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entrerdanslesdétailspuisquecechapitres’intitule remerciements!

Tout ne fut heureusementpasnégatif et cela grâceà la gentillesseet la bonnehumeurde
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F-1.1 Pŕesentationthéoriquedesnainesbrunes . . . . . . . . . . . . . . . . . xv
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2) Coût du projet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxxii
3) Déroulementetgestionduprojet . . . . . . . . . . . . . . . . . . . . . . . . . . xxxiii
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Version française

Intr oduction
Les étoiles,quellequesoit leur masse,naissentde la fragmentationdesnuagesmoléculaires

et del’effondrementgravitationneldesfragmentsformés. Lesétoiles,définiescommedesobjets
dont la masseexcède0.072fois la massedu Soleil, apr̀esunephasede contraction,passentla
grandemajorit́edeleurvie surla ”séquenceprincipale”.Ellessontalorsenéquilibrehydrostatique
carl’ énergie produiteparla fusionnucĺeaireemp̂echel’effondrementgravitationneldel’ étoile.

Enrevanche,lesobjetsdemétallicité solairedontla masseestinférieureà0.072massesolaire
n’atteindrontjamaisdestemṕeratureset despressionscentralessuffisantespour déclencherla
fusion de l’hydrogène. Cesobjetssontappeĺesnainesbrunes.Leur luminosit́e esttrèsfaible et
décrôıt inexorablementau coursdu temps,ce qui rendleur détectiondifficile. En conśequence,
lesnainesbrunessontrest́eesindétectablespendantlestrenteanńeesqui ont suivi leur prédiction
théorique.L’avènementdesgrandstélescopes,desdétecteurs̀a grandchampet descartographies
du ciel à grandeéchellea permis la découverte de centainesde nainesbrunesisoléesdansle
voisinagesolaire,en tant quecompagnonsd’étoilesde faible masse,mais aussidansles amas
ouvertset lesrégionsdeformationd’étoiles.

Le nombred’étoilesforméesparunitédemasseestappeĺe la fonctioninitiale demasse(Initial
MassFunction,IMF). Cettegrandeura ét́e définie dansl’ étudepionnìere de Salpeteren 1955.
L’IMF a ét́e étudíee lors desdernìeresdécenniesdansplusieursrégionsdu ciel et sur un grand
intervalle de masseafin d’examinersadépendanceavec l’ âgeet l’environnement. En effet, la
formedel’IMF pourlesfaibleset lesfortesmassesestimportantecarelle permetdecontraindre
les processusde formationdesétoiles. C’est malheureusementdanscesrégionsdu spectrede
massequelesdonńeessontle plusdifficile à interpŕetercar, d’unepart, lesétoilesmassivessont
rareset poss̀edentunecourteduŕeedevie et,d’autrepart,lesétoilesdefaiblemasseet lesnaines
brunessontpeulumineuseset difficiles àdétecter.

Lesamasouvertset lesrégionsdeformationd’étoilessontgéńeralementdetaille modesteet
repŕesententunepopulationde mêmeâgeet de mêmemétallicité située à la mêmedistancedu
Soleil. Par conśequent,denombreuseśetudessesontconcentŕeessurcesrégionspour tenterde
déterminers’il existait un changementdepenteprèsde la transitionétoile-nainebrune.Comme,
deplus,lesétoilesdefaiblemasseetlesnainesbrunessontintrins̀equementpluslumineusesquand
ellessontjeunes,leur détectionestplusaiśeedanslesamasjeunescommelesPléiades,� Per,le
Trap̀ezed’Orion, IC348 et � Orionis quedansle voisinagesolaire. Les diversesétudesmeńees
danscesamasindiquentquel’IMF crôıt rapidementdesétoilesde grandemasseaux étoilesde
massesolaire,elle crôıt ensuiteplus lentementpour atteindreun maximumvers0.1–0.2,masse
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solaireavantdedéclinerdansle domainesous-stellaire.

Un autrevolet de l’ étudede l’IMF concernela recherchedesavariationavec les conditions
physiquesrégnantdansle lieu deformation.Parexemple,unecartographièagrandchampmeńee
récemmentdansle nuagedu Taureaua révélé un déficit de nainesbrunesdanscetterégionde
faibledensit́eparrapportauxétudeseffectúeesdansIC348et le Trap̀ezed’Orion. Cettedifférence
sugg̀erequ’il existeunevariationdel’IMF aveclespropríet́esphysiquesdel’environnement.

Cettethèsea pour but d’appronfondirl’ étudede l’IMF , particulìerementpour les étoilesde
faiblemasseet lesnainesbrunes,et sesvariationsavec l’environnement.Pourcela,les résultats
detrois cartographiesindépendantes,dédíesà la recherched’étoilesdefaiblemasseet denaines
brunesdansle voisinagesolaireet dansdeuxamasd’étoilesjeunes,� Peret Collinder359,sont
détaillésdanscemanuscrit.

Le chapitre1 offre un aperçu desconnaissancesactuellessur les nainesbrunes,à la fois
théoriquesetobservationnelles.La physiquedesnainesbrunesestdécriteetlesdiversmécanismes
deformationrécemmentpropośespasśesenrevue. La définition de l’IMF estdonńeeet sonim-
portancedansle domainesous-stellairesabord́ee. La partieobservationnellefait un point sur les
caract́eristiquesphotoḿetriquesetspectroscopiquesdesnainesultra-froidesdécouvertesaucours
desdix dernìeresanńees.Enfin, lesdéterminationsdel’IMF sous-stellairedanslesamasjeuneset
lesrégionsdeformationd’étoilessontanalyśees.

Le chapitre2 présenteles résultatsphotoḿetriqueset spectroscopiquesd’un échantillonde
candidatsdu voisinagesolairesélectionńessurla basedeleur grandmouvementpropreet deleur
couleur. Cesobjetssonten majorit́e desnainesM situéesà moinsde 50 parsecsdu Soleil. Les
résultatsgéńerauxdel’ étudesontdécritsetuneattentionparticulìereestport́eesurcertainsobjets
singuliers.

Le chapitre3 présentelesrésultatsd’unecartographiedansle procheinfrarouged’unerégion
de0.7degré carŕedans� Per,unamasanalogueauxPléiades.Denouveauxcandidatsstellaireset
sous-stellairesont ét́e extraitsdesdiagrammescouleur-magnitudeet couleur-couleur, combinant
desdonńeesphotoḿetriquesdansles domainesvisible et procheinfrarouge. Les donńeesspec-
troscopiquesdansle domainevisibled’unetrentainedecandidats,sélectionńesparleurpropríet́es
photoḿetriques,sontanalyśeespourvérifier leurappartenancèa l’amas.

Le chapitre4 estdédíe à l’ étuded’un amaspré-śequenceprincipalepeuétudíe par le pasśe,
Collinder359. Unecartographiedansle domainevisible de1.6degré carŕe dansCollinder359a
permisd’extraire descandidatsmembresde l’amasdont les massessontcomprisesentre1.3 et
0.04massesolaire.Lesdonńeesphotoḿetriquesdansle procheinfrarougedescandidats,̀a partir
du catalogue2MASS et d’observationsfaitesauCFHT, sontégalementanalyśees. Les résultats
decettecartographievisible, combińeeà l’ étudedu mouvementproprede l’amas,ont permisde
préciserl’ âgede l’amasainsi quesadistance.D’autre part, nousavonsmontŕe quela fonction
demassedeCollinder359présenteunepenteplusfaiblequecellesestiḿeespour lesPléiadeset� Per.

Le chapitre5 présentela marcheà suivre pourextraireuneliste demembresd’amasouverts.
Lesprincipauxcritèrespermettantdedistinguerlesobjetspré-śequenceprincipaledesétoilesdu
champ,telsquele mouvementpropre,la photoḿetrieet la spectroscopiedanslesdomainesvisible
et infrarougeet les observationsen rayonsX, sontpasśesen revue. Les futuresobservationset
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perspectives pour les amas � Per et Collinder359 sont égalementabord́eeset plaćeesdansun
contexte pluslarge.

Le chapitreConclusionset Perspectivesprésentele bilan de ce travail de thèseet décrit les
observationset études̀a menerdansle futur auregarddesrésultatsobtenusaveccellesanalyśees
danscemanuscrit.

F-1 Théorie et obser vation des naines brunes

Kumar(1963)a ét́e le premierà prédire l’existenced’objetsdont la masseest inférieureà
0.08massesolaire.Hayashi& Nakano(1963)ont égalementcontribué à la compŕehensiondeces
objetsdefaibleluminosit́e,appeĺesàl’origine “nainesnoires”.Cettedénominatiońetaitcependant
déjàutiliséepourlesnainesblanchestrèsâǵees.Enconśequence,Tarter(1976)apropośe le terme
de“nainesbrunes”dufait dela complexitédeleuratmosph̀ere,dénominationrapidementaccept́ee
parlesastronomes.

L’optimisationdeséquationsd’étatet la meilleureconnaissancede l’atmosph̀eredesnaines
brunesont permisde localiseravec précisionla limite étoile-nainebruneà 0.072massesolaire.
Les donńeesspectroscopiquesacquisesau coursdesdernìeresanńeesmontrentque les naines
brunesne sont pasde couleurbrunemais de couleurviolette. Cettecouleurs’explique par la
présencede sodiumdeut́eŕe dansl’atmosph̀ere, qui supprimeles couleursvertes. Commeles
raiesde cettemoléculesonten absorption,la couleurdesnainesbrunescorrespond̀a la couleur
compĺementairedumélangedeslongueursd’ondesémergentes.

F-1.1 Présentation théorique des naines brunes

Lesétoilessontdessph̀eresdegazcompośeesà 73% d’hydrog̀ene,25% d’hélium et 2% de
métaux(pourcentagesdonńesenmasse).Lesétoilesrestentenéquilibrehydrostatiqueunegrande
partiedeleurvie carl’ énergie produiteparlesréactionsnucĺeairesenemp̂echesoneffondrement
gravitationnel. En revanche,lesnainesbrunesdemétallicité solaire,dont la masseestinférieure
à 0.072massesolaire,n’atteindrontjamaisdestemṕeratureset despressionscentralessuffisantes
pourtransformerl’hydrogèneenhélium. Lesobjetssous-stellairesdont la masseestsuṕerieureà
0.013massesolairebrûlentle deut́eriumselonla réactionp+ d ��� + � He. Lesnainesbrunesplus
massivesque0.065massesolairebrûlentleur lithium pendantunecourtepériodedeleurvie etde
manìereinstableselonlesréactionsp+ � Li � 2� etp+ � Li � � + � He.

Les cœursde nainesbrunesrepŕesententun mélanged’hydrog̀eneet d’hélium moléculaire.
L’atmosph̀eredesnainesbrunesestprincipalementcompośeed’hydrog̀ene,d’hélium,decarbone,
d’oxygèneetd’azote.Leurdistributionspectraled’énergieestfortementinfluenćeepardesbandes
moléculairesdevapeurd’eauetdeméthane,desraiesd’absorptiond’alcalinsneutresetdemétaux
hydroǵeńesainsiqueparla présencedegrainsdepoussìere.

L’ équilibreentrel’ énergie nucĺeaireet l’effondrementgravitationnelconduità la stabilisation
de la luminosit́e, de la temṕeratureeffective et du rayon d’une étoile apr̀es quelquesmillions
d’anńees. Au contraire,la luminosit́e et la temṕeratureeffective desnainesbrunesdiminuent
inexorablementavecle temps(Figure1.2). Par exemple,la luminosit́e d’unenainebrunede0.03
massesolairedécrôıt de 10��� L � à 6 � 10��� L � entreun million et un milliard d’anńees. De
même,satemṕeraturedécrôıt de 2800à 900 Kelvins. Le rayondesnainesbrunesdécrôıt avec
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l’ âgeà unemassedonńeepuisatteintun plateaupourdesâgessuṕerieursà un milliard d’anńees.
Parexemple,le rayond’unenainebrunede0.03massesolairepassede4.3 fois celui deJupiterà
unefois celui deJupiterentreun million et un milliard d’anńees.Par ailleurs,le rayoncrôıt avec
la massepourlesnainesbrunesplusjeunesque100millions d’anńeespuisla relations’inversece
qui rendlesobjetssous-stellairespeumassifspluslarges.

Lesétoilessontissuesdel’effondrementgravitationneldefragmentsd’un nuagemoléculaire.
Plusieursphaseśevolutivessesucc̀edentpendantlesquellesla matìerecircumstellaireestprogres-
sivementaccŕet́eeparl’objet central.Sonévolutionestensuitedécriteparunephasepré-śequence
principaleavantd’amorcerla fusiondel’hydrogène.

L’extensiondu mécanismede formation d’étoilesaux nainesbrunesposedeux probl̀emes.
Premìerement,l’effondrementgravitationneld’un nuagemoléculaireintervientlorsquesamasse
excèdecelledeJeans.LesobservationsmontrentcependantquecettemassedeJeansesttypique-
mentdix fois suṕerieureà la massedesnainesbrunes.Deuxìemement,la phased’accŕetion doit
êtreinterrompuèaunmomentdonńe pouremp̂echerl’objet centraldedevenir uneétoile.

En conśequence,plusieursmécanismesont récemment́et́e propośespourexpliquerla forma-
tion desnainesbrunescommeparexemple:

1. Extensiondu sćenariodefragmentationdesnuagesmoléculairespargravo-turbulenceaux
nainesbrunes(MacLow & Klessen2004).

2. Irradiationdecœurspré-stellairespardesétoilesmassivesappartenantauxassociationsOB
(Whitworth & Zinnecker 2003;communicationpersonnelle).

3. Instabilit́esgravitationnellesdedisquespré-stellairesjeunesetmassifs(Watkinsetal.1998a,
1998b;Boss1998,2000,2001;Li 2002).

4. Ejection de la composantela moins massive de syst̀emesmultiples jeunes(Reipurth&
Clarke 2001;Bateet al. 2002;Sterzik& Durisen2003).

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

L’ étudedela formedel’IMF surungrandintervalledemasseestprimordialepourcomprendre
le ou les processusde formationd’étoiles. Un secondaspectde l’IMF concernesadépendance
aveclesconditionsphysiqueset le temps.L’ étudedel’IMF sous-stellairedansdiversesrégionsde
formationd’étoilesestdoncimportantepourmieuxcomprendrel’origine desnainesbrunes.

L’IMF estdéfiniecommeétantle nombred’étoiles � parunité devolumedansun intervalle
demassem, m� dm: �����! #" $ �$&% " '�(�*),+ '�-  $ �$ )/.102� étoilespc� � M �

Lesapproximationsles plus utiliséespour repŕesenterl’IMF sontdeslois de puissancedont
lesindex 3 et � sontli ésparla relation 3 = � � 1.�4���! 5"6� ��7 et

�4�*)/.102�! 5"6� �48
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L’IMF aét́e étudíeesurungrandintervalledemasseet lesplusrécentesestimationssugg̀erent
les valeurs � = 2.7 pour les étoilesplus massives qu’unemassesolaire, � = 2.2 entre1.0 et 0.5
massesolaireet � = 1.3 dansl’intervalle 0.5–0.08massesolaire(Kroupa2002;Figure1.1). Les
multiplesétudesdel’IMF sous-stellairedanslesamasjeunesconvergentversunindex � = 0.5–1.0
endessousde0.5massesolaire(e.g.Bouvieretal. 1998;Figure1.8).

F-1.2 Présentation obser vationnelle des naines brunes

Après de multiples efforts dédíes à la recherched’objets sous-stellairespendantles trente
anńeesqui ont suivi leur prédiction théorique, les deux premìeresnainesbrunesirréfutables,
Gl229Bet Teide1, ont ét́e annonćeesen1995: la premìereorbitantunenaineM (Nakajimaet al.
1995)et la secondedansl’amasdesPléiades(Reboloet al. 1995). Peudetempsapr̀escesdeux
découvertes,plusieurscentainesdenainesultra-froides(typesspectraux9 M7) ont ét́e trouv́ees
en moins d’une décenniegrâceà l’avènementdescartographies̀a grandeéchelleet de larges
télescopes.Cesobjetsont ét́edécouvertsisolésdansle voisinagesolaire,entantquecompagnons
d’étoiles,danslesamasouvertsjeuneset danslesrégionsdeformationd’étoiles.

Plusde250nainesL et50nainesT isoléesdansle voisinagesolaireontét́edécouvertesparles
cartographies̀agrandéechellecomme2MASS(e.g.Kirkpatrick etal.2000),DENIS(e.g.Delfosse
et al. 1999)et SLOAN (e.g.Leggettet al. 2000). Lesétudes̀a mouvementpropreont aussicon-
tribué à leur recensementdansle voisinagesolaire(Ruiz et al. 1997;Cruz& Reid2002;Lépine
etal.2002;Scholzetal. 2000).Notrecontributiondanscedomaineestdétailléedansle chapitre2.

Cesdécouvertesontpousśe lesastronomes̀acompĺeterle syst̀emedeclassificationdeHarvard
envigueurpardeuxnouvellesclasses.Leurscaract́eristiquesphotoḿetriqueset spectroscopiques
desobjetsappartenantauxclassesL et T sontdécritesci-dessous:

1. LesnainesL sontdesobjetsplusfroids quelesnainesM, dont lestemṕeraturessontcom-
prisesentre2200et 1300Kelvins. Plusd’un tiersdesnainesL sontsous-stellairesd’apr̀es
les mod̀elesthéoriquesactuels(Baraffe et al. 1998). La disparitiondesbandesde TiO et
VO combińeeavec l’apparition de raiesd’absorptionde métauxhydroǵeńes et d’alcalins
neutresaugmententle flux dansle procheinfrarouge(Figure1.4). La classificationdansle
visible repŕesenteuneextensiondecelle desnainesM (Mart́ın 1997;Mart́ın et al. 1999b;
Kirkpatrick et al. 1999b).Uneclassificationestaussidisponibledansle procheinfrarouge
(Table1.3).La plupartdesnainesL ontét́edécouvertesparlescartographies2MASS(Kirk-
patricket al. 2000)et SDSS(Fanet al. 2000).Nousavonsaussidécouvert plusieursnaines
L lorsdenotreétudeàmouvementpropredansle ciel austral(Chapitre2).

2. LesnainesT sontdesobjetsplus froids queles nainesL et sonttoutesdesnainesbrunes.
Leurstemṕeraturessontinférieures̀a 1300Kelvins. Le flux émergentatteintun maximum
vers1 : m du fait de la présencede vapeurd’eauet de méthanedansleur atmosph̀ere. La
présencede grainsde poussìereréduit consid́erablementle flux dansles domainesvisible
et procheinfrarouge(Figure1.5). Leur classificationestdéfiniedansle procheinfrarouge
à partir dessyst̀emesdévelopṕes par Geballeet al. (2002)et Burgasseret al. (2002)(Ta-
ble 1.4).Lescartographies̀agrandéechellecomme2MASS(Burgasseretal., 1999,2000a,
2000b,2002,2003b,2003c)et SDSS(Strausset al. 1999;Tsvetanov et al. 2000;Leggett
et al. 2000;Geballeet al. 2002)ont découvert la majorit́e decesobjets.Notrecontribution
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estillustréedansle chapitre2 parla découvertedela naineT binairela plusprocheduSoleil
(Scholzet al. 2003;McCaughreanet al. 2004).

Denombreusesnainesbrunesorbitantdesétoilesdefaiblemasseont ét́e récemmenttrouv́ees.
Lescartographiesdevitesseradiale(e.g.Mayoretal. 1992)ontconcluquelesnainesbrunessont
peufréquentes(0.5%) àfaibleséparation( ; 3 unitésastronomiques)autourd’étoilescomparables
à notreSoleil. Lesrécentesimageries̀a hauterésolutionmeńeesavec l’optique adaptative ausol
(Closeet al. 2003; McCaughreanet al. 2004)et le télescopespatialHubble (Reid et al. 2001b;
Bouy et al. 2003;Gizis et al. 2003;Burgasseret al. 2003b)ont découvert plusieursnainesbrunes
orbitantdesétoilesdefaiblemasse(Table1.5)demêmequedesnainesbrunesbinaires(Table1.6).

La fréquencedessyst̀emesbinairesdefaiblemasse,estiḿeeà10–15%estcependantinférieure
à cellesdesnainesG (57 < 9%; Duquennoy & Mayor 1991)et desnainesM (42 < 9%; Fischer
& Marcy 1992).Par ailleurs,la distribution desséparationset desrapportsdemasse(Figure1.6)
diffèrentnotablementdecelledesétoilesdetypesolaire(Duquennoy & Mayor 1991)et decelle
desnainesM (Fischer& Marcy 1992). Les nainesbrunesbinairesposs̀edentde très faibles
séparationsde l’ordre de 4–8 unités astronomiqueset semblentfavoriser les syst̀emesd’égale
masse.

Descentainesdenainesbrunesont également́et́edécouvertesdanslesamasouvertsjeuneset
dansles régionsde formationd’étoiles. Les résultatsdesestimationsde l’IMF dansle domaine
sous-stellaireont conclu:

1. La pente� desPléiadessesitueentre0.5et 1.0dansl’intervalle demasse0.5–0.03masse
solaire(Bouvieret al. 1998;Mart́ın etal. 1998;Tej et al. 2002;Dobbieet al. 2002;Moraux
et al. 2003)enaccordavec le résultatobtenudans� Per(0.59;Barradoy Navascúeset al.
2002;Figure1.8).

2. L’IMF aét́eestiḿeedansle domainesous-stellairepourlesrégionssuivantes(Figure1.7): le
Trap̀ezed’Orion (Muenchet al. 2002), � Orionis(Béjaret al. 2001),IC348(Luhmanet al.
2003b),le Taureau(Briceño et al. 2002), = Ophiucus(Luhmanet al. 2000),et Caḿeléon
(Comeŕon et al. 2000). La fonction de massedu Taureaufait apparâıtre unecarencede
nainesbrunespar rapportaux autresrégionsqui sugǵereunepossiblevariationde l’IMF
avecl’environnement.

Notre contribution dansce domaineestdétailléedansles chapitres3 et 4, dédíesaux amas
ouvertsjeunes� PeretCollinder359.

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

Unerecherched’objetsà grandmouvementproprea ét́e initi éedansle ciel australpour des
déclinaisonsinférieures̀a � 33> parScholzetal. (2000).Lesdonńeesphotoḿetriques,disponibles
danslesfiltres ?A@ et � , sontissuesdeplaquesphotographiques.Lesmagnitudeslimites respec-
tives sont approximativement ? @ = 22.5 mag et � = 21 mag. Deux époques,sépaŕeespar une
quinzained’anńeessontdisponibles,permettantla détectiond’objetsdont le mouvementpropre
estcomprisentre0.3et1.0secondesd’arcparan.La méthodeinitiale arévélédesnainesblanches
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ainsi quedesnainesde type K et M dansle voisinagesolaire. Cettetechniquea ensuiteévolué
versla recherched’objetsdefaiblemasseet denainesbrunesprochesduSoleil.

Le chapitre2 présenteles résultatsphotoḿetriqueset spectroscopiquespour un échantillon
de 70 objetssélectionńes pour leur large mouvementpropreet leur couleursemblableà celle
d’étoilesde faible masse(Table A.1). Les donńeesspectroscopiquesdansle domainevisible
(6000–10000̊A) descandidatssélectionńesont ét́e obtenuesavec différentstélescopeset instru-
mentscommeVLT/FORS1et ESO3.6-m/EFOSC2(Figures2.1,A.2, A.3). Lesdonńeesspectro-
scopiquesdansle domaineinfrarouge(1.0–2.5: m) ont ét́e acquisesavecles instrumentsISAAC
et SofI mont́es respectivementsur les télescopesVLT et NTT (FigureA.4). La résolutiondes
spectresdansle domainevisible et infrarougeestidentiquepour l’ensemblede l’ échantillon,de
l’ordre deR= 600.

Ce travail est le fruit d’une collaborationau seindu groupe“Star andPlanetFormation” de
l’AIP entreRalf-DieterScholz,Mark McCaughreanetmoi-même.Lesrésultatsprésent́esdansce
chapitreont ét́epubliésdansplusieursarticles:

1. Lodieu,Scholz,& McCaughrean(2002b)a report́e la découvertedetrois nainesL dansle
voisinagesolaire.

2. McCaughrean,Scholz,& Lodieu(2002b)atrouv́edeuxnainesM tardivesàmoinsde10pc.

3. Scholz,Lodieu,Ibataetal. (2004)aprésent́e la découverted’unenaineM activeorbitantun
syst̀emebinairesitué à environ 20parsecs.

4. Scholz, McCaughrean,Lodieu, & Kuhlbrodt (2003) et McCaughreanet al. (2004) ont
découvert la nainebrunebinairela plusprochedu Soleil, � Indi Ba/Bb.

5. Unepublicationestenpréparationpourprésenterl’ensembledesrésultatsexpośesdansce
chapitre(Lodieuetal. 2004)

Les principauxrésultatsde cetteétudesontdétaillés ci-apr̀es. Nousavonsattribué un type
spectral̀achacundes70 candidatssélectionńesselonlessyt̀emesdeclassificationdévelopṕespar
Mart́ın etal. (1999b)etKirkpatrick etal. (1999b).Nousavonscalcuĺe plusieursindicesspectraux
mesurantla force desbandesmoléculaireset desraiesd’absorptionpar rapportau continuum
voisin. Les spectresont également́et́e compaŕes à ceuxde nainesM et L ditesstandards,dont
le type spectralestconnuavec unegrandeprécision. Les typesspectrauxdérivéspar cesdeux
méthodessontenbonaccordet donńesdansla TableA.1.

Nousavonsrépertoríe 6 sous-naines,10 nainesM de typespectralinférieurà M5, 47 naines
M tardives(M5.5–M9.5),4 nainesL etunenaineT binaire.Touscesobjetssontsituésàmoinsde
50 parsecs(Figure2.2).

Parmi les 52 étoilesdont un spectrea ét́e obtenudansle domainevisible, plus de la moitié
présententuneémissionenH � à6563Å. Dix huit d’entreellesposs̀edentdeslargeurséquivalentes
suṕerieures̀a 5Å, certainesatteignant15Å (Figure2.3). Lesétoileslesplusactivesontdestypes
spectrauxM7–M8, enaccordavecdesrésultatsant́erieurs(Hawley et al. 1996;Gizis etal. 2000).

Nous avons égalementmesuŕe le flux contenudansles raiesd’absorptiondesdoubletsdu
potassium(K I) et du sodium(NaI) respectivementsitués à 7665/7699̊A et 8183/8195̊A. Les
largeurséquivalentesdecesdoublets,qui sontsensibles̀a la gravité d’un objet,atteignentaussiun
maximumpourdesétoilesdetypespectralM7–M8 (Figure2.4).
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Parmi l’ échantillondenainesultra-froidesdécouvertesaucoursdenotreétude,plusieursob-
jetsintéressantsont fait l’objet d’unepublicationetméritentuneattentionparticulìere:

1. Six sous-naines̀agrandmouvementpropre,dontla métallicitéestinférieureàcelleduSoleil
([Fe/H] comprisentre � 1.0 et � 2.0), ont ét́e découvertesdansnotre échantillon. Deux
objetsont ét́e classifíessous-naines([Fe/H]= � 1.0) et quatreautresextrêmessous-naines
([Fe/H]= � 2.0) grâceaux indicesspectrauxdéfinisparGizis (1997)et leursspectresdans
le domainevisible (Figure2.5). Lesdistancessontcomprisesentre40 et 350parsecset les
massesestiḿeesentre0.08et0.15massesolaire(Table2.1),d’apr̀eslesmod̀elesthéoriques
deBaraffe et al. (1997).

2. DeuxnainesM tardivesont ét́e trouv́eesà moinsde10 parsecs(McCaughrean,Scholz,&
Lodieu2002b)grâceà leur mouvementpropresuṕerieurà 0.3 secondesd’arc paran. Les
spectresdecesdeuxobjets,obtenusdansle domainevisible,sugg̀erentdestypesspectraux
respectifsM7.5 et M8 (Figure2.7 et Table2.2). Cruzet al. (2003)a récemmentdéduitun
typespectralM7 pourlesdeuxobjets,confirmantunedistanceinférieureà10 parsecs.

3. Trois nainesL ont ét́e découvertesdansle voisinagesolairegrâceau cataloguèa grande
échelleSuperCOSMOSSky Surveys(Lodieu,Scholz,& McCaughrean2002b).Nousavons
assigńe à SSSPMJ0109� 5101, SSSPMJ2310� 1759 et SSSPMJ0219� 1939 destypes
spectrauxrespectifsM8.5, M9.5, et L1 (Table2.2), d’apr̀es les spectresobtenusà la fois
dansle domainevisible et procheinfrarouge(Figure2.7). Les distancesont ét́e estiḿees
entre30 et 40 parsecspar comparaisonavec desnainesultra-froidesqui poss̀edentune
parallaxe trigonoḿetrique.

4. Nousavonsdécouvert la naineT la plusbrillanteetla plusprocheduSoleil, � Indi B. Scholz
et al. (2003)annonc¸a unenaineT à 3.626parsecs,orbitantl’ étoile � Indi A à unedistance
d’environ 1500unitésastronomiques.Nousavonsassigńe àcenouvel objetuntypespectral
T2.5suiteà l’acquisitiondesonspectredansle domaineinfrarouge(Figure2.9).L’imagerie
à hauterésolutionobtenueavec l’optique adaptative du VLT a montŕe que � Indi B esten
fait unebinairedont les deuxcomponentessontsépaŕeespar2.65unitésastronomiques̀a
la distancedu syst̀eme(Figure2.10). La spectroscopieacquisedansle domaineinfrarouge
en bande� nousa permisd’assignerdestypesspectrauxrespectifsT1 et T6 à � Indi Ba
et � Indi Bb (Figure2.11),d’apr̀eslessyt̀emesdeclassificationdéfinisparBurgasseret al.
(2002)et Geballeet al. (2002).Lesmassesdechaquecomposantesontestiḿeesà 47 < 10
et 28 < 7 massesde Jupiteret les temṕeratureseffectives de B 1300< 40 et B 900 < 20
Kelvins(McCaughreanetal. 2004).

5. Une naineM tardive, APMPM J2354� 3316C,a ét́e découverte par Scholzet al. (2003)
orbitantun syst̀emecompośe d’une naineM4 et d’une naineblanche. Cet objet poss̀ede
un mouvementpropre identiqueà celui du syst̀eme, dont la distancephotoḿetrique est
estiḿee à 21 parsecs(catalogueARICNS). Nousavonsobtenudeuxspectresde ce com-
pagnondansle domainevisible à deuxépoquesdifferentes(3 October1999et 25 Novem-
ber 2001). La différenceentrecesdeuxspectresest frappante(Figure2.6). D’une part,
le secondspectreprésenteunelarge raied’émissionenH � de largeuréquivalenteégaleà
61.4 < 5.0Å et,d’autrepart,un largecontinuumdansle bleu( CA; 7500Å) estobserv́e. Ces
caract́eristiquessont égalementobserv́eesdansle spectrede LHS 2397a(Bessell1991).
Uneimagehauterésolutiondecetobjeta révélé un compagnonsous-stellairèa moinsde4
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unitésastronomiques(Freedet al. 2003),susceptibled’expliquer la présencede H � et du
continuumdansle bleu.

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

Les premìeressectionsdu chapitre3 font le point desconnaissancesacquisessur � Per,un
amasouvert analogueaux Pléiades.Sonmouvementpropre( : 7 = 23 et :FE = � 25 milli èmesde
secondesd’arc par an respectivementen ascensiondroite et en déclinaison)combińe à la pho-
tométrieoptiquea établiuneliste demembresappartenant̀a l’amaslesmoinsmassivesayantun
typespectraĺegalà M5 (Heckmannet al. 1956;Stauffer et al. 1985,1989b;Prosser1992,1994).
DenombreusesobservationsenrayonsX ontét́emeńeesdanscetamasetontpermisla découverte
denouveauxmembres(Randichetal. 1996;Prosseret al. 1996a).Le testdu lithium, propośe par
Reboloet al. (1992),a ét́e récemmentappliqúe à � PerparStauffer et al. (1999). Sonâgea ét́e
estiḿe à 90 < 10 millions d’anńees,deuxfois la valeurdétermińeepar le turn-off de la séquence
principale(e.g.Mermilliod 1981).

Une cartographieprofondedansle domainevisible de 4.5 degréscarŕesdans � Pera extrait
environ 100 nouveauxcandidatsdont les massessont comprisesentre0.3 et 0.035masseso-
laire (Barradoy Navascúeset al. 2002). Cescandidatsont ét́e classifíessur la basede leur pho-
tométrie visible et infrarougecommesuit: 54 membresprobables,12 membrespossibleset 26
objetsrejet́es. La liste de candidatsprobablesde l’amasa ét́e utilisée pour déduirela fonction
de luminosit́e de � Per(Figure3.4; Barradoy Navascúeset al. 2002). Safonctionde luminosit́e
a ét́e transforḿeeen fonctiondemassepar l’intermédiairedeplusieursmod̀elesthéoriquesdont
celui deBaraffe et al. (1998). La fonctiondemassea ét́e reproduiteparuneloi depuissancede
pente � = 0.59 < 0.05sur l’intervalle de masse0.35–0.035massesolaire(Figure3.5; Barradoy
Navascúesetal. 2002).

Ce travail sur � Per est le fruit d’une collaborationentre Mark McCaughrean(Potsdam),
Jérôme Bouvier (Grenoble),David Barradoy Navascúes (Madrid) JohnStauffer (Pasadena)et
moi-même. Une partiedesrésultatsprésent́esdanscechapitrea ét́e publiéedansplusieursarti-
cles:

1. Barradoy Navascúeset al. (2002)où la photoḿetrie infrarougeprésent́eedanscechapitre
a ét́eutiliséepourséparerlesmembresdel’amasdesobjetsdu champ.

2. Lodieuetal. (2003)aénonće lesrésultatsdela cartographieprocheinfrarouged’unerégion
de0.7degré carŕe dans� Per(conf́erenceproceedings).

3. Lodieuet al. (2004,enpréparation)seradédíe à la cartographieprocheinfrarougeexpośee
danscechapitre.

Le chapitre3 présenteles résultatsd’une cartographieprocheinfrarougefaite avec le filtre
K



à 2.12 : m d’une surfacetotalede 0.7 degré carŕe dans � Per(Figure3.1 et Table3.1). Les
observationsont ét́e obtenuesavec la caḿera infrarougegrandchamp,Omega-Prime,mont́ee
sur le télescopede 3.5-mà l’observatoirede CalarAlto en Espagne.La réductiondesdonńees
comportetouteslesétapesusuellespourdesimagesprocheinfrarouge:soustractiond’un fond de
ciel, division par unecartede champplat et moyennede toutesles images. Le flux de chaque
étoilea ét́e estiḿe à l’int érieurd’un cercledont le rayonestdel’ordre dela largeurà mi-hauteur
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du profil del’ étoile. Lescalibrationsphotoḿetriqueet astroḿetriqueont ét́e obtenues̀a l’aide du
cataloguèagrandéechelle2MASS.

Un total de22129sourcesa ét́e extrait de la corŕelationdescataloguesvisible et infrarouge.
La sélectiond’objetsà gauchedesisochronesNextGen(Baraffe et al. 1998)dansle diagramme
couleur-magnitude(

� 

,��� –� 
 ) aextrait 103nouveauxcandidatsenassumantunedistancede182

parsecset un âgede 90 millions d’anńeespour � Per(Figure3.9 et Table3.2). La localisation
decesnouveauxcandidatsdansle diagrammecouleur-couleur(( ��� –� 
 ),(� –� ) � ) a démontŕe que
près de 70% sontdesgéantesqui contaminentnotre échantillon(Figure 3.11). La moitié des
candidatsrestantontét́epréćedemmentclassifíescommecandidatsprobablesde � PerparBarrado
y Navascúesetal. (2002).Les16candidatsrestantssontdenouveauxmembresprobablesde � Per
dontlesmagnitudesenbande� comprisesentre15.5et21.0(Figure3.9etTable3.2).La sélection
decandidatsentrelesisochronesNextGen(Baraffe etal. 1998)etDusty(Chabrieret al. 2000b)a
permisd’extraire3 nouvellesnainesbrunescommemembrespossiblesdel’amas(Table3.2).Tous
cesnouveauxcandidatsnécessitentcependantl’obtentiond’un spectredansle domainevisibleafin
devérifier leurappartenancèa l’amas.

Nousavonségalementanalyśe lesspectresvisibles(5800–8800̊A) de29candidatsdans� Per
extraits par Barradoy Navascúeset al. (2002). L’ échantilloncontient24 membresprobables,1
membrepossibleet 4 objetsn’appartenantpasà l’amas.La spectroscopie,derésolutionmod́eŕee
(R B 2000),a ét́e obtenueavec le spectrographeTwin sur le télescopede3.5-mà CalarAlto. La
réductiondesdonńeesspectroscopiquescomporteles étapessuivantes: soustractiond’un fond
deciel, division parunecartede champplat, éliminationdesrayonscosmiques,extractiond’un
spectreunidimentionnel,et enfincalibrationen longueurd’ondeet en flux grâceà l’observation
danslesmêmesconditionsd’étoilesspectrophotoḿetriques.

Nousavonsassigńe àchaqueobjetun typespectralselonlessyst̀emesdeclassificationdéfinis
parMart́ın et al. (1999b)et Kirkpatrick et al. (1999b). Chaquespectrea également́et́e compaŕe
à desétoilesdont le typespectralestconnuà unesous-classeprès. Touslescandidatsprobables
ontdesflux, destypesspectraux,desraiesd’émissionH � (largeuréquivalentecompriseentre4.0
et 15.0Å) et desindicesdegravité confirmantleur appartenancèa � Per. Le membrepossibleet
les candidatsnon membresde � Per,dont un spectrea ét́e obtenudansle domainevisible, sont
définitivementexclus car leurscaract́eristiquesdiffèrentde cellesd’étoilesjeunes. Nousavons
égalementacquisun spectrevisible pour quatrecandidatssélectionńes au coursde notreétude.
Leursflux et leurstypesspectrauxsontcependantincoh́erentscompaŕesà ceuxdesmembresde
l’amas.

Nousavonsobtenuun spectredansle domainevisible pour tousles candidatsprobablesex-
traits par Barradoy Navascúes et al. (2002) dont les massessont comprisesentre0.4 et 0.12
massessolaires.La pentedela fonctiondemasse(0.59;Barradoy Navascúeset al. 2002),baśee
uniquementsurlesdonńeesphotoḿetriquesvisibleet procheinfrarouge,estdésormaisconfirmée
parnotrespectroscopiesurl’intervalle demasse0.4–0.12massesolaire.

Le travail présent́e dansce chapitredémontrel’efficacit́e descartographiesmeńeesdansle
domainevisible,suiviesd’unephotoḿetriedansle procheinfrarougepourdistinguerlesmembres
d’un amasouvert jeunedesétoilesdechamp.En revanche,la sélectionbaśeeuniquementsurun
diagrammecouleur-magnitudeenbandes� et

�
n’apparâıt pasoptimaledu fait de la large con-

taminationpar les étoilesgéantes.Deux filtres en bandevisible sontpréférablespour optimiser
l’extractiond’objetspré-śequenceprincipale. Les cartographiesrestentcependanttrèsefficaces



Versionfrançaise xxiii

danslesrégionsdeformationd’étoilescommele Trap̀ezed’Orion (Hillenbrand1997)ou le Ser-
pens(Lodieuetal. 2002a).

F-4 L’amas ouver t jeune Collinder 359

Le chapitre4 estdédíe à l’amasouvert pré-śequenceprincipaleCollinder359. Cet amasa
ét́e observ́e dansle cadred’un large programmemeńe avec la caḿera CFH12K du télescope
Canada-France-Hawaii. Ce projet a ét́e support́e par le réseaueuroṕeen “The Formationand
Evolutionof YoungStellarClusters”pourexaminerladépendancedela fonctiondemassestellaire
etsous-stellaireavecl’ âgeet l’environnement.Quatreamasouvertspré-śequenceprincipale,dont
Collinder359,quatrerégionsdeformationd’étoileset lesHyadesont ét́eobserv́espendantles30
nuitsattribuéesà ceprojet(Table4.1). Lesrésultatsprésent́esdanscechapitresontle fruit d’une
collaborationentreplusieursmembresd’instituts appartenantau réseaueuroṕeen. Les résultats
relatifsàCollinder359ferontpartieintégranted’unepublicationdansun procheavenir.

Collinder359estunamaspré-śequenceprincipalesituéautourdel’ étoilesupergéante67Oph
dansla constellationduSerpentaire(Melotte1915;Collinder1931).Sadistanceestestiḿeeà250
parsecs(Rucínski 1987; Loktin & Beshenov 2001)maisde récentesestimationsont revu cette
distancèa la hausse650parsecs;Kharchenko et al. 2004,communicationpersonnelle).Sonâge
estestiḿe à 30 millions d’anńees(Wielen1971;Kharchenko et al. 2004).Unerecherchedansla
litt ératuremontrequecetamasjeunea ét́epeuétudíe parle pasśe, évoquantdelargesincertitudes
li éesàsadistanceetàsonâge.Parailleurs,unepoigńeedemembresestconnue,tousplusbrillants
que G = 10 mag,dontl’appartenanceestincertaine(Table4.2etFigure4.2).

Une surfacetotalede1.6 degréscarŕesa ét́e observ́eeen bande� et 
 avec la caḿeragrand
champdu télescopeCFH (Figure4.2 et Table4.3). Trois sériesd’observationsde 2, 30 et 300
secondesont ét́e acquisesafin desonderle plusgrandintervalle demassepossible.La limite de
saturationintervientautourde � = 12. Les limites decompĺetudeet dedétectionsont �HBI
JB 22
et 24. La réductiondesdonńeeset l’extractiondela photoḿetriedansle domainevisible ont ét́e
achevéesavecSExtractor(voir sections4.3.2et 4.3.3pourplusdedétails).

TouslesobjetssituésàgauchedesisochronesNextGen(Baraffe etal.1998)etDusty(Chabrier
et al. 2000b)dansle diagrammecouleur-magnitude( � , � –
 ) (Figure 4.6) ont ét́e sélectionńes
commecandidatsmembresde l’amasen assumantunedistancede 650 parsecset un âgede 80
millions d’anńees.Cetteproćedureaextrait un totalde1033candidatsdontlesmagnitudes,com-
prisesentre � = 12 et 22.5,correspondent̀a desmassessituéesentre1.3et 0.040massessolaires.
(TableB.1, AppendixB). La photoḿetrie dansle domaineinfrarouge( KL� � ), disponiblepour
touslescandidatsplusbrillantsque � = 17,a permisd’éliminercertainsobjetssur la basedeleur
couleur � –� (Figure4.8). Nousavonségalementprésent́e la photoḿetrie enbande

��

, obtenue

avecla caḿerainfrarougedutélescopeCFHpour39candidatssuppĺementaires,dontla magnitude
estcompriseentre� = 17 et � = 22,afind’examinerla contaminationverslesfaiblesmasses.

Nousavonsexploré lesincertitudesli éesà la distanceet l’ âgedeCollinder359encombinant
notrephotoḿetrie dansle domainevisible avec le catalogueUCAC2 (USNO CCD Astrograph
Catalog)qui fournit le mouvementpropred’étoilesdont la déclinaisonest inférieureà � 40>
(Zachariaset al. 2003). Nous avons tout d’abord démontŕe que l’existencede l’amas est non
équivoque. Le diagrammèa mouvementpropre(Figure4.10) fait apparâıtre la prśencede deux
groupesd’étoiles.Le premiercaract́eriselesétoilesdechampet le second,localiśe à (0.0, � 8.5)
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millisecondesd’arc paran,traduit la présencedeCollinder359. Nousavonsensuiteestiḿe l’ âge
de l’amasentre50 et 90 millions d’anńeesen comparantla positionde 67Oph aux isochrones
demétallicité solairequi inclueun overshootmod́eŕe (Figure4.11). Nousavonsenfindéduitune
distancede500 < 100parsecs.La positiondiagrammecouleur-magnitude( � , � –
 ) descandidats
sélectionńessur la basede leur mouvementpropreet leur photoḿetrie (Figure4.12)estbien re-
produitepar les isochronesNextGen(Baraffe et al. 1998)à 80 millions d’anńeeset déplaćeesà
unedistancede500parsecs.

Consid́erantunedistancede500parsecsetunâgede80millions d’anńeespourCollinder359,
nousavonsdérivé sesfonctionsdeluminosit́e etdemasse.La fonctiondeluminosit́e (Figure4.13
et Table4.13),traćeeà partir descandidatssélectionńespar le biaisde leur photoḿetriedansles
domainesvisibleet infrarouge,estcaract́eriśeepar:M Un maximumà � = 12.5–13.0qui correspond̀a unemassesolaire.Unecontaminationim-

portanteparlesnainesdechampestattenduedanscetintervalledemagnitude.Le déclinde
la fonctiondeluminosit́e autourde � = 12 estla conśequencedenotrelimite desaturation.M Un creuxautourde � = 15–16qui correspond̀a 0.6 massesolaire. Sonauthenticit́e est à
vérifierapr̀esl’obtentiondela spectroscopiedesétoilesbrillantes,nécessairespouréliminer
lescontaminants.M Un maximumvers � = 17.0(M B 0.3massesolaire)estdétect́e, comparablèaceluiobserv́e
dansles Pléiades(Jamesonet al. 2002) et � Per (Barradoy Navascúes et al. 2002) par
exemple.La magnitudeabsoluedecemaximumdiffèrecependantd’un amas̀a l’autre.M Un creuxà � = 20.0–20.5(M B 0.07massesolaire)dû à la carencede nainesM7–M8 ob-
serv́eeà la fois dansle voisinagesolaire(Reid & Cruz 2002)et les amasouvertscomme
les Pléiades(Jamesonet al. 2002),IC 2391(Barradoy Navascúeset al. 2001a),� Orionis
(Béjaretal. 2001),le Trap̀ezed’Orion (Lucas& Roche2000),et IC348(Luhman1999).

Pourtransformerla fonctiondeluminosit́eenfonctiondemasse,nousavonsutilisé lesmod̀eles
théoriquesNextGen(Baraffe et al. 1998)et Dusty (Chabrieret al. 2000b). Cesisochronescou-
vrentnotredomainedemasse,incluentle traitementdesgrainsdepoussìerepourdestemṕeratures
effectivesinférieures̀a2500K etont ét́e fréquemmentutiliséspourexaminerla fonctiondemasse
d’amasouvertsjeuneset lessyst̀emesbinaires(White etal. 1999).

La fonctiondemassedeCollinder359présenteuncreuxà0.07massesolairedû àlacarencede
nainesM7–M8 observ́eedansle voisinagesolaireet lesamasouverts(Figure4.14et Table4.13).
La formeet la pentede la fonctiondemassesontpeusensibles̀a l’ âgeet la distancede l’amas.
Nousavonsestiḿe la pente� dela fonctiondemasse,expriméeen NPONPQSR M ��7 , à 0.3 < 0.2.Cette
déterminationapparâıt plusfaiblequelesestimationsdansl’amasdesPléiades(0.5–1.0;Bouvier
etal. 1998;Mart́ın et al. 1998;Dobbieet al. 2002;Tej etal. 2002)ou � Per(0.59 < 0.05;Barrado
y Navascúesetal. 2002).

F-5 Futur s plans pour vérifier l’appar tenance de candidats à
un amas ouver t

Lescartographiesdansle domainevisibleetprocheinfrarougedeCollinder359et � Perainsi
que les futuresobservationsphotoḿetriqueset spectroscopiquesdanscesrégionssont décrites
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dansle chapitre5 et étendues̀a d’autresamasjeunes.Lesdiversesobservationsnécessairespour
extraireunelistedecandidatsappartenant̀aun amasouvert sontpasśeesenrevue.

Premìerement,l’ étuded’un amasouvert dansson ensembleest primordialepour examiner
sonévolution dynamique.Seulsles amasdesPléiades,� Orionis et IC348ont fait l’objet d’une
étudestatistiqueconduisant̀a l’estimationdel’IMF surla totalité del’amas(Tej et al. 2002).Les
catalogues̀a grandeéchellecomme2MASS,le GuideStarCatalogou encorele SuperCOSMOS
Sky Surveys fournissentlesphotoḿetriesdansle domainevisible et procheinfrarougedemême
quele mouvementpropred’un grandnombred’étoilesappartenantauxamasouverts.

Deuxìemement,la sélectiondecandidatsmembresd’un amasparmouvementpropreestune
techniquetrèsefficace,déjà appliqúeeauxPléiades(Hambly et al. 1999)et à � Per(Heckmann
etal. 1956)parexemple.Lescatalogues̀agrandéechellesontànouveaud’unegrandeutilit é pour
uneétudepréliminairedesamasouvertsdontle mouvementproprediffèredecelui desétoilesde
champ.Dansle cascontraire,l’extractiondecandidatsestuniquementbaśeesurla photoḿetrie.

Troisièmement,le suivi dansle domaineinfrarougedescandidatssélectionńespourleur pho-
tométrie visible est abord́e. Les catalogues2MASS ou DENIS ont ét́e fréquemmentutilisés
pour obtenir les magnitudesdansle procheinfrarougede candidatsappartenantaux amasou-
vertsetauxrégionsdeformationd’étoiles.Nousavonsabondammenttiréprofit decescatalogues
dansle cadredesétudesde � Peret Collinder359pour lescandidatsplusbrillantsque

�
= 14.5.

Les objetsles plus faiblesnécessitentdesobservationssuppĺementairesplus profondescomme
cellesacquisesavec la caḿera infrarougedu télescopeCFH dansle cadrede l’ étuderelative à
Collinder359.

Quatrìemement,la spectroscopievisible descandidatsphotoḿetriques,́etapeessentielledans
l’ étuded’un amasouvert, fournit descritèressuppĺementairespermettantdedistinguerlesmem-
bresd’un amaspar rapportaux étoilesdu champ. Cescritèressont: le type spectral,la gravité,
l’activité chromosph́erique,l’abondanceen lithium et lesvitessesradialeset rotationnelles.Des
observationsspectroscopiquessontprévuesenjuin 2004pourtouslescandidatsplusbrillantsque� = 19 dansCollinder359 afin de poursuivre notre étudede l’amaset vérifier la forme de la sa
fonctiondemasse.

Cinquìemement,la comparaisondesspectresdescandidatsdansle domaineprocheinfrarouge
avec les récentsmod̀elesd’atmosph̀eredévelopṕespour les nainesultra-froidesparAllard et al.
(2001)fournit uneestimationdeleurgravité etdeleur temṕeratureeffective.

Enfin,l’obtentiond’unelistedemembresauthentiquesdanslesamasouvertsjeunespermettra
d’entreprendredesobservationssuppĺementaires̀a long termecommeparexemple:

1. Etudedel’ émissiondesmembresenrayonsX pourétudierl’activitéenfonctiondela masse.

2. Imagerieàhauterésolutionpourétudierla fractiondebinairesenfonctiondela masse.

3. Etudede la variabilité à court et long termespour mieux comprendrel’atmosph̀ere des
étoilesdefaiblemasseetdesnainesbrunes.

Conclusionset perspectives
Nousavonsprésent́e danscettethèselesrésultatsderecherchesd’étoilesdefaiblemasseetde
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nainesbrunesdansle voisinagesolaireet dansdeuxamasouvertsjeunes,� Peret Collinder359.
Lesperspectivesrelativesà cestrois étudessontdétailléesci-dessous.

La sélectiond’objetsà grandmouvementpropredansle ciel australà partir deplaquespho-
tographiquesa révélé un grandnombredenainesultra-froidessituéesà moinsde50 parsecs.La
spectroscopiedansles domainesvisible et procheinfrarougede 70 candidatsnousa permisde
répertorier6 sous-naines,10nainesM detypesspectrauxinférieursàM5, 48nainesM tardives,4
nainesL etunenaineT binaire.Certainsdecesobjetsoffrent denouvellesopportunit́es:

1. LesdeuxnainesM tardivessituéesà8.0et6.4parsecsrepŕesententuneimportanteaddition
au sein de l’ échantillonde 10 parsecs. Elles constituentégalementd’excellentescibles
pourla recherchedecompagnonsdefaiblemasseparimagerieàhauterésolutionetpourles
missionsfuturesdédíeesà l’explorationdeplaǹetesextrasolairescommeTPFouDARWIN.

2. Le spectrevisible de la naineM8.5 active découverteorbitant le syst̀emecompośe d’une
naineM et d’unenaineblancheressemblefortementà celui de LHS2397a.Une imagerie
à hauterésolutionavec l’optique adaptative au sol ou avec le télescopespatialHubbleest
nécessairepourvérifier la présenced’un compagnonsous-stellairèaprocheséparation.

3. La découvertede la naineT binairela plus prochedu Soleil offre uneopportunit́e unique
de testerles isochronesthéoriquesdansle domainesous-stellaire.L’ éclatde cettebinaire
vapermettrel’obtentiond’unespectroscopiehauterésolutiondebonnequalit́e pourchaque
composantesurungrandintervalleenlongueurd’onde.La faibleséparationdesdeuxcom-
posantesestad́equatepourdéterminerlesmassesindividuellesd’ici unequinzained’anńees.

Le chapitre3 a présent́e les résultatsd’une cartographièa grandchampdansle domaine
procheinfrarougede l’amasouvert jeune � Per. De nouveauxmembresstellairesde l’amasont
ét́e découvertsainsiquequatrenainesbrunessélectionńeesà partir desdonńeesphotoḿetriques.
Un spectrevisible dechaquenouveaucandidatestcependantnécessairepourvérifier leur appar-
tenancèa l’amas.Pourétendrela couverturedans� Peret révélerdenouveauxmembresdansle
domainesous-stellaire,plusieursprojetssontenvisageables,comme:

1. Une cartographieen bande
 de l’amasen suppĺementde celle en bandes� et � afin de
démasquerdenouvellesnainesbrunes(avecMEGACAM parexemple).

2. Etendrela cartographie� , � , et 
 à la partiede l’amasnon étudíee jusqu’̀a présentpour
dévoiler denouveauxmembresetdéduirel’IMF surla totalité del’amas � Per.

3. Un programmed’imagerieà hauterésolutionau sol (optiqueadaptative) ou dansl’espace
(Hubble) pourétudierla dépendancedela binarit́e enfonctiondela masse.

Le chapitre4, dédíe à Collinder359, constitueunepremìereétapedansl’ étudede cet amas
quasi inconnupréćedemment.La sélectiondesmembresde l’amas à partir desdonńeespho-
tométriquesvisible et procheinfrarougea révélé 1033candidatsdont lesmassessontcomprises
entre1.3et0.040massesolairepourunedistancede650parsecsetunâgede80millions d’anńees.
Afin de vérifier l’affiliation de cescandidatsà l’amas, deux périodesd’observationsdédíeesà
Collinder359aurontlieu enjuin 2004.
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1. Uneimageriedansle procheinfrarougedes250candidatsrestantsdont la magnitude� est
compriseentre17 et 20 pour éliminer les étoilesdechampcontaminantnotreéchantillon.
Un total de8 nuitsd’observationsa ét́e octroyé à ceprojeten juin 2004,dont4 nuitsavec
l’instrumentMAGIC surle 2.2-màCalarAlto et4 nuitsavecla caḿerainfrarougeduCFH.

2. Une spectroscopiedansle domainevisible à basserésolutiondescandidatssélectionńes à
partir desdonńeesphotoḿetriquesafin de vérifier leur appartenancèa l’amas. Six nuits
ont ét́e octroyéesà ceprojetenjuin 2004avecle spectrographemulti-fibre AF2/WYFFOS
mont́e sur le télescopeWilliam Herschel.Trois nuitssuppĺementairesont ét́e sṕecialement
accord́eesà la spectroscopievisibledescandidatsdansCollinder359avecle spectrographe
DOLORESsurle TelescopioNazionaledi Galileo.

L’amasCollinder359a ét́e l’un desquatreamaspré-śequenceprincipalecartographíe dansle
cadredu programmedestińe à examinerles possiblesvariationsde l’IMF avec l’environnement
et l’ âge. Dèsquenousavonsobtenuun spectrevisible pour tousles candidatssélectionńes sur
la basede leur photoḿetrie, plusieursprojetsà long termesontenvisageablesafin d’étudierles
propríet́esdesétoileset desnainesbrunesdanslesamasd’étoilesjeunes:M Etendrela cartographie( � , 
 ) à la partiecentraledel’amas(dansunrayondeundegré)pour

déduirel’IMF surla totalité del’amas.L’instrumentMEGACAM offre ungrandchamp(un
degré carŕe), idéalpourcartographierCollinder359.M Observationsdesmembresde l’amasenrayonsX pour étudierl’activité chromosph́erique
et coronaleenfonctiondela masse.M Imagerieàhauterésolutiondesmembresdel’amaspourexaminerla binarit́e enfonctionde
la masse.M Suivi desvariabilitésphotoḿetriques̀acourtet long termesdesmembresdel’amaspouren
étudierla dépendanceavecla masse.

Les amasd’étoiles jeunesont trois avantagesimportants: tout d’abord, une évolution dy-
namiqueminimale,ensuiteuneabsencedegazprovenantdu nuagemoléculaireoriginel,et enfin,
un grandintervalle en masse. Les amasouverts répertoríes dansl’Open ClusterDatabaseont
desdistanceset desâgesincertainsuniquementbaśessur quelqueśetoilesbrillantes. Les mou-
vementsproprescombińesavecla photoḿetriedanslesdomainesvisible et/ouinfrarougefournis
par les catalogues̀a grandeéchellepermettrontd’affiner cesdeux param̀etresessentielsavant
d’entreprendredescartographiesvisiblesprofondesdédíeesà la recherchede nainesbrunessur
unezonelimit éedel’amas.

Les incertitudesactuellessur la pentede l’IMF sont trop largespour déterminerle nombre
d’étoilesforméesparunité detempsdansun amaset fournir d’importantsdiagnosticssurla nais-
sanceet l’ évolution desétoileset desnainesbrunesappartenant̀a notreGalaxie.La cible idéale
pour adressercesquestionsseraitun amaspré-śequenceprincipale(10–50millions d’anńees)
proche(d ; 500parsecs)situé à hautelatitudegalactiqueet posśedantun mouvementproprequi
diffèredecelui desétoilesdu champpourréduireleurcontamination.
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Le voletessentielrelatif à l’ étudedel’IMF concernesadépendanceaveclesconditionsphysi-
quesdu lieu deformation,del’ âgeet dela métallicité. Cettequestionétaitaucœurdu largepro-
grammemeńe avecle télescopeCFH et initi é parnotreréseaueuroṕeen.Nousesṕeronsapporter
quelquesréponses̀acettequestionfondamentalesuiteauxrésultatsdesdonńeesspectroscopiques
obtenuesdansles amaspré-śequenceprincipaleet desrégionsde formationd’étoiles. Les fu-
turesmissionsspatialescommele JWST, successeurdeHubble, permettrontd’élargir le concept
denotreétudesurdeuxaspectsfondamentaux.Premìerement,lesobjetsdemasseplańetairede-
viendrontaccessiblesdanslesamasprochespourexaminerle rôle de la limite de fragmentation
sur l’IMF . Deuxìemement,le recensementde nainesbrunesdansdesamasouvertsplus distants
apporteradesindicationssurl’influencedela métallicité surl’ évolution decesobjets.

Il y a moinsde dix ans,la quêted’objetssous-stellaireśetait ravivée par la découverte des
deuxpremìeresnainesbrunes. Notre connaissancede cesobjets,situés à la frontière entreles
étoileset lesplaǹetes,a nettementprogresśe grâceà la découvertedecentainesdenainesbrunes
dansle voisinagesolaire,entantquecompagnonsd’étoileset danslesamasjeunes.Lesmoyens
d’observationsactuelssemblenten mesured’apporterune réponseà divers sujetssensiblesau
coursdesdix prochainesanńees.Premìerement,l’ émergencedebinairesdefaiblemasseva rapi-
dementpermettrela déterminationde la massedynamiqued’une nainebruneafin de testerles
isochronesthéoriquesdansle domainesous-stellaire.Deuxìemement,les futurs projetscomme
SIRTF etALMA sontenmesured’estimerla dimensionet la massedesdisquesautourdesnaines
brunespourmieuxcomprendreleur mécanismedeformation.Enfin, lescartographiesprofondes
meńeesauseinderégionsdontlesconditionsphysiquessontdifférentesapporteront,̀alongterme,
uneréponsèa la questiondel’universalit́e del’IMF.
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xxx Nouveauchapitredethèse

Résuḿede thèse:
Nousdécrivonslesrésultatsdecartographiesd’étoilesdefaiblemasseetdenainesbrunes̀a la

fois aǵeeset prochesappartenantauchampainsiquejeuneset éloigńeesdansdesamasd’étoiles.
Premìerement,nousprésentonslesrésultatsd’uneétudèamouvementpropredédíeeauxobjets

froids et prochesdu Soleil.Nousavonsdécouvert denombreusesnainesultra-froidesà moinsde
50pc ainsiquela nainebrunebinairela plusproche.

Deuxìemement,nousétudionsla fonctiondemassesous-stellairedanslesamasouvertsjeunes.
Unecartographieprocheinfrarouged’une régionde 0.7 deg� d’un amasanalogueauxPléiades,� Per, a révélé denouveauxmembresstellaireset sous-stellaires.Unecartographievisible d’une
régionde1.6deg� dansCollinder359aextrait denouveauxmembresdemassesinférieures̀aune
massesolaire,révisantl’age et la distancedel’amas.Safonctiondemassecrôıt dansle domaine
sous-stellaireavecunepenteinférieureà cellesestiḿeespourlesPléiades.

1) Cadre général et enjeux de la thèse

J’ai effectúemathèseauseindel’AIP (AstrophysikalischesInstitutPotsdam)situésurla butte
deBabelsberg à environ 30 km ausud-ouestde Berlin. L’institut estcompośe de deuxbranches
scientifiques.Premìerement,la physiquestellaireet la magńetohydrodynamiqueetdeuxìemement,
la physiqueextragalactiqueet la cosmologie.Le groupe”formation d’étoiles”, auquelj’appar-
tiens,fait partiedela secondebranche.Un laboratoired’instrumentationestaussiprésentausein
de l’AIP. Lessectionsnon-scientifiquesincluentla bibliothèque,la maintenanceinformatiqueet
l’administrationavecunedivision pourle personnelet la finance.

Le groupe”formation d’étoiles”,dirigé parHansZinnecker, estconstitúe dedouzemembres,
dontsix étrangers:

– 4 astronomespermanents
– 1 Emmy-NoetherFellow
– 3 post-doctorantsdont1 finanće par la communaut́e euroṕeenneet 2 par le CentreSpatial

Allemand(DLR)
– 4 thésardsdont2 finanćesparEmmy-Noether, 1parle DLR etmoi-mêmeparlacommission

euroṕeenne

Comprendrela formationdesétoilesestunbut importantdel’astronomiemoderne.Lesétoiles
sont,d’unepart,lesconstituantśelémentairesdesgalaxies,et,d’autrepart,lessitesdeformation
desplaǹetes.D’un côté, la compŕehensiondela formationd’étoilesmassivesestessentiellepour
améliorer les mod̀elesde galaxies.D’un autrecôté, la formation desplaǹeteset dessyst̀emes
plańetairesestun produitdérivé dela formationd’étoilesdefaiblemasse(c’est-̀a-direplusfaible
quele Soleil). Lesdisquesentourantles étoilespendantleur phasepré-stellairesontles sitesde
formationdesplaǹetesgéanteset telluriquescommecellesdenotreSyst̀emeSolaire.

Notre groupetravaille aux deux extrêmesde la formation d’étoiles.Une partie desétudes
seportesur les étoilesmassivesappartenant̀a desamasjeuneset uneautresur la détectionet
l’imageriededisquesstellairesdansdesrégionsdeformationd’étoiles.Parailleurs,notregroupe
estcompośe dethéoriciensqui s’attachent̀a comprendrelesprocessusphysiquesimpliquésdans
la formationd’étoilesetd’observateursqui souhaitentenétablir lesrèglesempiriques.

Ma contribution auseindu groupeestdoubleet concernela recherchedenainesbrunes.Par
définition, les nainesbrunes,commuńementappeĺees” étoilesrat́ees”,ont desmassescomprises
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entre0.075et 0.013fois la massede notreSoleil. La densit́e et la temṕeratureau centrede ces
objetssonttrop faiblespourdéclencherla fusionde l’hydrogènequi constituel’empreinted’une
étoile. Le premierbut est de répertorierles objetsprochesde notre Soleil, importantspour la
recherchedevie extrasolaire.Le secondbut concernel’investigationdela fonctiondemassedes
amasd’étoilesjeunes,c’est-̀a-direle nombred’étoilesparunité demasseforméesà la naissance
del’amas,afind’étudiersesvariationsenvironnementaleset temporelles.

Lestechniquesutiliséeslorsdemathèsepourdécouvrirlesnainesbrunesdansle voisinageso-
laire et lesamasd’étoilessontmultiples.Toutd’abord,l’observationdeplaquesphotographiques
àdeuxépoquesdifférentespourdétecterle mouvementd’un objet.PlusunobjetestprocheduSo-
leil, plussonmouvementdansle ciel estgrand.Ensuite,la photoḿetriedansle visibleet le proche
infrarougepourdétecterlesobjetsdefaiblemasse.Moins un objetestmassif,plus il estfroid et
plus il émetà grandeslongueursd’onde.Enfin, la spectroscopiepermetdeclassifierl’objet et de
déterminerla compositiondesonatmosph̀ere.

Mon principaloutil de travail estl’ordinateur. Lessyst̀emesd’exploitationutiliséssontUnix
ou Linux de mêmequedeslogicielsde traitementd’images,de réductiondedonńees.Lesmes-
sageśelectroniques(E-mails)sontfréquemmentutiliséspour communiquer̀a distance,préparer
un articlescientifiqueou unedemandedetempsd’observation.L’accèsà Internetpour la dispo-
nibilit é dessitesastronomiquesconstitueunesourceincommensurabled’informations.Certains
sitessontabondammentconsult́es commele Centrede DonńeesAstronomiquesde Strasbourg,
l’AstrophysicsDataSystempourobtenirlesarticlesscientifiquesrécents,ouencorel’OpenClus-
ter Databasepourrécuṕererlesdonńeesconcernantlesamasd’étoiles.La conf́erencescientifique
estunautremoyenbéńefiqueauxéchangesd’idées.Cesconf́erencesréunissentplusieursdizaines
à plusieurscentainesd’astronomessuivant le sujettraité. Desprésentationsoraleset dessessions
postersenconstituentl’essentielpourcommuniquerlesderniersrésultatsetpartagerlesidées.La
publicationet transmissiondesrésultatsscientifiquessefont exclusivementenanglaissaufdans
le cadredecertainespublicationsnationales.

Le télescopeestun autreoutil detravail essentiel̀a l’astronome.Outreles télescopesqui ap-
partiennent̀aun institutprivé, lesnuitsallouéesparlesobservatoiresinternationaux(Observatoire
Sud-Euroṕeen,Kitt PeakObservatory, Gemini Observatory, etc...)sontsujettes̀a la comṕetition
internationale.Par exemple,dansle cadrede l’Observatoire Sud-Euroṕeen,deuxdateslimites
(avril et octobre)sontfixéespoursoumettredesdemandesdetemps.Un comit́e scientifiquejuge
chaqueapplicationafin d’allouerun certainnombredenuitsauxmeilleuresd’entreelles.Lesob-
servationssefont alorssoit autélescopesoit parl’intermédiairedesastronomesrésidantauChili.
Ceprocessusestégalementvalablepourlesautresobservatoiresinternationaux.

Notre groupeestà la têted’un réseaueuroṕeenqui regroupeseptéquipeseuroṕeennes(voir
ci-dessous).Deux écolesou conf́erencessontorganiśeesannuellementpour réunir sesmembres
afind’aborderlesdernìeresavanćeesscientifiquesetstimulerla collaborationentreinstituts.Cette
expériencefut trèsenrichissanteauniveauhumainmaisplutôt décevanteauniveaucollaboration
carlesastronomesonttendancèanégligerle travail enéquipe.Outrele réseaueuroṕeen,il n’existe
pasdevéritablesrelationsentreinstituts,maisdesrelationsentremembresdediversinstitutspar
le biais de projetsen commun.Le nombrede collaborateursaugmenteavec l’expérience.Dans
mon cas,j’ai collaboŕe avec JérômeBouvier et songroupeà l’Observatoirede Grenobledu fait
denosintér̂etscommuns,̀a savoir l’ étudedela fonctiondemassedanslesamasd’étoilesjeunes.
Cettecollaborationfut élargie à l’ensembledu réseaueuroṕeensuiteà l’aboutissementd’un large
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programmed’observationsaucoursdeladernìereanńee.Outrelescollaborationsauseinduréseau
euroṕeen,j’ai collaboŕe avecDavid Barradoy NavascúesdeMadrid et JohnStauffer dePasadena
auxEtats-Unisdansle cadredemonétudedel’amasdePerśee.J’ai aussigard́e d’étroitscontacts
avecmonancienresponsabledestagedeDEA àToulouse.J’ai aussibeaucouptravaillé avecRalf-
DieterScholzà l’AIP dansle cadredela recherchedenainesbrunesdansle voisinagesolaire.

A l’oppośedescollaborations,il y ala forteconcurrenceauniveaunationaletinternational.Du
fait demonintégrationauseinduréseaueuroṕeen,j’ai peuressenticetteconcurrence.Cependant,
un collaborateursur un projet peut aussiêtre un concurrentsur un autreprojet. Par exemple,
moncollaborateurespagnolestimpliqué dansle recherchedenainesbrunesdansd’autresamas
d’étoiles.

Notregroupefut enconcurrencèamaintesreprisesavecplusieurśequipesaméricainesdansle
cadredemonprojetsurla détectiondenainesbrunesprochesdu Soleil.Unepetiteanecdotepour
illustrercettecomṕetition.Nousavonsdécouvert la nainebrunela plusprocheduSoleil il y aenvi-
ronunan.Suiteàcettedécouverte,nousavonsobtenudu tempsd’observationssurdestélescopes
euroṕeenspour étudiercet objet en détails.Pendantles six mois qui séparentl’acceptationde
la demandede tempset les observations,uneéquipeaméricainea observ́e ”notre” objet avec le
télescopeen questionet a découvert un compagnon.Cetteattitudeestcontraireà la déontologie
et est interditepar le guide conduitede l’observatoire . En conśequence,nousavonsobtenula
primeurdela découverteet publié lesrésultats.

2) Coût du projet

Mon financementprovient du Fifth Framework Programme(FP5) de la CommissionEu-
ropéenne.Le réseaueuroṕeen,auquelj’appartiens,estintitulé ”The FormationandEvolution of
YoungStellarClusters”et regroupeseptéquipesdesix paysdifférents:

1. AstrophysikalischesInstitut Potsdam,Allemagne

2. OsservatorioAstrofisicodi Arcetri, Florence,Italie

3. Instituteof Astronomy, Cambridge,Angleterre

4. Departmentof AstronomyandAstrophysics,Cardiff, PaysdeGalles

5. Laboratoired’Astrophysiquedel’ObservatoiredeGrenoble,France

6. Observatório AstrońomicodeLisboa,Lisbonne,Portugal

7. Commissariat̀a l’Energie Atomique,Saclay, France

Le budgettotal du réseaueuroṕeenestde 1.4 MEurosdistribué de manìere équitableentre
les septéquipes.Le nombretotal de personnesimpliquéesestde 70, en incluant les septpost-
doctorants(un paréquipe)et lestrois thésardsemployéspar le réseau.Le financementdédíe à la
formationdesjeuneschercheurscorrespond̀a283semainesdesalaire.Notreinstitutestfinanće à
hauteurde250kEurosparle réseaucequi inclueun postedethésardplusunpost-doctorant.

Mon salairenetmensuelestd’environ 900 à 950Eurospour40 heuresde travail (20 heures
pour l’institut et 20 heurespourmathèse).L’institut débourse21 kEurospourpayermonsalaire
sur uneanńee.Le coût desmissionss’est élevé à environ 4700 Eurosen 2002,3000 Eurosen
2003,et 1400 Eurosen 2004 (conf́erenceset visitesdansd’autresinstituts incluses).Il faut y
ajouterlesobservationsauxtélescopes.Cemontantvarieenfonctiondesanńeesetdépenddutaux
dusucc̀esdesapplicationssoumises.Le financementdecesobservationsprovientgéńeralementde
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la fondationderechercheallemande(DFG).Parexemple,unenuit d’observationssuruntélescope
de 3.5-m à CalarAlto (Espagne)s’élève à 10 kEuros,à La Silla (Chili) à 15 kEuros.Une nuit
d’observationssurun télescopede8-màParanal(Chili) s’élève à50-60kEuros

Le coût dumat́eriel (ordinateurs,cd-rom,fournituresentoutgenre)s’élève àenviron 3 kEuros
par an. Le budgetadministratifde l’institut s’élève à 150 kEuros(3 personnes),soit environ 2
kEurospar chercheur. Le coût de l’infrastructuren’est pasdétermińe préciśementet n’est donc
pasdisponible.

3) Déroulement et gestion du projet

J’ai géŕe mon travail et conduismon projet de manìere autonome.Dansmon domainede
recherche,chaquepersonneestindépendanteetdécidedesesprojetsselonsesidéesetbutsscien-
tifiques.Lors demonarrivéeà Potsdam,le sujetsuivant,plutôt vague,étaitdéfini ainsi : ”l’ étude
dela fonctiondemassed’amasouvertsjeunes”.Plusieurstypesdedonńeesastronomiqueśetaient
disponiblesafindes’entrâıneravantd’embrayersurun sujetplusprécis.

Premìerement,j’ai réduislesdonńeesconcernantla recherched’objetsprochesduSoleilobte-
nuespardeuxmembresdugroupe”formationd’étoiles”del’AIP. Suiteauxrésultatspréliminaires,
nousavonssoumisdesdemandesdetempsauxtélescopeseuroṕeens.Cesdemandesdetemps,bi-
annuelleset à datesfixes,sontouvertesà la concurrenceinternationale.Nos efforts furent mal-
heureusementvainset le projet restaensuspenspendantun an.Lesdemandesultérieuresfurent
couronńeesdesucc̀es,avec à la clé, la découverted’objetsintéressantset plusieurspublications.
La découverte de la nainebrunela plus prochedu Soleil débouchasur deuxpublicationsdans
desjournauxsṕecialiśeset plusieursarticlesdansdesrevuesà grandpublic.En résuḿe, ceprojet
démarratardivementmaisfonctionnedésormais̀a plein régime.

Deuxìemement,j’ai dispośe de donńeessur l’amas de Perśee dès mon arrivée à l’AIP. Par
ailleurs,je suisimmédiatementpartiobserverenEspagne.Lesbonnesconditionsmét́eorologiques
(3 nuitsclairessur4) ont fourni denouvellesdonńeesquej’ai analyśeesdansla foulée.Ceprojet,
fruit d’unecollaborationentreplusieurschercheursenAllemagne,France,EspagneetEtats-Unis,
fut donccouronńe desucc̀es.Aucunarticlenefut cependantpublié du fait dela lenteurdescolla-
borateurs.

Un largeprogrammed’observationsfut octroyé ànotreréseaueuroṕeenaucoursdela dernìere
anńeede thèse.La quantit́e dedonńeesrécolt́eesdéclenchauneétroitecollaborationauseindes
différenteséquipesainsi que la mise en oeuvrede strat́egiescommunespour menerà bien ce
projet.Les premiersrésultatssontapparents,l’un d’eux étantinclus dansma thèse,et plusieurs
publicationssontattenduesl’annéeprochaine.

