
Chapter 1
A theoretical and obser vational
overview of brown dwarfs

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

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

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

After 30 yearsof unfruitful searches,the first unambiguousbrown dwarfs wereannounced
independentlyarounda nearbyM2 dwarf, Gl229B (Nakajimaet al. 1995)and in the Pleiades,
Teide1 (Reboloet al. 1995). Substellarobjectsarenow routinely uncoveredascompanionsto
low-massstars(e.g.Bouy et al. 2003),asisolatedfield objects(e.g.Kirkpatrick et al. 2000),as
membersof youngopenclusters(e.g.Bouvieret al. 1998),andin star-forming regions(e.g.Hil-
lenbrand1997).Many recentstudiesin youngclustershave focusedon theshapeof thesubstellar
IMF to investigateapossibledependenceon time andenvironment.
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Thischapterreviewsthecurrentobservationalandtheoreticalknowledgeonbrown dwarfsand
recentdeterminationsof thesubstellarmassfunctions.This chapteris organisedasfollows. We
definetheInitial MassFunctionin

�
1.1andreview its determinationsin thefield, in youngopen

clusters,and in star-forming regions. In
�

1.2, we discussthe formationmechanismsproposed
to explain the existenceof brown dwarfs alongwith the currentobservational constraints.We
presentthephysicsof substellarobjectsin

�
1.3, including theevolution of luminosity, effective

temperature,andradiuswith time andbriefly describethecompositionof their atmospheres.We
describethespectralclassificationof ultracooldwarfs(spectraltypes � M8) aswell astheir pho-
tometricandspectroscopiccharacteristicsin

�
1.4. Finally, we give in

�
1.5 an overview of the

differentwaysto look for brown dwarfs: radialvelocity, microlensing,propermotion,ascompan-
ionsto nearbylow-massstars,asisolatedfield objects,in youngopenclusters,andin star-forming
regions.

1.1 The Initial Mass Function

1.1.1 Definitions

ThestellarInitial MassFunction,�����
	����� , wasdefinedby Salpeter(1955)asthenumberof
stars� in avolumeof space� perlogarithmicmassinterval ���
	�� m:

�����
	������� �������������	��� � ������
	��  starspc!#" M �
where� = � / � representthestellarnumber-densityandm themass.

Scalo(1986)definedthemassspectrum,���$�� , asthenumberdensitydistribution of starsper
unit massbin. Themassspectrum,whosedefinition is given below, is linked to the logarithmic
massfunctionby:

���$��%� �����& � '(����) '+* � ����,�-/.0�� starspc!#" M �
Themostcommonlyusedapproximationsfor thelogarithmicandlinearIMFs arepower laws

of index 1 and 2 , respectively:�����
	�����%�34!�5 and ���$����34!#6
The 1 and 2 indicesarerelatedby therelation 1 = 2�7 1.

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

Many studieshaveinvestigatedtheIMF overalargemassrangein thesolarneighbourhoodand
in youngclusters.A brief overview of theseestimatesis givenin

�
1.1.3with anemphasison the

substellarIMF. The resultsquotedthroughoutthis work for the IMF derived from theobserved



1.1. TheInitial MassFunction 5

luminosity function will refer to the massspectrum(unlessotherwisestated)i. e. 8:98:;(< M !#6 ,
where 2 representstheslopeof thepower law.

1.1.2 The mass-luminosity relation

Theobservedquantityis theluminosityfunctionandnotthemassfunction.A mass-luminosity
relationis requiredto transformtheobservedparameterssuchasfluxesandcoloursinto physical
parameters,includingmassesandeffective temperatures.On theonehand,themass-luminosity
relationcanbeobtainedfrom variousevolutionarymodelsdown into thesubstellarregimeasde-
scribedbelow. Ontheotherhand,amass-luminosityrelationcanbederivedfrom theobservations
of nearbystarswith accuratetrigonometricparallaxes. However, this approachis hamperedby
severaldifficulties,includingthesmallstatisticsof starswith known massesandthelimited depth
of parallaxprograms.At agivenage= , therelationbetweentheluminosityfunction, 8?>8@;BA�CED0F , and

themassfunction, 8?>8:; , is asfollows:����G& �$��IHJ� K ����G&ML��$��ONQP K �G&ML#�$���� N H
where 8:;RA�CED0F8?D representsthemass-luminosityrelation.M L (m) denotestheabsolutemagnitudein
agivenfilter centredon thewavelengthS .

