal.
1999)andthe Hyades(Reid 1992) becausdooth are nearbyandlocatedat high galacticlatitude.
The large majority of clusterslisted in the OpenClusterDatabasealo not harboura significant
motioncomparedo field starssothatthe extractionof candidateshouldsolelyrely on the colour
selection.Someclustersemainneverthelessuitabletamgetsastheir propermotionarelargerthan
Collinder359.

Two major propermotion cataloguesare currently fully availableto undertak, asan initial
step,the selectionof membercandidatesn openclusters.First, the SuperCOSMOSky Surneys
providespropermotionsandoptical magnitudesn threebroadbands(B;, R, andI) for objects
asfaint as R =20 with declinationssouthof +2°. The photographiglatescovering the whole
northernsky arescannedndprocessedtthe momentandshouldbe releasedn the nearfuture
(N. Hambly personalcommunication). Second,the UCAC2 catalogue(Zachariaset al. 2003)
providespropermotionsof over 48 million sourcesorthof +2° andsouthof +40° in declination
with anaccurag of + 6 mas/yr This catalogueshouldbe combinedwith otherdatabasesuchas
2MASSor DENISasit is incompleteanddoesnot provide acolourterm. Thefuturereleasef the
GuideStarCatalog(version2.3)will additionallyprovide propermotionsandphotometryin three
passband®r objectsdovn to R =20in the northernhemispherafterscanningandprocessingf
the PalomarSchmidtplates,complementindnencethe SuperCOSMOSSky Suneys databaseA
stepforwardwill beachiezedwith the GAIA astrometricsatellite providing highly accurateposi-
tions, propermotionsanddistancesiswell asradial velocitiesfor starsfew ordersof magnitudes
fainterthanthe Hipparcosdetectionlimit.

Concerninga Per, propermotionsrevealedhundredsof clustermembersdown to V' =19.0
mag(Prossefl992)usingPalomarSchmidtplatesspanninganepochdifferenceof abouts0years.
Themotion of the « Perclusteris smallerthanthe Pleiadespn theorderof +23 and—25 mas/yr
(Robichonetal. 1999),renderingpropermotion suneys lessefficient. Colour selectionandopti-
cal spectroscop are,consequentlymandatoryto weedout contaminatingpbjectsdueto the low
galacticlatitudeof thecluster(b=—7°).

We have combinedthe wide-field optical suney implementedvith the CFH12K camerawith
propermotionmeasurementsom the UCAC2 catalogugZachariasetal. 2003)to infer new age
anddistancesstimategor Collinder359 (Chapterd) despitethe small clustermotionwith respect
to field stars. The vector point diagram(seeFigure 4.12 for details) of the optically-selected
candidatesn Collinder359 exhibits a shift in declinationof about8 mas/yr suggestinghat a
large fraction of objectsare,indeed,bona-fideclustermembers. The sametechniquecould be
appliedto clusterswith comparablenotionto Collinder359 by combiningthe UCAC2 catalogue
with all-sky sureys suchas2MASS,GSC,or DENIS.
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5.3 Near-infrared imaging of cluster member candidates

The first stepsin the study of young (10-200Myr) openclustersconsistin colour selection
(Section5.1) and/orpropermotion (Section5.2) of membercandidates.This initial sampleof
candidatesemainsneverthelesgollutedby galaxies distantgiants,andfield dwarfs, harbouring
colourssimilar to young pre-main-sequencebjects. The contaminationin the low-massand
brovn dwarf regimeswas estimatedo be 25-40% in the PleiadegBouvier et al. 1998; Martin
etal. 2000a;Morauxetal. 2001)andin « Per(Barradoy Navasciesetal. 2002).

Nearinfrared photometryis a useful tool to weed out contaminatingobjectsfrom cluster
membercandidatesiueto the large optical-to-infraredcolour baseline.Evolutionarytrackspre-
dict bluer optical-to-infraredcoloursby 1.0to 1.5 magfor field dwarfs comparedo youngpre-
main-sequencebjects(Chabrieret al. 2000b). The J and K -bandfollow-up obsenrations of
optically-selectedlustermembershave provenvery efficient at eliminatingfield starsandback-
groundgiantsin the PleiadegZapateradOsorioet al. 1997a;Pinfield et al. 2000),« Per(Barrado
y Navasc@set al. 2002; Chapter3), IC2391 (Barradoy Navascieset al. 2001a),and o Orionis
(Béjaretal. 2001). However, the useof I and K filters asprimary selectionfor clustermember
candidatedn the a Perclusterturnedoutto belessefficientthanthe (R, I) or (I, Z) suneys due
to the ability of the K-bandto probelargerdistancegChapter3).

The useof cataloguesith propermotion and photometricmeasurementsncluding Super
COSMOSSky Suneys andthe Guide StarCatalogwill provide initial samplesf clustermember
candidatesn numerousinstudiedpenclusters. Additional infraredphotometryfrom the DENIS
and 2MASS suneys will weedout contaminatingobjectsdown to low-massstarsand possibly
brovn dwarfs, dependingon the distanceandageof the selectectlusters. The extractionof lists
of membersn alarge numberof openclusterscanbe achiared with currentarchval dataasde-
scribedin this sectionandthe previous ones. The main goal of this extensive work would be the
studyof the dependencef the massfunctionon placeandtime.

Futuredeepinfrared large-scalesunweys, including UKIDSS!, WIRCan?, and VISTA? will
probeyoungsubstellarobjectsover large areas. For example,the UKIDSS dedicatedsuney of
galacticopenclustersaimsat suneying 1400squaredegreesin JHK in 10 openclustersandstar
forming regionsdown to K =18.7,including 79 deg? in the Pleiades50 deg? in o Per,and0.8
deg? in IC4665.

We have usednearinfrared photometryto refinethelist of optically-selecteanembercandi-
datedn Collinder359andrejectcontaminatindield dwarfsandbackgroundjiants.All candidates
brighterthan =17 hada counterparin the2MASSdatabaseienceproviding J, H, and K mag-
nitudes.We have attemptedo probethecontaminatiordowvn to amassof about0.4M,, assuming
adistanceof 500pc andanageof 80Myr for Collinder359. Nearinfraredphotometryturnedout
to beinefficientin this massrangedueto the smalldifferencein I-K coloursbetweerfield stars
andyoungclustermembersThelarge contaminatiorobseredat magnitudesrighterthanl =15
remainto be studiedvia anothemethod.

A stepforward consistdan obtainingnearinfrared pointing obserationsof fainter(Z > 17.0)
clustermembercandidatesn Collinder359. We have alreadypresentedhe resultsof a K-band

Ihttp:/www.ukidss.og/
2http://www.cfht.havaii.edu/Nevs/Projects/WIRCam/Ne/
Shttp://www.roe.ac.uk/atc/projects/vista/science/
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imagingof asubsamplef about40optically-selectedandidatesn Collinder359(§ 4.4). We have
beengrantedatotal of 8 nightsin June2004to pursueheinfraredfollow-up of candidate# three
pre-main-sequenadustersobseredwithin theframework of the CFHT Key Programmeinclud-
ing Collinder359. The obsenrationsaredividedinto 4 nightswith theinfraredcamera CFHTIR)
on the CFH 3.6-mtelescopg30 May—-02 June2004) and 4 nightswith the MAGIC cameraon
the CalarAlto 2.2-mtelescopg10-13June2004). A total of 110 clustermembercandidatesn

Collinder359spanningl =17.0-22.0dack nearinfraredphotometry at distanceof 500pc andan
ageof 80Myr. We will likely obsere all remainingcandidatesn Collinder359 with the nights
grantedon bothtelescopesNote thatthe UKIRT WFCAM amerausedfor the UKIDSS project
will be availablefor openproposalspffering anopportunityto includeCollinder359.

5.4 Optical spectr oscopy of cluster member candidates

The next stepin the study of open clustersconsistsin obtaining optical spectroscop of
photometrically-selgted clustermembercandidatego further ascertaintheir membership.Op-
tical spectroscop is a key stepbecausdt can provide spectraltypes, chromospheri@actiity,
surfacegravity measurementdithium alundancesandradial androtationalvelocitiesfor each
candidateMany criteriadescribechereto assesthe membershimf candidatebiave beenapplied
to the o Percluster(Chapter3) andareforeseerin Collinder359.

5.4.1 Spectral classification

The primaryaim of the optical spectroscopis to provide spectraklassificatiorfor all cluster
membercandidatedo verify their membership.Several spectralindicesare availablein the lit-
eratureto estimatethe spectraltypesof low-massobjectswith anaccurag of half a subclassor
better The mostreliableindicesfor field late-K andM dwarfs arelistedin Table 1.2 in Chap-
ter 1. Theseindiceswerespecificallydefinedto estimatethe effective temperaturef old nearby
dwarfs. Althoughthegravity influenceghe computatiorof theseindices(Luhman2000)is poorly
known, they are neverthelesausedto classifyvery low-massstarsandbrovn dwarfsin clusters.
Evolutionarytracksarethenusedto estimatetheir mass,assumingan ageanda distancefor the
cluster

In Chapter3 , we presentednoderate-resolutiospectroscop of photometrically-seleed
clustermembersn o Perconductedvith the Twin spectrograplonthe CalarAlto 3.5-mtelescope.
Combiningspectraindicesandcomparisorwith templatespectraof known dwarfsobseredwith
thesamenstrumentsetupwe have inferreda spectrasequence agreementvith thephotometric
measurementis the0.40-0.12M; massange.