Jesouhaitemaintenantmettreenavantdeuxfacteurs̀a risqueimportantquej’ai expériment́es
pendantmathèse.

Le premierconcernele crashdu disquedur de l’ordinateuret, par conśequent,la pertedes
donńeesanalyśees.La strat́egiede miseen placepour éviter cet incidentdramatiquefut traitée
commesuit. Tout d’abord,unesauvegarderégulìeresur cd-romdesfichiersles plus importants
commelesprogrammesd’analysededonńees.Ensuite,uneméthodedesauvegardeà troisordina-
teursbaśeesurle principesuivant : étudiant1 sauvegardesurordinateur2, étudiant2 sauvegarde
surordinateur3, et étudiant3 sauvegardesurordinateur1. Parconśequent,si unordinateurtombe
enpanne,lesdonńeessontsauvegard́eessurun second.
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Le deuxìemefacteurà risqueconcernelesconditionsmét́eorologiquesrencontŕeeslors d’ob-
servationsastronomiques.Autant nouspouvonsapporterunesolutionà unepanned’ordinateur
autantnoussommesimpuissantsdevant lesaléasclimatiques.Unefaçon d’éviter la béŕezinato-
tale estde multiplier les demandesde tempssur diverstélescopes(dansla mesuredu possible)
afind’augmenterle tauxdesucc̀eslorsdesobservations.

Lespublicationsscientifiquesdansdesarticlessṕecialiśes(Monthly Noticesof theRoyal As-
tronomicalSociety, AstrophysicalJournal,Astronomy& Astrophysics,etc...)constituentl’abou-
tissementd’un travail d’équipeà court,moyen,et long termes.Lesobservationset,enparticulier,
lesrésultatssontgéńeralementdévoiléslorsdespublications.Ensuite,lesdonńeeset résultatsde-
viennentpublicset sontutilisablesparn’importequelchercheur. Lesarticlesfont référencèa des
travauxant́erieurset lescitationsdoiventy apparâıtre defaçon àmettreenavantlesauteursdeces
travaux.

Lesréunionsauseindu groupe”Formationd’étoiles”sonthebdomadaireset réunissenttous
lesmembres(dansla mesuredupossible)le mardivers13h.Lesdiscussionssontvariées,comme
parexemple(la listen’estbiensûr pasexhaustive) :

1. Lesconf́erencesimportantes,qui va où et quand?

2. Lesprojetsassocíesauxdemandesdetempsd’observations(bi-annuels)

3. Lesinvités,leurduŕeedeséjouret leurbut

4. Lesdiscussionsderécentsarticlesou résuḿe deconf́erences

5. Lesavanćeesscientifiquesauseindugroupe

6. Lesprobl̀emesadministratifs

LesdiscussionsavecmonresponsabledethèseenAllemagnefurentbeaucoupplusespaćees
dansle tempsqueles réunionsde groupe.En conśequence,j’ai géŕe mon projet seul,cequi, en
fait, correspondait̀a l’attentedemonresponsable.Quantà monresponsabledethèseà Toulouse,
lescontactsfurent téléphoniques.Il n’est venuà Potsdamqu’uneseulefois en4 ans.Sonimpli-
cationdansmontravail scientifiquefut moindrequecelledemonresponsableenAllemagne.En
revanche,lorsqu’il estquestiondedéplacement(visitesdansun autreinstitut,conf́erences,obser-
vations,etc...),unesignaturedu responsabledethèse(oudegroupe)estobligatoire.Lesdépenses
d’un thésardsont,eneffet, géŕeesparlesmembrespermanentsdel’institut.

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

Mon domained’expertisescientifiqueconcernela formationd’étoilesde faible masseet des
nainesbrunesetlaphysiquequiy estassocíee.Entantqu’astronomeamateur, jeposs̀edeégalement
desconnaissancesdebasesurunevariét́e desujetscouvertsparl’astronomie.J’ai dévelopṕe pen-
dantma thèsedesconnaissancesnécessaires̀a la réductionde donńeesphotoḿetriqueset spec-
troscopiquesdansle domainevisible et infrarouge.Le domainevisible est la partiedu spectre
électromagńetiqueaccessiblèanotreoeil contrairement̀al’infrarougequiestàpluscourtesfréquen-
ces.La photoḿetrie permetde mesurerla quantit́e de lumièreémiseparuneétoile à différentes
fréquencesafin d’estimersatemṕerature.La spectroḿetrie, qui étudiela compositionchimique
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de l’atmosph̀ere desétoiles,permetde les classifieret d’estimer leurs temṕeratures.Cesdeux
méthodessontcompĺementaireset nécessaires̀a l’identificationd’étoilesdefaiblemasse.

Les donńeesastronomiquesqui constituentl’essentielde ma thèsefurent obtenuesgrâceà
diverstélescopesdepointesituéssur desobservatoiresen Espagne,auChili ou à Hawaii. Leurs
utilisationsnécessitentplusieurśetapes.Toutd’abord,unprojetprécis,adapt́e à l’instrumentetau
télescope,estdéfini.Ensuite,lesobjets,lestempsd’expositionetautresparam̀etresindispensables
à l’optimisationdela nuit d’observationsontsélectionńes.Enfinvient l’analysedesdonńeesobte-
nues.Uneméthodestandardderéductiond’imagesexistepourla photoḿetrieet la spectroscopie.
Enrevanche,chaquetypededonńeesresteuniqueetnécessiteuntraitementsṕecifique.Un travail
d’analyseet desynth̀esedifférentdanschaquecasconstituela forcedu doctorant.Cetravail im-
pliquediverslogicielsdetraitementd’images(MidasouIRAF) etdeprogrammation(Fortran,Idl,
SuperMongo).L’analysedesdonńeesexige unerecherchedansla litt ératurepour comparerles
résultats.La publicationdesrésultatsnécessitel’utilisation delogicielsdetraitementdetextepour
lespublications(Latex, Word,Excel)et deprésentationcommePowerpointou StarOffice lors de
colloques. L’ordinateurapparâıt donccommele compagnonindispensabledel’astronome.

La langueprincipaledeschercheursest l’anglais. Une connaissanceparfaite de la langue
de Shakespeareest obligatoirepour publier par écrit ou présenteroralementsestravaux. J’ai
égalementcommuniqúe en allemandsachantque j’ai vécuprès de 4 ansà Potsdam.Un mini-
mumestnécessairepour la vie detousles jours(supermarch́e, docteur, pharmacie,. . . ). De plus,
les termestechniquesli és à l’ordinateur (panneou installationd’un logiciel) ou administratifs
(inscriptionà la mairie, contratappartement)furent trèsutiles pour faire faceaux contingences
quotidiennes.

Trois typesd’organisationsont nécessairesdansmon domainede recherche: un travail à
court, moyen et long termes.L’organisationà court termecorrespondau travail de la semaine.
Avant chaquedébut de semaine,un plan de travail est traće avec unegrille d’importancepour
chaquechosèaaccomplir. Parexemple,uneheureestconsacŕeeenfin desemainepourrésumerle
travail dela semaine,lesnouvellesidéeset sauvegarderlesfichiersimportants.Par ailleurs,notre
réunionde groupehebdomadaireconstituele lieu de présentationde nosavanćeesscientifiques.
L’organisationà moyen termeconcernela préparationd’une présentation(oraleou poster)dans
le cadred’une conf́erencepar exemple.Tout d’abord vient l’inscription, ensuitela réservation
d’un vol (en allemandpour communiqueravec l’agencede voyageattitrée à l’institut) puis la
réservation de l’hôtel et, enfin, la participation.Le sujet doit mûrir à l’avance,puis exige une
préparationminutieuseafin d’optimiserla qualit́e de la présentation.L’organisatioǹa long terme
concerneprincipalementlesdemandesdetempsd’observations.Deuxfois paranetpartélescope,
nous,les astronomes,sommesinvités à soumettrenos demandes.Les résultatsde la sélection
apparaissentenviron six mois apr̀es,et les observationsneuf mois apr̀es.En conśequence,une
préparationdu projet se fait sur un an. Ensuite,s’ajoutentdespréparations̀a plus court terme
commeles observationsen elles-m̂emes.Un minimum d’adaptabilit́e est exigé, en particulier,
lorsquela datelimite desoumissionestà minuit. Jesuisrest́e à plusieursreprisestrèstardle soir
enattentedesdernìerescorrectionsdescollaborateurs.Le secondexempletraitede la recherche
d’un post-doctorant,commenćeeplusdesix moisavantla fin demoncontrat.Lesoffresd’emplois
ontdesdatesaléatoiresqui necorrespondentpaspréciśementà la fin demathèse.

L’organisationdu mat́eriel et desfichierssauvegard́essur l’ordinateuresttrèsimportante.Le
principe de baseconsisteà retrouver rapidementl’article, l’image, ou le fichier dont on a be-
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soinà l’instant T. Lestâchesd’un étudiantconcernentprincipalementsontravail scientifique.Les
tâchesadministratives sont mineureset repŕesententune infime partie du temps.Par exemple,
avantet apr̀esun voyage(observationsou conf́erence),un formulaireestà remplir et à signerpar
le responsabledegroupeafin d’obtenir remboursementdesfrais.Cestâchesadministrativessont
principalementl’affairedesresponsablesdegroupe.

5) Résultats et impact de la th èse

L’incidencede ma thèse(et de l’astronomieen géńeral) sur l’ économieet la socíet́e estmi-
nime. L’astrophysiqueestunesciencequi fait rêver les gensmaissansmodifier leur vie quoti-
diennecommepeutle fairela médecineparexemple.L’incidencesurle laboratoireestégalement
faible. En revanche,ma thèsea un impactau niveaudu groupe.Tout d’abord,l’institut estmis
en avant à travers les articlesqueje publie et mesprésentationsoraleslors de conf́erences.Par
ailleurs,le réseaueuroṕeena dévelopṕe et renforće la collaborationentreles membresdessept
institutsimpliquésdanslesprojetscommuns.Cefort lien scientifiquen’existaitpaspréalablement
et chaquepersonnea apport́e quelquechoseauxautresau traversdesréunionsorganiśeespar le
réseau.

L’impactdemathèsesurmondomainederechercheestdouble.Enpremierlieu, la découverte
d’objetstrèsprochesdu Soleil s’inscrit dansun cadregéńeralqui viseà détectertouteslesétoiles
contenuesdansunesph̀erecentŕeesurle Soleil.Cetteapprocheestuncompĺementdesrecherches
meńeespard’autresgroupesauniveauinternational.En secondlieu, l’ étuded’un amasd’étoiles
jeunespeuétudíe parle pasśe a démontŕe quelesinstrumentset méthodesutiliséessontad́equats
pourcegenred’études.Cetteanalyseseráelargieàungrandnombred’amasdansunavenirproche.

6) Pistes professionnelles identifi ées

La continuit́e logiquedemathèseestunpost-doctoratenastrophysique.Lesthésardsfrançais
partentgéńeralement̀a l’ étrangerpour uneou plusieursanńeesde post-doctoratpuis postulent
pourun postepermanenten France.Mon casestdoncparticulierpuisquej’ai effectúe ma thèse
à l’ étrangertout enétantinscrit à l’Uni versit́e deToulouse.A l’heureoù j’ écriscedocument,j’ai
envoyéseptcandidaturespourunpost-doctoratqui ont échoúeetquatreautressontenpréparation.
L’une d’entreellesconcernepréciśementle sujetdemathèseet le financementprovient del’ins-
titut d’astrophysiquedesIles Canaries.Plusieurstypesde post-doctoratsontenvisageables.La
premìerepossibilit́e estun post-doc100% dédíe à la recherche; la secondeestun posteen tant
qu’assistantd’un télescopedansun observatoirec’est-̀a-dire50% du tempsestpasśe à encadrer
lesobservateurset le resteestdestińe à saproprerecherche.L’ObservatoireSud-Euroṕeen,l’Ob-
servatoireCanada-France-Hawaii, le GroupeIsaacNewton et autresobservatoiresrenouvellent
régulìerementleursmembres.N’ayantpasobtenuderéponsepositiveauxdeuxpremiersobserva-
toires,je vaissoumettremacandidatureautroisième.

Un débouch́e suppĺementaireestuneorientationversdesindustriesougroupesli ésà l’espace
et la constructionde satellitecommel’ESA, Astrium, Alstom ou le CNES.Cesentreprisesont
besoindepersonnelqualifié,passeulementingénieurs,pourdéfinir le projetscientifiqueenamont
dela constructiondusatellite.Bienquen’étantpasqualifiépourl’ élaborationensoidusatellite,je
peuxapportermesconnaissancesastronomiquesetmonexpériencedansla réductiondesdonńees.
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L’espaceet lesmissionsspatialesconstituent,̀amonavis, undébouch́e industrielpourlesthésards
en astronomie.L’expériencedévelopṕee en informatiqueappliqúee à la sciencepeut également
s’avérerutile dansle domainespatial.

Deux autrespossibilit́es envisageablessont li éesaux connaissancesacquisespendantmon
expériencede 4 ans à l’ étranger. La premìere concernele journalismescientifique.De nom-
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Sciencerelatentlesdernìeresavanćeesastronomiquesou scientifiques.Nosconnaissancesscien-
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nauxsṕecialiśes pourraientintéresserles rédacteursen chef de tellesrevues.La secondepossi-
bilit é estinterpr̀ete.Pendantquatreans,j’ai dévelopṕe desqualit́es linguistiques(anglais+ alle-
mand)qui deviennentindispensablesdansdenombreusescirconstances,enparticulierenvuede
l’ élargissementdel’Europe.Bien quecesmétiersnesoientpasintimementli ésàmathèsesurles
nainesbrunes,un staged’apprentissagedequelquesmoisdemiseà niveauestà envisageret aiśe
du fait del’adaptabilit́e dudoctorant.





Introduction

Thegravitationalcollapseandfragmentationof molecularcloudsform starsovera largerange
of masses.Starsspendmostof their lifetime on theso-calledmain-sequencein hydrostaticequi-
librium, as the nuclearfusion energy supportsthe staragainstgravitational collapse. However,
objectswith masseslower than0.072M � at solarmetallicity will never reachcoretemperatures
andpressureshigh enoughto fusehydrogen.Hence,theseobjects,termed“brown dwarfs”, cool
off inexorablyasthey ageandreachvery low luminosities,hamperingtheir detection.As a con-
sequence,brown dwarfsremainedelusive for some30yearsaftertheir first theoreticalprediction.
Theadventof wide-fieldarrays,all-sky surveys, andlargetelescopeshave now led to thediscov-
eryof hundredsof brown dwarfsasisolatedobjectsin thesolarneighbourhood,ascompanionsto
low-massstars,in youngopenclusters,andin star-forming regions.

Thenumberof starsperunit of mass,known astheInitial MassFunction(hereafterIMF), is
of prime importancein understandingstarformationprocesses.Following the pioneeringstudy
by Salpeterin 1955,thestellarIMF hasbeeninvestigatedduringthelastdecadesin variousenvi-
ronmentsandover awidemassrangeto look into its possibledependenceon time andplace.

Many questionswere,however, raisedregardingthe shapeof the IMF at the high-massand
low-massends.On theonehand,high-massstarsarenot sonumerousandhave extremelyshort
lifetimes.On theotherhand,low-massstarsandbrown dwarfsarefaintanddifficult to detect.

To addresssomeof thecrucialissuesincludingapossibleturn-over in theIMF atthehydrogen
burninglimit, youngopenclustersandstar-formingregionshavebeenextensively targetedasthey
representacoeval populationof starsof similar metallicityat agivendistancewithin asmallarea
in the sky. Brown dwarfs areamenablefor detailedanalysisin youngclustersbecausethey are
intrinsically brighterwhenyounger. Most studiescarriedout in the Pleiades,� Per,Trapezium
Cluster, IC348,and � Orionisindicatethatthemassfunctionrisesfrom high-massdown to asolar
mass,moreslowly down to a maximumaround0.1–0.2M � beforedeclininginto the substellar
regime. A recentwide-fieldsurvey conductedin the low-densityTaurusregion revealeda dearth
of brown dwarfs,suggestingthattheIMF might indeedvary with theenvironment.

Threeindependentsurveys arediscussedin this thesis,aimedat finding brown dwarfs in the
solarneighbourhoodand in youngopenclustersto contribute to the understandingof the low-
massendof the massfunction. First, we describea searchfor nearbyold low-massstarsand
brown dwarfsusingpropermotionastheprimaryselectioncriterion. Second,we presenta wide-
field near-infraredsurvey of � Per,aPleiadesanaloguecluster. Finally, wereportanopticalsurvey
of apre-main-sequencecluster, Collinder359,alongwith infraredfollow-up observations.

Chapter1 reviews thecurrenttheoreticalandobservationalknowledgeon brown dwarfsand
therecentmassfunctiondeterminationsin variousregions. Then,we presentthealternative for-
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mationmechanismsproposedto accountfor brown dwarfs.Afterwards,wedescribetheevolution
of substellarobjectsaswell asthecompositionof theiratmospheres.Finally, wediscussthediffer-
entkindsof searchesconductedin differentenvironmentsto uncover brown dwarf ascompanions
to low-massstars,asisolatedobjects,in star-forming regions,andin youngopenclusters.

Chapter2 dealswith a propermotionsurvey in thesouthernsky, aimedat finding theclosest
andcoolestneighboursto theSun. Our approachis complementaryto themethodsemployedby
all-sky surveys suchas2MASS,wherecolourwastheprimaryselectioncriterionusedto reveal
nearbybrown dwarfs.Ourtargetswereselectedfrom overlappingregionsof archival photographic
platesavailable in threeoptical filters and taken at different epochs. We presentthe outcome
of opticalandnear-infraredspectroscopicfollow-up observationsof low-massstellarandbrown
dwarf candidateswith anemphasisonsomeinterestingobjects.

Chapter3 focuseson � Per, a Pleiades-like cluster, which is amongthe four closestand
youngestopenclusters.We first review previous propermotion,photometric,andspectroscopic
surveys dedicatedto the searchfor clustermembers.Then,we emphasiserecentbreakthroughs
regardingtheageof theclusterandthemassfunctiondeterminationfrom 0.3M � down into the
substellarregime. Thereafter, we presenttheresultsof a wide-fieldnear-infraredsurvey of a 0.7
squaredegreeareain � Perinitiatedto uncover new younglow-massstarsandbrown dwarfsbe-
longingto thecluster. Finally, we discussthemembershipof previousclustermembersandnew
infrared-selectedcandidateson thebasisof moderate-resolutionopticalspectroscopy.

Chapter4 is dedicatedto the pre-main-sequenceclusterCollinder359 observed within the
framework of a wide-fieldoptical imagingsurvey of youngopenclustersto investigatethepossi-
bledependenceof thelow-massstellarandsubstellarmassfunctionontimeandenvironment.We
first reportthecurrentknowledgeof theclusterandput it into a wider context. We thenpresent
thewide-fieldopticalobservationsof a1.6squaredegreein Collinder359carriedout in the � and
 filters down to a completenesslimit of 0.040M � . We have selectedclustermembercandidates
from their locationin theoptical ( � , � –
 ) colour-magnitudediagramandhave usednear-infrared
photometryasa further criterion to disentangleclustercandidatesfrom contaminatingfield ob-
jects.Wealsodiscusstheageanddistanceof Collinder359basedon theopticalsurvey andother
dataavailablefor thecluster. Finally, we derive luminosityandmassfunctionsfor Collinder359
down into thesubstellarregimeandcompareit to otherestimatesin openclusters.

Chapter5 discussestheperspectivesregardingthe � PerandCollinder359openclusters.We
alsoput the photometricsurveys of � PerandCollinder359 into a wider context for subsequent
extensionto otheryoungopenclusters.Wedescribethevariousfollow-up observationsof cluster
membercandidates,including propermotion, optical andnear-infraredphotometrywith subse-
quentspectroscopy, X-ray surveys,binarity, aswell asvariability monitoring.



Chapter 1
A theoretical and obser vational
overview of brown dwarfs

Starsarelargespheresof gascomposedof B 73% of hydrogenin mass,B 25% of helium,and
about2% of metals,elementswith atomicnumberlarger thantwo like oxygen,nitrogen,carbon
or iron. The core temperatureand pressureare high enoughto convert hydrogeninto helium
by theproton-protoncycle of nuclearreactionyielding sufficient energy to prevent thestarfrom
gravitational collapse. The increasednumberof helium atomsyields a decreaseof the central
pressureandtemperature.The inner region is thuscompressedunderthe gravitational pressure
which dominatesthe nuclearpressure.This increasein densitygenerateshigher temperatures,
makingnuclearreactionsmoreefficient. The consequenceof this feedbackcycle is that a star
suchastheSunspendmostof its lifetime on themain-sequence.

The most importantparameterof a star is its massbecauseit determinesits luminosity, ef-
fective temperature,radius,andlifetime. Thedistribution of starswith mass,known astheInitial
MassFunction(hereafterIMF), is thereforeof primeimportanceto understandstarformationpro-
cesses,including the conversionof interstellarmatterinto starsandbackagain. A major issue
regardingthe IMF concernsits universality, i.e. whetherthe IMF is constantin time, place,and
metallicity.

Whena solar-metallicity starreachesa massbelow 0.072M � (Baraffe et al. 1998),thecore
temperatureand pressureare too low to burn hydrogenstably. Objectsbelow this masswere
originally termed“black dwarfs” becausethe low-luminositywould hampertheir detection(Ku-
mar1963). Thenameblackdwarfswasalsosuggestedfor extremelyold white dwarfs,but both
typesof objectswereundetectedat that time. Tarter(1976)proposedthename“brown dwarfs”
becausetheatmospheresdominatedby moleculeswould bedifficult to understand.This denom-
ination wasquickly adoptedby astronomers.However, the true colour of a brown dwarf is not
brown but purple. Indeed,deuteratedsodium(NaD) absorptionlines areprominentin substel-
lar objects,suppressinggreenwavelengths.Therefore,a mixtureof redcolourfrom a blackbody
andcolourfrom theabsorptionlinesof NaD appearmostlikely, yielding a magentacolourin the
optical.

After 30 yearsof unfruitful searches,the first unambiguousbrown dwarfs wereannounced
independentlyarounda nearbyM2 dwarf, Gl229B (Nakajimaet al. 1995)and in the Pleiades,
Teide1 (Reboloet al. 1995). Substellarobjectsarenow routinely uncoveredascompanionsto
low-massstars(e.g.Bouy et al. 2003),asisolatedfield objects(e.g.Kirkpatrick et al. 2000),as
membersof youngopenclusters(e.g.Bouvieret al. 1998),andin star-forming regions(e.g.Hil-
lenbrand1997).Many recentstudiesin youngclustershave focusedon theshapeof thesubstellar
IMF to investigateapossibledependenceon time andenvironment.
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Thischapterreviewsthecurrentobservationalandtheoreticalknowledgeonbrown dwarfsand
recentdeterminationsof thesubstellarmassfunctions.This chapteris organisedasfollows. We
definetheInitial MassFunctionin T 1.1andreview its determinationsin thefield, in youngopen
clusters,and in star-forming regions. In T 1.2, we discussthe formationmechanismsproposed
to explain the existenceof brown dwarfs alongwith the currentobservational constraints.We
presentthephysicsof substellarobjectsin T 1.3, including theevolution of luminosity, effective
temperature,andradiuswith time andbriefly describethecompositionof their atmospheres.We
describethespectralclassificationof ultracooldwarfs(spectraltypes U M8) aswell astheir pho-
tometricandspectroscopiccharacteristicsin T 1.4. Finally, we give in T 1.5 an overview of the
differentwaysto look for brown dwarfs: radialvelocity, microlensing,propermotion,ascompan-
ionsto nearbylow-massstars,asisolatedfield objects,in youngopenclusters,andin star-forming
regions.

1.1 The Initial Mass Function

1.1.1 Definitions

ThestellarInitial MassFunction,
�4�*)/.102�! 

, wasdefinedby Salpeter(1955)asthenumberof
starsV in avolumeof spaceG perlogarithmicmassinterval $ )/.10 m:�4�*)/.102�! 5" $ VXW $ G$ ),.10X� " $ �$ )/.10Y� starspc� � M �

where� = V / G representthestellarnumber-densityandm themass.

Scalo(1986)definedthemassspectrum,
�4���! 

, asthenumberdensitydistribution of starsper
unit massbin. Themassspectrum,whosedefinition is given below, is linked to the logarithmic
massfunctionby: �4���! Z" $ �$[% " '�(�*),+ '�-  �4�*\*]_^H�! starspc� � M �

Themostcommonlyusedapproximationsfor thelogarithmicandlinearIMFs arepower laws
of index 3 and � , respectively:�4�*)/.102�! Z"6� �48 and

�4���! 5"6� ��7
The 3 and � indicesarerelatedby therelation 3 = � � 1.

The Initial MassFunctionrepresentsthedistribution of starswith masswhich wereborn to-
gether. However, asstarsmoremassive thantheSunevolve off themain-sequencewithin theage
of theGalacticdisk,thepresentdistribution of starsabove1M � differsfrom theprimordialdistri-
bution. For starswith massesbelow about0.8M � , theinitial massfunctionis well approximated
by thepresent-daymassfunction.

Many studieshaveinvestigatedtheIMF overalargemassrangein thesolarneighbourhoodand
in youngclusters.A brief overview of theseestimatesis givenin T 1.1.3with anemphasison the
substellarIMF. The resultsquotedthroughoutthis work for the IMF derived from theobserved
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luminosity function will refer to the massspectrum(unlessotherwisestated)i. e. NPONPQ R M ��7 ,
where � representstheslopeof thepower law.

1.1.2 The mass-luminosity relation

Theobservedquantityis theluminosityfunctionandnotthemassfunction.A mass-luminosity
relationis requiredto transformtheobservedparameterssuchasfluxesandcoloursinto physical
parameters,includingmassesandeffective temperatures.On theonehand,themass-luminosity
relationcanbeobtainedfrom variousevolutionarymodelsdown into thesubstellarregimeasde-
scribedbelow. Ontheotherhand,amass-luminosityrelationcanbederivedfrom theobservations
of nearbystarswith accuratetrigonometricparallaxes. However, this approachis hamperedby
severaldifficulties,includingthesmallstatisticsof starswith known massesandthelimited depth
of parallaxprograms.At agivenagè , therelationbetweentheluminosityfunction, NbaNcQedgfihHj , and

themassfunction, NbaNPQ , is asfollows:$ �$&% ���! lkm"on $ �$&%qp ���! sr � n $&%qp ���! $ � r k
where NPQtdgfihHjNbh representsthemass-luminosityrelation.M p (m) denotestheabsolutemagnitudein
agivenfilter centredon thewavelengthC .

Two differentwaysexist to transformthe luminosity function into a massfunction. Thefirst
methodinvolvesthemodellingof theluminosityfunctionatagivenwavelengthto derive its mass
function.Thesecondmethodinvolvesmulti-colourphotometry, spectroscopy, andpropermotions
to placeeachindividual objectin a Hertzsprung-Russelldiagramin orderto estimatetheir mass.
The latterapproach,which will beusedin this work, requiresa hugeamountof telescopetime.
Both techniquessuffer from uncertainties,including the large contaminationby field starsat the
low-massend,theeffectof reddening,andtheuncertaintiesin pre-main-sequenceisochrones.The
mostfrequentlyusedsetsof isochronesto to convertmagnitudesinto massesin youngclustersare
listedbelow:M Palla& Stahler(1993)computedpre-main-sequenceevolutionarytracksfor starsin the1.0–

7.0M � massrange.Theobjectsoriginatedfrom protostarsaccretingfrom molecularclouds
andwerefollowedup to anageof 100Myr.M D’Antona& Mazzitelli (1994)computedpre-main-sequenceevolutionarytracksfor objects
youngerthan100Myr over the 2.5–0.015M � massrange,assuminghydrostaticequilib-
rium, nomassaccretion,andno massloss.M Burrows et al. (1997)generatednon-graysolar-metallicity modelspredictingthe colours,
spectralenergy distributions, andevolution of brown dwarfs andextrasolargiant planets
down to 0.3M ubvxw from 1Myr to 10Gyr.M Baraffe etal. (1998)generatednon-graysolarmetallicitypre-main-sequenceisochronesfor
low-massstarsdown to thesubstellarregime(1.4–0.020M � ) spanning1Myr–1Gyr in age
(NextGenmodels).Thesemodelshavebeenextendedto 0.001M � (Dustymodels;Chabrier
etal. 2000b)andincludethetreatmentof grainformationin theequationof stateandin the
opacity. A third setof models,theCondmodels(Chabrieretal.2000b),considerthesettling
of refractoryspecies,henceeliminatingtheir role in theopacity.
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M Siessetal. (2000)presentednew pre-main-sequenceevolutionarytracksfrom 0.1to 7.0M �
at four differentmetallicities( y = 0.01–0.04),includingsolarmetallicity.

1.1.3 Obser vational determinations of the IMF

The pioneeringstudyof the IMF by Salpeter(1955)yieldeda slopewith an index � equal
to 2.35 between0.4 and10M � , whenexpressedas the massspectrum(Figure1.1). Miller &
Scalo(1979)andScalo(1986)extendedthe IMF in the subsolarregime andapproximatedthe
massspectrumby a threesegmentpower law with � equalto 1.4,2.5,and3.3 in themassranges
0.1 ; M ; 1M � , 1 ; M ; 10M � , andM U 10M � , respectively (Figure1.1). Scalo(1986)up-
datedthedeterminationof themassfunctionby Miller & Scalo(1979)usingtheluminosityfunc-
tion takinginto accountthelateststar-countsurveys in thesolarneighbourhood(Wielen,Jahreiß,
& Krüger1983)anddeepphotometricsurveys (Reid& Gilmore1982). However, the low-mass
endof the luminosity functionconsideredby Scalo(1986)is now outdatedbecause,on the one
hand,its mass-luminosityrelation is inconsistentwith currentstellarmodels,and,on the other
hand,theluminosityfunctionis not correctedfor binarity.

Sincetheextensivestudyof themassfunctionby Scalo(1986),severalbreakthroughsoccured
regardingthe luminosity function determination.First, several deepphotometricsurveys were
conductedalongdifferent lines of sight, yielding similar resultson the shapeof the luminosity
functionat faint magnitudes(e.g.Tinney et al., 1993). Second,progressin themodellingof the
scatterobserved in colour-magnitudediagramswereachieved (Kroupa,Tout, & Gilmore 1993).
Third, themass-magnituderelationwasbetterconstrainedobservationally to faintermagnitudes
andexplainedtheoretically(Kroupa,Tout, & Gilmore 1990). Finally, surveys dedicatedto the
multiplicity of field G, K, andM dwarfs (Duquennoy & Mayor 1991; Fischer& Marcy 1992)
helpedconstrainingthe binary propertiesof nearbystars,and, thus their influenceon the mass
functiondetermination.

Usingthelatestsetof dataavailablein thesolarneighbourhoodandin youngclusters,Kroupa,
Tout, & Gilmore (1993)extendedthe IMF to thehydrogen-burning limit. They representedthe
massfunction(Figure1.1)by a threesegmentpower law with � = 2.7for starsmoremassive than
1M � , � = 2.2 from 0.5 to 1.0M � , and � = 0.7–1.85in the 0.08–0.5M � massrangewith a best
estimateof 1.3 (Kroupa2002). The latter estimateis in agreementwith the Salpeter’s estimate
between0.5and1M � , andalsoabove 1M � .

The IMF is fairly well constrainedin the1.0–0.1M � massrangebut uncertaintiesremainat
thehigh andlow-massends.For starsmoremassive than15M � , severalcomplicationsaffect the
determinationof theIMF, includingthedifficulty of spectralclassification,theuncertaintiesonthe
kinematics,andtheunresolved binarycompanions.On the low-massend,the recentdetermina-
tionsof the IMF acrossthehydrogen-burning limit arebriefly quotedbelow, suggestinga power
law index of � = 0.5–1.0in the0.5–0.03M � massrange.

Reid et al. (1999)approximatedthe massfunction of starswithin 8 parsecsby a power law
with anindex � rangingfrom 1.0 to 2.0 with a meanvalueof 1.3 in the0.1–1.0M � massrange.
Thisresultwassupersededby amorerecentwork,yieldingaindex of about1.3,in agreementwith
the formerstudy, aswell asa changein slopein the range0.7–1.1M � (Reidet al. 2002a).This
latestestimateof thenearbymassfunctionessentiallyverifiestheresultsof Kroupaet al. (1993),
yieldingaconsensuson thefield-starmassfunction.Uncertaintiesremainneverthelesslargewith
regardto thechoiceof themass-luminosityrelationfor the8-pcsamplewhichconstituteamixture
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Figure 1.1: Comparisonof IMF from the literature, including the pioneering estimateby
Salpeter(1955;dashed-dottedline), thestudiesby Scalo(1986;dashedline) andKroupa(2002;
solid line). Thederivedmassfunctionsfor thePleiades(Morauxet al. 2003)andtheTrapezium
Cluster(Muenchetal. 2002)areoverplottedassolid linesfor comparisonpurposes.Thedifferent
estimatesareoffsetalongthey-axisfor clarity.

of starsatdifferentagesanddistances.

Theadventof sensitive andwide-fieldopticalandinfrareddetectorsled to thediscovery of a
largenumberof substellarobjectsin youngopenclustersandin star-formingregions.In Table1.1,
we list the recentsubstellarIMF determinationsobtainedin the Pleiades(Bouvier et al. 1998;
Mart́ın et al. 1998; Tej et al. 2002; Dobbie et al. 2002; Moraux et al. 2003), � Per (Barrado
y Navascúes et al. 2002), � Orionis (Béjar et al. 2001), IC348 clusters(Najita et al. 2000; Tej
etal. 2002;Luhmanetal. 2003b),in theTauruscloud(Briceño etal. 2002;Luhmanet al. 2003a),
andin theTrapeziumCluster(McCaughreanetal. 2002a;Hillenbrand& Carpenter2000;Luhman
et al. 2000;Muenchetal. 2002).

Oneshouldneverthelesskeepin mind that themeasuredmassfunctionwill not be thesame
asthetrueIMF for severalreasons.First,unresolvedmultiplesystemswill high faintcompanions
which arenot correctedfor in the massfunction (Kroupa2001). The binarypopulationevolves
with time throughdisruptionof multiple systemsoccuringat early ages(Kroupa2002). In ad-
dition, thederivation of an IMF from high-massstarsdown to thesubstellarregime is a difficult
taskdueto dynamicalevolution leadingto thelossof massive andlow-massstars(Kroupa2002).
Finally, gasexpulsionduringtheearliesttimesof anembeddedclusterleadsto violent evolution
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whichmight affect theshapeof theIMF (Kroupaetal. 2001).

To summarise,thecurrentknowledgeon thesubstellarIMF suggestsapower law index in the
range0.5–1.0for a largenumberof openclustersandstar-formingregions(Table1.1).Therecent
studyin the low-densityTauruscloud,however, indicatesa dearthof brown dwarfscomparedto
theTrapeziumClusterandIC348(Briceño et al. 2002;Luhmanet al. 2003a).Thederived mass
functionpeaksaround0.8M � and0.1–0.2M � in TaurusandIC348,respectively, followed by a
declineinto thesubstellarregimewhenexpressedin logarithmicunits(Figure1.7).

This differencemight indicatea possiblevariationof the IMF with environment. This point
is importantto addressthe issueof the formationof brown dwarfs. Basedon hydrodynamical
simulations,Delgado-Donateet al. (2004) concludedthat the substellarIMF is more sensitive
to initial conditionsthan the stellar massfunction, henceproviding a possibleexplanationfor
the dearthof brown dwarfs observed in Tauruscomparedto the TrapeziumCluster. Kroupa&
Bouvier(2003a)conductedN-bodysimulationsandfavouredtheejectionfrom multiple systems
to explain thevariability of thesubstellarpopulationbetweenlow-massandmassive star-forming
regions. Thoseresultssupportthe conclusionsfrom surveys dedicatedto the binarity of field
brown dwarfs(Burgasseretal. 2003b;Closeet al. 2003;Bouyet al. 2003).

Table1.1: ThesubstellarIMF determinationsin youngopenclustersandin star-forming regions.
Theestimatesof theslopeof theIMF, expressedasthemassspectrum( NcONPQ R M ��7 ), areprovided
for thePleiades,� Per, � Orionis,andIC348clusters,theTaurusregion, andTrapeziumCluster
(TC). Themassrangewherethemassfunctionis valid is givenin solarmass( M � ). Thevalueof� is not givenfor TaurusandIC348becausetheauthorsdid not attemptto fit themassfunctions
givenin logarithmicscale.In Figure1.7,wecomparebothestimatesalongwith thedeterminations
in theTrapeziumClusterandin � Orionis.

Cluster Age Distance Massrange Massspectrum References
Myr parsecs M z Slope{

Pleiades 125 | 8 130 0.25–0.040 1.00 | 0.50 Mart́ın et al. 1998
0.40–0.040 0.60 | 0.15 Bouvieret al. 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{ Per 90 | 10 182 0.30–0.035 0.59 | 0.05 Barradoy Navascúeset al. 2002} Ori 3–8 352 0.20–0.013 0.80 | 0.40 Béjaret al. 2001

IC348 1–3 315 0.30–0.030 Luhmanet al. 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 Briceño etal. 2002
TC ~ 1 450 0.15–0.020 0.43 Hillenbrand& Carpenter2000

0.56–0.035 0.70 Luhmanetal. 2000
0.60–0.120 1.15 Muenchet al. 2002
0.12–0.025 0.27 Muenchet al. 2002
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1.2 The formation of brown dwarfs

Molecularcloudsfragmentinto smallerentitieswhich collapseoncethey excessthe thermal
Jeansmass.Theminimummassreachedby fragmentationis approximately0.007M � underhigh
densitymedium(Hoyle 1953;Rees1976;Low & Lynden-Bell1976). This lower masslimit is
achievedwhenthecollapsebecomesoptically-thickthatis whenthecentralobjectcannotradiate
its heataway and is unableto fragmentfurther. The subsequentaccretionof the surrounding
materialon thecentralobjectleadsto theformationof starsof differentmasses.

As a consequence,the formationmechanismof brown dwarfs appearcontroversial for two
aspects.First, thecritical massa volumeof spacemustcontainbeforeit will collapseunderthe
forceof its own gravity, calledtheJeansmass,is typically anorderof magnitudehigherthanthe
massof a brown dwarf. Second,thecentralobjectshouldstopaccretingin ordernot to reachthe
hydrogen-burninglimit. Wewill briefly describebelow mechanismswhichhaveemergedover the
lastyearsto explain theexistenceof brown dwarfsascompanionsto stars,asisolatedobjects,and
in youngclusters.

1.2.1 The theor y of brown dwarf formation

Turb ulence

In this scenario,starsform from turbulent fragmentationof molecularclouds(for a review
on this topic, refer to Mac Low & Klessen2004). On the onehand,supersonicturbulencewill
prevent the collapseof large scalestructures. On the other hand, the enhancementof density
fluctuationson small scaleswill provoke their collapse. At later stages,the gravity takesover.
Thispicturecanbeextendedto lowermasses,includingsubstellarmasses,assuminglargeenough
densityfluctuations(Klessen2001;Padoan& Nordlund2002).

Irradiated pre-stellar cores

A mechanismproposedby Whitworth& Zinnecker (2003;personalcommunication)suggests
thatbrown dwarfsmaybeprestellarcoreswhoseouterlayerswereerodedby theionisingradiation
from OB stars.This process,obviously only possiblein OB associations,requireslargefluxesof
ionisingphotons,high densitiesof hydrogen,andsmall isothermalsoundspeed,accordingto the
model.

Disk instabilities

Gravitational instabilitiesof self gravitating protostellardisks might be responsiblefor the
formationof brown dwarfs(Boss1998,2000;Li 2002).Theinclusionof strongmagneticfieldsin
thedisk, responsiblefor anefficient cooling,canreducetheclassicalopacity-limit fragmentation
(Low & Lynden-Bell1976)by a factorof 10 to producefragmentswith masseslessthanaJupiter
mass(Boss2001).

Theformationmechanismof brown dwarfsmight beinducedby star-disk (Boffin etal. 1998)
anddisc-discencounters(Watkinset al. 1998a,1998b;Lin et al. 1998)occurringat earlystages
with thepresenceof massive disks.

Star-disk interactionstendto truncatethe disk andtrigger its fragmentationto producenew
stars,many of themendingup into multiple systems.For disk-disk interactions,the evolution
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of the systemis dominatedby the fragmentationof the disk to producetwice or threetimesas
many companionsto theoriginal starsasstar-disk encounters.In coplanardisk-diskencounters,
the disk materialbetweenthe two interactingstarsis swept into a shock layer that fragments
to producenew objects,including brown dwarfs (Watkinset al. 1998a). Non-coplanarencoun-
terstrigger gravitational instabilitiesin the disk, which thenfragmentto form new companions
(Watkinset al. 1998b).

In recenthydrodynamicalcalculationby Bate,Bonnell, & Bromm (2002),threequartersof
brown dwarfsformedvia fragmentationof gravitationallyunstabledisks,followedbyasubsequent
ejectionfrom multiplesystems.

Ejection mechanism

Thedynamicalejectionof the leastmassive componentin multiple systemscanaccountfor
brown dwarfs aswell andis necessaryto stopthe accretionphaseduring the formationprocess
(McDonald& Clarke 1993;Reipurth& Clarke 2001). This scenariosuggeststhatbrown dwarfs
stoppedaccretinggasfrom themolecularcloud dueto an early ejectionfrom a multiple system
(Reipurth& Clarke 2001), in agreementwith the conclusionsdrawn from the hydrodynamical
simulationby Bateetal. (2002)whereall brown dwarfsareejected,independentof theirformation
mechanism.

Delgado-Donateetal. (2003)andSterzik& Durisen(2003)conductedmodellingof thedecay
of non-hierarchicalN-body systemsto investigatethe propertiesof eachindividual objectafter
completionof thedecay. Themainresultsof thesesimulations,in termsof multiplicity, massratio
andbinary separationdistributions of low-massstarsandbrown dwarfs, canbe summarisedas
follows:

1. Brown dwarfsarepreferentiallycompanionsto low-massstars.Purebinarybrown dwarfs
arepredictedto be rareby theN-body simulations.If brown dwarfs areseenascompan-
ions,theprimary is oftena binary. The latterpredictionawait for observationaltests.The
simulationby Bateet al. (2002)formedat mostonebinarybrown dwarf with a separation
smallerthan10 AU, indicatingthatbinarybrown dwarfsshouldbe lessfrequentthan5%.
This prevision contradictsrecentobservationssuggestinga lower limit of about10% (Bur-
gasseret al. 2003b;Closeet al. 2003;Bouy et al. 2003).However, thepresentcomparison
of theoreticalpredictionsandobservationsis hamperedby smallstatistics.

2. Themassratio distribution of brown dwarfs is predictedto be flat with rareextrememass
ratios,in agreementwith currentobservations. Low-massandbrown dwarf binarieshave
separationssmallerthan16AU with a peakin the distribution around4-8AU (Burgasser
etal. 2003b;Closeet al. 2003;Bouyet al. 2003).

3. Velocity dispersionsshouldbetypically of a few kms��� . Brown dwarfswould tendto ex-
hibit slightly highervelocitiesthantheirstellarcounterparts.This factrepresentsapotential
explanationfor the lack of low-massstarsandbrown dwarfs in openclustersolder than
200Myr, in agreementwith recentdynamicalevolutionsimulationsby dela FuenteMarcos
& dela FuenteMarcos(2000).
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Formation in cir cumstellar disks

Straddlingtherealmsof starsandplanets,brown dwarfsmightalsoform within acircumstellar
disk asthegiant planetsof our SolarSystem.The formationof planetsin circumstellardisksis
a longerprocessthanthe disk instabilitiesdiscussedearlierbecausethe rocky coreneedstime
to grow by accretionandbecomea planet. To testthis scenario,Papaloizou& Terquem(2001)
implementedsimulationsof dynamicalinteractionsof 5 ; N ; 100planetary-massobjectswithin
100AU of a solarmassstaron a time-scaleof about100orbits. At theendof thesimulation,at
mostthreeplanetarymassobjectsremainedboundto thecentralstar, theremainderobjectsbeing
ejected.As thosesimulationsdo not imposeanlower limit on themass,theejectedobjectscould
contributeto thepopulationof planetary-massobjectsuncoveredin theTrapeziumCluster(Lucas
& Roche2000)and � Orionis(ZapateroOsorioetal. 2000).

Radial velocity searcheshave noticeda lack of tight ( ; 3AU) brown dwarf companionto
solar-type starsat oddswith the onehundredextrasolarplanetsdiscoveredto date. Motivated
by this ‘brown dwarf desert’,Armitage & Bonnell (2002) envisioneda scenariowherebrown
dwarfs migrateeither inwardsor outwards,dependingon the initial separation.For example,a
0.040M � brown dwarf would migrateinwardsandmerge into the centralstar in a few Myr if
the initial orbital radiusis smallerthan 5 AU. For radii larger than 10 AU, wherethe disk is
expanding,outwardsmigrationoccursandpushesbrown dwarfs out to radii of about100 AU.
As a consequence,the model predictsa reductionby a factor of 5 to 10 of tight brown dwarf
companionsto solarmassstarsolder thana few Myr, explainingthustheobserved ‘brown dwarf
desert’.

1.2.2 Obser vational constraints on the formation of brown dwarfs

To addressthe issueregardingthe formation of brown dwarfs and constrainthe proposed
mechanisms( T 1.2.1),several surveys have recentlybeencarriedout to searchfor disksaround
youngbrown dwarfs in variousenvironments. The presenceof disksaroundsubstellarobjects
will imply astar-like formationscenario.Truncateddiskswill favour theejectionmodeldescribed
by Reipurth& Clarke (2001)whereasthe absenceof diskswill suggesta planet-like formation
mechanismfollowed by dynamicalejection. Planetscanneverthelesshave their own disksfrom
which theirmoonsystemsform dueto theangularmomentumof theaccretingmaterial.

Thedirectevidencefor disksaroundyounglow-massstarsandbrown dwarfshasbeenfound
usingfivedifferenttechniquesdescribedbelow:

1. Near-infrared ( K at 1.25: m, � at 1.65: m, and
�

at 2.2 : m) excessof selectedmem-
berswerereportedin the TrapeziumCluster(McCaughrean& O’Dell 1996; Hillenbrand
et al. 1998;Muenchet al. 2002), = Ophiuchus(Wilking et al. 1999;Cushinget al. 2000),
IC348 (Luhman1999),and � Orionis (Oliveira et al. 2002)basedon their locationin the
( K –� , � –

�
) colour-colour diagram. The disk frequency aroundbrown dwarfs appears

lower in the � Orioniscluster(6 < 4%; Oliveiraet al. 2002)thanin theTrapeziumCluster
(65 < 15%;Muenchetal. 2002),suggestingadisk lifetime lower thanfew Myr.

2. High-resolutionspectroscopy for a large sampleof spectroscopicallyconfirmedlow-mass
stellar andbrown dwarf membersin a variety of star-forming regions, including Taurus,
IC348, = Ophiuchus,and Upper Scorpius,showed that all of the targetsexhibit moder-
ateto strongasymmetricH � emissionlines (Jayawardhanaet al. 2002,2003b;Muzerolle



12 A theoreticalandobservationaloverview of brown dwarfs

et al. 2003;White & Basri2003). Someobjectsalsoexhibit emissionfeaturessuchasOI
(8446Å), CaII (8662Å), andHeI (6678Å), characteristicof accretionin classicalTTauri
stars.Furthermore,the fraction of accretorstendsto decreasewith increasingage. In ad-
dition, the inferredaccretionratesare lower than in TTauri starsby at leastoneorderof
magnitudeandrangefrom 10��� M � yr ��� to 10����� M � yr ��� (Muzerolleet al. 2003),sug-
gestingthemassof thedisk scaleswith themassof thecentralobject. Finally, Barradoy
Navascúes& Mart́ın (2003)havereportedsimilar timescalesof accretionfor low-massstars
andbrown dwarfs.

3. Two extensive andcomplementaryL


-bandat 3.8 : m surveys wereconductedin various

star-formingregionsandassociations( = Oph,IC348,ChameleonI, Taurus,UpperScorpius,� Orionis,andTW Hydrae)to searchfor diskaroundpre-main-sequenceobjectswith spec-
tral typeslater thanM5 (Liu, Najita, & Tokunaga2003;Jayawardhanaet al. 2003a).The
L


-bandofferstwo advantagescomparedto near-infrared( KL� � ) filters. First, theemission

from thebrown dwarf photosphereis lower at 3.8 : m thanbelow 2.5 : m and,second,the
dustsublimesattemperatureshotterthan1000K. Thosestudiesconcludedthatalargenum-
berof younglow-massstarsandbrown dwarfsharbourinfrared

�
–� 
 excessescorrelated

with strongH � emission,indicatinga commonformationmechanismfor starsandbrown
dwarfs.Thedisk frequency decreaseswith increasingage,supportingtheideathatdisksdo
not survive longerthan10Myr.

4. Thefirst evidencefor disksaroundyoungbrown dwarfsweremadein themid-infraredwith
ISO(InfraredSpaceObservatory)measurementsin = Ophiuchus(Bontempsetal. 2001)and
in ChameleonI (Comeŕon et al. 2000;Persiet al. 2000). Thespectralenergy distributions
of brown dwarfs in bothregionsweresuccessfullyfit by optically-thickflareddisk models
(Nattaetal. 2002)with apossibleextensionto theplanetary-massregime(Testietal. 2002),
suggestinga commonformation mechanismfor starsand substellarmassobjects. Mid-
infraredground-basedmeasurementsfailed, however, to detectthe silicatefeaturearound
10 : m (Apai et al. 2002)predictedby flareddisk models(Natta& Testi2001),indicating
that an optically-thick flat disk modelmight be sufficient to explain the observed fluxes.
Themid-infraredspectralenergy distribution of nearbyold brown dwarfswassatisfactorily
reproducedby ablackbodyatthetemperatureof thephotosphere,confirmingthedissipation
of diskswithin few hundredMyr.

5. The first dustcontinuumemissionassociatedwith youngbrown dwarfs belongingto the
TauruscloudandtheIC348clusterwerereportedby Klein etal. (2003).Upperlimits of the
quantityof dustwereinferredaroundPleiadesandold field brown dwarfsandamountsfor
few EarthandMoonmasses,respectively. Thosedetectionssuggestthatplanetsmight form
aroundbrown dwarfs.Thepresenceof circumstellardustaroundyoungbrown dwarfsalong
with thediscovery of binarybrown dwarfs(Burgasseret al. 2003b;Closeetal. 2003;Bouy
et al. 2003)exclude the fragmentationof disksasmajor formationmechanismof brown
dwarfs.

1.2.3 Conc lusions on the formation of brown dwarfs

Severalmechanismshaverecentlyemergedtoexplaintheexistenceof brown dwarfs,including
turbulence,erosionof pre-stellarcores,protostellardisk instabilitieswith subsequentfragmenta-
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tion andcollapse,dynamicalejectionfrom multiple systems,andin circumstellardisks. Current
observationsconductedin the infraredhave concludedthat a large fraction of brown dwarfs are
surroundedby diskswithin thefirst Myr of their life asstarsare.However, the � 
 -bandandmid-
infraredmeasurementsbelow 15 : m areonly capableto probetheinnerradii ( ; few AU) of disks
aroundbrown dwarfs.

The planet-typeformation for brown dwarfs seemsto be ruled out by the presentobserva-
tions. Theejectionmodelproposedby Reipurth& Clarke (2001)predictstruncatedcircumstellar
disksof a few AU in size,in agreementwith thecurrentinfraredstudiesandN-bodysimulations
(Kroupa& Bouvier 2003a).Theseresultssuggestthat brown dwarfs andstarssharea common
formationmechanism.The recentobservationsof binary brown dwarfs (seeSection1.5.1;Bur-
gasseret al. 2003b;Closeet al. 2003;Bouy et al. 2003)andN-bodysimulationsby Kroupaet al.
(2003)suggestthatbrown dwarfsdo not form with thesamepropertiesasstarsbecausetheir bi-
nary propertiesdo not representa naturalextensionof thoseseenin stars.Theseresultstendto
favour theejectionmechanismproposedby Reipurth& Clarke (2001).Regardingtheturbulence
scenarioof starformation,it remainsplausibleasbothstellarandsubstellarcanbeformedwithout
additionalmechanism.

Thenext stepis to determinedisk sizesandmassesfrom the(sub)millimetrewavelengthsto
shedlight ontheformationmechanism(s)of brown dwarfs.Theexpectedfluxesfrom disksaround
youngbrown dwarfsarewithin thecapabilitiesof future instrumentation,includingtheAtacama
LargeMillimeter Array (ALMA).

1.3 The physics of brown dwarfs

Currentobservationssuggestthat starsandbrown dwarfs sharea commonformationmech-
anism( T 1.2). How aboutthe physics?Starsarelarge spheresof gaswherethe nuclearfusion
compensatesthegravitationalenergy, yielding a relationshipR R M ��� � betweenthemass(M) and
theradius(R). As theelectrondegeneracy pressurebecomesmoreandmoreimportantat thelow-
massendof themain-sequence,theevolutionof abrown dwarf is notdominatedby thermonuclear
processes.As aconsequence,brown dwarfscooloff inexorablyasthey age.

This sectionis structuredasfollows. First, we describetheevolution of luminosity( T 1.3.1),
effective temperature( T 1.3.2),andradius( T 1.3.3)with age. Second,we discussthe influence
of metallicity on the luminosity, temperature,andmass( T 1.3.4). Then,we presentthe role of
deuteriumandlithium burningin brown dwarfs( T 1.3.4).Finally, we give a brief overview of the
compositionof brown dwarf atmospheres( T 1.3.6).

1.3.1 The evolution of luminosity

The top panel in Figure 1.2 depictsthe evolution of luminosity of substellarmassobjects
rangingfrom0.3M ubvxw to 0.2M � (Burrowsetal.2001)1. Objectswith massesbelow thedeuterium
burninglimit at 0.013M � areplottedin red,brown dwarfsfrom 0.013to 0.075M � in green,and
starsin blue.

Theseparationbetweenstarsandbrown dwarfsoccursonly at ageolder than1Gyr. Indeed,
starsstabiliseat a given luminosity whenthe nuclearburning in the corecompensatesthe loss

11M � =1047M �����
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of photonsat thesurface. To thecontrary, brown dwarfswill never reachcoretemperaturesand
pressureshigh enoughto ignite hydrogen.Only brown dwarfsmoremassive than0.065M � will
burnhydrogenbriefly, but not stably.

Thelate-time( U 1Gyr) evolution of luminosityof substellarobjectscanbeapproximatedby
theEquation1.1(Burrows etal. 2001):

L B6��� '�- ��� L � n '�- ���[�� r � � � n �-���-�� M � r � � ��� n ���'�- �������Y� 0 ����� r ��� � � (1.1)

where ��� is an averageatmosphericRosselandopacity. The luminosity of a solar-metallicity
starat thehydrogenburning limit is 6 � 10��� L � . Accordingto Figure1.2, the luminosity2 of a
0.030M � objectis approximately10��� L � at 1Myr falling down to 6 � 10��� L � at 1Gyr. This
quick computationdemonstrateswhy the detectionof old brown dwarfs is limited to the Solar
Neighbourhoodwhereasyoungsubstellarobjectsareuncoveredin moredistantopenclustersand
star-forming regions.

For comparison,the luminosity of main-sequencelow-massstarsis approximatelyindepen-
dentof ageandis aweaker functionof massthanfor brown dwarfsasshown in Equation1.2:

L  ¢¡,£P¤¥B '�- � � L � n M-��,' M � r � � � (1.2)

1.3.2 The evolution of temperature

Thebottompanelin Figure1.2depictstheevolutionof theeffective temperaturesof substellar
massobjectsspanning0.3M ubvxw –0.2M � in mass(Burrows et al. 2001).

If the massis high enough,the thermonuclearpower equalsthe total luminosity allowing
thesurfaceandcoretemperaturesto stabilise,yielding a coretemperatureof about3 � 10� K at
the hydrogen-burning limit. However, the coreof brown dwarfs will not achieve temperatures
sufficient enoughto balancenuclearburningandphotonlosses.Their coretemperaturesrisewith
age,reacha peakbeforefalling down again.Thepeakof thecoretemperatureis massdependent
andis givenbelow:

T � B§¦¨� '�- � K
n M-���-�� M � r �P© �

The late-timeevolution of the effective temperatureof brown dwarfs is reproducedby the
power-law given in Equation1.3 (Burrows et al. 2001). The effective temperatureis of prime
importancein theclassificationschemesfor brown dwarfs(Section1.4).

T ª�«¬B 'L�1�s- � n '�- � �[�� r ��� � � n M-���-�� M � r ��� ­b� n � �'�- ���L���Y� 0 ����� r ��� �b­b­ (1.3)

Accordingto Figure1.2, a 0.030M � massbrown dwarf haseffective temperaturesof approxi-
mately2800K and900K at1Myr and1Gyr, respectively.

2A calculatorfor brown dwarfsis availableon Burrows’s homepage:http://zenith.as.arizona.edu/˜burrows/
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Figure1.2: Thesefigures,extractedfrom Burrowsetal. (2001),depicttheevolutionof luminosity
(top panel)andeffective temperature(bottompanel)versusageof isolatedsolar-metallicity red
dwarfsandsubstellar-massobjects.Thestarsareshown in blue,brown dwarfsabove 0.013M �
in green,andbrown dwarfsbelow 0.013M � in red. Themassesof 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 ubvxw 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,and0.2M � . For
a given object, the gold andmagentadotsmark when50% of the deuteriumand lithium have
burned,respectively.
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1.3.3 The evolution of radius

Theradiusdecreaseswith agefor agivenmassandreachesaplateauat agesolderthanabout
1Gyr. For very low-massstars,the radiusincreaseswith massasR R M ��� � but is roughly inde-
pendentof agewhile on themain-sequence.However, the radiusincreaseswith massfor brown
dwarfsyoungerthan100Myr anddecreasesat latertimes.As aconsequenceof thecompetitionin
theequationof statebetweentheCoulombandtheelectrondegeneracy, theradii of old substellar
objectsareindependentof massto within 30% with the leastmassive oneshaving larger radii.
Indeed,theCoulombdegeneracy yieldsa radius-massrelationof R R M �l© � whereastheelectron
degeneracy (two electronscannotoccupy similarstatesaccordingto thePauliExclusionPrinciple)
givesR R M ���l© � . A morethoroughanalysisof the mass-radiusdependenceyields a relationof
R R M ���l© ­ (Chabrier& Baraffe 2000).

Theradiusof old substellarobjectscanbeapproximatedby Equation1.4 given below (Bur-
rows etal. 2001).

R B¯® �±° � '�- � km
n '�- �

g
r ��� � ­ n T ª�«'�-1-1- K

r ��� �b� (1.4)

As anexample,a0.030M � massbrown dwarf hasaradiusof 4.3Rubvxw and1.0Ru²v�w at1Myr and
1Gyr, respectively.

1.3.4 The influence of metallicity

The propertiesof starsandbrown dwarfs area function of the helium fraction (Y 7 B 0.25–
0.28), the metallicity, andthe opacityof the cloudsin the atmosphere.Larger helium fraction,
largermetallicitiesandlargeropacitiesproducelowercentraltemperatureanddecreasetheenergy
from thesurface,yielding morecompactobjectswith lower masses.

Themassof a starat thehydrogen-burning limit is a functionof metallicity with valuesbe-
tween0.070and0.092M � at solarandzerometallicity, respectively. Moreover, the luminosity
of astarat thestellar/substellarboundaryincreasesfrom 6 � 10��� to 6 � 10� � L � andits effective
temperatureby a factorof two from 1700K to 3600K with decreasingmetallicity.

On the observational side, a solar-metallicity star at the hydrogen-burning limit hasabso-
lute magnitudesof M ³ = 19.5, M � = 18.0, andM ´ = 11.5 comparedto 12.8, 12.0, and11.1 at
zero-metallicity. Thesimilarity in the

�
-bandmagnitudesis a consequenceof collision-induced

absorptionby H � which suppressestheflux longwardsof 2.0: m. Subdwarfs (or low-metallicity
dwarfs with [Fe/H] between� 2.0 to � 1.0) are, thus, intrinsically more luminousthan normal
dwarfs.

1.3.5 Deuterium and lithium burning in brown dwarfs

Substellarobjectsdo not generatesufficient thermonuclearpower to reachthe hydrogen-
burninglimit but themostmassive onescanhave partialor temporarynuclearphases.

Objectsmoremassive than0.013M � will burn deuteriumvia the p+ d ��� + � He reaction.
Theevolutionof thedeuteriumfractionversusageshowsthatall brown dwarfsmoremassivethan
0.015M � have burnedtheir deuteriumwithin 30Myr. This limit correspondsto T ª�«	B 2000K,
spectraltypesaroundL0–L2, andluminosityof 10� � L � .
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Starsmoremassivethanapproximately0.3M � arecomposedof aconvectiveouterlayeranda
radiative core.Lithium is mixedin theconvective partof thestarbut is unableto reachthecentral
partdueto theradiative region, implying thatlithium is retained.On thecontrary, low-massstars
( µ 0.3M � ) arefully convective. As a consequence,lithium canreachthecentralcoreof thestar
andbedestroyedif thetemperatureis high enough.

In thesubstellarregime,brown dwarfsmoremassive than0.065M � andolder than300Myr
will totally depletetheir lithium, while substellarobjectsyoungerthan30Myr will retain it all.
Brown dwarfsmoremassive than0.065M � with anagerangebetween30 and300Myr will burn
lithium isotopesvia the p+ � Li � � + � He and p+ � Li � 2� reactions. This theoreticalpredic-
tion translatesinto anobservationalboundary, known asthelithium depletionboundary, between
objectswhichexhibit lithium in absorptionandthosewhichdonot. Indeed,above agivenmagni-
tude,lithium will not bespectroscopicallyobservablebecausedepleted,while below this magni-
tudelimit, thelithium absorptionline will appearin thespectraat 6708Å. This lithium depletion
boundarytechnique,calledthelithium test(Reboloet al. 1992),wassuccessfullyappliedto date
openclusters,including the Pleiades(Stauffer et al. 1998), � Per(Stauffer et al. 1999), IC2391
(Barradoy Navascúesetal. 2001a),andNGC2547(Oliveiraetal. 2003).

1.3.6 Atmosphere models of low-mass star s and brown dwarfs

The main speciesnearandabove solarmetallicity brown dwarf photospheresarehydrogen,
helium,oxygen,carbon,andnitrogen.Strongmolecularbands,absorptionfeatures,anddustare
responsiblefor theshapeandtheobservedspectralenergy distributionsof brown dwarfs.Wewill
briefly discussbelow thecompositionof brown dwarf atmospheresandthetheoreticalatmospheric
modelsavailableto reproducetheemergedspectra.¶

Hydrogenis predominantlyin the form of H � andis asabundantas90% in brown dwarf
atmospheres.Its abundanceenablesthe presenceof light hydrides(H � O, CH� , NH � , and
H � S)aswell asheavier ones,includingFeH,CrH, CaH,andMgH.¶
Heliumis thesecondmostabundant( B 9%) speciesafterhydrogen.Heliumis notobserved
in brown dwarfsbecauseit is chemicallyandspectroscopicallyinert.¶
Oxygenis predominantlyin theform of water(H � O) andcarbonmonoxide(CO) but abun-
dantenoughto form of oxides,includingAl � O� (alumina),TiO, andVO. Titaniumoxide
(TiO) andvanadiumoxide(VO) areresponsiblefor theshapeof M dwarf spectrabut disap-
pearat temperatureslower than B 2100K and B 1800K, respectively, by condensingoutor
forming condensablespeciessuchasperovskite(CaTiO � ).¶
Carbonis in theform of carbonmonoxide(CO) at high temperaturesandlow pressureand
of methane(CH� ) at low temperatureandhighpressures.Thus,COis dominantin M dwarfs
andCH� in T dwarfs andJovian planets.The transitionfrom CO to CH� is governedby
theequationCH� + H � O · CO+ 3H� , andoccursaround1100K (Fegley & Lodders1996).
Carbonmonoxidehasbeendetectedat 4.5–5.0: m in Gl229B (Noll et al. 1997)whereas
methanewas observed at 3.3 : m in field dwarfs as early as L5, suggestingthat vertical
mixing playanimportantrole in brown dwarf atmospheres(Saumonet al. 2000).¶
Thedominantform of nitrogenin brown dwarf atmospheresis NH � (ammonia)at low tem-
peraturesandN � athigh temperatures.Thetransitionfrom N � to NH � occursat600–700K
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andis governedby theequationN � + 3H � · NH � . Molecularnitrogenis invisible in the
near-infraredbut ammoniahasalreadybeendetectedin Gl229B (Noll et al. 1997),proof
thatverticalmixing is important(Saumonetal. 2000).¶
Neutralalkalis like Na,K, Li, Cs,andRb arelessrefractorythanTi, V, Ca,Si, Al, Fe,and
Mg andsurvivein abundancein substellaratmospheresattemperaturesaround1000-1500K
becauseof thecondensationof otherspecies.For example,lithium forms into LiCl belowB 1400K, makingit undetectablein theopticalspectraof T dwarfs.¶
Metallic hydridesasFeHandCrH arepresentin late-M dwarfs,L dwarfs,andin M subd-
warfs.CrH persistsdown to B 1500K whereasFeHdisappearsbelow B 2000–2200K after
condensatingon grains.¶
Magnesiumandsilicium aremoreabundantthancalciumandaluminiumandform Mg/Si/O
compounds,includingMg � SiO� (forsterite)andMgSiO� (entstatite),whichrainoutaround
temperaturesin therange1800–2500K.

Two simplecasesof atmosphericmodelscanbroadlyreproducethespectralenergy distribu-
tionsof L andT dwarfs(seeT 1.4for adefinition)over the0.6–5.0: m wavelengthrange.M TheDustymodelsconsideranatmospherewherethedustis uniformly mixed.Thesemodels

reproducetheredoptical-to-infraredandinfraredcoloursof L dwarfsbecausetheemerged
photonsareabsorbedby thedustandre-emittedat longerwavelengths.M TheCondmodelsdealwith anatmospherewherethedusthasentirelysettleddown. These
modelsreproducetheredoptical-to-infraredandblueinfraredcoloursof T dwarfsbecause
thedustis locatedin theoptically-thickregionandphotonsarenot reprocessed.

Thesetwo extremecasesof modelsare, however, unableto reproducethe overall spectral
energy distributionsof L/T transitionobjects(e.g.Leggettet al. 2000). The presenceof clouds
asthoseseenon Jupiterareintroducedto explain thecoloursandspectraof L/T transitionbrown
dwarfs.

Allard et al. (2001)proposedthe“Settl” modelsasintermediatephaseto theDustyandCond
models,whererefractoryspeciesaredepletedandrainout.

Tsuji (2002)introducedthepresenceof a cloudin theatmospherecharacterisedby fixedpar-
ticle sizesandconstanttemperaturesat thebottomandthetop.

Ackerman& Marley (2001)introducedthe f ¤�£P¸ a parameter, definedasthe ratio betweenthe
sedimentationvelocity andthe convective velocity. A small valueof f ¤b£²¸ a correspondsto little
sedimentationanddensecloudswith vertical extent. The spectraof L/T transitionobjectswere
bestreproducedby f ¤b£²¸ a = 3 aftervaryingthisparameterfrom 0.1to 10.

The L/T transitionis neverthelessvery suddenandstill poorly understood.Cloud models,
which allow to reproducethe observations,might still be in error. Possibilitiesof holesin the
clouds,optically-thinregionswith higheroutwardflux transmission,aswell asothermechanisms
shouldbeincludedandtestedin futureatmosphericmodels.

To summarise,theactualatmospheremodelsbroadlyreproducethespectralenergy distribu-
tions of low-massstarsandbrown dwarfs. Despitethe improvementin themodellingof the at-
mospheres,several issuesremainto bequantified,includingthetreatmentof graincondensation,
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the locationof dustclouds,the molecularline lists for waterandmethane,the non-equilibrium
chemistry, andtheinterplaybetweenprocessessuchassedimentationandcondensation.A large
numberof objectsin theL/T transitionwith full wavelengthcoverage(0.4–5.0: m) andhighqual-
ity spectroscopy aremandatoryto narrow down theuncertaintiesmentionedabove.

1.4 Characterisation of M, L, and T dwarfs

Thefirst releaseof the2MASSdatabase(Kirkpatrick etal. 1997),coveringroughly1% of the
wholesky, led to thediscovery of severalobjectsredderthanlate-M dwarfswith spectracompa-
rableto thecool companionto thewhite dwarf GD165,GD165B(Becklin & Zuckerman1988).
Discoveriesof coolerobjectswith strongmethanebandsandspectralfeaturesresemblingthose
seenin the infraredspectrumof Gl229B(Oppenheimeret al. 1995)followedquickly (Burgasser
et al. 1999;Straussetal. 1999;Cubyetal. 1999).

The large numberof objectscooler thanthe latestM dwarfs triggeredthe definition of two
new spectralclassesin addition to the Harvard Spectralclassificationschemein useto classify
stars(Morganet al. 1943). Mart́ın (1997)andKirkpatrick et al. (1999b)proposedthe letter “L”
for theclassof objectscoolerthanM dwarfs,with GD165Basa benchmark.Thediscovery of L
dwarfsoriginatesfrom thefirst analysisof theDENISdatabase(Delfosseetal.1997)andthespec-
troscopicfollow-up reportedby Mart́ın (1997). The classificationwasimproved by Kirkpatrick
et al. (1999b)usingthediscoveriesfrom the2MASSsurvey. Objectsbelongingto thesameclass
as Gl229B werenamed“T” dwarfs andaresometimesdubbed“methane”dwarfs (Kirkpatrick
et al. 1999b).

A furtherclassof objects(the“Y” dwarfs)coolerthanT dwarfswith strongammoniaabsorp-
tion bandsin the nearor mid-infrared,characteristicof effective temperaturecoolerthan700K
couldbeexpectedin thenearfuture(Burrows etal. 2001).

We will describe,in this section,themaincharacteristicsof field M ( T 1.4.1),L ( T 1.4.2),and
T ( T 1.4.3)dwarfs,includingopticalandnear-infraredcoloursaswell asmajorspectralfeatures.

1.4.1 Spectr oscop y of M dwarfs

TheoriginalMKK classificationschemedefinedalist of standardsstarsfor eachsubclassfrom
O starsto aspectraltypeof M2 (Morganetal. 1943)with asubsequentextensionto M5 (Johnson
& Morgan1953). Boeshaar(1976)extendedthis classificationto a spectraltype of M6.5 based
on new later typedwarfs found in themeantime.The large numberof late-M dwarfsdiscovered
in the1990syieldeda well-definedclassificationschemefor M dwarfs (Kirkpatrick et al. 1991;
Kirkpatrick etal. 1999b;Mart́ın etal. 1999b)

Optical spectraof M dwarfs (Figure1.3) arecharacterisedby strongoxide bandsincluding
TiO at 6320–6500̊A, 6600–6800̊A, 7050–7250̊A, 7590–7680̊A, 7670–7860̊A, 8430–8450̊A,
and8860–8940̊A andVO at 7330–7530̊A, 7850–7970̊A, and8520–8670̊A. TheatomicK I and
NaI doubletsat 7665/7699̊A and8183/8195̊A, respectively, arestrongaswell. The H � emis-
sion line at 6563Å, which representsa measureof chromosphericactivity in M dwarfs, reaches
a peakat aroundM6–M7 in spectraltype and dropssignificantly towardslater types(Hawley
et al. 1996).Thelithium absorptionline at 6708Å is detectedin somelate-Mdwarfslike LP944-
20 (Tinney 1998), placing constraintson the ageand massof theseobjects. The detectionof
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Figure1.3: Examplesof opticalspectra(0.6–1.0: m) of M dwarfs.alongwith themainmolecular
featuresandatomiclines.Fromtoptobottom,theM dwarfsareSSSPMJ0829-1309(M9), LP655-
48 (M7.5; McCaughreanet al. 2002b),andAPMPM J1222-2452(M5) takenfrom our sampleof
propermotionobjectsin theSouthernSky. Opticalspectraarenormalisedat 7500Å andoffsetin
intensityfor clarity.

lithium in absorptionat 6708Å impliesa masslessthan0.065M � andagesolder than300Myr
(Reboloet al. 1992).Theamountof lithium andtheluminosityof theobjectprovide anestimate
of its massandage(Figure1.2).

Near-infraredspectraof M dwarfsexhibit strongH � O, CO (2.3 : m), andFeH(1.2 : m) fea-
turesaswell asstrongatomiclines,includingK I andNaI at 1.25and1.51: m, respectively.

Theopticalspectralclassificationof M dwarfsis basedonspectralindices(Table1.2)defined
by Kirkpatrick et al. (1991),Kirkpatrick et al. (1999b),andMart́ın et al. (1999b).A complemen-
tary methoduseful for spectralclassificationis the direct comparisonwith templateobjectsi.e.
whosespectraltypeis well-determinedfor internalconsistency.

1.4.2 Spectr oscop y of L dwarfs

L dwarfs arecharacterisedby redderoptical colours( � –�tU 2.2), redderoptical-to-infrared
colours( � – K2U 3.0),andredderinfraredcolours( K –

� U 1.2;0.7 ;¹K –�º; 1.5;0.4 ;¬� –
� ; 1.0)

than M dwarfs. A large scatterin colours is neverthelessobserved amongL dwarfs (Leggett
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et al. 2000;Hawley et al. 2002). A completelist of L dwarfswith infraredmagnitudesandopti-
cal spectrais availableat Kirkpatrick’s webpage3. Most of themareextractedfrom the2MASS
(e.g.Kirkpatrick et al. 2000)andSDSS(e.g.Geballeet al. 2002).

The effective temperaturesof field L dwarfs rangefrom 1300–1500K to 2000–2200K and
their luminositiesfrom 4 � 10�4� to 3 � 10��� L � (Basriet al. 2000;Leggettet al. 2000). Typical
uncertaintieson theseparametersareon theorderof 15% mostlydueto uncertaintieson theage
of nearbyultracooldwarfs. L dwarfsrepresenta mixtureof starsandbrown dwarfswith theones
laterthanL5 beingunambiguouslysubstellarastheoreticalmodelspredicteffective temperatures
of 1700K for a starat thehydrogen-burning limit. Thedetectionof lithium in absorptionin the
optical spectrumof a L dwarf placesthe object in the substellarregime but not sufficient asthe
mostmassive brown dwarfswill burn hydrogenfor a shortperiodof time. As a consequence,the
statusof L dwarfs remainuncertainbut morethanonethird of L dwarfs areexpectedto brown
dwarfs(Kirkpatrick etal. 1999b.Thederiveddensityof field L dwarfsin thesolarneighbourhood
is estimatedto 2–8 � 10� � pc� � (Kirkpatrick et al. 2000)comparedto 2 � 10��� pc� � for starsin
the0.1–1.0M � massrange.

Figure1.4: Examplesof optical spectra(0.6–1.0: m) of L dwarfs alongwith the main molecu-
lar featuresandatomic lines. From top to bottom,the L dwarfs are2MASS0825+2115(L7.5),
2MASS0208+2500(L5), and 2MASS0015+3516(L2) from Kirkpatrick et al. (2000). Optical
spectraarenormalisedat8250Å andoffsetin intensityfor clarity.