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

7.0M � massrange.Theobjectsoriginatedfrom protostarsaccretingfrom molecularclouds
andwerefollowedup to anageof 100Myr.T D’Antona& Mazzitelli (1994)computedpre-main-sequenceevolutionarytracksfor objects
youngerthan100Myr over the 2.5–0.015M � massrange,assuminghydrostaticequilib-
rium, nomassaccretion,andno massloss.T Burrows et al. (1997)generatednon-graysolar-metallicity modelspredictingthe colours,
spectralenergy distributions, andevolution of brown dwarfs andextrasolargiant planets
down to 0.3M U?VXW from 1Myr to 10Gyr.T Baraffe etal. (1998)generatednon-graysolarmetallicitypre-main-sequenceisochronesfor
low-massstarsdown to thesubstellarregime(1.4–0.020M � ) spanning1Myr–1Gyr in age
(NextGenmodels).Thesemodelshavebeenextendedto 0.001M � (Dustymodels;Chabrier
etal. 2000b)andincludethetreatmentof grainformationin theequationof stateandin the
opacity. A third setof models,theCondmodels(Chabrieretal.2000b),considerthesettling
of refractoryspecies,henceeliminatingtheir role in theopacity.
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T Siessetal. (2000)presentednew pre-main-sequenceevolutionarytracksfrom 0.1to 7.0M �
at four differentmetallicities( Y = 0.01–0.04),includingsolarmetallicity.

1.1.3 Obser vational determinations of the IMF

The pioneeringstudyof the IMF by Salpeter(1955)yieldeda slopewith an index 2 equal
to 2.35 between0.4 and10M � , whenexpressedas the massspectrum(Figure1.1). Miller &
Scalo(1979)andScalo(1986)extendedthe IMF in the subsolarregime andapproximatedthe
massspectrumby a threesegmentpower law with 2 equalto 1.4,2.5,and3.3 in themassranges
0.1 Z M Z 1M � , 1 Z M Z 10M � , andM � 10M � , respectively (Figure1.1). Scalo(1986)up-
datedthedeterminationof themassfunctionby Miller & Scalo(1979)usingtheluminosityfunc-
tion takinginto accountthelateststar-countsurveys in thesolarneighbourhood(Wielen,Jahreiß,
& Krüger1983)anddeepphotometricsurveys (Reid& Gilmore1982). However, the low-mass
endof the luminosity functionconsideredby Scalo(1986)is now outdatedbecause,on the one
hand,its mass-luminosityrelation is inconsistentwith currentstellarmodels,and,on the other
hand,theluminosityfunctionis not correctedfor binarity.

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

Usingthelatestsetof dataavailablein thesolarneighbourhoodandin youngclusters,Kroupa,
Tout, & Gilmore (1993)extendedthe IMF to thehydrogen-burning limit. They representedthe
massfunction(Figure1.1)by a threesegmentpower law with 2 = 2.7for starsmoremassive than
1M � , 2 = 2.2 from 0.5 to 1.0M � , and 2 = 0.7–1.85in the 0.08–0.5M � massrangewith a best
estimateof 1.3 (Kroupa2002). The latter estimateis in agreementwith the Salpeter’s estimate
between0.5and1M � , andalsoabove 1M � .

The IMF is fairly well constrainedin the1.0–0.1M � massrangebut uncertaintiesremainat
thehigh andlow-massends.For starsmoremassive than15M � , severalcomplicationsaffect the
determinationof theIMF, includingthedifficulty of spectralclassification,theuncertaintiesonthe
kinematics,andtheunresolved binarycompanions.On the low-massend,the recentdetermina-
tionsof the IMF acrossthehydrogen-burning limit arebriefly quotedbelow, suggestinga power
law index of 2 = 0.5–1.0in the0.5–0.03M � massrange.

Reid et al. (1999)approximatedthe massfunction of starswithin 8 parsecsby a power law
with anindex 2 rangingfrom 1.0 to 2.0 with a meanvalueof 1.3 in the0.1–1.0M � massrange.
Thisresultwassupersededby amorerecentwork,yieldingaindex of about1.3,in agreementwith
the formerstudy, aswell asa changein slopein the range0.7–1.1M � (Reidet al. 2002a).This
latestestimateof thenearbymassfunctionessentiallyverifiestheresultsof Kroupaet al. (1993),
yieldingaconsensuson thefield-starmassfunction.Uncertaintiesremainneverthelesslargewith
regardto thechoiceof themass-luminosityrelationfor the8-pcsamplewhichconstituteamixture
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Figure 1.1: Comparisonof IMF from the literature, including the pioneering estimateby
Salpeter(1955;dashed-dottedline), thestudiesby Scalo(1986;dashedline) andKroupa(2002;
solid line). Thederivedmassfunctionsfor thePleiades(Morauxet al. 2003)andtheTrapezium
Cluster(Muenchetal. 2002)areoverplottedassolid linesfor comparisonpurposes.Thedifferent
estimatesareoffsetalongthey-axisfor clarity.

of starsatdifferentagesanddistances.

