Chapter 1
A theoretical and obser vational
overview of brown dwarfs

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

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

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

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

1.1 The Initial Mass Function

1.1.1 Definitions

ThestellarInitial MassFunction ¢ (log m), wasdefinedby Salpeter(1955)asthe numberof
starsN in avolumeof spacel perlogarithmicmassintenal dlog m:
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wheren = N/V representhe stellarnumberdensityandm themass.

Scalo(1986)definedthe massspectrum¢ (m), asthe numberdensitydistribution of starsper
unit masshin. The massspectrumwhosedefinitionis given belaw, is linked to the logarithmic
massfunctionby:
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Themostcommonlyusedapproximationgor the logarithmicandlinearIMFs arepower laws
of index z anda, respectiely:

E(logm)=m* and &(m)=m ¢

Thez anda indicesarerelatedby therelationz = o — 1.

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

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

1.1.2 The mass-luminosity relation

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

dn

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

the massfunction, a0 is asfollows:

S ) (22,
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where=;-"= representshe mass-luminosityelation. M (m) denoteshe absolutemagnituden
agivenfilter centredon the wavelengthA.

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

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

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

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

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

1.1.3 Observational determinations of the IMF

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

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

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

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

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

of starsatdifferentagesanddistances.

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

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

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

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

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

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

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

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

1.2.1 The theory of brown dwarf formation
Turbulence

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

Irradiated pre-stellar cores

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

Disk instabilities

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

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

Stardisk interactionstendto truncatethe disk andtrigger its fragmentatiorto producenew
stars,mary of themendingup into multiple systems. For disk-disk interactions the evolution
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of the systemis dominatedby the fragmentatiorof the disk to producetwice or threetimesas
mary companiongo the original starsasstardisk encountersln coplanardisk-diskencounters,
the disk materialbetweenthe two interactingstarsis sweptinto a shocklayer that fragments
to producenew objects,including brown dwarfs (Watkins et al. 1998a). Non-coplanarencoun-
terstrigger gravitational instabilitiesin the disk, which thenfragmentto form nev companions
(Watkinsetal. 1998b).

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

Ejection mechanism

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

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

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

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

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

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

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

1.2.2 Observational constraints on the formation of brown dwarfs

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

Thedirectevidencefor disksaroundyounglow-massstarsandbrown dwarfs hasbeenfound
usingfive differenttechniquesiescribedelow:

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

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

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

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

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

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

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

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

1.2.3 Conclusions on the formation of brown dwarfs

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

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

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

1.3 The physics of brown dwarfs

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

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

1.3.1 The evolution of luminosity

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

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

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

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

10%yr 1.3 M 2.64 . 0.35
L~ -5 _ "R 1.1
4> 10 C>< ¢ ) (&O5M@> (10—%mﬂgmf1> (1.1)

where kg is an averageatmospheridRosselandpacity The luminosity of a solarmetallicity
starat the hydrogenburning limit is 6 x 107° L. Accordingto Figure 1.2, the luminosity’ of a
0.030M, objectis approximatelyl0—2 L, at 1Myr falling down to 6 x 1076 L at1Gyr. This
quick computationdemonstratesvhy the detectionof old brown dwarfs is limited to the Solar
Neighbourhoodvhereag/oungsubstellaobjectsareuncoseredin moredistantopenclustersand
starforming regions.

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

s M 2.2
Lstar ~107" Lo 0.1M (1.2)
. ©

1.3.2 The evolution of temperature

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

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

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

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

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

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

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

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

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

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

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

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

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

1.3.4 The influence of metallicity

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

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

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

1.3.5 Deuterium and lithium burning in brown dwarfs

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

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

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

1.3.6 Atmosphere models of low-mass stars and brown dwarfs

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1.4 Characterisation of M, L, and T dwarfs

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

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

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

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

1.4.1 Spectroscopy of M dwarfs

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

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

intensityfor clarity.

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

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

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

1.4.2 Spectroscopy of L dwarfs

L dwarfs are characterisedby redderoptical colours(R-I > 2.2), redderoptical-to-infrared
colours(I-J > 3.0),andreddelinfraredcolours(J-K > 1.2;0.7< J-H < 1.5;0.4< H-K <1.0)
thanM dwarfs. A large scatterin coloursis neverthelessobsered amongL dwarfs (Leggett
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etal. 2000; Hawley etal. 2002). A completelist of L dwarfswith infraredmagnitudesandopti-
cal spectrais availableat Kirkpatrick's webpag@. Most of themare extractedfrom the 2MASS
(e.g.Kirkpatrick etal. 2000)andSDSS(e.g.Geballeet al. 2002).

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

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

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

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

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

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

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

Computethe TiO5 index from Reidetal. (1995).

Computethe PC3index from Martin etal. (1999hb).