3http://spider.ipac.caltech.edu/staff/davy/ARCHIVE/
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TheTiO andVO absorptionbands,responsiblefor theshapeof M dwarfs,disappearat lower
temperaturesandvanishcompletelyby mid-L. Opticalspectraof L dwarfs(Figure1.4)arechar-
acterisedby metallichydridessuchasCrH (8611and9969Å), andFeH(8692and9896Å), and
neutralalkalis, including NaI (8183/8195̊A), K I (7665/7699̊A), RbI (7800 and 7948Å), CsI
(8521and8943Å), andlithium at 6708Å. Hydridemetals,CrH andFeH,arestrongaroundmid-
L andweaken towardslate types. Groundstatealkali of CsI andRbI strengthentowardslate
typesbecausemoleculescondenseout in theatmospherediminishingtheveiling of atomiclines.
Overall, thespectraof L dwarfsarebestreproducedby theso-called“Dusty” atmospheremodels
of Allard etal. (2001).

Theopticalclassificationschemeof L dwarfsis basedon spectralindicesdefinedby theratio
of thesummedflux in aregioncontainingaline or abandof interestdividedby theflux in anearby
continuumregion. Two schemeswereindependentlyproposedby Kirkpatrick et al. (1999b)and
Mart́ın etal. (1999b).

TheKirkpatrick schemeis basedon severalspectralratioswhich characterisethestrengthof
oxides,metallic hydrides,andneutralalkali, aswell ason comparisonwith templatespectraof
well-definedstandards.

The Mart́ın schemerelieson the so-calledPC3spectralindex andon spectrumsynthesisof
high-resolutionprofilesdevelopedby Basriet al. (2000).

Thereis a slight differencebetweenbothschemesparticularlyat low temperatures.Thecom-
munity tendsmore often to usethe Kirkpatrick et al. (1999b)schemealthoughthe PC3 index
remainsa goodspectraltype discriminantfor M dwarfs andearly-L dwarfs (FigureA.1 in Ap-
pendixA). Meanwhile,someauthorshave definednew spectralindicesor adaptedexistentones
to their spectralresolutionand/orsignal-to-noise(e.g.Lépineetal. 2003b).

Table 1.2 lists the most reliable spectralindicesfor the spectralclassificationof M and L
dwarfs,accordingto ourown experience(seeChapter2 for moredetails).Wesuggestthefollow-
ing “recipe” to classifyM andL dwarfs in the optical with an uncertaintyof half a subclassor
better:M ComputetheVO-aindex from Kirkpatrick et al. (1999b).M ComputetheTiO5 index from Reidet al. (1995).M ComputethePC3index from Mart́ın etal. (1999b).M Take theaverageof thespectraltypesderivedfrom eachspectralindex.M Comparethe spectrumto M dwarf templatespreferentiallyobserved with the sametele-

scope/instrumentconfigurationasthesciencetargets.M Averagetheresultsobtainedfrom bothmethods.If a differencelarger thanonesubclassis
found,thedirectcomparisonwith spectraltemplatesshouldbefavoured.

Spectralindicestracethe strengthof an absorptionbandor a spectralfeature. Eachwave-
lengthof a spectrumis associatedwith a flux value.Thosevaluescontainedin thenumeratorand
denominatorwavelengthrangesaresummedor averaged,accordingto the definition. The ratio
of the two resultsis thencomputed,yielding a valuefor the spectralindex. The output is then
comparedto tabulatednumbersquotedin thepaperswheretheindicesaredefined.



1.4. Characterisationof M, L, andT dwarfs 23

Table1.2: Spectralindicestaken from Mart́ın et al. (1999b;hereafterM99), Reid et al. (1995;
hereafterR95),andKirkpatrick et al. (1999b;hereafterK99) for optical classificationof M and
L dwarfs. The differentvaluesof the flux available in the wavelengthrangefor the numerator
anddenominatoraresummedor averaged(dependingon thedefinition). Theoutputof the ratio
providesavaluefor thespectralindex. This resultshouldthenbecomparedto valuestabulatedin
theoriginal papers.

Index Numerator(Å) Denominator(Å) Feature Ref
PC3 8230–8270 7540–7580 Pseudo-continuum M99
TiO5 7126–7135 7042–7046 TiO » 7053Å R95
VO-a Sumof 7350–7370and7550–7570 7430–7470 VO »H¼ 7434Å K99
CrH-a 8580–8600 8621–8641 CrH » 8611Å K99
Rb-b Av of 7922.6–7932.6and7962.6–7972.6 7942.6–7952.6 RbI » 7947.6̊A K99
TiO-b 8400–8415 8435–8470 TiO » 8432Å K99
Cs-a Av of 8496.1–8506.1and8536.1–8546.1 8516.1–8526.1 CsI » 8521.1̊A K99
VO-b Sumof 7860–7880and8080–8100 7960–8000 VO »H¼ 7912Å K99

Near-infrared spectraof L dwarfs are dominatedby water absorptionbandsat B 0.95: m,B 1.15: m, 1.35–1.50: m, 1.75–2.05: m, andlongwardsof 2.3 : m, aswell asby the CO band
headat 2.3 : m. Strongmolecularbandsof FeH around1 : m and a prominentK I doubletat
1.25: m in the K -bandarepresentaswell.

Severalattemptshavebeenmadeto provideanear-infraredclassificationschemefor L dwarfs
in agreementwith the optical scheme(s)presentedabove. We will briefly mentionbelow the
variousindicesandtheirapplicability(Table1.3):M Tokunaga& Kobayashi(1999)definedtwo indices,K1 andK2 (Table1.3)basedon high-

resolution
�

-bandspectroscopy andnarrow-bandphotometry. No clearrelationshipcould
be inferreddueto the small numberof objectsunderstudy. More recently, Geballeet al.
(2002)concludedthattheseindicescouldbeusedto distinguishM, L, andT dwarfs.M Basedon very low-resolution(R B 50–100)near-infrared (0.85–2.5: m) spectraof 26 L
dwarfs with optically-determinedspectraltypes,Testi et al. (2001) definedindices(Ta-
ble1.3) in agreementwith theopticalclassificationschemefrom Kirkpatrick etal. (1999b).
However, thosespectralindicesappearhighly dependenton theinstrumentsetupandmight
yield differentclassificationat higherspectralresolution. Nevertheless,this approachre-
mainsappealingfor faintbrown dwarf candidatesin star-formingregionsinvisibleatoptical
wavelengthdueto thehigh extinction.M Reid et al. (2001a)proposedfour water-vapour indiceswell-correlatedwith the optical
schemefrom Kirkpatrick et al. (1999b)accordingto a sampleof 14 L dwarfs with full
1.0–2.5: m coverage.Thebestcalibrationwith spectraltypeis providedby theindex H � O½
(Table1.3)whichmeasuresthedepthof absorptionin theredwardwing of the1.4 : m steam
band.M Geballeet al. (2002)definedthreewatervapourindicesandtwo methaneindicesto clas-
sify T dwarfsandextendedtheschemeto L dwarfs. Thewatervapourindex at 1.5 : m is
suitablefor classificationacrosstheentireL-T sequenceandin agreementwith theoptical
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schemefrom Kirkpatrick et al. (1999b).TheCH� 2.2 : m andH � O1.5 : m spectralindices
areefficientwaysof classifyingtheL/T transitionobjects.

Table1.3: Near-infraredspectralindicesproposedby Tokunaga& Kobayashi(1999;TK99), Testi
et al. (2001;T01), Reidet al. (2001a;R01),andGeballeet al. (2002;G02) to extendtheoptical
classificationschemefrom Kirkpatrick et al. (1999b). Only the bestdiscriminantsfor spectral
classificationaregivenin thecaseof Reidet al. (2001a)andGeballeetal. (2002).

Index Numerator( ¾ m) Denominator( ¾ m) Ref
K1 ¿�À�Á±Â�ÃHÄ�À�Á±Â�Å_Æ – ¿¢Â_Á Ç_ÈÉÄÊÀ1Á ÃLËsÆ 0.5 Ì¨Í�¿*À1ÁiÂcÃHÄ�À�Á±Â�Å_Æ + ¿lÂÎÁ ÇÎÈHÄ�À�Á ÃÎËgÆ¢Ï TK99
K2 ¿�À�Á ÀÎÃHÄ�À�Á ÀÎÅ_Æ – ¿ÐÀ�Á±Â�ÃÉÄÊÀ1ÁiÂcÅgÆ 0.5 Ì¨Í�¿*À1ÁÑÀLÃHÄ�À�Á ÀÎÅ_Æ + ¿*À1ÁiÂcÃHÄ�À�Á±Â�Å_Æ¢Ï TK99
sHJ ¿¢ÂÎÁÑÀLÈgÒÉÄ!Â_Á Ó_Ã_ÒÎÆ – ¿¢Â_Á È_ÃHÄ!Â_ÁÑÔLÃ_Æ 0.5 ÌÕÍl¿�Â_Á ÀÎÈ_Ò#Ä!Â_Á Ó_Ã_Ò_Æ + ¿�ÂÎÁ ÈÎÃHÄ�ÂÎÁ�Ô�Ã_Æ�Ï T01
sKJ ¿¢ÂÎÁÑÀLÈgÒÉÄ!Â_Á Ó_Ã_ÒÎÆ – ¿ÐÀ�Á±ÂxÀÉÄ�À�Á±Â�È_Æ 0.5 ÌÕÍl¿�Â_Á ÀÎÈ_Ò#Ä!Â_Á Ó_Ã_Ò_Æ + ¿�À1ÁiÂ�ÀÉÄÊÀ1ÁiÂcÈ_Æ�Ï T01

sHÖ O× ¿¢ÂÎÁÑÀLÈgÒÉÄ!Â_Á Ó_Ã_ÒÎÆ – ¿¢Â_Á Ã_ÇHÄ!Â_Á±Â�Ó_Æ 0.5 ÌÕÍl¿�Â_Á ÀÎÈ_Ò#Ä!Â_Á Ó_Ã_Ò_Æ + ¿�ÂÎÁ ÃÎÇHÄ�ÂÎÁiÂcÓ_Æ�Ï T01
sHÖ OØZÙ ¿�Â_Á È_ÃHÄ!Â_ÁÑÔLÃ_Æ – ¿¢Â_Á ËsÒ#Ä�ÂÎÁ Ë_ÅgÆ 0.5 Ì¨Í�¿lÂÎÁ ÈÎÃHÄ!Â_ÁÑÔLÃ_Æ + ¿lÂÎÁ ËgÒÉÄ!Â_Á ËgÅ_Æ¢Ï T01
sHÖ OØ Ö ¿�Â_Á È_ÃHÄ!Â_ÁÑÔLÃ_Æ – ¿¢Â_ÁÑÔ_Ô5Ä�ÂÎÁ Å�ÂxÆ 0.5 Ì¨Í�¿lÂÎÁ ÈÎÃHÄ!Â_ÁÑÔLÃ_Æ + ¿lÂÎÁ�ÔÎÔ#Ä!Â_Á ÅÚÂ�Æ¢Ï T01
sHÖ OÛ ¿�À�Á±ÂxÀÉÄ�À�Á±Â�È_Æ – ¿¢Â_Á Ç_ÈÉÄ�ÂÎÁ ÇÎÇgÆ 0.5 Ì¨Í�¿*À1ÁiÂ�ÀÉÄ�À�Á±Â�È_Æ + ¿lÂÎÁ ÇÎÈHÄ!Â_Á Ç_Ç_Æ¢Ï T01
H Ö OÜ Averageof 1.47–1.49 Averageof 1.59–1.61 R01

H Ö O 1.5 ¾ m Sumof 1.46–1.48 Sumof 1.57–1.59 G02
CHÝ 2.2 ¾ m Sumof 2.08–2.12 Sumof 2.215–2.255 G02

1.4.3 Spectr oscop y of T dwarfs

T dwarfs or methanedwarfs, objectscooler than L dwarfs, are all brown dwarfs have ef-
fective temperaturesbelow 1300K. Most of them were discoveredamongthe SDSS(Strauss
et al. 1999;Tsvetanov et al. 2000;Leggettet al. 2000;Geballeet al. 2002)andthe2MASS(Bur-
gasseret al., 1999,2000a, 2000b,2002,2003b,2003c)surveys. The remainderwerefound as
companions(Els et al. 2001), in deepfields (Liu et al. 2002b;Cuby et al. 1999),andin proper
motion surveys (Scholzet al. 2003; McCaughreanet al. 2004). A list of T dwarf discoveries
with magnitudes,spectraltypes,andreferencesis availableon Burgasser’s webpage4. Thereare
currently50 T dwarfsknown (May 2004).

T dwarfsexhibit veryredopticalcolours,redderthanL dwarfs,makingthemofteninvisible in
the � filter andsometimesin the � filter. Theoptical-to-infraredcoloursarevery red( � – KXU 9.0;
Golimowski etal. 1998)with anincreasetowardslatertypes.

Contraryto the optical colours,however, the infrared coloursare bluer than L dwarfs and
decreasetowardslatertypesdueto:M Methaneabsorptionin the � and

�
bandsM Strongwatervapourbandsdepressingtheflux in the

�
bandM H � pressure-inducedabsorptionlinesincreasingtheopacitylongwardsof 2.0 : m

Infraredcoloursof T dwarfsareprovidedhereasanindication:–0.5 ;IK –�º; 0.9,–0.9 ;¹K –� ; 1.4,and1.5 ; � –� 
 ; 2.5.A largescatteris observedin infraredcoloursparticularlytowards

4http://www.astro.ucla.edu/˜adam/homepage/research/tdwarf
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latertypes(Hawley et al. 2002).Furthermore,coloursandmagnitudesarestronglydependenton
thefilter systemsused,with variationsupto 30% (Hawley etal. 2002;Stephens& Leggett2004).
A transformationbetweenfilter systemsis requiredprior to any comparison.

Figure 1.5: Examples of near-infrared (1.0–2.5: m) spectra of T dwarfs along with the
main molecular features and atomic lines. From top to bottom, the T dwarfs are
2MASS0348+6022(T7.5;Burgasseretal. 2003c)2MASS0727+1710(T5; Burgasseretal. 2002),
andSDSS1254� 0122(T2; Burgasseretal. 2002).Near-infraredspectra,availableonBurgasser’s
webpage,arenormalisedat 1.28: m andoffsetfor clarity.

Optical spectraof T dwarfs exhibit lessstriking featuresthan M and L dwarfs. Pressure-
broadenedNaI at5890/5895̊A andK I at7665/7699̊A resonancedoubletsareresponsiblefor the
shapeof T dwarf shortwardsof 8000Å. Strongneutralalkali absorptionlines of CsI (8521and
8943Å) andRbI (7800and7948Å) andstrongH � O bandat 9250Å arepresentaswell. Metallic
hydridessuchasFeHat 8692Å andCrH at 8611Å and9969Å arepresentin early-Tdwarfsand
vanishatmid-T.

Contraryto L dwarfs,no accurateopticalclassificationschemeis availablefor T dwarfsdue
to their faintnessat thosewavelengthsandtheir redcolours.Opticalspectra,evenobtainedwith
thelargesttelescopes,areoftennoisy, hamperingthedefinitionof spectralindices.

Near-infrared spectra(Figure 1.5) are mostly shapedby strongwater (1.11–1.6: m, 1.35–
1.45: m,and1.77–2.03: m)andmethane(1.30–1.50: m,1.60–1.80: m,and2.20–2.50: m)bands.
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StrongK I doubletsat 1.17, 1.25, and1.45: m as well as the NaI doubletat 2.21: m arealso
present.TheCO bandat 2.3 : m is detectedin earlyT dwarfsbut disappearat later types.Finer
featuresof themetallichydrideFeHareseenat 1.19,1.21,and1.237: m. Finally, thecollision-
inducedH � exhibit no distinctbandheadbut suppressestheflux longwardsof 2.0 : m. Methane
andcarbonmonoxidehavebeendetectedat3.3 : m and4.7 : m in L dwarfsandin Gl229B,respec-
tively (Noll et al. 1997)andareattributedto verticalmixing in theupperatmospheres(Saumon
etal. 2000).

Table1.4: Near-infraredspectralindicesfor theclassificationof T dwarfsasdefinedby Burgasser
etal. (2002;B02) andGeballeetal. (2002;G02).

Index Numerator( ¾ m) Denominator( ¾ m) Feature Ref
H Ö O-A Averageof FÙbÞ Ù Ö²ß Ù�Þ Ù�à Averageof FÙbÞ Öâá²ß Ù�Þ Öâã 1.15 ¾ m H Ö O/CHÝ B02

H Ö O1.2 ¾ m Sumof FÙbÞ ÖläPß ÙbÞ Öâå Sumof FÙbÞ Ù�æ ß Ù�Þ Ù ä 1.12 ¾ m H Ö O G02
H Ö O-B Averageof FÙ�Þ álç�á²ß Ù�Þ áâÖlá Averageof FÙ�Þ á à á²ß Ù�Þ áâålá 1.4 ¾ m H Ö O B02

H Ö O1.5 ¾ m Sumof FÙbÞ á à ß ÙbÞ áâå Sumof FÙbÞ Ý ä²ß Ù�Þ Ý ã 1.5 ¾ m H Ö O G02
H Ö O-C Averageof FÖ Þ çâçPß�Ö Þ ç Ý Averageof FÖ Þ ç�å²ß�Ö Þ Ù�æ 1.9 ¾ m H Ö O B02

H Ö O2.0 ¾ m Averageof FÖ Þ ç�å²ß�Ö Þ ÙâÙ Averageof FÙ�Þ å à á²ß Ù�Þ åâålá 1.9 ¾ m H Ö O B02
CHÝ -A Averageof FÙ�Þ Öâåâá²ß Ù�Þ æ Ölá Averageof FÙbÞ Öâá²ß Ù�Þ Öâã 1.3 ¾ m CHÝ B02
CHÝ -B Averageof FÙbÞ ä Ý ß Ù�Þ à ç Averageof FÙ�Þ á à á²ß Ù�Þ áâålá 1.6 ¾ m CHÝ B02

CHÝ 1.6 ¾ m Sumof FÙbÞ áläPß ÙbÞ älç Sumof FÙ�Þ ä æ á²ß Ù�Þ ä à á 1.6 ¾ m CHÝ G02
CHÝ -C Averageof FÖ Þ ÖâÖâá²ß�Ö Þ Ö à á Averageof FÖ Þ ç�å²ß�Ö Þ Ù�æ 2.2 ¾ m CHÝ B02

CHÝ 2.2 ¾ m Sumof FÖ Þ çâãPß[Ö Þ Ù Ö Sumof FÖ Þ Ö Ù á²ß�Ö Þ Öâálá 2.2 ¾ m CHÝ G02
H/J Averageof FÙbÞ álçPß Ù�Þ à á Averageof FÙbÞ Ö�çcß ÙbÞ æ Ölá NIR colour B02
K/J Averageof FÖ Þ çâçPß�Ö Þ æ ç Averageof FÙbÞ Ö�çcß ÙbÞ æ Ölá NIR colour B02
K/H Averageof FÖ Þ çâçPß�Ö Þ æ ç Averageof FÙbÞ álçPß Ù�Þ à á NIR colour B02
CO Averageof FÖ Þ æ Öâá²ß�Ö Þ æâà á Averageof FÖ Þ ç�å²ß�Ö Þ Ù�æ 2.3 ¾ m CO B02

Two near-infraredclassificationschemeshave beenproposedby Burgasseret al. (2002)and
Geballeet al. (2002)basedon the 2MASS andSDSSsamples,respectively. The near-infrared
classificationschemesof T dwarfs aregenerallymoreaccuratethan for L dwarfs due to much
wider observed rangesin spectralindices. To first order, T dwarfs can be classifiedby direct
inspection,noting the strengtheningof methaneabsorptionat 1.6–1.7: m and 2.2 : m towards
latertypes.

To quantify the classification,Burgasseret al. (2002)definedseveral indices(Table1.4) to
measurethestrengthof water, methaneandcarbonmonoxidefeatures.Theseregionshave been
chosento samplethe peakof the K , � , and

�
broad-bandfilters and the associatedpseudo-

continuum. Additional spectralindiceshave beendefinedto probethe near-infraredcoloursat
1.25,1.6,and2.1 : m.

Geballeet al. (2002) independentlyproposedthreewater spectralindicesat 1.2, 1.5, and
2.0 : m andtwo methanespectralindicesat 1.6and2.2 : m (Table1.4). Theadvantageof Geballe
et al. (2002)classificationis the extensiontowardsL dwarfs. For example,the water index at
1.5 : m andthemethaneindex at 2.2 : m aresufficiently monotonicthroughtheL-T sequencesto
classifybothtypesof objects.

Therecipeto classifyT dwarfsconsistsof measuringall indiceslisted in Table1.4 andthen
comparingthe resultsto the standardvaluesgiven in Burgasseret al. (2002)andGeballeet al.
(2002). After rejectingthe lowestandhighestresults,the valuesareaveraged,yielding spectral
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typesaccurateto half asubclassor better. Additionalmeasurementsof templateT dwarfsobserved
with thesameinstrumentsetupasthesciencetargetwould refinethespectralclassification.

A projectis underway for a joint classificationschemein the spirit of the MK scheme.The
maingoalsarethefollowing (Burgasseret al. 2003a):M DefineT dwarf standardsfor eachsubclassfrom T0 to T8. Thesestandardsmustbesingle,

bright,andaccessiblefrom bothhemispheres.M Obtainuniformspectralcoveragefor eachstandard.M Defineoptimalspectralindices,usefulover abroadrangeof resolutionthatavoid contami-
natingtelluric absorptionfeatures.

Analysis of the gravity-dependenceof spectralfeatures,including collision-inducedH � , is
a future goal to allow differentiationbetweenyoungandold T dwarfs to the field and in open
clusters,respectively.

1.5 Diff erent kinds of searches for brown dwarfs

Thetheoreticalpredictionof theexistenceof objectsunableto fusehydrogenin theircoresled
astronomersto improve their searchmethodsandprobethesky atgreaterdepths.

The advent of infrareddetectors,wide-field capabilitiesat optical and infraredwavelengths
andadaptive opticsfacilities hastriggereddiscoveriesof numerousbrown dwarfs in variousen-
vironments.Discoveriesof brown dwarfs ascompanionsto solar-like stars,low-massstars,and
substellarobjectsarereportedin T 1.5.1.Large-scaleandpropermotionsurvey contributionsare
presentedin T 1.5.2.Searchesfor youngbrown dwarfsin star-formingregionsandin openclusters
arehighlightedin T 1.5.3andin T 1.5.4,respectively.

1.5.1 Brown dwarfs as companions

Theconfirmationof brown dwarfs is mostlybasedon thedetectionof thelithium absorption
line at 6708Å, on thelow-luminositiesandcool temperatures.To date,no directdynamicalmass
measurementof a brown dwarf hasbeenreported. The observation of a full orbit of the low-
massbinaryGl569Babwith adaptive opticsby Laneetal. (2001)providedanaccurateestimateof
thetotal massof thesystem.Thesecondaryis incontrovertibly substellarwhereastheprimary is
eithera low-massstaror a brown dwarf dependingon theage.Thedetectionof brown dwarfsas
companionsto starsandbrown dwarfsis of primeimportanceto investigateseveralaspectsof star
formation,including:

1. Massratiosprovideaconstraintto theformationmechanism(s)of low-massstarsandbrown
dwarfs

2. CorrecttheInitial MassFunctionfor binarity.

3. Studythebinaryfrequency asa functionof massin thefield andin openclusters

4. Dynamicalmasseswouldallow usto testevolutionarytracksatdifferentages
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A varietyof surveys have beenundertaken to unveil brown dwarfsaroundobjectscoveringa
largerangein massfrom solar-typestarsto therecentlydefinedT class.Differentmethodsareem-
ployedto probecertainzonesaroundfield dwarfs.Thecloseorbitswithin few astronomicalunits
aretherealmsof radialvelocity searches.Separationsof 1 to 10AU areprobedby speckleimag-
ing. Coronagraphicsurveysarebestsuitedto investigatecompanionswith separationsbetween10
and100AU. Widercompanions( 9 100AU) aremostefficiently searchedwith wide-fieldsurveys.
This sectionsummarisesthecurrentknowledgeof the frequency of brown dwarf companionsto
solar-typestarsandlow-massstars.

Radial velocity sur veys

Thepresenceof acompanionaroundastarcanbeinferredby theperturbationit engendersin
theradial velocity of thestar. This constitutesthehallmarkof the radialvelocity surveys started
about25 yearsagoto unveil extrasolarplanetsaroundsolaranalogues.

The first extrasolarplanetwasdiscovereda pulsarby Wolszczan& Frail (1992). The first
extrasolarplanetorbiting a solar-type star was discoveredaround51Peg by Mayor & Queloz
(1995),the sameyearasthefirst unambiguousbrown dwarfs. Prior to this discovery, planetary
companionsweredetectedaroundthepulsarsPSR1829� 10(Bailesetal. 1991)andPSR1257� 12
(Wolszczan& Frail 1992).Hundredsof F, G, K, andM dwarfshave now beensurveyedby radial
velocity programswith sensitivities reachingfew metresperseconds(Mayor et al. 1992;Marcy
& Butler1992;McMillan et al. 1994;Cochran& Hatzes1994).

Todate,morethanhundredextrasolarplanetshavebeenuncoveredby Dopplermeasurements5

within 3AU of their parentstarsandmassesaslow asthe massof Jupiter(Butler et al. 2003).
About five percentof the surveyed solar-type starsharbouroneor multiple planetswith a wide
rangeof eccentricitiesandperiods. The analysisof 164 nearbysolar-type starsby Duquennoy
& Mayor (1991)indicatesthatabout13% of G dwarfshave stellarcompanionswithin thesame
separationlimit.

Thedistribution of massesof extrasolarplanetsaroundsolarlikestarsis peakedat low masses
(1–2M u²v�w ) with a decreasingpower law towardslargermasses(seeFigure17 in Vogt et al. 2000
for example). Radialvelocity surveys arenot biasedagainstthediscovery of brown dwarfs (de-
finedhereasobjectmoremassivethan13M èbéxê ) astheirperturbationontheparentstarsis stronger
thanplanets.This observed lack of brown dwarf companionsat low separationaroundsolar-type
starsis suggestive of theexistenceof a “brown dwarf desert”. The ë²ì,íJî uncertaintyon themea-
surementof themassdoesnot affect theshapeof thedistribution of objectsasa functionof mass
becausetheprobability to seea brown dwarf at small inclination is negligible, accordingto nu-
meroussimulations(Queloz2002).

A radial velocity survey of about1000starswith a precisionof 0.5 kmsï�ð implementedby
Lathamet al. (1989)announcedthe first brown dwarf candidateamong20 radial velocity stan-
dards.The object,HD114762,stoodout of the samplewith a lower limit of 11 Jupitermasses.
The currentstatusof this objectremaincontroversialdueto the uncertaintieson the inclination
(Halbwachsetal. 2000).

To date,a dozenbrown dwarf candidatesextractedfrom radial velocity programshave been
reported.Mayor et al. (1992)foundninestarswith possiblesubstellarcompanionsfrom a survey
of 540 nearbyF andG dwarfs. Mazehet al. (1996) investigatedlow-amplituderadial velocity

5http://www.obspm.fr/encycl/cat1.html
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variationsof threestarsbelongingto theoriginal list of radialvelocity standards.Tokovinin et al.
(1994)mergedradialvelocityobservationsaccomplishedindependentlywith two spectrometersto
infer amassof 60M èbéxê for onecompanion.However, theorbital inclinationsfrom theHipparcos
satelliteconcludedthatmostof themaresimplystellarcompanions(Halbwachsetal.2000).Seven
objectsaredefinitelyrejectedasbrown dwarf companions,oneis acceptedwith a low confidence
level, andtheremainderrequireadditionalstudiesto assesstheir substellarity.

Threeadditionalbrown dwarfs,with masses(m ë²ì,íJî ) rangingfrom 13 to 18M èbéxê , have been
reportedaroundHD168443(Marcy et al. 1999),HD162020,andHD202206(Udry et al. 2002).
Thesethreecandidatesremain,to date,thesolebona-fidesubstellarcompanionsfoundby Doppler
measurements.It is worth mentioningthat HD168443is a systemcomposedof an extrasolar
planet/brown dwarf pairorbitingthenearbyhighpropermotionK dwarf, Gl 86A (Elsetal. 2001).

To summarise,the presentsetof datadrawn from radial velocity surveys indicatesthat less
than 0.5% of solar-type starsharbourclosebrown dwarf companions(Marcy & Butler 2000;
Zucker & Mazeh2001). The extensionof this brown dwarf desertat wide separationis ruled
out by currentobservations,suggestinga frequency comparableto stellarcompanionsdespitethe
largeuncertainties(18 ñ 14%; Gizis etal. 2001a).

Micr olensing

Themainprincipleof microlensing,originally suggestedby Paczynski(1986),is thefollow-
ing: when the “lens” is alignedwith a distantbright star, it bendsanddistortsthe light of the
backgroundobject,yielding anenhancementof flux on a shorttimescale.Severaltypesof lenses
arepossible,includingcompactsobjectsin externalgalaxiesor diskobjectsin ourGalaxysuchas
normalstars,brown dwarfsandplanets.

Variouscollaborative efforts are underway to unveil extrasolarplanetsand brown dwarfs.
AmongthemaretheMACHOproject,theOpticalGravitationalLensingExperiment(OGLE),the
Expériencepour la Recherched’ObjetsSombres(EROS), MicrolensingObservationsin Astro-
physics(MOA), MicrolensingFollow-up Network (MicroFUN), theMicrolensingPlanetSearch
(MPS),andProbingLensingAnomaliesNetwork (PLANET).

Thesearchfor brown dwarfsthroughmicrolensingis just starting.Threepossiblecandidates
have beenrecentlyreportedbut the uncertaintieson the massdeterminationremain large and
additionalobservationsareobviously requiredto furtherconstrainthenatureof thelens.

1. Alcock et al. (2001)observed a microlensingevent in the Large MagellanicCloudswith
theHubbleSpaceTelescope, yielding a massestimatebetween0.03and0.10M ò . Optical
spectroscopy of the lenssuggestshowever a masslarger than0.09M ò , placingtheobject
above thehydrogen-burning limit.

2. Smithet al. (2003)inferreda massof M ó 0.050ôöõ�÷ õ ð�øï õ�÷ õ ðbð M ò for a bright microlensingevent
observed towardstheGalacticbulgeby theOGLE project. If verified,the lenswould bea
brown dwarf locatedat adistanceof 6.5kpc.

3. A recentmicrolensingevent towardM31 wasannouncedby An et al. (2004).Thelensis a
binarysystemlocatedeitherin thedisk of M31 or in thehalosof theMilk y Way or M31.
Thesecondaryis eithera brown dwarf or a low-massstardependingon thedistanceof the
system.
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Brown dwarf companions to low-mass star s

Thefirst brown dwarf companioncandidatewasfoundaroundawhitedwarf, GD165(Becklin
& Zuckerman1988). This objectis now recognisedasa templatefor thenewly-definedL class
andis likely a brown dwarf (Kirkpatrick et al. 1999a). The first T dwarf, Gl229B,wasdiscov-
eredorbiting anearly-M dwarf (Nakajimaet al. 1995). Thosediscoverieshave triggereda large
numberof high-resolutionimagingsurveysconductedwith theHubbleSpaceTelescopeandadap-
tive opticssystemson theworld’s largesttelescopesto uncover new brown dwarf companionsto
low-massstars.A brief overview is providedbelow andin Table1.5.

The mostcompletepopulationavailable to dateto investigatethe binary frequency of low-
massstellarandsubstellarcompanionsarethe5- and8-pcsamples.Severalprogramshave been
dedicatedto the closestneighboursto the Sun to unveil companionsover different separation
ranges.Henry & McCarthy(1990)failed to detectnew brown dwarfs at separationscloserthan
10AU from asystematicsearcharoundM dwarfswithin 5 parsecsusinginfraredspeckleinterfer-
ometry. Simons,Henry,& Kirkpatrick (1996)investigatedseparationsbetween100and1400AU
around63systemswithin 8pcand ùÉú¹û 25ü . Second-epochobservationssupplementedtheprevi-
oussearchwith propermotionasprimarycriterionbut did notuncovernew low-masscompanions
(Hinz et al. 2002). High-resolutionimagingof 23 nearbydwarfs within 13pc carriedout with
theHubbleSpaceTelescopefailed to detectany companionat separationsbetween1 and50AU
(Schroederet al. 2000). Similarly, a coronagraphicsurvey of 107 nearbystarsystemsprobing
separationsrangingfrom 40to 100AU turnedupnonew brown dwarf companions(Oppenheimer
et al. 2001). It soundslikely thatall stellarcompanionsto nearbydwarfshave now beendetected
by theextensive programsimplementedoverseveraldecades(Reid& Gizis 1997a).

New low-massstarsandbrown dwarf companionshave beendetectedaroundK (Gizis,Kirk-
patrick,& Wilson 2001b),G (Potteret al. 2002;Gotoet al. 2002;Liu et al. 2002a),M (Rebolo
et al. 1998;Goldmanet al. 1999;Mart́ın et al. 2000b;Laneet al. 2001;Closeet al. 2002a;Freed
et al. 2003),andL dwarfs(Mart́ın et al. 1999a;Koerneret al. 1999).Table1.5 lists thosediscov-
eriesalongwith their parameters,includingspectraltypesof theprimaryandsecondary(whena
spectrumwasobtained),distanceandageof thesystem,aswell astheseparationin astronomical
units.Thesecondaryof thesesystemsis eithera low-massstaror abrown dwarf dependingonthe
ageof thesystem.Theseparationandmassratio distributionsof ultracooldwarfsareplottedin
Figure1.6.

Large samplesof ultracooldwarfs with spectraltypesrangingfrom M8 to T8 have beenre-
centlyimplementedto improve statisticsin orderto investigatethebinaryfrequency of substellar
massobjectsto very low-massstarsandbrown dwarfs.

Reidet al. (2001b)reportedthediscovery of four binarysystemsoutof 20L dwarfsobserved
with theHubbleSpaceTelescope. Thelow-massbinarieshave separationsspanning2–8AU with
nearequal-masses.However, oneobjectdid exhibit amuchfaintercompanion,suggestingamass
ratio (q1/q2)aslow as0.8.

A sampleof 10 T dwarfsobserved by Burgasseret al. (2003b)unveiled two binarysystems.
As for thepreviousstudyby Reidet al. (2001b),bothsystemsaretight binarieswithin 4AU with
nearequal-brightnessratios.

A survey of 39 late-M dwarfswith spectraltypeslaterthanM8 revealedninebinarysystems
(Closeetal. 2002a,2002b,2003).Thelargemajorityof primariesarelow-massstarswith spectral
typesM8–L0.5andthesecondariesareeitherstellaror substellardependingon theanddistance.
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Table1.5: List of low-massstellarandbrown dwarf companionsto stars.Note thatGl569Band
HD130948orbit normalstarsandwereresolvedasbinarysystems.Theremaininglow-massstel-
lar andbrown dwarf companionsto ultracooldwarfsfoundin thecourseof recenthigh-resolution
imagingsurveys (Reidet al. 2001b;Closeet al. 2002b;Burgasseret al. 2003b;Gizis et al. 2003;
Closeetal. 2003;Bouyetal. 2003)aregivenin Table4 in Closeetal. (2003)with theirestimated
parameters(separation,spectraltypes,massesandperiods).
References:(1) Reboloetal. 1998(2) Mart́ın etal. 1999a(3) Goldmanetal. 1999(4) Mart́ın etal.
2000b(5) Burgasseret al. 2000a(6) Laneet al. 2001(7) Gizis et al. 2001b(8) Potteret al. 2002
(9) Gotoet al. 2002(10) Liu etal. 2002a(11)Closeetal. 2002a(12) Freedet al. 2003.

Name SpT Distance Agesystem Separation Characteristics Refs
Primary pc Gyr AU Secondary

G196-3 M2.5 21 ý 0.1 ý 300 BD Lithium 1
LHS102 M3.5 9.6 ý 1 ý 200 BD or VLM 3

Gl569ABa/Bb M2 9.8 þ 1 50and1 M8.5/M9.0 4,6
GD570ABCD K4 5.9 2–10 1525 T8; BD 5

GJ1048 K2 21.2 ÿ 1 250 L1 7
HD130948ABa/Bb G2 18 þ 0.8 50and2.4 L2–L4/L2–L4 8,9

15Sge G1 17.7 1–3 14 L2–L6 10
2MASSJ1426316� 155701 M8.5 18.8 0.5–7.5 2.92 L1–L3 11

LHS2397a M8 14.3 2–12 2.96 L7.5 12

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

Thelargestsampleof ultracooldwarfsstudiedto dateexplored134objects(Bouyetal. 2003),
including 20 L dwarfs (Reid et al. 2001b),84 M andL dwarfs (Gizis et al. 2003),and30 new
objects.Exceptonetargetassociatedwith aG dwarf in a triple system,25outof the133ultracool
dwarfs turnedout to be binaries. This statisticallysignificantstudy suggestsa binary fraction
around10%amongfielddwarfswithin 25pc. Themainconclusionsdrawn by theserecentsurveys
arediscussedin theconclusionsof this section.

Brown dwarf binaries

Brown dwarf binariesare of prime importanceto test evolutionary tracksin the substellar
regime.Closebinariesaremostsuitableto obtaindynamicalmassesoverashorttimescale.How-
ever, the numberof known field brown dwarf binariesis low andmost of them do not have a
resolvedspectrum.NotethatPPl15is theonly spectroscopicbinary(Basri& Mart́ın 1999b)and
is amemberof thePleiadesopencluster.

All genuinebrown dwarf binariesdiscoveredto datearelisted in Table1.6 alongwith their
estimatedphysicalparameters,includingdistances,spectraltypes,separation,massratio,andpe-
riod. Only threesystemshave accuratedistances,namely2MASSW1146345� 223053,DENIS-
PJ0205.4û 1159,and � Indi B.

Few other objectsare suggestedas possiblebinary brown dwarfs, including Gl569Ba/Bb
(Mart́ın etal. 2000b;Kenworthyet al. 2001;Laneetal. 2001),HD130948B/C(Potteretal. 2002;
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Table1.6: List of brown dwarf binariesdiscoveredto datein thefield andin the Pleiadesalong
with theestimatedphysicalparameters.Thedistanceof thesystemis given in parsecs,thesepa-
rationin astronomicalunits(AU), thespectraltypes,themassratio (q parameter),andtheperiod
in years.
References:(1) Mart́ın et al. 1999a(2) Koerneret al. 1999(3) Reid et al. 2001b(4) Burgasser
et al. 2003b(5) Gizis et al. 2003(6) Bouy et al. 2003(7) McCaughreanet al. 2004. (8) Mart́ın
etal. 2003.

Name Distance Sep SpT Massratio Period Refs
pc AU q yr

2MASSs0850359� 105716 27.7 4.4 L6/?? 0.75 43 3,6
2MASSW0920122� 351742 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
2MASS1534� 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� Indi B 3.626 2.65 T1/T6 0.6 15 7

CFHT-Pl-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).Themassesremainuncertaindueto thelackof lithium in absorptionandun-
certaintieson theageand/ordistance.As a consequence,theprimaryis a very low-massstaror a
brown dwarf andthesecondaryabrown dwarf.

Conc lusions to the frequenc y of brown dwarfs as companions

Themainresultsof programsdedicatedto thesearchfor substellarcompanionsto very low-
massstarsandbrown dwarfscanbesummarisedasfollows:

1. A few brown dwarf companionshave beendetectedwithin 3AU aroundmain-sequence
starsby radialvelocity surveys, yielding a binaryfrequency lessthan0.5% andsuggestive
of a “brown desert”at theseseparations.A dearthof brown dwarfs at wide separations
( � 1000AU) is not apparentaroundmain-sequence(F–M0) stars(Gizis et al. 2001a)with
a frequency of 18 ñ 14%. Studiesdedicatedto intermediateseparationsarebarelyunder
way. The binary frequency of ultracoolfield dwarfs lies around10–15% in contrastwith
57 ñ 9% for G dwarfs (Duquennoy & Mayor 1991)and42 ñ 9% for M dwarfs (Fischer
& Marcy 1992).Thefrequency of binarybrown dwarfsof at most5% predictedby recent
simulations(Bateetal.2002;Delgado-Donateetal.2003)is lowerthantheobservedvalues.

2. Very low-massandbrown dwarf binarieshave separationssmallerthan16AU with a peak
in thedistribution occurringaround4–8AU (Left panelin Figure1.6). Similarly, surveys
in theHyades(Reid& Gizis 1997b)andin thePleiades(Mart́ın et al. 2000a)producedno
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brown dwarf companionswith separationslarger than14 and27AU, respectively. These
resultsare at oddswith the distribution of companionsaroundM dwarfs. Firstly, about
40% of M dwarf multiplesystemswithin 8pchaveseparationsgreaterthan10AU (Reid&
Gizis 1997a).Secondly, 50% of M0–M6 dwarfshave separationsbetween10 and10

�
AU

(Fischer& Marcy 1992). Furthermore,the distribution of separationof G andM dwarfs
is muchbroaderwith a maximumfrom 3 to 30AU (Fischer& Marcy 1992; Duquennoy
& Mayor 1991). Currenttechniquesaresensitive to wide low-massstellarandsubstellar
companionsbut suffer from observationalbiasestowardsspectroscopicbinaries.

3. Low-massbinariesin the field tendto favour equal-masssystemswith massratios larger
than 0.8 (Right panel in Figure 1.6). The lowest massratio is the � Indi B systemwith
q ó 0.6 (McCaughreanet al. 2004). This might simply reflect the lack of sensitivity to
companionsfainterthanthe primary by morethan4 mag. Theseresultsarein agreement
with thepeakatequal-masssystemsnoticedin the8-pcsample(Reid& Gizis1997a)but are
atoddswith theflatterdistributionsof G dwarfswhichpeaksaroundq= 0.2(Duquennoy &
Mayor 1991).Dynamicalsimulationsof smallclusterspredicta flat massratio distribution
of brown dwarfs with a rarity of extremeratios (Delgado-Donateet al. 2003; Sterzik &
Durisen2003)in agreementwith currentobservations.

Figure1.6: Distribution of separation(left panel)andmassratio (right panel)for G dwarfs(solid
line; Duquennoy & Mayor 1991),M dwarfs (dashedline; Fischer& Marcy 1992),andultracool
dwarfs (histogram;seetext for all references).We have found a total of 34 binary systemsout
of 178 ultracoolfield dwarfs observed with high-resolutionimagingfrom the groundandfrom
space.Thebinariesfoundin thePleiadesby Mart́ın et al. (2003)arenot plottedasthey represent
ayoungersubsample.Theerrorson themeasurementsarePoissonerrors(not included).
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1.5.2 The field brown dwarfs

Over 250 L dwarfs and about50 T dwarfs have beendiscoveredin the field over the last
fiveyears,mostof themby threelarge-areasky surveys,namelytheTwo Micron All-Sky Survey
(hereafter2MASS),theDEepNear-InfraredSurvey (hereafterDENIS),andtheSloanDigital Sky
Survey (hereafterSDSS).

The 2MASS ( � 1.5.2),DENIS ( � 1.5.2),andSDSS( � 1.5.2)surveys, their selectioncriteria
to unearthnew L andT dwarfs,andtheir maindiscoveriesaredescribed.Propermotionsurveys
aimingat finding ultracooldwarfs in thesolarneighbourhoodarehighlightedin � 1.5.2. Finally,
someserendipitousdiscoveriesof L andT dwarfsarepresentedin � 1.5.2.

The Two Micr on All-Sky Survey

The Two Micron All-Sky Survey (http://ipac.caltech.edu), project led by the University of
Massachusetts,providesfull sky coveragein thenear-infrared � (1.25	 m), 
 (1.65	 m), and �
�
(2.15	 m) broad-bandfilters (Skrutskieet al. 1997). The survey wasconductedwith twin 1.3-
m telescopeseachequippedwith a three-channel256 � 256 pixel NICMOS3 cameraobserving
simultaneouslyin � , 
 , and �
� . Thepixel scalewas2� � , yielding a 8.5��� 8.5� field-of-view. Six
framesof 1.3 secondseachwereobtainedfor eachindividual field on the sky, yielding a total
integrationtime of 7.8 seconds.Thenominalsurvey completenesslimit was � = 15.8, 
 = 15.1,
�
� = 14.3with signal-to-noiseof 10at highgalacticlatitudes.

The selectionmethodto find nearbyL dwarfs was rathercrudebut highly efficient. All
candidateswith � –�
� colour redderthan1.2 magwere followed-upspectroscopicallywith the
Keck/LRIS spectrographto ensuresufficient signal-to-noise.Over 150 nearbyL dwarfs were
foundin the2MASSdatabase(Kirkpatrick etal. 1999b;Kirkpatrick etal. 2000;Cruzetal. 2003),
yielding accuratespectraltype classificationat optical wavelengthsshortwardsof 1 	 m (Kirk-
patricketal. 1999b).

TheCorMASSprojectaimsat low-resolution(R ó 300)spectroscopy of all red( � –� � ú 1.2)
andbright ( �
��� 13.0) to extend the optical classificationschemeto the near-infrared (Wilson
etal. 2003).

About half of the T dwarfs werediscoveredin the 2MASS database(Burgasseret al. 1999,
2000a,2000b,2002,2003b,2003c). Several colour cuts, including ��� 16.0, � –
�� 0.4, and

 –�
��� 0.3or ��� 16.0, � –
�� 0.4,and 
 –���Fú 0.3wereappliedto find field T dwarfs in the
2MASS database.Targetswere selectedto have galacticlatitudesabove 15ü and to avoid the
MagellanicCloud and47 Tuc regions. Propermotionsandoptical counterpartspresentin the
Digital Sky Surveys wereremoved from the initial sample,yielding a small pool of bona-fideT
dwarf candidatesfor near-infraredspectroscopicfollow-up.

The2MASSprojectis a powerful tool to detectbrown dwarfs in thefield aswell asin open
clusters.Severalstudiesmadeuseof the2MASSdatabaseto confirmmembershipstatusof clus-
ter candidatesin thePleiades(Tej et al. 2002),in Taurus(Briceño et al. 2002),in MBM12 (Luh-
man2001),in � Per(Barradoy Navascúeset al. 2002)andto studydisk fractionsin star-forming
regions,including � Ori (Oliveiraetal. 2002).

Onthetheoreticalside,the2MASSdatabasewasusedto refineatmospheremodelsandderive
effective temperaturescalesfor ultracooldwarfs(Schweitzeretal. 2001).
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The DEep Near-Infrared Survey

TheDEepNear-InfraredSurvey (http://www-denis.iap.fr/)wasconductedwith theESO1-m
telescopeat La Silla with a three-channelcamerain the Gunn-� (0.82	 m), � (1.25	 m), ���
(2.15	 m) filters, covering the whole SouthernSky from û 90ü to � 2.5ü (Epchteinet al. 1997).
Two NICMOS3 arrayswith 256 � 256 pixels anda pixel sizeof 3� � wereusedin the � and ���
channelswhereasa 1024 � 1024TektronixCCD detectorwith 1� � pixel scalewasusedfor the �
channel.Theresultingfield-of-view was12� . Thesky wasscannedin stepandstaremodealong
30 degreestripsat constantright ascensionwith integrationtime of 10 seconds.Theapproximate
3� limits of thesurvey were � = 18.5, � = 16.5, ��� = 13.5.

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

� Objectsredderthan � – � colourof 2.5mag.

� Objectswith � and � detectionsandno opticalcounterpart.

No systematicspectroscopicfollow-up wasimplementedasfor 2MASS,yielding a smaller
numberof L dwarf discoveries.Nonetheless,theDENIS“Mini-Survey” revealedabout20objects
laterthanM8, including3 L dwarfs(Delfosseet al. 1999),with opticalandnear-infraredspectro-
scopicassessment(Tinney et al. 1998;Delfosseet al. 1999).High-resolutionspectroscopy of the
3 L dwarfsplacedoneobject,DENIS-PJ1228.2û 1547,asthefirst discoveredfield brown dwarf
with Kelu1 (Ruiz etal. 1997),afterdetectionof lithium absorptionat6708Å (Mart́ın etal. 1997;
Tinney etal. 1997).

The Sloan Digital Sky Survey

TheSloanDigital Sky Survey (http://sdss.org) hassurveyedover10000deg� (onefourthof the
celestialsphere)of thehigh galacticlatitudesky, centredapproximatively on theNorth Galactic
Pole,with a dedicated2.5-mtelescopeat theApachePointObservatory (York et al. 2000). The
SDSSprojectimagedthesky in 5 filters ( � , � , � , î , and  ), covering the0.4–1.0	 m wavelength
range(Fukugitaetal. 1996).

Theimagingarraywasamosaicof thirty 2048 � 2048CCDswith 0.396� � /pix providing atotal
field-of-view of 2.5ü!� 13� . Theeffective integrationtimewas54.1secondsperfiltersperprint on
sky. Theexpectedcompletenesslimits (5� detectionlimit) of thesurvey were � ó 22.3, � ó 23.3,
�#ó 23.1, î[ó 22.3,and  Hó 20.8,assumingafull-width-half-maximumof 1� � andanairmassof 1.4.
Photometriccalibrationwasobtainedwith a smallauxiliary telescopeat thesamesite. Different
typesof objectswerefollowed-upspectroscopicallywith a dedicatedSDSStwin fibre-fedspec-
trograph.Fibreswere3� � in diameterandprovidedwavelengthcoveragefrom 3800to 9200Å at
R ó 1800.

TheSDSScommissioningdatarevealedabout20 L dwarfs reportedin Fanet al. (2000)and
Schneideret al. (2002).Theselectioncriteriato find L dwarfsin theSDSSsurvey are:

1. Objectsredderthan î – ¥ú 1.6and � –î�ú 1.8.

2. î – eú 1.6and2� detectionin î and/ordetectionin the2MASScataloguefor objectsunde-
tectedin the � images.



36 A theoreticalandobservationaloverview of brown dwarfs

Thesearchfor T dwarfs in theSDSSdatatook into accountthefaintnessandtheredoptical
coloursof theseobjects,consideringthefollowing searchcriteria:

1. Detectionabove 3� in î anddetectiontwice in the  filter with 2MASScounterpart.

2. Detectiononly in the  -bandrequired "� 19.0.

A dozenT dwarfs were discovered in the SDSScommissioningdata(Strausset al. 1999;
Tsvetanov et al. 2000), including the first L/T transitionobjects(Leggettet al. 2000). Geballe
et al. (2002)developeda near-infraredclassificationschemefor ultracooldwarfs from M to T,
accordingto theSDSSdiscoveries(Table1.4).

Proper motion sur veys

Theknowledgeof thesolarneighbourhood,definedasthevolumeof spacewithin 25pc,was
largelyestablishedby photographicpropermotionsurveysprior to theadventof large-areadigital
sky surveys. Despitethelargenumberof ultracooldwarfsunearthedby the2MASS,DENIS,and
SDSSsurveys, thecensusof thesolarvicinity is incompleteat thefaint endby 30% within 10pc
(Henry et al. 1997)andabouttwice this valuewithin 25pc (Henry et al. 2002). Trigonometric
parallaxesrepresentthebestway to measuredistancesbut propermotionsremainagooddistance
discriminantwhenthespectraltypeof theobjectis known.

The mostextensive propermotion databasesavailable to dateare two cataloguescompiled
by Luytenbasedmainly on dataobtainedwith the1.2-mPalomarOschinSchmidttelescopeand
publishedmorethantwentyyearsago:

1. TheLuytenCatalogueof Starswith ProperMotionsExceeding0.5� � /yr Annually (hereafter
LHS; Luyten 1979) lists about3600starswith 	Yú 0.500� � /yr andhundredsof starswith
propermotionsspanning0.235–0.500� � /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 epochswereobtainedwith positionsaccurateto a few arcseconds.Magnitudesmeasured
in two photographicpassbandsm#%$ and m& , correspondingroughly to the currentphotometric'

and (*)+&-,/. , respectively, wereaccurateto about0.5 mag. The fainteststarscataloguedhave
m&�ó 19 andm#0$ ó 20.5,respectively.

Southof ù+� û 33ü , boththeLHS andtheNLTT catalogueswereextendedusingdatafrom the
BruceProperMotion survey conductedwith the0.65-mBrucerefractorbeginningof the20132 cen-
tury. AlthoughtheBrucesurvey extendedto propermotionsdown to 0.1 � � /yr, only starsbrighter
thanm#0$ ó 15.5werecataloguedwith abluemagnitudebut nocolourinformation.Thesearchfor
low-luminosityobjectsin thesouthis, thus,highly hamperedby thebright detectionlimit of the
Brucecatalogue.New faint propermotionobjectsdown to m& = 19.5andsouthof ù+4 –5ü were
extractedby Wroblewski & Torres(1989,1992,1994,1995,1996,1997,1998)andWroblewski
& Costa(1999,2000,2001).

To improve thecensusof thesolarneighbourhoodandcharacterisethe luminosity andmass
functionsacrossthestellar/substellarboundary, severalpropermotionsurveys have recentlybeen
implementedbothin theNorthernandSouthernhemispheres.Wewill briefly highlight theresults
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of thesurveys whichcontributedto thediscovery of low-massstarsandbrown dwarfsin thesolar
vicinity, includingourown SouthernSky propermotionsurvey for nearbyreddwarfspresentedin
detailsin Chapter2.

� Reid& Cruz(2002),Reid,Kilk enny, & Cruz(2002b),andCruz& Reid(2002)presenteda
seriesof papersaimingat finding low-massstarsandbrown dwarfswithin 20pc. By cross-
correlatingtheNLTT cataloguewith anearlyreleaseof the2MASSdatabasefor galacticlat-
itudeshigherthan10ü , theauthorsdiscoveredover100new ultracooldwarfsbasedon their
location in the (m& , m& –�
� ) colour-magnitudediagram. Although photometricdistances
aresubjectto large uncertaintiesdue to errorson photometricmeasurementsor binarity,
theseresultsdemonstrateclearlytheincompletenessof thesolarneighbourhood,especially
at thelow-luminosityend.
More recently, Cruz et al. (2003) initiated a volume-limited(d � 20pc) survey of nearby
M7–L6dwarfsoverthewholesky entirelybasedonthe2MASSsurvey. Moderate-resolution
(R ó 3000)optical (6000–10000̊A) spectroscopy provided spectraltypesandphotometric
distancesfor eachindividual object,yielding the discovery of 39 new L dwarfs. A bright
(K � = 9.1)M8.5 dwarf at 6 pc with a propermotionof 0.759� � /yr wasuncoveredwithin the
framework of this search(Reidetal. 2003).

� Lépine,Shara,& Rich (2002)conducteda systematicsearchfor high proper-motion stars
(0.5 �5	6� 2.0� � /yr) atlow-galacticlatitudes( 7 b 78� 20ü ) usingtheDigital Sky Survey database.
Thesameprocedurewasrecentlyextendedto galacticlatitudesabove 25ü (Lépine,Rich,&
Shara2003a). Most of the high propermotion (0.5 �9	6� 2.0� � /yr) starslisted in Luyten’s
catalogueswererecoveredandnew objectsbrighterthan20.0magwerediscovered.
Thesearchmethodwasbasedon theSUPERBLINKsoftwaredevelopedby theauthorsto
recover high propermotion starsin an automaticway after scaling,shifting, rotating,and
subtractingthe POSSI andPOSSII photographicplates. This tool wasspecificallyopti-
misedto work on relatively crowdedfields andto improve thedetectionof propermotion
starsaffectedby abrightneighbour.
Opticalspectroscopy of numerousnew high propermotionstarsrevealedwhite dwarfs,M
dwarfs,metal-poordwarfs(Lépine,Rich,& Shara2003b)aswell as:

1. A high propermotion ( 	 = 2.38� � /yr) faint (V = 19.3) M8.5 dwarf at 14pc (Lépine,
Shara,& Rich 2002).

2. A bright (K ��ó 10.9)L1 brown dwarf at10pcconfirmedby thedetectionof lithium at
6708Å (Salimetal. 2003).

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

� The Caĺan-ESOProperMotion Cataloguecontains542 starswith propermotionslarger
than0.2� � /yr identifiedon5ü!� 5ü ESOredplatestaken ó 10yr apart(Ruizetal. 2001).The
field selectionwasrandombut avoidedthehigh galacticlatituderegionswith declinations
rangingfrom ù = û 40ü to ù = û 25ü . The two hoursintegrationtime yieldedphotographic
magnitudesm& spanning7.5–19.5mag.Thispropermotionsurvey, originally aimingat the
identificationof cool white dwarfs in thesolarneighbourhood,led to thediscovery of the
first field brown dwarf, Kelu-1(Ruiz,Leggett,& Allard 1997).

� TheLiverpool-Edinburgh catalogue(Pokorny, Jones,& Hambly2003)is a compilationof
about6200starsat the SouthGalacticCap,with propermotionsexceeding0.18� � /yr and
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( = 9.0–19.5mag. Interestingobjectswereselectedfrom the reducedpropermotion and
colour-colour diagramsfor spectroscopicfollow-up observationsbut no new subdwarfs or
brown dwarfshave beenannouncedto date.

� A new high propermotion survey wasconductedin the SouthernSky southof ù+� –33ü
basedon6ü � 6ü photographicplatesobtainedwith theUKST telescopeandmeasurements
madewith theAPM machineatCambridge(Scholzetal.2000).Theinitial searchwasbased
on measurementsin two passbands(

';:
and ( ) at two epochsseparatedby ó 15 yearsforù+� –20ü . Typical limiting magnitudesare

';: ó 22.5 and ( ó 21, with an uncertaintyofó 0.25 mag. Searchradii of 60 to 90 arcsecwere usedto recover large propermotions
(typically 0.3–1.0� � /yr).
Thepilot survey (Scholzet al. 2000)extractedabout100new high propermotionobjects
down to ( ó 20.0over thousandsquaredegreesbetween0< and7< in right ascensionand
–63ü and–32ü in declination,respectively. This sampleincludednew white dwarfsaswell
asK andM dwarfs. This survey waslater extendedby Scholzusingthe SuperCOSMOS
Sky Survey and2MASS cataloguesover the entiresouthernsky at four differentepochs.
Thenew approach,detailedin Chapter2, led to thediscovery of:

1. Six subdwarfs(Chapter2).

2. NumerousM dwarfswithin 50 parsecs(Chapter2).

3. Two M dwarfswithin 10parsecs(McCaughrean,Scholz,& Lodieu2002b).

4. Threeultracooldwarfs(Lodieu,Scholz,& McCaughrean2002b).

5. Theclosestbinarybrown dwarf andbrightestT dwarf to theSun,� Indi Ba/Bb(Scholz
etal. 2003;McCaughreanetal. 2004).

Serendipitous disco veries

Besidesthelarge-scalesky surveyswhich revealeda largenumberof ultracooldwarfsandthe
propermotionsurveys dedicatedto thesearchfor nearbystars,asmallnumberof L andT dwarfs
wereunearthedduringunrelatedsurveys. Amongthem,wewould like to emphasisethefollowing
discoveries:

� Cubyet al. (1999)reportedthediscovery of a late-Tdwarf in thecourseof a deepsurvey
carriedoutwith theSofI andSUSIinstrumentsmountedon theNTT. TheNTT DeepField
coveredanareaof 2.3� � 2.3� in the

'
, = , and � filters down to magnitudelimits of 27.2,

27.0, and 26.7, respectively. A 5�>� 5� field-of-view was observed as well in the � and
� � filters down to magnitudelimits of 24.6and22.8,respectively. This new T dwarf has
� = 20.15and�
� = 20.3andalow-resolutionnear-infraredspectrumcomparabletoGl229B.

� Liu et al. (2002b)presentedthediscovery of a faint ( � = 23.6, � = 18.2)T dwarf within the
framework of the Institutefor AstronomyDeepSurvey. This survey usedtheprime-focus
imagerSuprime-Camon the Subaru8.2-m telescopeto cover a total areaof 2.5 square
degreesin the ( , � , and  � filters down to 27.1,26.5,and25.5, respectively. Optical and
infraredcolourswith additionalnear-infraredspectroscopy yieldedaspectraltypeof T3–T4
andaphotometricdistanceof 45 ñ 9pc (Liu et al. 2002b).
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� As the result of a spectroscopicsearchfor distantAGB stars,Kendall et al. (2003) an-
nouncedthediscovery of sevenunknown L dwarfs.All sevenobjectswerevery fainton the
� -bandphotographicplateswith magnitudesrangingfrom 17.0 to 20.0mag. The objects
wereassignedspectraltypesbetweenL0.5 andL5 from directcomparisonwith templateL
dwarfs.

� Thorstensen& Kirkpatrick (2003)recentlydiscoveredabright( � � = 11.3)L3.5dwarfwithin
theframework of aparallaxprogramfor asampleof cataclysmicbinaries.Thisnew L dwarf,
2MASSJ0700� 3157,hasa well determinedparallaxof 82 ñ 2 mas,andconstitutesa new
addition to the catalogueof nearbystars(Gliese& Jahreiss1995). It also representsan
importantadditionto thesmallsampleof L andT dwarfswith accuratedistances.

1.5.3 Brown dwarfs in star -forming regions

In � 1.5.2,we have describeddifferentkindsof searchesdedicatedto theimprovementof the
censusof starsandbrown dwarfs in thesolarneighbourhood.Theultimategoal is to derive the
luminosityandmassfunctionsof avolume-limitedsampleof objects.However, thedetermination
of thefield IMF is hamperedby majordrawbacks,including:

� Parallaxesarerequiredfor eachindividual starto infer theirmasses.Themostreliablemass
functionestimateis currentlyavailablefor the5- and8-pcsamplesalthoughtheincomplete-
nessmight beashighas30%, particularlytowardslow-massstars(Henryet al. 1997).

� Agesaregenerallyunknown anda meanvalueof theorderof 1Gyr is assumedfor nearby
objectsto infer themass.Thepossibletime variationsoccurringin thestarformationrate
arelost in thisprocess.

� Large incompletenessexists for high-massstarsbecauseof their rarity in the solarneigh-
bourhoodandtheir shortlifetimes.

� The incompletenesstowardslow-massstarsand brown dwarfs is significantdue to their
faintness(Henryet al. 1997). The recentdiscovery of the � Indi Ba/Bbsystemat 3.626pc
(Chapter2) providesonecounterexample.

To alleviatemany of thoseissues,severalstudieshave focusedonembeddedclustersandstar-
forming regions becausethey representan equidistantsampleof starswith a similar chemical
compositionwithin a limited areaon thesky. Theadvantages( � ) anddrawbacks( û ) compared
to thesolarvicinity arethefollowing:

� Very low-massstarsandbrown dwarfsarebrighterwhenyoungeratagivendistance,mak-
ing their detectioneasierin star-forming regionsthanin thefield (Figure1.2).

� Small contaminationby field starsandbackgroundgiantsdueto the presenceof dustand
thecompactnessof embeddedclusters.

� Dynamicalevolution is obviously low at youngagesalthoughthe birth of youngclusters
might go throughphasesof violent gasexpulsionaffecting theshapeof the IMF (Kroupa
etal. 2001).High-massstarswill nothaveevolvedoff themain-sequenceyetandlow-mass
starsareretainedwithin theclustercore.TheIMF can,therefore,bederivedfrom high-mass
starsdown to thedeuteriumburninglimit andbelow.
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û Star-forming regionsareheavily embeddedin their molecularcloudhamperingopticalob-
servations.û Largeuncertaintiesareexpectedon evolutionarytracksatvery youngagesdueto unknown
initial conditions(Baraffe etal. 2002).û The timescaleto form starsrepresentsan appreciablefraction of theclusterage. The star
formationprocessis still on-goingsothatthemassfunctionis a lower limit of theIMF.

Figure1.7: Comparisonof substellarmassfunctionsin logarithmicscale(Salpeterdefinition)for
theTauruscloud(dashedhistogram;Briceño et al. 2002;Luhmanet al. 2003a),the IC348clus-
ter (solid histogram;Luhmanet al. 2003b),theTrapeziumCluster(filled circleswith solid line;
Muenchet al. 2002),and � Orionis (opentriangleswith solid line; Béjar et al. 2001). Possible
explanationsfor thedifferencein themassfunctionbetweenTaurusandtheTrapeziumClusterare
discussedin Section1.1.3

Bearingin mind thosecaveats,an emphasison the recentmassfunctiondeterminationswill
follow alongwith a brief descriptionof themoststudiedyoungclusters,includingtheTrapezium
Cluster, � Orionis, IC348, Taurus, ? Ophiuchus,andChameleon(Figure 1.7). Additional star-
forming regionshave beentargetedto uncover low-massstarsandsubstellarobjectsbut no mass
functionswerepublishedto date. It includesLupus(Nakajimaet al. 2000),RCoronaAustralis
(Comeŕon et al. 2002),UpperScorpius(Mart́ın et al. 2004),NGC1333(Aspin et al. 1994),and
Serpens(Lodieu et al. 2002a).Wilking et al. (2004)have recentlysetan upperlimit of �
� 1.6
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on themassspectrumfor NGC1333acrossthehydrogenburning limit basedon a spectroscopic
sampleof 25 brown dwarf candidates.

� TheTrapeziumClusterlieswithin thecentralregion of theOrion Nebula Clusterandis the
mostextensively studiedyoungcluster. The clusteris young( ó 1Myr), nearby(450pc),
rich anddense( ó 10

�
pcïA@ ) andharboursawiderangeof stellarmassesfrom 50M ò to few

Jupitermasses.Furthermore,its locationin front of molecularcloud minimisesthe back-
groundcontamination,makingobjectswith a smallextinction likely members.
Multiple surveysatvariouswavelengthshavebeenconductedin theregion,includingproper
motion(Jones& Walker 1988),optical imagesfrom theground(Herbig& Terndrup1986)
and from space(Luhmanet al. 2000), infrared surveys (McCaughrean& Stauffer 1994)
complementedby spectroscopy (Hillenbrand1997;Lucaset al. 2001)to infer massesand
agesfor eachindividual member.
Hillenbrand(1997)inferredaIMF whichpeaksatabout0.2M ò anddeclinestowardslower
masses.Theextensionof this work to thesubstellarregimeconfirmedthepreviousconclu-
sions(Luhmanet al. 2000;Slesnicket al. 2004). Muenchet al. (2002)reporteda similar
IMF from B starsdown to thedeuterium-burninglimit by modellingtheinfraredluminosity
function(Table1.1andfilled circleswith solid line in Figure1.7).

� The � Orioniscluster, locatedaroundtheO9.5starof thesamename,belongsto theOrion
OB 1b association.TheX-ray detectionof a high concentrationof sourcesaroundthestar
� Ori by ROSAT (Walter et al. 1994)triggereddeepoptical surveys dedicatedto the low-
masscomponentof the cluster. The clusteris 1–8Myr old (Béjar et al. 1999), locatedat
352pc accordingto Hipparcos (Perrymanet al. 1997), and suffers from little reddening
(Lee1968).
A deepoptical ( ( , � , and B ) survey of a ó 850arcmin� areain theclusterwith additional
near-infrared photometryrevealednumerouslow-massstars,brown dwarfs (Béjar et al.
1999),andplanetary-massobjects(ZapateroOsorioet al. 2000). Many objectshave been
spectroscopicallyconfirmedover a large massrangein the optical (Barradoy Navascúes
et al. 2001b)andin the near-infrared(Mart́ın et al. 2001). The clustermassfunction,de-
rivedfrom low-massstars(0.2M ò ) down to thedeuterium-burning limit, indicatesa rising
slopewith anindex � = 0.8ñ 0.4 (Béjaret al. 2001),whenexpressedasthemassspectrum
(Table1.1andopentrianglewith solid line in Figure1.7).

� IC 348 is locatedon thenortheastendof thePerseusmolecularcloud complex. Theclus-
ter is young(1–3Myr), relatively nearby(d ó 315pc), rich (about400members),compact
(D ó 20� ) with low extinction ( 4 A C!� = 0–5mag). IC348hasbeenextensively targetedin
thepastto extractclustermembersvia propermotion(Fredrick1956),H � emission(Her-
big 1998),infraredluminosityfunctions(Lada& Lada1995),andopticalcolour-magnitude
diagrams(Herbig1998;Luhman1999).
Tej et al. (2002)recentlyderived a clustermassfunction from all-sky cataloguesover the
whole clusterareaand inferred a power law with an index � = 0.8 ñ 0.2. Luhmanet al.
(2003b)aasignedspectraltypes,effective temperatures,andmassesfor a large numberof
memberswithin the central42�D� 28� areain the clusterto constructan extinction-limited
sample(A C9� 4) from B starsto late-M dwarfs. Theclustermassfunctionrisesfrom high-
massstarsdown to 1M ò , risesmoreslowly to peakat 0.1–0.2M ò , anddeclinestowards
the substellarregime in logarithmicscale(Table1.1 andhistogramwith solid line in Fig-
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ure1.7). TheIMF derivedfrom themodellingof theluminosityfunctionof a20.5arcmin�
regionconfirmedthoseresults(Muenchet al. 2003).

� Taurusis ayoung(1–2Myr), nearby(d ó 140pc),low-density(n ó 1–10pcïA@ ) star-forming
region locatedabove thegalacticplane(b ó 20ü ). The total extentof theTaurusregion on
thesky is about100deg� . However, 60% of thepre-main-sequencestarsareconcentrated
in six groupswith anaverageradiusof aboutoneparsec(25� on thesky).
Combiningprevious studies(Briceño et al. 1998; Luhman2000)with a new optical and
near-infraredwide-field survey of 8.4 squaredegreesin Taurus,Briceño et al. (2002)se-
lectedanextinction-limited(A C9� 4) sampleof spectroscopicallyconfirmedmembersdown
to 20M è²é�ê . Luminosities,effective temperatures,andmasseswere inferred for eachin-
dividual memberbasedon their location in the H-R diagram. Briceño et al. (2002) and
Luhmanet al. (2003a)concludedthat theTaurusIMF peaksat about0.8M ò anddeclines
moresharplythantheTrapeziumClustertowardslow-massandhigh-massstars,yielding a
deficit of brown dwarfsandstarsmoremassive than1M ò in logarithmicscale(Table1.1
andhistogramwith dashedline in Figure1.7).

� The ? Ophiuchusdarkcloudcontainsa young( 4 1Myr), nearby(d= 160pc),andcompact
(D = 20� ) populationof low-massstars.Theregionhasbeenextensively targetedin thenear-
infrared(e.g.Rieke & Rieke 1990),in themid-infrared(e.g.Bontempset al. 2001),andin
theX-rays(Vuongetal. 2003)dueto largeextinction(A C upto 50mag)hamperingoptical
observations.Near-infraredspectroscopy is availablefor a largenumberof low-massstars,
includingpossiblebrown dwarfs(e.g.Greene& Lada1996).
Luhman& Rieke (1999) inferred a completeIMF down to ó 0.08M ò from a compila-
tion of new spectroscopicdataandprevioussurveys. They concludedthat theIMF for the
studiedregion in ? Oph matchesthat of Miller & Scalo(1979) at massesabove 0.4M ò
andslowly declinesto thehydrogen-burning limit, in agreementwith a flat IMF foundby
Comeŕon et al. (1993). Theseresultsareconsistentwith logarithmicIMF determinations
in theTrapeziumClusterandIC348usingsimilarmethodsto infer luminositiesandmasses
for clustermembers(Luhmanetal. 2000).

� Chameleonis ayoung(1–2Myr) andnearby(d ó 160pc)star-formingregionwith anangu-
lar sizeof about3 squaredegrees(Boulangeretal.1998)composedof severalclouds(Wich-
mannet al. 1998). Therelatively high galacticlatitudeandmoderateextinction makesthe
region amenableto unveil brown dwarfs with X-ray (Neuhauser& Comeron1998),near-
infrared(Cambresyetal. 1998),andmid-infrared(Persietal. 2000)observations.
A deepH � survey combinedwith near-infraredimagingof a 300arcmin� areain themost
obscuredregion of the Chameleoncloud revealed22 memberslessmassive than 1M ò
(Comeŕon et al. 1999;Comeŕon et al. 2000).Thederivedmassfunction,althoughaffected
by small statistics,is in agreementwith estimatesin otherstar-forming regions(Comeŕon
et al. 2000). A wide-field near-infraredsurvey of aboutonesquaredegreein Chameleon
hasextractedanadditionalsetof about100membersspanning� = 12–16mag,onthebasis
of their colour excess(Gómez& Kenyon 2001). Similarly, photometryfrom the DENIS
survey hasextractednew members,includingpossiblebrown dwarfs(Vuongetal. 2001).
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1.5.4 Brown dwarfs in young open cluster s

In the previous section,we have focussedon star-forming regions and embeddedclusters
to indicatethe advantagescomparedto the solar neighbourhood.We will emphasiseherethe
significantadvantages( � ) anddrawbacks( û ) of youngopenclusters(50–200Myr) comparedto
thefield andstar-forming regions:

� Openclustersareequidistant,coeval sampleof starswith a similar chemicalcomposition
within a limited areaon thesky asstar-forming regions.

� Brown dwarfsarebrighterat youngages.They areobviously brighterin star-forming re-
gionsthanin openclustersbut thedistancecomesinto playaswell.

� Masssegregationandevaporationof thelessmassivecomponentsaffectsclustersolderthanó 200Myr, notof interestwithin theframework of this thesis.û Largerdistancesthannearbystarsimpliesa lower sensitivity to low-massstars.This effect
is oftencompensatedby theyouthof openclusters.û Contaminationby field starsis the biggestdisavantageof openclustersparticularlyat the
faint end,yielding largeincompletenessin thesubstellarregime.û Incompletenessin the high-massregime becauseof the short lifetime of high-massstars.
This point andthe previous oneconstituteargumentsin favour of the studiesdirectedto-
wardsstar-forming regionsandmassive clusters.

Most of the surveys have concentratedon nearbyandyoungopenclustersto investigatethe
substellarmassfunction. Only four openclustersyoungerthan200Myr arecloserthan200pc:
thePleiades,� Per,IC2602,andIC2391.Wewill emphasisebelow thePleiadesand � Perclusters
for whichsubstellarmassfunctionestimatesareavailable(Figure1.8).

ThePleiadesopenclusteris by far thebeststudiedopenclusterandthe idealplaceto reveal
very low-massstarsandbrown dwarfs.As aconsequence,Reboloetal. (1995)unearthedthefirst
clusterbrown dwarf, Teide1, followedby many othersover thelastfew years(e.g.Bouvieret al.
1998andreferencestherein).Thereasonsfor the largenumberof surveys targetingthePleiades
arethefollowing:

1. ThePleiadesis a rich clusterwith approximately1200known members.

2. Theclusteris relatively nearbywith adistanceestimatedto ó 130pc. Theisochronefitting
estimate(d= 128pc; Pinsonneaultet al. 1998)hasbeenrecentlyconfirmedby the orbital
solutionof adouble-linedeclipsingbinary(d= 132pc;Munari etal. 2004)comparedto the
Hipparcosdistance(d= 119pc; vanLeeuwen1999).

3. The clusterpropermotion is 	�E = � 19 mas/yrand 	�F = –43 mas/yr(Jones1973) with a
radial velocity of 5.9 kmsï�ð (Rosvick, Mermilliod, & Mayor 1992). The motion of the
clusteris largeenoughto disentanglemembersfrom field stars.

4. The clusteris relatively compactwith the majority of memberslocatedwithin 2.5ü of the
clustercentre(Pinfieldet al. 1998).
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Figure1.8: Comparisonof substellarmassfunctions,plottedasthemassspectrum,for thePleiades
(Bouvieret al. 1998;Mart́ın et al. 1998;Tej et al. 2002;Dobbieet al. 2002;Morauxet al. 2003),
and � Per(Barradoy Navascúeset al. 2002)clusters.The massfunction estimatedby Muench
et al. (2002)for the TrapeziumClusteris includedfor comparisonpurposes.The differentesti-
matesareoffsetalongthey-axisfor clarity.