Opticalspectroscopof clustermembercandidatesn Collinder359will constraintheageand
the distanceof the cluster The correlationbetweermagnitudesandspectraltypeswill constrain
the distanceof the cluster The presencer absencef lithium in absorptionat6708,& will set
upperlimits on the ageof the cluster If the ageandthe distanceestimatedor Collinder359 are
correctthestellar/substellalboundaryat0.075M ¢ will occurataspectratypeof M6.5,according
to evolutionarymodels(Barafe etal. 1998).



160 Outlookandfuture work for clustermembership

5.4.2 Chromospheric activity

Opticalspectroscopprovidesaccesso theHa emissiorline at6563A. Thestrengthof theHa
line reflectsthelevel of chromospheri@ctiity in youngpre-main-sequencgarsandprovidesan
additionalcriterionfor membershimssessmenihe detectionof Ha is a key stepin the studyof
openclustersandhasbeenalreadyappliedto the PleiadegMartin etal. 1996),a Per(Chapter3),
IC2391 (Barradoy Navascies et al. 2001a),and o Orionis (Barradoy Navascies et al. 2001b;
ZapaterdOsorioetal. 2002).A majordravbackof theHa emissiorine is its variability obsered
bothin youngclustermembergdMohanty& Basri2003)andin thefield (e.g.Martin etal. 1999),
producingflareswith large equivalentwidths.

In Chapter3, we describedthe resultsof spectroscopidollow-up obserationsof all prob-
able clustermembercandidatesn « Perextractedby Barradoy Navascis et al. (2002)in the
0.40-0.1M massrange. All objectsexhibit Ha in emissionwith equivalentwidths ranging
from 4 to 15A, in agreementvith previous studiesin the cluster(ZapateroOsorioet al. 1996;
Prossefl992,1994). Thedetectiorof Ha in photometrically-seleted clustermembersaddsstrong
supportto the belief that thesecandidatesare membersof the clusteralthoughsimilar level of
chromospheriactvity is obseredin field M dwarfs.

We will obtainlow-resolutionoptical spectroscopfor numerousandidatesn Collinder359
to ascertairtheir membershipand study the evolution of the chromospheri@ctiity with mass.
Theprocedureappliedto thea Perclusterwill begeneralisedo Collinder359.

5.4.3 Surface gravity

Measurementsf gravity-sensitie featuresincludingtheK | andNal doubletsat 7665/7699%
and8183/819%, respectrely, canbe extractedfrom optical spectroscop A youngpre-main-
sequencebject haslower surface gravity than field starsof similar spectraltype, and hence,
wealer K I andNal equivalentwidths (log(g) = 3.5—4.5versus5.0-5.5). The distinctionbetween
pre-main-sequenagbjectsandgiantsis straightforvard dueto the extremelylow surfacegravity
of thelatter(log(g) ~ 0). Thestudyof starsandbrown dwarfsin thesolarneighbourhoodin open
clustersandin starforming regionswill provide a two-dimensionabkpectralclassificatiorbased
on bothtemperaturendsurfacegravity.

In Chapter3, we presentedsurfacegravity measurementfor a sampleof low-massstarsin
thea Percluster Theequvalentwidthsof theK | andNal doubletsof clustermembercandidates
in o Perweregenerallywealer thanold field dwarfs of similar spectraltype obsered within the
framework of our propermotion suney (Chapter2). This trendconfirmedthatthosecandidates
areyoungerthannearbydwarfs andaddsan additionalcriterionto spectratypesandHq, hence
supportingtheir membership.

A resolutionof R ~ 1000ervisionedfor themulti-fibre spectroscopof clustermembercandi-
datesn Collinder359with the AF2/WYFFOSspectrograpiwill enablgo deblendheK | andNal
doubletsand provide surfacegravity measurementsver a large massrange. The resultswill be
thencomparedo measurements the a Percluster(Chapter3) andin the PleiadegMartin et al.
1996).Moreover, modellingof the spectraof clustermembercandidatesn Collinder359with the
latestatmospherenodels(Allard et al. 2001)will allow usto determinethe surfacegravity with
anuncertaintyof + 0.5 dex aswell aseffective temperatur@stimates.
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5.4.4 Lithium depletion boundary

The presencef the lithium absorptioriine at 6708A is importantfor two reasonsFirst, the
studyof a variety of clusterswill helpunderstandhe evolution of lithium with ageaswell asthe
role of mixing in stellaratmospheresSecondthe lithium absorptiorine is akey spectrafeature
usedto datepre-main-sequenaenclustergReboloetal. 1992). This approacthasbeenwidely
usedin recentyearsto infer clusteragesasin the PleiadegStaufer etal. 1998),« Per(Staufer
et al. 1999), IC 2391 (Barradoy Navascies et al. 1999),and NGC2547 (Oliveira et al. 2003).
The detailsof the lithium testappliedin « Perareprovidedin Section3.2. Collinder359is an
interestingnew tamgetwith anagesimilarto « Per.

Obsenations of cool, young, pre-main-sequencstarssuggestthat undepletedithium will
producea saturatecequivalentwidth of about0.6A (ZapateroOsorioet al. 2002). Theoretical
curvesof growth predictthata stardepletedby afactorof 100from its initial lithium abundance
will still have anequivalentwidth of ~ 0.3A with linesdisappearingapidly for loweratundances
(Pavlenko et al. 1995). Evolutionarymodels(D’Antona & Mazzitelli 1994; Barafe et al. 1998)
predicta changdn thelithium abundanceover anintenal of 0.2 magin luminosity

The lithium depletionboundaryin Collinder359 shouldbe locatedaroundI =20, assuming
anageof 80Myr anda distanceof 500pc for the cluster(Chapterd4). A 8-m classtelescopds
requiredto achieve equivalentwidth measurementsaccurateas0.1-0.2A atthis faintnesdimit
in orderto refinethe ageof Collinder359. The modelsfrom Burrows et al. (2001) predictthat
at 80Myr, a 0.07M4 hasretainedall its lithium whereasa 0.09M, objecthasdepletedit all.
However, if Collinder359is 30Myr old (Wielen 1971), the lithium depletionboundarywould
occurmorethanonemagnitudebrighterata massof approximately0.15M.

5.4.5 Rotational velocities

Themainmotivationfor measuringotationalvelocitiesin youngopenclusterss to determine
thedistribution of vsin(i) versusspectrakype.

Studiescarried out in the Pleiades(Staufer et al. 1994a), a Per (Prosser1994; Randich
et al. 1996), 1C2602 (Randichet al. 1995),and1C2391 (Staufer et al. 1997)improved signif-
icantly our knowledgeregardingthe distribution of rotationalvelocitiesin openclustersover a
large interval in age. A completesurwey in Collinder359 could be comparedo thoseresultsto
completethe sequencef ages. However, if Collinder359 is youngerthan predictedin Chap-
ter4 (e.g.30Myr), its rotationalvelocity propertieshouldbe comparabldo thoseobseredin the
pre-main-sequenadusterd C2602andIC2391.

The measurementsf rotationalvelocitiesrequirehigh-resolutionoptical spectroscop The
Nal D doubletat5880-590@ provide thebestdiscriminantof rapidrotatorswith rotationalveloc-
ities larger 100kms—! (Staufer etal. 1997). The generaimethodto measureotationalvelocities
consistsof artificially broadeninga well-knovn standardstar until the bestmatchto the tamget
spectrums achiezed (Hartmanretal. 1986).

5.4.6 Radial velocities

The last membershigcriterion for clustercandidatesavailable from optical spectroscop is
theradialvelocity. This obviously requiresthatthe motionof the clusteris significantlydifferent
from field stars. For example,radial velocitiesare not of greatusein the Pleiadesasthe mean
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clustermotion (v,4¢ =5.9kms™!; Rosvicket al. 1992)is comparabldo the motion of field stars
alongthat line of sight but a powerful discriminantin o Per (v,qq = —2kms™!; Prosserl994).
No measurementare availablein Collinder359 but high-resolutionoptical spectroscop canbe
obtainedor the brightestmemberswith a smalltelescopén orderto estimatethis component.

Radialvelocity investigationgequirehigh-resolutioroptical spectroscopaswell asstandard
starswith high accurateadialmeasurementsSeveral strongiron andcalciumlines areavailable
in the wavelengthranges6410-649%, 7860-798%, 8040-816@, and8230-835® to derive
radialvelocities.

The determinationof the radial velocitiesof membersn Collinder359, in additionto their
propermotions,will allow usto explorethefull spacemotionof the cluster To date,some40000
starsin the Galaxy have radial velocity measurements.To improve the statistics,the RAdial
Velocity ExperimentRAVE)* is anambitiousprogramaiming at measuringadial velocitiesand
metallicitiesof about50 million starsdown to V' =16 mag. A complementanyprojectwill be
undertakn with the future astrometricspacemissionGAIA for fainterobjects. Thesedatabases
will representa majorbreakthrougho studythe spacemotion of large numbersof stars,someof
thembelongingto openclusterssuchasa PerandCollinder359.