Theadventof sensitive andwide-fieldopticalandinfrareddetectorsled to thediscovery of a
largenumberof substellarobjectsin youngopenclustersandin star-formingregions.In Table1.1,
we list the recentsubstellarIMF determinationsobtainedin the Pleiades(Bouvier et al. 1998;
Mart́ın et al. 1998; Tej et al. 2002; Dobbie et al. 2002; Moraux et al. 2003), 2 Per (Barrado
y Navascúes et al. 2002), [ Orionis (Béjar et al. 2001), IC348 clusters(Najita et al. 2000; Tej
etal. 2002;Luhmanetal. 2003b),in theTauruscloud(Briceño etal. 2002;Luhmanet al. 2003a),
andin theTrapeziumCluster(McCaughreanetal. 2002a;Hillenbrand& Carpenter2000;Luhman
et al. 2000;Muenchetal. 2002).

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

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

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

Table1.1: ThesubstellarIMF determinationsin youngopenclustersandin star-forming regions.
Theestimatesof theslopeof theIMF, expressedasthemassspectrum( 8@98:;\< M !#6 ), areprovided
for thePleiades,2 Per, [ Orionis,andIC348clusters,theTaurusregion, andTrapeziumCluster
(TC). Themassrangewherethemassfunctionis valid is givenin solarmass( M � ). Thevalueof2 is not givenfor TaurusandIC348becausetheauthorsdid not attemptto fit themassfunctions
givenin logarithmicscale.In Figure1.7,wecomparebothestimatesalongwith thedeterminations
in theTrapeziumClusterandin [ Orionis.

Cluster Age Distance Massrange Massspectrum References
Myr parsecs M ] Slopê

Pleiades 125 _ 8 130 0.25–0.040 1.00 _ 0.50 Mart́ın et al. 1998
0.40–0.040 0.60 _ 0.15 Bouvieret al. 1998
0.50–0.055 0.50 _ 0.20 Tej etal. 2002
0.60–0.030 0.80 Dobbieetal. 2002
0.48–0.030 0.60 _ 0.11 Morauxetal. 2003^ Per 90 _ 10 182 0.30–0.035 0.59 _ 0.05 Barradoy Navascúeset al. 2002` Ori 3–8 352 0.20–0.013 0.80 _ 0.40 Béjaret al. 2001

IC348 1–3 315 0.30–0.030 Luhmanet al. 2003b
0.50–0.035 0.70 _ 0.20 Tej etal. 2002
0.22–0.015 0.50 Najita etal. 2000

Taurus 1–2 140 0.30–0.035 Briceño etal. 2002
TC a 1 450 0.15–0.020 0.43 Hillenbrand& Carpenter2000

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

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

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

1.2.1 The theor y of brown dwarf formation

Turb ulence

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

Irradiated pre-stellar cores

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

Disk instabilities

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

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

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

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

Ejection mechanism

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

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

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

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

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

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

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

1.2.2 Obser vational constraints on the formation of brown dwarfs

To addressthe issueregardingthe formation of brown dwarfs and constrainthe proposed
mechanisms(

�
1.2.1),several surveys have recentlybeencarriedout to searchfor disksaround

youngbrown dwarfs in variousenvironments. The presenceof disksaroundsubstellarobjects
will imply astar-like formationscenario.Truncateddiskswill favour theejectionmodeldescribed
by Reipurth& Clarke (2001)whereasthe absenceof diskswill suggesta planet-like formation
mechanismfollowed by dynamicalejection. Planetscanneverthelesshave their own disksfrom
which theirmoonsystemsform dueto theangularmomentumof theaccretingmaterial.

Thedirectevidencefor disksaroundyounglow-massstarsandbrown dwarfshasbeenfound
usingfivedifferenttechniquesdescribedbelow:

1. Near-infrared ( d at 1.25e m, f at 1.65e m, and g at 2.2 e m) excessof selectedmem-
berswerereportedin the TrapeziumCluster(McCaughrean& O’Dell 1996; Hillenbrand
et al. 1998;Muenchet al. 2002), h Ophiuchus(Wilking et al. 1999;Cushinget al. 2000),
IC348 (Luhman1999),and [ Orionis (Oliveira et al. 2002)basedon their locationin the
( d –f , f –g ) colour-colour diagram. The disk frequency aroundbrown dwarfs appears
lower in the [ Orioniscluster(6 i 4%; Oliveiraet al. 2002)thanin theTrapeziumCluster
(65 i 15%;Muenchetal. 2002),suggestingadisk lifetime lower thanfew Myr.