5. Theclusteris relatively young.Theuppermain-sequenceturn-off fitting yieldedanageof
70Myr while thelithium testderivedanageof 125Myr (Stauffer etal. 1998).

6. Extinction and reddeningtowards the clusterare generallyuniform (A C = 0.12) and the
relatively highgalacticlatitude(b= –24ü ) reducesthecontaminationby backgroundobjects.

Propermotionstudiesusingmulti-epochphotographicplatesrevealedclustermembersdown
to thehydrogen-burning limit with no significantcontaminationby backgroundobjects(Hambly
et al. 1993; Meusingeret al. 1996; Hambly et al. 1999). The searchfor brown dwarfs in the
Pleiadeswasmainlybasedondeepopticalsurveysoversmallareasonthesky (Bouvieretal.1998;
ZapateroOsorioetal. 1997b;Pinfieldetal. 2000)with subsequentnear-infraredimagingto weed
outcontaminatingobjects(ZapateroOsorioetal. 1997a;Dobbieetal. 2002).

Additional spectroscopiccriteria, including H � in emission,lithium in absorption,gravity,
radial and rotational velocities have strengthenedthe membership(Basri et al. 1996; Mart́ın
et al. 1996). The large propermotion of the clusterrelative to field starsallowed Moraux et al.
(2001)to confirmbrown dwarf candidatesasmembersover a timebaselineof fiveyears.

Thenumeroussurveys quotedbelow convergedtowardscomparableestimatesof thePleiades
massspectrum(Figure1.8andTable1.1)acrossthestellar/substellarboundary.
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� Mart́ın etal. (1998)derived � = 1.0 ñ 0.5in the0.40–0.045M ò massrangebasedonadeep
survey initiatedby ZapateroOsorioet al. (1997b).

� Tej etal. (2002)estimated� = 0.5 ñ 0.2between0.50and0.055M ò basedon apurestatis-
tical approachinvolving 2MASSandGSCdatabases.

� Dobbieetal. (2002)inferred � = 0.8 ñ 0.2basedonadeepopticalphotometricsurvey down
to 0.040M ò .

� Morauxet al. (2003)found � = 0.6 ñ 0.11over the0.48–0.03M ò massrangefrom a com-
plementarydeep( � , B ) imagingprogramto the( ( , � ) survey by Bouvieretal. (1998).

The � Perclusteris the secondbeststudiedopenclusterafter the Pleiades.Although � Per
might be asrich asthe Pleiades,the membershiplist is lesscompletethanthe Pleiadesfor the
following reasons:

1. � Perhasa smallpropermotionnot well separatedfrom field stars.Hence,propermotion
surveys werelessfrequentandmoresubjectto contaminationthanin thePleiades.

2. The cluster is locatedat low galactic latitude (b= –7ü versusb= –24ü for the Pleiades),
increasingthecontaminationby reddenedbackgroundgiantsandfield stars.

3. � Per is further away than the Pleiades(180pc versus130pc). However, the cluster is
youngerthanits Pleiadescounterpart(90Myr versus125Myr), yieldingacomparableloca-
tion of thelithium depletionboundary�Hó 18.0.

Thereddeningto theclusteris low (A C = 0.30)althoughsomespatialvariationsareseenacross
thecluster(Prosser1994). Propermotionstudiesbasedon Schmidtplateshave provideda large
list of probableclustermembers(Heckmannetal.1956;Stauffer etal.1985;Stauffer etal.1989b).
Colourselectionandspectroscopicfollow-up were,however, necessaryto ascertainthemember-
shipof selectedcandidatesdueto thesmallpropermotionandlow galacticlatitudeof thecluster
(Prosser,1992,1994).Surveys conductedin X-raysconfirmedthemembershipof known cluster
members(Randichet al. 1996;Prosseret al. 1996b)andunearthednew candidateslaterassessed
asmembersvia photometryandspectroscopy (Prosser& Randich1998,Prosseret al. 1998).

Recently, Stauffer et al. (1999)appliedthe lithium test(Reboloet al. 1992)andinferredan
ageof 90 ñ 10Myr for the � Percluster, valuetwice aslargeastheuppermain-sequenceturn-off
age(50Myr). Combiningoptical andnear-infrared imaging,Barradoy Navascúeset al. (2002)
extracteda list of new clustermembersdown to 35M èbéxê . The clustermassfunction waswell
approximatedby apower law of index � = 0.59 ñ 0.05over the0.3–0.05massrange,in agreement
with the Pleiadesestimates(Figure1.8 andTable1.1). Additional informationon the clusteris
providedin Chapter3.

Other openclustershave beensurveyed in detailsbut no massfunction estimatehasbeen
madeavailableto date.Themassfunctionfor the150–200Myr old openclusterM35 wasderived
down to thehydrogen-burning limit (Barradoy Navascúeset al. 2001)dueto its larger distance
(d ó 900pc). Among openclusters,pre-main-sequenceonesare of prime interests,including
NGC2547(20–40Myr and ó 400pc), IC2391(30–50Myr and150pc), and IC2602( ó 30Myr
and150pc). Thelargenumberof clustermembersin IC2391andIC2602originatefrom X-rays
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surveys with subsequentphotometricand spectroscopicassessments.The ageof IC2391 was
recentlyderived from the lithium test, yielding a value of 53Myr (Barradoy Navascúes et al.
2001a),larger thantheturn-off main-sequenceestimate(30Myr).

The main conclusionsof the studiesdirectedtowardsyoungopenclustersandstar-forming
regionssuggestthat the IMF keepsrising in the substellarregime. However, the recentsurvey
conductedin theTauruscloudindicateapossiblevariationof themassfunctionwith theenviron-
ment.

Thework presentedin thisthesiswill focusonthesearchfor low-massstarsandbrown dwarfs
in thesolarneighbourhoodandin openclusters.Chapter2 presentstheresultsof apropermotion
survey carriedout in the southernsky to unearththe closestandcoolestneighboursto the Sun.
Chapter3 andChapter4 concentrateon thesubstellarIMF in two youngopenclusters.Im Chap-
ter 3, we will reporta near-infraredwide-fieldsurvey of the � Perclusterin additionto therecent
massfunctiondeterminationpublishedby Barradoy Navascúesetal. (2002).In Chapter4,wewill
describetheresultsof a deepwide-fieldopticalsurvey with near-infraredfollow-up observations
of thepre-main-sequenceopenclusterCollinder359.



Chapter 2
Proper motion sur vey for nearb y
low-mass star s and brown dwarfs in
the southern sky

Aiming atfinding theclosestneighboursto theSun,anew highpropermotionsurvey wasini-
tiatedin thesouthernsky for declinationsbelow û 33ü by Scholzet al. (2000)using6üG� 6ü pho-
tographicplatesfrom theUnitedKingdomSchmidtTelescope(UKST) andmeasurementsmade
with the AutomaticPlateMeasuring(APM) machineat Cambridge.The approachwasinitially
basedonmeasurementsof UKST photographicplatesin two passbands(

' :
and ( ) atepochssep-

aratedby about15years.Typical limiting magnitudesfrom thephotographicplatesare
';: ó 22.5

magand ( ó 21mag.Searchradii of 60 to 90arcsecwereusedto recover typicalpropermotions
of 0.3–1.0� � /yr dependingon theepochdifference.Thepilot survey revealedabout100new high
propermotionstarsover thousandsquaredegreesbetween0< and7< in right ascensionandfromû 63ü to û 32ü in declination,includingwhite dwarfsaswell asK andM dwarfs. More recently,
this propermotionsurvey hasfocusedon thesearchfor low-massstarsandbrown dwarfs in the
solarneighbourhood.

Thischapter, dedicatedto therecentresultsof thesearchfor redhighpropermotionstars,is or-
ganisedasfollows. In � 2.1,wepresentthesampleof about70veryredhighpropermotiontargets
selectedasbrown dwarf candidates.In � 2.2,we describetheobservationsandgive anoverview
of thevarioustelescope/instrumentconfigurationsusedfor imagingandspectroscopicfollow-up
observations.In � 2.3,wedetailthedatareductionof theopticalandnear-infraredphotometryand
spectroscopy. Generalresultsof thepropermotionsurvey aregiven in � 2.4. Interestingobjects
discoveredwithin theframework of thesurvey arehighlightedin thefollowing sections,including
somesubdwarfs ( � 2.5),anactive M8.5 asa wide companionof a M4/DA binary( � 2.6), two M
dwarfs within 10 parsecs( � 2.7), threeultracooldwarfs in the solarneighbourhood( � 2.8), and
thenearestbinarybrown dwarf, � Indi Ba,Bb( � 2.9). Conclusionsandfutureplansarepresented
in � 2.10.

The discoveriespresentedin this chapteraredescribedin moredetailsin several published
papers,including:

1. Lodieu, Scholz,& McCaughrean(2002b)reportedthreeL dwarfs in the solarneighbour-
hoodalthoughtwo of themweresubsequentlyclassifiedasM dwarfs.

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

3. Scholz,Lodieu, Ibataet al. (2004) relatedthe discovery of an active M dwarf asa wide
companionto abinarysystem.
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4. Scholz,McCaughrean,Lodieu, & Kuhlbrodt(2003)reportedthe discovery of � Indi B re-
solvedlaterinto abinarysystemby McCaughreanetal. (2004).

5. A paperon thegeneralresultsof theentirepropermotionsurvey is currentlyin preparation
(Lodieuet al. 2004).

The resultspresentedin this chapterconstitutethe outcomeof a teamwork (mainly R.–D.
Scholz,M. J. McCaughrean,andmyself). We will use“we” andnot “I” to describethis work
throughoutthewholechapter. Nevertheless,I would like to stressthat thesampleselectionwas
conductedby Ralf-DieterScholz. My contribution consistedin reducingandanalysingoptical
andnear-infraredimagingandspectroscopicdataobtainedfor thewholesampleof objects.The
datareductionof theadaptiveopticsdataobtainedfor the � Indi B systemwascarriedoutby Mark
McCaughrean.

2.1 The sample

The propermotion survey describedhereaimsat finding brown dwarfs in the solarneigh-
bourhoodamongselectedred high propermotion objects. A first setof follow-up imagingand
spectroscopicdatafor redpropermotionobjectswasobtainedin 1999with theFORS1andISAAC
instrumentsontheESOVeryLargeTelescopeatParanal,Chile. At this time,thepreliminarysam-
ple revealedonly earlyandlate-M dwarfsaswell ascool white dwarfs (Scholzet al. 2002). The
high propermotion survey wasextendedlater by Ralf-DieterScholzusingthe SuperCOSMOS
Sky Surveys (hereafterSSS)database1, covering thewholesouthernsky from û 90ü to � 2.5ü in
threepassbands(

';:
, ( , and � ) andat four differentepochs.Weshouldstressherethatthesample

is neithermagnitudenorvolume-limited.Theintrinsic limit of oursurvey is givenby theflux limit
of the photographicplates. The objectsarerandomlyselectedon the basisof their large proper
motionsandoptical and/oroptical-to-infraredcoloursfor spectroscopicfollow-up observations.
Candidateshave generallypropermotionslarger than0.3� � /yr. Thecolourselectionof thecandi-
datesdid vary accordingto thetypeof objectswe aimedat finding. Thesearchprocedureto find
nearbylow-massstarsandbrown dwarf candidatesevolvedwith time for thefollowing reasons:

1. With timeandexperience,thecolourscutshavebeenimprovedto uncover latertypedwarfs.
As anexample,mostof theL dwarfsturnedout to beundetectedin the

';:
passband.

2. Thefull southernsky � -banddatabasefrom theUK SchmidtTelescopewasreleasedat the
SuperCOSMOSSky Surveys webpage.

3. TheTwoMicron All-Sky Survey becamefully availableandenabledcolourselectionsbased
onoptical-to-infraredandinfraredcolours.

Combiningvariousapproachesanddifferentselectioncriteria,severalsamplesof propermo-
tion objectsselectedasbrown dwarf candidateshavebeenextracted.Theoriginalor ‘preliminary’
samplecontainedobjectsmostlyselectedon thebasisof their

';:
–( colours.At that time, most

objectswerelacking � -bandandinfraredmeasurementsastheSSSand2MASS databaseswere
not yet fully released.The remainingsamplestake into accountpropermotion and colour as
selectioncriteria.

1http://www-wfau.roe.ac.uk/sss/
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We describeherethesampleof redpropermotion objectsselectedby Ralf-DieterScholzas
brown dwarf candidatesfor spectroscopicfollow-up in theopticaland/orin thenear-infrared.The
samplecontains6 subdwarfs, 10 early-M dwarfs ( � M5), 47 late-M dwarfs (M5.5–M9.5), four
L dwarfs,andthenearestbinarybrown dwarf, � Indi Ba,Bb. Thephotometricandspectroscopic
resultsaregiven in TableA.1 in Appendix A. The optical (6000–10000̊A) spectraareshown
in Figures2.1 and 2.5, and FiguresA.2 and A.3 in Appendix A. Near-infrared (1.0–2.5	 m)
spectraare displayedin Figure A.4 in Appendix A. Sometemplateobjectswith well-known
spectraltypeshavebeenaddedfor comparisonpurposes,includingKelu1 (L2.0;Ruizetal. 1997),
BRI B0021û 0214(M9.5; Irwin, McMahon,& Reid1991),andLP944-20(M9.5; Tinney 1998).

2.2 Obser vations

Opticalandnear-infraredphotometryandspectroscopy wereobtainedwith severaltelescopes
andinstrumentsin serviceandvisitor modes2. Theobservationsaswell asthecharacteristicsof
eachinstrumentarebriefly describedbelow.

� Optical imaging was obtainedfor a ‘preliminary’ sampleof selectedred propermotion
objectswith VLT/FORS1in servicemode(grey time and seeing � 0.8� � ). The aim was
to derive moreaccuratemagnitudesandcoloursthantheSSSphotometryandobserve the
objectslacking � -bandmeasurements.
FORS1is a focal reducermulti-modeinstrumentmountedon the UT1 on the VLT. The
cameraisequippedwith a2048 � 2048pixel TK thinnedCCDchip. Thepixel sizeis24 	 m,
correspondingto a spatialresolutionof 0.20arcsec,yielding a field of view of 6.8� � 6.8� .
A seriesof threeditheredpositionsin the (*H�I �/� I/JKJ and �%HLI �/� IMJNJ broad-bandfilters, exposed
10and5 sec,respectively, wereobtainedfor all theobjectsamongthe‘preliminary’ sample.
Standardstarswereobservedduringthenight to calibratethemagnitudesof our target.

� Near-infraredimagingwasobtainedin servicemode(seeing� 0.8� � ) with theISAAC cam-
eraontheVLT for the‘preliminary’ sampleduringthesameobservingperiodsastheoptical
imaging.As the2 Micron All-Sky Survey is now fully released,newly selectedpropermo-
tionsobjectshave generallyinfraredcounterparts.
The near-infrared cameraISAAC is equippedwith a HAWAII 1024 � 1024 pixel array
(Moorwood & Spyromilio 1997)optimisedin the 1.0–2.5	 m rangewith a pixel size of
0.147� � , yielding a field of view of 2.5� � 2.5� . A seriesof five ditheredpositions,exposed
two seconds,wasobtainedin threebroad-bandfilters ( �O� , 
 , �
� ) to subtractthesky back-
ground. Standardstarswereobserved during the night to calibratethe magnitudesof our
target.

� Opticalspectroscopy wasobtainedby Ralf-DieterScholzandmyselfwith EFOSC2mounted
ontheESO3.6-mtelescopeatLa Silla in November2001andDecember2002.Thecamera
usesa 2048 � 2048pixel Loral/LesserCCD with a pixel sizeof 0.157� � , yielding a useful
field-of-view of 5.2�D� 5.2� . A 1 arcsecslit wasusedfor spectroscopy with Grism12 cover-
ing 6000–10000̊A at a resolutionof R ó 600. Up to threespectrashiftedalongtheslit byó 100 pixels wereobtainedfor eachtarget dependingon thebrightnessof the object. An
internalquartzlampflat field wastakenjustafterthespectrumin orderto removeefficiently

2ESOprogrammes63.L-0634,65.L-0689,68.C-0664,and70.C-0568
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the fringing above 8000Å. Arc lampswereobtainedbeforeandafter the night to achieve
the wavelengthcalibration. Spectrophotometricstandardswerealsoobserved to calibrate
our targetsin flux.

� Near-infraredspectroscopy wasobtainedwith SofI (Sonof ISAAC) mountedon the New
TechnologyTelescope(hereafterNTT) atLa Silla in November2001by Ralf-DieterScholz
andmyself. The near-infraredcamera/spectrographSofI is equippedwith a 1024 � 1024
pixel HgCdTe HAWAII array(Moorwood& Spyromilio 1997)with a pixel sizeof 0.294� �
for theLarge Field Objective usedfor spectroscopy. A 1 arcsecslit wasusedfor both the
blue(0.95–1.64	 m) andthered(1.53–2.52	 m) gratings,yielding a resolutionof R ó 600.
Threepositionsalongtheslit shiftedby ó 100pixelsweretakento remove thebackground.
Arc lampswereobtainedbeforeandafterthenight to achieve wavelengthcalibration.Fea-
turelessspectroscopicstandards(typically F5–F8)weremeasuredwithin onedegreeon the
sky to remove telluric absorption.

2.3 Data reduction

Thedatareductionin theopticalandin thenear-infraredimagingandspectroscopicmodeswas
conductedby myselfusingIRAF in asimilarmannerfor eachtelescope/instrument configuration.
A quick overview is presentedbelow.

2.3.1 Optical imaging

Thedatareductionof theoptical imagingconsistedin subtractingbiasanddividing eachin-
dividual scienceframeby the domeflat-field. Subsequentaperturephotometryin (PHLI �/� I/JKJ and
�%HLI �M� I/JKJ filters wascomputedwith theAPPHOT packagein IRAF on eachindividual frame. Er-
rorson themagnitudesareestimatedfrom thedifferencesbetweenthethreemeasurements.The
measuredmagnitudeswerethencorrectedfor theextinction at Paranalandfor exposuretime fol-
lowing theequationgivenbelow.

minstrumental QSR mmeasuredT û R Extinction � AirmassT � RVUXWKY �[Z]\_^ R ExpTimeT-T

The typical extinction coefficientsat Paranalare0.13and0.09 in (PHLI �M� IMJNJ and �%HLI �/� I/JKJ , re-
spectively (aslistedin theESOwebpage).Thesameprocedurewasappliedto thestandardstars
observed on the samenights and the aperturekept constantfor photometry. The derived zero
pointswerethenappliedto the targets. No colour equationwasusedin the computationof the
magnitudes.

2.3.2 Near-infrared imaging

Thedatareductionof thenear-infraredimagingdiffersfrom theopticaldueto thehighersky
backgroundandwasachievedasfollows. Differentialflat-fields(lightson û off) weretakenbefore
or aftereachnight of observationsandaveragedto createa meanflat-field frame.To subtractthe
backgroundon eachscienceframe,the four remainingexposureswereaveragedto createa sky
image.Theraw imagewasthensky-subtractedandflat-fielded.Thesameprocedurewasapplied
to thestandardstars.Subsequentaperturephotometrywascomputedwith theAPPHOT package
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in IRAF on eachindividual framein the �O� , 
 , and ��� filters. The measuredmagnitudeswere
correctedfor extinction andexposuretimes accordingto the equationgiven above. The mean
extinction coefficientsat Paranalare0.11,0.07,and0.06in � , 
 , and �
� , respectively. A mean
zeropoint, obtainedfrom severalmeasurementsof standardstarsobserved throughoutthenight,
wereappliedto theinstrumentalmagnitudes.

2.3.3 Optical spectr oscop y

Thedatareductionof theopticalspectroscopy wascarriedout within theIRAF environment
(packagesonedspecandtwodspec) andconsistedin severalstepsdetailedbelow.

1. Tenbiasframes,takenbeforethenight, wereaveragedby rejectingthe lowestandhighest
valuesof eachindividual pixel. The resultingmeanbiasis thensubtractingfrom the raw
scienceimage.

2. A meanflat field wascreatedby averagingfive domeflatswith a minmaxrejection. This
procedureis adaptedfor theVLT/FORS1spectroscopy. However, thepresenceof fringing
redwardof 8000Å in theESO3.6-m/EFOSC2datarequiredtheobservationsof aninternal
flat field immediatelyafterthefirst spectrumof eachtargetto removethefringing efficiently.
A responsefunctionwascreatedto correctfor thewavelengthdependenceof theflat-field
usingahigh-orderpolynomialalongthedispersionaxis(taskresponse).

3. Thebias-correctedscienceframewasthendividedby thenormalisedpolynomialfit of the
flat-field.

4. Thelocationof theaperture,thesize,andthebackgroundlevel wereestimatedinteractively
(taskapsum). Theaperturevariesfrom few pixelsupto 10or sodependingonthebrightness
of thesource.Thetraceof thespectrumwasfit throughouttheentirespectrumby a cubic
splinefunction,yielding theextractionof aone-dimensionalspectrum.

5. TheHeandAr linesweremarkedin arclampspectraandidentified(taskidentify) to createa
linearfit of thewavelengthasafunctionof thepixel number. Thetwo-dimensionalcurvature
of thearcspectrawasalsotaken into accountby thetask. Referencetablescontainingthe
accuratepositionswereavailablewithin IRAF for cross-correlationwith the observed arc
lamps.

6. The dispersionsolution was assignedto the sciencetarget accordingto the linear fit of
the wavelengthasa function of the pixel number(taskdispcor). The startingandending
wavelengthaswell asthewavelengthperpixel andthenumberof pixels wereoutputand
shouldobviously correspondto theparameterslistedin theusermanualof theinstrument.

7. The final stepwasthe flux calibrationof the sciencespectrum(taskcalibrate) expressed
in ergcmï � sï�ð Å ï�ð . This procedurerequiresobservationsof spectrophotometricstandard
starswhosedatareductionwasidenticalto thesciencetargets.Two morestepswere,how-
ever, requiredto correctfor thenon-uniformresponseof thedetectorover thewholewave-
lengthrange.Thenumberof countsfor eachstandardstarwereintegratedover bandpasses
(typically 20–50Å) to tabulatetheflux accordingto thenumberof countsat a givenwave-
length(taskstandard). A meansensitivity functionwasextractedfrom severalstandardstar
observationsto calibratein flux thesciencespectrum(tasksensfunc).
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Thecalibratedspectrawerenormalisedat 7500Å. No removal of the telluric absorptionhas
beenapplied.Optical(6000-10000̊A) spectraof thecoolestobjectsdiscoveredwithin theframe-
work of the propermotion survey are shown in Figure 2.1. Optical spectraof M dwarfs are
displayedin FigureA.2 andA.3 in AppendixA. Spectraof subdwarfsaredisplayedin Figure2.5.

2.3.4 Near-infrared spectr oscop y

Thedatareductionof thenear-infraredspectroscopy conductedwith VLT/ISAACandNTT/SofI
wasdifferentfrom theopticalproceduredueto thehigherandvariablesky backgroundat infrared
wavelength.A minimum of threespectrashiftedalongthe slit by ó 100 pixels wasobtainedto
remove thesky background.Featurelessstandardswereobserved at a similar airmassto remove
thetelluric absorptionspresentin thespectraof thetargets.

The initial phaseof the datareductionrequiredthe subtractionof the sky background.The
procedureis similar to the infrared imaging as spectrawere combinedby pairs and averaged.
We subtractedthe combinedspectrafrom the remainderspectrumandsubsequentlydivided by
theresponsefunctionof theflat-field. We extracteda one-dimensionalspectrumandappliedthe
wavelengthcalibrationin a similar manneras for the optical spectra. The whole near-infrared
rangewascoveredwith threegratingsfor ISAAC in � (1.1–1.4	 m), 
 (1.42–1.82	 m), and �
�
(1.82–2.50	 m). A slightly larger wavelengthrangewascoveredwith the blue (0.95–1.64	 m)
andred(1.53-2.52	 m) gratingsusingtheSofI instrument.We repeatedthesamedatareduction
procedurefor eachfilter.

Then,weaveragedthethreeindividualwavelength-calibrated spectraanddividedthemby the
averagedspectrumof thefeaturelessstandardobserved just beforeor after thescienceframeat a
similar airmassto getrid off thetelluric absorptions.Wemultiplied theresultingspectrumby the
blackbodyspectrumof a templatewith the samespectraltype asthe standard,smoothedto the
resolutionof thetargetspectra.To achieve thisstep,wehaveusedstellarspectraof O to M dwarfs
(Pickles1998)covering 1150–25000̊A availableat the ESOwebpage3. Thosetemplatespectra
weredegradedto the resolutionof our observationsby a simple smoothingoperation. Hence,
near-infraredspectraarenot flux-calibratedbecausethestandardstarsarenotspectrophotometric
standards,contraryto opticalspectra.This stepcan,nevertheless,beachieved by comparingthe
spectrato thenear-infrared �%
`� magnitudeswhenavailable.

Near-infrared (1.0–2.5	 m) spectraof our targets,normalisedat 1.25	 m, are displayedin
FigureA.4 in AppendixA.

2.4 General results of the proper motion sur vey

The primary selectioncriteria of the bona-fidebrown dwarf candidateswastheir significant
propermotion. The optical and/orthe infraredcoloursof the selectedobjectsprovided a rough
classificationof the target. However, spectroscopy wasmandatoryto classifyaccuratelytheob-
jectsandestimatetheir distance.Altogether, optical and/ornear-infraredspectroscopy wasob-
tainedfor about70 objectsusinga variety of telescopesandinstruments.The spectralclassifi-
cationof theselectedredpropermotionobjectsis basedon theschemesdefinedby Mart́ın et al.

3http://www.eso.org/instruments/isaac/lib/
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Figure 2.1: Optical (6000–10000̊A) spectraof the latest (M9–L2) nearby objects found in
the course of our southern sky proper motion survey. Spectra of SSSPM J2356û 3426
(M9.0),SSSPMJ2352û 2538(M9.0),SSSPMJ2307û 5009(M9.0),SSSPMJ0222û 5412(M9.0),
SSSPMJ2310û 1759(M9.5),andSSSPMJ2400û 2008(M9.5),SSSPMJ0219û 1939(L1.0),and
SSSPMJ0829û 1309 (L2.0; Scholz& Meusinger2002). Two templateM dwarfs, LP944-20
(M9.5) andBRI B0021û 0214(M9.5),arealsoshown for comparison.Spectraltypesareaccurate
to half asubclass.Telluric featureshavenotbeenremovedfrom thespectra.An arbitraryconstant
hasbeenaddedto thespectrafor clarity.
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(1999b)andKirkpatrick etal. (1999b).

Wehaveappliedtherecipedescribedin Section1.4.2in Chapter1 toassignspectraltypes,with
uncertaintiesof half a subclassor better. A brief summaryis givenhere.We have computedthe
VO-a(Table1.2;Kirkpatrick etal. 1999b),TiO5 (Table1.2;Reidetal. 1995),andPC3(Table1.2;
Mart́ın et al. 1999b)and took the averageof the threevalues. Then, we have determinedthe
spectraltypeof our targetsby comparingthespectrumwith thespectrumof a M dwarf template
observedwith thesametelescope/instrumentconfiguration.Finally, we have averagedtheresults
obtainedindependentlyby bothmethods.

Spectralindicesversusspectraltypesaredisplayedin FigureA.1 in AppendixA. Thosegraphs
clearlydemonstratethatsomedispersionexistsfor theTiO5 andVO-aindices.However, thePC3
index correlatesverywell andappearsasthemostaccuratespectralindex for oursampleof M and
L dwarfs.

The spectralclassificationof near-infraredspectrarelied on templateswith well-determined
opticalspectraltypesavailableonSandyLeggett’swebpage.As thespectralclassificationis more
accuratelydefinedin theoptical,we have favouredtheopticalspectraltyping to theinfraredone
whenthetargetwasobservedatbothwavelengths.

The sampleof propermotion objectspresentedin this chapterincludes6 subdwarfs, 10 M
dwarfswith spectraltypesearlierthanM5, 47late-Mdwarfs,four L dwarfs,andthenearestbinary
brown dwarf discoveredto date.TableA.1 in AppendixA lists67 redpropermotionobjectswith
their coordinates(in J2000),epochs,andpropermotionsin mas/yr. Theopticalandnear-infrared
magnitudesfor all targetsareprovidedin TableA.2 in AppendixA. Thevaluesof spectralindices
andthederivedspectraltypesaregivenin TableA.3 in AppendixA. Opticalspectraof thelatest
ultracooldwarfs (M9-L2) found in the survey aredisplayedin Figure2.1. Spectraof early and
late-Mdwarfsareshown in FigureA.2 andFigureA.3 in AppendixA, respectively. Near-infrared
(1.0–2.5	 m) spectraaredisplayedin FigureA.4 in AppendixA.

We have estimatedthephotometricdistancesof thepropermotionobjectswithin our sample
usingthe �mûa� coloursversusspectraltypesrelationgivenin Dahnetal. (2002).Thoserelations
arebasedonlate-typedwarfswith parallaxmeasurementsandvalid in thespectralrangeM6.5–L8.
Dueto differencesobservedin the � filter definition(centralwavelengthandwidth),moreaccurate
distanceestimatesareobtainedwith the absolute� magnitudeversusspectraltype relationship
givenbelow (Dahnet al. 2002):

ba: QdcXWKe_c ��f WKehgDi � SpT

whereSpT= 7 for spectraltypeM7 upto 18for spectraltypeL8, with adispersionof 0.25mag.
Apparent� magnitudesareavailablefrom the2MASSdatabasefor all propermotionobjects.For
objectswith earlierspectraltypes,we have usedtheprimarystandardslistedin Kirkpatrick et al.
(1991). The histogramof the distancedistribution of our sampleof propermotion objectsis
displayedin Figure2.2. The shadedareaincludesall objectslater thanspectraltype of M6.5.
Figure2.2shows thatmostof theobjects( ó 95%) arelocatedwithin 50 parsecsof theSun.

Uncertaintieson the photometricdistancesaregiven in TableA.2 in AppendixA. We have
usedthedispersionvalueof 0.25maggivenin Dahnetal. (2002)andconsideredanupperlimit on
theerrorof the2MASS � -bandmagnitudesof 0.1mag.Themajoruncertaintieson thephotomet-
ric distancesare,on the onehand,the uncertaintyon the spectraltype determination(generally
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Figure2.2: Distribution of thephotometricdistances(in pc) of thepropermotion objectsfound
in thecourseof our survey in thesouthernsky. Distancesandtheir uncertaintiesarelistedin Ta-
bleA.2 in AppendixA. Theshadedareaindicatesthestarswith spectraltypeslaterthanM6.5with
photometricdistancesderivedfrom theabsolutemagnitude-spectraltyperelationfrom Dahnetal.
(2002). For spectraltypesearlierthanM6, we have usedtheprimarystandardsfrom Kirkpatrick
et al. (1991).Thisgraphshows thatmostof theobjectsarewithin 50pcof theSun.

betterthanhalf a subclass)and,on theotherhand,theuncertaintyon the luminosityof thestan-
dardstars.As a consequence,thesephotometricparallaxesarenot a linearfunctionof decreasing
mass.The cosmicscatterdueto inhomogeneoussampleof objectsin termsof metallicity, age,
andspin(Kroupaetal. 1993)is negligible comparedto theuncertaintiesquotedabove.

Out of 52 propermotion objectsobserved spectroscopicallyin the optical, more than half
of themexhibit H � in emission(Figure2.3). The chromosphericactivity is very high in some
objects,with equivalentwidthsupto 15Å. Amongtheactiveobjects,18exhibit equivalentwidths
largerthan5Å. Thepeakof H � emissionoccursaroundspectraltypesM7–M8, in agreementwith
previous studiesof nearbystars(Hawley et al. 1996;Gizis et al. 2000). Nevertheless,about10
objectswith earlierspectraltypes(M4–M5) exhibit largeequivalentwidths. It is known thatthere
is a strongconnectionbetweenrotationandchromosphericactivity for in K to mid-M dwarfsbut
this trendis lessclearfor latertypedwarfs(Mohanty& Basri2003).

We have also investigatedthe distribution of the equivalent widths of two gravity-sensitive
doublets,K I at 7665/7699̊A andNaI at 8183/8195̊A asa function of spectraltype (Figure2.4
andTableA.3). TheK I doubletis resolvedat theresolutionof thespectrabut theNaI doubletis
not. Figure2.4shows thattheK I equivalentwidthsareratherconstantwith spectraltypewhereas
the NaI peakaroundspectraltype M8. Theseresultsshouldbe consideredastrendsdueto the
limited statisticsbut will becomparedwith spectroscopicresultsobtainedfor low-massstarsand



56 Propermotionsurvey for nearbyreddwarfsin thesouthernsky

Figure2.3: H � equivalentwidths(in Å) versusspectraltype(4 j M4, 5 j M5, 10 j L0, etc. . . )
for all propermotion objectsobserved spectroscopicallyin the optical. Filled trianglesindicate
objectswith no H � detectionat theresolutionof thespectra.

Figure2.4: Gravity featureequivalentwidths(in Å) versusspectraltype(4 j M4, 5 j M5, 10 j
L0, etc. . . ) for all redpropermotionobjectsexceptthesubdwarfsandtheobjectsobservedonly
in thenear-infrared. TheK I doubletat 7665/7699̊A is shown in the left panelwhereastheNaI
doubletat8183/8195̊A is in theright panel.
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brown dwarfsbelongingto the � Percluster(Chapter3).

2.5 Subd warfs in the solar neighbourhood

Six subdwarfshave beenidentifiedamongoursampleof redpropermotionobjects.Thesub-
dwarfsarelisted in Table2.1alongwith their coordinates,spectraltypes,heliocentricvelocities,
estimatedmassesanddistances.

Thespectralclassificationof lower metallicity objects([Fe/H] betweenû 2.0 and û 1.0) than
normaldwarfs wasundertaken by Reid et al. (1995)andlater on extendedby Gizis (1997). As
describedin the latter paper, threesteps,involving TiO andCaH bandstrengthsmeasurements,
arerequiredto pin down thespectraltype. All objectsconsideredin this section(Figure2.5and
Table2.1) fulfil thecutoffs criteriadefinedby Equations4–6givenin Gizis (1997).

Table 2.1: The six subdwarfs found within the framework of the propermotion survey in the
southernsky. Names,coordinates(in J2000),spectraltypeswith anuncertaintyof half asubclass,
heliocentricradialvelocities(in km/s),estimatedmassesin solarmassesfromBaraffe etal. (1997),
anddistancesin parsecsarelisted.Errorson themassestake into accounttheuncertaintieson the
magnitudesandmetallicity.

Target R.A. (J2000) Dec(J2000) SpT V kmlon (km/s) M (M p ) d (pc)
LP815-21 20q 28q 04.52 r 18q 18q 57.5 esdM0.0 s 122 t 20 0.200t 0.100 325 t 15
LP614-35 12q 07q 51.63 r 00q 52q 32.0 esdM0.5 s 288 t 20 0.110t 0.020 103 t 15
CE352 13q 40q 38.77 r 30q 32q 02.7 esdM3.0 r 66 t 20 0.100t 0.020 151 t 15
LP 314-67 09q 48q 05.16 s 26q 24q 18.9 sdM3.5 s 214 t 20 0.110t 0.020 151 t 15
SSSPMJ0500r 5406 05q 00q 15.77 r 54q 06q 27.3 esdM6.0 s 247 t 20 0.090t 0.020 60 t 15
SSSPMJ1930r 4311 19q 29q 40.99 r 43q 10q 36.8 sdM5.5 — 0.085t 0.020 44 t 15

Fromtheindices,threeobjects,namelyLP614-35,CE352,andSSSPMJ0500û 5406,areun-
ambiguouslyclassifiedasextremesubdwarfswith spectraltypesesdM0.5,esdM3.0,andesdM6.0,
respectively, with anaccuracy of half a subclass.The latter, SSSPMJ0500û 5406,is amongthe
coolestextremesubdwarfs foundto date.This objectis ascool asLHS 1826(esdM6.0;Gizis &
Reid1997)but warmerthanAPMPM J0559û 2903(esdM7.0;Schweitzeret al. 1999).Thesam-
ple of late-M subdwarfshasrecentlybeenextendedby thediscovery of thefirst two L subdwarfs
(Burgasseretal. 2003c;Lépineet al. 2003a).

ConcerningLP815-21,this object lies in the boundaryregion betweensubdwarfs and ex-
tremesubdwarfs(cf. Figure1 in Gizis 1997).A directcomparisonwith thespectrumof LHS489
(esdM0.0;Gizis 1997)allowedusto classifyit asaesdM0.0dueto thesimilarity of their spectra.

Anotheruncertainobject,LP314-67,appearsambiguous.Spectralindicesdefinedby Gizis
(1997)classifythisobjecteitherasasubdwarf or anextremesubdwarf or both.Directcomparison
with templatesubdwarfsandextremesubdwarfsfrom Gizis (1997)solvedtheambiguity, yielding
aspectraltypeof sdM3.5.

Finally, despitethelow signal-to-noisespectrumof SSSPMJ1930û 4311,theclassificationas
asubdwarf of spectraltypesdM5.5ñ 1.0couldbeestablished.

We have detectedspectralline shifts in the CaII lines at 8542and8662Å in all objectsex-
cept SSSPMJ1930û 4311, wherethe signal-to-noiseof the spectrumwas too low. The wave-
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Figure2.5: Spectraof six subdwarfsandextremesubdwarfs foundamongthepropermotionob-
jectsobserved with VLT/FORS1andESO3.6m/EFOSC2.From bottomto top areLP 815-21,
LP 614-35,CE 352, LP 314-67,SSSPMJ0500û 5406, and SSSPMJ1930û 4311 classifiedas
esdM0.0,esdM0.5,esdM3.0,sdM3.5,esdM6.0,andsdM5.5,respectively, basedon the scheme
describedin Gizis (1997).Major absorptionbandsareoverplotted.An arbitraryconstanthasbeen
addedto eachspectrumfor clarity.

lengthshifts indicatethat thoseobjectshave a radial velocity component.The computedshifts
of � 3.5, � 8.0, û 2.5, � 6.5, and � 7.0 ñ 0.5Å, correspondto heliocentricradial velocitiesof
� 122, � 288, û 66, � 214, and � 247 ñ 20km/s for LP815-21,LP614-35,CE 352, LP314-67,
SSSPMJ0500û 5406,respectively (Table2.1).

Themetallicityof subdwarfsandextremesubdwarfs,definedhereastheiron tohydrogenratio,
is estimatedas[Fe/H]= û 1.2 ñ 0.3and[Fe/H]= û 2.0ñ 0.5,respectively. Theenhancementof the
oxygento iron ratiooriginatingfrom theproductionof oxygenin typeII supernovaeis takinginto
accountin the computationof the metallicity (Baraffe et al. 1997). Hence,we have computed
the physicalparametersof all subdwarfs (Table2.1), including distanceandmass,accordingto
theevolutionarymodelsfrom Baraffe et al. (1997)at anageof 10Gyr. Theerrorson themasses
includeuncertaintieson themagnitudesaswell asuncertaintieson themetallicity.
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2.6 An active M8.5 dwarf wide companion to a M4/DA binar y

We have recentlydiscoveredanactive late-M dwarf asa wide companionto a M4/DA binary
systemwithin theframework of ourpropermotionprogram(Scholzetal. 2004).

APMPM J2354û 3316Cwasfirst detectedin the UKST
';:

and ( plateswith a subsequent
detectionin the ( and � bandsfrom SuperCOSMOSSky Surveys at differentepochs.We have
selectedthisobjectasafield brown dwarf candidatebasedon its largepropermotion(about0.5� � )
andredopticalcolour( ( –�Jó 2.7).Later, weidentifiedit asacommonpropermotionto analready
known binary, consistingof a mid-M dwarf (LHS4039)anda white dwarf (LHS4040).Thepair
wasoriginally discoveredby Luyten (1979)duringhis Brucepropermotionsurvey anda recent
spectralclassificationby Oswalt, Hintzen,& Luyten (1988)assignedspectraltypesof dM4 and
DA5+ to LHS4039andLHS4040,respectively. Thephotometricdistanceof thepair is estimated
to 21pc in theARICNS databasefor nearbystars4. Thetriple systemis thefirst M4/white dwarf
pair complementedby a late-M dwarf component,all threebeingwidely separatedandsuitedfor
detailedfollow-up observations.

Two optical spectraof APMPM J2354û 3316Cwere obtainedon 3 October1999 with the
EFOSC2cameramountedon the3.6-mtelescopeat La Silla. Onespectrumwastaken with the
grism#1covering the wavelengthrange3200–10900̊A. The spectrumof the objectwastypical
of a late-M dwarf and consideredas a possiblebrown dwarf. Hence,a secondhigher resolu-
tion spectrum(R ó 600),exposed900sec,wasobserved during thesameobservingrun with the
grism#12,covering 6000–10000̊A (thin line in Figure2.6). The datareductionfor the second
spectrumwasstandardandis describedin � 2.3. ThePC3index definedby Mart́ın et al. (1999b)
yieldeda spectraltypeof M8.7 while theVO-aindex from Kirkpatrick et al. (1999b)gave M8.3.
A directcomparisonwith templatespectra(M7.5–M9.5)from Kirkpatrick et al. (1999b)aswell
aswith late-Mdwarfsfrom otherpropermotionobjectsobservedwith thesametelescopeconfig-
urationledto aspectraltypeof M8.5,with anuncertaintyof half asubclass.Comparingthe �%
"���
magnitudesfrom 2MASSandtheabsolutemagnitudesof two M8.5 dwarfsgivenby Dahnet al.
(2002),wehavederivedaspectroscopicdistanceof 19.5pc, in goodagreementwith theARICNS
estimate.

WeobservedAPMPM J2354û 3316Cwith low-resolution(R= 600)spectroscopy in thenear-
infrared (0.9–2.5	 m) on 25 November2001with the cameraSofI mountedon the NTT at La
Silla. The datareductionof the near-infrared spectrumwas identical to the other targetsand
is describedin � 2.3. The comparisonwith infrared spectraavailable on Leggett’s web page
yieldeda spectraltype of M8, with an uncertaintyof half a subclass,consistentwith theoptical
classification.However, sincetheopticalclassificationschemeismoreaccuratelydefined,wehave
assignedaspectraltypeof M8.5 ñ 0.5to APMPM J2354û 3316C.Thenear-infraredclassification
of M8.0 wouldplacetheobjectatadistanceof 25pcby comparisonwith four M8 dwarfslistedin
Dahnetal. (2002).

Weobtainedanew low-resolutionopticalspectrumof APMPM J2354û 3316Con8 December
2002with thesametelescope/instrumentconfigurationasthepreviousopticalspectrum(EFOSC2;
grism#12). The datareductionwasalso identical for both spectra.Both calibratedspectraare
overplottedin theupperpartof Figure2.6.Thespectrumtakenin October1999is shown asathin

4http://www.ari.uni-heidelberg.de/aricns/
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Figure2.6: Top: Flux calibratedspectraof APMPM J2354û 3316Cin quietstate(thin line) from
1999andwith strong 
6E emissionin 2002(thick line). Bottom: Thedifferencespectrum,which
is a perfectblue veiling continuumplus 
 E at 6563.8Å andHeI at 6678.1Å in emission,with
equivalentwidthsof 61.4 ñ 5.0Å and2.3 ñ 0.5Å, respectively. FromScholzet al. (2004).

line whereasthe2002spectrumis displayedasa thick line. The lower partof Figure2.6 shows
theresultaftersubtractingthespectrumobtainedin 1999from the2002spectrum.

Thedifferencebetweenthetwo spectraof thesameobject,takenwith thesameinstrumental
set-up,is striking. Not only doesthe recentspectrumexhibit a large 
6E emissionline, but a
very strongblue continuumis alsopresent,makingthe optical colour of the objectbluer in the
active state.Many otherlate-M dwarfswereobservedduringthatnight andnoneof themexhibit
sucha blue continuum. Furthermore,a look at the raw imageimmediatelyrevealeda peculiar
behaviour below 7500Å, excluding an incorrectdatareduction. Unfortunately, we are lacking
anotheropticalspectrumof APMPM J2354û 3316Cduringthatnight (andtheobservingrun) so
thatthedurationin timeof theeventis unknown. NotethatAPMPM J2354û 3316Chasalsobeen
targetedin X-raysbut no excesswasdetectedat thepositionof theobjecton 13 December2001,
suggestinganinactive stateat thattime.

Theflarespectrumof APMPM J2354û 3316Cexhibit strongH � at6563Å andHeI at6678Å
emissionlines aswell (Figure2.6), with equivalent widths of 61.4 ñ 5.0Å and2.5 ñ 0.5Å, re-
spectively. The flux containedin the H � emissionline during the flare spectrumwas UXWKc �
i f[ï�ð � ergcmï � sï�ð whereasthe flux in the quiescentstatewas YXW f[� i f[ï�ð�ø ergcmï � sï�ð . As-
suminga distanceof 21 pc, the H � luminosity u+v�w is of about ixWKY � i f_�zy ergsï�ð during the
flare and abouta factor 60 less in quiescence.Using absolutebolometricmagnitudesof two
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M8.5 dwarfs given in Dahn et al. (2002), we have derived a meanbolometric luminosity of
u|{ , J Q}ixW~i � i f @ õ ergsï�ð .

Thebluecontinuumseenin theflarespectrumof APMPM J2354û 3316Cis steeperby afactor
of two comparedto thecontinuumdetectedin theM9.5 dwarf 2MASSWJ0149� 29 (Liebertetal.
1999). However, the resulting u|v�w��hu|{ , J ratios in the flare andquiescentstatesarecomparable
for bothobjects(1.4 � 10ïA@ versus2.5 � 10ïA@ and2.4 � 10ïA� versus2.5 � 10ïA� ). A comparable
flarespectrumwasnoticedin thenearbyM8 dwarf, LHS 2397a(Bessell1991),recentlyresolved
asa binary systemwith a tight brown dwarf companionat a separationof approximately3AU
(Freedet al. 2003). We speculatethat APMPM J2354û 3316Ccould be orbitedthusby a tight
brown dwarf. If it turns out that APMPM J2354û 3316C is similar to LHS 2397a,the triple
systemdiscussedherewouldactuallybeaquadruplesystemwith two widebinariesataseparation
of 2200AU, constitutedof aM4/whitedwarf andaM8.5/brown dwarf, respectively.

2.7 Two M dwarfs within 10 pc

McCaughrean,Scholz, & Lodieu (2002b) reportedthe discovery of two bright (K ��ó 9.5
mag)late-M dwarfsof spectraltypesM7.5 andM8 within 10pc with propermotionslarger than
0.30� � /yr.

Tofind thesenearbyreddwarfsin thesouthernsky, weselectedall 2MASSobjectswithoutop-
tical counterpartin theUSNO-A2cataloguebut a counterpartwithin 60� � in theNLTT catalogue
as bona-fidecandidates.After applying a colour selectionsuchas m& –�
� ú 6.0, two objects,
namelyLP775-31andLP655-48,stoodout from the remainingshort list. The full astrometric
andphotometricdatafor LP775-31andLP655-48areprovided in Table2.2. Note that LP655-
48 was identified with a bright X-ray source(1RXS J044022.8û 053020; Vogeset al. 1999).
Other late-typeM dwarfs with comparablebrightnessincludethe brown dwarf LP944-20(Tin-
ney 1998), the M9 dwarf DENISPJ104814.7û 395606reportedby Delfosseet al. (2001),and
2MASSIJ1835379� 325954at6pc recentlydiscoveredby Reidetal. (2003).

Table 2.2: Astrometryand photometryfrom SSSand 2MASS for two M dwarfs within 10pc
(LP775-31 and LP655-48), SSSPMJ0109û 5101 (M8.5), SSSPMJ2310û 1759 (M9.5), and
SSSPMJ0219û 1939(L1) foundin ourpropermotionsurvey.

Name EX� F Epoch � w����-� F ��� � � : v )��
(J2000) mas/yr mas/yr (SSS) (2MASS)

LP775-31 043516.14 ï 160657.5 1998.9 ô 160 � 4 ô @ õ � � � 16.35 12.36 10.40 9.78 9.34
LP655-48 044023.33 ï 053007.9 2001.8 ô 335 � 2 ô ð�@�ð � � 16.50 13.17 10.68 9.99 9.56

SSSPM0219 021928.03 ï 193841.0 1999.9 ô 194 � 4 ï�ð y @ � õ ø 20.13 17.46 14.09 13.30 12.83
SSSPM2310 231018.53 ï 175909.4 1998.1 ô 24 � 17 ï � � ø � ð�@ 20.52 17.67 14.40 13.58 13.01
SSSPM0109 010901.29 ï 510051.1 1990.8 ô 207 � 4 ô�� � � ðbð 18.21 14.80 12.23 11.54 11.09

Weobtainedopticalspectroscopy (6000–10000̊A) of LP775-31andLP655-48with theEFOSC2
cameramountedon theESO3.6-mtelescope.Thenormalisedspectraaredisplayedin Figure2.7
alongwith thoseof LP944-20(M9) andtheM7 dwarf 2MASS095229û 192431(Gizisetal.2000)
for comparisonpurposes.

We assignedspectraltypesof M7.5 andM8 to LP655-48andLP775-31,respectively, with
anuncertaintyof half a subclass.Spectralindices,includingthePC3(Mart́ın et al. 1999b),TiO5
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(Reidet al. 1995),andVO-a(Kirkpatrick et al. 1999b)led to similar results.Thespectralindices
foundfor thecomparisonobjects(2MASS095229û 192431andLP944-20)arein goodagreement
with publishedvaluesaswell.

Figure2.7: ESO3.6-m/EFOSC2spectraof LP775-31andLP655-48(McCaughreanetal. 2002b),
comparedwith thoseof LP944-20,a known brown dwarf (Tinney 1998), and the M7.0 dwarf
2MASSJ0952219û 192431(Gizis et al. 2000).Thelocationof typical featuresof late-M dwarfs
arelabelled,includingmetaloxideandhydrideabsorptionbands,atomicabsorptionlines,lithium
absorption,andH � emission.An arbitraryconstanthasbeenusedto separatethespectra.

Independently, Cruz& Reid(2002)classifiedbothstarsasM6 dwarfs,while Cruzetal. (2003)
revised the spectraltypesandassignedM7 to both objects. The direct spectroscopicevidence
presentedin Figure2.7 favourslaterspectraltypes.

Basedon the absolutemagnitudesof known objectswith the samespectraltypes,we have
deriveddistancesof 8.0 ñ 1.6pcand6.4 ñ 1.4pc for LP655-48andLP775-31,respectively. If the
spectraltypesestimatedby Cruz& Reid(2002)arecorrect,thedistanceswill beroughlytwiceas
large for bothobjects.Thoseassignedby Cruz et al. (2003)would yield distanceswithin 10pc,
confirmingourfindings.

Furtherobservationsareneededto checkthebinarityof thoseobjectsandobtaintrigonometric
parallaxes.If distanceswithin 10pcareconfirmed,LP655-48andLP775-31would representnew
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benchmarkdwarfsallowing detailedfollow-up observationsandsearchfor planetarycompanions
with futuremissionssuchasDARWIN and/orTPF.

2.8 Three new ultracool dwarfs in the solar neighbourhood

Lodieuet al. (2002b)reportedthediscovery of threeL dwarfs in thesolarvicinity within 30
parsecs.We found the threeobjectsby combining

' :
, ( , and � measurementsfrom theUKST

platesand ( -banddatafrom ESOSchmidtplateswithin the framework of a searchfor objects
with typicalpropermotionsof 0.15–0.20� � /yr onplateswith 15–20yearsepochdifferences.

The basicsearchstrategy consistedat looking for objectson a given platewhich werenot
matchedwith a correspondingobjectin a differentpassbandto within a nominalsearchradiusof
3 arcsec.Thisprocesswasrepeatedfor eachavailablephotographicplateatagivenlocationonthe
sky. Then,we comparedthereducedcataloguesof unmatchedobjectsto look for possiblecoun-
terpartsout to asearchradiusof 1 arcmin.We identifiedaspropermotioncandidatesonly objects
picked up at leastthreetimesalonga straightline. Furtherpositionalinformation,including the
2MASSdatabase,wasaddedto refinethesedetections.

As all threeobjectswere discovered in the SuperCOSMOSSky Surveys data,we named
themasfollows: SSSPMJ0219û 1939(hereafterSSSPM0219),SSSPMJ2310û 1759(hereafter
SSSPM2310),andSSSPMJ0109û 5101(hereafterSSSPM0109).A full astrometricandphoto-
metricinformationfor SSSPM0219,SSSPM2310,andSSSPM0109is givenin Table2.2.

We obtainedlow-resolution(R ó 600) optical (6000–10000̊A) spectraof SSSPM0219and
SSSPM2310with ESO3.6-m/EFOSC2andnear-infrared(0.9–2.5	 m) spectrafor all threeobjects
with NTT/SofI in December2001(Figure2.8). Optical spectrawerenormalisedat 7500Å and
near-infraredspectrawereadjustedto theopticalspectraaround9700Å thanksto theoverlapping
region betweenthe EFOSC2andSofI data. The observingprocedureanddatareductionwere
standardandaredescribedin � 2.2and � 2.3,respectively.

The spectralclassificationfor SSSPM0219and SSSPM2310was basedon optical spectral
indicesdefinedby Kirkpatrick et al. (1999b)andMart́ın et al. (1999b)whereastheclassification
of SSSPM0109wasentirely basedon the near-infraredspectralindicesdefinedby Tokunaga&
Kobayashi(1999), Testi et al. (2001), Reid et al. (2001a),and Geballeet al. (2002). Lodieu
et al. (2002b)publishedspectraltypesof L1, L2, and L2 for SSSPM2310,SSSPM0219,and
SSSPM0109,respectively.

However, in themeantime,we have obtainedanopticalspectrumfor SSSPM0109aswell as
for M andL dwarf templateswith known spectraltypesusingthe sameinstrumentsetup. The
sampleof templateobjectsincludesLP944-20(M9.5), BRI0021-0214(M9.5), andKelu-1 (L2).
Unfortunately, it is now apparentthat the publishedclassificationswere in error andwe revise
herethe spectraltypesof SSSPM0109,SSSPM2310,andSSSPM0219to M8.5, M9.5, andL1,
respectively, with an uncertaintyof half a subclass.We have noticeda significantdiscrepancy
betweentheopticalandthenear-infraredclassificationfor SSSPM0109.Possiblereasonsfor the
differencemight be:

1. Tokunaga& Kobayashi(1999)definedtwo spectralindicesK1 andK2 (seeTable1.3)based
on higherresolutionspectroscopy thanourdataandon narrow-bandphotometry.
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Figure 2.8: Low-resolution (R � 600) optical (6000–10000̊A) and near-infrared (1.0–2.5� m)
spectraof SSSPM0109(M8.5), SSSPM2310(M9.5), and SSSPM0219(L1) obtainedwith
ESO3.6-m/EFOSC2andNTT/SofI, respectively. Spectraarenormalisedat 7500Å. Regionsof
strongtelluric absorptionaround1.4 and 1.9 � m have beenremoved for clarity. An arbitrary
constanthasbeenaddedin intensityto separateeachspectrum.

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

3. Geballeet al. (2002)hasrecentlyconcludedthat thewatersteamindex at 1.5 � m is a good
spectraltype discriminantacrosstheL-T sequencesbut its valuesexhibit large dispersion
for M8–L2 dwarfs.

Basedon trigonometricparallaxesof late-Mandearly-Ldwarfsandon spectraltype/absolute�
magnituderelationshipsproposedby Dahnetal. (2002),wehaveinferreddistancesof 37 � 7pc,

35 � 1pc,and30 � 16pc for SSSPM0109,SSSPM2310,andSSSPM0219,respectively. Wehave
derived tangentialvelocitiesof 43 � 10km/s, 51 � 2km/s, and 93 � 50km/s for SSSPM0109,
SSSPM2310,andSSSPM0219,respectively. The errorsarelarge, particularly for SSSPM0219
asthey originatefrom two differentestimates.On the onehand,distancesarederived from the
spectraltypesand,on theotherhand,from the ��� �

colours.Measurementswerein goodagree-
mentfor SSSPM0109andSSSPM2310,but discrepantfor SSSPM0219.
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From the optical and infraredcolours,SSSPM0219is actuallybluer SSSPM2310although
classifiedaslater type. It might eitherbetheeffect of a closecompanionor theresultof thedis-
persionin optical-to-infraredandinfraredcoloursof L dwarfs(Hawley etal. 2002).Thepublished
� magnitudesarephotographicmagnitudes,and,thus,subjectto largeuncertainties.

Thus,theseobjectsarenotL dwarfswithin 30pcasclaimedin Lodieuetal. (2002b)but ultra-
cooldwarfslikely between30and40pc. Their radialvelocitiesareconsistentwith thekinematics
of diskstars.

We have recentlyincludedthoseobjectsin a sampleof ó 15 ultracoolM8.5–L2 dwarfs for
high-resolution(R ó 16000at 6000Å) spectroscopy (5750–7310̊A) with VLT/FORS2to search
for lithium at 6708Å. We have alsoincludedthe well-known M9.5 brown dwarf, LP944-20,as
a templatesincelithium waspreviously detectedvia echellespectroscopy usingESO3.6-m/CES
spectrograph(Tinney & Reid1998).Thedataarenow in handandawait analysis.Thedetection
of lithium in objectslaterthanM8 wouldplaceanupperlimit on theirmassandaddconstraintsto
their ages.

2.9 � Indi Ba,Bb: the nearest binar y brown dwarf

Scholz, McCaughrean,Lodieu, & Kuhlbrodt (2003) announcedthe discovery of a bright
( ��� ó 11.2mag)T2.5dwarf at3.626pc from theSun,asacommonpropermotion(4.7� � /yr) com-
panion(projectedphysicalseparationó 1500AU) to thenearbyK5V star � Indi A (HD209100).

We usedthe UKST
'P:

, ( , and � platesas well as the ESO ( platesas startingpoint for
the selectionprocedure.We selectedall objectsbrighterthan � = 17 with no counterpartwithin
6 arcsecon the UKST

' :
andESO ( photographicplates. � Indi B wasamongthe candidates

but hada UKST ( platecounterpart.Visual inspectionof thefinding chartsrevealedthat the (
detectionwasassociatedwith thediffractionspike of a bright star, namely � Indi A. Furthermore,
onanoverlapping� platewith anepochdifferenceof just two years,theobjecthadclearlyshifted,
yielding a large propermotion of 4.7� � /yr identical to one of � Indi A. Thus, we ‘discovered’
� Indi B just 7 arcminaway on thesky (correspondingto a physicalseparationof 1459AU) from
� Indi A. Theredopticalandbluenear-infraredcoloursof � Indi B immediatelysuggestedthatthe
objectbelongsto thenewly-definedT class(Kirkpatrick et al. 1999b).

A few dayslater on the night of 16–17November2002,Bjoern Kuhlbrodtobtaineda near-
infrared spectrumof � Indi B with the SofI instrumentmountedon the NTT. Threespectraof
� Indi B, shiftedby about100 pixels,weretaken alongwith a standardstarat a similar airmass.
Thedatareductionwasstandardfor near-infraredspectroscopy andis describedin � 2.3.Thefinal
normalisedspectrum(0.9–2.5	 m) is displayedin Figure2.9alongwith thelocationof prominent
waterandmethaneabsorptionbands.

We assigneda spectraltype of T2.5 ñ 0.5, accordingto the near-infraredindicesdefinedby
Burgasseret al. (2002)andGeballeet al. (2002)anddirect comparisonwith T dwarf templates
availableatBurgasserandLeggett’s5 webpages.

� Indi A is amongthe20 nearestsystemsto theSunandhasan accurateHipparcosparallax
measurement,yielding a distanceof 3.626ñ 0.010pc. Basedon rotationalpropertiesof � Indi A,

5ftp://ftp.jach.hawaii.edu/pub/ukirt/skl/dT.spectra/
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Figure2.9: Originalnear-infraredspectrumof � Indi B obtainedwith NTT/SofI from Scholzetal.
(2003).Regionsof strongtelluric absorptionaround1.4and1.9 	 m havebeenremovedfor clarity.
The locationsof prominentH � O and CH� absorptionbandsin the atmosphereof � Indi B are
indicated.Also labelledaretheK I at 1.25	 m andtentative detectionsof K I doubletat 1.52	 m
andtheNaI doubletat 2.33	 m.

Lachaumeet al. (1999)inferreda meanvaluefor theageof 1.3ôöõ�÷ yï õ�÷ � Gyr. Hence,we derived the
following physicalparametersfor � Indi B:

T �V� = 1270K
log(L/L ò ) = û 4.67

R = 0.097Rò
M = 40–60M èbéxê

Following our discovery, we submitteda HubbleSpaceTelescope(HST) proposalto search
for a possible(planetary)companion,aswell asa VLT proposalfor a detailedphotometricand
spectroscopy study, includingadaptive optics,of thisnew benchmarkT dwarf. TheHSTproposal
wasrejected6 andtheVLT proposalwasgranted20hservicemodeobservingtime in spring2004.

6Commentsfrom the HST Time Allocation Committeewere: Strengths:This seemsto be the possibility to find
a planetcompanionto a brown dwarf. Useof the HST/ACS is well justified. Weaknesses:Very expensive to look
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Meanwhile,commissioningof anew differentialmethaneimagingsystemonNAOS/CONICA
mountedon theVLT took placeand � Indi B waschosenasa referenceby Laird Closeandcol-
laborators.And, surprise! � Indi B wasresolvedinto abinarysystemwith a separationof approx-
imately0.7� � . Following therecognitionof thebinary, a collaborationstartedbetweenusandthe
observers.Few dayslater, observersat theGeminiObservatoryresolved � Indi B into abinaryand
announcedtheir discovery in the IAU circular nü 8188on 27th August2003(Volk et al. 2003).
A quick look into theESOArchive revealedthat thecompanionwasalreadydetectablein short,
0.6 arcsecFWHM seeingVLT/FORS1acquisitionimagesobtainedwithin the framework of a
polarimetricprogramfor brown dwarfscarriedout in June20037. Thebinarynatureof � Indi B
washowevernotnoticedat thattime. Dueto its largepropermotion,bothcomponentsof � Indi B
movedby 0.8arcsecin two months,confirmingtheirphysicalassociation.

Immediatelyafter the VLT discovery, we conductedadaptive optics observationswith the
infraredwavefrontsensingcapabilityof theNAOS/CONICAsystem.Despitethenaturalseeingof
0.5� � FWHM, we obtainedsharp(0.08arcsecin the ��� band)near-infraredimagesof the � Indi B
binaryT dwarf. Thefield-of-view of theS27NACO camerais 27.7 � 27.7arcsecwith animage
scaleof 27.07ñ 0.05milliarcsecperpixel. Thetotal integrationtimein eachfilter was90seconds.
No other sourcethan the � Indi Ba,Bb systemwas detectedin the field-of-view (Figure 2.10).
The meanseparationof both componentsis 0.732ñ 0.002arcsec,correspondingto a projected
physicalseparationof 2.65 ñ 0.01AU at thedistanceof thesystem.

Figure2.10:NACO broad-bandnear-IR adaptive opticsimagesof the � Indi Ba,Bbsystem,with
� , 
 , and ��� from left to right (McCaughreanet al. 2004). Eachimageis a 5.4 � 5.4 arcsec
(19.6 � 19.6AU at3.626pc)subsectionof thefull 27.7 � 27.7arcsecNACOS27camerafield-of-
view. Theangularresolutionsare ó 116,100,and84 masFWHM at � , 
 , and ��� , respectively.
North is up,Eastleft: � Indi Bb is thefaintersourceto thesouth-east.Theintensitiesaredisplayed
logarithmically. No othersourcesaredetectedin any filter acrossthewholeNACOfield-of-view.

We alsoobtainedmoderate-resolution(R ó 1000) 
 -bandspectroscopy for bothcomponents
with theNAOS/CONICAlong-slit mode,covering1.5–1.85	 m, with antotal on-sourceintegra-
tion time of 24 minutes. Observationsof a nearbyG2V star (HD209552)were madeshortly
afterwardsto measurethetelluric absorption.Tungsten-illuminatedspectraldomeflatswerealso

for somethingthat might not be there. If nothingis found in first 4 orbits,how will the remaining8 orbits be used?
Observationsin 3 epochsareunnecessary, two would do.

7Polarimetricprogramme72.C-0575(A)for brown dwarfsfrom Ménard,Delfosse,& Monin
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takenwith thesameconfigurationat theendof thenight. Theresulting 
 -bandspectrafor both
componentsalongwith themajorwaterandmethaneabsorptionbandsareshown in Figure2.11.
We assignedspectraltypesof T1 andT6 to � Indi Ba and � Indi Bb, respectively, accordingto the
spectralindicesfrom Burgasseretal. (2002)andGeballeetal. (2002).

Figure 2.11: 
 bandspectraof � Indi Ba and � Indi Bb from McCaughreanet al. (2004). The
spectralresolutionis ó 17Å FWHM, yieldingR ó 1000.Fluxcalibrationwasmadebyconvolving
thespectrumof � Indi Bb with the2MASS 
 filter profile andassuminga 2MASSmagnitudeof

 = 11.51. The excellent signal-to-noiseof the spectrais seenin the relatively smooth1.58–
1.62	 m range;the ‘ripples’ shortward of 1.56	 m and longward of 1.72	 m are real features,
predominantlydueto H � O andCH� but alsopossiblyin partdueto FeH. ThedeepdoubleCH�
absorptiontroughseenin bothsourcesat 1.67	 m is alsoseenin theT6 dwarf Gl 229B (Geballe
etal 1996),asis theadjacentabsorptionfeatureat1.658	 m seenin � Indi Bb.

The physicalparametersof both components,� Indi Ba and � Indi Bb, canbe estimatedby
combiningindividualmagnitudesandspectraltypeswith theaccuratedistanceof 3.626pcandthe
meanagevalueof 1.3Gyr for � Indi A. We have employedtheevolutionarymodelsfrom Baraffe
etal. (1998)to derive thephysicalparameterslistedbelow. Theparametersof � Indi A aregivenas
well for comparisonpurposes.Uncertaintiesin theeffective temperaturesare ñ 40K and ñ 20K
for � Indi Ba and � Indi Bb. Uncertaintieson themassesare10M èbéxê and7M è²é�ê for � Indi Ba and
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� Indi Bb andaredominatedby theageuncertainty. A cumulative errorof about20% affectsthe
determinationof theluminositydueto uncertaintiesin T dwarf bolometriccorrection.

� � Indi A (K5V) T �V� = 4200K R= 0.72Rò log(L/ L ò ) = û 0.16 M = 0.63M ò� � Indi Ba (T1V) T �V� = 1276K R= 0.091Rò log(L/ L ò ) = û 4.71 M = 47M è²é�ê� � Indi Bb (T6V) T �V� = 854K R= 0.096Rò log(L/ L ò ) = û 5.35 M = 28M è²é�ê
To concludeon this very interestingobject(s),we would like to mentionthatphotometricand

spectroscopicdataof the � Indi Ba,Bbsystemobtainedwith FORS2andISAAC on the VLT in
thewavelengthrange0.6–5.0	 m arenow in handandawait analysis.Accurate�%
"� u b photom-
etry will beextractedfor bothcomponentsaswell asa goodsignal-to-noisemoderate-resolution
spectrumfrom 1.0to 5.0 	 m.

Few mid-infrareddataareavailablefor T dwarfsto dateand,in particular, goodqualityspectra
longwardsof 3.0 	 m. On the onehand, � Indi Ba is a transitionobjectwhererefractoryspecies
are depletedand rain out in the atmosphereto form cloudsas in Jupiter. On the other hand,
� Indi Bb hasanatmospherewherethedusthasentirelysettledout. Themodellingof thespectral
energy distribution of eachT dwarf componentrepresentsa majorchallengeto theunderstanding
of brown dwarf atmospheres.Moreover, the detectionof the methanebandat 3.3 	 m in both
componentswill addconstraintsto theunderstandingtheverticalmixing involvedin brown dwarf
atmospheres.To date,theonly modellingof the3.3 	 m methanebandrelieson a poorsignal-to-
noisespectrumof theT6 dwarf, Gl229B(Saumonetal. 2000).

Theotherinterestingadvantageof the � Indi B systemis theopportunityto derive dynamical
massesfor thesystemwithin a few years,accordingto therelatively shortorbit of approximately
15 years.Finally, theultimategoalwill be to obtainthe individual masses,independentlyof the
evolutionary modelsin order to test their reliability. The � Indi B systemis currently the only
binarybrown dwarf with accuratespectralclassificationandmassestimatesfor bothcomponents.

Becausethe � Indi B systemis close,bright, and hasa short orbit, it will become,to my
opinion,oneof themostextensive studiedsystemin thecomingyearsandprovide vital cluesfor
understandingtheatmospheres,formation,andevolution of brown dwarfs.

2.10 Conc lusions on the proper motion sur vey and outlook

We have presentedin this chapterthe photometricandspectroscopicresultsof an on-going
propermotion survey in the southernsky focusingon the searchfor low-massstarsandbrown
dwarfs in thesolarneighbourhood.Opticalandnear-infraredspectroscopy hasrevealeda variety
of objectswithin 50 parsecs,including6 subdwarfs,57 M dwarfs,four L dwarfs,andtheclosest
binaryT dwarf to date, � Indi Ba,Bb. New redpropermotionselectedasbrown dwarf candidates
have beenalreadyobservedspectroscopicallyin theopticalandawait analysis.

Futurepossibleobservationsof someinterestingobjects,presentedin this chapter, have al-
readybeenobtainedor areforeseen.

� High-resolution(R ó 20000)spectroscopy of ultracooldwarfs(M8.5–L2)belongingto our
sampleof propermotion objectsto detectthe lithium absorptionline at 6708Å. The de-
tectionof lithium in theatmosphereof thesenearbyobjectswill setanupperlimit on their
massandconstraintheir age.This programhasalreadybeengrantedtime at theVLT and
spectraof about15objectsarenow in hand.
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� High signal-to-noiseoptical andinfraredphotometry( =�(L�-�%
`� u b ) aswell asmoderate-
resolutionspectroscopy (0.6–5.0	 m) of eachcomponentof the � Indi B systemto constrain
atmosphericmodelsof brown dwarfs. The near-infrareddatahave beenalreadyobtained
with VLT/ISAAC andawait analysis.

� Thedeterminationof theparametersof theorbit of the � Indi B systemwill provide thetotal
massof the system. Several epochshave beenobserved with the adaptive opticssystem
on the VLT. The ultimateaim is to determinedynamicallythe individual massesof each
componentto testevolutionarymodelsin the substellarregime. This canbe achieved by
measuringtheorbital-motioninducedradialvelocity variationsin oneof thecomponent.

� Highspatialresolutionimagingfromspacewith Hubbleor fromthegroundwith VLT/NACO
for exampleto verify the presenceof a tight brown dwarf companionto the M8.5 active
dwarf APMPM J2354û 3316C.Sucha discovery would provide anexplanationfor theob-
servedpeculiarspectrum.

� Adaptive optics imagingof the two nearbylate-M dwarfs within 10 parsecsto searchfor
possiblebrown dwarf or planetarycompanions.

The work presentedin this chapterrepresentsa first step in the characterisationof brown
dwarfs.However, largeuncertaintiesremainregardingtheageandthedistanceof nearbyobjects.
As brown dwarfs cool off with age,the ideal placeto unearthbrown dwarfs at a given distance
andwith a homogeneousageareyoungopenstellarclusters. We will presentin the following
chaptersthe latestresultsof a near-infraredwide-fieldsurvey in the � Percluster(Chapter3) as
well asa detailedoptical andnear-infraredphotometricstudyof the pre-main-sequencecluster
Collinder359(Chapter4).



Chapter 3
New low-mass star s and brown
dwarfs in the � Per cluster

Chapter2 focusedon thesearchfor low-massstarsandbrown dwarfs in thesolarneighbour-
hood. Although nearbyand generallyamenableto detailedstudies,large uncertaintiesremain
concerningtheir massestimatesdue to the poor agedeterminationand the lack of trigonomet-
ric parallaxes. Therefore,the determinationof the local IMF down into the substellarregime is
hamperedby several issuesgivenbelow:

1. Accuratedistancemeasurementsarerequiredto infer masses.However, thesampleof stars
with trigonometricparallaxesfrom theastrometricsatelliteHipparcosis completedown to
=�� 8. A small numberof fainternearbyobjectshave well-determineddistancesaswell
but thesampleis by far incomplete.A largeprogrammehasbeenrecentlyinitiatedin order
to provide trigonometricparallaxesfor objectsstraddlingthestellar/substellarlimit (Dahn
etal. 2002).Thissurvey is essentialfor improving thegalacticfield starluminosityfunction
in thelow-massandbrown dwarf regimes.

2. Nearbyobjectsspanawiderangein agefrom few millions yearsfor co-moving groupsand
youngassociationsto billions of yearsfor thecoolestandoldestneighbours.

3. High-massstarsarerareandalmostinexistentin thesolarneighbourhooddueto their short
lifetimes.

4. Numerouslow-massstarsandbrown dwarfs have now beendetectedin the solarvicinity
over thelastpastyears.However, their faintnessrenderstheirdetectiondifficult asthey cool
off with age.Hence,thenumberdensityof low-massstarsandbrown dwarfsis expectedto
belargely incompleteasemphasisedby Henryet al. (1997).

Thedeterminationof ameaningfulIMF for galacticfield starsrequiresavolume-limitedsam-
ple of objectswith known ageandspectraltypesover a large massrange.However, the incom-
pletenessis approximately30% within 5 pcanddoublewithin 8 pc(Henryetal.1997).Therecent
discovery of the � Indi Ba/Bb system(Scholzet al. 2003;McCaughreanet al. 2004)at 3.626pc
provide astriking example.

To alleviate someof the issuesmentionedabove, many recentsurveys have concentratedon
youngopenclusters(30–200Myr) to unearthvery-low-massstarsandbrown dwarfs. Indeed,open
stellarclustersaregoodplacesfor suchquestasthey representequidistantandcoeval populations
of starsof similar chemicalcompositionwithin a relatively smallvolumeof space.Somecaveats
neverthelessremain,includingthedearthof high-massstarsandissuesregardingtheincomplete-
nesstowardslow-massstarscausedby thecontaminationby backgroundobjects.Thebesttargets
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are,hence,the youngestopenclusters.However, only four openclustersarewithin 200pc and
youngerthan200Myr. A brief descriptionof eachclusteris givenbelow:

� The Pleiades( � = 03ü 46.6� , ù = –24ü 4� ) is, by far, the beststudiedopenclusterfor low-
massstarsandbrown dwarfs.Theclusteris rich (about1200members),nearby( ó 130pc),
young( ó 120Myr), relatively compact,locatedat high galacticlatitude(b= –24ü ) with a
metallicityestimatedto besolar(Boesgaard& Friel 1990).Theextinctionis low (A C = 0.12
mag)andgenerallyuniform. Thelargepropermotion( 	�E cosù5ó � 25mas/yrand 	�F ó û 45
mas/yr)allows membershipassessmentof photometrically-selected candidatesover a time
scaleof few years(Moraux et al. 2001). Many propermotion and photometricsurveys
have focusedonthePleiades,yielding thediscovery of thefirst youngbrown dwarf, Teide1
(Reboloet al. 1995). Sincethat time, many brown dwarf candidateshave beenproposed
andsomeconfirmedspectroscopically(Mart́ın etal. 1996;Stauffer etal. 1998).Thecluster
massfunctionover a largemassrange(10–30M ò ) waswell approximatedby a lognormal
distribution of index 1.7andapeakaround0.25M ò (Chabrier2003).