5.4.7 Planned spectr oscopic obser vations in Collinder 359

We have beengrantedollow-up obsenationsto pursuehestudythestellarandsubstellamass
functionsin youngclusterswithin the framevork of the CFHT Key Programme.Two observing
runswill take placein June2004to obtainlow-resolutionoptical spectroscop of clustermember
candidatedn openclustersandstarforming regions,including Collinder359.

First, low-resolution(R ~ 1000) multi-fibre (150 fibres) optical (5500-850() spectroscop
of clustermembercandidatesn three pre-main-sequencelusters(Collinder359, IC4665, and
Stephl) andin Serpenswill be carriedout on 18-26 June2004with the AF2/WYFFOSspectro-
graphmountedon the William HerschelTelescopén La Palma. The WYFFOS spectrograplis
equippedwith a 1024x 1024 pixel camerawith a spatialscaleof 3 A/pixel, yielding a field-of-
view of approximately40', comparableéo the CFH12K camera.

Second Jow-resolution(R ~ 600) optical (4470-1036@®) long-slit spectroscop of individ-
ual clustermembercandidatesn Collinder359 will be conductedwith the DOLORESspectro-
graphon the TelescopioNazionaleGalileoin La Palmaon 19—-21June2004. The spectrograph
is equippedwith a 2048x 2048 pixel camerawith a spatial scaleof O.275Alpixel, yielding a
field-of-view of 9.4 x 9.4.

Thesecombinedspectroscopiobserationswill provide spectraltypes, chromospheriac-
tivity and surfacegravity measurementfr a completesampleof clustermembercandidatesn
Collinder359 down to the hydrogen-brning limit, assumingan ageof 80Myr anda distanceof
500pcfor thecluster

4More informationcanbe obtainedat this URL: http://www.aip.de/RAE/
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5.5 Near-infrared spectr oscop y of cluster member candidates

We have exploredin the previoussection(§ 5.4)thewealthof informationprovided by optical
spectroscop including spectrakypes,chromospheriactiity, lithium, surfacegravity, radialand
rotationalvelocities. However, thefaintnessof the leastmassie clustermembergendersoptical
obsenationslessadequatdo analysetheir characteristicsLong integrationtimeson large tele-
scopesare, therefore requiredto achieve sufiicient signal-to-noisdor spectraltyping and other
studieanentionecpreviously. As youngpre-main-sequenazbjectsemitmostof theirflux at1 ym
andbeyond, nearinfraredwavelengthsareappealingo derive effective temperaturendbolomet-
ric luminosities.For example,a 80Myr old objectwith 7 =20hasa K ~ 16.5andJ—-K ~ 1.0.

Several nearinfrared spectralindices,independentf the interstellarreddeningobsered in
starforming regions, have beenspecificallydefinedto classify younglow-massstarsand brown
dwarfs (Wilking et al. 1999; Martin 2000). Thoseindiceshave beenappliedto infer surface
gravity andeffective temperaturén severalregions,including p OphiuchugWilking etal. 1999),
the TrapeziumCluster(Lucasetal. 2001),c Orionis (Bé&jaretal. 2001),1C348 (Najita, Tiede,&
Carr2000), Taurus(ltoh, Tamura,& Tokunaga2002),andSerpengLodieuetal. 2002a).

Gorlova etal. (2003)comparechigh signal-to-noisdow-resolutionnearinfraredspectrawith
the latestatmospherenodelsof Allard etal. (2001)to distinguishyoungpre-main-sequenagb-
jectsfrom field dwarfs. SeveralfeaturesincludingHs at1.33um, COat2.30um, FeHat1.20um,
K1 atl1l.25um, Nal at2.21ym, andCal at2.26um, representvaluablediscriminantso separate
bothtypesof objects.

Opticalspectroscopwill enableadetailedstudyof clustermembersn Collinder359down to
the hydrogen-birning limit or slightly lower (I ~ 20 andM =0.075Mg). Thefaintestcandidates
extractedfrom the wide-field optical surey in Collinder359would thenneedto be followed-up
spectroscopicallyn the nearinfraredto derive spectraltypesandsurfacegravity becausof their
large optical-to-infraredcolours (I-K = 3.5-4.5for I =20.0-22.0). The task remainsdifficult
for two reasons.First, the differencein surfacegravity betweenclustermemberg80Myr) and
field dwarfs (~ 1 Gyr) is on the orderof the accurag of the methoddevelopedby Gorlova et al.
(2003).Second|ongintegrationtimesarestill necessaryo achiere reasonablsignal-to-noisdor
thoseobjectseven with large telescopesFor example,a signal-to-noiseof about10 is achiered
in an hour for objectswith K =17.5 at a resolutionof 750 using ISAAC VLT and assuming
a slit width of 1” and an airmassof 1.2. This signal-to-noiseis worsethan the one obtained
with the FOCAS instrumenton the Subarutelescopeassumingcomparableequirements As a
consequencaearinfraredspectroscop of thefaintestcandidatesloesnot appeamoreeffective
thanoptical spectroscopin youngopenclusters. This approachremainsneverthelessusefulin
starforming regionswherethe extinction oftenhampersstudiesat opticalwavelengths.

5.6 X-ray surveys of open clusters

Openclustersare importantto study the time evolution of starsand probethe age-actrity
relationship.SystematicX-ray studiesof openclustersbeganwith the EinsteinObsenatoryin the
1980s(e.g.Micela et al. 1988)andlater with the ROSAT satellite. Large areasin openclusters
within 200pc andagesangingfrom 30Myr to 50 Gyr have beensuneyedin thesoft(0.1-0.4kev)
andin the hard (0.4—2.(kev) bands. Suneys conductedn X-raysrepresentin excellentway to
discriminatebetweeryoungdwarfsandmain-sequencsolartype starsdueto the higherL x /Ly,
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ratio obsened at young ages. In addition, this ratio is independentf the distance. As a con-
sequencefollow-up X-ray obserationscanbe an efficient way to ascertairnthe membershipof

low-masscandidatesn young clusters,asthe Pleiadeg(Staufer et al. 1994a),a Per (Randich
etal. 1996),IC2602(Randichetal. 1995),andIC2391 (Patten& Simon1993)thanin olderones
asthe Hyadeg(Sternetal. 1995). Collinder359represents new targetto probeX-ray actiity in

amoredistantclusterwith anageintermediatédbetweenC2391andthe Pleiades.

A large percentag€> 80%) of F, G, K, andM dwarfsin a Perextractedfrom formerproper
motionandphotometricsuneysweredetectedsX-ray emittersusingthe ROSAT satellite(Randich
etal. 1996;Prosseetal. 1996b).New candidatesvererevealedby X-ray obserationsaswell and
confirmedlater on. The obserationsin o Perwerein agreementvith resultsfrom the Pleiades
andotherpre-main-sequenadustersyielding thefollowing conclusions:

1. Thefastertherotationrateis, the higheris the X-ray luminosity
2. TheX-ray luminositypeaksat G dwarfsanddeclinesowardsM dwarfs.

3. ThemeanX-ray luminosity of F andG dwarfsis largerfor youngerobjectswhile no differ-
encewith ageis foundfor K andM dwarfs.

With the adwent of the XMM and Chanda X-ray satellitesproviding higher sensitvity and
betterresolution,a new opportunityis offeredto investigatethe evolution of actvity with mass
andthe relationbetweenX-ray emissionandperiodin late-typedwarfs. First, the sensitvity of
XMM is thousandimesbetterthanthe ROSA satellitein the 0.5-2.0kev enegy range,allowing
the detectionof brown dwarfsin the Orion Nekula Cluster(Feigelsonet al. 2002). Secondthe
XMM andChanda spatialresolutionsareontheorderof or betterthanafew arcsedtypically 2—3
arcsechandallow directidentificationof the optical counterpartvith little uncertainty The XMM
and Chanda fields-of-viev of about30 and17 x 17, respectiely, are comparableo current
fields-of-view in the optical but still requirenumerougointingsto identify all memberswithin a
large area.

Several surneys conductedwith Chanda led to the detectionof PleiadesmembersDaniel
etal. 2002),hundredof pre-main-sequencgtarsbelongingto the Orion Nehula Cluster(Feigel-
sonetal. 2002),andtwo browvn dwarfsin the p Ophiuchuscloud (Ozava et al. 2004). Assuming
anupperlimit of 650pc for the distanceof Collinder359, we would expectto detecta high per
centageof F—M clustermembergo derive the mass-actiity relationshipandcomparet with pre-
viousworksconductedn the PleiadegStaufer etal. 1994a),« Per(Randichetal. 1996),1C2602
(Randichetal. 1995),andIC2391 (Patten& Simon1993).