2. High-resolutionspectroscopy for a large sampleof spectroscopicallyconfirmedlow-mass
stellar andbrown dwarf membersin a variety of star-forming regions, including Taurus,
IC348, h Ophiuchus,and Upper Scorpius,showed that all of the targetsexhibit moder-
ateto strongasymmetricH 2 emissionlines (Jayawardhanaet al. 2002,2003b;Muzerolle
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et al. 2003;White & Basri2003). Someobjectsalsoexhibit emissionfeaturessuchasOI
(8446Å), CaII (8662Å), andHeI (6678Å), characteristicof accretionin classicalTTauri
stars.Furthermore,the fraction of accretorstendsto decreasewith increasingage. In ad-
dition, the inferredaccretionratesare lower than in TTauri starsby at leastoneorderof
magnitudeandrangefrom 10!#j M � yr !cb to 10!cblk M � yr !cb (Muzerolleet al. 2003),sug-
gestingthemassof thedisk scaleswith themassof thecentralobject. Finally, Barradoy
Navascúes& Mart́ın (2003)havereportedsimilar timescalesof accretionfor low-massstars
andbrown dwarfs.

3. Two extensive andcomplementaryL m -bandat 3.8 e m surveys wereconductedin various
star-formingregionsandassociations( h Oph,IC348,ChameleonI, Taurus,UpperScorpius,[ Orionis,andTW Hydrae)to searchfor diskaroundpre-main-sequenceobjectswith spec-
tral typeslater thanM5 (Liu, Najita, & Tokunaga2003;Jayawardhanaet al. 2003a).The
L m -bandofferstwo advantagescomparedto near-infrared( dnfBg ) filters. First, theemission
from thebrown dwarf photosphereis lower at 3.8 e m thanbelow 2.5 e m and,second,the
dustsublimesattemperatureshotterthan1000K. Thosestudiesconcludedthatalargenum-
berof younglow-massstarsandbrown dwarfsharbourinfrared g –o�m excessescorrelated
with strongH 2 emission,indicatinga commonformationmechanismfor starsandbrown
dwarfs.Thedisk frequency decreaseswith increasingage,supportingtheideathatdisksdo
not survive longerthan10Myr.

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

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

1.2.3 Conc lusions on the formation of brown dwarfs

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

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

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

1.3 The physics of brown dwarfs

Currentobservationssuggestthat starsandbrown dwarfs sharea commonformationmech-
anism(

�
1.2). How aboutthe physics?Starsarelarge spheresof gaswherethe nuclearfusion

compensatesthegravitationalenergy, yielding a relationshipR < M prq s betweenthemass(M) and
theradius(R). As theelectrondegeneracy pressurebecomesmoreandmoreimportantat thelow-
massendof themain-sequence,theevolutionof abrown dwarf is notdominatedby thermonuclear
processes.As aconsequence,brown dwarfscooloff inexorablyasthey age.

This sectionis structuredasfollows. First, we describetheevolution of luminosity(
�

1.3.1),
effective temperature(

�
1.3.2),andradius(

�
1.3.3)with age. Second,we discussthe influence

of metallicity on the luminosity, temperature,andmass(
�

1.3.4). Then,we presentthe role of
deuteriumandlithium burningin brown dwarfs(

�
1.3.4).Finally, we give a brief overview of the

compositionof brown dwarf atmospheres(
�

1.3.6).

1.3.1 The evolution of luminosity

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

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

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

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

L �3z P '+* !#{ L � K '+* j+|�}~ N b q " K �*���*��
M � N k q sy� K ���'+* !#k+�+� k � ��!cb N prq "?{ (1.1)

where
���

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

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

L �����:� � '+* !#" L � K M*���'
M �BN k q k (1.2)

1.3.2 The evolution of temperature

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

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

T � ��� P '+* s K

K
M*���*��

M � N �:� "
The late-timeevolution of the effective temperatureof brown dwarfs is reproducedby the

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

T �w� � 'n���O* g K '+* j |�}~ N prq "?k K M*���*��
M � N prq � " K � �'+* !#kn�+� k � ��!cb N prq p?�?� (1.3)