� IC2391( � = 08ü 40.2� , ù = –53ü 04� ) is a close( ó 150pc) andyoung( ó 30Myr) openclus-
ter with solarmetallicity (Randichet al. 2001).Theextinction towardstheclusteris rather
low (E(

'
–= ) = 0.06). Exceptfor thebrightestcomponentsof thecluster( =¡� 11), proper

motionstudiesarehamperedby thelack of bright membersandthelow galacticlatitudeof
the cluster(b= û 6.9ü ). Most of the clustermembers(about100 members)have beense-
lectedin X-rayswith theROSAT satellite(Patten& Pavlovsky 1999)andtheirmembership
assessedwith opticalphotometryand/orspectroscopy (Stauffer etal. 1989a).Theestimated
ageof 30Myr, derived from theuppermain-sequenceturn-off fitting, wasrecentlyrevised
to 53 ñ 5Myr from the lithium test (Barradoy Navascúes et al. 1999). The lithium de-
pletionboundarywasfoundat ( –� = 1.91andM( � ) = 10.25mag,correspondingto a mass
of ó 0.12M ò , assuminga distancemodulusof 5.95 andan ageof 53Myr. New brown
dwarf candidateshave alsobeenextractedfrom a deep( and � -bandsurvey with infrared
follow-up (Barradoy Navascúeset al. 2001)but no clustermassfunctionhasbeenderived
to date.

� IC2602( � = 10ü 43� , ù = –64ü 24� ) is similar to IC2391in termsof distance(d= 150pc),age
(30Myr), andmetallicity. Theclusteris locatedaroundtheB0Vp star ¢ Carinae(b= û 4.9ü )
in aregionof low extinction(E(

'
–= ) = 0.04).Thepropermotionof theclusteris estimated

to 	�E cosù5ó –9mas/yrand	�F�ó +3.5mas/yr. Thisis theleaststudiedclusteramongthefour
clusterwithin 200pc andyoungerthan200Myr. The largestmembershiplist (about100
members)wasestablishedby Randichet al. (1995)throughanX-ray studyconductedwith
the ROSAT satellite. Photometricandspectroscopicfollow-up confirmedmostcandidates
asgenuineclustermembers(Prosseret al. 1996a).No clustermassfunctionis availableat
present.

� The � Per cluster ( � = 03ü 50� , ù = 49ü 00� ) hasbeenwell studied,though less than the
Pleiadesdue to its smallerpropermotion ( 	�E cosù5ó£� 23 mas/yrand 	�F ó û 25 mas/yr)
and lower galacticlatitude (b= –7ü ). The clusteris locatednorth-eastof the F5V super-
giant Alpha Perseiat a distanceof about180pc andsolarmetallicity (Boesgaard& Friel
1990). The extinction towardstheclusterwasestimatedto be A C = 0.30magwith possi-
ble spatialvariations.Severalpropermotions,photometricandspectroscopicsurveys have
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revealedabout400membersin � Per(Prosser1994).Theclusterwasalsoextensively stud-
ied in theX-rays,yieldingnew membercandidatesbasedonROSAT observations(Randich
et al. 1996; Prosseret al. 1996b). The lithium testappliedto the clusteryieldedan age
of 90 ñ 10Myr (Stauffer et al. 1999). The clustermassfunction is well approximatedby
a power law with an index � = 0.59 ñ 0.05 in the 0.30–0.035M ò massrange(Barradoy
Navascúeset al. 2002). We will provide moredetailsaboutthosesurveys in thenext sec-
tions( � 3.1–3.4)andemphasiseourcontribution to the � Perclusterin � 3.5and � 3.6.

The presentchapteris dedicatedto a comprehensive studyof the youngopencluster � Per
carriedoutwithin theframework of ourcollaboration.The � Perclusteris richerthanIC2391and
IC2602but probablylessrich thanthePleiades.Theclusterpresentlyhasabout400catalogued
memberscomparedto about1200for thePleiades.However, theclustermemberlist of � Peris
muchlesscompletethanthePleiadesfor threemajorreasons:

1. Thenumberof deepopticaland/orpropermotionsurveys implementedin � Peris smaller
thanin thePleiades.

2. Theclustermeanpropermotionis notwell separatedfrom field stars.

3. � Peris locatedat lowergalacticlatitudethanthePleiades.

This chapteris organisedasfollows. In � 3.2,we review resultsfrom surveys dedicatedto the
searchfor low-massclustermembersin � Per. In � 3.2,we reporttherecentdeterminationof the
ageof theclusterby the“lithium test” (Stauffer etal. 1999).In � 3.3,wedescribethemainresults
of theopticalwide-fieldsurvey in the � Perclustercarriedout within our collaboration(Barrado
y Navascúes et al. 2002), including the determinationof the luminosity function ( � 3.4.1)and
themassfunction( � 3.4.2). In � 3.5,we describetheselectionof new clustermembercandidates
includingnew brown dwarfsfrom anear-infraredsurvey of a0.70squaredegreeareain thecluster.
Opticalspectroscopicfollow-upof asubsampleof selectedclustermembercandidatesis presented
in � 3.6. We comparetheupdated� Permassfunctionto thefield andPleiades-like openclusters
in � 3.7.Conclusionsandfuturework arediscussedin � 3.8.

Theresultspresentedin thischapterhavebeen(or will be)publishedin severalpapers,includ-
ing:

1. Barradoy Navascúes, Bouvier, Stauffer, Lodieu, & McCaughrean(2002) where I have
providedinfraredphotometryof faintoptically-selectedclustermembers.

2. Lodieu,McCaughrean,Bouvier, Barradoy Navascúes,& Stauffer (2003)publishedthema-
jor resultsof thenear-infraredwide-fieldsurvey describedin � 3.5in theIAU211conference
proceedings.

3. Thenew resultsrelatedto thenear-infraredwide-fieldsurvey will bepartof a forthcoming
paper(Lodieuet al. 2004,in preparation).This partof thework hasbeenessentiallydone
by myself.
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Figure3.1: Imageof a 4.2¤G¥ 5.3¤ towardsthe ¦ Percluster. North is at the top andEastto the
left. A concentrationof starsis seensouth-eastof thebrighteststarin theimage,theF5supergiant
Alpha Persei. The greensquaresrepresentthe 13 KPNO/MOSA fields-of-view (35.4§�¥ 35.4§ )
observed in the ¨*© and ª0© bandsdown to a completenesslimit of 21.9 and20.75,respectively.
Copyright: T. Credner& S.Kohle, AlltheSky.com

3.1 Kno wn member s of the « Per cluster

The ¦ Perclusteris clearlyseenonphotographicplatesasaconcentrationof starssouth-eastof
theF5supergiantAlphaPersei,whosemembershipof theclusteris estimatedto 97% probability
(deZeeuwet al. 1999).Figure3.1 is a4.2¤G¥ 5.3¤ imagetakentowardsthe ¦ Percluster.

Several authors,including Heckmann,Stauffer, Prosserandcollaborators,have extensively
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studiedthebright componentsandlow-massmembersof the � Percluster. Themembershipas-
sessmentmadeuseof propermotion, multi-bandphotometry, optical spectroscopy for H � and
lithium detection,aswell asradialandrotationalvelocities.We will briefly summariseprevious
surveys designedto identify low-massmembersin the � Percluster.

1. Heckmann,Dieckvoss,& Kox (1956)obtainedpropermotionsfor starsbrighterthana =
magnitudeof 12.0 in thevicinity of � Per. Slightly morethan10% of the1400starssur-
veyedwithin thefield-of-view wereidentifiedasprobableclustermembers.Thosemembers
weretermedby HE (asHeckmann)followed by threedigits startingwith one. ¬ ' = pho-
tometryof thoseó 150new memberswasobtainedby Mitchell (1960),providing reddening
anddistanceestimatesaswell ascriteriato rejectnonmembers.

2. Stauffer et al. (1985)surveyed a 1.2ü � 1.2ü areaof the � Perclusterandobtainedproper
motion for 4000starsdown to = ó 16.0mag. Propermotion, =�(L� photometry, H � emis-
sion,radialandrotationalvelocitieswereusedasmaincriteriato selectabout90 new low-
massclustermembers.Thosenew G, K, andM clusterdwarfswith high rotationalveloci-
tiesroughlyspanthe0.5–1.2M ò massrange,assuminga distanceof 165pc andanageof
50Myr. Theseobjectsweretermedby AP asin ‘AlphaPer’ followedby threedigitsstarting
with one.

3. Stauffer, Hartmann,& Jones(1989b)identifiednew low-massmembersover a 2.5 square
degreeregion in � Perbasedon propermotion,

' =�(L� photometry, andsubsequentspec-
troscopy. Thepercentageof clustermemberscomparedto the total numberof starsalong
the line of sight dropsto few percentsfrom = = 10 to = = 15 magdueto the low galactic
latitudeof � Per.In total,Stauffer etal. (1985,1989b)confirmedthemembershipof 30HE
membersand50 AP starsandidentifiednew membersdown to = ó 16.0mag.

4. Prosser(1992) carriedout an extensive membershipsurvey of a 6üG� 6ü whole Palomar
photographicplatein the � Percluster. About130new clustermembersamongasampleof
propermotioncandidateswereextracteddown to = ó 19.0mag,usingadditionalphotomet-
ric andspectroscopicinformation. Spectraltypeswerealsoprovided for somecandidates
brighterthan = = 17 mag,correspondingto a spectraltypeof M4. Thespatialdistribution
of thenew members(filled circles)is shown in Figure3.2. This studyprovided a revised
agefor theclusterto 80Myr basedon isochronefitting with no significantagespread.The
meanreddeningwasestimatedto E(= –� ) = 0.18,consistentwith previous determinations
althoughsomespatialvariationsacrosstheclusterwerereported.

5. In anattemptto searchfor low-massmembersin the � Percluster, Prosser(1994)obtained
new CCD imagesof a ó 0.8 squaredegreeareain theclusterin the = and � bandsdown
to = ó 22.0 mag. Contraryto former surveys, no first epochwasavailableat thesefaint
magnitudes.Aboutnew 30new clustermembercandidatesweresolelyselectedonthebasis
of their locationin the ( = , = –� ) colour-magnitudediagram.Low-dispersionspectroscopy
obtainedfor someof thenew candidates,confirmingtheclustermembershipof eightobjects
andclassifiedthreeothersasnon-members.

6. A rasterscanandpointedX-ray observationswereobtainedtowardsthe � Perclusterwith
theROSAT satellitein thesoft (0.1–0.4keV) andhard(0.4–2.0keV) bands.
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Therasterscancovered ó 10deg� in � Perwith anexposuretimeof 10ksec,yielding limit-
ing sensitivity of L ­¹ó 10� � ergsecï�ð (Randichetal. 1996).Outof ó 160X-ray detections,
89 wereassociatedwith previously selectedclustermembers.More than80% of theF, G,
andK dwarfsand ó 50% of theM dwarfsbelongingto theclusterweredetected.

The ROSAT pointing observations(Prosseret al. 1996b),exposed22–25ksec,covereda
slightly smallerarea(threepointingsó 50arcminin radius)thantherasterscanbut achieved
highersensitivities. About 80 X-ray sources,including40 commonto therasterscan,were
associatedwith an optical counterpartfrom previous propermotion surveys. All the K
dwarfsandahighnumberof M dwarfsbelongingto theclusterweredetectedby thepointing
observations. However, both surveys revealedabout200 sourceswith no optical counter-
parts.Photometryalongwith low- andhigh-dispersionspectroscopy classifiedabout40 X-
raysourcesasprobablenew clustermembers(Prosser& Randich1998;Prosseretal. 1998).
A detailedanalysisof theX-ray propertiesof theF, G,K, andM clusterdwarfsdetectedwith
ROSAT led to thefollowing results:

(i) TheX-ray luminositypeaksatG dwarfsandthendeclinestowardsM dwarfs,suggest-
ing thatthedynamoactivity efficiency decreasestowardslow-massstars.

(ii) Rotationalvelocitiesarecorrelatedwith theX-ray luminosity. Fastrotatorswith ve-
locitieslargerthan15kmsï�ð have largerX-ray luminositiesthanslow rotators.

(iii) The meanX-ray luminosity of F andG starsin � Peris larger thanin their Pleiades
counterpartswhereasno differenceis foundfor K andM dwarfs.This resultindicates
thatF andG starsarespinningdown fasterin � Perthanin thePleiades.

Due to the low galacticlatitude(b= –7ü ) of the � Percluster, it wasquickly recognisedthat
propermotion andphotometryalonewould fail to eliminateall non-members.Radialandrota-
tionalvelocitiesaswell asspectroscopicfeatures,includingH � in emissionat6563Å andlithium
in absorptionat 6708Å provide additionalcriteria suggestive of clustermembership.Hence,a
full analysisof membershipin � Perrequireslarge amountof observingtime aswell asa vari-
ety of measurementsandanalysis.We will now review recentimprovementsachievedwithin the
framework of ourcollaborationon the � Percluster.

3.2 The age determination of the ® Per cluster

The agedeterminationof openclustersoriginatestraditionally from isochronefitting of the
uppermain-sequenceandgiantbranch.However, thismethodis generallyhamperedby thesmall
numberof starsevolving off the main-sequence,their photometricuncertainties,their unknown
binarystatus,andthedifficultiesin modellingtheamountof mixing of hydrogen-richmatterinto
the convective core(“convective coreovershoot”). Dependingon the amountof overshoot(no
overshootversusstrongovershoot),theageof openclusterscanvary by a factorof two (Mermil-
liod 1981;Mazzei& Pigatto1988).

Recently, a new method,the “lithium test” wasproposedto estimatethe ageof openclus-
ters(Reboloet al. 1992). The ideais that for low-massstars,lithium is quickly destroyed and,
therefore,unobservable in their spectra. On the contrary, brown dwarfs preserve their lithium
contentbecausethecentraltemperatureis not sufficient to fusehydrogen.The lithium depletion
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Figure3.2: Locationof known ¯ Permembersin the(ra, dec)frame.Filled circles,opencircles,
andcrossesaretheprobable,possiblemembers,andnon-members,respectively, basedonsurveys
dedicatedto low-massmembersin ¯ Per. Opensquaresarespectroscopicallyconfirmedcluster
membersfrom Stauffer et al. (1999). Largeopenhexagonsarenew infrared-selectedcandidates
from ourwide-fieldsurvey (Section3.5)

boundary, the point wherelithium hasbeendepletedby a factorof 100, is expectedto be sharp
with no lithium for objectsabove the limit andcosmicabundanceessentiallyfor objectsbelow
theboundary. Furthermore,asstarsarefully convective in themassrangeof interest,thesurface
lithium abundancereflectsdirectly the core abundance,yielding smalleruncertaintiesthan the
“convective coreovershoot”determination.The mixing theoryin the atmospheresof low-mass
starsremainsnonethelesspoorly constrained.Applied successfullyto thePleiades,thevalueof
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theageincreasedby afactorof two from 70Myr to 125Myr (Stauffer etal. 1998).A similarresult
holdsfor theyoungopenclusterIC 2391with anageof 35Myr derivedfrom uppermain-sequence
fitting and53Myr inferredfrom thelithium test(Barradoy Navascúeset al. 1999).

The lithium testwasrecentlyappliedto the ¯ Perclusterbasedon a 6deg° opticalsurvey in
the ±*² and ³0² broad-bandfilters (Stauffer etal. 1999).A few bona-fideclustermembercandidates
wereidentifiedin a limited magnituderange(16.25́[³"´ 18.75)to seekfor lithium absorptionat
6708Å andsubsequentlyinfer the lithium depletionboundary. The selectionprocedureyielded
27 bona-fidemembercandidatesredderthan the Zero-AgeMain Sequence(hereafterZAMS;
Leggett1992),shiftedto the distanceof the cluster(d= 176pc; Pinsonneaultet al. 1998)in the
( ³0² , ±`² –³0² ) colour-magnitudediagram.Thebadagreementbetweenthetheoreticalisochronesand
the sequenceof clustermembersoriginatesfrom the differencebetweenthe ZAMS of old field
dwarfsandtheisochronesdrawn for pre-main-sequencestars.In addition,modelsdo not predict
accurateopticalcoloursdueto theincompletenessof thecurrentopacityline lists. Low- andhigh-
resolutionspectroscopy werecarriedout with theLow-ResolutionImagingSpectrograph(LRIS)
on KeckII telescopefor 14 and11 candidates,respectively. Among the probableandpossible
membercandidates,five objectsdid exhibit lithium in absorptionwhereasnine othersdid not,
yieldingasharpdeterminationin ( ±*² –³0² ) colourandmoreuncertainvalueof the ³0² magnitude.

Table3.1: Field centresobserved in the ¯ Perclusterwith CCD Mosaic Imageron the KPNO-
4m telescope.Eachimagehasa 35.4µD¶ 35.4µ field-of-view with a spatialscaleof 0.26µ µ . Right
ascensionanddeclinationaregiven in J2000.Thefive opticalfields followed-upin the · µ -band
usingOmega-Primeon theCalarAlto 3.5-mtelescopeareindicatedwith therespective observing
dates,exposuretimes,surveyedarea,andlimiting magnitudes.I observedfieldsE, K, andL in the
near-infraredwhereasThomasStanke observedtheA andC fields.

Field R.A. DEC Near-infraredfollow-up
(J2000.0) Obs.Date ExpT Area · µ¸º¹¼»

A 03:27:10.00 49:24:00.0 04–06Dec98 20min 580µ ° 17.5
B 03:28:00.00 48:42:00.0
C 03:24:50.00 48:42:00.0 06Dec98 20min 280µ ° 17.5
D 03:21:40.00 48:42:00.0
E 03:19:35.00 49:27:00.0 14Dec00 20min 560µ ° 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 560µ ° 17.5
L 03:23:10.00 48:11:00.0 11–12Dec00 20min 560µ ° 17.5
M 03:21:00.00 50:48:00.0

Theadoptedvaluesfor thelithium depletionboundarywere±*² –³0² = 2.12and³0² = 17.70½ 0.15
mag. Assuminga distancemodulusof 6.23,andapplyingtheNextGenisochronesfrom Baraffe
et al. (1998),Stauffer et al. (1999)derivedanageof 90 ½ 10Myr for ¯ Per,twice larger thanthe
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50Myr valuefrom the turn-off main-sequencefitting. The lithium depletionboundarybasedon
the · -bandphotometrywasestimatedto be at M ¾À¿ 8.3 magand( ³0² –· ) ¿ 3.07, thoughwith
larger uncertainties.Note that comparisonwith other evolutionary tracks(D’Antona & Mazz-
itelli 1994;Burrows et al. 1997)led to similar valuesof theagewithin theuncertainties.We will
adopt the ageof 90 ½ 10Myr for subsequentanalysisof the ¯ Per cluster unlessotherwise
stated. WenotethatBasri& Mart́ın (1999b)derivedanageagebetween65 and75Myr from the
detectionof thelithium absorptionline in ahandfulof objects.

3.3 The wide-field optical sur vey of the Á Per cluster

Theaimof Stauffer etal. (1999)wasto locatethelithium depletionboundaryin ¯ Perto derive
theclusterage. No attemptwasmadeto selecta completesampleof low-massstarsandbrown
dwarf membercandidatesandderive theclustermassfunction.Nevertheless,Stauffer etal. (1999)
obtainedspectroscopy for asubsampleof objects,includingtwo brown dwarf candidates.

Meanwhile,a new wide-field optical survey was conductedwith the KPNO/MOSA detec-
tor and covered ¿ 4.5 squaredegreesin the ¯ Per cluster to unearthnew low-massstarsand
brown dwarfs over the largestpossibleareain the cluster. The MOSA (Mosaic Imager)detec-
tor mountedontheKitt Peak4-mtelescopeis a8192 ¶ 8192pixelsCCDarraywith aspatialscale
of 0.26µ µ /pixel, yielding a 35.4µ ¶ 35.4µ field-of-view. Thirteenfields-of-view (seeTable3.1 and
Figure3.1for coordinatesandlocationsin thecluster)wereobserved,reachingdetectionandcom-
pletenesslimits of ±`²A¿ 25.5and21.9mag,and ³0²A¿ 22.5and20.75mag,respectively (Barradoy
Navascúesetal. 2002).

A sampleof 94 cluster membercandidateswas extractedfrom 260000 detectionsin the
4.5 deg° surveyed areabasedon their location in the optical ( ³0² , ±*² –³0² ) colour-magnitudedia-
gram (Figure 3.3). All objectslocatedto the right of the empirical Zero-AgeMain-Sequence
(Leggett1992)shiftedto thedistanceof ¯ Perwereclassifiedascandidateclustermembers.The
gapbetweenfield starsandclustercandidatesis detectable(Figure3.3)althoughnotassharpasin
thePleiades(Bouvieret al. 1998). Indeed,a highercontaminationby field starsandbackground
giantsis expected,as ¯ Peris locatedat lower galacticlatitudethanthePleiades(b= –7Â versus
b= Ã 24Â ).

To estimatethecontaminationby field stars,Barradoy Navascúesetal. (2002)obtainednear-
infraredphotometryin the ·Àµ -bandfor mostof the optically-selectedcandidates,in the Ä -band
for 24 of them, and in the Å -bandfor a handful of objects,using Omega-Primeand Omega-
Casscamerason the 3.5-m telescopeand the MAGIC cameraon the 2.2-m telescopeat Calar
Alto. The membershipstatusof the optically-selectedclustermembercandidateswasassessed
by comparingthe locationof theobjectsto theNextGen(Baraffe et al. 1998),Dusty, andCond
(Chabrieret al. 2000b)isochronesin variouscolour-magnitudediagrams.Objectslocatedto the
right of the isochronesin all thediagramswereclassifiedasprobablememberswhereasthoseto
theleft wererejectedasclustermembers.Thecandidateswereclassifiedasfollows:

Æ 54 ( ¿ 60%) asprobablemembers

Æ 12 ( ¿ 12%) aspossiblemembers

Æ 26 ( ¿ 28%) asnon-members
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Figure3.3: Colour-magnitude( Ç0È , Ç0È –É*È ) for all opticaldetectionswithin the0.70squaredegree
areafollowed-upin the near-infraredwith the Omega-Primecamera. Large filled trianglesare
probablecandidatesfrom Barradoy Navascúes et al. (2002) recovered in our optical-infrared
selectionwhereassmallfilled triangleswerenot recovered.Openhexagonsarethenew infrared-
selectedclustermembercandidates.Large openhexagonsindicate the new candidatesto the
right of the NextGen 100Myr isochronesin the optical-to-infraredcolour-magnitudediagram.
Opensquaresarespectroscopicallyconfirmedclustermembersfrom Stauffer et al. (1999). Also
overplottedaretheNextGen(Baraffe et al. 1998)isochronesfor 50 and100Myr (solid lines),the
Cond(dottedline) andDusty(dashedline) 100Myr isochrones(Chabrieretal. 2000b),assuming
adistanceof 182pc. A reddeningvectorfor A Ê = 2 is alsoincludedfor comparisonpurpose.The
horizontaldashedline at Ç0È = 18.2indicatesthestellar/substellarboundaryat0.075M Ë , assuming
a distanceof 182pc andanageof 90Myr for thecluster(Stauffer et al. 1999).Themassscaleis
indicatedon theright sideof theplot. Thediscrepancy betweenisochronesandclustercandidates
mightoriginatefrom theuncertaintieson thecurrentopacityline lists.
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Thus,thecontaminationby field starslies in therange28–40%, estimateslightly larger than
in the Pleiades(Bouvier et al. 1998; Mart́ın et al. 2000a;Moraux et al. 2001). Basedon this
sampleof approximately100objects,Barradoy Navascúeset al. (2002)derived luminosityand
massfunctionsfor ¯ Perin the0.30–0.05M Ì massrange.Theinfluenceof thecontaminationand
theageon theshapeof themassfunctionwasanalysedaswell.

3.4 The luminosity and mass functions of the Á Per cluster

3.4.1 The cluster luminosity function

Barradoy Navascúesetal. (2002)derivedtheluminosityfunctionfor very low-massstarsand
brown dwarfsin ¯ Peraccordingto thesampleof probableandpossibleclustermembers(dashed
line with filled circlesin Figure3.4). Thecompletenessanddetectionlimits of ³0² = 19.5and22.5
magtranslateinto massesof 0.050M Ì and0.035M Ì , respectively, assumingadistanceof 176pc
andan ageof 90Myr for the ¯ Percluster. The luminosity function is displayedin Figure3.4.
Thesolidanddashedlineswith filled circlesshow theclusterluminosityfunctionbeforeandafter
rejectionof non-members,respectively. Thesolid line with opencirclesrepresentthenumberof
starspermagnitudebin for a sampleof field starswith anarbitraryshift of Ã 0.2magin the ± –³
colourcomparedto clustermembers.
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Figure3.4: Luminosity function (numberof starsperbin of magnitudes)of the ¯ Perclusterbe-
fore andafter rejectingthenon-members(solid anddashedline with filled circles,respectively).
Thedistancemodulusis 6.22,correspondingto adistanceof 176pc. Apparentandabsolutemag-
nitudesareplottedon thelower andupperabscissae,respectively. Theuppersolid line with open
circleswasderivedfor acomparisonsampleof field stars.FromBarradoy Navascúesetal. (2002).
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Comparedto a controlfield luminosity function, theclusterluminosity function (Figure3.4)
exhibitsseveralfeaturesdetailedbelow:

1. A peakatM Í = 10,detectedin theluminosityfunctionof thecontrolfield andin otheropen
clusters,including the Pleiades(ZapateroOsorioet al. 1997c). This peakwas,however,
locatedat M Í = 11 magin NGC2516(Jeffries et al. 2001)andat M Í = 9 magin M35 (Bar-
radoy Navascúeset al. 2001),suggestingthatthelocationof this featureis notuniversalin
clusters100–200Myr old andmightbeagedependent.Thismaximummightcorrespondto
theH ° -convectionpeakidentifiedby (Kroupaet al. 1990,1993)in theluminosity function
of nearbyfield stars.

2. A gapwasdetectedat M Í�¿ 12.5mag,correspondingto 0.055M Ì andspectraltypesrang-
ing from M6 to M8. Thisfeaturewasalreadyapparentatsamespectraltypein otherclusters
at differentages,including Î Orionis (Béjaret al. 2001),the TrapeziumCluster(Lucas&
Roche2000),IC348(Luhman1999),thePleiades(Jamesonet al. 2002),andIC 2391(Bar-
radoy Navascúeset al. 2001a).Jamesonet al. (2002)suggestedthattheformationof large
dustgrainsat thosespecifictemperaturescould be responsiblefor this featurealthoughit
might resultfrom theformationmechanismof low-massobjects.

3. A secondpeakat M Í = 14.5magwasdetectedin theclusterluminosity functionbut not in
thecontrolfield. This featurewas,however, below thecompletenesslimit of thesurvey and
shouldbeinterpretedwith caution.

3.4.2 The cluster mass function

Barradoy Navascúes et al. (2002) transformedthe ¯ Per luminosity function into a cluster
massfunction(Figure3.5 usingtheNextGenmodelsfrom Baraffe et al. (1998). Theconversion
of theluminosityfunctioninto amassfunctionrequiresamass-magnituderelationextractedfrom
evolutionarytracks.Thechoiceof a particularsetof isochroneshad,however, little influenceon
the shapeandthe slopeof the massfunction (Barradoy Navascúeset 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 Navascúes et al. 2002). Varying the age
shifts only the massof the objectstowardshigher and lower masseswhen older and younger,
respectively. Moreover, theclustermassfunctionderived with thedifferentkind of membership
selectioncriteriaexhibits little differenceasshown in Figure3.5. Theinfluenceof binarieson the
shapeandtheslopeof themassfunctionis not consideredin this studyalthoughit canaffect the
power law index by up to 0.5(Kroupa2001).

The most probablemassfunction in the ¯ Per cluster is displayedas a thick solid line in
Figure3.5. Two estimatesof thePleiadesmassfunctionfrom Bouvieret al. (1998; ¯ = 0.56)and
ZapateroOsorio(2002,personalcommunication;̄ = 0.75) aredisplayedin Figure3.5 aswell.
The slopeof the ¯ Permassfunction in the 0.30–0.035M Ì massrangewasapproximatedby a
power law with an index ¯ = 0.59 ½ 0.05 for comparisonwith othermassfunction estimatesin
openclusters(Barradoy Navascúeset al. 2002).Theshapeof themassfunctionmight,however,
reflectsomephysicsintrinsic to stars.A dropis detectedat0.055M Ì in theclustermassfunction.
A seconddropat0.035M Ì is alsodetectedbut is uncertainasit is locatedbelow thecompleteness
limit of thesurvey.
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Figure3.5: Massfunctionsof the ¯ Percluster, illustrating the effect of contaminationby field
stars.Thesemassfunctionswerederivedusinga80Myr isochrone(Baraffe etal. 1998).Fromtop
to bottom,massfunctionsaredisplayedfor all members,all membersexceptthenon-members,
probableandpossiblemembers,andfinally for only probablemembers.Themostprobablemass
functionis shown asa thick line. A linearfit to this massfunctionis alsoincluded,with a power
law index of ¯ = 0.59 ½ 0.05whenexpressedasa power spectrum.For comparison,thePleiades
massfunction,by Bouvieretal. (1998),valid between0.40and0.045M Ì , andby ZapateroOsorio
(2002,personalcommunication),derived in the 0.3–0.040M Ì massrangeareincluded. Figure
takenfrom Barradoy Navascúeset al. (2002).

In summary, the ¯ Per massfunction (Figure3.5) is similar to the various estimatesof the
Pleiadesmassfunction over the samemassrange (Bouvieretal. 1998inferred ¯ = 0.6;Dobbie
et al. 2002derived ¯ = 0.8;andTej et al. 2002found ¯ = 0.5).

3.5 The near-infrared sur vey of the Á Per cluster

Themainpurposeof the ·Àµ -bandfollow-up survey wasto detectnew clustermembercandi-
dates,includinglower massbrown dwarfsdown to thedeuteriumburninglimit around0.013M Ì
whencombinedwith thewide-fieldopticalobservationspresentedin Ï 3.3.

We presentin this sectiona near-infrared ( · µ -band)survey of 0.70 squaredegreeareain
the ¯ Peropenclusterconductedwith theOmega-Primecameramountedon theCalarAlto 3.5-
m telescope.The completenesslimit of the near-infrared survey is deepenoughto probethe
substellarregimedown to thedeuteriumburning limit. Accordingto theDusty isochronesfrom
Baraffe et al. (1998),a 20M Ð-Ñ8Ò objectin the ¯ Perclusterhasa ( ³ –· ) colour of about9.0 and
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· = 18.1,assumingan ageof 90Myr anda distanceof 182pc. We have chosena compromise
for the clusterdistancebetweenthe Hipparcosestimate(d= 190pc; Robichonet al. 1999)and
themain-sequencefitting (d= 176pc; Pinsonneaultet al. 1998). The latterestimatewasusedby
Barradoy Navascúesetal. (2002)to infer theclusterluminosityandmassfunctions.

This sectionis structuredas follows. First, the near-infrared observationscarriedout with
Omega-Primearepresentedin Ï 3.5.1. Second,thedatareductionandtheextractionof thepho-
tometryaredescribedin Ï 3.5.2. Third, the astrometryof the near-infraredfields is detailedin
Ï 3.5.3.Finally, theoptical-infraredcatalogueis providedin Ï 3.5.4andnew clustermembercan-
didatesareextractedfrom the colour-magnitude( Ï 3.5.5)andcolour-colour ( Ï 3.5.6)diagrams,
respectively.

3.5.1 Obser vations

Five of the optical fields, observed in the ±*² and ³0² bandswith the KPNO/MOSA detector
(Table3.1),werefollowed-upin thenear-infrared( ·Óµ -bandat2.12Ô m) usingthewide-fieldcam-
eraOmega-Primemountedon theCalarAlto 3.5-mtelescope.Omega-Primehasa 1024 ¶ 1024
pixel HAWAII detectorwith a spatialscaleof 0.396µ µ /pixel, yielding a 6.7µ ¶ 6.7µ field-of-view
(Bizenbergeret al. 1998).At thetime of theobservations,Omega-Primehadthelargestfield-of-
view amonginfrareddetectorsat CalarAlto1. The near-infraredobservationspresentedin this
sectionwerecarriedout at two differentepochs(Table3.1) andcover a total areaof 0.70square
degreein the ¯ Percluster. This arearepresentsonly abouthalf of the total areacoveredby the
fiveKPNO/MOSAfields-of-view despitethelargefield-of-view of theOmega-Primecamera.

Thefirst setof datawasobtainedon 4–6December1998undergoodseeing( ¿ 1µ µ ) but non-
photometricconditions.Mosaicsof 3 ¶ 3 and4 ¶ 4 Omega-Primefields-of-view wereobtained
for theA andC optical fields, respectively. Thesecondsetof datawasobtainedtwo yearslater
on11–14December2000.Two 4 ¶ 4 mosaicsin theK andL fieldswereobtainedduringthefirst
threenightsundervariableseeing(between1µ µ and1.4µ µ ) andnon-photometricconditions. The
field E wasobservedduringthelastnight underpoorweatherconditions(andbadseeing)andis,
therefore,shallower thantheotherfields(Table3.1).

Twentyexposuresof 1 min eachditheredby lessthan40µ µ aroundthecentreof eachfield were
obtainedto subtractthe sky backgroundandkeepa good signal-to-noiseratio over the largest
areapossible. Seriesof five differential (lights on–off) domeflat fields were taken beforeand
aftereachnight of observations,aswell asseriesof tendark frameswith exposuretimessimilar
to thoseof the targets. Several standardstarswereselectedfrom the near-infraredcatalogueof
NorthernHemispherestandardstarsby Hunt et al. (1998),somestarsbeingcommonto theFaint
Standardcatalogue(Landolt1992)to estimatethezero-pointsthroughoutthenight. A five-dither
patternwasobserved for eachindividual standardstar. Theobserved standardswereFS1,FS16
andFS17,FS23,FS31,FS32,FS33,andAS15over thefour nightswith FS16andFS17takenon
threedifferentnightsto cross-checkthezeropoints. Thecentreof theK field in ¯ Per,takenon
thefirst night,wasobservedagainduringtheremaindernightsfor internalcalibration.

1This instrumenthasnow beensupersededby Omega2000,a15.4Õ_Ö 15.4Õ camerawith aspatialscaleof 0.3Õ Õ /pixel
on theCalarAlto 3.5-mtelescope
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3.5.2 Data reduction

Theobservingprocedureandthedatareductionmethodwereaccomplishedin a similar man-
nerfor bothsetsof dataandcarriedoutwithin theIRAF environment(packagedigiphot).

Æ The flat-field exposureswereaveragedusinga minmaxrejectionalgorithmi.e. the lowest
andhighestvalueswererejectedandtheremainderaveraged.

Æ Eachon-sourceframewassky-subtractedusingthemedianof theremainingditheredimages
anddividedby theaveragedflat field.

Æ Theindividual imageswereaveragedto createa 20 min-exposureimage.Thefinal images
weretrimmedto keepthecentralpartwith thetotal exposuretime of 20 minutesandreject
theedgeswith lower signal-to-noise.Dueto theditheringpattern,roughly100pixelswere
trimmedin both x andy coordinates,resultingin a final 6 ¶ 6 squarearcminusablefield-
of-view.

Weadjustedthefull-width-half-maximum,thesky level andthedetectionthresholdfor source
detectionin thefield, providing (x,y) coordinatesandphotometryfor eachindividual object. To
optimisethephotometry, wehaveappliedanaperturesimilar to theFWHM to eachdetection.The
flux of few relatively brightandisolatedstarswasmeasuredfor differentaperturesizes(from 1 to
4 timestheFWHM) to computetheaperturecorrection.Thesky wasestimatedfrom a3 ¶ FWHM-
wide annulusat a radiusof 4 ¶ FWHM from thecentreof the star. Then,we have correctedthe
resultingmagnitudesfor extinctionandzeropointsusingthe2MASS ·
× photometryavailablefor
somepatchesin the ¯ Percluster. Thezeropointsdiffer for eachindividual Omega-Primefield-
of-view causedby thenon-photometricconditionsandthezero-pointsderived from thestandard
starsweredifferentat a level higherthantheaccuracy of 0.1 mag. No obvious colour termwas
seenbetweenthe · µ andthe ·�× broadbandfilters.

The completenesslimit of eachfield, definedas the magnitudewherethe histogramof the
numberof starsper bin of magnitudestopsincreasing,is listed in Table 3.1 and displayedin
Figure3.6. Galacticmodels(Annie Robin personalcommunication)predicta rising luminosity
functionup to ·Ø¿ 21.0(lower right panelin Figure3.6). Therefore,themagnitudeat which the
observedluminositydropsis likely thecompletenesslimit of thesurvey andnota featureintrinsic
of thefield luminosityfunctionasit happenthreemagnitudesbrighterthanthemodelpredictions.
A similarapproachwasappliedby Barradoy Navascúesetal. (2002)to estimatethecompleteness
limits of theopticalwide-fieldsurvey in ¯ Per.

3.5.3 Astr ometr y of the near-infrared images

Accurateastrometryin the near-infraredwasnecessaryto cross-correlatedour infraredsur-
vey with the previous optical data (Barradoy Navascúes et al. 2002. The astrometryof the
near-infraredimageswascarriedoutwith IRAF (packageimcoord includingthetasksccxymatch,
ccmap, ccsetwcs, andcctran).

The astrometryof the ·Óµ -bandimageswasdoneby matchingthe observed ·Àµ coordinates
(x,y) andtheequatorial(ra,dec)coordinatesfrom theUSNO-A2catalogue(Monetetal. 1998)for
relatively bright starslocatedin the Omega-Primefield-of-view. The USNO-A2 cataloguewas
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Figure3.6: Completenesslimits of thenear-infraredwide-fieldsurvey. An histogramof thenum-
berof starsversusmagnitudeis shown for eachindividualopticalfield with · µ -bandobservations.
Thecompletenesslimits are17.5for fieldsA, C, K, andL and15.5for field E. Thegalacticmodel
alongtheline of sightof the ¯ Perclusteris displayedin thebottomright panelwith anarbitrary
cutat · µ = 19.0mag(Annie Robin,personalcommunication).

preferredto the GuideStarCatalogue(STScI,2001)dueto the bettersky coverageandhigher
numberof starsavailablein the ¯ Percluster.

Wehave,first, matchedthepixel (x,y) coordinatesto thecelestial(ra,dec)coordinatesof three
referencestarschosenin theOmega-Primefield-of-view. The threestarswerechosento form a
trianglewhich covers the largestareapossiblein the Omega-Primeframe. The referencestars
shouldobviously notbealignedto provide agoodfirst guessof theplatesolution.

We have, then, extracteda platesolution from the threereferencestarsand refinedit with
starscommonto thetheUSNOdatabaseandtheOmega-Primeimage(typically 50 to 100stars),
yieldingaccuracy of order0.1–0.2µ µ in right ascensionanddeclination.

Finally, wehaveupdatedtheheaderof thefits file with thesecond-orderpolynomialfit for the
platesolution,providing a file with pixel andcelestialcoordinatesaswell asphotometryfor each
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individual source.

To checkthevalidity of theplatesolution,thescienceframesweredisplayedwith theSkycat
softwareandtheUSNO-A2cataloguedetectionsoverplotted.Thevisualisationis straightforward
sinceany discrepancy betweenthe positionof the USNO-A2 detectionsandthe objectson the
Omega-Primeimageswasimmediatelynoticed.

3.5.4 Optical-infrared catalogue

As discussedextensively in Barradoy Navascúesetal. (2002),near-infrared( Ä%Å`· ) follow-up
observationsof optically-selectedclustermembercandidatesconstitutegoodmeansto rejectcon-
taminatingobjectsbasedon their locationin variousoptical-infraredcolour-magnitudediagrams.
Theinfrareddatawereeitherextractedfrom the2MASSdatabaseor obtainedwith Omega-Prime
andOmegaCasson theCalarAlto 3.5-mtelescopeduringvariousobservingruns.Threesubsam-
pleswereextractedandclassifiedasfollows:

Æ 54 areprobablecandidates

Æ 12 possiblecandidates

Æ 26 wererejectedasclustermembers

Someoptically-selectedclustermemberswere,however, lackingnear-infraredinformationor
hadonly upperlimits. Furthermore,with a limiting magnitudeof ·�× = 14.3,the2MASSsurvey
provided near-infrared magnitudesonly for objectsat or above the stellar/substellarboundary
in ¯ Per. To estimatethe contaminationin the brown dwarf regime, deeperobservationswere
thereforerequired. At the time of the observations,the full 2MASS databasewasnot released,
creatingpatcheswithin the ¯ Perclusterwith no infrareddataat all. Finally, anotheraim of the
wide-fieldinfraredsurvey wastouncover lowermassbrown dwarfsdown to thedeuteriumburning
limit. Indeed,we have expectedto find a near-infraredcounterpartto faint objectin the ³0² -band
(andno ±*² measurement)in orderto unveil new clusterbrown dwarfs.

The cross-correlationof the optical ( ±*² and ³0² ) and near-infrared ( · µ ) catalogueswasnot
straightforward. The matchingradiuswasfirst increasedto inspecttheevolution of the number
of matchedobjectswith radii rangingfrom 0.1 to 10µ µ . Thenumberof matchesincreasedsteeply
up to 2–3µ µ andthenkept rising slowly. To optimisethe cross-correlationandavoid the lossof
goodcandidates,we have estimatedthedispersionin right ascensionanddeclinationbetweenthe
optical and the near-infraredcatalogues.The bestgaussianfits to the distributions have sigma
valuesof 0.372µ µ and0.193µ µ for theright ascensionanddeclination,respectively (Figure3.7).The
differenceobserved in thedispersionbetweenbothdirectionscomesfrom thecos(Ù ) not applied
to the right ascension,especiallyat high declinations( Ù = 48–50Â for ¯ Per). We have cross-
correlatedthe near-infrared ( · µ ) and the optical ( ±*² and ³0² ) catalogueswith matchingradii of
four timesthe dispersionvaluesquotedabove. Hence,we have missedonly oneor two objects
amongthe22,000matchesin the0.70squaredegreeareasurveyedin ¯ Per.

The final catalogueis availableuponrequestandwill be availableat the CDS website2 af-
ter publicationof theresultsof the infraredsurvey in ¯ Per. Thefinal cataloguecontains22,129

2http://vizier.u-strasbg.fr/cgi-bin/VizieR
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entrieswith theright ascensionanddeclination(in J2000),andtheopticalandnear-infraredmag-
nitudes.We will usethis catalogueto extractthenew clustermembersin ¯ Perandwe will refer
to theseobjectsasnew infrared-selectedcandidatesasopposedto theopticalmembersextracted
by Barradoy Navascúeset al. (2002).Theselectionprocedureof thenew candidatesis described
in theforthcomingsections.

Figure3.7: Determinationof thematchingradii in right ascensionanddeclinationfor thecross-
correlationof theopticalandnear-infraredcataloguesof ¯ Per.Theleft andright panelshows the
numberof starsversusthedifferencebetweentheopticalandthenear-infraredcoordinatesin right
ascensionanddeclination,respectively. Thehistogramsareshown for amatchingradiusof 10.0µ µ .
Thedottedcurvesrepresentthebestgaussianfits to thedistributions.

3.5.5 Colour -magnitude diagram

A colour-magnitudediagramrepresentsthe observational counterpartof the Hertzsprung-
Russelldiagram. The magnitudeson the y-axis correspondto the luminositieswhereasthe ob-
servedcolourson thex-axis reflectthe temperaturesof theobjects.Youngclustermemberswill
exhibit reddercoloursthantheirfield counterpartsand,therefore,occupy theright sideof theplot.

Theoptical-to-infraredcolour-magnitudediagram( · µ , ³ ² –· µ ) is displayedin Figure3.8. All
sourcesdetectedwithin the0.70squaredegreeareasurveyedin theclusteraredrawn asblackdots.
Overplottedare the NextGen isochrones(solid lines) for 50 and100Myr (Baraffe et al. 1998),
theDusty (dashedline), andCond(dottedline) isochronesfor 100Myr (Chabrieret al. 2000b),
assumingan ageof 182pc for the cluster. A reddeningvector for A Ú = 2 is also includedfor
comparisonpurpose.

Threesequencesareclearlyvisible in the( · µ , ³0² –· µ ) colour-magnitudediagram(Figure3.8).
Thebluesideof thediagramwith ·�´ 18 magis populatedby F andG dwarfsfrom theGalactic
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thin disk,while fainterobjectsareF andG dwarfsbelongingto thethick disk. Later-typeK andM
dwarfspopulatetheredsideof thediagram.Thebulk of objectsseenontheright handsidebelow
theisochroneswith a ³0² –·Àµ colourof approximately4 aremainly reddenedbackgroundgiants.

Figure3.8: Colour-magnitude( ·Àµ ,³0² –·Àµ ). More than22,000detectionsover the 0.70 sq. deg.
areasurveyed in the ¯ Perclusterareplottedasblack dots. Also overplottedare the NextGen
(solid lines)isochronesfor 50and100Myr (Baraffe etal. 1998),andDusty(dashedline) 100Myr
isochrones(Chabrieret al. 2000b),assuminga distanceof 182pc for the cluster. A reddening
vectorfor A Ú = 2 is alsoincludedfor comparisonpurposes.

We have selectednew membercandidatesfrom the optical-infraredsurvey of 0.70 square
degreeareain ¯ Perby extractingobjectsfalling to theright of theNextGenandDusty100Myr
isochrones(Figure3.8andFigure3.9). As a first step,we have extractedall objectsfalling to the
right of theNextGen100Myr isochronesover thewholemagnituderangeandassumedadistance
of 182pc for ¯ Per.Thetotal numberof newly infrared-selectedmembercandidatesis 103outof
22,129detectionsin the0.70squaredegreesurveyedarea.Figure3.9providesaclose-upregionof
the( · µ , ³0² –· µ ) colour-magnitudediagramwherethenew infrared-selectedcandidatesarelocated.
Thosenew clustermembercandidatesarerepresentedby largehexagonsandlistedin thebottom
panelof Table3.2. We have alsooverplottedtheoptically-selectedprobable(filled triangles)and
possible(opentriangles)clustermembercandidatesfrom Barradoy Navascúeset al. (2002)for
comparison.

We have cross-correlatedthe new infrared-selectedcandidateswith the recentreleaseof the
2MASS databasein order to provide additional Ä and Å magnitudes.The · µ magnitudefrom
the wide-field survey andthe · × magnitudesfrom 2MASS arein goodagreement.Analysisof
the location of new candidatesin variouscolour-magnitudediagramsconfirmedtheir statusas
new probableclustermembers,exceptfor AP415which appearsredderin theoptical ( ³0² , ±*² –³0² )
colour-magnitudediagram(Figure3.3).Thisdiscrepancy mightarisefrom apossiblecompanion.
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Furtheranalysisof themembershipstatusof thenew clustercandidateswill bepursuedin thenext
section( Ï 3.5.6).

In an attemptto estimatethe influenceof the distanceon the candidateselection,we have
repeatedthe procedureassumingdistancesof 176pc and 190pc, respectively. The numberof
infrared-selectedcandidatesdid vary as follows: 90 and 119 candidateswere extractedfor a
distanceof 176 and190pc, respectively. The additionalobjectsfound for a distanceof 190pc
comparedto 182pcareincludedin Figure3.9.

However, the NextGenisochronesdo not includethe modellingof dust in ultracooldwarfs.
Severalsurveys in thefield andin openclustersconcludedthatthespectralenergy distributionsof
very low-massstarsandbrown dwarfsareshapedby thepresenceof dustin theiratmospheres.

We have, therefore,selectedall objectslocatedin the areadelineatedby the Dusty (masses
below 50M Ð-Ñ8Ò or T ÛVÜ below 2500K) and the NextGen 100Myr isochrones.Galacticmodels
predict that thoseobjectsaremostly distantreddenedgiantsbut we would expectsomecluster
membershiddenin this region of thecolour-magnitudediagram.Thenumberof selectedobjects
are269,310,333,assumingdistancesof 176,182,and190pc, respectively. Thesenumbersdo
not includethe candidatesselectedbasedon the NextGenisochrones.All selectionprocedures
assumedameanextinctionof 0.3mag(Barradoy Navascúesetal. 2002).Thenumberof genuine
clustermembercandidatesextractedfrom eachselectionmethodis givenin thenext section.

3.5.6 Colour -colour diagram

The colour-colour diagramis of prime importanceto distinguishprobableclustermember
candidatesfrom distantbackgroundgiants. Thephotometryavailablein threebroad-bandfilters
( ±*² , ³0² , · µ ) providesa colour-colourdiagram(( ³0² –· µ ),( ± –³ ) ² ) to furtherassessthemembership
of the infrared-selectedcandidates(Figure3.10). Thegiantbranchis clearlyvisible andcentred
approximatelyon ( ± –³ ) ²m¿ 1 and ³0² –· µ ¿ 4. Figure3.10displaysall detectionsin the0.7square
degreeareasurveyed in the ¯ Percluster(black dots)alongwith the NextGen50 and100Myr
isochrones(solid lines;Baraffe etal. 1998).

Theinitial selectionof new clustermembersusingtheNextGen100Myr isochronesat a dis-
tanceof 182pc for ¯ Perextracteda totalof 103new infrared-selectedcandidates.

Amongthosenew candidates,morethantwo-thirdsof them(70%) turnedout to bereddened
backgroundgiants(diagonalcrosseson Figure3.9 andFigure3.11)ratherthanlow-massbrown
dwarf candidates,accordingto their locationin the(( ³0² –· µ ),(± –³ ) ² ) colour-colourdiagram.This
contaminationis causedby the ability of the ·Àµ -bandto probelarger distancesthroughhighly
extinctedregionstowardstheGalacticplane,asit is thecasefor ¯ Per.

The remaininginfrared-selectedcandidates,which lie to the right of the NextGen100Myr
isochronesin the colour-colour diagram,stay probableclustermembercandidates.However,
abouthalf of thesecandidates(16outof 30)werealreadyextractedby theopticalsurvey asprob-
ablemembers,thus,confirmingtheir genuinemembership.Theshift in colourobservedbetween
thecandidatesandtheisochronesoriginatesfrom theselectionprocedureof thesecandidatesand
theuncertaintiesof theopacityline lists. Wehave recoveredmorethan50% (18outof 31)of the
probableclustermembersfrom Barradoy Navascúeset al. (2002)(filled trianglesin Figure3.11
andupperpanelin Table3.2),distributedover theareasurveyedin thenear-infraredasfollows.
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50 Myr

100 MyrDusty

Figure 3.9: Colour-magnitude( · µ , ³0² –· µ ) diagramshowing the location of the new infrared-
selectedmembercandidates.Also overplottedare the NextGen(solid lines) isochronesfor 50
and 100 Myr (Baraffe et al. 1998) and the Dusty (dashedline) 100Myr isochrones(Chabrier
et al. 2000b),assuminga distanceof 182pc for thecluster. Filled andopentrianglesareproba-
bleandpossibleclustermembercandidatesextractedby theopticalsurvey describedin Barradoy
Navascúesetal. (2002).Openhexagonsarenew infrared-selectedclustermembercandidatesfrom
ouroptical-infraredsurvey. Thetwo selectionmethodsareclearlyapparent.Thediagonalcrosses
indicatethedistantbackgroundgiants.Thehorizontaldashedline representsthestellar/substellar
boundaryat M ¾ = 8.7mag(M Í = 11.8mag)assumingadistanceof 182pc for thecluster.
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50 Myr

100 Myr

Figure3.10: Colour-colour((I ² –· µ ),( ± –³ ) ² ). All 22,129detectionsareplottedasblackdots.Also
overplottedaretheNextGen(solid lines)isochronesfor 50and100Myr (Baraffe etal. 1998),age
bracketingtheoneestimatedfor ¯ Persei,assumingadistanceof 182pc. Thegiantbranchis well
populatedin thisdiagram(( ± –³ ) ² ¿ 1 and ³ ² –· µ ¿ 4), dueto thelow galacticlatitudeof the ¯ Per
cluster. A reddeningvectorfor A Ú = 2 is alsoincludedfor comparisonpurpose.

Æ Threeprobableclustermembersoutof four in thefield A

Æ Threeoutof six in field C

Æ Two outof threein field E

Æ Fiveoutof sevenin field K

Æ Fiveoutof elevenin field L

Theremaining14objectsarenew infrared-selectedprobablemembercandidatesnotextracted
assuchby theoptical survey (openhexagonsin Figure3.11andlower panelin Table3.2). One
of thesenew membercandidates(AP426)has ± ² , ³ ² , and · µ magnitudesbelow the hydrogen-
burning limit, indicatinga probablebrown dwarf clustermember. Anothercandidate(AP425)
straddlesthestellar/substellarboundaryandis possiblya brown dwarf. Finally, AP424lies close
to thelithium depletionboundaryestimatedby Stauffer etal. (1999).

Moreover, oneobject,previously classifiedasa non-memberby Barradoy Navascúeset al.
(2002),wasincludedin oursampleaswell (largecrossin Figure3.11).

As mentionedearlier( Ï 3.5.5),our selectionof new clustermembersin ¯ Perto the right of
theNextGen100Myr isochronesextracted90and119candidatesfor distancesof 176and190pc,
respectively. How doesthenumberof infrared-selectedclustermembercandidatesand/orgiants
dependon theassumeddistance?
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50 Myr

100 Myr

Figure 3.11: Colour-colour diagram((I ² –· µ ),( ± –³ ) ² ). Also overplottedare NextGen (Baraffe
et al. 1998) isochronesfor 50 and 100 Myr, agebracketing the one estimatedfor the cluster.
Filled andopentrianglesareprobableandpossibleclustermembercandidatesextractedby the
opticalsurvey describedin Barradoy Navascúesetal. (2002).Opensquaresarespectroscopically
confirmedmembersof ¯ Perfrom Stauffer etal. (1999).Openhexagonsarenew infrared-selected
clustermembercandidatesfrom our optical-infraredsurvey. The diagonalcrossesindicatethe
distantbackgroundgiantsrejectedasclustermember. The discrepancy betweenisochronesand
clustercandidatesmight originatefrom theuncertaintieson thecurrentopacityline lists.
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Table3.2: List of the new membercandidatesof the ¯ Perclusterselectedfrom the optical-to-
infraredsurvey (Section3.5). The names,coordinatesin J2000,and ±*² , ³0² , the 2MASS Ä , Å ,
and ·
× magnitudesand · µ magnitudesfrom ournear-infraredobservationsaswell asthecolours
of eachobjectarequoted.Theupperpartof thetableprovide the list of optically-selectedmem-
bercandidatesfound independentlyin theoptical-to-infraredsurvey whereasthe lower part lists
thenew infrared-selectedprobablecandidates.Among them,four new objectsarebrown dwarf
candidatemembers.Thenumberingof thenew candidatemembersfollows theonedescribedin
Barradoy Navascúesetal. (2002)andstarsatAP413.

Name R.A. Dec ÝAÞ Í Þ ß à ¾!× ¾ Õ ( Ý –Í ) Þ ( Í Þ –¾ Õ )
Optically-selectedclustermembercandidates

AP329 03á 23á 56.36 +48á 09á 21.1 17.16 15.48 13.88 13.31 13.04 12.95 1.69 2.53
AP332 03á 25á 16.91 +48á 36á 09.3 17.63 15.80 14.06 13.43 13.19 13.13 1.82 2.67
AP334 03á 22á 45.51 +48á 21á 33.4 17.82 15.96 14.25 13.66 13.34 13.35 1.85 2.61
AP339 03á 26á 33.28 +50á 07á 41.9 17.97 16.15 14.35 13.76 13.40 13.45 1.82 2.70
AP343 03á 23á 48.49 +48á 36á 43.3 18.01 16.21 14.62 14.07 13.72 13.66 1.81 2.55
AP344 03á 26á 52.11 +50á 00á 32.8 18.24 16.27 14.33 13.69 13.39 13.44 1.97 2.83
AP309 03á 22á 40.69 +48á 00á 33.8 18.23 16.38 14.49 13.88 13.58 13.59 1.85 2.79
AP349 03á 26á 48.01 +50á 02á 15.7 18.45 16.56 14.62 14.04 13.73 13.78 1.88 2.78
AP353 03á 24á 48.69 +48á 49á 47.3 18.78 16.68 14.61 14.00 13.65 13.63 2.10 3.05
AP364 03á 20á 39.19 +49á 32á 06.2 18.90 16.92 15.00 14.41 14.03 14.00 1.98 2.92
AP365 03á 28á 22.98 +49á 11á 24.3 19.06 17.03 15.02 14.33 14.15 14.20 2.03 2.83
AP366 03á 26á 35.49 +49á 15á 44.2 19.05 17.04 15.12 14.54 14.22 14.15 2.00 2.89
AP369 03á 26á 45.11 +50á 25á 06.7 19.46 17.26 14.88 14.26 13.88 13.84 2.20 3.42
AP311 03á 23á 08.70 +48á 04á 50.7 19.56 17.50 15.44 14.71 14.32 14.46 2.07 3.04
AP370 03á 27á 01.00 +49á 14á 41.2 19.71 17.67 15.61 14.94 14.50 14.62 2.04 3.05
AP305 03á 19á 21.62 +49á 23á 31.1 20.59 18.36 15.81 14.96 14.64 14.78 2.24 3.57
AP399 03á 25á 48.55 +50á 01á 00.8 22.71 20.15 — — — 16.09 2.56 4.06
AP406 03á 23á 09.86 +48á 16á 30.0 23.60 20.78 — — — 16.31 2.81 4.48

New infrared-selectedclustermembercandidates(NextGenisochrones)
AP413 03á 24á 17.75 +48á 07á 36.0 17.01 15.50 14.03 13.34 13.05 13.06 1.51 2.44
AP414 03á 22á 05.17 +48á 12á 46.1 17.06 15.56 14.00 13.26 13.05 12.97 1.50 2.59
AP415 03á 25á 32.89 +48á 45á 21.4 18.31 16.14 13.75 13.06 12.82 12.85 2.17 3.29
AP416 03á 28á 16.33 +50á 05á 51.6 17.91 16.34 14.57 13.91 13.63 13.63 1.56 2.71
AP417 03á 22á 40.50 +48á 19á 35.0 18.09 16.40 14.80 14.09 13.83 13.78 1.69 2.63
AP418 03á 26á 02.06 +50á 05á 34.7 18.04 16.45 14.68 14.06 13.71 13.78 1.59 2.66
AP419 03á 23á 18.80 +48á 04á 25.4 18.61 16.77 14.75 14.07 13.77 13.87 1.83 2.91
AP420 03á 27á 17.27 +50á 07á 19.8 18.51 16.87 15.12 14.41 14.13 14.12 1.64 2.75
AP421 03á 22á 09.83 +48á 16á 43.8 18.53 16.93 15.30 14.66 14.28 14.19 1.60 2.74
AP422 03á 23á 17.96 +47á 59á 01.7 18.69 17.07 15.31 14.54 14.20 14.28 1.61 2.79
AP423 03á 24á 08.12 +48á 48á 30.0 19.53 17.54 15.50 15.03 14.44 14.59 1.99 2.94
AP424 03á 23á 04.86 +48á 16á 11.3 19.68 17.66 14.61 15.15 14.61 14.62 2.02 3.04
AP425 03á 27á 07.06 +50á 09á 22.7 20.15 18.12 15.75 15.00 14.77 14.78 2.03 3.34
AP426 03á 26á 16.24 +50á 18á 43.3 23.07 20.57 — — — 16.03 2.50 4.54
AP427 03á 23á 59.92 +48á 08á 00.5 17.92 16.38 14.84 14.09 13.87 13.81 1.54 2.57
AP428 03á 23á 05.59 +48á 09á 00.7 19.95 18.10 16.12 15.07 14.76 14.97 1.85 3.13

New infrared-selectedclustermembercandidates(Dustyisochrones)
AP429 03á 27á 30.59 +49á 11á 09.6 22.48 20.06 — — — 16.27 2.42 3.79
AP430 03á 20á 14.94 +49á 31á 46.6 23.42 21.00 — — — 16.39 2.42 4.61
AP331 03á 24á 06.45 +48á 23á 11.5 22.20 19.82 — — — 16.07 2.39 3.76

For adistanceof 176pc, thelist of 90 candidatesis dividedasfollows:

Æ 64candidates(71%) turnedout to begiants.

Æ Oneobjectwaspreviously classifiedasnon-memberby Barradoy Navascúesetal. (2002).

Æ 15candidatesarecommonto theopticalandnear-infraredsurveys.
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Æ 10arenew infrared-selectedcandidates.The‘missing’new candidatescomparedto distance
of 182pc areAP421,AP422,AP423,andAP426,thelatterbeinga possibleclusterbrown
dwarf.

For adistanceof 190pc, thelist of 119candidatesis dividedasfollows:
Æ 86 candidates(72%) areclassifiedasgiants

Æ Thesamecandidateclassifiedasnon-memberby Barradoy Navascúesetal. (2002).

Æ 16 objectsarecommoncandidatesasfor adistanceof 182pc

Æ 16 new candidatesincludingtwo new ones,AP427andAP428,representournew infrared-
selectedcandidates.AP428is straddlingthestellar/substellarboundary, indicatinga possi-
ble brown dwarf member.

To summarise,thenumberof giantsis approximately70% of all infrared-selectedcandidates.
Thenumberof new membercandidatesis 16,assumingthedistancederivedfrom isochronefitting.
However, all thesenew candidatesarestellarcomponentsof the ¯ Perclusterexcept,AP426.

To find new brown dwarf candidatesin the cluster, we have examinedthe location in the
colour-colour diagramof theobjectsselectedto the right of theDusty100Myr isochronein the
colour-magnitudediagram.Following theprevious selectionprocedure,we could extract 5 new
brown dwarf candidates,including the recovery two candidatesfrom Barradoy Navascúeset al.
(2002).Thelattertwo brown dwarfs,AP399andAP406,werelackingnear-infraredphotometry.
Thenumberingof thenew candidatesstrictly follows thepreviousoneandstartsat AP439. The
remainderobjects,rejectedas possibleclustermembers,aremostly distantreddenedgiantsas
anticipatedby galacticmodels(not shown in Figure3.11to avoid overloadingtheplot).

Onecannow askthefollowing question:why werethosenew infrared-selectedclustermem-
ber candidatesmissedin the optical selection?To addressthis issue,we have comparedthe lo-
cation of the new candidatesto previous membersin the optical ( ³0² ,( ± –³ ) ² ) colour-magnitude
diagram(Figure3.3).

All the infrared-selectedcandidateslocatedto the right of the NextGen isochronesin the
( · µ , ³0² –· µ ) colour-magnitudediagramalsolie to theright of theNextGenisochronesin the( ³ , ± –
³ ) colour-magnitudediagram.They definea bluersequencethantheprobablemembersextracted
by Barradoy Navascúes et al. (2002)andremain,therefore,likely new clustermembercandi-
dates.Someobjectsfollow thesequencedefinedby theprobablecandidatesextractedby Barrado
y Navascúeset al. (2002).Oneobject,AP415,lie above thesequenceandmight beeithera con-
taminantor a binary belongingto the cluster(Figure3.3). Optical spectroscopy is requiredto
ascertainthemembershipof thesenew infrared-selectedclustermembers.

The new brown dwarf candidatesfollow the sequencedefinedby the probablecandidates
from Barradoy Navascúeset al. (2002).Thefaintestnew brown dwarf candidate,AP431,exhibit
blueropticalcolourwhichmight reflectthesettlingof dustin theatmospheresof youngsubstellar
objects.

3.6 Optical spectr oscop y of cluster member candidates

Dueto thelow galacticlatitudeof the ¯ Percluster, propermotionandphotometryalonefail
to eliminateall non-members.Themembershipof thenew clustermembercandidatesextracted
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by Barradoy Navascúeset al. (2002)andour near-infraredwide-fieldsurvey aresolelybasedon
colourselectionasno first epochis availabledueto thefaintnessof theobjects.To ascertainthe
membershipof thephotometrically-selected candidatesin ¯ Per,we weregrantedfour observing
nightsin autumn2002to carryoutmoderate-resolutionopticalspectroscopy of thenew candidates
with theTwin spectrographmountedon theCalarAlto 3.5-mtelescope.

Thespectroscopicobservationsaredescribedin Ï 3.6.1.Thedatareductionis detailedÏ 3.6.2.
Themainresultsof thespectroscopy of thenew clustermembercandidatesin ¯ Perarepresented
in Ï 3.6.3.

3.6.1 Spectr oscopic obser vations

Spectroscopicobservationswereconductedwith theTwin spectrographmountedon theCalar
Alto 3.5-mtelescopein October/November2002undervariableweatherconditionsover thefour
nightobservingrun.

TheTwin CCD camerais a 2000 ¶ 800pixel detectorwith a spatialresolutionof 0.5Å/pixel.
Thelight enteringthespectrographis separatedby a dichroicbeamsplitterwhich allows theuser
to obtainablueandredspectrumof thetarget.Wehaveobtainedmoderate-resolution(R ¿ 2000)
optical spectraof 33 selectedmembercandidatesusingthe T07 gratingcovering 5800–8800̊A.
Oursampleof objectscanbedividedinto four categories:

Æ 24probablemembers(Barradoy Navascúesetal. 2002)

Æ 1 possiblemember, AP350(Barradoy Navascúesetal. 2002)

Æ 4 non-members:AP327,AP336,AP338,andAP342(Barradoy Navascúesetal. 2002)

Æ Fournew infrared-selectedmembers:AP414,AP415,AP416,andAP418

We have observed mostof the objectsthreetimes (Table3.3), eachexposurebeingshifted
alongtheslit by approximately100pixels. Table3.3 lists the33 objectsobserved spectroscopi-
cally, their ³ ² magnitudes,theobservingdates,theexposuretimes,aswell asspectroscopicresults
which aredetailedin thenext section( Ï 3.6.3). We have usedtwo differentslits (1.5µ µ and2.1µ µ )
dependingon the seeingconditions. We have adjustedthe exposuretimes taking into account
the brightnessof the objectaswell as the weatherconditions. We have taken domeflat fields,
dark framesandHe–Ar arc lampsbeforethebeginningof eachnight aswell. We have observed
spectrophotometricstandardstarsFeige110(Hamuyetal. 1992)andG191-B2B(Massey & Gron-
wall 1990)twiceeachduringthenight to flux calibratethespectra.Meanwhile,wehaveobserved
sometemplateobjectswith known spectraltypeswith the sameset-upto derive accuratespec-
tral type classificationandcomparegravity-sensitive absorptionfeatures.The templateobjects
andtheirspectraltypesareGJ251(M3.5),LHS1417(M4.0),LHS0168(M5.0),LHS1326(M6.0),
LHS0248(M6.5),bracketingourclustertargetsin spectraltypes.

3.6.2 Data reduction

Thedatareductionwasentirelyaccomplishedwithin the IRAF environment(packagetwod-
specandonedspec). Eachstepof the procedureusedto extract a one-dimensionaloptical spec-
trum is describedbelow. Thedispersionaxisof thespectraobtainedwith theTwin spectrograph
arealongthelinesandthebluewavelengtharetheendof thex-axis.
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1. The first stepconsistsin creatingan averagedbias frame. Ten bias imageswere taken
beforethenight andwereaveragedwith a minmaxrejection.Thelowestandhighestvalue
of eachpixel were,therefore,removedandtheremainderaveraged.Themeanbiaswasthen
subtractedfrom theraw scienceimage.

2. A largenumberof cosmicraysaffectedthelongestexposuresnecessaryto obtainsufficient
signal-to-noiseratio for the faintestclustermembercandidates.We have employed a pro-
gramusingtheconvolutionwith aLaplaciankernel(vanDokkum2001)3 to removecosmic
raysbecausenoneof theIRAF taskwasfoundefficient in this respect.

3. We have averagedthe five domeflat-fieldstaken beforethe beginning of the night with a
minmaxrejection.To correctfor thewavelengthdependenceof theflat-field,we have fit a
high-orderpolynomialalongthedispersionaxisof theflat-field. Then,wehave dividedthe
bias-correctedscienceframeby thenormalisedresponsefunctionof theflat-field.

4. We have estimatedthe sky backgroundaroundthe spectrumby choosingtwo intervals to
theleft andto theright of thespectrumalongthedispersionaxis. Theresultingimagewas
a two-dimensionalsky-subtractedspectrumof theobject.

5. Thecentreof thespectrum,thewidth of theaperture,andthe intervals for sky subtraction
werechoseninteractively until a satisfactoryresultwasachieved. Finally, we have fit the
traceof thespectrumby acubicsplineto extracttheone-dimensionalspectrumof thetarget.

6. A linearfit of thewavelengthasa functionof thepixel numberwasachievedby identifying
heliumandneonlines.For theTwin spectrograph,thebluewavelengthcorrespondsto high
numberpixels. Threeor four goodlineswereinitially selectedto obtaina first guessof the
linearfit. Thefit wasrefinedusinga largernumberof lineswith positionsavailablein the
IRAF database.Any discrepantline wasdeletedto optimisethefit.

7. The linearfit of thewavelengthasa functionof thepixel wasthenusedto assignthedis-
persionsolutionto thesciencetarget. The startingandendingwavelengthsaswell asthe
wavelengthperpixel werecomputedandshouldobviously matchtheparametersprovided
in theusermanualof theinstrument.

8. The flux calibrationof the sciencespectrumrequiredobservationsof spectrophotometric
standardstars. The flux of the calibratedspectrais expressedin ergcmì ° sìLí Å ìLí . We
haveappliedthesamedatareductionprocedureto thestandardstarsandthesciencetargets.
However, two additionalstepswererequiredto correctfor thenon-uniformresponseof the
detectorover thewholewavelengthrange.First, theflux of thestandardstarwasintegrated
over50Å-widebandpassesandcorrectedfor exposuretime. Second,thesensitivity function
of thedetectorasafunctionof wavelengthwascomputedtakinginto accounttheextinction.

Then, we have applied the fit of the sensitivity function to the dispersion-correctedone-
dimensionalspectrumof thetarget. Finally, we convertedthespectruminto anasciifile with flux
versuswavelengthfor further analysis. We have normalisedthe spectraat 7500Å. Figure3.12
displaysonly the objectswhosespectroscopicresultsconfirmedtheir statusof bona-fidecluster
membercandidates.

3http://www.astro.yale.edu/dokkum/lacosmic/
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6000 7000 8000 9000 6000 7000 8000 9000

Figure3.12:Spectraof the24 objectslistedin Table3.3apartfrom thegiantsclassifiedasa non-
memberandthenew infrared-selectedobjects.Thespectraltypesquotedinto bracketsafter the
nameof the target rangefrom M4.5 to M6.0 with a typical uncertaintyof orderhalf a subclass.
Typical featuresof M dwarfs areclearly seenon the spectra,including TiO andVO absorption
broadbands.All targetsexhibit H ¯ in emissionat 6563Å. An arbitraryconstanthasbeenadded
to eachspectrumfor clarity.
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3.6.3 Anal ysis of the optical spectra

We have observedspectroscopicallya subsampleof clustermembercandidatesin ¯ Percon-
taining24 probablemembers,1 possiblemember, and4 non-memberstaken from thecandidate
list in Barradoy Navascúes et al. (2002). The objectsare listed in Table3.3 along with their
spectroscopicresults.We have obtainedoptical(5800–8800̊A) spectroscopy with theTwin spec-
trographof all probablemembersspanning³ = 15.0–17.0,but four. Among the remainingfour
objects,we have takenopticalspectraof two of themwith theKecktelescope.Additionally, we
have alsocarriedout optical spectroscopy of all probablemembersspanning³ = 17.0–18.0with
Keck. We will focushereon theopticalspectroscopy conductedwith theTwin spectrograph,in-
cludingtheninecandidates(AP329,AP332,AP309,AP339,AP349,AP344,AP353,AP364,and
AP366)commonto thenear-infraredsurvey.

We have assigneda spectraltype to eachindividual confirmedmemberwith an uncertainty
of half a subclass,accordingto theM dwarf classificationschemesdefinedby Kirkpatrick et al.
(1999b)and Mart́ın et al. (1999b). The spectraof the non-membersare consistentwith giant
spectra,confirming that theseobjectsdo not belongto the cluster. The only possiblemember
candidateobservedin thesampleexhibitsasimilarspectrumandwas,therefore,rejectedascluster
member.

We have appliedthe “recipe” presentedin Ï 1.4 to classify eachprobableclustermember.
We have computedspectralindicesfor eachindividual target (Table3.3), including TiO5 (Reid
etal. 1995),VO-a(Kirkpatrick etal. 1999b),andPC3(Mart́ın etal. 1999b)4.

Theinferredspectraltypesfrom eachindex weregenerallyconsistentwithin asubclass.How-
ever, wehavenoticedsomedifferencesandfavouredthedirectcomparisonwith spectraltemplates
of well-known M dwarfs. Thespectralindicesquotedabove weredefinedto classifyfield dwarfs
whichhave largergravity thanyoungclustermembersin ¯ Per.

To derive a self-consistentclassificationandnot rely solelyon spectralindices,we have com-
paredeachindividual targetwith spectraof templateM dwarfsof similarspectraltypes,including
2MASS J2300189î 121024,2MASS J0244463î 153531A&B, and2MASS J0242252î 134313
(Kirkpatrick etal. 1999b),aswell as2MASSJ0435490î 153720(Gizis& Reid1999),with spec-
tral typesM4.5,M5.0,M5.5,M6.5,andM6.0,respectively. In addition,dueto possibledifferences
in telescope/instrument configurationsand detectorsensitivities, we have observed comparison
objectswith known spectraltypes,includingGJ251(M3.0), LHS1417(M4.0), LHS0168(M5.0),
LHS1326(M6.0),andLHS0248(M6.5)with thesameinstrumentset-up.Thethreedifferentspec-
tral typeestimatesyieldedconsistentresultswith uncertaintiesof half a subclass(lastcolumnin
Table3.3andFigure3.12).

Finally, Table3.3 shows that the brighterthe clustermembersare,the earlier is the spectral
type. Furthermore,we have foundtheflux measuredin thespectraof the targetsconsistentwith
the ³ ² magnitudesfrom thewide-fieldopticalsurvey.

Theobjectsdisplayedin Figure3.12spanspectraltypesM4–M6, M6.5 beingconsideredas
thestellar/substellarborderin youngopenclusters.All probablemembersin ¯ Per,followed-up
spectroscopically, are, therefore,stellar componentsof the cluster. According to the NextGen
isochrones(Baraffe et al. 1998), the cluster membershave massesranging from 0.40M Ì to
0.12M Ì , assumingadistanceof 182pc andanageof 90Myr for ¯ Per.

4Thedefinitionof thethreespectralindicesis givenin Chapter1 in Table1.2
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TheH ¯ emissionline at 6563Å constitutesa furthercriterionto ascertainthemembershipof
the selectedclustercandidatesasit is a sign of youth. This featureis clearly detectedin all 24
probablecandidatesfrom Barradoy Navascúes et al. (2002) (Figure3.12). The H ¯ equivalent
widthsrangefrom 4.0 to 15.0Å andareconsistentwith previousmeasurementsin ¯ Perobtained
by ZapateroOsorioet al. (1996),Prosser(1992,1994),andStauffer et al. (1999)in theM3–M6
spectraltype range.However, thesamplecontainstoo few objectsto probethe turnover around
M3–M4 in ¯ Per(ZapateroOsorioetal.1996)causedby thetransitionfrom radiativeto convective
coresoccurringat0.3–0.2M Ì , regardlessof theage(D’Antona& Mazzitelli 1994).This turnover
wasdetectedin thePleiadesclusteraswell (Stauffer etal.1994b;Hodgkinetal.1995).Figure3.13
showsH ¯ equivalentwidthsversusspectraltypesfor previous ¯ Permembers(opentriangles)and
from ourspectroscopy (filled hexagons).