5.7 Binarity of cluster members

Thebinaryfractionasafunctionof masss animportantissueto determinghelMF in thefield
andin youngclustersandto addressheissueof theformationof starsandbrown dwarfs. How do
unresoled binariesaffect the massfunction? Do brown dwarfs have similar binary propertiesas
stars?How do brown dwarfsform? Several studieshave shedsomelight on thosematters.Using
thelatestobserationalsuneys dedicatedo the binarity of field G, K, andM stars Kroupa(2001)
concludedthat the power law index « is underestimatetdy up to 0.5if unresoled binariesare
not correctedor. In addition,Delgado-Donatetal. (2004)foundthatthe substellaiMF is more
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sensitve to theinitial conditionsthanthe stellarmassunction. Concerningheorigin(s) of browvn

dwarfs,recentobserationalsuneys concludedhatbinarybrown dwarfshave differentproperties
thanstars(Sectionl.5.1;Figurel.6),in agreementvith N-bodysimulationsconductedy Kroupa
& Bouvier(2003a).

Multiplicity amonglow-massnearbysystemsappearsmallerthanfor highermassstars.Fur-
thermore,low-massstarsand browvn dwarfs seemto form tight systemsand favour equal-mass
binaries(Figurel1.6). Suneysin the Pleiadesaresuggestie of similaritiesbetweerthelow-mass
objectsin the Pleiadesand their older counterpartsn the solar neighbourhood.First, a high-
resolutionimaging suney of 13 Pleiadesbrowvn dwarfs hasrevealedtwo brovn dwarf binaries
with separationn the range7-12AU and massratioslarger than0.7 (Martin et al. 2003). Sec-
ond, a proportionof 28+ 4% binary systemswas found amongG andK dwarfs belongingto
the Pleiade<clusterover the projectedseparatiorrange26—-580AU and magnitudedifferenceof
AK <4 mag(Bouvieretal. 1997). Theimplicationsof theseresultsaretwo-fold. First, the bi-
nary propertiesof starsdo not extendin the substellaregime, implying that brown dwarfs form
via a differentmechanisnmwhich could be an early ejectionfrom multiple systemgReipurth&
Clarke 2001; Kroupa& Bouvier 2003a). Second young clustermembersseemto have similar
binary characteristicastheir older field counterpartssuggestinga minor probability of binary
disruptionwith age(Kroupa& Bouvier2003b).

The binary fractionin the « Perclusterhasbeeninvestigatedaswell. Patienceet al. (2002)
conductedspeckleandhigh-resolutionmagingof 109 « Perclustermemberdirighterthan12.3
in the K-band. Speckleimagingresolhed 10 systemsas binariesout of 109 memberswvhereas
the high-resolutionimagingrevealed17 binariesand one quadruplesystemof the 33 members.
Patienceetal. (2002)concludedhatthe companion-stafractionis 0.09+ 0.03for « Peroverthe
projectedseparatiorrange26—-581AU andmagnitudadifferenceAK < 4 mag. A high-resolution
imagingprogramof eightvery low-massstarsandbrowvn dwarf candidatedn « Per,implemented
with the Hubble SpaceTelescopefailed to detectmultiple systemssuggestinghatbrown dwarf
binarieswider than12AU arelessfrequentthan9% (Martin et al. 2003). The resultsobtained
in a Perareconsistenwith thosein the Pleiadesandin thefield, henceconfirmingthe previous
implications.

To study the dependencef the binary fraction with massin Collinder359, a new program
to searchfor companionsshouldbe initiated in the nearfuture after assessinghe membership
of all photometriccandidates.This projectshouldbe extendedto the other pre-main-sequence
clusters(IC4665, Stephensofi, NGC2232,and Collinder70) suneyed within the frameawvork of
the CFHT Key Programmaeo investigatgossiblevariationsamongclustersandthedependencen
age.Ground-baseddaptve opticsandhigh-resolutiorimagingfrom spacearethe mostcommon
techniquego detectcompanionsver awide rangeof separationsUltimately, the knowledgeof
thebinaryfractionoverthewholemassangewill allows usto correcttheclusterIMF for binarity
andaddresgheissueof theorigin of field starsandbrovn dwarfs.

5.8 Variability of cluster members

Variability monitoringof low-massstarsandbrown dwarfs over several daysor monthshave
beenconductedn thefield andin clusters.The modulationof their light curve canoriginatefrom
multiple phenomenaincluding surfaceinhomogeneitiesmagneticstar spots,flaring or eclipses
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dueto anunseercompanion Thevariability asaresultof cloudsor spotsatthe surfaceof a staror
asubstellaobjectis notwell understoodLarger sampleof objectsandlongermonitoringsurneys
shouldbe undertaken to determinethe variability asfunction of massandageaswell astherole
of cloudsontheatmospheres.

Variability of order of few percentin the hasbeenreportedin ultracool field dwarfs over
timescalegangingfrom few hoursto few daysat optical and nearinfrared wavelengthgBailer
Jones& Mundt1999,2001;Clarke etal. 2002;Koen2003).

Terndrupet al. (1999) found variability in two objectsamonga sampleof eight low-mass
starsandbrown dwarfs belongingto the Pleiades.BailerJones& Mundt (2001)failedto detect
small amplitudevariability in objectswith spectraltypesM6—M9 in the Pleiadesand ¢ Ori, re-
spectvely. ZapateraOsorioetal. (2003)reportedow level variability in a youngbrown dwarf in
o Orionis. Herbstetal. (2001)concludedhatessentiallyall memberf the Orion Nekula Cluster
arevariable.

Theyoungopenclusterso PerandCollinder359aswell astheotherpre-main-sequenagus-
tersobsenred within the frameavork of the CFHT Key Programmearewell-suitedfor long-term
variability monitoringof low-massstarsandbrown dwarfswith a2-mclasstelescopeTheproject
shouldbestartedn o PerandCollinder359afterspectroscopiassessmemf all photometrically-
selectedclustermembers. A monitoring programin Collinder359 would require a wide-field
cameraon a smalltelescopdo includeseseralmembersn onefield. For example,one CFH12K
field-of-view could be tamgetedover several nightswith repeatedgshort(2 sec),medium(30 sec),
andlong (300sec)exposuresn the I-bandto studyvariability down into the browvn dwarf regime.
The large numberof referencestarsin the wide-field imageswould enablethe detectionof low
amplitudevariationswhereaghe monitoringover several nightswould detectvariationsfrom few
hoursto few days.



Conclusions and perspectives

In this work, we describedthe outcomeof suneys dedicatedto low-massstarsand brown
dwarfs, including older onesin the solarneighbourhoodindyoungeronesin two openclusters,
a Perand Collinder359. Here, we briefly summarise¢he main resultsof eachstudyaswell as
the perspectiesandfuturework. We will alsodiscusshe implicationsof our work in a broader
context.

Chapter2 dealtwith a propermotionsurwey in the southerrsky (6 < —33°), aimedat finding
nearbylow-massstarsand brown dwarfs. The candidatesvere selectedon the basisof their
propermotion (1 > 0.2'/yr) from overlappingregionsof the United Kingdom SchmidtTelescope
photographiplatestakenin threepassband@B;, R, andl) andatdifferentepochsTheselection
madeuseof the 2MASS and SuperCOSMOSSky Suneys databaseaswell. We describedhe
resultsof follow-up opticalandnearinfrared spectroscop for about70 objectsanduncorered6
subdvarfs, 10 early-M dwarfs, 48 late-M dwarfs, four L dwarfs,anda binary T dwarf. All four
L dwarfs are within 50pc aswell asthe majority of M dwarfs. Among the sampleof ultracool
dwarfs,threediscoreriesshouldbe emphasised:

1. Wereportedthe discovery of two bright late-M dwarfswith spectratypesM7.5 andM8 at
adistanceof 8.0 and6.4pc, respectiely. Thoseobjectsrepresenanimportantadditionto
thevolumewithin 10 parsec®f the Sun. Thesetwo M dwarfsalsoconstitutebona-fidenew
tamgetsto searchfor substellarcompanionsusing high-resolutionimaging and extrasolar
planetswith future spacamissions.

2. We discoreredan active M8.5 dwarf asa wide companionto the M4/DA binary system
LHS4039/LHS404@t a distanceof about20pc. Oneof thetwo optical spectraakenthree
yearsapartrevealeda large Ha emissionline anda strongblue continuumshortwards of
7500A. The spectrumof this actve M8.5 dwarf resembleghe spectrumof LHS2397a,
which hasa tight brown dwarf companionat a separatiorof about3 AU. High-resolution
imaging of the M8.5 dwarf from the groundor from spaceis requiredto verify its binary
status.

3. Wediscoreredtheclosestandbrightestinary T dwarf, € Indi Ba,Bb,aswide companiorto
the K5V stare Indi A locatedat a distanceof 3.626parsecgo the Sun. High angularreso-
lution spectroscopenabledusto classifye Indi Baande Indi Bb asT1 andT6 dwarfswith
massef 47+ 10My,, and 28+ 7My,,,, respectiely, assumingan ageof 0.8-2.0Gyr.
Themeanseparatiorof bothcomponentsn July 2003was0.732+ 0.002', translatinginto
aphysicalprojectedseparatiorf 2.65+ 0.01AU atthedistanceof thesystem.Thee Indi B
systenrepresentanimportantadditionto the 5-pcsample Subsequenibsenationsof this
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bright andclosebinary browvn dwarf will undoubtedlyprovide new insightson our knowl-
edgeof substellarobjects. On the onehand,the separatiorand brightnessof the ¢ Indi B
systemwill allow high quality andhigh resolutionspectroscopfrom 0.6to 5.0pm to im-
prove theatmospherienodelsof brown dwarfs. Onthe otherhand,the small separatiorof
thee Indi B systemoffersthe opportunityto derive dynamicalmasse®f brown dwarfsover
atimescaleof aboutl5 yearsto testevolutionarymodelsin the substellaregime.