Take the averageof the spectraktypesderived from eachspectraindex.

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

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

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

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

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

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

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

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

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

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

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

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

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

1.4.3 Spectroscopy of T dwarfs

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

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

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

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

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

“http://www.astro.ucla.edu/-adam/homepage/researchtfdw



1.4. Characterisatioof M, L, andT dwarfs 25

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

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

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

Nearinfrared spectra(Figure 1.5) are mostly shapedby strongwater (1.11-1.6um, 1.35—
1.45um,and1.77-2.03:m) andmethand€1.30-1.5Q:m, 1.60—1.8Q:m, and2.20-2.5Qum) bands.
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StrongK | doubletsat 1.17,1.25,and 1.45um aswell asthe Nal doubletat 2.21um arealso
present.The CO bandat 2.3um is detectedn early T dwarfs but disappeaat latertypes. Finer
featuresof the metallic hydrideFeHareseenat 1.19,1.21,and1.237um. Finally, the collision-
inducedH, exhibit no distinctbandheadbut suppressethe flux longwardsof 2.0um. Methane
andcarbonmonoxidehave beendetectedat3.3ymand4.7min L dwarfsandin GI229B,respec-
tively (Noll etal. 1997)andareattributedto vertical mixing in the upperatmospheregSaumon
etal. 2000).

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

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

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

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

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

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

Therecipeto classify T dwarfs consistsof measuringall indiceslistedin Table1.4 andthen
comparingthe resultsto the standardvaluesgiven in Burgassetet al. (2002) and Geballeet al.
(2002). After rejectingthe lowestandhighestresults,the valuesare averaged yielding spectral
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typesaccuratdo half asubclas®r better Additionalmeasurementsf templatel dwarfsobsered
with the sameinstrumentsetupasthe scienceametwould refinethe spectraklassification.

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

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

e Obtainuniform spectrakcoveragefor eachstandard.

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

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

1.5 Different kinds of searches for brown dwarfs

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

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

1.5.1 Brown dwarfs as companions

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

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

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

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

Radial velocity surveys

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

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

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

Thedistribution of masse®f extrasolamplanetsaroundsolarlik e starsis pealed atlow masses
(1-2My,p) with a decreasingower law towardslarger massegseeFigure17in Vogtetal. 2000
for example). Radialvelocity suneys arenot biasedagainstthe discovery of brown dwarfs (de-
finedhereasobjectmoremassivethan13Mj,;,) astheir perturbatiorontheparentstarsis stronger
thanplanets.This obsered lack of browvn dwarf companionsatlow separatioraroundsolartype
starsis suggestie of the existenceof a “brown dwarf desert”. Thesin ¢ uncertaintyon the mea-
suremenbdf the massdoesnot affect the shapeof the distribution of objectsasa functionof mass
becausehe probability to seea brown dwarf at smallinclination is negligible, accordingto nu-
meroussimulationgQueloz2002).

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

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

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

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

Microlensing

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

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

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

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

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

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



30 A theoreticakndobsenationaloverview of brovn dwarfs

Brown dwarf companions to low-mass stars

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

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

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

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

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

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

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

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

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

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

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

Brown dwarf binaries

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

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

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

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

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

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

Conclusions to the frequenc y of brown dwarfs as companions

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

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

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

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

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

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

The Two Micron All-Sky Survey

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

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

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

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

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

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

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

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

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

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

The Sloan Digital Sky Survey

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

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

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

1. Objectsredderthani— > 1.6 andr— > 1.8.

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

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

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

Proper motion surveys

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Threeultracooldwarfs (Lodieu, Scholz,& McCaughrear2002b).

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

a > w N

Serendipitous disco veries

Besideghelarge-scalesky suneys which revealeda large numberof ultracooldwarfsandthe

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

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

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

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

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

1.5.3 Brown dwarfs in star-forming regions

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

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

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

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

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

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

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

+ Small contaminatiorby field starsandbackgroundgiantsdueto the presencef dustand
thecompactnesef embeddedlusters.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1. ThePleiadess arich clusterwith approximatelyl200knowvn members.

2. Theclusteris relatively nearbywith a distanceestimatedo ~ 130pc. Theisochronditting
estimate(d=128pc; Pinsonneaulet al. 1998) hasbeenrecentlyconfirmedby the orbital
solutionof adouble-linedeclipsingbinary (d=132pc; Munari etal. 2004)comparedo the
Hipparcos distancgd=119pc; van Leeuwenl999).

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

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

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

matesareoffsetalongthey-axisfor clarity.

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

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

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

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

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

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

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

e Morauxetal. (2003)found «=0.6+ 0.11overthe0.48-0.03M, massrangefrom a com-
plementarydeep(Z, Z) imagingprogramto the (R, I) suney by Bouvieretal. (1998).

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

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

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

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

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

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

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

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

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