Figure3.13:H ¯ equivalentwidthsversusspectraltypefor all spectroscopicallyconfirmedcluster
membersin the ¯ Percluster. Opentrianglesindicatememberslisted in Prosser(1992,1994)
andStauffer et al. (1999). Our H ¯ equivalentwidths areindicatedwith filled hexagonsandare
consistentwith measurementsof clustermemberswith comparablespectraltypes.Valuesof 50,
60,and70givenon thex-axiscorrespondto K0, M0, andL0 spectraltypes,respectively.

Furthermore,thestrengthof theH ¯ emissionline in the ¯ Permembercandidatesis stronger
thanin field dwarfsof similarspectraltypesalthoughthechromosphericactivity in field M dwarfs
reachesamaximumaroundM6–M7 (Hawley, Gizis,& Reid1996)andcanbeashighasin young
magneticallyactive objects(Gizis,Reid,& Hawley 2002).We have comparedtheH ¯ equivalent
widths of ¯ Perclustermembersto field M dwarfs of comparablespectraltypesextractedfrom
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oursampleof propermotioncandidates( Ï 2.4). Opticalspectroscopy for field M dwarfsspanning
M4–M6 showsthatabouthalf of themexhibit H ¯ with equivalentwidthsaslargeasthosedetected
in ¯ Permembers.

Moreover, H ¯ equivalentwidthsmeasuredin propermotionM4-M8 clustermembersin the
Pleiadesis typically greaterthan3Å. Although arbitrary, the 3Å valuereflectsthe envelopeof
equivalentwidthsin thePleiades(Hodgkinetal. 1995).

The detectionof the H ¯ emissionline in all probablecluster member candidatesaswell
asthe argumentspresentedhere add support to the belief that there are indeedmembersof
the cluster.

To furtherconstrainthemembershipof thephotometrically-selectedcandidates,wehavecom-
putedthestrengthsof gravity-sensitive features,includingtheK I andNaI doubletsat7665/7699̊A
and8183/8195̊A, respectively (tasksplot in IRAF; Table3.3). Youngpre-main-sequencecandi-
datesareyoungerthanfield dwarfs andshould,therefore,exhibit lower gravity. The equivalent
widthsof thegravity featuresNaI andK I versusspectraltypesareshown in Figure3.14for all
probablemembercandidatesobservedspectroscopically.

Figure3.14: Equivalentwidths(in Å) of gravity-sensitive absorptiondoublets(K I at7665/7699̊A
on the left panelandNaI at 8183/8195̊A on the right panel)for all spectroscopicallyconfirmed
clustermemberin the ¯ Percluster. The hexagonsindicatethe sumof the equivalentwidths of
both lines whereasthe trianglesand the squaresindicatethe equivalent widths of the first and
secondline, respectively. Valuesof 3, 4, 5, and6 onthex-axiscorrespondto spectraltypesof M3,
M4, M5, andM6, respectively.

Theequivalentwidth of thefirst absorptionline of theK I doubletexhibit strongerequivalent
widthsthanthesecondline while this trendis notobviousfor theNaI doublet(Figure2.4). Those
measurementsarecomparableto resultsfor the sampleof field M dwarfs in the propermotion
survey (Figure2.4). The equivalentwidths of the K I doubletin ¯ Perareslightly smallerthan
for field M dwarfsof similar spectraltypes.Similarly, a differencein theNaI doubletequivalent
widths between̄ Perandfield dwarfs is observed whencomparingFigure2.4 andFigure3.14
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(notethedifferencein theY-axisscale),indicative of a youngerage. Thedifferencesarenever-
thelesssmall andmight simply reflectthe fact that the gravity differencein 100Myr-old cluster
membersandold (1–5Gyr) field dwarfs is lessthan0.2 dex, accordingto the NextGenmodels
(Baraffe et al. 1998). Our resultsregardingtheequivalentwidthsof theNaI doubletareconsis-
tentwith a total equivalentwidth of order6Å measuredin thePleiades(Mart́ın et al. 1996).Our
measurementsarealsolargerthanthosein Î Orionis(Béjaretal. 1999).

As a whole,gravity measurementsadd support to thebelief that thoseobjectsaregenuine
membersof the ¯ Per cluster.

The detectionof the lithium absorptionat 6708Å is not expectedasall candidatesobserved
spectroscopicallyarestellarmembersof ¯ Per.

Wehaveobtainedopticalspectroscopy of asubsampleof four infrared-selectedmembercandi-
datesin ¯ Per(AP414,AP415,AP416,andAP418)to testtheoptical-to-infraredselectionmethod
presentedin Ï 3.5.Wehave classifiedthoseobjectsaccordingto their spectraasfollows:

Æ Oneobject(AP418)is clearlya non-memberof theclusterdueto its spectraexhibiting H ¯
andNaID in absorptionaswell asapropermotioninconsistentwith the ¯ Percluster.

Æ We rejectedtwo othercandidates,AP414andAP415,aspossiblemembersdueto thenon-
detectionof theH ¯ emissionline andfluxesinconsistentwith membership.They arelikely
contaminatingfield dwarfswith aspectraltypeof M3.5 ½ 0.5.

Æ The lastobject,AP416,exhibits H ¯ althoughwith anequivalentwidth weaker thanthose
measuredfor the clustermembers,but still consistentwith previous studiesin the ¯ Per
cluster(Figure3.13).However, wewouldconsiderthisobjectasanon-memberbecausethe
spectraltype(M3.5) is inconsistentwith themeasured³ ² magnitude(Table3.3).

To summarise,the fact that the four infrared-selectedclustermembercandidatesin ¯ Perare
likely contaminatingfield dwarfs do not add strongsupportto the efficiency of the optical-to-
infraredselectionmethodin selectingclustermembercandidatesin a low galacticlatitudeopen
clusteras ¯ Per.

Thespectroscopy of theoptically-selectedcandidatesconfirmedtheirmembership.Theprob-
ablecandidatesall exhibit H ¯ andhave fluxesconsistentwith their spectraltypes. The previ-
ouslyclassifiednon-membersare,indeed,non-membersasis theonly possiblemembersobserved
spectroscopically. Hence,the optical survey andthe additionalnear-infrared imagingappearas
excellentdiscriminantbetweenclustermembersandcontaminants.

On the contrary, the optical-infraredsurvey aloneappearslessadequateat selectingcluster
membersasthecontaminationamongselectedobjectsis higherthanin theoptical.Thelargema-
jority of candidatesselectedfrom the( ·Àµ ,³0² –·Àµ ) colour-magnitudediagramarereddenedback-
groundgiants( ¿ 70%). Half of theremainderwerepreviously consideredasprobablemembers
while the restawaits for spectroscopicfollow-up observations. As a whole, the contamination
lies in therange70–85%, twice larger thantheopticalselection(28–40%; Barradoy Navascúes
etal.2002).Despitethelow statisticsamonginfrared-selectedclustermemberswith spectroscopic
follow-up, noneof thenew candidatesarebona-fideclustermembers.Westronglyemphasisethe
useof the · µ -bandasa tool to constraintheoptical selection.However, oneshouldbecautious
usingtheoptical-infrared( ·Àµ , ³0² –·Àµ ) colour-magnitudediagramasa primeandsolecriterion to
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extractclustermembers,in agreementwith thePleiadessurveys focusingon deepopticalsurveys
( ± , ³ , and ï ) to searchfor very low-massstarsandbrown dwarfs. This procedureavoids large
optical-to-infraredcolourssuchas ³ –· , wherereddenedfield dwarfsanddistantbackgroundgi-
antsexhibit similar coloursasyoungpre-mainsequencestars.

3.7 Comparison of the Á Per IMF with other open cluster s

The new resultsfrom the optical spectroscopy of all probablemembersspanning³0² = 15.0–
17.0have confirmedtheir clustermembershipstatus.Thus,we arein a positionto assertthat the
massfunctionderivedfor theprobableclustermembersin ¯ Per(bottomIMF in Figure3.5)is the
trueclustermassfunctionaccordingto ourspectroscopicstudy. Despitethesmallnumberof pos-
siblemembersandnon-membersfollowed-upspectroscopically(5 objectsout38extractedby the
opticalsurvey), thoseobjectsexhibit spectrainconsistentwith clustermembership.Theseresults
wereexpectedwith regardto objectsclassifiedasnon-membersbut thequestionremainedopenfor
thepossiblemembers.To summarise,theslopeof the ¯ Peropenclusterremains̄ = 0.59 ½ 0.05
(whenexpressedasthe massspectrum)in the 0.30–0.05M Ì massrangewherethe photometric
dataarecomplete.

ThePleiadesis thebeststudiedyoungopenclusterwith a large numberof photometrically-
selectedcandidatesbeingconfirmedspectroscopically. Although mostestimatesof the index of
thePleiadesmassfunctionarenot derived from an homogeneousandcompletesampleof spec-
troscopicmembers,power law indices(whenexpressedasthe massspectrum)agreewithin the
uncertainties.Mart́ın etal. (1998)derived ¯ = 1.0 ½ 0.5in the0.40–0.045M Ì massrangebasedon
adeepsurvey initiatedby ZapateroOsorioetal. (1997b).Tej etal. (2002)estimated̄ = 0.5 ½ 0.2
from 0.50to 0.055M Ì basedonapurestatisticalapproachinvolving 2MASSandGSCdatabases.
Dobbieet al. (2002)derived ¯ = 0.8 ½ 0.2 basedon a deepoptical photometricsurvey down to
0.040M Ì . Finally, Moraux et al. (2003) inferred ¯ = 0.60 ½ 0.11 over the 0.48–0.03M Ì mass
rangefrom adeep( ³ , ï ) survey complementingthe( ± , ³ ) survey by Bouvieret al. (1998).

All theresultsfrom thePleiadesindicatean ¯ index spanning0.5–1.0between0.5and0.030
solarmasses,in closeagreementwith the ¯ Perestimate.Similar resultsarefoundin theTrapez-
iumCluster(Muenchetal.2002),in IC348(Luhmanetal.2000),andin Î Orionis(Béjaretal.2001),
suggestingthat theshapeof themassfunction in this massrangeholdsfrom few Myr up to few
hundredsof Myr.

3.8 Conc lusions on Á Per and future plans

We have carriedout a wide-fieldnear-infrared( · µ -band)survey of a 0.70squaredegreearea
in the ¯ Percluster. Combiningthe new infraredphotometrywith existing optical ( ±*² and ³0² )
imaging,we have extracteda total of 198new clustermembercandidatesbasedon their location
in the optical-to-infrared( ·Àµ , ³0² –·Àµ ) colour-magnitudediagram.However, thepositionof these
new candidatesin thecolour-colour diagramrevealedthatabout80% of themarecontaminants,
includingreddenedfield dwarfsanda largenumberof backgroundgiantsdueto thelow galactic
latitude of the cluster. The optical ( ³0² ,( ± –³ ) ² ) colour-magnitudediagramshows that the new
infrared-selectedcandidatesdefineabluersequencethanpreviousprobablemembersin ¯ Perbut
remainbona-fideclustermembers.Amongthenew candidates,wehave unveiledfour new brown
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dwarf candidates.

Additional optical(5800–8800̊A) spectroscopy of four infrared-selectedclustermembercan-
didateshasrevealedthattheirspectraltypesand ÅÀ¯ equivalentwidthsareinconsistentwith cluster
membership.About 40 new infrared-selectedremainasprobableclustermembers,including18
objectsalreadyclassifiedassuchby Barradoy Navascúeset al. (2002).Their opticalandoptical-
to-infraredcoloursareconsistentwith membershipbut spectroscopicconfirmationis lacking.

We have alsopresentedmoderate-resolution(R ¿ 2000)optical (5800–8800̊A) spectroscopy
of 29 candidatesextractedby Barradoy Navascúes et al. (2002) with the Twin spectrograph
mountedon the CalarAlto 3.5-m telescope.The samplecontainstwenty-fourprobablecluster
membercandidates,one possiblemember, and the remainderwere classifiedas non-members.
All probablemembershave spectraltypes,H ¯ equivalentwidths,andgravity measurementscon-
sistentwith clustermembership.The othercandidatesareclearly non-memberswith respectto
their spectra.All probablemembersspanning³0² = 15.0–17.0in ¯ Per,but four, have beenspec-
troscopicallyfollowed-up.Their spectraltypesrangefrom M4 to M6 andtheir massesfrom 0.40
to 0.12M Ì .

The ¯ Permassfunctionis, therefore,well representedby theprobablemassfunctionderived
by Barradoy Navascúeset al. (2002)andapproximatedby a power law with a slopeof 0.59over
the 0.30–0.05M Ì massrange,when expressedas the power spectrum. This massfunction is
confirmeddown to 0.12M Ì with our resultsbasedonphotometricandspectroscopicmembership
criteria.

Theoptical spectroscopy hasdemonstratedthat theoptical ( ± and ³ ) photometrywith near-
infraredfollow-up imagingconstitutesa gooddiscriminantbetweenfield starsandyoungcluster
members.More recently, deep( ³ and ï ) surveys have provenvery efficient to detectlower mass
brown dwarfsin openclustersdueto thesaturationof the ± –³ coloursat latespectraltypes.

The near-infraredwide-field survey combinedwith existing optical photometryis hampered
by highercontaminationby backgroundobjectsthanpurely optical surveys. A combinationof
opticalandnear-infraredimagingis neverthelessmandatoryto disentangleclustermembersfrom
contaminants.

We would like to stressheresomeissuesrelatedto the future deepnear-infrared surveys
plannedwithin the framework of the UKIDSS and CFHT consortia. Both surveys aim at sur-
veying large areain well-known openclusters,including ¯ Per. On the one hand,suchdeep
surveys are requiredto supersedethe 2MASS databaseand enablecross-correlationwith faint
objectsunveiled in on-goingdeepoptical surveys. On the otherhand,thesesurveys would be
optimisedby includingone(or two) opticalfilters to reveallessmassivebrown dwarfsin clusters.
Near-infraredsurveys remain,however, extremelyefficient in star-formingregionswherethehigh
extinctionhampersopticalobservations.





Chapter 4

The intermediate-a ge open cluster
Collinder 359

Youngopenclustersare ideal regions to placegood constraintson the time spreadof star
formationfor two reasons.First, clustermemberslessmassive thanabout0.8M Ì aredisplaced
well above the ZAMS, making their identificationeasier. Second,low-massstarsand brown
dwarfsremainboundto theclusterdueto thelimited dynamicalevolution.

To identify completeand homogeneoussamplesof young very low-massstarsand brown
dwarfsin clustersover largeareas,aCanada-France-Hawaii Key Programmewasinitiatedwithin
the framework of our EC ResearchTraining Network to survey aboutabout80 squaredegrees
in the ³ and ð filters down to completenesslimits of 22.0 in star-forming regions,openclusters
and in the Hyades. One part of the project focusedon five pre-main-sequenceopenclusters,
includingIC 4665,NGC2232,Collinder70,Stephenson1, andCollinder359.Theanalysisof the
optical imagesyieldedseveral hundredsbona-fidemembercandidatesin eachclusterdown into
the substellarregime, someof thembeingalreadyfollowed-upin the near-infrared to weedout
contaminatingobjects.

This chapter, devoted to the pre-main-sequenceopenclusterCollinder359, is organisedas
follows. TheCFHT Key Programmeis presentedin Ï 4.1 alongwith the target list andthemain
goals.A literaturereview of thepresentknowledgeof Collinder359is given in Ï 4.2. Thewide-
field optical( ³ , ð ) observationsof a1.6squaredegreeareain Collinder359aredetailedin Ï 4.3.1.
Thedatareductionof theoptical imagesis detailed Ï 4.3.2andtheextractionof thephotometry
describedin Ï 4.3.3.Theoptical( ³ , ³ –ð ) colour-magnitudediagramis drawn Ï 4.3.4andthecluster
membercandidatesselectionproceduredescribedin Ï 4.3.5. Thenear-infraredfollow-up of the
optically-selectedclustermembercandidatesin Collinder359 is presentedin Ï 4.4. The cluster
luminosityandmassfunctionsarederivedin Ï 4.5and Ï 4.6,respectively, includingadiscussionon
theuncertaintieson theageanddistanceof thecluster. Conclusionsof thestudyof Collinder359
andfutureprojectsarepresentedin Ï 4.7.

The datareductionandanalysisof theCFH12Kresultsfrom a large collaborationinvolving
several teamswithin theEuropeanNetwork. Thework describedin this chapterhasbeenmostly
doneby myself andwill part of a forthcomingpaper. I will continueto use“we” andnot “I” to
describetheresultsonCollinder359andto keepwith thegeneralprincipleof this thesis.



108 Theintermediate-ageopenclusterCollinder359

4.1 The CFHT Key Programme

4.1.1 Description of the CFHT Key Programme

A Canada-France-Hawaii Telescope(hereafterCFHT) Key Programme(30 nights over 2
years)centredon wide-fieldoptical imagingof young,intermediate-age,andolderopenclusters
(Bouvier, PI) wascarriedout within theframework of theEuropeanResearchTrainingNetwork
“The FormationandEvolutionof YoungStellarClusters”(McCaughrean,coordinator)to examine
thesensitivity of thelow-massstellarandsubstellarIMF to timeandenvironment.

Thesurvey wasconductedwith a large-CCDmosaiccamera(CFH12K) in the ³ and ð filters
down to detectionand completenesslimits of ³ = 24.0 and 22.0, respectively, covering a total
of 80 squaredegreesin a variety of environment, from star-forming regions (Serpens,Taurus,
Ophiuchus,andPerseus),to pre-main-sequenceopenclusters(IC 4665,Collinder359, Steph1,
Collinder70, andNGC2232),to theolderHyades.All regionsarelisted in Table4.1alongwith
their coordinates(J2000),agesin Myr, distancesin parsecsanddiameters.Theareasurveyed in
theopticalwith theCFH12Kcamera(andMegaCamwhenusable)aregivenin thelastcolumnof
Table4.1.

Table4.1: List of star-forming regions(SFR),pre-main-sequenceopenclusters(PMS),andolder
clusters(OC) targetedwithin theframework of theCFHT Key Programme.Right ascensionand
declination(in J2000)aregivenin columns3 and4, respectively. Ages,distances,anddiameters
arelistedin columns5–7(OpenStarClusterdatabaseandLyngå1987).Theareasurveyedin each
clusterwith theCFH12Kcamerais providedin thelastcolumn.

Target R.A. Dec Age Distance Diameter Surv. Area
SFR Perseus 03ñ 35ñ 00 î 30ñ 00ñ 00 ´ 3Myr 300pc — 6.5deg°

Taurus 04ñ 30ñ 00 î 20ñ 00ñ 00 ´ 3Myr 140pc — 7.8deg°
Ophiuchus 16ñ 00ñ 00 Ã 25ñ 00ñ 00 ´ 3Myr 145pc — 6.5deg°
Serpens 18ñ 30ñ 00 î 01ñ 00ñ 00 ´ 3Myr 260pc — 5.9deg°

PMS Collinder70 05ñ 33ñ 00 Ã 01ñ 00ñ 00 10Myr 387pc 140µ 4.0deg°
NGC2232 06ñ 24ñ 00 Ã 04ñ 00ñ 00 53Myr 324pc 45µ 4.0deg°
IC 4665 17ñ 43ñ 00 î 05ñ 00ñ 00 43Myr 352pc 70µ 4.2deg°
Collinder359 17ñ 58ñ 00 î 02ñ 00ñ 00 32Myr 249pc 240µ 1.6deg°
Stephenson1 18ñ 51ñ 00 î 37ñ 00ñ 00 53Myr 390pc 20µ 0.65deg°

OC Hyades 04ñ 24ñ 00 +14ñ 45ñ 00 600Myr 46pc 12deg. 17.3deg°

4.1.2 The choice of the optical filter s

We have chosento carryout thewide-fieldopticalobservationsin the ³ and ð filters mainly
to optimisethe searchfor low-massstarsandbrown dwarfs in youngclusters.This choicewas
alsomotivatedby theresultsof 6.4deg° imagingsurvey of thePleiadeswith theCFH12Kin the
³ - and ð -bands(Morauxetal. 2003)conductedwith thesametelescope/instrumentconfiguration.
New brown dwarf candidatesof theclusterwererevealedandtheclustermassfunction,derived
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from thepreviousstudyin thePleiadesby Bouvieretal. (1998),extendedto 30M ÐzÑòÒ .
1. Thesky backgroundin ( ³ , ð ) passbandsis dominatedby OH emissionandnotby themoon.

Theobservationsof Collinder359werecarriedoutwith a lunarphaseof about50%.

2. The ³ – Ä coloursgetreddertowardslow-massclustermembers,providing a gooddiscrimi-
nantto separatetheclustersequencefrom field stars(ZapateroOsorioet al. 2000).Hence,
we expectasimilarbehaviour for the ³ –ð colours.

3. The ³ –ð colourswerefoundto beagooddiscriminantto weedoutfield starsfrom low-mass
clustermembersin thePleiades(Cossburnetal. 1997;ZapateroOsorioetal. 1999;Moraux
et al. 2003). We expecta similar trend,perhapsenhancedfor youngerpre-main-sequence
objectsthanthePleiadesdueto thereddercolours.

4. Youngbrown dwarfs get redderin ± –³ coloursimplying very faint ± magnitudeswhich
greatlyhamperthedetectionof the leastmassive componentsof thecluster. Much longer
exposuretimesin the ± filter thanin ³ are,therefore,requiredto compensatefor thiseffect.
To the contrary, we have achieved similar completenessanddetectionlimits of 24.0 and
22.0, respectively, both in ³ - and ð -bandswith comparableexposuretimesof 300secand
360secin ³ and ð .

4.1.3 Aims of the CFHT Key Programme

Themaingoalsof CFHT Key Programmewasto addressthemostpressingissues:

Æ How dobrown dwarfsform andatwhich rate?

Æ Whatis themassdistribution of low-massstarsandbrown dwarfs?

Æ Is therea lower masslimit to theInitial MassFunction?

Æ Is theInitial MassFunctionsensitive to theenvironment?

Æ How dosubstellarobjectsevolve with time?

As a secondstepafter membershipassessmentof the photometrically-selected clustercan-
didates,this large programmewill aim at studyingthe evolution and propertiesof stellar and
substellarobjectsin variousenvironments:

Æ Testtheevolutionarytracksusing10–50Myr old openclusters.

Æ Ageandmassdependenceof thecoronalandchromosphericactivity of very low-massstars.

Æ Massdependenceof thelithium depletionin very low-massstarsandbrown dwarfs.

Æ Distribution of rotationratesasa functionof mass.

Æ Distribution of rotationalvelocitiesof very low-massstarsasa functionof age.

Æ Disk frequency andtheir lifetime.

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

The selectionof the five pre-main-sequenceopenclustersmadeuseof the OpenCluster
Database1. The following criteria wereappliedto selectthe mostsuitableopenclustersto an-
swerthepresentissueswithin theframework of theCFHT Key Programme.

Æ Clusterswith anagebetween10 and50Myr

Æ Clusterslessdistantthan500pc to beableprobethesubstellarregime

Æ NorthernHemisphereopenclustersobservablewith theCFHT at MaunaKea,Hawai’i

Æ A lower limit of 10Â in galacticlatitudeto avoid significantcontamination

Besideswell-known openclusterssuchasthe Pleiades,̄ Per,IC2391,IC2602,amongoth-
ers,five pre-main-sequenceclusterssatisfiedthecriteria listedabove. TheclusterswereIC 4665,
Stephenson1, Collinder70, NGC2232,andCollinder359, the latter constitutesthe coreof this
chapterwhoseresultswill be publishedin a forthcomingpaper. The main characteristicsof the
five selectedopenclustersareprovided in Table4.1, including coordinates,age,distances,and
estimateddiameters.

4.2 Literature on the open cluster Collinder 359

Collinder359( = Melotte186)wasselectedasa 30Myr openclusterat a distanceof 250pc,
from a searchin theOpenStarClusterwebpage.Theclusteris locatedin theOphiuchusconstel-
lation aroundthestar67Oph(Figure4.1). Theequatorialandgalacticcoordinates(J2000)of the
clustercentreare:(18h01m06s,î 02Â 54µ ) and(29.7,î 12.5),respectively.

Collinder359wasrelatively unstudiedandvery little literatureis availableaboutthecluster.
No deepoptical survey hadbeencarriedout aroundthe clustercentre,althoughseveral papers
mentiontheclusterin passingHowever, oneneedsto bepolyglot to dealwith papersin different
languagessuchas French,English, and Russian! I will review the currentknowledgeon this
clusterby summarisingthecontentof majorarticles.

Æ Collinder359( = Melotte186)wasfirst seenon theFranklin-AdamsChartsPlatesandclas-
sifiedasa coarseclusterby Melotte (1915)within theframework of his largecatalogueof
globular andopenclusters. It wasdescribedit asa large scattered group of bright stars
around67Ophiuchi ( = HD164353),coveringan areaof about6 square degrees.

Æ In a large catalogueof openclusters,Collinder (1931)describedCollinder359asa group
of about15 stars with no appreciableconcentration on thesky andno well-definedoutline.
Clusterstarsappearbrighterthanthe surroundingstarsbut no bright starsstandout from
the others. The diameterof the clusterwasestimatedto 240µ anddimensionsof 5ÂG¶ 3Â
werementioned.Theclustercontainsthirteenstarslisted in Table4.2 andshown asfilled
hexagonsin Figure4.2. Collinder(1931)providedthecoordinates,ó magnitudes,spectral
typesfor all 13 starsandadditionalpropermotion informationwhenavailable. Isochrone
fitting to thefiveearly-Bstarsyieldedphotometricparallaxof 0.0048(d= 209pc)while the

1http://www.seds.org/messier/open.html
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Figure4.1: Theupperpanelis a schematicview of thelocationof theopenclusterCollinder359
(red circle) in the constellationof Ophiuchus,aroundthe B5 supergiant, 67Oph. The bright
starsbelongingto theconstellationof Ophiuchus,SerpensandScutumaremarkedwith symbols
representingtheir brightness.Otherastronomicalobjectsareindicated,including openclusters,
globularclusters(diamonds),andplanetarynebula(concentriccircles)Thelowerpanelisanimage
of thesameregion of the sky andat the samescale. Courtesy:Astronomia. For indication,the
differencebetween̄ Oph and ô Oph is about2.1Â and8.0Â in right ascensionanddeclination,
respectively. Thedifferencebetween67Ophand70Ophis about1.2Â and26µ in right ascension
anddeclination,respectively.
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Table4.2: This table lists the 13 bright starswithin Collinder359 aslisted in Collinder (1931).
Column1 lists the runningnumberof themember, column2 givestheHenryDraperCatalogue
number, columns3 and4 list theright ascensionandthedeclination(in J2000),column5 lists the
spectraltypesCollinder(1931),columns6, 7, and8 lists the ó magnitudeandthe õ –ó and ö –õ
from Blancoet al. (1968),columns9 and10 list the ó –± and ± –³ , columns11 and12 list the
propermotionof theobjectaccordingto theSAO catalogue(1966).Themembershipof theobject
is givenon the lastcolumnaccordingto thediscussionbetweenRuciński (1980)andVan’t-Veer
(1980).

HD RA Dec SpT Ú ÷ –Ú ø –÷ Ú –Ý Ý –Í ùûú ùûü M?
1 166233 180933.8 035935 F2 5.72 ý 0.37 ý 0.02 0.22 0.21 ý 0.0360 ì 0.007 NM
2 168797 182128.4 052608 B5 6.16 ì 0.02 ì 0.64 0.00 0.01 ý 0.0105 ì 0.004 NM
3 164353 175808.3 025557 B5Ib 3.96 ý 0.04 ì 0.63 0.06 0.03 ì 0.0015 ì 0.010 M
4 164352 180041.7 030857 B8 9.33 ì 0.01 ì 0.39 0.02 0.06 ì 0.0015 ì 0.002 M
5 164284 180015.8 042207 B3 4.70 ì 0.04 ì 0.86 0.10 0.08 ý 0.0000 ì 0.013 NM
6 164283 175742.4 053237 A0 9.10 ý 0.26 ý 0.19 0.16 0.21 ý 0.0075 ì 0.014 M
7 164096 175934.6 023016 A2 9.70 ý 0.20 ý 0.17 0.13 0.20 ì 0.0105 ì 0.006 M
8 164097 175929.5 022037 A2 8.54 ý 0.17 ý 0.15 0.12 0.15 ì 0.0060 ý 0.003 M
9 164432 180052.8 061605 B3 6.35 ì 0.08 ì 0.77 –0.01 ì 0.01 ý 0.0015 ì 0.003 M
10 164577 180145.2 011818 A2 4.43 ý 0.04 ý 0.05 0.04 0.01 ý 0.0090 ì 0.012 NM
11 165174 180437.3 015508 B3 6.14 ì 0.01 ì 0.98 0.03 0.03 ì 0.0045 ì 0.003 NM
12 163346 175537.5 020429 A3 6.78 ý 0.56 ý 0.36 0.37 0.40 ì 0.0030 ý 0.007 NM
13 161868 174753.5 024226 A0 3.74 ý 0.03 ý 0.14 0.01 0.00 ì 0.0240 ì 0.074 NM

fainterB8–A2starsgaveameanparallaxof 0.0035(d= 286pc). However, themembership
of theseobjectswasnot well establishedasneitherpropermotionnor photometricstudies
wereavailable in Collinder359. Oneobject,67Ophiuchi, is a supergiant memberof the
clusterwith aspectraltypeof B5Ib (Humphreys 1970).

Æ Searchingin the 1958General Catalogue of Variable Stars basedon openclusterscata-
loguedby Collinder (1931),Trumpler(1930),andothers,Sahade& Frieboes(1960)ex-
tracted10 W UMa-typestarswithin threeclusterradii. A few yearslater, Sahade& Berón
Dàvila(1963)concludedthatnoneof theeclipsingbinarieswithin theclusterwereprobable
members.In atotalof 26eclipsingvariables,12objectswereclassifiedaspossiblemembers
while theremainderwereunlikely to bemembersof Collinder359.

Æ Blanco et al. (1968) compileda hugephotoelectriccatalogueof more than 20,000stars
in the Galaxy in the öþõÿó broad-bandfilters basedon measurementsextractedfrom the
literature.The13 starsmentionedby Collinder (1931)areincludedin this catalogue.The
ö�õ�ó magnitudesgiven in Table4.2 areaveragedvaluesof all measurementsavailablefor
thosestarsfrom theliterature.

Æ The only ageestimateof the clusteroriginatesfrom the work by Wielen (1971)andAbt
& Cardona(1983). The former derived an agerangingfrom 20 to 50Myr with a mean
valueof 30Myr usingisochronefitting basedon three-colourphotometryavailablein large
cataloguesof openclusters(Becker & Fenkart1971). Abt & Cardona(1983)studiedthe
distributionof Ap starsin openclustersasafunctionof age.A trendof olderclustershaving
alargernumberof Ap starswasnoticed.Abt & Cardona(1983)putanupperlimit of 30Myr
on theageof Collinder359,assumingthat67Ophis a memberof thecluster, in agreement
with theformerdetermination.
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Æ Akhundova (1971)2 selectedmembercandidatesin Collinder359basedontheirpropermo-
tions. Using the magnitudeversusspectraltype relationship,andafter rejectionof likely
non-members,Akhundova (1971)derivedadistanceof 350pcandestimatedtheabsorption
to A Ú = 1.4mag.

Æ A discussiontookplacebetweenRuciński (1980)andVan’t-Veer(1980)regardingtheexis-
tenceof W UMa-typesystemsin Collinder359. While Ruciński (1980)notedthatmostof
thestarslistedby Collinder (1931)might actuallybefield stars,Van’t-Veer(1980)argued
the contrarybasedon homogeneousconversionof spectraltypesinto colours. Van’t-Veer
(1980)foundconsistentdistancemoduli estimatesfrom theB3 andA0 groupof starsbased
onthe(M Ú , õ –ó ) colour-magnitudediagram.A few yearslater, Ruciński (1987)confirmed
theresultsof Van’t-Veer(1980)andconcludedthatstarsnÂ 3, 4, 6, 7, 8, and9 (Table4.2)
arebona-fideclustermembersbasedon õ�ó�±L³ CCDphotometry. A distancemodulusof 8.2
mag(distance= 436pc) wasderivedfrom theisochronefitting of thepossiblemembers.

Æ The 5� � editionof theOpenClusterDataCatalogue(Lyngå 1987)3 providesa distanceof
200pc anda diameterof 240µ for Collinder359. Theformer is basedon theestimatefrom
theBochum-Strasbourg magnetictapecatalogueof openclusters.The latter is taken from
thework of Collinder(1931).However, no agewasmentionedfor Collinder359.

Æ Baumgardtet al. (2000)confirmedclustermembersin Collinder359 from photometry, ra-
dial velocityandHipparcosmeasurements.A meanpropermotionof 0.42 ½ 0.47mas/yrin
right ascensionand Ã 7.86 ½ 0.35mas/yrin declinationwasestimated.Parallaxmeasure-
mentsyielded distancesrangingfrom 317 to 460pc, in agreementwith isochronefitting
(Rucínski 1987).Theparallaxmeasurementfrom thesupergiant67Ophledto adistanceof
435ý °-° �ìLí-í � pc(Perrymanetal. 1997),consistentwith thestudyby Baumgardtetal. (2000).Of
the13 possiblemembers(Collinder1931),only two sharea commonpropermotion(stars
nÂ 3 and 9; Table4.2). Threeother Hipparcos starsmay be additionalclustermembers
while theremainingobjectswereexcludedasmembers.

Æ Hipparcos trigonometricparallaxesof five starsin Collinder359wereusedto derive pho-
tometricandspectroscopicdistances,yielding estimatesbetween260to 280pc (Loktin &
Beshenov 2001)4 with typicalerrorsof about20pc.

Æ CombiningtheHipparcosandTycho2 catalogues,a list of about100possibleclustermem-
berswereextractedby Kharchenko et al. (2004,personalcommunication)5 basedon their
locationwithin theclusterareaandtheir propermotions. Thepositionof theseobjectsin
the( ó ,õ –ó ) colour-magnitudediagramyieldedadistanceof 650pc from isochronefitting.
Thecoreandcoronaradii of theclusterwereestimatedto 0.4and1.1degree,respectively.

To summarise,thecurrentknowledgeof Collinder359basedon the availableliteraturesug-
gestsanageof 30Myr anda distancebetween200pc and650pc with a meanvalueof approxi-
mately400pc.

2Thispaperis in Russianandis notavailableat theADS webpage
3Thefull cataloguecanbeaccessedthroughtheCentredeDonńeesastronomiquesdeStrasbourg
4Thedataof thefivestarswerelost afterthedeathof oneof theauthor(A.V. Loktin, personalcommunication)
5Nina Kharchenko andAnatoly Piskunov visited our groupat the AIP for a few monthsandkindly provided me

with their resultson Collinder359prior to submission
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Figure4.2: Locationof thefiveCFH12Kfields-of-view (A, B, C,D, andE) shown asboxeswithin
theclusterareadefinedby theOpenClusterwebpage.The13 possibleclustermemberslistedby
Collinder(1931)aredisplayedasfilled hexagons(Table4.2). Their namesandspectraltypesare
providedaswell. Theopensquaresarethepossibleclustermembersusedfor isochronefitting by
Kharchenko etal. (2004;personalcommunication),yielding adistanceof 650pc.

4.3 The wide-field optical sur vey of Collinder 359

We initiated a wide-field optical survey in the ³ and ð filters down to a detectionlimit of
24.0 to studythe very low-massstarsandbrown dwarfs in the pre-main-sequenceopencluster,
Collinder359.

4.3.1 The CFH12K wide-field optical obser vations

Five CFH12Kframeswereobtainedon 18 and20 June2002in Collinder359in the ³ and ð
filters, covering a total areaof 1.6 squaredegreesin thecluster(Table4.3). Figure4.2 displays
thelocationof thefiveCFH12Kfields-of-view within theclusterarea.Thirteenpossiblemembers
aslisted by Collinder (1931)(filled hexagons)areincludedaswell. The CFH12K frameswere
chosento avoid bright clustermembers.

FieldsA, B, C,andD wereobtainedon18June2002underphotometricconditionswith seeing
¿ 0.8arcsec.Theremainderfield, field E, wasobservedon 20 June2002undernon-photometric
conditions. The coordinatesof the five CFH12K fields-of-view areprovided in Table4.3 along
with the journal of the observations. Threesetsof exposuresweretaken for eachfield-of-view:
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short,medium,andlong exposureswith integration timesof 2, 30, andabout900 seconds,re-
spectively. The long exposureswereexposedthreetimes 300 and360 secondsin the ³ and ð
filter, respectively, yielding detectionlimits of 24.0in bothpassbands.Only oneimagewastaken
for theshortandmediumexposures,whereasthreeditheredpositionswereobtainedfor the long
exposures,allowing rejectionof badpixels andremoval of badcolumns.Theobservationswere
scheduledin aqueuemodesothattheshort,medium,andlongexposuresin the ³ -bandweretaken
first, immediatelyfollowedby theshort,medium,andlong exposuresin the ð -band.

TheCFH12Kis aCCDmosaiccameradedicatedto high-resolutionwide-fieldimaging6. The
cameracomprises12 chipsof 4128 ¶ 2080pixels with a pixel scaleof 0.206µ µ , yielding a field-
of-view of 42µD¶ 28µ . Hence,no problemof undersamplingwasforeseeneven during excellent
conditionsonMaunaKea,whichwasthecasefor ourobservations.Thecosmeticof theCFH12K
mosaicwasexcellentwith atotalof 200badcolumns,mostof themwereconcentratedonCCD05.
TheCCD06,CCD08,CCD09,CCD10,andCCD11areentirelyfreeof badcolumns.Theread-out
time of the12 chipswassmall(58seconds).Thecamerahasanexcellentresponsein theredpart
of thespectrumaswell, betterthanMegaCam,partly compensatingfor thesmallerfield-of-view.

Table4.3: Coordinatesof thefive CFH12Kfields-of-view alongwith thejournalof observations
obtainedin thepre-main-sequenceopenclusterCollinder359.Thetimesof observationsaregiven
in UT andcorrespondto thebeginningof theshortexposuresin the ³ -band.

Field R.A. (J2000) Dec(J2000) Obs.Date Timeof obs.(UT)
A 18ñ 01ñ 06.60 î 02ñ 07ñ 26.0 2002–06–18 08h19m15s
B 18ñ 02ñ 36.90 î 03ñ 37ñ 52.7 2002–06–18 09h07m43s
C 17ñ 57ñ 36.90 î 03ñ 37ñ 56.1 2002–06–18 09h56m07s
D 17ñ 56ñ 16.40 î 02ñ 29ñ 46.4 2002–06–18 11h52m24s
E 18ñ 05ñ 55.70 î 03ñ 28ñ 58.4 2002–06–20 12h29m20s

4.3.2 The data reduction of the wide-field optical images

The initial datareductionwasprovided by the Elixir pipelineandwasmostly executedby
David Jamesat theCFHTHeadquarters.Elixir is notasingleprogramor packagebut acollection
of programs,databases,andothertools relatedto theprocessingandevaluationof dataobtained
at thetelescope.Thispipelineincludesbiassubtraction,flat-fielding,correctionfor scatteredlight
in the ³ and ð bands,combiningthe ditheredframesin caseof long exposures,andastrometric
solutionprovidedin theheaderof thefits files. Standardstarswereobservedthroughoutthenights
andweremonitoredconstantlyby theElixir/Skyprobetool to provide accuratezero-points.

Thedatareductionprocedureto extractacatalogueof all objectsfrom thereducedandstacked
imagesprocessedby the pipelinewasidentical for eachCFH12K field-of-view. The procedure
presentedin this paragraphis the resultof intensediscussionsandclosecollaborationbetween
theGrenoble,Potsdam,andArcetri (ECnetwork) teamsto achieve acommonandconsistentdata
reductionfor thewide-fieldopticalimagesof thepre-main-sequenceopenclustersobtainedwithin

6Thecamerais now supersededby MegaCamon theCFH 3.6-mtelescope
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theframework of theCFHTKey Programme.Themajorstepsof thedatareductionprocedureare
describedbelow:

1. Find the offsetsbetweenthe ³ - and ð - band images. The telescopeshouldtheoretically
point at thesamepositionon thesky bothin ³ - and ð -bandsasthecoordinatesprovidedby
theuserareidenticalfor bothfilters. However, wehavefoundshiftsof orderfew pixels(2 to
5 pixels typically) betweenthe ³ and ð images.Threerandomstarsweregenerallyenough
to correctfor the differencesin (x,y) coordinatesbetweenthe ³ and ð images. The task
imexaminein IRAF wasusedto find theshifts.Tables4.4,4.5and 4.6provide theshifts(in
integerpixels)of the ð imagerelative to the ³ image.TheCCD09sometimesexhibitsshifts
largerthantypically observedandaffectedfieldsA andC in thecaseof Collinder359.The
causeof thisdiscrepancy is underinvestigation.

2. Trim the ³ - and ð - band imagesat [1:2048,1:4096]. Althoughnotmandatory, theoverscan
regions in eachchip in the ³ and ð imageswere removed to avoid subsequentproblem
while runningtheextractionof thephotometrywith SExtractor. Indeed,somebright lines
andcolumnsaffectedtheedgesof the raw images,yielding overflow problemsduring the
extractionof thephotometry. Trimming wasappliedto both ³ and ð imagesusingthetask
imcopyin IRAF.

3. Combine the ³ - and ð - band images. Thisstepbringstwo advantages.First, thesignal-to-
noiseratio is increasedby a factorof

� �
, allowing detectionof faintersourcescloseto the

detectionlimit ( ³G¿ ð+¿ 24.0).Second,SExtractorhastheability to runthesourcedetection
on oneimageandextract thephotometryon anotherimage. Hence,thecoordinatesgiven
in the final cataloguesresult from the combined( ³ , ð ) imageswhereasthe photometryis
extractedfrom the individual trimmedandshiftedimages.The astrometryof the faintest
sourcesis thusmoreaccuratethantheastrometryfrom asinglepassbandmeasurement.

4. Run SExtractor and PSFex. Both packageswere ran on eachindividual CCD of each
CFH12K field-of-view for the short, medium,and long exposuresin the ³ and ð filters,
respectively. A totalof 180(5 Fields ¶ 12 chips ¶ 3 exposures)cataloguesweregenerated
andcontaincoordinates(J2000),³ and ð magnitudesfor eachsource,aswell asothersource
parameters,includingtheellipticity, FWHM, andquality of thephotometry. A description
theparametersgatheredin thefinal cataloguesis givenin thenext section( Ï 4.3.3).

5. Apply zero points for photometric calibration . To calibratethephotometry, the ³ and ð
magnitudeswerecorrectedfor thezeropointslistedon theElixir webpage7. TheCFH12K
nominalzeropointsfor the ³ - and ð - bandsare:

ZP(³ ) = 26.184½ 0.023

ZP(ð ) = 25.329½ 0.031

Thesezeropoint valuesoriginatesfrom thebestquality setof standardstarsobservedwith
the CFH12K cameraandcollectedover several years.However, we have applieda slight
correctionto thezeropointsto take into accounttheconditionsof thenight of theobserva-
tions8. The correctionsto the ³ and ð filters were-0.0055and+0.0575for the first night

7http://www.cfht.hawaii.edu/Instruments/Elixir/stds.2003.06.html
8http://www.cfht.hawaii.edu/cgi-bin/uncgi/elixir/skyprobe.pl?2002.06
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Table4.4: Offsets(in integerpixels)betweenthe ³ and ð shortexposureimages.

CCD Field A Field B Field C FieldD Field E
00 ( � 5,� 1) ( � 4,� 2) ( � 4,� 2) ( � 3,� 2) ( � 3, � 1)
01 ( � 4,� 0) ( � 3,� 2) ( � 4,� 2) ( � 3,� 3) ( � 2, � 1)
02 ( � 2,� 0) ( � 3,� 2) ( � 4,� 2) ( � 3,� 3) ( � 2, � 1)
03 ( � 3,� 1) ( � 2,� 2) ( � 2,� 2) ( � 3,� 3) ( � 1, � 1)
04 ( � 1,� 1) ( � 2,� 3) ( � 1,� 2) ( � 2,� 4) ( � 0,� 0)
05 ( � 1,� 1) ( � 2,� 2) ( � 1,� 2) ( � 1,� 4) ( � 0, � 1)
06 ( � 4, � 1) ( � 4,� 0) ( � 4,� 0) ( � 4, � 2) ( � 3,� 2)
07 ( � 4,� 0) ( � 3, � 1) ( � 4,� 0) ( � 4, � 2) ( � 3,� 2)
08 ( � 3,� 0) ( � 3, � 1) ( � 3, � 1) ( � 3, � 3) ( � 2,� 2)
09 ( � 2,� 0) ( � 2, � 1) ( � 2, � 1) ( � 2, � 3) ( � 1,� 2)
10 ( � 0,� 0) ( � 1, � 1) ( � 1, � 1) ( � 1, � 3) ( � 1,� 2)
11 ( � 1, � 1) ( � 1, � 1) ( � 1, � 1) ( � 1, � 3) ( � 0,� 2)

Table4.5: Offsets(in integerpixels)betweenthe ³ and ð mediumexposureimages.

CCD Field A Field B Field C FieldD Field E
00 ( � 5,� 4) ( � 4,� 0) ( � 4,� 1) ( � 4,� 1) ( � 3,� 1)
01 ( � 4,� 4) ( � 3,� 1) ( � 4,� 2) ( � 4,� 1) ( � 3,� 1)
02 ( � 3,� 4) ( � 3,� 1) ( � 3,� 2) ( � 3,� 1) ( � 2,� 1)
03 ( � 3,� 4) ( � 2,� 1) ( � 3,� 2) ( � 3,� 1) ( � 2,� 1)
04 ( � 2,� 4) ( � 1,� 1) ( � 1,� 2) ( � 2,� 2) ( � 1,� 1)
05 ( � 2,� 4) ( � 1,� 1) ( � 1,� 2) ( � 2,� 1) ( � 1,� 1)
06 ( � 4, � 3) ( � 4,� 1) ( � 4,� 0) ( � 4,� 0) ( � 3,� 0)
07 ( � 4, � 3) ( � 3,� 1) ( � 4, � 1) ( � 4,� 0) ( � 3,� 0)
08 ( � 3, � 3) ( � 2,� 1) ( � 3, � 1) ( � 3, � 1) ( � 2,� 0)
09 ( � 2, � 3) ( � 2,� 0) ( � 2, � 1) ( � 3, � 1) ( � 2,� 0)
10 ( � 2, � 3) ( � 1,� 0) ( � 1, � 1) ( � 2, � 1) ( � 1,� 0)
11 ( � 1, � 4) ( � 1,� 0) ( � 2, � 2) ( � 2, � 1) ( � 1,� 0)

Table4.6: Offsets(in integerpixels)betweenthe ³ and ð long exposureimages.

CCD FieldA Field B FieldC FieldD Field E
00 ( � 4,� 1) ( � 4,� 1) ( � 4,� 1) ( � 4,� 0) ( � 3,� 0)
01 ( � 4,� 2) ( � 4,� 1) ( � 3,� 1) ( � 3,� 0) ( � 3,� 0)
02 ( � 3,� 2) ( � 3,� 1) ( � 3,� 1) ( � 3,� 0) ( � 2,� 0)
03 ( � 2,� 2) ( � 2,� 2) ( � 2,� 2) ( � 2,� 0) ( � 2,� 0)
04 ( � 1,� 2) ( � 1,� 2) ( � 1,� 1) ( � 2,� 1) ( � 1,� 0)
05 ( � 1,� 2) ( � 1,� 2) ( � 1,� 1) ( � 1,� 1) ( � 1,� 0)
06 ( � 4, � 1) ( � 4,� 0) ( � 3,� 0) ( � 3,� 1) ( � 3,� 0)
07 ( � 3, � 1) ( � 4,� 0) ( � 3,� 0) ( � 3,� 0) ( � 3,� 1)
08 ( � 2, � 1) ( � 3, � 1) ( � 3,� 0) ( � 3,� 0) ( � 2,� 0)
09 ( � 30,� 29) ( � 2, � 1) ( � 27,� 30) ( � 2,� 0) ( � 2,� 0)
10 ( � 2, � 1) ( � 2, � 1) ( � 1,� 0) ( � 1,� 0) ( � 3,� 1)
11 ( � 1, � 2) ( � 1, � 2) ( � 1, � 1) ( � 1,� 0) ( � 3,� 0)
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(18 June2003)and-0.013and+0.011for the secondnight (20 June2002),respectively.
Thosecorrectionsto thezeropointswerecomputedfrom two standardstarsbracketing the
observationsof fieldsA, B, C, andD on the18 June2002whereasonly onestandardstar
wasobservedbeforetheobservationsof field E.TheElixir/Skyprobesoftwareindicatedthat
thefirst night (18 June2003)wasphotometricuntil 10h30(UT) sothatfieldsA, B, andC
wereobservedunderphotometricconditionsandgoodseeingconditions.However, therest
of thenightwasnon-photometricwith attenuationup to 0.1mag,affectingtheobservations
of field D. TheElixir/Skyprobesoftwareindicatedsmall variationsof orderof 0.050mag
duringtheobservationsof field E, takenon thesecondnight (20June2002).

4.3.3 The extraction of the photometr y

We have usedthe SExtractorsoftware9 (Bertin & Arnouts1996) to extract the photometry
from thewide-fieldopticalsurvey carriedout with theCFH12Kcamera.However, althoughvery
efficient to distinguishstarsfrom extendedsources,SExtractoris only capableof aperturepho-
tometry. We have beenkindly provided by the PSFex package10 speciallydevelopedto extract
PSFfitting photometry. We have favouredthe PSFfitting to theaperturephotometrybecauseit
provided moreaccuratephotometricmeasurementsfor faint sources,which are,in our case,the
clusterbrown dwarf candidates.

Theextractionof thephotometryusingtheSExtractorandPSFex packageswasa three-step
procedure. First, relatively bright stars(but not saturated!) were extractedwith a reasonable
detectionthresholdabove the sky background.Next, a numberof isolatedobjectssuitablefor
point-spreadfunction modelling were selected. A point-spreadfunction was createdfor each
individual chip andeachexposurewith the selectedstars. However, onemain drawbackof the
PSFmodellingis theimpossibilityfor theuserto checkinteractively thereliability of theselected
starsfor thePSFcomputation.Fromourexperience,theresultsweresatisfactorythough.Finally,
SExtractorwasrun a secondtime,with thePSFcreatedin thepreviousstep,to detectall sources
in thefield-of-view andextract thephotometry. The last stepallowed us to cross-correlatethe ³
and ð cataloguesthroughthe assocnameparameterkeyword. The matchingwasdonein pixel
coordinatesandnot in celestialcoordinates.The accuracy wasbettersincethe ³ and ð images
werepreviously shiftedto thesamepixel coordinatesystem.

To illustratetheproceduredescribedabove, theexampleof a script to run theSExtractorand
PSFex packagesis givenbelow.

1. seximaI.fits-c default.sex -catalog namepsfI.cat-checkimage namebackgI.fits

2. psfexpsfI.catcoll359I.psfex -checkimage namepsfI.fits

3. sexcombIZ.fits,imaI.fitscoll359I.sex -catalog namecatI.cat-checkimage nameresI.fits

4. seximaZ.fits-c default.sex -catalog namepsfZ.cat-checkimage namebackgZ.fits

5. psfexpsfZ.catcoll359Z.psfex -checkimage namepsfZ.fits

9http://astroa.physics.metu.edu.tr/MANUALS/sextractor/
10ThePSFex packageis not freelyavailableastheSExtractorpackage
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6. sexcombIZ.fits,imaZ.fitscoll359Z.sex -catalog namecatIZ.cat-checkimage nameresZ.fits
-assocnamecatI.cat

Theinput arethetrimmed ³ , ð , andcombined( ³ , ð ) imagesreferencedasimaI.fits, imaZ.fits,
andcombIZ.fits,respectively. The sex andpsfex keywordswritten in bold letterscorrespondto
theexecutablesof theSExtractorandPSFex packages,respectively. Thewordswritten in italics
arethe parameterkeywords listed in the default.sex configurationfile. We chooseto assignthe
file namesto thekeywordscatalog nameandcheckimage nameon thecommandline to createa
singleconfigurationfile templatefor all chips. However, theseparameterscanalsobe modified
directly in thedefault.sex file.

Thedefault.sex configurationfile containsthemaindetection(threshold,deblending)andpho-
tometric(aperturesize,zeropoints)parametersaswell asheaderkeywords, including the gain,
andpixel size. Thecoll359I.sex andcoll359Z.sex arecopiesof thedefault.sex configurationfile
for the ³ and ð filters, respectively.

Theoutputfiles from thewholeprocedurearethePSF, background,andresidualimagesde-
notedaspsfI.fits (psfZ.fits),backgI.fits(backgZ.fits),andresI.fits(resZ.fits)for the ³ ( ð ) filters.
ThepsfI.catandpsfZ.catfiles arebinaryfilescontainingthestarsselectedfor thePSFmodelling.
ThepsfI.fitsandpsfZ.fitsimagesrepresentthePSFof onechipof oneCFH12Kfield-of-view. The
backgroundimagescorrespondto thevariationof thesky backgroundacrossthewholechip. We
adjustedtheparametersin thedefault.sex configurationfile with cautiousnessto take into account
the backgroundvariationaroundbright stars. The residualimagesrepresentthe scienceframe
afterremoval of all sourcesby thePSFtakenfrom thepsfI.fitsandpsfZ.fitsfiles. Figure4.3shows
the scienceframecorrespondingto oneCCD chip of oneCFH12K field-of-view, aswell asthe
correspondingPSF, backgroundandresidualimages.

Figure4.3: Output imagesfrom the extractionof the photometryusing SExtractorandPSFex.
From left to right areshown thescienceframecorrespondingto oneCCD chip of oneCFH12K
field-of-view, thecorrespondingPSF, backgroundandresidualimagesafterobjectsubtraction.
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Thesix stepsdescribedabove wererepeatedfor eachCCD chipof theCFH12Kin eachfield-
of-view (A, B, C, D, andE) for all threeexposures(short,medium,andlong), generatinga total
of 180 catalogues.The final outputcataloguescontainthe following parameters(bold font and
capitalletters)whichwehave selectedto beof interestfor ourpurposes:

Æ ID is thenumberof theobject.

Æ FLUX PSF is theflux containedwithin thePSFin counts.

Æ FLUXERR PSF is theerroron theflux containedwithin thePSFin counts.

Æ MAG PSF is themagnitudederivedfrom thepsf fitting in mag.

Æ MAGERR PSFis theerroron themagnitudederivedfrom PSFphotometry. Up to now, no
errorestimateis provided.

Æ MAG APER is themagnitudederivedfrom aperturephotometry(in mag).

Æ MAGERR APER is thermserrorvectoron themagnitudederivedfrom aperturephotom-
etry (in mag).

Æ X IMA GE is theX positionof theobject.

Æ Y IMA GE is theY positionof theobject.

Æ ALPHA J2000is theright ascensionof theobjectin degrees(in J2000).

Æ DELTA J2000is thedeclinationof theobjectin degrees(in J2000).

Æ ELONGATION is theratio of theprofile rmsalongtheellipseaxis.

Æ ELLIPTICITY is equalto (1 Ã ELONGATION).

Æ FWHM IMA GE is the full-width-half-maximumof the objector seeingif we take into
accountthepixel scaleof theCFH12Kcamera(0.206µ µ /pix). Valueslower than1 indicate
badpixelswhile largevaluescorrespondto extendedsources.We have consideredobjects
spanning1–5in FWHM for thesubsequentanalysis.

Æ FLUX RADIUS is theflux containedin half of theFWHM.

Æ FLAGS areinternalflagsevaluatingthe quality of the photometry. They aremultiple of
2 rangingfrom 0 to 64. A flag of 0 indicategoodphotometry. We have consideredonly
objectswith flag valueslower thanfour.

Æ VECTOR ASSOCis theassociatedparametervectorwhichaddstwo columns,namelythe
PSFmagnitudein the ³ -bandandits associatederror.
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Beforediscussingthecolour-magnitudediagramandthe selectionof clustermembercandi-
dates,anumberof “checks”wererequiredto insurethevalidity of theoutputcataloguesin terms
of colourandphotometry. If thephotometriccalibrationswereperfect,all colour-magnitudedia-
gramsof eachindividual chip andfield-of-view of theCFH12Kcamerashouldbealignedon top
of eachother. However, we foundcolourshiftsbetweenindividual chip, betweenfields-of-view,
andbetweentheshort,medium,andlongexposuresfor all threepre-main-sequenceopenclusters
(IC4665,Steph1, andCollinder359)andfor theSerpensobservations. We have no explanation
for thecauseof thesecolourshifts.Notethatwehavecorrectedfor the ð -bandscatteredlight. We
describebelow theprocedureappliedto correctfor thosecolourshifts.

Table 4.7: Colour shifts betweenindividual chip for eachCFH12K field-of-view for the short
exposures.Thereferenceis theCCD04. Negativeandpositivevaluesindicateblueandredcolour
shiftsof thecolour-magnitudediagram,respectively.

CCD FieldA Field B Field C 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 � 0.000 � 0.000 � 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: Colourshiftsbetweenindividual chip for eachCFH12Kfield-of-view for themedium
exposures.Thereferenceis theCCD04. Negativeandpositivevaluesindicateblueandredcolour
shiftsof thecolour-magnitudediagram,respectively.

CCD FieldA Field B Field C FieldD FieldE
00 � 0.014 � 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 � 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 � 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: Colourshiftsbetweenindividual chip for eachCFH12Kfield-of-view for thelong ex-
posures.Thereferenceis theCCD04. Negative andpositive valuesindicateblueandredcolour
shiftsof thecolour-magnitudediagram,respectively.

CCD Field A FieldB FieldC Field D 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 � 0.000 � 0.000 � 0.000 � 0.000
05 � 0.050 � 0.038 � 0.063 � 0.030 � 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

Æ Interchip colour shifts weredetectedin all CFH12Kfields-of-view. For consistency in the
datareductionof pre-main-sequenceopenclusters,theCCD04waschosenasreference(the
³ –ð colourshift for thischip is always0.0mag).Tables4.7,4.8,and4.9list theshiftsfound
for eachindividualchip in all fiveCFH12Kfield-of-view comparedto CCD04for theshort,
medium,andlong exposures,respectively. Negative andpositive valuescorrespondto blue
andredshiftsin the ³ –ð colourto alignproperlyall colour-magnitudediagramswith respect
to CCD04.No cleartrendwasobviousfor eachindividualchipbesidesthatall of themneed
to beblue-shifted,exceptCCD05andCCD06

Æ Field-to-field colour shifts weredetectedaswell in all openclusterobservations.Although
fieldsA, B, andC wereobtainedon thesamenight andunderphotometricconditions,the�
–� colourdid not align on top of eachother. We choosefield A asreferencefor thedata

in Collinder359. We have appliedcolour shifts of 	 0.100, 	 0.010, 	 0.130,and 	 0.030
to theshortexposuresof fieldsB, C, D, andE, respectively, to align their colour-magnitude
diagramswith respectto field A. Wehaveappliedcolourshiftsof 
 0.090,	 0.010, 
 0.060,
and 
 0.020to themediumexposuresandshiftsof 	 0.030,	 0.050, 
 0.010,and 
 0.020to
thelongexposuresof fieldsB, C, D, andE, respectively.

� Exposure-to-exposure colour shifts weredetectedas well in all CFH12K observations.
After correctingfor interchipandfield-to-fielddiscrepancies,weexpectedthecolour-magnitude
diagramsof theshort,medium,andlong exposuresto align properly. However,

�
–� colour

shiftsof 
 0.050, 	 0.030,and 	 0.020for theshort,medium,andlong exposures,respec-
tively, werestill neededto correctfor thedifference.

After applyingall colour shifts asdescribedabove, the
�
–� coloursarecorrectrelative to a

referenceframe(in our caseCCD04of field A for shortexposures)but the individual
�

and �
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: Differencesin
�

magnitudesobservedbetweentheshortandmedium(left panels)and
mediumandlong (right panels)exposures.Frombottomto top areshown offsetsfor fieldsA, B,
C, D, andE, respectively. Offsetsareindicatedin eachpanelandarerepresentedby thelines.

This level of accuracy is certainlygoodenoughfor the selectionof subsequentclustermember
candidates.

To calibrateinternallythe
�
-bandphotometry, wehavecross-correlatedtheshortwith medium

andmediumwith long exposuresfor eachindividual field-of-view. Figure4.4 displaystheshift
in
�

magnitudebetweentheshortandmedium(left panel)andthemediumandlong (right panel)
exposures,respectively. Wehave foundoffsetsof 	 0.000, 
 0.120, 	 0.000, 
 0.125,and 
 0.060,
betweentheshortandmediumexposuresof fieldsA, B, C, D, andE, respectively. Wehave found
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offsetsof 
 0.070, 
 0.010,	 0.040,	 0.000,and 
 0.020,betweenthemediumandlongexposures
of fieldsA, B, C, D, andE, respectively. Wecouldnot calibratethe

�
magnitudebetweenthefive

CFH12Kfields-of-view sincenooverlappingregionwasavailable(Figure4.2).

Offset = +0.050 Offset = +0.080

Figure4.5: Offsetsin
�

magnitudesbetweentheCFHT andDENIS measurementsfor a 15��
 6�
overlappingarealocatedin field A. Photometricshifts of 	 0.050and 	 0.080arefound for the
short(left panel)andmedium(right panel)exposures,respectively. Thesameprocedurewasnot
possiblewith thelong exposuressincethedetectionof DENIScorrespondsto thesaturationlimit
of theCFH12Klongexposures.

Comparisonof the
�

magnitudeswith measurementsavailablein thein theliteraturefor known
clustermemberswasnecessaryto calibrateexternally the

�
-bandphotometry. However, first, the

CFH12K fields-of-view werechosento avoid the bright componentsof the cluster(Figure4.2),
and,second,this clusterwasfairly unstudiedso that no known memberis available in the sur-
veyedarea.Thus,we arenot in a positionto applythis methodto thepre-main-sequencecluster
Collinder359. However, we have cross-correlatedthe final cataloguewith the recentreleaseof
the DEepNear-InfraredSurvey (Epchteinet al. 1997). The DENIS project is a deepastronom-
ical survey of the SouthernSky in oneoptical band(

�
at 0.8� m) and two near-infrared bands

( � at 1.25� m and � at 2.16� m) carriedout with a one-metertelescopeat La Silla (Chile). The
wholeSouthernSky is coveredup to a declinationof 	 2� down to

�
= 18.5, � = 16.5, ��� = 13.5.

We could, therefore,extract a smalloverlappingregion betweentheDENIS survey andthearea
coveredby Field A. Theright ascensionanddeclination(J2000)of the15� 
 6� overlappingarea
are:

17� 59� 30 � RA � 18� 02� 30
	 01� 54� 00 � Dec � 	 02� 00� 00
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Thephotometricoffsetsin the
�

magnitudesbetweentheCFHTandDENISmeasurementsare
+0.050and+0.080for shortandmediumexposures,respectively. Figure4.5shows thedifference
in
�

magnitudesbetweenthe CFHT and DENIS photometryversusthe CFHT magnitudesfor
theshort(left panel)andthemedium(right panel)exposures,respectively. A similar procedure
couldnot beappliedto thelong exposuresbecausetheDENIS detectionlimit correspondsto the
saturationof theCFH12Klongexposures(

�
= 18.0–18.5).

After bothinternalandexternalcalibrationof thephotometryandcolours,thefinal magnitudes
givenin theoutputcataloguesarecalibratedandtheerroron the

�
magnitudesshouldbeof order

0.1mag.However, noerrorsonthe
�

and � magnitudeswerecomputedby thePSFex softwareand
weassumethisuncertaintyfor theforthcominganalysis.Thephotometricerrorscouldbeextracted
from overlappingregionsbut noneis availablein Collinder359. The � magnitudeslisted in the
varioustablesthroughoutthis chapterandin appendixarein errorbecausethe

�
magnitudewas

calibratedandcolourshiftsapplied.However, the
�
–(
�
–� ) valuesarecorrectwithin anuncertainty

of 0.1mag.

4.3.4 The optical colour -magnitude diagram for Collinder 359

Thefinal (
�
,
�
–� ) colour-magnitudediagramis presentedon Figure4.6. It includesall detec-

tionsin the1.6squaredegreeareasurveyedin thepre-main-sequenceopenclusterCollinder359.
The detectionandcompleteness(dashedline) limits of the survey areestimatedto

��� � � 24.0
and22.0, respectively. To createthe final colour-magnitudediagram,we have cross-correlated
theshortwith mediumandmediumwith long exposuresto remove commondetectionsandkeep
the bestphotometry. Hence,the photometryof the objectswith

� � 15.0, 15.0 � � � 19.0, and���
19.0is extractedfrom theshort,medium,andlongexposures,respectively.

Overplottedonthecolour-magnitudediagramaretheNextGen(solidline; Baraffe etal. 1998),
Dusty(dashedline; 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

���
20.0 correspondsto the stellar/substellar

boundaryat0.075M � . Themassscale(in M � ) is indicatedon theright-handsideof theplot and
rangesfrom 1.3M � down to 0.030M � . The large filled dotscharacteriseall optically-selected
clustermembercandidatesselectedup to a distanceof 650pc for an ageof 80Myr to take into
accountthe largestdistanceestimatefrom the literature( � 4.2). The opentrianglesare clus-
ter membercandidatescommonto theZacharias(2003)catalogueandconsistentwith themean
propermotionof thecluster. A reddeningvectorwith A � = 1 is indicatedby anarrow for compar-
isonpurposes.Wehaveconsideredtheinterstellarabsorptionlaw from Rieke& Lebofsky (1985),
namelyA � = 0.482for the

�
-band.As no estimateis availablein the � band,we have assumeda

linearfit betweentheinterstellarabsorptionin the
�

and � bands(A � = 0.282),yieldingavalueof
A  = 0.382.

4.3.5 Selection of cluster member candidates

Theextractionof theclustermembercandidatesin openclustersgenerallyconsistsin select-
ing objectslocatedto theright of theZAMS (Leggett1992)shiftedto thedistanceof thecluster.
We have chosenthe evolutionarymodelsfrom the Lyon group to selectclustermembercandi-
datesin Collinder359. We have usedthe NextGenisochrones(solid line in Figure4.6; Baraffe
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Figure4.6: Colour-magnitudediagram(
�
,
�
–� ) for theintermediate-ageopenclusterCollinder359

over thefull 1.6deg! areasurveyedby theCFH12Kcamera.Thelargefilled dotsareall optically-
selectedcluster membercandidatesspanning1.30–0.04M � . Overplottedare NextGen (solid
line; Baraffe et al. 1998), the Dusty (dashedline; Chabrieret al. 2000b)and the Cond(dotted
line; Chabrieret al. 2000b)isochronesfor 80Myr, assuminga distanceof 500pc for thecluster.
Thedashedline at

���
20 indicatesthe stellar/substellarboundaryat 0.075M � . Themassscale

(in M � ) is given on the right sideof the graph. A reddeningvectorof A � = 1 is indicatedfor
comparisonpurposes.Theopentrianglesdepictscandidateswith propermotionconsistentwith
clustermembership.
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etal.1998)for effective temperatureshigherthan2500K (correspondingto massesof 0.050M � at
theageanddistanceof thecluster)andtheDusty(dashedline in Figure4.6;Chabrieretal. 2000b)
isochronesfor lowertemperatures(andmasses).Wedid notconsidertheCondmodels(dottedline
in Figure4.6; Chabrieret al. 2000b)sincethe isochronelie to the right of the Dusty isochrone.
Consequently, objectslocatedto the right of the Cond isochronesare to the right of the Dusty
isochronesaswell and,hence,remainbona-fideclustermembercandidates.

We have consideredthreedifferentvaluesfor the ageof thecluster. First, an ageof 30Myr
which correspondsto the valuequotedin the OpenClusterDatabase.Next, an ageof 50Myr,
and,finally, anageof 80Myr to take into accountuncertaintiesin theagedeterminationof open
clusters. Thereis, indeed,typically a factorof two betweenthe ageestimatefrom the turn-off
main-sequencefitting (Mermilliod 1981)andtheagedeterminationbasedon thelithium test(Re-
bolo et al. 1992). For example,the ageof the Pleiadesincreasedfrom 70Myr to 125Myr after
applyingthelithium test(Stauffer et al. 1998).Concerning" Per,theageincreasedfrom 50Myr
to 90Myr (Stauffer et al. 1999;Chapter3). Largeruncertaintiesareforeseenfor unstudiedopen
clusterssuchasCollinder359.

The seconduncertainparameterof Collinder359 is the distance.From the literaturesearch
presentedin � 4.2,distancesrangefrom 200pc from theOpenClusterDatabaseto 650pc for the
latestestimateby N. Kharchenko et al. (2004;personalcommunication).Early estimatesof the
distanceby Collinder(1931)arewithin this interval. Isochronefitting suggestsameandistanceof
450pc.

To take into accountthe uncertaintiesin the ageand the distanceof the cluster, we have
selectedall objectslocatedto the right of the combinedNextGen	 Dusty isochrones(Baraffe
et al. 1998;Chabrieret al. 2000b),shiftedto distancesfrom 250pc to 650pc by intervalsof 50pc
andassumingthreedifferentages(30, 50, and80Myr). This procedurehasgenerateda total of
27 catalogues,eachof themcorrespondingto a specific(distance,age)combination.The num-
ber of objectsin eachfile is given in the Table4.10 ( � 4.4.5). Thesefiles will be availableon
CDROMsuponrequestor in awebpagededicatedto Collinder359.Wehave implementedthese-
lectionindependentlyfor theshort,medium,andlong exposures.Then,we have cross-correlated
thosecataloguesto remove multiple detectionsandprovide a list of clustermembercandidates
(TableB.1 in AppendixB). Accordingto thesesconservative limits, we have certainlyincluded
themajority of trueclustermembersat theexpenseof ahighercontamination.

Wehave examinedeachclustermembercandidateby eye bothin the
�

and � imagesto reject
extendedobjects,blendedsources,anddetectionsaffectedby badpixelsor badcolumns.Indeed,
morethantwo-thirdsof theobjectslocatedto theright of theevolutionarymodelswereaffected
by badpixels in onefilter at least,or locatedon a badcolumndespitethegoodcosmeticsof the
CFH12K camera. The numberof candidates,divided into short, medium,and long exposures
(includingthecommonones),is asfollows.

� 737candidatesextractedonly in theshortexposures

� 100commoncandidatesto theshortandmediumexposures

� 13 commoncandidatesto theshort,medium,andlong exposures

� 102candidatesfoundonly in themediumexposures
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Table4.10: Numbersof optically-selectedcandidatesin Collinder359classifiedasprobable(Y+),
possible(Y?), andnon-members(NM) for different(distance,age)combinations.Probablemem-
bersaredefinedasobjectslocatedto the right of theNextGen	 dustyisochrones,shiftedat dis-
tancesbetween250 and 650pc. Possiblemembersare locatedbetweenthe NextGen	 Dusty
isochronesshiftedatagivendistanceandtheNextGenisochroneshiftedat thedistanceof 650pc.
The non-membersarebluer than the NextGenisochroneshiftedat the distanceof 650pc. The
assumedagesfor theclusterare30, 50, and80Myr. The fourth columnindicatesthenumberof
objectslocatedin thebright partof thediagram(

�
= 12–15)wherethefield contaminationis ex-

pectedto behigh. Thelist includesthenumberof objectswith infraredmagnitudesfrom 2MASS
andfrom ourCFHT follow-up for thedifferent(distance,age)combinations.

Distance(pc) Age (Myr) All
��#

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 10 2 228 13
80 369 352 299 14 3 315 15

400 30 243 231 194 9 3 199 13
50 350 336 294 12 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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� 29 commoncandidatesto themediumandlong exposures

� 52 candidatesextractedonly in thelongexposures

After removal of all spuriousdetections,the final list of clustermemberscontainsa total of
1033candidatesrangingfrom

�
= 12.0to

�
= 22.5over 1.6 deg! areasurveyed in Collinder359.

Fromthecolour-magnitudediagram(
�
,
�
–� ), thelargefield contaminationatmagnitudesbrighter

than
���

15 is clearly visible. Out of the 1033candidates,about60% of themlie in the range�
= 12–15. The contaminationat brightermagnitudes(andthusat high masses)originatesfrom

themerging betweentheclustersequenceandthesequenceof field stars.As a consequence,the
large majority of candidatesextractedin this part of the colour-magnitudediagramaremostly
contaminants.Thesubsequentluminosityfunction( � 4.5)andmassfunction( � 4.6)aretherefore
biasedathighmasses.Additionalobservationsarerequiredto estimatethelevel of contamination
in this partof thediagram.For comparison,thenumberof objectsfoundin themediumandlong
exposuresis similar to thenumberof clustercandidatesextractedfrom the( $ ,

�
) survey in " Per

(Barradoy Navascúesetal. 2002;Chapter3).

All 1033clustermembercandidatesarelisted in TableB.1 in AppendixB with their coordi-
nates,photometryandmembershipstatus.They areorderedby increasingright ascension.The
detailsof the columnsin TableB.1 aregiven in AppendixB. Additional parameters,including
the pixel (x,y) coordinates,ellipticity, full-width-half-maximumof eachcandidatewill also be
availableuponrequest.Therangeof ellipticities andFWHM for all candidatesare,0.001–0.389
and1.6–3.5,respectively. Only oneobjecthasanellipticity of 0.602andaFWHM of 4.0,casting
doubtaboutits membership.Thedistribution of theellipticity shows that95% of theobjectshave
anellipticity smallerthan0.15. Themajority of objectshave full-width-half-maximumbetween
1.8 and3.0, correspondingto a seeingvarying approximatelybetween0.4 and0.6 arcsec.The
seeingvaluesarebetterthanthoserequestedin theCFHT proposal(0.65–0.8arcsec).

All tablescorrespondingto thevarious(distance,age)combinationswill besavedonCDROMs.
Only the whole sampleof candidatesis provided in AppendixB aspaperversion. AppendixC
providesoneexampleof findingchartsfor candidatescandidatesin Collinder359.Theremaining
finding chartswill beavailableon CDROMsor availableonadedicatedwebpage.

Weareconfidentthatwehaveextractedmostof theclustermembercandidatesin Collinder359.
However, inherentuncertaintiesto theselectionprocedureremain.Wehavepossiblymissedsome
bona-fideclustermembersfor variousreasons.First, 200badcolumnsaffect theCFH12Kfield-
of-view andmostespeciallytheCCD05. The largestincompletenessis expectedin this specific
chip. Second,objectsaffectedby bad pixels might actually be genuineclustercandidatesbut
wererejectedfrom thefinal list. Next, blendedobjectswereremoved from thecandidatelist be-
causetheir photometrywasaffected.Finally, somebright starsmight hidefaint clustermembers
althoughtheshortexposureswereobtainedto partly addressthis issue.