Our proper motion suney constitutesan alternatve approachto the photometricsuneys,
whoseprimaryselectiorcriterionis basednthe opticaland/orinfraredcolours. Theefficiengy of
ourtechniquehasbeendemonstratethy the discovery of several L dwarfs andthe closestbinary
T dwarf to the Sun. Our methodremainsneverthelessieithervolumenor magnituddimited; the
only limitation beingthedepthin magnitude®f the photographiglates.Ousurey complements
themultiple searchesledicatedo the searchor very low-massstarsandbrovn dwarfs.

Chapter3 presentedhe outcomeof a wide-field nearinfrared survey of a 0.7 squaredegree
areain thea Perclusterreachingd.040M ;. Combiningoptical (R, andI.) andnearinfrared(K’)
photometrywith colourmagnitudeandcolourcolour diagramanalysiswe have extracted37 new
probableclustermembers18in commonwith the previous studyby Barradoy Navascieset al.
(2002). Four objectsarenew brown dwarf candidatedelongingto the cluster Follow-up optical
spectroscop is, however, still requiredto verify the genuinemembershipof thesephotometric
candidates.

We have alsodescribedhe resultsof moderate-resolutionptical spectroscopfor 29 cluster
membercandidatesn « Perselectedoy Barradoy Navasceset al. (2002). All probablecandi-
dates,spanning/ =15.0-17.0mag (M ~ 0.40-0.12V) have spectraltypes,chromospheri@c-
tivity, andgravity measurementsonsistentvith membershipThe remainingobjects previously
classifiedaspossiblemembersandnon-membersf the cluster weredefinitively rejectedasclus-
ter memberdasedon their optical spectra.The derived clustermassspectrumapproximatedy
a power law of index a.=0.59,is very similar to the Pleiadesnassfunction over the massrange
0.50-0.033M,. Optical spectroscop of four new infrared-selectedandidatesn « Perallowed
usto rejectthemasclustermemberssuggestinghat optical-to-infraredcoloursrepresenti less
efficienttechniquethanoptical (R, I) selectionto extractmembersn alow galacticlatitudeopen
cluster

Futureprojectsto extendthe coverageof the « Perclusterandprobelower massorowvn dwarfs
include:

e Optical spectroscop of the remainingprobablemembercandidateselectecby Barradoy
Navascesetal. (2002)andof the new infrared-selectedandidatess requiredto ascertain
theirmembership.

e A z-bandsuney of the4.5squaredegreeareacoveredin the R and1 filtersto probelower
massbrowvn dwarfsbelongingto o Per.

e Extendthe coverageof the a Perclusterto the remainingnon-sureyed areausingthe (R,
I) or (I, z) opticalfiltersto unearthnew clustermembersincludingbrowvn dwarfs.

¢ A high-resolutiorimagingprogramwith ground-basedr spaceacilitiesto searcifor com-
panionsaroundclustermembergo comparehe multiplicity fractionsin clustersandin the
field.
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Chapter4 dealtwith a deepwide-field optical (7, z) surwey covering 1.6 squaredegreein
the young openclusterCollinder359 down to a completeneséimit of about0.040Mg. From
the optical (I, I—z) colourmagnitudediagram,we have extracteda total of 1033clustermember
candidatespanningl.3-0.04V;, upto a distanceof 650pc andanageof 80Myr. However, the
numberof candidates$alls down to approximately300if we considebjectsmassie than0.6Mg,
dueto thelargefield contaminatiorobseredat bright magnitudes.

We presentedhearinfrared photometryfor about80% of the optically-selectedcandidates,
mostof themhaving a counterpartn the2MASS surwey. We have additionallyobtainedK’-band
photometryfor 39 optically-selectedandidates Our optical datacombinedwith propermotion
measurementsuggestghat the meandistanceof the clusteris 500+ 100pc with an agein the
range50-80Myr, estimatedargerthanthe distanceof 250pc andthe ageof 30Myr quotedin the
literature.

We derived the clusterluminosity function as well as the clustermassfunction, using the
NextGen (Barafe et al. 1998) and Dusty (Chabrieret al. 2000b) modelsfrom the Lyon group.
Severalfeatureswverevisible in the clusterluminosityfunction. First, apeakat bright magnitudes,
not real and due to the large contaminationby nearbyfield dwarfs expectedin this magnitude
range.Optical spectroscopis requiredto refinethelist of clusterat massesbove 0.6M,. Sec-
ond, a peakat I =17.0-17.5was clearly detectedand comparableto thoseseenin other open
clustershbut at a different absolutemagnitude. Finally, a dip was seenat I =20.5, mostlikely
causedy thedearthof M7—M8 dwarfs obsered bothin thefield andin youngclusters.This dip
in the luminosity functionis responsibldor the gapin the massfunctionat 70M,,;,, atthe age
anddistancanferredfor the cluster The slopeof the clustermassspectrumover the massrange
0.55-0.03M, is «=0.3+ 0.2. Thederivedslopeis flatterthanestimatesn Pleiades-lik clusters
with the caveatthatourwork is solelybasedon photometry

This detailedphotometricsuney of the young openclusterCollinder359 represents first
steptowardsa moreaccuratadeterminatiorof thedistanceandageof the clusterandthereafteits
massfunction. A large numberof follow-up obserationsarerequiredbeforeachieving thatgoal,
someof themalreadyhaving beengrantedobservingtime, including:

1. Nearinfraredimaging of the remaining250 optically-selectedlustermembercandidates
in the magnituderangel =17.0-22.0to weedout contaminatingobjects. This projecthas
beengrantedatotal of 8 nights,splitinto 4 nightswith theinstrumentMAGIC onthe Calar
Alto 2.2-mtelescopandtheinfraredcamereonthe Canada-France-Haii telescope.

2. Optical spectroscop of clustercandidatedo ascertaintheir membership. Optical spec-
troscoyy providesimportantadditionalcriteriato confirmthe membershipincluding spec-
tral types, chromospheri@ctiity, gravity, lithium, radial, and rotationalvelocities. Six
nights have beengrantedwith the AF2/WYFFOSmulti-fibre spectrograpton the William
Herschekelescopaswell asthreenightswith the DOLORESspectrograplonthe Telesco-
pio Nazionaledi Galileoin June2004to carry out low-resolutionoptical spectroscop of
theselectectlustercandidates.

Collinder359 was suneyed within the framewnork of the CFHT Key Programmeas a pre-
main-sequencepenclusteralongwith four others.Optical spectroscop of the photometrically-
selectedclustermembercandidateswill add further constraintsto their membershipand allow
us to addresghe issuesof the universality of the IMF andits variation with the ervironment.
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Subsequenbserationsareforeseerto betterunderstandhe starandbrovn dwarf propertiesn
youngclusters.We planto carryout thefollowing obserations:

e Extendthe(I, z) coveragewithin theinnerdegreeof the Collinder359 corewith MegaCam
to derive acompletemassfunctionover thewholeclusterarea.

e X-ray obsenationsof clustermemberavith XMM and/orChanda to studythe age-actrity
relationshipin youngopenclusters.

e High-resolutionmagingof clustermembersisingadaptve opticsonthegroundin orderto
investigatehe binary propertiesof thecluster

e Long-termphotometricmonitoring of the clustermemberdo addresghe issueregarding
thedependencef variability with mass.

Beyond o Perand Collinder359, the major benefitsof youngclustersarethe limited dynam-
ical evolution andthe large spanin mass. A large numberof openclusterslisted in the Open
ClusterDatabasdave uncertairdistancegandagesbecausehey originatefrom asmallnumberof
bright stars.The combinationof photometryandpropermotionsavailablein large-scalesky sur
veys would help usrefinethosetwo crucialparametergrior to subsequerndeepoptical programs
dedicatedo very low-massstarsandbrown dwarfs.

The currentuncertaintieson the massfunction are too large at presentto infer the original
numberof starsformedperunit of time in agivenclusterandthus,provide importantdiagnostics
on the birth and evolution of the stellarand substellarcontentsof the Galaxy Theidealtaigets
to addresgheseissueswvould be pre-main-sequencd 0-50Myr) nearby(d < 500pc) clustersat
high galacticlatitude with significantpropermotion with regardto field starsto minimise the
contamination.

Theultimategoalin the studyof theIMF consistdn answeringhe questionof whetheror not
it is universalor if it dependon place,time, and metallicity. This issuewasa major driver for
the CFHT Key Programmeandwe hopeto provide somehints after the spectroscopicesultsof
large samplef low-massstarsandbrowvn dwarfsin starforming regionsandpre-main-sequence
openclustersandin the Hyades. Futurespacemissionssuchasthe JWSTwill allow us, on the
onehand,to probeplanetary-masebjectsin starforming clustersin orderto investigatetherole
of thefragmentatiorimit onthe shapeof the massfunction,andontheotherhand,to studymore
distantclustersdown into the substellaregime.