Figure4.7 shows thedistribution of all probable(Y 	 ) clustermembercandidatesin thefive
CFH12K fields-of-view for a distanceof 500pc andan ageof 80Myr. The numberof selected
candidatesis muchlower in fieldsB andD thanin theotherthreefields. We have found169,63,
105,33, and182candidatesin thefield A, B, C, D, E, respectively. This plot is independentof
thecompletenesslimit of our survey asit happensabove

�
= 22.5mag. Usingstrongconstraints

in theFWHM andellipticity for all detectionsin eachindividual CFH12Kfield-of-view, we have
investigatedthenumberof detectionswithin oneCFHT12Kfield-of-view:

� 94233% 934objectsin field A
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Figure 4.7: Distribution of the probablemembercandidatesin the 1.6 squaredegree areain
Collinder359,assumingameandistanceof 500pcandanageof 80Myr. Six brightstarslistedas
clustermembersby Collinder(1931)areincludedto facilitatethecomparisonwith Figure4.2.

� 118018% 812objectsin field B

� 99071% 467objectsin field C

� 81714% 331objectsin field D

� 111868% 506objectsin field E

Thedifferencein densityfor clustermembercandidatesin Collinder359doesnot follow the
differencein the total numberof detections.The field D appearmuchlessdensethanthe other
fields. However, field B is asdenseasfield E in termsof detectionsbut not with regardto the
numberof candidates.FieldsA andC arecomparablein density. Thedifferencein densitymight
resultfrom anon-uniformextinctionalongtheline of sight.Collinder359is locatedin theAquila
Rift, whereCO mapsindicatethepresenceof extinction (Dameetal. 2001).

It would be prematureto explain this effect as a result of dynamicalevolution within the
clusteras optical spectroscopy and additionalmembershipcriteria are lacking. However, this
issuecertainlyrequiresspecialattentionin thenearfutureandshouldbefurtherinvestigatedonce
theclustersequenceis betterdefined.
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4.4 Near-infrared follo w-up of opticall y-selected candidates

Collinder359is atagalacticlatitudeof b= 	 12.5� , intermediatebetween" Per(b= 
 7� ) and
the Pleiades(b= 
 24� ). Therefore,the sampleof optically-selectedclustermembercandidates
in Collinder359is inevitably contaminatedby foregroundandbackgroundobjects.Thepossible
sourcesof contaminationare:

1. Galaxies

2. Reddenedbackgroundgiants

3. Field dwarfs

As specialcarewastakento remove extendedobjectsfrom theclustercandidatelist, thecon-
taminationby galaxiesshouldbeextremelysmall. Moreover, reddenedbackgroundgiantscould
be well rejectedusing an optical-to-infraredcolour-colour diagramas describedin the caseof
" Per(Section3.5.6andFigure3.10).Thelastbut not least,field dwarfsrepresentanothersource
of contaminationasthey havesimilaropticalcoloursasyoungclustermembers.However, optical-
to-infraredcolour-magnitudediagramssuchas(

�
,
�
– � ) or (

�
,
�
–� ) haveproventheirefficiency to

weedout field dwarfs in & Orionis (ZapateroOsorioet al. 2000),in thePleiades(ZapateroOso-
rio et al. 1997a;Pinfieldet al. 2000),in " Per(Barradoy Navascúeset al. 2002),andin IC2391
(Barradoy Navascúesetal. 2001a).Furthermore,thelatesttheoreticalDustyisochrones(Chabrier
et al. 2000a)predictbluer

�
–� coloursfor field dwarfsthanyounglow-massclustermembersby

1.0 to 1.5magdependingon themass.

Near-infraredobservationsprovide goodmeansto weedout contaminatingobjectsfrom the
optical sample.This sectionis dedicatedto thenear-infraredfollow-up of theoptically-selected
clustermembercandidatesin Collinder359 extractedin the previous section. First, the list of
clustermemberswascross-correlatedwith the2MASSall-sky survey databasefor objectsbrighter
than

�
= 17.0( � 4.4.1).Next, near-infrared( � -band)follow-up observations,conductedwith the

Canada-France-Hawaii Telescope,for a sampleof 39 clustermembercandidatesaredescribedin
� 4.4.2. Thedatareductionandanalysisof thenear-infraredimagesarepresentedin � 4.4.3and
� 4.4.4,respectively. Thecontaminationof theopticalsampleis discussedin � 4.4.5.

Thework presentedin this sectionwasdonein collaborationwith membersfrom theArcetri,
Grenoble,andPotsdamteams,within the framework of theCFHT Key ProgrammeandEC net-
work. David JamesandJérômeBouviercarriedout theobservationsatCFHT in visitor modeand
JérômeBouvier reducedthe infrareddata. Willem-Jande Wit, David JamesandI extractedthe
infraredphotometryof theclustermembercandidatesin the IC4665,Steph1, andCollinder359
pre-main-sequenceopenclusters,respectively.

4.4.1 Cross-correlation with the 2MASS database

To estimatethe contaminationtowardsbright membercandidatesin Collinder359, we have
cross-correlatedthesampleof optically-selectedclustermembercandidatewith the2MASSsur-
vey. Informationconcerningthe2MASSall-sky survey andthecatalogueproductscanbefound
in Beichmanet al. (1998)aswell ason the2MASSwebpage11. A shortoverview of the2MASS
project is given in Chapter1 ( � 1.5.2). Due to its completenesslimit of �'� = 14.3, the 2MASS

11http://www.ipac.caltech.edu/2mass/releases/second/doc/
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databaseprovidesinfraredcounterpartsin � , ( , and ��� for mostof theoptically-selectedclus-
ter candidatesbrighter than

�
= 17.0. For objectsfainter than ��� = 14.3, the uncertaintyon the

magnitudebecomelarger than0.1 magandadditionalnear-infraredobservationsarerequiredto
establishmembership.

Among805clustermembercandidatesbrighterthan17.0in the
�
-band,772of themhave a

2MASScounterpartwithin a radiusof 2� � , with ��� magnitudesbrighterthan14.3,anderrorson
the � , ( , and � � magnitudessmallerthan0.1mag.Thesecriteriadid notallow theidentification
of 33 clustermembercandidatesin Collinder359. Thoseobjectshave a 2MASScounterpartbut
eitherat larger radii (2 to 3� � ) or � � magnitudesfainterthan14.3or uncertaintieslarger than0.1
mag.Wehave thereforenot takeninto accounttheir2MASSmagnitudes.

A radiusof 2� � is adaptedto theselectedclustermembersasweexaminedthoseobjectsnot to
beblendedwith otherstarsin thefield. For comparison,weusedradii of about1.5and1� � to cross-
correlationtheopticalandnear-infraredcataloguesin " Per(Sect3.5.4).As only 33 objectswere
not identifiedduring the matching,our sampleof clustermembercandidateswith near-infrared
counterpartsin Collinder359 is completeto 96%. Thesubsampleof clustermembercandidates
with 2MASScounterpartsis displayedasplussymbolsin Figure4.8.

4.4.2 The CFHT ) -band follo w-up

Near-infrared( �*� -band)observationsof 39optically-selectedclustermembercandidateswere
carriedout with the infrared camera(CFHTIR) mountedon the Canada-France-Hawaii 3.6-m
telescopeon10–12July2003(Table4.11).TheobservationswereconductedbyDavid James.The
conditionswerenon-photometricover thethreenightobservingrunandtheseeingaround0.5–0.7
arcsec.A secondobservingrunwasgrantedin November2003with thesameinfraredcameraon
CFHT. Theobserver wasJérômeBouvier. Theconditionswerehighly non-photometricandnone
of thefiveobservedfields in Collinder359wasusableto achieve thephotometricaccuracy better
than0.1mag.

TheCFHTIRinfraredcamerahasa1024 
 1024pixel HAWAII detectorwith aspatialscaleof
0.204� � /pixel yieldinga3.5��
 3.5� field-of-view. Fiveditheredframes(offsetby

�
50pixels)were

obtainedfor eachtarget,eachframebeinga co-addof 7 or 8 imagesexposed8 seconds,yielding
a total exposuretime on the orderof 5 minutes. All observationswerepointedobservationsas
the candidatesarerandomlydistributedover large areas.By chance,two or moreobjectswere
sometimeswithin oneCFHTIR field-of-view. In total, we have observed � � -bandphotometry
of 39 candidatesin Collinder359,spanning

�
= 17.0–22.0to probethe contaminationacrossthe

stellar/substellarboundaryin the cluster. The error on the � -mag is betterthan 0.1 mag (see
column7 in Table4.11).

Many CFHTIRfieldscontainbrightclustermembersaswell but thosearegenerallysaturated.
Hence,weretainedthe2MASSphotometryfor theobjectsbrighterthan

�
= 17.0.Severalstandard

stars(AS30,AS31,AS33; Table4.12;Hunt et al. 1998)wereobserved throughoutthenightsto
calibratethe zero-points. the achieved accuracy is on the order of 0.02 mag. Seriesof dome
flat-fields(light on andoff) weretakenbeforethebeginningof thenight to correctpixel-to-pixel
variations.

Table4.11 lists the 39 optically-selectedclustermembercandidatesfollowed-upin the � � -
bandwith theCFHTIR camera.Two objects,brighterthan

�
= 17.0,areamongtheobjectswhose

2MASS magnitudeswererejected.Columns1 and2 list the identificationnumberof the target
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Table4.11: List of optically-selectedclustermembercandidatesin Collinder359 with infrared
follow-up obtainedwith theCFHTIR camera.Theobjectsaresortedby decreasing

�
magnitudes.

Column1 providethenameaccordingto theIAU convention,startingwith Coll359Jandfollowed
by the coordinates.Columns2 and 3 give the field and the CCD wherethe object is located.
Columns4, 5, and6 lists the

�
, � magnitudes,and

�
–� colour, respectively. Columns7 and8

givesthe �*� magnitudealongwith its associatederrorandthe
�
–�*� colour. Column9 givesthe

membershipstatusbasedon theoptical-to-infraredcolour-magnitudediagram.

Coll359J . . . Field ID + , +.-/, 02143658797;:<1 +=-/021 Memb?
180432+031617 E06 250 14.800 14.490 0.310 13.3283 0.003 1.472 Y?
180511+032221 E07 2225 16.667 16.159 0.508 14.3253 0.005 2.342 Y+
180553+033510 E02 2089 17.044 16.551 0.493 14.7433 0.006 2.301 Y+
180009+022152 A00 153 17.246 16.689 0.557 14.8423 0.007 2.404 Y+
180045+020257 A08 2038 17.465 16.932 0.533 14.9133 9.999 2.552 Y+
180000+022159 A00 95 17.484 16.843 0.641 14.9343 0.007 2.550 Y?
180548+033619 E02 1774 17.548 16.902 0.646 15.0083 0.008 2.540 Y?
175743+032953 C09 1239 17.600 17.048 0.552 15.0553 0.008 2.545 Y+
180343+033137 B11 3969 17.720 17.106 0.614 15.0333 0.007 2.687 Y?
180032+020711 A07 2501 17.752 17.148 0.604 15.4383 0.009 2.314 Y?
180551+031550 E08 439 17.778 17.076 0.702 15.4713 0.011 2.307 Y?
175852+033359 C11 1971 17.857 17.164 0.693 15.1583 0.009 2.699 Y?
175458+021734 D06 271 17.997 17.267 0.730 15.0263 0.007 2.971 Y?
180147+032650 B07 565 17.998 17.306 0.692 15.6513 0.010 2.347 Y+
175728+033036 C08 1509 18.140 17.482 0.658 15.3153 0.008 2.825 Y?
180520+032123 E07 4232 18.166 17.555 0.611 15.6053 0.011 2.561 Y?
180351+032945 B11 2938 18.234 17.675 0.559 15.6153 0.010 2.619 Y+
175725+033117 C08 1676 18.442 17.679 0.763 15.7443 0.011 2.698 Y?
180004+022210 A00 201 18.674 17.666 1.008 14.8953 0.007 3.779 Y+
180549+031530 E08 523 18.945 18.236 0.709 16.3553 0.019 2.590 Y?
180022+021436 A01 3978 19.007 18.161 0.846 15.6573 0.011 3.350 Y?
180554+031521 E08 418 19.260 18.515 0.745 16.7203 0.024 2.540 NM
180657+034026 E05 2197 19.336 18.348 0.988 16.9623 0.024 2.374 NM
175506+021710 D06 576 19.556 18.609 0.947 15.8743 0.011 3.682 Y?
180516+032036 E07 3671 19.630 18.948 0.682 17.0693 0.025 2.561 NM
180439+033421 E00 8531 20.020 19.232 0.788 17.7873 0.042 2.233 NM
180342+033213 B11 7730 20.257 19.432 0.825 16.7933 0.022 3.464 Y+
180656+033222 E05 10305 21.026 19.694 1.332 17.9823 0.055 3.044 NM
180305+035059 B03 1155 21.857 20.918 0.939 18.8523 0.067 3.005 NM
180702+033219 E05 10242 22.175 21.052 1.123 18.3083 0.093 3.867 Y?

accordingto IAU conventions.TheCFH12KfieldandCCDnumberwherethecandidateis located
are given in columns2 and 3, respectively. The

�
, � , �*� magnitudesand the

�
–� and

�
–�*�

coloursareprovided in columns4–8. The membershipstatusof the clustermembercandidates
in Collinder359is updatedin the lastcolumnof Table4.11. TheY+, Y?, andNM abbreviations
referto objectsclassifiedasprobable,possiblemembersandnon-members,respectively.

4.4.3 Data reduction of the CFHT near-infrared images

Five ditheredframes,offsetby about50 pixels(
�

10� � ) wereobtainedfor eachsciencetarget.
Eachscienceframeis asumof images,thatis oneFITSfile savedondiskcontainsseveralimages
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Table4.12: List of standardstarsobserved within the framework of the CFHTIR follow-up of
selectedclustermembercandidatesin threepre-main-sequenceopenclusterson10–12July2003.
Notethatonlystandardstarsbracketingtheobservationsin Collinder359arelisted.Theremainder
show similar zero-pointsconverging to a meanvalueof ZP= 22.90% 0.02.

Name RA DEC Time ExpT Airm ��>=?A@CB �D�E @F�GBIH ZPs
10 June2003

AS30-0 16� 40� 41.6 	 36� 21� 13 06h17 3.0sec 1.112 13.141 15.255 22.886
AS30-1 16� 40� 41.6 	 36� 21� 13 06h17 3.0sec 1.112 12.175 14.155 23.020
AS31-0 17� 44� 06.8 
 00� 24� 58 06h23 5.0sec 1.335 12.048 14.144 22.904
AS31-1 17� 44� 06.2 
 00� 24� 22 06h23 5.0sec 1.335 12.476 14.614 22.862
AS33-0 18� 27� 13.6 	 04� 03� 10 10h50 3.0sec 1.100 11.739 13.826 22.913
AS33-2 18� 27� 12.4 	 04� 02� 16 10h50 3.0sec 1.100 13.168 15.286 22.882
AS33-0 18� 27� 13.6 	 04� 03� 10 10h55 3.0sec 1.100 11.739 13.826 22.913
AS33-2 18� 27� 12.4 	 04� 02� 16 10h55 3.0sec 1.100 13.168 15.336 22.832

11 June2003
AS30-0 16� 40� 41.6 	 36� 21� 13 05h54 3.0sec 1.145 13.141 15.309 22.832
AS30-1 16� 40� 41.6 	 36� 21� 13 05h54 3.0sec 1.145 12.175 14.189 22.987
AS31-0 17� 44� 06.8 
 00� 24� 58 06h22 3.0sec 1.324 12.048 14.160 22.888
AS31-1 17� 44� 06.2 
 00� 24� 22 06h22 3.0sec 1.324 12.476 14.620 22.856
AS33-0 18� 27� 13.6 	 04� 03� 10 07h48 3.0sec 1.149 11.739 13.822 22.917
AS33-2 18� 27� 12.4 	 04� 02� 16 07h48 3.0sec 1.149 13.168 15.292 22.876
AS31-0 17� 44� 06.8 
 00� 24� 58 10h29 3.0sec 1.182 12.048 14.185 22.863
AS31-1 17� 44� 06.2 
 00� 24� 22 10h29 3.0sec 1.182 12.476 14.610 22.866

12 June2003
AS30-0 16� 40� 41.6 	 36� 21� 13 05h51 3.0sec 1.142 13.141 15.243 22.898
AS30-1 16� 40� 41.6 	 36� 21� 13 05h51 3.0sec 1.142 12.175 14.173 23.002
AS31-0 17� 44� 06.8 
 00� 24� 58 05h57 3.0sec 1.425 12.048 14.233 22.815
AS31-1 17� 44� 06.2 
 00� 24� 22 05h57 3.0sec 1.425 12.476 14.633 22.843
AS33-0 18� 27� 13.6 	 04� 03� 10 11h00 3.0sec 1.130 11.739 13.844 22.895
AS33-2 18� 27� 12.4 	 04� 02� 16 11h00 3.0sec 1.130 13.168 15.343 22.824

(in thisspecificcase7 or 8) whichwereco-addedto constructthefinal image.Thedatareduction
was relatively standardfor near-infrared observationsand was carriedout by Jérôme Bouvier.
However, dueto non-photometricconditions,we have testedthreedifferentmethodsto estimate
thesky andachieve thebestpossiblephotometricaccuracy. A brief outlineis providedbelow:

1. Method 1: “standard”: Thesky wasestimatedby taking themedianof 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” themselvesandwill flaw thephotometry. Thus,we
rejectedthisapproach.

2. Method 2: “supersky”: To get rid off the “negative stars”,a medianimagesof 11 suc-
cessive scienceframeswith minmaxrejectionwasusedto createa“supersky”. Thescience
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exposurescorrectedfor the“supersky” neverthelessexhibit anon-uniform(low-level) back-
ground. Thephotometrywill be correctaslong asthesky is estimatedlocally aroundthe
stars. This methodyields the highestsignal-to-noiseratio as more frameswere usedto
estimatethesky.

3. Method 3: “skynorm”: To get “nice-looking” imageswithout “negative stars”anda uni-
form background,the sky was estimatedfrom the five framesafter having renormalised
all of them to the samevalue. The medianaverageof the normalisedscienceimageis
a more meaningfulsky estimateanddo exhibit neither“negative stars”nor non-uniform
backgroundeven during non-photometricconditions. The photometrymeasuredon these
imageswill alsobecorrect,thoughprobablylower signal-to-noisethanmethod2, because
fewer frames(only five)wereusedto estimatethesky.

After estimatingcorrectlythesky background,eachscienceframewassky-subtractedandflat-
fielded.Theflat-field is thedifferencebetweenaveragedflat fieldsobservedlamponandlampoff.
Aperturephotometrywasdoneby myselfwithin theIRAF environmentandis describedbelow.

The measuredmagnitudeswerecorrectedfor extinction andexposuretime accordingto the
equationbelow in orderto obtaininstrumentalmagnitudes.

minstrumental J mmeasured
 Extinction 
 Airmass	LKNMPOQ
SRITVUXW ExpTimeY
Theairmasscorrectionfor CFHT on MaunaKeawasassumedto be0.07mag/airmass.The

airmassandexposuretime keywordsweredirectly readfrom the headerof the fits files. Zero-
pointsfrom thevariousstandardsobservedthroughoutthenightswereappliedto theinstrumental
magnitudesof the clustermembercandidatesto derive the final magnitudes.A list of standard
starsalongwith their instrumentalmagnitudesaswell asthe derived zero-pointsis provided in
Table4.12. Themeanzero-pointfor all threenightswasZP= 22.90% 0.02but variableduringa
night.

However, dueto thenon-photometryconditionsencounteredduringtheobservingrun,across-
correlationwith the2MASSdatabasewasimplementedto checkthereliability of thephotometric
calibration.Thetaskdaofindwasusedto detectall sourceson thescienceframes.Thefull-width-
half-maximum,thesky level andthedetectionthresholdwereadjustedfor eachframeto detectall
sources.Thephotometrywasthencomputedwith thetaskphot. An apertureon theorderof the
FWHM waschosen.Theflux of few relatively brightandisolatedstarswasmeasuredfor different
aperturesizes(from 1 to 4 timestheFWHM) to computetheaperturecorrection.Eachindividual
framewasastrometricallycalibratedfollowing theproceduredescribedin Section3.5.3.Then,we
havecross-correlatedtheCFHTIRsourceswith the2MASSdatabaseto comparebothphotometry.
Thedifferencesin � magnitudeswerein agreementwith thezero-pointsderivedfrom thestandard
starswithin 0.05mag.

The final calibratedmagnitudesof the optically-selectedclustercandidatesin Collinder359
arelistedin Table4.11anddisplayedasfilled circlesin Figure4.8.

4.4.4 Anal ysis of the CFHT obser vations

We have obtainednear-infrared( �D� -band)photometryfor 39 optically-selectedclustermem-
bercandidatesin Collinder359(Table4.11andFigure4.8). ThosecandidatesspanZ = 17.0–22.0
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Figure 4.8: We plot in the ( Z , Z –� ) colour-magnitudediagramsthe clustermembercandidates
locatedto theright of theNextGen	 Dustyisochronesin the( Z , Z –� ) diagram,shiftedat distances
rangingfrom 250 to 650pc by intervals of 50pc at an ageof 80Myr. The infraredphotometry
comesfrom the2MASScataloguefrom objectsbrighterthan Z = 17 (plussymbols)andfrom our
CFHTIR follow-up observationsfor fainterobjects(filled circles). OverplottedaretheNextGen
(solid lines) andDusty (dashedlines) isochronesshiftedat the distanceindicatedat the bottom
left corneraswell astheNextGenisochroneshiftedatadistanceof 650pc (dottedline). Probable
members(Y 	 ) areobjectslocatedto theright of the isochronesshiftedat thedistanceindicated
in the diagrams.Possiblemembers(Y?) arelocatedto the right of the isochronesshiftedat the
indicateddistanceandthe isochroneat 650pc. The objectsbluer than the isochroneshiftedat
650pc arerejectedasclustermembers.
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magandwerespecificallyfollowed-upto probethe contaminationacrossthe hydrogen-burning
limit aswell asin thebrown dwarf regime in pre-main-sequenceopenclusters.Two objectsare
brighterandonefainterthanthoselimits. Thebrightestone,for which � � photometryhasbeen
obtainedis addedto thelist of objectswith 2MASScounterparts.Thepositionof thesecandidates
in the ( Z , Z –� ) colour-magnitudediagramwill adda furthercriterion to weedout contaminating
objectsfrom the list of clustermembers.For example,at a given luminosity, a 0.04M � brown
dwarf at30Myr hasa Z –� colourof 3.8,while a0.1M � starat1Gyr hasacolourof 3.2(Baraffe
et al. 1998).

Figure4.8displaysin optical-infrared( Z , Z –� ) colour-magnitudediagramsthecandidatesse-
lectedto theright of theNextGen	 Dustyisochronesin the( Z , Z –� ) diagram.Eachdiagramcorre-
spondsto agivendistance,rangingfrom 250to 650pcby intervalsof 50pc. Theinfraredphotom-
etry wasextractedfrom the2MASSdatabasefor candidatesbrighterthan Z = 17 (plussymbolsin
Figure4.8; Section4.4.1). The faintercandidateshave �*� -bandphotometryfrom our CFHTIR
follow-up observations(filled circlesin Figure4.8; Section4.4.2). Accordingto the locationof
theoptically-selectedclustermembercandidatesin the( Z , Z –� ) diagramandassuminganageof
80Myr, threesampleshave beendefinedasfollows:

1. Probablemembers(Y 	 ): theseobjectslie to the right of the NextGen	 dusty isochrones
(solid anddashedlines),shiftedat thedistanceindicatedin thelower left cornerin thedia-
gram(distancesrangingfrom 250to 650pc). Their opticalandoptical-to-infraredcolours
areconsistentwith clustermembership.

2. Possiblemembers(Y?): thesecandidatesarelocatedbetweentheNextGen	 Dustyisochrones
(solid anddashedlines)at thedistanceindicatedin thediagramandtheNextGenisochrone
shiftedat thedistanceof 650pc (dottedline).

3. Non-members(NM): theseobjectsarebluerthantheNextGenisochroneshiftedat thedis-
tanceof 650pc. They arerejectedasclustermembers.

Table4.10summarisesthenumberof opticaldetections(all), probable(Y+) andpossible(Y?)
members,andnon-members(NM) aswell asthenumberof candidateswith infraredphotometry
from 2MASS andfrom our CFHTIR observationsfor the various(distance,age)combinations.
Themembershipof eachindividual objectobserved with CFHT is alsogiven in the last column
in Table B.1 in Appendix B. Out of 39 candidatesobserved with the CFHTIR camera,8 re-
mainprobablecandidates(Y+), 14arepossiblemembers(Y?), andtheremainderareclassifiedas
non-members(NM). For comparisonpurposes,we provide thenumberof objectspresentin the
magnituderangeZ = 12–15,wherethecontaminationis extremelyhigh.

4.4.5 Contamination of the optical sample

The aim of this sectionis to estimatethe contaminationamongthe optically-selectedclus-
ter membercandidatesin Collinder359. Combiningthe optical andoptical-to-infraredcolour-
magnitudediagrams,mostof the candidatesbrighter than Z = 17.0 remainprobablecandidates.
Indeed,9 out of 805arerejectedasclustermembersand15 moreareclassifiedaspossiblemem-
bers.Hence,thecontaminationappearsto beon theorderof 1–3%. However, from the( Z , Z –� )
colour-magnitudediagrams(Figure4.8), we canassessthat the estimateabove is a strict lower
limit to the true contamination.A large bulk of starsbrighter than Z = 15 mag are likely very
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red field starscontaminatingthe optical sampleasdiscussedbefore. Ultimately, low-resolution
spectroscopy will add further constraintsto distinguishfield starsfrom clustermembers. The
clustersequenceappearsmorepronouncedfor magnitudesfainter thanabout15 andextendsto
faintermagnitudes.However, from thecolour-magnitudediagrams,this sequenceis lessandless
well-definedtowardsfaintermagnitudessimply becausenear-infraredfollow-up observationsare
lackingfor thelargemajority (90%) of candidates(only 39werefollowed-upoutof 359).

In Figure4.9,wedisplaythe( Z –� , Z –� ) colour-colourdiagramof theoptically-selectedcluster
membercandidateswith infraredmagnitudes.The � magnitudesrefer to �'� for objectswith
2MASScounterparts( Z[� 17.0mag)andto �*� for fainterobjectsfollowed-upwith theCFHTIR
camera.The50% transmissionedgesof the �'� filter12 lie at 2.31� m and1.97� m whereasit is
locatedat 2.0 � m and2.30� m for the �*� filter13. The differencebetweenboth filters becomes
importantshortwardsof 2.1 � m as the ��� filter is narrower than the � � filter to minimise the
contribution from the Earthatmosphere.We will considerherethat the choiceof the filter has
little influenceon themagnitudeasno colour termwasfound in thecourseof our infraredstudy
in " Per. As a consequence,the ( Z –� ) colour andthe membershipassessmentarenot strongly
affectedby the differencein filters. However, this is likely to play a role for large optical-to-
infraredcolours.

In Figure4.9, the solid line indicatesthe NextGen50Myr isochronefor masseslarger than
0.1M � andtheDusty50Myr isochronefor lowermasses.Thehookat Z –� � 0.65and Z –� �

2.5
correspondsto 0.1M � andreflectsthe differencein magnitudesderived from the NextGenand
Dustymodels. The NextGenmodelpredictsan absoluteZ magnitudeof 10.33andwhereasthe
DustymodelpredictsZ = 10.51magfor a0.1M � star.

The ( Z –� , Z –� ) colour-colour diagram(Figure 4.9) doesnot provide any additionaluseful
criterion for membershipassessment.No clearclustersequenceemergesfrom this diagramdue
to, on the onehand,the large contaminationat small ( Z –� ) colour (plus symbols),and,on the
otherhand,thesmallnumberof objectswith infraredmagnitudesbelow Z = 17mag(filled circles).
Weneverthelessnoticethatthecontaminationoriginatesmostlyfrom field starsratherthangiants,
contraryto theresultsfoundin ourstudyof " Per(Chapter3).

To summarise,theopticalselectionmethodappearsratherefficientatextractingclustermem-
ber candidatesin Collinder359 from the large numberof contaminatingobjectsdetectedin the
CFH12Kwide-field images.Infrared �*� -bandphotometrywasusedto weedout contaminating
field dwarfs at magnitudesfainter than about Z = 15. for the bulk of objectsbrighter than this
boundary, theoptical-to-infraredcoloursarenot sufficient to estimatethelevel of contamination.
Additional near-infraredphotometryof the remainder

�
300 faint candidatesis requiredto fur-

ther analysethe contaminationat andbelow the stellar/substellarboundary. A total of 8 nights
wasgrantedfor � -bandimagingin June2004,divided into 4 nightswith the2.2-mtelescopeat
CalarAlto and4 nightswith theCFHT3.6-mtelescope.Also timefor low-resolutionopticalspec-
troscopy wasgrantedwith theTNG/DOLORESandWHT/AF2/WYFFOSspectrographsto assign
spectraltypesto theoptically-selectedclustermembercandidatesin Collinder359andascertain
membership.

12http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec64a.tbl3.html
13http://www.cfht.hawaii.edu/Instruments/Filters/curves/cfh5338.dat
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Figure4.9: ( Z –� , Z –� ) colour-colourdiagramfor theclustermembercandidatesin Collinder359
with infrared magnitudes. The photometryis derived from the 2MASS databasefor objects
brighterthan Z[� 17 mag(plussymbols)andfrom theCFHTIR follow-up obtainedin July 2003
for fainter objects(filled circles). The open trianglesindicatecandidateswith propermotion
(UCAC2; Zachariaset al. 2003)consistentwith clustermembership.Thesolid line corresponds
to theNextGen50Myr isochronefor massesabove 0.1M � andtheDusty50Myr isochronefor
lowermasses.Thehookreflectsthedifferencein magnitudespredictedby theNextGenandDusty
isochronesfor a 0.1M � . Most of the contaminantsare likely field dwarfs andnot background
giantsseenalongtheline of sightof thecluster.

4.5 The luminosity function of Collinder 359

As discussedearlier, theageanddistanceestimatesfor Collinder359arepoorly constrained.
Collinder359hasnot beenstudiedextensively to dateandthewide-fieldopticalsurvey presented
in this thesisis thefirst of this kind for thecluster. Thus,we would like to addressin this section
threemajorissuesregardingthecluster, whichareof primeimportancein inferring its luminosity
function.

1. Canweconfirmtheexistenceof thecluster?

2. Whatis theageof thecluster?

3. Whatis thedistanceof thecluster?
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4.5.1 The existence of the cluster

Accordingto theavailableliteratureon Collinder359,ahandfulof objectsbelongto theclus-
ter, we areconfrontedto the following question: can we confirm the existenceof the cluster?
Opticalimagesof theregion around67Ophdonot show anobviousclusteringasfor thePleiades
asreportedby Melotte (1915)andCollinder (1931). Despitethe intermediategalacticlatitude
(b= 	 12.5� ) of Collinder359betweenthe " PerandthePleiadesclusters,thegapbetweenfield
starsandclustermembersis not evident in the ( Z , Z –� ) colour-magnitudediagram(Figure4.6).
Furthermore,noclearclustersequencestandsout in thisdiagramto infer thepresenceof acluster.

To addressthis issue,we have usedpropermotioninformationfrom thesecondreleaseof the
on-goingUSNOCCD AstrographCatalog(hereafterUCAC2) project. Anothersourceof proper
motionsfor theclusteris theSuperCOSMOSSky Survey database.However, platesnorthof 	 2�
in declinationarebeingprocessedandscannedatthemomentandwill beavailableonly in summer
2004over theentireclusterarea(N. Hambly, personalcommunication).

The UCAC2 is a high densityandhighly accurateastrometriccatalogueof over 48 million
starscovering the sky from 
 90� to 	 40� in declination(Zachariaset al. 2003). The observed
positionalerrorsareabout20 masfor starsbrighter than14 magandof order70 masfor stars
down to 17.0 mag. The photometryis provided in a non-standardfilter locatedbetweenthe \
and $ filters. Themagnitudessuffer from largeuncertaintiesup to 0.3magbut arenotof interest
within theframework of this study. We have extractedfrom theUCAC2 databasethecoordinates
(J2000)andpropermotionsfor all objectswithin one degreein radiusfrom the clustercentre
(RA = 18h02m andDec= 	 02� 54� ) to thefaintestmagnitudeavailable.

Figure4.10displaysthevectorpointdiagrams(propermotionin right ascensionversusproper
motionin declination)for all starswithin onedegreein radiusfromtheclustercentrefor magnitude
brighterthan10.0,11.0,12.0,and13.0,respectively. Two clusteringof starsemergefrom vector
point diagramswhereobjectsbrighterthan12.0magareincluded. Two peaksareseenaswell
whenplotting the numberof starsasa function of declination. The first groupof starshasno
significantpropermotionanddenotesfield starswhereasthesecondexhibitsashift in declination
andcorrespondsto thecluster. Thepropermotionof theclusteris approximately0.0mas/yrand

 8.5mas/yrin right ascensionanddeclination,respectively. Thelattervaluesareconsistentwith
the propermotion of the star67Oph (Hipparcos; Perrymanet al. 1997)andthe variouscluster
motionestimates(Collinder1931;Kharchenko etal.2004).Theseparationbetweenfield starsand
clustermembersis hamperedat faintermagnitudesby highercontaminationso thatbothgroups
of starsbecomeindistinguishable.

Basedon thevectorpoint diagramswith propermotionmeasurementsfor bright objects,we
concludethat the cluster existsand hasa meanproper motion of approximately (0.0, 
 8.5)
mas/yr in right ascensionand declination, respectively.

4.5.2 The age of the cluster

Next, weattemptto deriveanagefor Collinder359usingourwide-fieldopticalsurvey andes-
timatetheassociateduncertainties.Wehave followedtheapproachappliedto the " Perclusterby
Stauffer etal. (2003).By comparingthelocationof thestar " Persei(filled squarein Figure4.11)
in thecolour-magnitudediagram(M � ,] –\ ) with theoreticalsolarmetallicity isochronesinclud-
ing moderateovershoot(Girardietal. 2002),Stauffer etal. (2003)inferredanageof about50Myr
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Figure4.10: Vectorpointdiagramsfor all starslocatedwithin onedegreein radiusfrom thecluster
centrefor magnitudesbrighterthan10,11,12,and13 from left to right, respectively. Theproper
motions(accurateto 6 mas/yr)are taken from the USNO CCD AstrographCatalog(Zacharias
et al. 2003). Two groupsof starsareclearly separatedfor magnitudesbrighter than12.0. The
first is locatedat (0,0),andthesecondat approximately(0.0,
 8.5)mas/yrin right ascensionand
declination,respectively. For fainterstars,bothgroupsof starsaremergedbecauseof higherfield
starcontamination.
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for " Per(solid line in Figure4.11). We shouldkeepin mind herethat the lithium testapplied
to the " Perclusteryieldeda valuetwice larger thantheturn-off main-sequencemethod(90Myr
versus50Myr; Stauffer etal. 1999).

Collinder359 is locatedaroundthe B5 supergiant, 67Oph (filled hexagonin Figure 4.11),
which is consideredas a memberof the clusterwith a probability of 75% and over 95% by
Baumgardtetal. (2000)andKharchenko etal. (2004,personalcommunication),respectively. The
Hipparcosparallaxof 67Ophis 2.30 % 0.77mas/yrandits propermotion0.41and 
 8.22mas/yr
in right ascensionanddeclination,respectively (Perrymanetal. 1997).

Assuminga meanapparentmagnitudeof \ = 3.97 % 0.02anda meandistanceof 435̂ !_!_`acb_b ` pc
(Perrymanet al. 1997),we have derivedanabsolutemagnitudeof M � = 
 4.22̂ `ed f_ga `ed h_i . Thevertical
line crossingthe hexagonin Figure4.11 representsthe uncertaintyon the parallaxestimateof
67Oph.Thebestpositionalfit of 67Ophin the(M � , ] –\ ) colour-magnitudediagramis obtained
for an ageof 60Myr (betweenthe solid anddottedlines in Figure4.11),with an uncertaintyof
20Myr (extent of the vertical line). Our ageestimateis twice aslarge as the 30Myr agefrom

Padua group isochrones

with overshoot (isoccomplz019)

30 Myr

50 Myr

70 Myr

90 Myr

Figure4.11: (M � , ] –\ ) colour-magnitudediagram.Thepositionof theF5 supergiantAlpha Per
(filled square)andthe B5 supergiant 67Oph (filled hexagon)areindicated. Overplottedarethe
solarmetallicityevolutionarymodelswith moderateovershootfrom thePaduagroup(Girardietal.
2002)for 30Myr (dashedline), 50Myr (solid line), 70Myr (dottedline), and90Myr (longdashed
line). Thevertical line crossingthesolid hexagonrepresenttheerrorson theHipparcosparallax
measurementfor 67Oph(Perrymanet al. 1997). Thebestfit is obtainedfor agesof 50Myr and
60Myr for the " PerandCollinder359clusters,respectively.
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Wielen(1971)but comparableto themain-sequenceturn-off ageof the " Percluster. Considering
theincreasein agefrom 50Myr to 90Myr for " Per,theagefor Collinder359is likely to beolder.
Assumingafactorof

�
1.6betweentheagefrom theturn-off main-sequenceandthelithium testas

suggestedby Jeffries& Naylor (2001),thevalueof agefor Collinder359wouldgoupto 100Myr.
In thisstudy, we will considerthemeanvalueof thetwo ages,namely80Myr. Thelithium testis
obviously neededin Collinder359to constrainfurthertheageof thecluster.

Basedon the presentdataavailablefor the cluster, we concludethat Collinder 359 has an
ageestimatecomparableto the " Per cluster in the range60–100Myr .

4.5.3 The distance of the cluster

Finally, we presenta distanceestimatefor Collinder359 using the propermotion informa-
tion availablefrom theUCAC2 catalogue.Wehave cross-correlatedtheoptically-selectedcluster
membercandidatesfrom theCFH12Kopticalsurvey with theUCAC2catalogue(Zachariaset al.
2003),usingmatchingradii of four timesthe dispersionvalueof 0.553� � and0.320� � in right as-
censionanddeclination,respectively. A total of 472 objects(opencirclesin Figure4.12)were
commonto bothcataloguesbetweenZ = 11.6and15.1mag,representingabout70% of thewhole
optical candidatelist within this magnituderange.The UCAC2 catalogueincludesonly theob-
jectswith propermotioninformationsothatthe30% of objectslackingcouldbeexplainedby the
incompletenessof theUCAC2catalogue.

We have alreadymentionedthe large field contaminationat magnitudesbrighterthan Z = 15.
To minimise this contamination,we have selectedfrom the vectorpoint diagram(left panelin
Figure4.12) propermotion candidateslocatedwithin a circle centredon the motion of 67Oph
(0.41 and 
 8.22 mas/yr; Perrymanet al. 1997). The radiusof the circle, chosenequalto 3.5
mas/yrin bothdirections,correspondsto thedispersionof theprobableclustermembersselected
by Kharchenko et al. (2004,personalcommunication;opensquaresin Figure4.2) to derive adis-
tanceof 650pc andanageof 30Myr for Collinder359.Themethodemployedby Kharchenko to
extractmembersanddeterminetheclusteris asfollows. First, objectsareselectedfrom their lo-
cationwithin thecluster. Second,thepropermotionis usedto definethemostprobablemembers.
Third, the selectedmembersareplotted in a colour-magnitudediagramto derive age,distance,
andreddening.Finally, this procedureis iterateduntil thebestfit is achieved. Thedispersionof
theopencirclesin Figure4.12is mostlydueto theerroron theUCAC2 propermotionmeasure-
ments( % 6 mas/yr),which is larger than the internaldispersionof the cluster. This dispersion
indicatesalsothatthesampleof candidatesis contaminatedby field stars,asdiscussedpreviously.
Wehaveextracted142propermotioncandidates(filled circlesin Figure4.12)within thecirclede-
finedabove. Thoseobjectsareplottedasopentrianglesin the( Z , Z –� ) colour-magnitudediagram
(Figure4.6)andin the( Z –� , Z –� ) CCD(Figure4.9).

Therightpanelof Figure4.12displaysthe( Z ,Z –� ) colour-magnitudediagramfor theoptically-
selectedclustermembercandidatesin Collinder359 with propermotion information from the
Zachariaset al. (2003)catalogue.Thebestfit to thelowerenvelopeof theclustersequence(filled
circles in Figure4.12) is obtainedfor a distanceof 500pc andan ageof 80Myr (solid line in
Figure4.12).Otheragessuchas30Myr and50Myr appeartooyoungfor theclustersequenceas
they tendto predictreddercoloursthanthoseobserved in the Z = 14–15magnituderange.Ages
older than80Myr couldalsobepossible,implying smallerdistances.Note that thedistancecan
be larger by about50pc if we take into accounta meanextinction of 0.2 magalongthe line of
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sightof thecluster.

Thesequenceof propermotioncandidates(filled circlesin Figure4.12)is about0.1–0.2mag
wide. The reddestobjectsat bright magnitudesarelikely field stars,effect not excludeddueto
the low galacticlatitudeof the cluster. We could alsoexpectthe presenceof a binary sequence
wideningtheclustersequence.

Thedistanceandageestimatesfrom propermotionandphotometryarecertainlymorereliable
thanturn-off main-sequencefitting techniquebasedon a singlehigh-massstar, 67Oph. Further-
more,our estimaterelieson a largersampleof clustercandidatesthantheformerestimatesfrom
Van’t-Veer(1980)andRuciński (1987).Therefore,wewould favour a meanageof 80Myr with
an uncertainty of 20Myr and distancesof 500 % 100pc for Collinder 359.

Figure4.12: Left panel: Vectorpoint diagramfor optically-selectedcandidatescommonto the
Zachariaset al. (2003)catalogue(opencircles),includingtheoneswith propermotionconsistent
with the cluster(filled circles). Right panel: ( Z ,Z –� ) colour-magnitudediagramfor the selected
propermotioncandidates.Filled andopencircleshavethesamemeaningasfor theleft panel.The
solid, dashed,andlong dashedlines correspondto theNextGen80, 50, and30Myr isochrones,
respectively (Baraffe et al. 1998).Thelower envelopeof thefilled circlesis bestfit by a distance
of 500pcandanageof 80Myr.

4.5.4 The cluster luminosity function

Accordingto theresultspresentedin theprevioussections( � 4.5.1–� 4.5.3),wewill assumea
meanageof 80Myr anda distanceof 500pc (distancemodulusof 8.5mag)for Collinder359to
derivetheclusterluminosityfunction(Figure4.13andTable4.13).Weremindthattheuncertainty
on theageandthedistanceof theclusterare20Myr and100pc, respectively. Nevertheless,we
will addresstheissueregardingtheinfluenceof theageandthedistanceontheshapeof thecluster
luminosityfunction. We will considerhereonly theprobable(Y 	 ) clustermembercandidatesin
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Collinder359 from theresultsof theopticalandthenear-infraredphotometry. We did not apply
any selectionbasedon propermotionmeasurements.

Wehaveemployedtwoapproachestoderivetheclusterluminosityfunction.Thefirstapproach
consistedin countingthenumberof starsperbin of 0.5 mag(opensquaresin Figure4.13). The
secondapproach“smoothed”the luminosity function to bettercharacterisethe faint end,i.e. we
have countedthenumberof starsperinterval of 1.0magnitudewith stepsof 0.5magnitude(filled
circlesin Figure4.13).Both methodsyieldedsimilar clusterluminosityfunctions.

Figure4.13:Theclusterluminosityfunctionassuminganageof 80Myr anda distanceof 500pc
for Collinder359. The open squaresrepresentthe numberof starsper bin of 0.5 magnitude
whereasthefilled circlesindicatethenumberof starsin a1.0magnitudebin by stepof 0.5magni-
tudes.Poissonerrorsassociatedto theclusterluminosity functionareindicatedby vertical lines.
Table4.13providesthenumberof starspermagnitudebin for thesmoothedluminosityfunction.

Severalfeaturesseenin theclusterluminosityfunction(Figure4.13)aredescribedbelow.

� A peakat Z = 12.5–13.0magcorrespondingto approximately1.0M � at an ageof 80Myr
anda distanceof 500pc. Thedeclineat brighter( Z � 12.5)magnitudesreflectstheincom-
pletenessof theopticalsurvey in thatmagnituderangecausedby thesaturationof theshort
exposures.Thecross-correlationbetweentheoptically-selectedclustermembercandidates
andtheUCAC2 catalogue(Zachariaset al. 2003)indicatesthat a large numberof objects
have propermotionsconsistentwith membership(Figure4.12). However, the dispersion
in the vectorpoint diagramconfirmsa significantcontaminationby field starsdifficult to
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quantifyat this stage.

� A peakat Z = 17.0–17.5mag(M � = 8.5–9.0mag)correspondingto massesof approximately
0.30M � . A comparablepeakis seenat M � = 11 magin NGC2516(Jeffries et al. 2001),
while this featureis detectedat M � = 9 magin M35 (Barradoy Navascúeset al. 2001)and
M � = 10 magin " Per(Barradoy Navascúeset al. 2002). This peakdoesnot occurat the
sameabsolutemagnitudein all clusters,implying thatit maybeagedependent.This feature
maycorrespondto theH ! -convectionpeakidentifiedby Kroupaet al. (1990,1993)in the
luminosityfunctionof nearbyfield starsbut thishypothesisshouldbefurtherinvestigated.

� A dip at Z = 20.0–20.5mag (M
�

0.070M � ) is clearly detectedin the colour-magnitude
diagram(Figure4.6) well above our completenesslimit. This featureis comparableto the
gapseenin the " Per luminosity function at M � = 12.5 mag (Barradoy Navascúes et al.
2002). This dip is detectedboth in the field (Reid & Cruz 2002)and in youngclusters,
including & Orionis(Béjaretal.2001),theTrapeziumCluster(Lucas& Roche2000),IC348
(Luhman1999),thePleiades(Jamesonetal. 2002),andIC 2391(Barradoy Navascúesetal.
2001a).Despitethedifferencein agebetweentheregionsmentionedabove, Jamesonet al.
(2002)arguedthat this gapis universalasit occursconsistentlyat thesamespectraltypes.
This featuremight originatefrom thesharpfall in the luminosity-massrelationdueto the
formationof largedustgrainsat low temperaturesaroundspectraltypesM7–M8 (Jameson
et al. 2002). Consideringthe intrinsic coloursversusspectraltypesgiven in Table7 in
Luhmanetal. (2003b),aM7 dwarf hasa Z –� = 0.98(noextinction is takeninto accountfor
this estimate).Theobserveddip in thecolour-magnitudediagramfor Collinder359occurs
at Z –� = 0.85–1.00mag. However, IC348 is youngerthan Collinder359, yielding hotter
effective temperatureat a givenspectraltype. Taking into accounttheuncertaintieson the
photometry( % 0.05mag)andon thespectraltypedetermination(half asubclasserror),it is
possiblethatthegapin theluminosityfunctionis causedby thedeficit of M7–M8 dwarfs.

4.6 The mass function of Collinder 359

4.6.1 The mass-ma gnitude relation

To transformtheluminosityfunctionof Collinder359into a massfunction,we have usedthe
NextGenandDustymodelsfrom theLyongroup.Foragivenageandmass,theevolutionarymod-
elspredictoptical( \j$cZ8� ) andnear-infrared( �A(k� ) absolutemagnitudes.The Z and � magnitudes
werespecificallycomputedfor theCFH12Kfilters andwe will usethemto derive themassfunc-
tion. Wehave mergedbothisochronefiles to createamagnitude-massrelationshipfrom 1.4down
to 0.010M � . TheNextGenisochronesareusedfor effectivetemperatureshigherthan2500K, cor-
respondingto massesof 0.050M � at 80Myr (M � � 13.0mag). Theseisochronesarecompleted
by theDustymodelsfor lower massesdown to 20M lnmeo (M � � 19.1magat 80Myr). Theuseful
rangeof themergedisochronesin thecourseof ourstudyof Collinder359is 1.3–0.030M � .

TheNextGenandDustymodelsincludethetreatmentof theatmospheresin contrastto other
evolutionarymodels,suchasthoseof D’Antona & Mazzitelli (1994),which assumegrey atmo-
spheres.Theseassumptionsgenerallyleadto highereffective temperaturesandluminositiesat a
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Table 4.13:Numberof starsper magnitudebin (luminosity function) and numberof starsper
massbin in M � (massfunction) in Collinder359, assuminga distanceof 500pc andan ageof
80Myr for thecluster. The luminosity function wastransformedinto a massfunction usingthe
NextGenandDustyevolutionarymodelsfor masseshigherandlower than50M lnmeo , respectively.
Theuncertaintiesquotedfor theluminosityfunctionarePoissonerrors(squarerootof thenumber
of starspermagnitudebin). The transformationof the luminosity function into a massfunction
wasachievedby dividing thenumberof objectspermagnitudebin by thedifferenceof theupper
andlower masslimit of thebin.

Magbin Mid-mass( M p ) Nb permagbin Nb permass( M p )
11.0–12.0 1.390 28 q 5 86 q 15
11.5–12.5 1.241 109 q 10 409 q 37
12.0–13.0 1.124 222 q 15 1002q 67
12.5–13.5 1.020 243 q 16 1216q 80
13.0–14.0 0.924 191 q 14 1073q 78
13.5–14.5 0.842 149 q 12 876 q 70
14.0–15.0 0.754 83 q 9 468 q 50
14.5–15.5 0.664 40 q 6 277 q 41
15.0–16.0 0.609 33 q 6 283 q 51
15.5–16.5 0.548 32 q 6 233 q 43
16.0–17.0 0.472 32 q 6 190 q 35
16.5–17.5 0.380 47 q 7 256 q 38
17.0–18.0 0.290 53 q 7 326 q 43
17.5–18.5 0.217 36 q 6 291 q 48
18.0–19.0 0.166 24 q 5 272 q 56
18.5–19.5 0.129 22 q 5 348 q 79
19.0–20.0 0.103 20 q 4 439 q 87
19.5–20.5 0.084 11 q 3 328 q 89
20.0–21.0 0.069 3 q 2 120 q 80
20.5–21.5 0.059 5 q 2 210 q 84
21.0–22.0 0.046 7 q 3 378 q 162
21.5–22.5 0.040 5 q 2 574 q 229
22.0–23.0 0.037 3 q 2 446 q 297

given mass.Furthermore,the treatmentof theatmospherespredictsabsolutemagnitudesin var-
iouspassbands,henceavoiding theuseof bolometriccorrectionswhich remainhighly uncertain
for youngopenclusters.Themodelsof Burrows et al. (2001)includenon-grayatmospheresbut
arevalid for masseslower than0.1M � , not low enoughfor our study. Finally, the Dusty mod-
els includethe treatmentof dustsettlingwhich affectsthe temperaturesandobserved coloursof
low-massstarsandbrown dwarfs. The influenceof thedustsettlingat theL/T transitionaround
1300K for field objectshasbeenprovenandobserved. Thesameeffect will take placeat earlier
spectraltypes(late-M andearly-L) in pre-main-sequenceclustersdueto the youngerages.The
knowledgeof opacity line lists for speciessuchas TiO andVO, which are responsiblefor the
shapeof M dwarf spectra,is of prime importanceto reproducethe observed coloursof young
clustermembers.

Moreover, theevolutionarymodelsfrom theLyon grouphave beenextensively usedto esti-
matemassfunctionsin openclusters,includingthePleiades(Mart́ın etal.1998;Dobbieetal.2002;
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Moraux et al. 2003), " Per (Barradoy Navascúes et al. 2002),andM35 (Barradoy Navascúes
et al. 2001),andstar-forming regionssuchasTaurus(Briceño et al. 2002)andIC348 (Luhman
et al. 2003b).TheNextGenandDustymodelshave beenthemostsuccessfulevolutionarymod-
els in predictingcoeval agesfor the differentcomponentsof the youngmultiple systemGGTau
(White et al. 1999). Furthermore,differentmodelsfrom variousgroupshad little effect on the
massfunction in " Per(Barradoy Navascúeset al. 2002)andM35 (Barradoy Navascúeset al.
2001).Finally, themassestimatesfrom evolutionarymodelsappeargenerallyunderestimatedby
5 to 20% for main-sequencestarsandby up to 50% for pre-main-sequencestars(Hillenbrand&
White2004).

4.6.2 The cluster mass function

Wehaveconvertedtheclusterluminosityfunctioninto amassfunctionusingtheevolutionary
modelsfrom theLyon group(Baraffe et al. 1998;Chabrieret al. 2000b).Thenumberof objects
perunit of mass(dN/dM) is obtainedby dividing thenumberof objectspermagnitudebin ( r N)
by the differencebetweenthe upperandlower limits of the bin in mass( r M = M ! 
 M b ). The
uncertaintyis computedfrom thePoissonuncertaintiesof the luminosity function. For example,
the magnituderange Z = 12–13magcorrespondsto a massrangeof M = 1.241–1.020M � . The
numberof objectsperunit of massandits uncertainty(Table4.13)is givenby:

sut
sNv J r t

r v J KVKVKw MPKCx w 
 w Mzy{KFy %
| KVKVKw MPKCx w 
 w Mzy{KFy J w yVy{Kk%L}{~

Themeanmassandthenumberof starspermassbin aregivenin Table4.13.Themassfunc-
tion is plottedasfilled circlesin Figure4.14.Wewill expresstheclustermassfunctionthroughout
this sectionasthemassspectrum( " representstheslopeof themassspectrum),namely:

sut
sNv � v a��

The bestlinear fit to the clustermassspectra,assumingan ageof 80Myr anda distanceof
500pc for Collinder359,is obtainedfor " = 0.30(solid line in Figure4.14).

Threemajorfeaturesareseenin theclustermassfunctionanddescribedbelow:

� A peakat about1M � which is not real due to the large field contaminationobserved in
this range.Additional observationsareneededto estimatethelevel of contaminationin the
0.7–1.3M � massrange,at thedistanceandageof thecluster.

� A slow rise in the clustermassfunction from 0.6M � down to our completenesslimit at
about0.040M � . Thepower law index " appearsflatterthanthePleiadesestimates.

� A dip in themassfunctionoccursaround0.070M � andis likely dueto thedearthof M7–
M8 objects.This gapis detectedin thefield (Reid& Cruz2002)andin six openclusters,
including thePleiades(Jamesonet al. 2002)and " Per(Barradoy Navascúeset al. 2002).
Thisargumentis validatedby theintrinsiccoloursof M7 dwarfsasdefinedby Luhmanetal.
(2003b)in thecaseof theIC348cluster(seediscussionin previoussection).
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Figure4.14: Massfunction for Collinder359. Filled circlesrepresentthe clustermassfunction,
assumingadistanceof 500pcandanageof 80Myr for Collinder359.Leftpanel: Influenceof the
ageon themassfunction for 30Myr (opensquares),50Myr (opentriangles),and80Myr (filled
circles). The slopeof the massfunction getssteeperfor youngerages. Right panel: Influence
of thedistanceon themassfunction for 400pc (opensquares),500pc (filled circles),and600pc
(opentriangles),assuminganageof 80Myr. Thedistanceappearsto have little influenceon the
slopeof themassfunction. Thevertical dottedline representsthecompletenessof theCFH12K
opticalsurvey at Z = 22,correspondingto amassof 0.040M � at theassumedageanddistancefor
thecluster. Thethreemassfunctionsareoffsetfor clarity.

Table4.14: Dependenceof the power law index " with distanceandagein Collinder359. We
haveusedlinearfits to estimatetheslopeof themassspectrum,assumingdifferent(distance,age)
combinationsfor thecluster. Thethreeagesare30,50,and80Myr assumingadistanceof 500pc.
Thethreedistancesare400,500,and600pc,assumingameanageof 80Myr.

Age Distance Massrange Power law index
80Myr 400pc M = 0.55–0.035M � " = 0.35 % 0.15

500pc M = 0.61–0.040M � " = 0.30 % 0.10
600pc M = 0.65–0.044M � " = 0.25 % 0.10

50Myr 400pc M = 0.43–0.030M � " = 0.60 % 0.15
500pc M = 0.54–0.030M � " = 0.45 % 0.10
600pc M = 0.62–0.032M � " = 0.45 % 0.10

30Myr 400pc M = 0.60–0.030M � " = 1.0 % 0.2
500pc M = 0.70–0.030M � " = 1.0 % 0.2
600pc M = 0.58–0.030M � " = 0.5 % 0.1

We have investigatedthe influenceof theageandthedistanceon theclustermassspectrum.
In theleft panelin Figure4.14,wehaveplottedthemassspectrumin Collinder359for threeages,
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including30Myr (opensquares),50Myr (opentriangles),and80Myr (filled circles),assuminga
distanceof 500pc. In theright panelin Figure4.14,we have plottedthemassspectrumfor three
distances,including 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 " , independentof theassumedage.Onthecontrary, theslopeof themassspectrumtendsto
increasewith youngerages,rangingfrom " = 0.3at80Myr to " = 1.0at30Myr. Thegapobserved
around0.070M � persistsindependentof the(distance,age)combination,implying thatit is likely
a realfeature.

As theageof Collinder 359is lik ely between60and100Myr and thedistance500 % 100pc,
we concludethat the bestfit to the cluster massspectrum is obtained for a power law index
" = 0.30 % 0.20over the massrange0.60–0.04M � .

4.6.3 Uncer tainties on the cluster mass function

Thederivationof theclustermassfunction is, in theory, a straightforward process.Basedon
theselectedclustermembers,we countthenumberof starspermagnitudebins to createa lumi-
nosityfunction.To transformtheluminosityfunctioninto amassfunction,weapplyamagnitude-
massrelationshipprovidedby evolutionarymodels.For a givenageanda givenmass,theevolu-
tionarymodelsprovide luminositiesandeffective temperatures.However, in practice,thecluster
massfunctiondeterminationis hamperedby multiple factorssometimesdifficult to quantify.

1. The largestuncertaintyresidesin the distanceof Collinder359. Larger and smallerdis-
tanceswill shift objectstowardshigherandlower masses,respectively. We have assumed
a distanceof 500pc for Collinder359andshown thatdistancesspanning400–600pc have
little influenceon theoverall shapeof themassfunction.

2. Theseconduncertaintyconcernstheageof Collinder359.Olderandyoungerageswill shift
theobjectstowardshigherandlower masses,respectively, with a tendency to increasethe
slopeof themassspectrumat youngerages.

3. Someobjectsmight have escapeddetectionwithin the1.6 squaredegreeareasurveyed in
Collinder359. Despitethegoodcosmeticsof theCFH12Kcamera,somebona-fidecluster
membersmight lie on a badcolumnor have their photometryaffectedby badpixels. Simi-
larly, brightstarshamperthedetectionof nearbyfaintclustermembers.Thiseffect is likely
to berandom.If thebiasis larger towardsfainterobjects," mayhave to beincreased.Our
ability of detectingsubstellarobjectsis affectedby the fact that the luminosity of brown
dwarfsdecreaseswith age(dela FuenteMarcos& dela FuenteMarcos2000).

4. A large numberof faint ( Z � 17 mag) clustermembercandidatesare still lacking near-
infraredphotometry. Furthermore,optical spectroscopy is requiredto ascertainthe mem-
bershipof the selectedcandidates.As an example, the contaminationwas estimatedat�

25–40% for low-massstarsandbrown dwarfsin thePleiades(Bouvieretal.1998;Mart́ın
et al. 2000a;Morauxet al. 2001),andin " Per(Barradoy Navascúeset al. 2002). We ex-
pecta comparablelevel of contaminationin Collinder359 dueto its intermediategalactic
latitude.If thecontaminationis largerin thebrown dwarf regimethanfor low-massstars,"
mayhave to bedecreased.
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5. Accordingto estimatesfrom Kharchenko et al. (2004,personalcommunication),we have
mainly focusedon theclustercorona.If Collinder359is indeeda clusteryoungerthanthe
Pleiades,themasssegregationandevaporationof brown dwarfsshouldbe lessthan10%,
assuminganhomogeneousdistribution of substellarobjectsacrossthecluster(dela Fuente
Marcos& dela FuenteMarcos2000). In contrast,if theclusteris older thantheestimates
presentedhereandif dynamicalevolution hasalreadytakenplace,thenumberof very low-
massstarsandbrown dwarfs detectedin the surveyed areahasbeenwell overestimated.
The " index mayhave to beincreasedaccordingto theamountof brown dwarfswhichhave
escapedthecluster.

6. We have usedthe magnitude-massrelationshipfrom the Lyon group and combinedthe
NextGen and Dusty modelsto infer a massfunction from 1.3 to 0.040M � . Other evo-
lutionarymodelsassumegrey atmospheres(e.g.D’Antona & Mazzitelli 1994)andtendto
predict higher effective temperaturesand luminositiesso " would have to be decreased.
However, Barradoy Navascúes et al. (2001,2002)have shown that variousevolutionary
modelshadlittle influenceon the " PerandM35 massfunctions.A thoroughcomparison
of a largesampleof starswith differentevolutionarytracksby Hillenbrand& White (2004)
indicatesthatmassesof main-sequenceandpre-main-sequenceobjectsareunderestimated.
Theeffecton theshapeof themassspectrumis difficult to assessin thatcase.

7. We have neglectedthe effect of unresolved binaries. For example,a brown dwarf in the
Pleiades,PPl15(Reboloet al. 1995)wasresolved into a spectroscopicbinarybrown dwarf
(Basri& Mart́ın 1999a).Theinfluenceof unresolved binariesin openclusterswasquanti-
fied by Kroupa(2001),implying that thepower law index " shouldbe increasedby about
0.5 over the1.0–0.1M � massrange.Mart́ın et al. (2000a)failed to detectcompanionsin
Pleiadesbrown dwarf candidateswith separationswider than27AU at thedistanceof the
cluster, suggestingthat the binary frequency of brown dwarfs is not muchlarger thanfor
M dwarfsandhaslittle effect on theshapeof themassfunction. If thebinarycorrectionis
importantat low masses(for exampleif a large numberof M dwarfsarebinaries)," may
have to beincreased.

8. A possibleagespreadin theclusterwasnotconsideredthroughoutthisstudy. Spectroscopic
confirmationis requiredto placetheclustermembersin theHR diagramin orderto estimate
this effect.

To summarise,largeuncertaintiesremainregardingthemassfunctionin Collinder359which
led us to considera conservative erroron theslopeof theclustermassfunction i.e. " = 0.3 % 0.2
over the0.6–0.04M � massrange.

4.6.4 Comparison with other young cluster s

Wehavecomparedthemassfunctionfor Collinder359with estimatesavailablein theliterature
for otheryoungopenclustersandstar-forming regions. Figure4.15comparesthemassfunction
for Collinder359 (filled circles)with " Per(Barradoy Navascúeset al. 2002),M35 (Barradoy
Navascúeset al. 2001),andvariousestimatesof thePleiadesmassspectrum(Bouvieret al. 1998;
Mart́ın et al. 1998;Dobbieetal. 2002;Tej etal. 2002).
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Figure 4.15: Comparisonof the masspectrumfor Collinder359 (filled circles with solid line)
with other openclusters,including " Per (dot-dashedline; Barradoy Navascúes et al. 2002),
M35 (dashedline; Barradoy Navascúesetal. 2001),andthePleiades(Mart́ın etal. 1998;Bouvier
etal. 1998;Dobbieetal.2002;Tej etal.2002).Thebestlinearfit to theclustermassspectrum(red
line) appearsflatterthanthePleiadesover the0.55–0.035M � massrange.Thepeakat

�
1M � is

nota realfeaturebut theoutcomeof a largecontaminationathighermasses.

Acrossthe stellar/substellarboundary, the power law indicesestimatedin the Pleiadesby
variousgroupsweregenerallyin goodagreementwithin theerrorswith " = 0.5–1.0in the0.40–
0.045M � massrange(Figure4.15;Table1.1 in Chapter1).

Barradoy Navascúesetal. (2002)hasinferredacomparablemassfunctionfor the " Percluster
with " = 0.59 % 0.05from 0.30to 0.035M � (Figure4.15;Chapter3).

ConcerningM35, the massspectrumwasapproximatedby a three-segmentpower law over
the6–0.08M � massrange(Figure4.15;Barradoy Navascúesetal. 2001).

Themassspectrumderivedfor Collinder359is overallconsistentwithin theuncertaintieswith
variousestimatesin openclusterandstar-forming regions.Our resultappearhowever flatterthan
the Pleiadesand " Perestimates(Figure4.15) althoughthey might be consideredin agreement
within theerrorbars(0.1and0.2for thePleiadesandCollinder359,respectively).
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Comparedto otherwell-studiedregionsmentionedabove,ourestimateis solelybasedonopti-
calandnear-infraredphotometricselection.Thenext stepis to obtainlow-resolutionspectroscopy
for all selectedclustermembercandidatesin Collinder359to verify thevalidity of themassfunc-
tion andthevariousobserveddipsandgaps.If confirmed,thegapat0.070M � combinedwith the
searchfor thelithium depletionboundarywouldaddstrongconstraintsontheageandthedistance
of theclusterandconfirmthepresentestimates.

4.7 Conc lusions of the sur vey in Collinder 359 and perspec-
tives

We have presentedin this chapterthe first deepoptical wide-field imagingsurvey comple-
mentedwith near-infrared follow-up observationsof the youngopenclusterCollinder359. We
have surveyed1.6squaredegreesin theclusterin the Z and � filters down to detectionandcom-
pletenesslimits of 22.0and24.0with theCFH12KontheCanada-France-Hawaii 3.6-mtelescope.
Basedontheir locationin theoptical( Z ,Z –� ) colour-magnitudediagram,wehaveextracteda total
of 1033clustermembercandidatesin Collinder359spanning1.3–0.040M � , assumingadistance
of 650pc andanageof 80Myr. We have cross-correlatedtheoptically-selectedcandidateswith
the2MASSdatabasefor objectsbrighterthan Z = 17.0to weedout contaminatingfield stars.Fur-
ther �*� -bandphotometryhasbeenobtainedfor asubsampleof 39faintclustercandidatesto probe
thecontaminationatandbelow thestellar/substellarboundary.

By comparingthe location of the brightestclustermember, 67Oph, with solar metallicity
isochronesincludingmoderateovershoot,wehavederivedanageof 60 % 20Myr for Collinder359.
Thecomparisonof theNextGenevolutionarymodelsto theclustercandidatesselectedfrom their
propermotion andcoloursyieldeda meanageof 80Myr with an uncertaintyof 20Myr anda
distanceof of 500 % 100pc. Theageis largerthanpreviousestimatesin theliterature,whereasthe
distanceis within theuncertaintiesof formerdeterminationsbut basedon a largernumberof ob-
jects. Hence,Collinder359 is probablynot a pre-main-sequencecluster(10–50Myr) asthought
earlier but likely coeval with " Per. The questionset in � 4.1 regardingthe test of pre-main-
sequenceevolutionarytrackswith clusters10–50Myr old might not besolved with thestudyof
Collinder359.

Finally, we have derived luminosityandmassfunctionsfor Collinder359usingtheNextGen
andDustymodelsfrom theLyongroup.Despitetheuncertaintiesinherentto photometricsurveys
in openclusters,we have reporteda dip in the luminosityandmassfunctionslocatedat Z = 20.5
(correspondingto a massof 70M l_m�o i assuminga meanageof 80Myr anda distanceof 500pc)
likely causedby the dearthof M7–M8 dwarfs observed in the solarneighbourhoodandyoung
clusters.Thebestfit to theslopeof the massfunction,whenexpressedasthemassspectrumis
" = 0.30 % 0.20over the 0.55–0.035M � massrange. The derived slopeis flatter thanestimates
in the Pleiadesand in the " Per clustersalthoughthey are consistentwithin the uncertainties.
Spectroscopy is neededto verify theresultspresentedin this chapterasour work is solelybased
on photometry. Our studydo not provide a convincing evidencefor a variablemassspectrumin
openclusters.

Thedetailedstudyof Collinder359constitutesafirst steptowardsthedeterminationof anun-
biasedmassfunctionin apreviously unstudiedyoungopencluster. Follow-up observationsof the
selectedclustermembercandidatesin Collinder359 arerequiredto ascertaintheir membership,
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includingnear-infraredimagingandopticalspectroscopy. We have beengrantedobservingtime
with several telescopesandinstrumentswithin the framework of the CFHT Key Programmeto
pursueour investigationof Collinder359andotherpre-main-sequenceclusters.Thetime sched-
uleandtheobservationsaredividedasfollows:

CFHT/CFHTIR 4 nights(30May–03June2004) Near-infraredimaging
CalarAlto 2.2-m/MAGIC 4 nights(10–13June2004) Near-infraredimaging
WHT/AF2/WYFFOS 6 nights(18–24June2004) Multi-object spectroscopy
TNG/DOLORES 3 nights(19–21June2004) Opticalspectroscopy

Near-infraredimagingwill beobtainedfor theremainingfaint ( Z � 17.0)clustermembercan-
didatesin Collinder359 to probethe contaminationby field starsat and below the hydrogen-
burninglimit. Low-resolution(R

�
600)optical(6000–10000̊A) spectroscopy will provide spec-

tral classification,gravity measurements,anddeterminationof thelevel of chromosphericactivity,
which, together, will allow usto furtherconstrainthemembershipof clustercandidates.

Longer term observationsare foreseento enlarge our studyof Collinder359. For example,
higherresolutionopticalspectroscopy of thebright clustermemberswill provide radialandrota-
tionalvelocitiesto studythedependenceof theseparameterswith massandage.Additionally, the
innersquaredegreeareain Collinder359remainsto besurveyedto confirmtheresultspresented
in this chapter. Finally, objectsbrighterthan Z � 12.0andthusmoremassive than

�
1M � should

beinvestigatedto derive a completemassfunctionfrom highermassstarsdown to brown dwarfs.



Chapter 5
Outlook and future work for cluster
member ship

Thesurveys in " PerandCollinder359presentedin this thesisareaimedat investigatingthe
stellarandsubstellarIMF and its dependencewith placeandtime. The " Perclusterhasbeen
muchmoretargetedthanCollinder359in thepast.In " Per,we have presentedspectroscopicas-
sessmentof somelow-massmembers.In Collinder359,wehaveextractedalist of clustermember
candidatesdown into thesubstellarregimebasedontheiropticalcolours.Follow-upobservations,
including near-infraredimagingandoptical spectroscopy are,however, requiredto ascertainthe
membershipof photometrically-selected candidatesandobtaina list of genuinemembers.The
survey in Collinder359 is partof a largerphotometricprogrammeaimedat investigatingthede-
pendenceof theIMF with placeandtime aswell asthepropertiesof starsandbrown dwarfsasa
functionof time.

Wewill discussin thischapterthedifferentphasesnecessaryin thestudyof youngopenclus-
terswith anemphasison theremainingprojectsandfutureplansfor the " PerandCollinder359
openclusters.Thisprocedureis extendedto otheropenclustersaswell. Thischapteris structured
asfollows. Thevariouspossibilitiesofferedby large-scalecataloguesto studyanopenclusteras
a wholeentity arepresentedin � 5.1. Theselectionof propermotioncandidatesin openclusters
is describedin � 5.2. The near-infraredfollow-up imagingof optically-selectedclustermember
candidatesfor membershipassessmentis detailedin � 5.3.Thewealthof informationprovidedby
the optical spectroscopy to derive spectraltypesandinvestigatechromosphericactivity, gravity,
age,radial androtationalvelocitiesof clustermembercandidatesis emphasisedin � 5.4. Low-
resolutionnear-infraredspectroscopy of clustercandidatesis discussedin � 5.5.Theidentification
of X-ray counterpartsto photometrically-selected membercandidatesto ascertaintheir member-
ship is presentedin � 5.6. The issuesregardingthebinary fractionasa functionof mass( � 5.7)
andthevariability of clustermembers( � 5.8)arediscussedaswell.

5.1 Full coverage of a cluster

A survey of anopenclusterasawholeentity providesinsightson its extentandits dynamical
evolution. Thedistribution of membersacrosstheclusteris a key parameterto probea possible
masssegregation. However, up to now, hardly any openclusterhasbeenfully observed down
to thebrown dwarf regime mostlybecauseof its large extent on thesky. Photographicplatesat
differentepochsrepresentvaluabletools to identify clustermembersover large areasvia proper
motion. This techniqueis generallylimited to thestellarcontentof openclustersandcanreach
down to the hydrogen-burning limit in a youngnearbyopenclusterslike the Pleiades(Hambly
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et al. 1999). Large-scalesky surveys, including 2MASS, the SuperCOSMOSSky Surveys, and
theGuideStarCatalogprovide additionalphotometryandpropermotion for stellarmembersin
numerousopenclusters.Thecombinationof thesedatabasescanserveasastartingpointto deeper
surveys dedicatedto low-massstarsandbrown dwarfsin a limited areain clusters.

Recently, Tej et al. (2002)proposeda purestatisticalapproachusingnearbycontrolfields to
estimatethefield contaminationtowardsthreeclusters:thePleiades,IC348,and & Orionis. This
methodcombinedopticalandnear-infraredmagnitudesfrom theGuideStarCatalogand2MASS
surveys. Theclusterluminosityfunctionswerecorrectedfor thenumberof field starsin thesame
magnituderangeover thesamearea.Theinferredmassfunctionsagreedwithin theuncertainties
with estimatesfrom deepsurveys over a similar massrange.Opticalspectroscopy of theselected
objectswould verify whetheror not the level of contaminationwas correctly estimated. The
maindrawbackof this methodis theassumptionof anageanda distance,parametersfairly well
constrainedfor thethreeclustersunderstudybut poorlyknown for thelargemajority of clusters.

Earlystudiesin the " Perclustermadeuseof thePalomarphotographicplatesto extractmem-
bercandidatesover theentireclusteron thebasisof their propermotion(Heckmannet al. 1956;
Stauffer et al. 1985,1989b;Prosser1992).This selectionextendedto \ = 19 mag,corresponding
to Z � 16 magandspectraltype of M5. Multi-band photometryandoptical spectroscopy were
necessaryto ascertainthemembershipof thesepropermotioncandidatesdueto the low galactic
latitudeof " Per.

A deepwide-fieldoptical ( $ , Z ) survey over 4.5 deg! wasinitiated in " Perto find members
down into the substellarregime (Barradoy Navascúeset al. 2002). The extensionof this deep
survey to theremainingareawouldallow usto studythedistribution of starsandbrown dwarfsin
thecluster. Moreover, observationsin the � -bandarenecessaryto probesubstellarobjectsdown
to thedeuteriumburninglimit at 13M lnmeo .

Despitethelargefield-of-view (42� 
 28� ) of theCFH12Kcamera,we have only beenableto
survey 1.6 squaredegreesin Collinder359,which amountsfor 30–40% of thetotal clusterarea,
assuminga coronaradiusasderivedby Kharchenko et al. (2004;personalcommunication).Two
additionalprojectsaimingat a full coverageof Collinder359from high-massstarsdown into the
substellarregimewouldprovide anestimateof themassfunctionover thewholeclusterarea.

First,acomplementarysurvey to theCFH12Kopticalstudyshouldbeundertakenin thecluster
centrein the Z and � filters down to a completenesslimit of 24.0to infer a massfunctionover the
wholearea.The full coverageof the inner degreein Collinder359canbeachieved in onenight
with 4 MegaCampointings,for example. The MegaCamwide-field camerahassupersededthe
CFH12Kcameraon theCFHTandoffersaonesquaredegreefield-of-view with aspatialscaleof
0.187� � /pixel.

The CFHT Key Programmefocusedon the low-massendof themassfunctionskippingthe
study of high-massmembers(M

�
1.3M � ) in Collinder359. Optical and infrared photometry

of starswith spectraltypesB to G could bederived from previous sky surveys suchas2MASS,
SSS,andGSC. Subsequentspectroscopy for membershipassessmentis mandatorybut couldbe
conductedwith smalltelescopes.
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5.2 Proper motion

Propermotionsurveys representapowerful discriminantto identify membersin openclusters
andshouldbe consideredas the primary stepto definea stellarsequencein new clustersprior
to any deepphotometricsurvey. The extractionof membercandidatesis optimally achieved for
high galactic latitude openclusterswith significantmotion comparedto field starsdue to the
lower contamination.Thebesttargetsto applythis techniquearethePleiades(e..g.Hamblyet al.
1999)andtheHyades(Reid1992)becausebotharenearbyandlocatedat high galacticlatitude.
The large majority of clusterslisted in the OpenClusterDatabasedo not harboura significant
motioncomparedto field starssothattheextractionof candidateshouldsolelyrely on thecolour
selection.Someclustersremainneverthelesssuitabletargetsastheirpropermotionarelargerthan
Collinder359.

Two major propermotion cataloguesarecurrently fully available to undertake, asan initial
step,theselectionof membercandidatesin openclusters.First, theSuperCOSMOSSky Surveys
providespropermotionsandopticalmagnitudesin threebroadbands( ]�� , $ , and Z ) for objects
as faint as $ = 20 with declinationssouthof 	 2� . The photographicplatescovering the whole
northernsky arescannedandprocessedat themomentandshouldbe releasedin thenearfuture
(N. Hambly, personalcommunication).Second,the UCAC2 catalogue(Zachariaset al. 2003)
providespropermotionsof over48million sourcesnorthof 	 2� andsouthof 	 40� in declination
with anaccuracy of % 6 mas/yr. This catalogueshouldbecombinedwith otherdatabasessuchas
2MASSor DENISasit is incompleteanddoesnotprovideacolourterm.Thefuturereleaseof the
GuideStarCatalog(version2.3)will additionallyprovidepropermotionsandphotometryin three
passbandsfor objectsdown to $ = 20 in thenorthernhemisphereafterscanningandprocessingof
thePalomarSchmidtplates,complementinghencetheSuperCOSMOSSky Surveys database.A
stepforwardwill beachievedwith theGAIA astrometricsatellite,providing highly accurateposi-
tions,propermotionsanddistancesaswell asradialvelocitiesfor starsfew ordersof magnitudes
fainterthantheHipparcosdetectionlimit.

Concerning" Per,propermotionsrevealedhundredsof clustermembersdown to \ = 19.0
mag(Prosser1992)usingPalomarSchmidtplatesspanninganepochdifferenceof about50years.
Themotionof the " Perclusteris smallerthanthePleiades,on theorderof 	 23 and 
 25 mas/yr
(Robichonet al. 1999),renderingpropermotionsurveys lessefficient. Colourselectionandopti-
cal spectroscopy are,consequently, mandatoryto weedout contaminatingobjectsdueto the low
galacticlatitudeof thecluster(b= 
 7� ).

We have combinedthewide-fieldopticalsurvey implementedwith theCFH12Kcamerawith
propermotionmeasurementsfrom theUCAC2 catalogue(Zachariaset al. 2003)to infer new age
anddistanceestimatesfor Collinder359(Chapter4) despitethesmallclustermotionwith respect
to field stars. The vector point diagram(seeFigure 4.12 for details)of the optically-selected
candidatesin Collinder359 exhibits a shift in declinationof about8 mas/yr, suggestingthat a
large fraction of objectsare, indeed,bona-fideclustermembers.The sametechniquecould be
appliedto clusterswith comparablemotionto Collinder359by combiningtheUCAC2 catalogue
with all-sky surveys suchas2MASS,GSC,or DENIS.
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5.3 Near-infrared imaging of cluster member candidates

The first stepsin the studyof young(10–200Myr) openclustersconsistin colour selection
(Section5.1) and/orpropermotion (Section5.2) of membercandidates.This initial sampleof
candidatesremainsneverthelesspollutedby galaxies,distantgiants,andfield dwarfs,harbouring
colourssimilar to young pre-main-sequenceobjects. The contaminationin the low-massand
brown dwarf regimeswasestimatedto be 25–40% in the Pleiades(Bouvier et al. 1998;Mart́ın
etal. 2000a;Morauxetal. 2001)andin " Per(Barradoy Navascúeset al. 2002).

Near-infrared photometryis a useful tool to weedout contaminatingobjectsfrom cluster
membercandidatesdueto the large optical-to-infraredcolourbaseline.Evolutionarytrackspre-
dict bluer optical-to-infraredcoloursby 1.0 to 1.5 magfor field dwarfscomparedto youngpre-
main-sequenceobjects(Chabrieret al. 2000b). The � and � -bandfollow-up observationsof
optically-selectedclustermembershave provenvery efficient at eliminatingfield starsandback-
groundgiantsin thePleiades(ZapateroOsorioet al. 1997a;Pinfieldet al. 2000), " Per(Barrado
y Navascúeset al. 2002;Chapter3), IC2391(Barradoy Navascúeset al. 2001a),and & Orionis
(Béjaret al. 2001). However, theuseof Z and � filters asprimaryselectionfor clustermember
candidatesin the " Perclusterturnedout to belessefficient thanthe( $ , Z ) or ( Z , � ) surveys due
to theability of the � -bandto probelargerdistances(Chapter3).

The useof catalogueswith propermotion andphotometricmeasurements,including Super-
COSMOSSky SurveysandtheGuideStarCatalogwill provide initial samplesof clustermember
candidatesin numerousunstudiedopenclusters.Additional infraredphotometryfrom theDENIS
and2MASS surveys will weedout contaminatingobjectsdown to low-massstarsandpossibly
brown dwarfs,dependingon thedistanceandageof theselectedclusters.Theextractionof lists
of membersin a large numberof openclusterscanbeachieved with currentarchival dataasde-
scribedin this sectionandthepreviousones.Themaingoalof this extensive work would bethe
studyof thedependenceof themassfunctionon placeandtime.

Futuredeepinfraredlarge-scalesurveys, including UKIDSS1, WIRCam2, andVISTA3 will
probeyoungsubstellarobjectsover large areas.For example,the UKIDSS dedicatedsurvey of
galacticopenclustersaimsatsurveying 1400squaredegreesin �A(k� in 10openclustersandstar-
forming regionsdown to � = 18.7, including 79 deg! in thePleiades,50 deg! in " Per,and0.8
deg! in IC4665.

We have usednear-infraredphotometryto refinethe list of optically-selectedmembercandi-
datesin Collinder359andrejectcontaminatingfield dwarfsandbackgroundgiants.All candidates
brighterthan Z = 17hadacounterpartin the2MASSdatabase,henceproviding � , ( , and � mag-
nitudes.Wehaveattemptedto probethecontaminationdown to amassof about0.4M � , assuming
adistanceof 500pcandanageof 80Myr for Collinder359.Near-infraredphotometryturnedout
to beinefficient in this massrangedueto thesmalldifferencein Z –� coloursbetweenfield stars
andyoungclustermembers.Thelargecontaminationobservedatmagnitudesbrighterthan Z = 15
remainto bestudiedvia anothermethod.

A stepforwardconsistsin obtainingnear-infraredpointingobservationsof fainter( Z � 17.0)
clustermembercandidatesin Collinder359. We have alreadypresentedthe resultsof a � -band

1http://www.ukidss.org/
2http://www.cfht.hawaii.edu/News/Projects/WIRCam/New/
3http://www.roe.ac.uk/atc/projects/vista/science/
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imagingof asubsampleof about40optically-selectedcandidatesin Collinder359( � 4.4).Wehave
beengrantedatotalof 8 nightsin June2004to pursuetheinfraredfollow-upof candidatesin three
pre-main-sequenceclustersobservedwithin theframework of theCFHTKey Programme,includ-
ing Collinder359.Theobservationsaredividedinto 4 nightswith theinfraredcamera(CFHTIR)
on the CFH 3.6-m telescope(30 May–02June2004)and4 nightswith the MAGIC cameraon
theCalarAlto 2.2-mtelescope(10–13June2004). A total of 110clustermembercandidatesin
Collinder359spanningZ = 17.0–22.0lack near-infraredphotometry, at distanceof 500pc andan
ageof 80Myr. We will likely observe all remainingcandidatesin Collinder359with thenights
grantedon both telescopes.Note that theUKIRT WFCAM amerausedfor theUKIDSS project
will beavailablefor openproposals,offeringanopportunityto includeCollinder359.

5.4 Optical spectr oscop y of cluster member candidates

The next step in the study of open clustersconsistsin obtaining optical spectroscopy of
photometrically-selected clustermembercandidatesto further ascertaintheir membership.Op-
tical spectroscopy is a key stepbecauseit can provide spectraltypes,chromosphericactivity,
surfacegravity measurements,lithium abundances,andradial androtationalvelocitiesfor each
candidate.Many criteriadescribedhereto assessthemembershipof candidateshavebeenapplied
to the " Percluster(Chapter3) andareforeseenin Collinder359.

5.4.1 Spectral classification

Theprimaryaimof theopticalspectroscopy is to provide spectralclassificationfor all cluster
membercandidatesto verify their membership.Several spectralindicesareavailablein the lit-
eratureto estimatethespectraltypesof low-massobjectswith an accuracy of half a subclassor
better. The mostreliableindicesfor field late-K andM dwarfs arelisted in Table1.2 in Chap-
ter 1. Theseindiceswerespecificallydefinedto estimatetheeffective temperatureof old nearby
dwarfs.Althoughthegravity influencesthecomputationof theseindices(Luhman2000)is poorly
known, they areneverthelessusedto classifyvery low-massstarsandbrown dwarfs in clusters.
Evolutionarytracksarethenusedto estimatetheir mass,assuminganageanda distancefor the
cluster.

In Chapter3 , we presentedmoderate-resolutionspectroscopy of photometrically-selected
clustermembersin " Perconductedwith theTwin spectrographontheCalarAlto 3.5-mtelescope.
Combiningspectralindicesandcomparisonwith templatespectraof known dwarfsobservedwith
thesameinstrumentsetup,wehaveinferredaspectralsequencein agreementwith thephotometric
measurementsin the0.40–0.12M � massrange.

Opticalspectroscopy of clustermembercandidatesin Collinder359will constraintheageand
thedistanceof thecluster. Thecorrelationbetweenmagnitudesandspectraltypeswill constrain
the distanceof the cluster. The presenceor absenceof lithium in absorptionat 6708Å will set
upperlimits on theageof thecluster. If theageandthedistanceestimatesfor Collinder359are
correct,thestellar/substellarboundaryat0.075M � will occurataspectraltypeof M6.5,according
to evolutionarymodels(Baraffe et al. 1998).
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5.4.2 Chromospheric activity

Opticalspectroscopy providesaccessto theH " emissionlineat6563Å. Thestrengthof theH "
line reflectsthelevel of chromosphericactivity in youngpre-main-sequencestarsandprovidesan
additionalcriterionfor membershipassessment.Thedetectionof H " is a key stepin thestudyof
openclustersandhasbeenalreadyappliedto thePleiades(Mart́ın et al. 1996), " Per(Chapter3),
IC2391(Barradoy Navascúes et al. 2001a),and & Orionis (Barradoy Navascúes et al. 2001b;
ZapateroOsorioetal. 2002).A majordrawbackof theH " emissionline is its variability observed
bothin youngclustermembers(Mohanty& Basri2003)andin thefield (e.g.Mart́ın et al. 1999),
producingflareswith largeequivalentwidths.

In Chapter3, we describedthe resultsof spectroscopicfollow-up observationsof all prob-
ableclustermembercandidatesin " Perextractedby Barradoy Navascúes et al. (2002) in the
0.40–0.12M � massrange. All objectsexhibit H " in emissionwith equivalent widths ranging
from 4 to 15Å, in agreementwith previous studiesin the cluster(ZapateroOsorioet al. 1996;
Prosser1992,1994).Thedetectionof H " in photometrically-selected clustermembersaddsstrong
supportto the belief that thesecandidatesaremembersof the clusteralthoughsimilar level of
chromosphericactivity is observedin field M dwarfs.

We will obtainlow-resolutionopticalspectroscopy for numerouscandidatesin Collinder359
to ascertaintheir membershipandstudythe evolution of the chromosphericactivity with mass.
Theprocedureappliedto the " Perclusterwill begeneralisedto Collinder359.

5.4.3 Surface gravity

Measurementsof gravity-sensitive features,includingtheK I andNaI doubletsat7665/7699̊A
and8183/8195̊A, respectively, canbe extractedfrom optical spectroscopy. A youngpre-main-
sequenceobject has lower surfacegravity than field starsof similar spectraltype, and hence,
weaker K I andNaI equivalentwidths( RITVU (g)= 3.5–4.5versus5.0–5.5).Thedistinctionbetween
pre-main-sequenceobjectsandgiantsis straightforward dueto theextremelylow surfacegravity
of thelatter( R�TVU (g)

�
0). Thestudyof starsandbrown dwarfsin thesolarneighbourhood,in open

clusters,andin star-forming regionswill provide a two-dimensionalspectralclassificationbased
onbothtemperatureandsurfacegravity.

In Chapter3, we presentedsurfacegravity measurementsfor a sampleof low-massstarsin
the " Percluster. Theequivalentwidthsof theK I andNaI doubletsof clustermembercandidates
in " Perweregenerallyweaker thanold field dwarfsof similar spectraltypeobservedwithin the
framework of our propermotionsurvey (Chapter2). This trendconfirmedthat thosecandidates
areyoungerthannearbydwarfsandaddsanadditionalcriterion to spectraltypesandH " , hence
supportingtheir membership.

A resolutionof R
�

1000envisionedfor themulti-fibrespectroscopy of clustermembercandi-
datesin Collinder359with theAF2/WYFFOSspectrographwill enableto deblendtheK I andNaI
doubletsandprovide surfacegravity measurementsover a large massrange.Theresultswill be
thencomparedto measurementsin the " Percluster(Chapter3) andin thePleiades(Mart́ın et al.
1996).Moreover, modellingof thespectraof clustermembercandidatesin Collinder359with the
latestatmospheremodels(Allard et al. 2001)will allow usto determinethesurfacegravity with
anuncertaintyof % 0.5dex aswell aseffective temperatureestimates.
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5.4.4 Lithium depletion boundar y

Thepresenceof thelithium absorptionline at 6708Å is importantfor two reasons.First, the
studyof a varietyof clusterswill helpunderstandtheevolution of lithium with ageaswell asthe
roleof mixing in stellaratmospheres.Second,thelithium absorptionline is a key spectralfeature
usedto datepre-main-sequenceopenclusters(Reboloetal. 1992).Thisapproachhasbeenwidely
usedin recentyearsto infer clusterages,asin thePleiades(Stauffer et al. 1998), " Per(Stauffer
et al. 1999), IC 2391(Barradoy Navascúes et al. 1999),andNGC2547(Oliveira et al. 2003).
The detailsof the lithium testappliedin " Perareprovided in Section3.2. Collinder359 is an
interestingnew targetwith anagesimilar to " Per.

Observationsof cool, young, pre-main-sequencestarssuggestthat undepletedlithium will
producea saturatedequivalentwidth of about0.6Å (ZapateroOsorioet al. 2002). Theoretical
curvesof growth predictthata stardepletedby a factorof 100from its initial lithium abundance
will still haveanequivalentwidth of

�
0.3Å with linesdisappearingrapidly for lowerabundances

(Pavlenko et al. 1995). Evolutionarymodels(D’Antona & Mazzitelli 1994;Baraffe et al. 1998)
predictachangein thelithium abundanceover aninterval of 0.2magin luminosity.

The lithium depletionboundaryin Collinder359 shouldbe locatedaround Z = 20, assuming
an ageof 80Myr anda distanceof 500pc for the cluster(Chapter4). A 8-m classtelescopeis
requiredto achieve equivalentwidth measurementsasaccurateas0.1–0.2Å at this faintnesslimit
in orderto refinethe ageof Collinder359. The modelsfrom Burrows et al. (2001)predict that
at 80Myr, a 0.07M � hasretainedall its lithium whereasa 0.09M � objecthasdepletedit all.
However, if Collinder359 is 30Myr old (Wielen 1971), the lithium depletionboundarywould
occurmorethanonemagnitudebrighteratamassof approximately0.15M � .

5.4.5 Rotational velocities

Themainmotivationfor measuringrotationalvelocitiesin youngopenclustersis to determine
thedistribution of v �n��� (i) versusspectraltype.

Studiescarried out in the Pleiades(Stauffer et al. 1994a), " Per (Prosser1994; Randich
et al. 1996), IC2602(Randichet al. 1995),and IC2391(Stauffer et al. 1997) improved signif-
icantly our knowledgeregardingthe distribution of rotationalvelocitiesin openclustersover a
large interval in age. A completesurvey in Collinder359 could be comparedto thoseresultsto
completethe sequenceof ages. However, if Collinder359 is youngerthan predictedin Chap-
ter4 (e.g.30Myr), its rotationalvelocitypropertiesshouldbecomparableto thoseobservedin the
pre-main-sequenceclustersIC2602andIC2391.

The measurementsof rotationalvelocitiesrequirehigh-resolutionoptical spectroscopy. The
NaID doubletat5880–5900̊A providethebestdiscriminantof rapidrotatorswith rotationalveloc-
ities larger100kms

acb
(Stauffer et al. 1997).Thegeneralmethodto measurerotationalvelocities

consistsof artificially broadeninga well-known standardstaruntil the bestmatchto the target
spectrumis achieved(Hartmannet al. 1986).

5.4.6 Radial velocities

The last membershipcriterion for clustercandidatesavailable from optical spectroscopy is
theradialvelocity. This obviously requiresthat themotionof theclusteris significantlydifferent
from field stars. For example,radial velocitiesarenot of greatusein the Pleiadesasthe mean
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clustermotion(v H_��� = 5.9kms
acb

; Rosvicket al. 1992)is comparableto themotionof field stars
along that line of sight but a powerful discriminantin " Per (v H_��� = 
 2kms

acb
; Prosser1994).

No measurementsareavailablein Collinder359 but high-resolutionoptical spectroscopy canbe
obtainedfor thebrightestmemberswith asmalltelescopein orderto estimatethiscomponent.

Radialvelocity investigationsrequirehigh-resolutionopticalspectroscopy aswell asstandard
starswith high accurateradialmeasurements.Severalstrongiron andcalciumlinesareavailable
in thewavelengthranges6410–6495̊A, 7860–7980̊A, 8040–8160̊A, and8230–8350̊A to derive
radialvelocities.

The determinationof the radial velocitiesof membersin Collinder359, in addition to their
propermotions,will allow usto explorethefull spacemotionof thecluster. To date,some40000
starsin the Galaxy have radial velocity measurements.To improve the statistics,the RAdial
Velocity Experiment(RAVE)4 is anambitiousprogramaimingat measuringradialvelocitiesand
metallicitiesof about50 million starsdown to \ = 16 mag. A complementaryproject will be
undertaken with the futureastrometricspacemissionGAIA for fainterobjects.Thesedatabases
will representa majorbreakthroughto studythespacemotionof largenumbersof stars,someof
thembelongingto openclusterssuchas " PerandCollinder359.

5.4.7 Planned spectr oscopic obser vations in Collinder 359

Wehavebeengrantedfollow-upobservationstopursuethestudythestellarandsubstellarmass
functionsin youngclusterswithin the framework of theCFHT Key Programme.Two observing
runswill take placein June2004to obtainlow-resolutionopticalspectroscopy of clustermember
candidatesin openclustersandstar-forming regions,includingCollinder359.

First, low-resolution(R
�

1000)multi-fibre (150fibres)optical (5500–8500̊A) spectroscopy
of clustermembercandidatesin threepre-main-sequenceclusters(Collinder359, IC4665, and
Steph1) andin Serpenswill becarriedout on 18-26June2004with theAF2/WYFFOSspectro-
graphmountedon theWilliam HerschelTelescopein La Palma. The WYFFOSspectrographis
equippedwith a 1024 
 1024pixel camerawith a spatialscaleof 3Å/pixel, yielding a field-of-
view of approximately40� , comparableto theCFH12Kcamera.

Second,low-resolution(R
�

600) optical (4470–10360̊A) long-slit spectroscopy of individ-
ual clustermembercandidatesin Collinder359 will be conductedwith the DOLORESspectro-
graphon theTelescopioNazionaleGalileo in La Palmaon 19–21June2004. Thespectrograph
is equippedwith a 2048 
 2048 pixel camerawith a spatialscaleof 0.275Å/pixel, yielding a
field-of-view of 9.4��
 9.4� .

Thesecombinedspectroscopicobservationswill provide spectraltypes,chromosphericac-
tivity andsurfacegravity measurementsfor a completesampleof clustermembercandidatesin
Collinder359down to thehydrogen-burning limit, assuminganageof 80Myr anda distanceof
500pc for thecluster.

4More informationcanbeobtainedat this URL: http://www.aip.de/RAVE/
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5.5 Near-infrared spectr oscop y of cluster member candidates

Wehaveexploredin theprevioussection( � 5.4)thewealthof informationprovidedby optical
spectroscopy, includingspectraltypes,chromosphericactivity, lithium, surfacegravity, radialand
rotationalvelocities.However, thefaintnessof the leastmassive clustermembersrendersoptical
observationslessadequateto analysetheir characteristics.Long integrationtimeson large tele-
scopesare,therefore,requiredto achieve sufficient signal-to-noisefor spectraltyping andother
studiesmentionedpreviously. As youngpre-main-sequenceobjectsemitmostof theirflux at1 � m
andbeyond,near-infraredwavelengthsareappealingto deriveeffective temperatureandbolomet-
ric luminosities.For example,a80Myr old objectwith Z = 20 hasa � �

16.5and � –� �
1.0.

Several near-infraredspectralindices,independentof the interstellarreddeningobserved in
star-forming regions,have beenspecificallydefinedto classifyyounglow-massstarsandbrown
dwarfs (Wilking et al. 1999; Mart́ın 2000). Thoseindiceshave beenappliedto infer surface
gravity andeffective temperaturein severalregions,including � Ophiuchus(Wilking et al. 1999),
theTrapeziumCluster(Lucaset al. 2001), & Orionis(Béjaret al. 2001),IC348(Najita, Tiede,&
Carr2000),Taurus(Itoh, Tamura,& Tokunaga2002),andSerpens(Lodieuetal. 2002a).

Gorlova et al. (2003)comparedhigh signal-to-noiselow-resolutionnear-infraredspectrawith
the latestatmospheremodelsof Allard et al. (2001)to distinguishyoungpre-main-sequenceob-
jectsfrom field dwarfs.Severalfeatures,includingH ! at1.33� m,COat2.30� m,FeHat1.20� m,
K I at 1.25� m, NaI at 2.21� m, andCaI at 2.26� m, representvaluablediscriminantsto separate
bothtypesof objects.

Opticalspectroscopy will enableadetailedstudyof clustermembersin Collinder359down to
thehydrogen-burning limit or slightly lower ( Z � 20 andM = 0.075M � ). Thefaintestcandidates
extractedfrom thewide-fieldopticalsurvey in Collinder359would thenneedto befollowed-up
spectroscopicallyin thenear-infraredto derive spectraltypesandsurfacegravity becauseof their
large optical-to-infraredcolours( Z –� = 3.5–4.5for Z = 20.0–22.0). The task remainsdifficult
for two reasons.First, the differencein surfacegravity betweenclustermembers(80Myr) and
field dwarfs (

�
1Gyr) is on theorderof theaccuracy of themethoddevelopedby Gorlova et al.

(2003).Second,long integrationtimesarestill necessaryto achieve reasonablesignal-to-noisefor
thoseobjectseven with large telescopes.For example,a signal-to-noiseof about10 is achieved
in an hour for objectswith � = 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 FOCASinstrumenton theSubarutelescope,assumingcomparablerequirements.As a
consequence,near-infraredspectroscopy of thefaintestcandidatesdoesnotappearmoreeffective
thanoptical spectroscopy in youngopenclusters.This approachremainsneverthelessuseful in
star-forming regionswheretheextinctionoftenhampersstudiesatopticalwavelengths.

5.6 X-ray sur veys of open cluster s

Openclustersare importantto study the time evolution of starsandprobethe age-activity
relationship.SystematicX-ray studiesof openclustersbeganwith theEinsteinObservatoryin the
1980s(e.g.Micela et al. 1988)andlater with theROSAT satellite. Large areasin openclusters
within 200pcandagesrangingfrom 30Myr to 50Gyr havebeensurveyedin thesoft(0.1–0.4kev)
andin thehard(0.4–2.0kev) bands.Surveys conductedin X-rays representanexcellentway to
discriminatebetweenyoungdwarfsandmain-sequencesolar-typestarsdueto thehigherL � /L �A�_�
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ratio observed at youngages. In addition, this ratio is independentof the distance. As a con-
sequence,follow-up X-ray observationscanbe an efficient way to ascertainthe membershipof
low-masscandidatesin young clusters,as the Pleiades(Stauffer et al. 1994a), " Per (Randich
et al. 1996),IC2602(Randichet al. 1995),andIC2391(Patten& Simon1993)thanin olderones
astheHyades(Sternet al. 1995).Collinder359representsa new target to probeX-ray activity in
amoredistantclusterwith anageintermediatebetweenIC2391andthePleiades.

A largepercentage(
�

80%) of F, G, K, andM dwarfs in " Perextractedfrom formerproper
motionandphotometricsurveysweredetectedasX-rayemittersusingtheROSAT satellite(Randich
etal. 1996;Prosseretal. 1996b).New candidateswererevealedby X-ray observationsaswell and
confirmedlater on. The observationsin " Perwerein agreementwith resultsfrom the Pleiades
andotherpre-main-sequenceclusters,yielding thefollowing conclusions:

1. Thefastertherotationrateis, thehigheris theX-ray luminosity.

2. TheX-ray luminositypeaksatG dwarfsanddeclinestowardsM dwarfs.

3. ThemeanX-ray luminosityof F andG dwarfsis largerfor youngerobjectswhile nodiffer-
encewith ageis foundfor K andM dwarfs.

With the advent of the XMM andChandra X-ray satellitesproviding highersensitivity and
betterresolution,a new opportunityis offeredto investigatethe evolution of activity with mass
andthe relationbetweenX-ray emissionandperiodin late-typedwarfs. First, thesensitivity of
XMM is thousandtimesbetterthantheROSAT satellitein the0.5–2.0kev energy range,allowing
the detectionof brown dwarfs in the Orion Nebula Cluster(Feigelsonet al. 2002). Second,the
XMM andChandra spatialresolutionsareontheorderof or betterthanafew arcsec(typically 2–3
arcsec)andallow direct identificationof theopticalcounterpartwith little uncertainty. TheXMM
andChandra fields-of-view of about30� and17� 
 17� , respectively, arecomparableto current
fields-of-view in theopticalbut still requirenumerouspointingsto identify all memberswithin a
largearea.

Several surveys conductedwith Chandra led to the detectionof Pleiadesmembers(Daniel
et al. 2002),hundredsof pre-main-sequencestarsbelongingto theOrion Nebula Cluster(Feigel-
sonet al. 2002),andtwo brown dwarfs in the � Ophiuchuscloud(Ozawa et al. 2004).Assuming
anupperlimit of 650pc for thedistanceof Collinder359,we would expectto detecta high per-
centageof F–M clustermembersto derive themass-activity relationshipandcompareit with pre-
viousworksconductedin thePleiades(Stauffer etal. 1994a)," Per(Randichetal. 1996),IC2602
(Randichetal. 1995),andIC2391(Patten& Simon1993).

5.7 Binarity of cluster member s

Thebinaryfractionasafunctionof massis animportantissueto determinetheIMF in thefield
andin youngclustersandto addresstheissueof theformationof starsandbrown dwarfs.How do
unresolvedbinariesaffect themassfunction?Do brown dwarfshave similar binarypropertiesas
stars?How do brown dwarfsform? Severalstudieshave shedsomelight on thosematters.Using
thelatestobservationalsurveysdedicatedto thebinarityof field G, K, andM stars,Kroupa(2001)
concludedthat the power law index " is underestimatedby up to 0.5 if unresolved binariesare
not correctedfor. In addition,Delgado-Donateet al. (2004)foundthatthesubstellarIMF is more
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sensitive to theinitial conditionsthanthestellarmassfunction.Concerningtheorigin(s)of brown
dwarfs,recentobservationalsurveysconcludedthatbinarybrown dwarfshavedifferentproperties
thanstars(Section1.5.1;Figure1.6),in agreementwith N-bodysimulationsconductedby Kroupa
& Bouvier(2003a).

Multiplicity amonglow-massnearbysystemsappearssmallerthanfor highermassstars.Fur-
thermore,low-massstarsandbrown dwarfs seemto form tight systemsandfavour equal-mass
binaries(Figure1.6). Surveys in thePleiadesaresuggestive of similaritiesbetweenthelow-mass
objectsin the Pleiadesand their older counterpartsin the solar neighbourhood.First, a high-
resolutionimagingsurvey of 13 Pleiadesbrown dwarfs hasrevealedtwo brown dwarf binaries
with separationin the range7–12AU andmassratioslarger than0.7 (Mart́ın et al. 2003). Sec-
ond, a proportionof 28 % 4% binary systemswas found amongG andK dwarfs belongingto
thePleiadesclusterover theprojectedseparationrange26–580AU andmagnitudedifferenceof
r K � 4 mag(Bouvieret al. 1997). The implicationsof theseresultsaretwo-fold. First, thebi-
narypropertiesof starsdo not extendin thesubstellarregime, implying thatbrown dwarfs form
via a differentmechanismwhich could be an early ejectionfrom multiple systems(Reipurth&
Clarke 2001; Kroupa& Bouvier 2003a). Second,youngclustermembersseemto have similar
binary characteristicsastheir older field counterparts,suggestinga minor probability of binary
disruptionwith age(Kroupa& Bouvier2003b).

The binary fraction in the " Perclusterhasbeeninvestigatedaswell. Patienceet al. (2002)
conductedspeckleandhigh-resolutionimagingof 109 " Perclustermembersbrighterthan12.3
in the � -band. Speckleimagingresolved 10 systemsasbinariesout of 109 memberswhereas
the high-resolutionimagingrevealed17 binariesandonequadruplesystemof the 33 members.
Patienceetal. (2002)concludedthatthecompanion-starfractionis 0.09 % 0.03for " Perover the
projectedseparationrange26–581AU andmagnitudedifferencer K � 4 mag.A high-resolution
imagingprogramof eightvery low-massstarsandbrown dwarf candidatesin " Per,implemented
with theHubbleSpaceTelescope, failed to detectmultiple systems,suggestingthatbrown dwarf
binarieswider than12AU arelessfrequentthan9% (Mart́ın et al. 2003). The resultsobtained
in " Perareconsistentwith thosein thePleiadesandin thefield, henceconfirmingtheprevious
implications.

To study the dependenceof the binary fraction with massin Collinder359, a new program
to searchfor companionsshouldbe initiated in the nearfuture after assessingthe membership
of all photometriccandidates.This projectshouldbe extendedto the otherpre-main-sequence
clusters(IC4665,Stephenson1, NGC2232,andCollinder70) surveyedwithin the framework of
theCFHTKey Programmeto investigatepossiblevariationsamongclustersandthedependenceon
age.Ground-basedadaptive opticsandhigh-resolutionimagingfrom spacearethemostcommon
techniquesto detectcompanionsover a wide rangeof separations.Ultimately, theknowledgeof
thebinaryfractionover thewholemassrangewill allowsusto correcttheclusterIMF for binarity
andaddresstheissueof theorigin of field starsandbrown dwarfs.

5.8 Variability of cluster member s

Variability monitoringof low-massstarsandbrown dwarfsover severaldaysor monthshave
beenconductedin thefield andin clusters.Themodulationof their light curve canoriginatefrom
multiple phenomena,including surfaceinhomogeneities,magneticstarspots,flaring or eclipses
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dueto anunseencompanion.Thevariability asaresultof cloudsor spotsat thesurfaceof astaror
asubstellarobjectis notwell understood.Largersampleof objectsandlongermonitoringsurveys
shouldbeundertaken to determinethevariability asfunctionof massandageaswell asthe role
of cloudson theatmospheres.

Variability of order of few percentin the hasbeenreportedin ultracool field dwarfs over
timescalesrangingfrom few hoursto few daysat opticalandnear-infraredwavelengths(Bailer-
Jones& Mundt1999,2001;Clarke et al. 2002;Koen2003).

Terndrupet al. (1999) found variability in two objectsamonga sampleof eight low-mass
starsandbrown dwarfsbelongingto thePleiades.Bailer-Jones& Mundt (2001)failed to detect
small amplitudevariability in objectswith spectraltypesM6–M9 in the Pleiadesand & Ori, re-
spectively. ZapateroOsorioet al. (2003)reportedlow level variability in a youngbrown dwarf in
& Orionis.Herbstetal. (2001)concludedthatessentiallyall membersof theOrionNebulaCluster
arevariable.

Theyoungopenclusters," PerandCollinder359aswell astheotherpre-main-sequenceclus-
tersobserved within the framework of theCFHT Key Programme,arewell-suitedfor long-term
variability monitoringof low-massstarsandbrown dwarfswith a2-mclasstelescope.Theproject
shouldbestartedin " PerandCollinder359afterspectroscopicassessmentof all photometrically-
selectedclustermembers. A monitoring programin Collinder359 would requirea wide-field
cameraon a small telescopeto includeseveralmembersin onefield. For example,oneCFH12K
field-of-view couldbetargetedover severalnightswith repeatedshort(2 sec),medium(30 sec),
andlong(300sec)exposuresin the Z -bandto studyvariability down into thebrown dwarf regime.
The large numberof referencestarsin the wide-field imageswould enablethe detectionof low
amplitudevariationswhereasthemonitoringoverseveralnightswoulddetectvariationsfrom few
hoursto few days.
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In this work, we describedthe outcomeof surveys dedicatedto low-massstarsandbrown
dwarfs, includingolder onesin thesolarneighbourhoodandyoungeronesin two openclusters,
" PerandCollinder359. Here,we briefly summarisethe main resultsof eachstudyaswell as
theperspectivesandfuturework. We will alsodiscussthe implicationsof our work in a broader
context.

Chapter2 dealtwith a propermotionsurvey in thesouthernsky ( ����
 33� ), aimedat finding
nearbylow-massstarsand brown dwarfs. The candidateswere selectedon the basisof their
propermotion( � � 0.2� � /yr) from overlappingregionsof theUnitedKingdomSchmidtTelescope
photographicplatestakenin threepassbands( ]�� , $ , and Z ) andatdifferentepochs.Theselection
madeuseof the2MASS andSuperCOSMOSSky Surveys databasesaswell. We describedthe
resultsof follow-up opticalandnear-infraredspectroscopy for about70 objectsanduncovered6
subdwarfs,10 early-M dwarfs,48 late-M dwarfs, four L dwarfs,anda binaryT dwarf. All four
L dwarfs arewithin 50pc aswell asthe majority of M dwarfs. Among the sampleof ultracool
dwarfs,threediscoveriesshouldbeemphasised:

1. We reportedthediscovery of two bright late-M dwarfswith spectraltypesM7.5 andM8 at
a distanceof 8.0and6.4pc, respectively. Thoseobjectsrepresentan importantadditionto
thevolumewithin 10parsecsof theSun.Thesetwo M dwarfsalsoconstitutebona-fidenew
targets to searchfor substellarcompanionsusing high-resolutionimaging and extrasolar
planetswith futurespacemissions.

2. We discoveredan active M8.5 dwarf asa wide companionto the M4/DA binary system
LHS4039/LHS4040at adistanceof about20pc. Oneof thetwo opticalspectratakenthree
yearsapartrevealeda large H " emissionline anda strongblue continuumshortwardsof
7500Å. The spectrumof this active M8.5 dwarf resemblesthe spectrumof LHS2397a,
which hasa tight brown dwarf companionat a separationof about3AU. High-resolution
imagingof the M8.5 dwarf from the groundor from spaceis requiredto verify its binary
status.

3. WediscoveredtheclosestandbrightestbinaryT dwarf, � Indi Ba,Bb,aswidecompanionto
theK5V star � Indi A locatedat a distanceof 3.626parsecsto theSun. High angularreso-
lution spectroscopy enabledusto classify � Indi Ba and � Indi Bb asT1 andT6 dwarfswith
massesof 47 % 10M l_m�o and 28 % 7M l_m�o , respectively, assumingan ageof 0.8–2.0Gyr.
Themeanseparationof bothcomponentsin July 2003was0.732% 0.002� � , translatinginto
aphysicalprojectedseparationof 2.65 % 0.01AU atthedistanceof thesystem.The � Indi B
systemrepresentsanimportantadditionto the5-pcsample.Subsequentobservationsof this
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bright andclosebinarybrown dwarf will undoubtedlyprovide new insightson our knowl-
edgeof substellarobjects. On the onehand,the separationandbrightnessof the � Indi B
systemwill allow high quality andhigh resolutionspectroscopy from 0.6 to 5.0 � m to im-
prove theatmosphericmodelsof brown dwarfs. On theotherhand,thesmallseparationof
the � Indi B systemofferstheopportunityto derive dynamicalmassesof brown dwarfsover
a timescaleof about15 yearsto testevolutionarymodelsin thesubstellarregime.

Our proper motion survey constitutesan alternative approachto the photometricsurveys,
whoseprimaryselectioncriterionis basedontheopticaland/orinfraredcolours.Theefficiency of
our techniquehasbeendemonstratedby thediscovery of severalL dwarfsandtheclosestbinary
T dwarf to theSun.Our methodremainsneverthelessneithervolumenor magnitudelimited; the
only limitation beingthedepthin magnitudesof thephotographicplates.Oursurvey complements
themultiple searchesdedicatedto thesearchfor very low-massstarsandbrown dwarfs.

Chapter3 presentedtheoutcomeof a wide-field near-infraredsurvey of a 0.7 squaredegree
areain the " Perclusterreaching0.040M � . Combiningoptical( $2� and Z�� ) andnear-infrared(K � )
photometrywith colour-magnitudeandcolour-colourdiagramanalysis,wehaveextracted37new
probableclustermembers,18 in commonwith thepreviousstudyby Barradoy Navascúeset al.
(2002).Four objectsarenew brown dwarf candidatesbelongingto thecluster. Follow-up optical
spectroscopy is, however, still requiredto verify the genuinemembershipof thesephotometric
candidates.

We have alsodescribedtheresultsof moderate-resolutionopticalspectroscopy for 29 cluster
membercandidatesin " Perselectedby Barradoy Navascúeset al. (2002). All probablecandi-
dates,spanningZ = 15.0–17.0mag(M

�
0.40–0.12M � ) have spectraltypes,chromosphericac-

tivity, andgravity measurementsconsistentwith membership.Theremainingobjects,previously
classifiedaspossiblemembersandnon-membersof thecluster, weredefinitively rejectedasclus-
ter membersbasedon their opticalspectra.Thederivedclustermassspectrum,approximatedby
a power law of index " = 0.59,is very similar to thePleiadesmassfunctionover themassrange
0.50–0.035M � . Optical spectroscopy of four new infrared-selectedcandidatesin " Perallowed
us to rejectthemasclustermembers,suggestingthatoptical-to-infraredcoloursrepresenta less
efficient techniquethanoptical( $ , Z ) selectionto extractmembersin a low galacticlatitudeopen
cluster.

Futureprojectsto extendthecoverageof the " Perclusterandprobelowermassbrown dwarfs
include:

� Optical spectroscopy of the remainingprobablemembercandidatesselectedby Barradoy
Navascúeset al. (2002)andof thenew infrared-selectedcandidatesis requiredto ascertain
theirmembership.

� A � -bandsurvey of the4.5squaredegreeareacoveredin the $ and Z filters to probelower
massbrown dwarfsbelongingto " Per.

� Extendthecoverageof the " Perclusterto the remainingnon-surveyed areausingthe ( $ ,
Z ) or ( Z , � ) opticalfilters to unearthnew clustermembers,includingbrown dwarfs.

� A high-resolutionimagingprogramwith ground-basedor spacefacilitiesto searchfor com-
panionsaroundclustermembersto comparethemultiplicity fractionsin clustersandin the
field.
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Chapter4 dealt with a deepwide-field optical ( Z , � ) survey covering 1.6 squaredegreein
the youngopenclusterCollinder359 down to a completenesslimit of about0.040M � . From
theoptical( Z , Z –� ) colour-magnitudediagram,we have extracteda total of 1033clustermember
candidatesspanning1.3–0.04M � up to a distanceof 650pc andanageof 80Myr. However, the
numberof candidatesfallsdown to approximately400if weconsiderobjectsmassivethan0.6M �
dueto thelargefield contaminationobservedatbrightmagnitudes.

We presentednear-infrared photometryfor about80% of the optically-selectedcandidates,
mostof themhaving a counterpartin the2MASSsurvey. Wehave additionallyobtained�*� -band
photometryfor 39 optically-selectedcandidates.Our optical datacombinedwith propermotion
measurementssuggeststhat the meandistanceof the clusteris 500 % 100pc with an agein the
range50–80Myr, estimateslargerthanthedistanceof 250pcandtheageof 30Myr quotedin the
literature.

We derived the cluster luminosity function as well as the clustermassfunction, using the
NextGen(Baraffe et al. 1998)andDusty (Chabrieret al. 2000b)modelsfrom the Lyon group.
Severalfeatureswerevisible in theclusterluminosityfunction.First,apeakatbrightmagnitudes,
not real anddue to the large contaminationby nearbyfield dwarfs expectedin this magnitude
range.Opticalspectroscopy is requiredto refinethe list of clusterat massesabove 0.6M � . Sec-
ond, a peakat Z = 17.0–17.5was clearly detectedand comparableto thoseseenin other open
clustersbut at a different absolutemagnitude. Finally, a dip was seenat Z = 20.5, most likely
causedby thedearthof M7–M8 dwarfsobservedbothin thefield andin youngclusters.This dip
in the luminosity function is responsiblefor the gapin themassfunction at 70M l_m�o , at theage
anddistanceinferredfor thecluster. Theslopeof theclustermassspectrumover themassrange
0.55–0.035M � is " = 0.3 % 0.2.Thederivedslopeis flatterthanestimatesin Pleiades-likeclusters
with thecaveatthatourwork is solelybasedonphotometry.

This detailedphotometricsurvey of the youngopenclusterCollinder359 representsa first
steptowardsamoreaccuratedeterminationof thedistanceandageof theclusterandthereafterits
massfunction.A largenumberof follow-up observationsarerequiredbeforeachieving thatgoal,
someof themalreadyhaving beengrantedobservingtime, including:

1. Near-infrared imagingof the remaining250 optically-selectedclustermembercandidates
in themagnituderangeZ = 17.0–22.0to weedout contaminatingobjects.This projecthas
beengranteda totalof 8 nights,split into 4 nightswith theinstrumentMAGIC on theCalar
Alto 2.2-mtelescopeandtheinfraredcameraon theCanada-France-Hawaii telescope.

2. Optical spectroscopy of clustercandidatesto ascertaintheir membership.Optical spec-
troscopy providesimportantadditionalcriteriato confirmthemembership,includingspec-
tral types,chromosphericactivity, gravity, lithium, radial, and rotationalvelocities. Six
nightshave beengrantedwith theAF2/WYFFOSmulti-fibre spectrographon theWilliam
Herscheltelescopeaswell asthreenightswith theDOLORESspectrographontheTelesco-
pio Nazionaledi Galileo in June2004to carry out low-resolutionoptical spectroscopy of
theselectedclustercandidates.

Collinder359 was surveyed within the framework of the CFHT Key Programmeas a pre-
main-sequenceopenclusteralongwith four others.Opticalspectroscopy of thephotometrically-
selectedclustermembercandidateswill add further constraintsto their membershipandallow
us to addressthe issuesof the universality of the IMF and its variation with the environment.
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Subsequentobservationsareforeseento betterunderstandthestarandbrown dwarf propertiesin
youngclusters.Weplanto carryout thefollowing observations:

� Extendthe( Z , � ) coveragewithin theinnerdegreeof theCollinder359corewith MegaCam
to derive acompletemassfunctionover thewholeclusterarea.

� X-ray observationsof clustermemberswith XMM and/orChandra to studytheage-activity
relationshipin youngopenclusters.

� High-resolutionimagingof clustermembersusingadaptive opticsonthegroundin orderto
investigatethebinarypropertiesof thecluster.

� Long-termphotometricmonitoringof the clustermembersto addressthe issueregarding
thedependenceof variability with mass.

Beyond " PerandCollinder359,themajorbenefitsof youngclustersarethe limited dynam-
ical evolution and the large spanin mass. A large numberof openclusterslisted in the Open
ClusterDatabasehaveuncertaindistancesandagesbecausethey originatefrom asmallnumberof
bright stars.Thecombinationof photometryandpropermotionsavailablein large-scalesky sur-
veyswould helpusrefinethosetwo crucialparametersprior to subsequentdeepopticalprograms
dedicatedto 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 andevolution of the stellarandsubstellarcontentsof the Galaxy. The ideal targets
to addresstheseissueswould bepre-main-sequence(10–50Myr) nearby(d � 500pc) clustersat
high galactic latitude with significantpropermotion with regard to field starsto minimise the
contamination.

Theultimategoalin thestudyof theIMF consistsin answeringthequestionof whetheror not
it is universalor if it dependson place,time, andmetallicity. This issuewasa major driver for
theCFHT Key Programmeandwe hopeto provide somehintsafter thespectroscopicresultsof
largesamplesof low-massstarsandbrown dwarfsin star-forming regionsandpre-main-sequence
openclustersandin the Hyades.FuturespacemissionssuchastheJWSTwill allow us,on the
onehand,to probeplanetary-massobjectsin star-forming clustersin orderto investigatetherole
of thefragmentationlimit on theshapeof themassfunction,andon theotherhand,to studymore
distantclustersdown into thesubstellarregime.

Tenyearsago,thediscovery of thefirst two unambiguousbrown dwarfstriggereda revival of
interestin thequestfor substellarobjects.Our knowledgeof theseobjectsstraddlingthe realms
of starsandplanetshasincreaseddramaticallywith the discovery of hundredsof brown dwarfs
isolatedin the field, ascompanionsto stars,and in youngclusters. The currenttechniquesare
capableof addressingsomepressingissueswithin thenext tenyears.First, theemergenceof low-
massbinarieswill allow the derivation of the dynamicalmassof a brown dwarf in orderto test
theevolutionarytracksin thesubstellardomain.Second,new facilitiessuchasSIRTF andALMA
will constrainthesizesandthemassesof disksaroundnascentbrown dwarfsto betterunderstand
their formation mechanism.Finally, deepsurveys conductedin young clustersin a variety of
environmentswill offer additional insightson the dependenceof the IMF on time, place,and
metallicity.
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Barradoy Navascúes,D., Bouvier, J., Stauffer, J. R., Lodieu,N., & McCaughrean,M. J. 2002,
A&A, 395,813



172 Bibliography
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Jeffries,R. D., Thurston,M. R., & Hambly,N. C. 2001,A&A, 375,863

Johnson,H. L. & Morgan,W. W. 1953,ApJ,117,313

Jones,B. F. 1973,A&AS, 9, 313



178 Bibliography

Jones,B. F. & Walker,M. F. 1988,AJ, 95,1755

Kendall,T. R., Mauron,N., Azzopardi,M., & Gigoyan,K. 2003,A&A, 403,929

Kenworthy, M., Hofmann,K., Close,L., Hinz, P., Mamajek,E., Schertl,D., Weigelt,G., Angel,
R., Balega,Y. Y., Hinz, J.,& Rieke,G. 2001,ApJL, 554,L67

Kirkpatrick, J.D., Allard, F., Bida,T., Zuckerman,B., Becklin, E. E., Chabrier,G., & Baraffe, I.
1999a,ApJ,519,834

Kirkpatrick, J.D., Beichman,C. A., & Skrutskie,M. F. 1997,ApJ,476,311

Kirkpatrick, J.D., Henry,T. J.,& McCarthy,D. W. 1991,ApJS,77,417

Kirkpatrick, J.D., Reid,I. N., Liebert,J.,Cutri, R. M., Nelson,B., Beichman,C. A., Dahn,C. C.,
Monet,D. G., Gizis,J.E., & Skrutskie,M. F. 1999b,ApJ,519,802

Kirkpatrick, J.D., Reid,I. N., Liebert,J.,Gizis,J.E.,Burgasser,A. J.,Monet,D. G.,Dahn,C. C.,
Nelson,B., & Williams, R. J.2000,AJ, 120,447

Klein, R., Apai, D., Pascucci,I., Henning,T., & Waters,L. B. F. M. 2003,ApJL, 593,L57

Klessen,R. S.2001,ApJ,556,837

Koen,C. 2003,MNRAS, 346,473

Koerner,D. W., Kirkpatrick, J. D., McElwain, M. W., & Bonaventura,N. R. 1999,ApJL, 526,
L25

Kroupa,P. 2001,MNRAS, 322,231

—. 2002,Science,295,82

Kroupa,P., Aarseth,S.,& Hurley, J.2001,MNRAS, 321,699

Kroupa,P. & Bouvier,J.2003a,MNRAS, 346,369

—. 2003b,MNRAS, 346,343
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Lépine,S.,Shara,M. M., & Rich,R. M. 2002,AJ, 124,1190

Lachaume,R.,Dominik, C., Lanz,T., & Habing,H. J.1999,A&A, 348,897



Bibliography 179

Lada,E. A. & Lada,C. J.1995,AJ, 109,1682

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

Lane,B. F., ZapateroOsorio,M. R., Britton, M. C., Mart́ın, E. L., & Kulkarni, S. R. 2001,ApJ,
560,390

Latham,D. W., Stefanik,R. P., Mazeh,T., Mayor,M., & Burki, G. 1989,Nat,339,38

Lee,T. A. 1968,ApJ,152,913

Leggett,S.K. 1992,ApJS,82,351

Leggett,S.K., Geballe,T. R., Fan,X., Schneider,D. P., Gunn,J.E., Lupton,R. H., Knapp,G. R.,
Strauss,M. A., McDaniel,A., Golimowski, D. A., & 25 coauthors.2000,ApJL, 536,L35

Li, Z. 2002,ApJL, 574,L159

Liebert,J.,Kirkpatrick, J.D., Reid,I. N., & Fisher,M. D. 1999,ApJ,519,345

Lin, D. N. C., Laughlin,G.,Bodenheimer,P., & Rozyczka,M. 1998,Science,281,2025

Liu, M. C., Fischer,D. A., Graham,J.R., Lloyd, J.P., Marcy, G. W., & Butler,R. P. 2002a,ApJ,
571,519

Liu, M. C., Najita,J.,& Tokunaga,A. T. 2003,ApJ,585,372

Liu, M. C., Wainscoat,R., Mart́ın, E. L., Barris,B., & Tonry,J.2002b,ApJL, 568,L107

Lodieu,N., Caux,E., Monin, J.-L.,& Klotz, A. 2002a,A&A, 383,L15

Lodieu,N., McCaughrean,M., Bouvier, J., Barradoy Navascúes,D., & Stauffer, J. R. 2003,in
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Appendix A
Spectr oscop y for southern sky
proper motion objects

Thisappendixpresentstheresultsof thesouthernsky propermotionsurvey initiatedby Scholz
et al. (2000). The target selectionwasmadeby Ralf-DieterScholz,while I have reducedand
analysedtheopticalandnear-infraredphotometricandspectroscopicobservations(Chapter2).

This appendixcontainstableswith the coordinates,proper motions, magnitudes,spectral
indices, spectraltypes and distanceestimatesfor all proper motion objectsspectroscopically
followed-up to date, along with their optical and/or near-infrared spectra. Somecomparison
starswith well-determinedspectraltypeswerealsoobservedspectroscopicallywith thesametele-
scope/instrumentconfigurationsuchasLHS517(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 compareto our targets.

� TableA.1 contains67 propermotion candidatesfollowed-upspectroscopicallyexceptthe
� Indi B system. Column1: Nameof the object,Columns2 and3: coordinatesin J2000,
Column4: Epoch,Columns5 to 8: propermotion expressedin milli arcsecper yearwith
theerrors.The � and � exponentsindicatethattheobjectis alsofoundin thepropermotion
cataloguesof Pokorny, Jones,& Hambly (2003)andB1.0 catalogue(Monet et al. 2003),
respectively.

� TableA.2 contains67 propermotion candidatesfollowed-upspectroscopicallyexceptthe
� Indi B system. Three templateobjectsare included for comparisonpurposes,namely
BRI B0021
 0214,LP944-20,andKelu 1. Column1: Nameof the object,Columns2–7:
] � , $ , Z , � , ( , � � magnitudesfrom theSuperCosmosSky Surveysand2MASSdatabases,
Column8 givesthefinal spectraltypeof eachtargetandColumn9 providesanestimateof
thedistancebasedon thespectraltype.

� TableA.3 lists thevaluesof thespectralindices(H " , TiO5,VO-a,andPC3)andthederived
spectraltypesfor 52 objects.Thefinal spectraltypesarealsogiven. Equivalentwidths(in
Å) of thegravity-sensitive K I andNaI doubletsarealsoprovidedin columns12 and13.

� Figure A.1 shows the consistency of the optical indicesfrom Mart́ın et al. (1999b)and
Kirkpatrick et al. (1999b)for thespectralclassificationof theredpropermotionobjects.

� Figure A.2 displaysthe optical (6000–10000̊A) spectraobtainedwith VLT/FORS1and
ESO3.6-m/EFOSC2for 10 early-Mdwarfswith spectraltypesearlierthanM5.
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� FigureA.3 shows the optical (6000–10000̊A) spectraobtainedwith ESO3.6-m/EFOSC2
for asampleof 34 M dwarfswith spectraltypesrangingfrom M5.5 to M8.5.

� FigureA.4 displaysnear-infrared(1.0–2.5� m)spectraobtainedwith VLT/ISAACandNTT/SofI
for objectswith or without opticalspectroscopy. Objectswhosespectraltypearein square
brackets have beenspectroscopicallyobserved only in the near-infrared (11), the objects
with spectraltypesin parentheseswereclassifiedfrom theopticalschemes(13).
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TableA.1: List of the67redpropermotionobjectsselectedin thecourse
of the SouthernSky propermotion survey (Section2.4). Coordinates,
epochs,andpropermotionsof eachtargetarelisted.

Targets Coordinates(J2000) Epoch ProperMotions
R.A. Declination ��� ��� �u�A  �¡�A¢

SSSPMJ0006£ 2157 ¤e¥ ¦ 00§ 05§ 48.46 £ 21§ 57§ 19.7 1999.60 ¨ 721 £ 128 7 2
SSSPMJ0027£ 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
SSSPMJ0124£ 4240 ¤e¥ ¦ 01§ 23§ 59.05 £ 42§ 40§ 07.3 2000.63 £ 145 £ 229 4 7
SSSPMJ0125£ 6546 01§ 24§ 49.63 £ 65§ 46§ 33.6 1999.90 ¨ 98 ¨ 82 7 8
SSSPMJ0134£ 6315 01§ 33§ 32.44 £ 63§ 14§ 41.8 1999.90 ¨ 77 £ 81 8 9
LP 769-14 ¤e¥ ¦ 01§ 59§ 17.41 £ 17§ 30§ 08.7 2000.81 £ 119 £ 145 3 6
SSSPMJ0204£ 3633 ¤e¥ ¦ 02§ 04§ 22.13 £ 36§ 32§ 30.8 2000.72 ¨ 216 £ 59 9 26
APMPM J0207£ 3722 ¤e¥ ¦ 02§ 07§ 14.08 £ 37§ 21§ 50.2 2000.72 ¨ 422 ¨ 134 2 6
SSSPMJ0215£ 4804 ¤e¥ ¦ 02§ 14§ 48.14 £ 48§ 04§ 25.3 2000.01 ¨ 118 £ 332 9 5
SSSPMJ0219£ 1939 02§ 19§ 28.07 £ 19§ 38§ 41.6 2000.89 ¨ 195 £ 174 4 5
SSSPMJ0222£ 5412 02§ 21§ 54.94 £ 54§ 12§ 05.4 1999.82 ¨ 107 £ 14 7 8
SSSPMJ0231£ 4122 02§ 31§ 22.25 £ 41§ 21§ 50.7 1999.66 ¨ 301 £ 127 4 28
SSSPMJ0306£ 3648 ¤e¥ ¦ 03§ 06§ 11.59 £ 36§ 47§ 52.8 2000.00 £ 180 £ 670 9 8
SSSPMJ0327£ 4236 ¦ 03§ 26§ 32.78 £ 42§ 36§ 08.3 2000.77 ¨ 286 £ 22 25 28
LP 888-18 ¤e¥ ¦ 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 £ 05§ 30§ 07.9 2001.79 ¨ 339 ¨ 126 2 2
SSSPMJ0500£ 5406 ¤e¥ ¦ 05§ 00§ 15.77 £ 54§ 06§ 27.3 1999.84 ¨ 207 £ 1022 9 2
SSSPMJ0511£ 4606 05§ 11§ 01.63 £ 46§ 06§ 01.5 1999.77 ¨ 53 ¨ 121 9 6
ESO207-61 07§ 07§ 53.27 £ 49§ 00§ 50.3 2000.15 £ 34 ¨ 401 14 8
SSSPMJ0829£ 1309 ¦ 08§ 28§ 34.11 £ 13§ 09§ 20.1 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
CE 303 ¦ 13§ 09§ 21.85 £ 23§ 30§ 35.0 1998.32 ¨ 8 £ 376 9 2
CE 352 ¦ 13§ 40§ 38.77 £ 30§ 32§ 02.7 2000.23 £ 335 £ 103 7 4
LP 859-1 ¦ 15§ 04§ 16.21 £ 23§ 55§ 56.4 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 £ 43§ 10§ 36.8 2000.63 £ 19 £ 865 11 8
APMPM J1957£ 4216 ¦ 19§ 56§ 57.61 £ 42§ 16§ 23.5 2000.57 ¨ 149 £ 1017 4 6
SSSPMJ2003£ 4433 ¦ 20§ 02§ 52.08 £ 44§ 33§ 03.6 1999.62 £ 17 £ 894 11 13
LP 815-21 ¦ 20§ 28§ 04.52 £ 18§ 18§ 57.5 1998.44 £ 105 £ 175 5 6
SSSPMJ2033£ 6919 ¦ 20§ 32§ 32.91 £ 69§ 18§ 59.1 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
SSSPMJ2101£ 5110 21§ 01§ 29.49 £ 51§ 10§ 02.9 1999.64 ¨ 69 £ 123 7 16©
HB88ª M18 ¦ 21§ 18§ 31.74 £ 45§ 05§ 52.2 1999.71 ¨ 388 £ 475 14 15©
HB88ª M12 ¦ 21§ 31§ 14.14 £ 42§ 24§ 14.3 1999.63 ¨ 48 £ 71 6 9
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TableA.1: continued

Targets Coordinates(J2000) Epoch ProperMotions
R.A. Declination ��� ��� �¡�A  �u�A¢

LP 819-9 ¦ 21§ 59§ 30.91 £ 15§ 54§ 16.5 2000.78 ¨ 0 £ 283 2 4
SSSPMJ2229£ 6931 ¦ 22§ 29§ 23.65 £ 69§ 30§ 56.9 2000.58 ¨ 47 £ 217 9 10
LDS4980B ¦ 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
SSSPMJ2240£ 4253 ¦ 22§ 40§ 26.97 £ 42§ 53§ 18.4 2000.73 £ 35 £ 539 27 9
SSSPMJ2257£ 5208 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
SSSPMJ2310£ 1759 23§ 10§ 18.46 £ 17§ 59§ 09.0 1998.50 £ 23 £ 271 36 24
SSSPMJ2319£ 4919 ¦ 23§ 18§ 46.14 £ 49§ 19§ 18.0 2000.50 ¨ 216 £ 16 9 3
SSSPMJ2322£ 6358 23§ 22§ 05.69 £ 63§ 57§ 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 ¨ 753 4 3
SSSPMJ2335£ 6913 ¦ 23§ 35§ 19.59 £ 69§ 13§ 17.0 2000.76 ¨ 66 £ 168 10 3
APMPM J2344£ 2906 23§ 43§ 31.98 £ 29§ 06§ 27.1 1998.85 ¨ 331 £ 217 10 6
SSSPMJ2345£ 6810 ¦ 23§ 44§ 57.97 £ 68§ 09§ 39.8 2000.77 ¨ 206 £ 81 11 4
APMPM J2347£ 3154 ¦ 23§ 46§ 54.71 £ 31§ 53§ 53.2 1998.95 ¨ 424 £ 408 3 4
SSSPMJ2352£ 2538 ¤ 23§ 51§ 50.44 £ 25§ 37§ 36.6 1999.60 ¨ 354 ¨ 193 9 8
SSSPMJ2353£ 4123 ¦ 23§ 53§ 01.41 £ 41§ 23§ 24.6 1999.70 ¨ 130 ¨ 0 20 8
APMPM J2354£ 3316 ¤e¥ ¦ 23§ 54§ 09.28 £ 33§ 16§ 26.6 1999.57 £ 326 £ 389 8 13
SSSPMJ2356£ 3426 ¤�¥ ¦ 23§ 56§ 10.81 £ 34§ 26§ 04.4 1999.57 ¨ 70 £ 301 9 5
SSSPMJ2400£ 2008 23§ 59§ 57.62 £ 20§ 07§ 39.4 1998.61 ¨ 402 £ 511 29 10
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TableA.2: List of the67redpropermotionobjectsselectedin thecourse
of theSouthernSky propermotionsurvey (Section2.4)with theiroptical
andnear-infraredmagnitudes,spectraltypes(4 « M4, 5 « M5, 12 « L2,
etc. . . ), andestimateddistances(in parsecs).

Targets ¬�­ ®�¯F¯F¯ °�¯F¯C¯ ± ² ³µ´ SpT Distance
SSSPMJ0006£ 2157 22.56 19.41 16.21 13.27 12.62 12.20 8.5 25.0 q 3.0
BRI B0021£ 0214 21.76 18.17 14.95 11.99 11.08 10.54 9.5 11.9 q 1.4
SSSPMJ0027£ 5402 19.15 18.06 14.70 12.36 11.72 11.34 7.0 20.8 q 2.5
SSSPMJ0030£ 3427 22.12 19.20 16.39 13.86 13.19 12.79 9.0 30.4 q 3.6
LP 645-52 20.26 17.88 15.54 13.75 13.28 12.99 5.0 54.1 q 6.5
SSSPMJ0109£ 5101 21.19 18.21 14.81 12.23 11.54 11.09 8.0 16.8 q 2.0
SSSPMJ0109£ 4955 22.32 19.40 15.98 13.55 12.88 12.45 8.0 30.8 q 3.7
SSSPMJ0124£ 4240 22.16 19.35 16.17 13.15 12.47 12.04 10.5 17.3 q 2.1
SSSPMJ0125£ 6546 22.70 19.49 16.46 14.43 13.81 13.46 7.0 54.0 q 6.5
SSSPMJ0134£ 6315 22.11 19.01 15.97 14.51 14.02 13.70 8.0 47.9 q 5.7
LP 769-14 21.15 18.63 16.44 14.61 13.96 13.70 4.5 86.9 q 10.4
SSSPMJ0204£ 3633 19.96 15.77 13.27 12.60 12.19 7.5 29.3 q 3.5
APMPM J0207£ 3722 20.79 18.10 14.91 12.44 11.83 11.38 7.0 21.6 q 2.6
SSSPMJ0215£ 4804 22.20 19.14 16.17 13.56 12.96 12.52 8.0 30.9 q 3.7
SSSPMJ0219£ 1939 20.06 17.47 14.11 13.34 12.91 11.0 24.9 q 3.0
SSSPMJ0222£ 5412 20.30 17.08 13.90 13.22 12.66 9.0 30.9 q 3.7
SSSPMJ0231£ 4122 20.10 17.03 13.85 13.27 12.89 8.5 32.7 q 3.9
SSSPMJ0306£ 3648 20.55 17.67 13.80 11.69 11.07 10.63 8.0 13.1 q 1.6
SSSPMJ0327£ 4236 20.53 16.92 14.22 13.61 13.21 8.5 38.8 q 4.7
LP 888-18 19.91 17.21 13.59 11.36 10.70 10.26 8.0 11.2 q 1.3
LP 944-20 20.24 16.84 13.29 10.73 10.02 9.55 9.5 8.4 q 1.0
LP 775-31 18.85 16.34 12.35 10.41 9.78 9.35 8.0 7.3 q 0.9
LP 655-48 18.85 16.50 13.17 10.66 9.99 9.55 7.5 8.8 q 1.1
SSSPMJ0500£ 5406 20.10 17.31 15.56 14.44 14.12 13.97 esdM6 60.0 q 15.0
SSSPMJ0511£ 4606 19.97 17.01 13.89 13.19 12.71 8.5 33.3 q 4.0
ESO207-61 19.48 16.17 13.23 12.54 12.10 8.5 24.6 q 2.9
SSSPMJ0829£ 1309 22.58 18.84 16.01 12.80 11.85 11.30 12.0 11.6 q 1.4
LP 314-67 18.03 15.59 15.03 14.85 sdM3.5 151.0q 15.0
LP 614-35 20.92 18.35 17.40 16.15 15.50 15.30 esdM0.5 102.0q 12.2
APMPM J1222£ 2452 21.17 18.70 16.13 14.33 13.85 13.49 5.0 103.0q 15.0
APMPM J1251£ 2121 19.40 17.03 13.64 11.16 10.55 10.13 7.0 12.0 q 1.4
Kelu1 19.58 17.11 13.41 12.39 11.75 12.0 15.4 q 1.8
CE 303 20.41 17.83 14.52 11.78 11.08 10.67 8.0 13.6 q 1.6
CE 352 20.58 18.26 17.23 15.70 15.27 15.04 esdM3 151.0q 15.0
LP 859-1 20.26 17.82 14.66 12.01 11.38 11.03 7.5 16.4 q 2.0
LHS 3141B 21.65 19.41 16.34 13.61 13.12 12.84 7.0 37.0 q 4.4
SSSPMJ1926£ 4311 18.75 16.69 13.65 11.94 11.42 11.12 5.0 23.5 q 2.8
SSSPMJ1930£ 4311 21.08 18.42 16.31 14.79 14.23 14.09 edM5.5 44.0 q 15.0
APMPM J1957£ 4216 19.39 17.32 14.53 12.38 11.99 11.66 5.0 28.8 q 3.5
SSSPMJ2003£ 4433 19.33 16.08 13.53 12.99 12.59 8.0 30.5 q 3.7
LP 815-21 20.38 18.11 17.45 16.10 15.91 15.28 8.0 325.0q 15.0
SSSPMJ2033£ 6919 22.59 19.75 16.42 13.64 12.98 12.58 8.0 32.1 q 3.9
APMPM J2036£ 4936 21.17 18.75 16.34 14.62 14.16 13.75 4.5 87.3 q 10.5
SSSPMJ2052£ 4759 21.67 18.82 15.55 12.94 12.29 11.88 8.0 23.2 q 2.8
SSSPMJ2059£ 8018 20.50 16.91 14.28 13.69 13.41 7.5 46.6 q 5.6
SSSPMJ2101£ 5110 20.27 17.09 15.13 14.41 14.09 5.5 94.4 q 11.3
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TableA.2: continued

Targets ¬�­ ®�¯F¯C¯ °�¯C¯F¯ ± ² ³µ´ SpT Distance©
HB88ª M18 22.36 19.41 16.41 13.43 12.77 12.37 8.5 26.9 q 3.2©
HB88ª M12 21.27 18.63 16.46 14.52 13.92 13.57 4.5 83.4 q 10.0
LP 819-9 20.80 18.47 16.50 15.07 14.59 14.31 4.0 116.2q 13.9
SSSPMJ2229£ 6931 19.83 16.97 14.47 13.76 13.35 10.0 34.4 q 4.1
LDS4980B 18.35 15.05 14.53 14.25 3.5 124.5q 14.9
LDS4980A 17.54 14.65 14.26 13.86 4.0 95.8 q 11.5
SSSPMJ2240£ 4253 19.67 16.53 13.76 13.19 12.80 8.0 33.9 q 4.1
SSSPMJ2257£ 5208 20.20 17.33 14.93 14.37 14.00 7.0 68.0 q 8.2
SSSPMJ2258£ 4639 19.81 16.43 13.61 12.93 12.60 8.5 29.3 q 3.5
SSSPMJ2307£ 5009 22.80 19.70 16.72 13.39 12.70 12.24 9.0 24.4 q 2.9
SSSPMJ2310£ 1759 20.52 17.68 14.38 13.58 12.97 9.5 35.7 q 4.3
SSSPMJ2319£ 4919 22.12 19.25 16.22 13.76 13.07 12.68 8.0 33.9 q 4.1
SSSPMJ2322£ 6358 19.54 16.48 14.26 13.65 13.20 7.5 46.2 q 5.5
APMPM J2330£ 4737 19.38 16.79 13.29 11.23 10.64 10.28 6.0 14.5 q 1.7
APMPM J2331£ 2750 20.42 17.89 14.41 11.65 11.06 10.65 7.5 13.9 q 1.7
SSSPMJ2335£ 6913 22.25 19.29 16.46 13.92 13.25 12.90 7.0 42.7 q 5.1
APMPM J2344£ 2906 21.12 18.64 15.34 13.26 12.75 12.43 6.5 34.1 q 4.1
SSSPMJ2345£ 6810 22.26 19.49 16.39 13.98 13.36 12.96 7.0 43.9 q 5.3
APMPM J2347£ 3154 22.51 19.49 15.91 13.28 12.68 12.20 8.0 27.2 q 3.3
SSSPMJ2352£ 2538 21.73 18.70 15.27 12.47 11.73 11.27 9.0 16.0 q 1.9
SSSPMJ2353£ 4123 22.23 19.08 16.89 14.39 13.73 13.33 6.0 62.1 q 7.4
APMPM J2354£ 3316 22.20 19.30 16.57 13.05 12.36 11.88 8.0 24.5 q 2.9
SSSPMJ2356£ 3426 22.21 19.18 16.15 12.95 12.38 11.97 9.0 20.0 q 2.4
SSSPMJ2400£ 2008 20.29 17.45 14.38 13.62 13.25 9.5 35.7 q 4.3
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FigureA.1: Consistency of the optical indicesfrom Mart́ın et al. (1999b)andKirkpatrick et al.
(1999b)for the spectralclassificationof the red propermotion objects. The solid line indicates
identicalspectraltypeswhereasthedashedlinesindicateanuncertaintyof half a subclass.
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6000 7000 8000 9000
0
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FigureA.2: Low-resolutionspectraof 10 objectsdiscoveredin the courseof our propermotion
survey in the southernsky. Spectraltypes,areearlieror equalthanM5.0, arederived accord-
ing to the Kirkpatrick et al. (1999b)and Mart́ın et al. (1999b))classificationschemesand di-
rect comparisonwith templatespectra.From bottomto top areLDS4980A (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 thespectraltype is typically half a subclass.
An arbitraryconstanthasbeenaddedto separatethespectrain intensity.
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FigureA.3: Low-resolutionspectraof 34 propermotion objectsdiscoveredin the courseof our
propermotionsurvey in thesouthernsky. Theseobjectwereobservedwith theVLT/FORS1and
ESO3.6m/EFOSC2instrumentsand are orderedby increasingspectraltypesfrom M5.5 up to
M8.5, assignedaccordingto theKirkpatrick etal. (1999b)andMart́ın etal. (1999b)classification
schemesand direct comparisonwith templatespectra. The uncertaintyon the spectraltype is
typically half asubclass.An arbitraryconstanthasbeenaddedto separatethespectrain intensity.
No telluric absorptioncorrectionhasbeenappliedto theopticalspectra.
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Figure A.4: Infrared spectraof a subsampleof 26 proper motion targets from our proper
motion survey observed with the VLT/ISAAC instrument in the case of [HB88] M12,
APMPM J2330
 4737 and APMPM J2331
 2750 and with the NTT/SofI camerafor the oth-
ers.Objectswhosespectraltypearein squarebracketshavebeenspectroscopicallyobservedonly
in the near-infrared (7), the objectswith spectraltypesin parentheseswereclassifiedfrom the
optical schemes(19). Spectraltypesattributed to SSSPMJ0125
 6546, SSSPMJ0215
 4804,
SSSPMJ2319
 4919, SSSPMJ0134
 6315, SSSPMJ0030
 3427, SSSPMJ2229
 6931, and
SSSPMJ0124
 4240areM7.0, M8.0, M8.0, M9.0, L0.0, L0.5, respectively, with, at least,anun-
certaintyof a subclass.LP944-20andKelu1 areincludedastemplatesfor comparisonpurposes.
An arbitraryconstanthasbeenaddedto separatethespectrain intensity. Telluric absorptionbands
around1.3and1.9 � m have beenremovedfor clarity.



Appendix B
Table of cluster member s in the
open cluster Collinder 359

Thefinal list of clustermembercandidates,providedin thisappendix,containsa totalof 1033
candidatesrangingfrom Z = 12.0to Z = 22.5over1.6squaredegreeareasurveyedin Collinder359.
Thewholesampleof candidatesis providedhereaspaperversion.Thedifferenttablesincluding
candidatesselectedfrom thevarious(distance,age)combinationswill beavailableon CD-ROMs
or on request.Thecolumnsof TableB.1 providesthefollowing information:

� Column1 givesthenameof thetargetaccordingto theIAU convention.We usedthename
Coll359J to referto Collinder359followedby thecoordinatein J2000.

� Columns2 and3 provide thefield-of-view wherethecandidateis locatedandthenumber
assignedduringtheextractionof thephotometry.

� Column 4 provides the type of exposure(Short, Medium, and/orLong) from which the
candidatewasextracted.

� Columns5 and6 list theright ascension(in hours)anddeclination(in degrees)of theobjects
extractedfrom theCFH12Kimages(in J2000).

� Columns7–12give theoptical( Z and ½ ) andthenear-infrared( � , ( , and ��� ) magnitudes.
The objectsare orderedby decreasingZ magnitudes.The near-infrared magnitudesare
extractedfrom the2MASSdatabase.

� Columns13 and14 list the propermotion measurementsextractedfrom the USNO CCD
AstrographCatalog(Zachariasetal. 2003).

� Column15givestheflagassignby theSExtractorpackageto theobject.A flagof 0 indicates
agooddetection.A flagof 1 indicatesthattheobjecthasneighbourbrightandcloseenough
to affect the automaticphotometry. A flag of 2 indicatesthat the object was originally
blendedwith anotherone,anda flag of 4 indicatesthatonepixel of theobjectis saturated
or closeto.

� Column16 providesanupdateof themembershipstatusof thecandidateafterconsidering
thenear-infraredfollow-up. TheY+ standsfor probablemembers,Y? for possiblemembers,
andNM for non-members.
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Appendix C
Finding char ts for candidate
member s of Collinder 359

This appendixcontainsfinding chartsof all 1033 cluster membercandidatesselectedin
Collinder359up to adistanceof 650pcandanageof 80Myr.

We do not provide a finding chartperobjectbut two finding chartsperchip, yielding a total
of 120 finding chartswith a field-of-view of about24ÌÎÍ 22Ì . North is up andEastis left. To
avoid overloadingthepaperversionof this thesis,we have decidedto save thefinding chartson a
CD-ROM. Only oneexampleis providedin thisappendix,for thetoppartof CCD00in Field A.

We have usedthelong exposuresto createfinding chartsin orderto recogniseeachcandidate
on theimage.Hence,candidatesselectedfrom theshortandmediumexposuresappearsaturated
in thefindingcharts.Eachobjectis markedwith thefield name(A–E),CCDnumber(00–11),and
its ID number.



FigureC.1: Finding chartfor candidatesin CCD00in Field A (top). The field-of-view is about
24Ï�Ð 22Ï . North is up andEastis left.
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