Tenyearsago,thediscorery of thefirst two unambiguousrown dwarfstriggeredarevival of
interestin the questfor substellaobjects. Our knovledgeof theseobjectsstraddlingthe realms
of starsand planetshasincreaseddramaticallywith the discovery of hundredsof brovn dwarfs
isolatedin the field, ascompaniondo stars,andin young clusters. The currenttechniquesare
capableof addressingomepressingssueswithin the next tenyears.First, the emegenceof low-
massbinarieswill allow the derivation of the dynamicalmassof a brown dwarf in orderto test
theevolutionarytracksin thesubstelladomain.Secondnew facilitiessuchasSIRTF andALMA
will constrainthesizesandthe masse®f disksaroundnascenbrown dwarfsto betterunderstand
their formation mechanism. Finally, deepsuneys conductedin young clustersin a variety of
environmentswill offer additionalinsightson the dependencef the IMF on time, place,and
metallicity.
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Appendix A
Spectr oscop y for southern sky
proper motion objects

Thisappendixpresentsheresultsof thesoutherrsky propemmotionsuney initiatedby Scholz
et al. (2000). The tamget selectionwas madeby Ralf-Dieter Scholz,while | have reducedand
analysedhe opticalandnearinfraredphotometricandspectroscopiobsenations(Chapter2).

This appendixcontainstableswith the coordinates proper motions, magnitudes,spectral
indices, spectraltypes and distanceestimatesfor all proper motion objects spectroscopically
followed-up to date, along with their optical and/or nearinfrared spectra. Some comparison
starswith well-determinedpectratypeswerealsoobsered spectroscopicallyith thesametele-
scope/instrumentonfigurationsuchas LHS517 (M3.5), 2MASSW J0952219-192431(M7.0),
LP647-13(M7.5), LP775-31(M8.0), LP655-13(M9.0), BRI B0021-0214 (M9.5), andKelu 1
(L2.0) to compareo our tagets.

e TableA.1 contains67 propermotion candidategollowed-upspectroscopicallgxceptthe
¢ Indi B system. Columnl: Nameof the object, Columns2 and 3: coordinatesn J2000,
Column4: Epoch,Columnsb to 8: propermotion expressedn milli arcsegper yearwith
theerrors.The? and® exponentdndicatethatthe objectis alsofoundin the propermotion
cataloguef Polorny, Jones& Hambly (2003)and B1.0 catalogug(Monet et al. 2003),
respectiely.

e TableA.2 contains67 propermotion candidategollowed-upspectroscopicallgxceptthe
eIndi B system. Threetemplateobjectsare includedfor comparisonpurposesnamely
BRI B0021-0214,LP944-20,andKelu 1. Columnl: Nameof the object, Column2-7:
B;,R,I,J, H, K; magnitudesrom the SuperCosmoSky Suneysand2MASSdatabases,
Column8 givesthefinal spectraltype of eachtargetand Column9 providesan estimateof
thedistancebasedon the spectrakype.

e TableA.3 liststhevaluesof thespectraindices(Ha, TiO5, VO-a,andPC3)andthederived
spectralttypesfor 52 objects. The final spectraltypesarealsogiven. Equivalentwidths (in
A) of thegravity-sensitve K | andNal doubletsarealsoprovidedin columnsl12 and13.

e Figure A.1 shaws the consisteng of the optical indicesfrom Martin et al. (1999b)and
Kirkpatrick etal. (1999b)for the spectraklassificatiorof the red propermotionobjects.

e Figure A.2 displaysthe optical (6000—100003\) spectraobtainedwith VLT/FORS1and
ESO3.6-m/EFOSC2or 10 early-M dwarfswith spectraktypesearlierthanM5.
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e Figure A.3 shaws the optical (6000—1000@®) spectraobtainedwith ESO3.6-m/EFOSC2
for asampleof 34 M dwarfswith spectrakypesrangingfrom M5.5to M8.5.

e FigureA.4 displaysnearinfrared(1.0-2.5:m) spectraobtainedvith VLT/ISAAC andNTT/Sofl
for objectswith or without optical spectroscop Objectswhosespectratypearein square
braclets have beenspectroscopicallpbsered only in the nearinfrared (11), the objects
with spectratypesin parenthesewereclassifiedfrom the opticalschemeg13).
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TableA.1: List of the67redpropemotionobjectsselectedn thecourse

of the SouthernSky propermotion suney (Section2.4). Coordinates,

epochsandpropermotionsof eachtargetarelisted.
Targets CoordinategJ2000) Epoch ProperMotions

R.A. Declination Js 16 Ouy  Oug

SSSPMJ0006-2157%% | 00:05:48.46 —21:57:19.7 | 1999.60| +721 —128 7 2
SSSPMI0027-5402° 00:27:23.43 —54:01:46.1 | 1999.80| +415 +41 18 4
SSSPMJ0030-3427¢ 00:30:10.23 —34:26:55.5| 2000.72| —102 —279 7 2
LP 645-52° 00:35:41.68 —03:21:30.8 | 1998.71| +428 -84 3 1
SSSPMJ0109-5101° 01:09:01.50 —51.00:49.4 | 1999.81| +209 +86 2 7
SSSPMJ0109-4955° 01:09:09.18 —49:54:53.2| 1999.81| +86 +128 9 8
SSSPMI0124-4240% | 01:23:59.05 —42:40:07.3 | 2000.63| —145 —229 4 7
SSSPMI0125-6546 01:24:49.63 —6546:33.6 | 1999.90| +98 +82 7 8
SSSPMJ0134-6315 01:3332.44 —6314:41.8| 1999.90| +77 -81 8 9
LP 769-14%° 01:59:.17.41 -17:30:08.7| 2000.81| —119 —145 3 6
SSSPMJ0204-3633% | 02:04:22.13 —36:32:30.8 | 2000.72| +216 -59 9 26
APMPM J02073722%% | 02:07:14.08 —37:21:50.2 | 2000.72| +422 +134 2 6
SSSPMJ0215-4804%% | 02:14:48.14 —4804:25.3| 2000.01| +118 —332 9 5
SSSPMJ0219-1939 02:19:28.07 -—19:3841.6| 2000.89| +195 -174 4 5
SSSPMI0222-5412 02:21:54.94 —54:12:05.4 | 1999.82| +107 -14 7 8
SSSPMI023%+4122 02:31:22.25 -41:21:50.7 | 1999.66| +301 —127 4 28
SSSPMIJ0306-3648% | 03:06:11.59 —36:47:52.8| 2000.00| —180 —670 9 8
SSSPMI0327-4236° 03:26:32.78 —42:36:08.3 | 2000.77| +286 -22 25 28
LP 888-18%* 03:31:30.25 —30:42:38.8| 1999.94| +40 —392 5 6
LP 775-31° 04:35:16.12 -16:06:57.4| 1998.90| +156 +315 3 4
LP 655-48° 04:40:23.33 -0530:07.9| 2001.79| +339 +126 2 2
SSSPMI0500-5406%% | 05:00:15.77 —54:06:27.3 | 1999.84| +207 —1022 9 2
SSSPMI05114606 05:11:01.63 -46:06:01.5| 1999.77| +53 +121 9 6
ES0207-61 07:07:53.27 —49:00:50.3 | 2000.15| —-34 +401 14 8
SSSPMJ0829-1309° 08:28:34.11 -13:0920.1| 2001.28| —593 +14 6 7
LP 314-67° 09:48:05.16  26:24:18.9| 1999.07| —143 —-438 13 2
LP 614-35° 12:07:51.63 00:52:32.0 | 1999.07| —188 -11 2 4
APMPM J1222-2452° 12:22:26.55 —24:52:15.8| 1998.50| —442 +96 12 4
APMPM J1251-2121° 12:50:52.65 —21:21:13.6| 2000.20| +435 —349 4 3
CE303% 13:09:21.85 —23:30:35.0| 1998.32| +8 376 9 2
CE352° 13:40:38.77 —30:32:02.7 | 2000.23| —335 —-103 7 4
LP 859-1° 15:04:16.21 —-23:5556.4 | 1998.48| —339 -85 14 3
LHS 3141B?® 15:59:37.99 —22:26:12.8| 1999.32| +193 538 8 21
SSSPMJ1926-4311 19:26:08.59 -43:10:56.3 | 1999.53| —167 -1072 15 20
SSSPMJ1930-4311° 19:29:40.99 -4310:36.8| 2000.63| —-19 —-865 11 8
APMPM J1957-4216° 19:56:57.61 —-4216:23.5| 2000.57| +149 -1017 4 6
SSSPMJ2003-4433% 20:0252.08 —44:33:03.6| 1999.62| —-17 —-894 11 13
LP 815-21° 20:28:04.52 -181857.5| 1998.44| —105 —-175 5 6
SSSPMJ2033-6919° 20:3232.91 -691859.1| 2000.43| +228 —-459 10 5
APMPM J2036-4936° 20:35:49.96 —-49:36:07.7| 1999.71| -86 —416 4 8
SSSPMJ2052-4759° 20:52:28.08 —47:58:44.2 | 1999.78 -7 —435 5 7
SSSPMJ2059-8018 20:59:02.19 —-80:17:36.9 | 2000.66| +361 —46 6 29
SSSPMJ210%-5110 21:01:29.49 -51:10:02.9| 1999.64| +69 —123 7 16
[HB8g M18° 21:1831.74 —-450552.2| 1999.71| +388 —-475 14 15
[HB8g M12°? 21:31:14.14 —42:2414.3| 1999.63| +48 71 6 9
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TableA.1: continued

Targets CoordinateJ2000) Epoch ProperMotions

R.A. Declination Mo 16 Oupy  Oug
LP 819-9° 21:59:30.91 -1554:16.5| 2000.78 +0 -—283 2 4
SSSPMJ2229-6931° 22:29:23.65 —6930:56.9 | 2000.58| +47 —217 9 10
LDS49808B * 22:35:58.17 07:57:13.9| 2000.59| —112 —208 2 6
LDS4980A ° 22:36:00.63  07:56:03.5| 2000.59| —103 —210 9 2
SSSPMJ22406-4253% 22:40:26.97 —-42:53:18.4| 2000.73| -35 539 27 9
SSSPMJ22575208 22:57:31.68 —-52:08:26.3 | 1999.82| +57 +113 11 16
SSSPMJ2258-4639 22:57:49.26 —-46:38:44.5| 2000.73| —185 +197 11 4
SSSPMJ2307-5009° 23:06:58.76 —50:08:58.9 | 1999.84| +452 +25 10 6
SSSPMJ23106-1759 23:10:18.46 —1759:09.0| 199850 -23 271 36 24
SSSPMJ2319-4919° 23:18:46.14 —4919:18.0| 2000.50| +216 —16 9 3
SSSPMJ2322-6358 23:22:05.69 —6357:58.0| 1999.88| +121 -19 11 5
APMPM J2330-4737 23:30:16.12 —-47:36:45.9 | 2000.79| —578 —983 2 2
APMPM J2331-2750° 23:31:21.74 —-27:49:50.0| 1999.44| +85 4753 4 3
SSSPMJ2335-6913° 233519.59 -691317.0| 2000.76| +66 —168 10 3
APMPM J2344-2906 2343:31.98 —-2906:27.1| 1998.85( +331 —-217 10 6
SSSPMJ2345-6810° 23:44:57.97 —6809:39.8 | 2000.77| +206 -81 11 4
APMPM J2347-3154% 2346:54.71 —-31:53:53.2 | 1998.95| +424  —408 3 4
SSSPMJ2352-2538¢ 2351:50.44 —-2537:36.6| 1999.60| +354 +193 9 8
SSSPMJ2353-4123° 2353:01.41 -41:23:24.6| 1999.70| +130 +0 20 8
APMPM J2354-3316%% | 23:54:09.28 —33:16:26.6| 1999.57| —326 —389 8 13
SSSPMI2356-3426%" | 23:56:10.81 —34:26:04.4 | 1999.57| +70 —301 9 5
SSSPMJ2406-2008 235957.62 -20:07:39.4| 1998.61| +402 -511 29 10
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TableA.2: List of the67redpropemotionobjectsselectedn thecourse

of theSoutherrSky propermotionsuney (Section2.4)with their optical

andnearinfraredmagnitudesspectratypes(4 = M4,5= M5, 12= L2,

etc...), andestimatedlistancegin parsecs).
Targets By | Rsss | Isss J H K, SpT Distance
SSSPMJ0006-2157 | 22.56 | 19.41 | 16.21| 13.27| 12.62| 12.20 8.5 25.0+ 3.0
BRI B0021-0214 21.76| 18.17| 14.95| 11.99| 11.08| 10.54 9.5 119+ 14
SSSPMJ0027-5402 | 19.15| 18.06 | 14.70| 12.36| 11.72| 11.34 7.0 20.8+ 2.5
SSSPMJ0030-3427 | 22.12| 19.20| 16.39| 13.86| 13.19| 12.79 9.0 30.4+ 3.6
LP 645-52 20.26| 17.88 | 15.54| 13.75| 13.28| 12.99 5.0 54.1+ 6.5
SSSPMJ0109-5101 | 21.19| 18.21| 14.81| 12.23| 11.54| 11.09 8.0 16.8+ 2.0
SSSPMJ0109-4955 | 22.32| 19.40 | 15.98| 13.55| 12.88| 12.45 8.0 30.8+ 3.7
SSSPMJ0124-4240 | 22.16| 19.35| 16.17| 13.15| 12.47| 12.04 10.5 17.3+ 2.1
SSSPMJ0125-6546 | 22.70| 19.49| 16.46| 14.43| 13.81| 13.46 7.0 54.0+ 6.5
SSSPMJ0134-6315 | 22.11| 19.01 | 15.97 | 14.51| 14.02| 13.70 8.0 479+ 5.7
LP 769-14 21.15| 18.63 | 16.44| 14.61| 13.96| 13.70 4.5 86.9+10.4
SSSPMJ0204-3633 19.96 | 15.77 | 13.27 | 12.60| 12.19 7.5 29.3+ 35
APMPM J02073722| 20.79| 18.10| 14.91| 12.44| 11.83| 11.38 7.0 21.6+ 2.6
SSSPMJ0215-4804 | 22.20| 19.14| 16.17| 13.56| 12.96 | 12.52 8.0 30.9+ 3.7
SSSPMJ0219-1939 20.06 | 17.47| 14.11| 13.34| 12.91| 11.0 249+ 3.0
SSSPMJ0222-5412 20.30| 17.08| 13.90| 13.22| 12.66 9.0 30.9+ 3.7
SSSPMJ0231-4122 20.10| 17.03| 13.85| 13.27 | 12.89 8.5 32.7+ 3.9
SSSPMJ0306-3648 | 20.55| 17.67 | 13.80| 11.69| 11.07 | 10.63 8.0 13.1+ 1.6
SSSPMI0327-4236 20.53 | 16.92| 14.22| 13.61| 13.21 8.5 38.8+ 4.7
LP 888-18 19.91| 17.21| 13.59| 11.36| 10.70| 10.26 8.0 11.2+ 1.3
LP 944-20 20.24| 16.84 | 13.29| 10.73| 10.02| 9.55 9.5 8.4+ 1.0
LP 775-31 18.85| 16.34 | 12.35| 10.41| 9.78 | 9.35 8.0 7.3+ 0.9
LP 655-48 18.85| 16.50 | 13.17| 10.66| 9.99 | 9.55 7.5 8.8+ 1.1
SSSPMJ0500-5406 | 20.10| 17.31| 15.56| 14.44| 14.12| 13.97| esdM6 | 60.0+15.0
SSSPMJ0511-4606 19.97| 17.01| 13.89| 13.19| 12.71 8.5 33.3+ 4.0
ES0207-61 19.48 | 16.17| 13.23| 12.54| 12.10 8.5 24.6+ 2.9
SSSPMJ0829-1309 | 22.58| 18.84 | 16.01| 12.80| 11.85| 11.30| 12.0 116+ 1.4
LP 314-67 18.03 15.59| 15.03| 14.85| sdM3.5 | 151.0+15.0
LP 614-35 20.92| 18.35| 17.40| 16.15| 15.50| 15.30 | esdM0.5| 102.0+12.2
APMPM J1222-2452 | 21.17| 18.70| 16.13| 14.33| 13.85| 13.49 5.0 103.0£15.0
APMPM J1251-2121| 19.40| 17.03| 13.64| 11.16| 10.55| 10.13 7.0 120+ 14
Kelul 1958 | 17.11| 13.41| 12.39| 11.75| 12.0 154+ 1.8
CE 303 20.41| 17.83| 14.52| 11.78| 11.08| 10.67 8.0 13.6+ 1.6
CE 352 20.58| 18.26 | 17.23| 15.70| 15.27| 15.04| esdM3 | 151.0+15.0
LP 859-1 20.26| 17.82 | 14.66| 12.01| 11.38]| 11.03 7.5 16.4+ 2.0
LHS 3141B 21.65| 19.41| 16.34| 13.61| 13.12| 12.84 7.0 37.0+ 4.4
SSSPMJ1926-4311 | 18.75| 16.69 | 13.65| 11.94| 11.42| 11.12 5.0 23.5+ 2.8
SSSPMJ1930-4311 | 21.08| 18.42| 16.31| 14.79| 14.23| 14.09| edM5.5 | 44.0+15.0
APMPM J19574216 | 19.39| 17.32 | 14.53| 12.38| 11.99| 11.66 5.0 28.8+ 3.5
SSSPMJ2003-4433 19.33| 16.08| 13.53| 12.99 | 12.59 8.0 30.5+ 3.7
LP 815-21 20.38| 18.11| 17.45| 16.10| 15.91| 15.28 8.0 325.0+£15.0
SSSPMJ2033-6919 | 22.59| 19.75| 16.42| 13.64| 12.98| 12.58 8.0 32.1+ 3.9
APMPM J2036-4936 | 21.17| 18.75| 16.34| 14.62| 14.16| 13.75 4.5 87.3+10.5
SSSPMJ2052-4759 | 21.67 | 18.82 | 15.55| 12.94| 12.29| 11.88 8.0 23.2+ 2.8
SSSPMJ2059-8018 20.50 | 16.91| 14.28| 13.69| 13.41 7.5 46.6+ 5.6
SSSPMJ2101-5110 20.27 | 17.09| 15.13| 14.41| 14.09 55 94.4+11.3
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TableA.2: continued

Targets By | Rsss | Isss J H K SpT Distance
[HB88 M18 22.36| 19.41| 16.41| 13.43| 12.77| 12.37 8.5 26.9+ 3.2
[HB88 M12 21.27| 18.63| 16.46| 14.52| 13.92| 13.57 4.5 83.4+10.0
LP 819-9 20.80| 18.47 | 16.50| 15.07 | 14.59| 14.31 4.0 116.2+13.9
SSSPMJ2229-6931 19.83 | 16.97| 14.47| 13.76| 13.35 10.0 344+ 4.1
LDS4980B 18.35 15.05| 14.53| 14.25 35 124.5+14.9
LDS4980A 17.54 14.65| 14.26| 13.86 4.0 95.8+11.5
SSSPMJ2243-4253 19.67 | 16.53| 13.76 | 13.19| 12.80 8.0 33.9+ 4.1
SSSPMJ2257-5208 20.20| 17.33| 14.93| 14.37| 14.00 7.0 68.0+ 8.2
SSSPMJ2258-4639 19.81 | 16.43| 13.61| 12.93| 12.60 8.5 29.3+ 35
SSSPMJ2307-5009 | 22.80| 19.70 | 16.72| 13.39| 12.70| 12.24 9.0 244+ 2.9
SSSPMJ2310-1759 20.52 | 17.68| 14.38| 13.58| 12.97 9.5 35.7+ 4.3
SSSPMJ2319-4919 | 22.12| 19.25| 16.22| 13.76 | 13.07| 12.68 8.0 339+ 4.1
SSSPMJ2322-6358 19.54| 16.48| 14.26| 13.65| 13.20 7.5 46.24+ 5.5

APMPM J2330-4737| 19.38| 16.79 | 13.29| 11.23| 10.64 | 10.28 6.0 145+ 1.7
APMPM J2331-2750 | 20.42| 17.89 | 14.41| 11.65| 11.06 | 10.65 7.5 139+ 1.7
SSSPMJ2335-6913 | 22.25| 19.29 | 16.46| 13.92| 13.25| 12.90 7.0 427+ 5.1
APMPM J2344-2906 | 21.12| 18.64 | 15.34| 13.26| 12.75| 12.43 6.5 34.1+ 4.1
SSSPMJ2345-6810 | 22.26| 19.49| 16.39| 13.98| 13.36| 12.96 7.0 439+ 5.3
APMPM J2347-3154 | 22.51| 19.49 | 15.91| 13.28| 12.68| 12.20 8.0 27.2+ 3.3
SSSPMJ2352-2538 | 21.73| 18.70 | 15.27 | 12.47 | 11.73| 11.27 9.0 16.0+ 1.9
SSSPMJ2353-4123 | 22.23| 19.08 | 16.89| 14.39| 13.73| 13.33 6.0 62.1+ 7.4
APMPM J2354-3316 | 22.20| 19.30 | 16.57| 13.05| 12.36| 11.88 8.0 245+ 2.9
SSSPMJ2356-3426 | 22.21| 19.18 | 16.15| 12.95| 12.38| 11.97 9.0 20.0+ 2.4
SSSPMJ2400-2008 20.29| 17.45| 14.38| 13.62 | 13.25 9.5 35.7+ 4.3
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Figure A.1: Consisteng of the optical indicesfrom Martin et al. (1999b)and Kirkpatrick et al.
(1999b)for the spectralclassificationof the red propermotion objects. The solid line indicates
identicalspectratypeswhereaghedashedinesindicateanuncertaintyof half a subclass.
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Figure A.2: Low-resolutionspectraof 10 objectsdiscoreredin the courseof our propermotion
suney in the southernsky. Spectraltypes,are earlieror equalthan M5.0, are derived accord-
ing to the Kirkpatrick et al. (1999b)and Martin et al. (1999b)) classificationschemesand di-
rect comparisorwith templatespectra. From bottomto top are LDS4980A (M3.5), LP 819-9
(M4.0), LDS4980B (M4.0), APMPM J2036-4936 (M4.5), [HB88] M12 (M4.5), LP 769-14
(M4.5), APMPM J1222-2452 (M5.0), LP 645-52(M5.0), SSSPMJ1926-4311 (M5.0), and
APMPM J1957-4216 (M5.0). The uncertaintyon the spectraltype is typically half a subclass.
An arbitraryconstanhasbeenaddedto separatehe spectran intensity
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Figure A.3: Low-resolutionspectraof 34 propermotion objectsdiscoseredin the courseof our

propermotionsuney in the southerrsky. Theseobjectwereobseredwith the VLT/FORS1and
ESO3.6m/EFOSCZnstrumentsand are orderedby increasingspectraltypesfrom M5.5 up to

M8.5, assignedccordingto the Kirkpatrick etal. (1999b)andMartin etal. (1999b)classification
schemesand direct comparisonwith templatespectra. The uncertaintyon the spectraltype is

typically half asubclassAn arbitraryconstanhasbeenaddedo separatéhe spectran intensity

No telluric absorptiorcorrectionhasbeenappliedto the optical spectra.
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Figure A.4: Infrared spectraof a subsampleof 26 proper motion targets from our proper
motion suney obsered with the VLT/ISAAC instrumentin the case of [HB88] M12,
APMPM J2330-4737 and APMPM J2331-2750 and with the NTT/Sofl camerafor the oth-
ers.Objectswhosespectratypearein squarebracletshave beenspectroscopicallpbseredonly
in the nearinfrared (7), the objectswith spectraltypesin parenthesewere classifiedfrom the
optical schemeq19). Spectraltypesattributedto SSSPMJ0125-6546, SSSPMJ0215-4804,
SSSPMJ2319-4919, SSSPMJ0134-6315, SSSPMJ0030-3427, SSSPMJ22293-6931, and
SSSPMI0124-4240areM7.0,M8.0, M8.0,M9.0, L0.0, LO.5, respecitely, with, atleast,anun-
certaintyof asubclassLP944-20andKelul areincludedastemplatefor comparisorpurposes.
An arbitraryconstanhasbeenaddedo separat¢hespectran intensity Telluric absorptiorbands
aroundl.3and1.9um have beenremovedfor clarity.



Appendix B
Table of cluster member s in the
open cluster Collinder 359

Thefinal list of clustermembercandidatesprovidedin this appendix containsatotal of 1033
candidatesangingfrom I =12.0to I =22.5over 1.6 squaredegreeareasuneyedin Collinder359.
Thewhole sampleof candidatess provided hereaspaperversion. The differenttablesincluding
candidateselectedrom the various(distanceage)combinationswill be availableon CD-ROMs
or onrequest.The columnsof TableB.1 providesthefollowing information:

e Columnl givesthe nameof thetargetaccordingto thelAU corvention. We usedthe name
Coll359Jto referto Collinder359followed by the coordinatan J2000.

e Columns2 and3 provide the field-of-view wherethe candidates locatedandthe number
assignedluringthe extractionof the photometry

e Column4 providesthe type of exposure(Short, Medium, and/or Long) from which the
candidatevasextracted.

e Columnsb and6 list therightascensiorfin hours)anddeclination(in degrees)f theobjects
extractedfrom the CFH12Kimages(in J2000).

e Columns7-12give theoptical (I andz) andthe nearinfrared(J, H, and K ;) magnitudes.
The objectsare orderedby decreasingl magnitudes. The nearinfrared magnitudesare
extractedfrom the2MASSdatabase.

e Columns13and14 list the propermotion measurementextractedfrom the USNO CCD
AstrographCatalog(Zachariasetal. 2003).

e Columnl5givestheflagassigrby the SExtractopackagédo theobject. A flagof Oindicates
agooddetection A flag of 1 indicateghattheobjecthasneighboutbrightandcloseenough
to affect the automaticphotometry A flag of 2 indicatesthat the objectwas originally
blendedwith anotherone,anda flag of 4 indicatesthat one pixel of the objectis saturated
or closeto.

e Column16 providesanupdateof the membershigstatusof the candidateafter considering
thenearinfraredfollow-up. TheY+ standgor probablenembersy? for possiblemembers,
andNM for non-members.
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Appendix C
Finding charts for candidate
member s of Collinder 359

This appendixcontainsfinding chartsof all 1033 cluster membercandidatesselectedin
Collinder359upto adistanceof 650pc andanageof 80Myr.

We do not provide a finding chartper objectbut two finding chartsper chip, yielding a total
of 120 finding chartswith a field-of-view of about24 x 22. North is up and Eastis left. To
avoid overloadingthe paperversionof this thesis we have decidedto save thefinding chartson a
CD-ROM. Only oneexampleis providedin this appendixfor thetop partof CCDO0Qin Field A.

We have usedthelong exposureso createfinding chartsin orderto recogniseesachcandidate
ontheimage.Hence,candidateselectedrom the shortandmediumexposuresappearsaturated
in thefinding charts.Eachobjectis markedwith thefield name(A—E), CCD number(00-11),and
its ID number
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Figure C.1: Finding chartfor candidatesn CCDOO0in Field A (top). The field-of-view is about
24 x 22 . Northis up andEastis left.
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