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

2A calculatorfor brown dwarfsis availableon Burrows’s homepage:http://zenith.as.arizona.edu/˜burrows/
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Figure1.2: Thesefigures,extractedfrom Burrowsetal. (2001),depicttheevolutionof luminosity
(top panel)andeffective temperature(bottompanel)versusageof isolatedsolar-metallicity red
dwarfsandsubstellar-massobjects.Thestarsareshown in blue,brown dwarfsabove 0.013M �
in green,andbrown dwarfsbelow 0.013M � in red. Themassesof objectsportrayedare0.3,0.5,
1.0,2.0,3.0,4., 5.0,6.0,7.0,8.0,9.0,10.0,11.0,12.0,13.0,and15.0M U?VXW and0.02,0.025,0.03,
0.035,0.04,0.05,0.06,0.065,0.07,0.075,0.08,0.085,0.09,0.095,0.1, 0.15,and0.2M � . For
a given object, the gold andmagentadotsmark when50% of the deuteriumand lithium have
burned,respectively.
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1.3.3 The evolution of radius

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

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

R ��� ��� P '+* � km

K '+* {
g N prq b � K T �w�'+*�*�*

K N prq b?b (1.4)

As anexample,a0.030M � massbrown dwarf hasaradiusof 4.3RU?VXW and1.0RU�VrW at1Myr and
1Gyr, respectively.

1.3.4 The influence of metallicity

The propertiesof starsandbrown dwarfs area function of the helium fraction (Y 6 � 0.25–
0.28), the metallicity, andthe opacityof the cloudsin the atmosphere.Larger helium fraction,
largermetallicitiesandlargeropacitiesproducelowercentraltemperatureanddecreasetheenergy
from thesurface,yielding morecompactobjectswith lower masses.

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

On the observational side, a solar-metallicity star at the hydrogen-burning limit hasabso-
lute magnitudesof M � = 19.5, M

�
= 18.0, andM � = 11.5 comparedto 12.8, 12.0, and11.1 at

zero-metallicity. Thesimilarity in the g -bandmagnitudesis a consequenceof collision-induced
absorptionby H k which suppressestheflux longwardsof 2.0e m. Subdwarfs (or low-metallicity
dwarfs with [Fe/H] between7 2.0 to 7 1.0) are, thus, intrinsically more luminousthan normal
dwarfs.

1.3.5 Deuterium and lithium burning in brown dwarfs

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

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

In thesubstellarregime,brown dwarfsmoremassive than0.065M � andolder than300Myr
will totally depletetheir lithium, while substellarobjectsyoungerthan30Myr will retain it all.
Brown dwarfsmoremassive than0.065M � with anagerangebetween30 and300Myr will burn
lithium isotopesvia the p+ s Li �¢2 + " He and p+ £ Li � 22 reactions. This theoreticalpredic-
tion translatesinto anobservationalboundary, known asthelithium depletionboundary, between
objectswhichexhibit lithium in absorptionandthosewhichdonot. Indeed,above agivenmagni-
tude,lithium will not bespectroscopicallyobservablebecausedepleted,while below this magni-
tudelimit, thelithium absorptionline will appearin thespectraat 6708Å. This lithium depletion
boundarytechnique,calledthelithium test(Reboloet al. 1992),wassuccessfullyappliedto date
openclusters,including the Pleiades(Stauffer et al. 1998), 2 Per(Stauffer et al. 1999), IC2391
(Barradoy Navascúesetal. 2001a),andNGC2547(Oliveiraetal. 2003).

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

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

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

Two simplecasesof atmosphericmodelscanbroadlyreproducethespectralenergy distribu-
tionsof L andT dwarfs(see

�
1.4for adefinition)over the0.6–5.0e m wavelengthrange.T TheDustymodelsconsideranatmospherewherethedustis uniformly mixed.Thesemodels

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

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

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

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

Ackerman& Marley (2001)introducedthe f �y�:¦ > parameter, definedasthe ratio betweenthe
sedimentationvelocity andthe convective velocity. A small valueof f �?��¦ > correspondsto little
sedimentationanddensecloudswith vertical extent. The spectraof L/T transitionobjectswere
bestreproducedby f �?��¦ > = 3 aftervaryingthisparameterfrom 0.1to 10.

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

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

1.4 Characterisation of M, L, and T dwarfs

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

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

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

We will describe,in this section,themaincharacteristicsof field M (
�

1.4.1),L (
�

1.4.2),and
T (
�

1.4.3)dwarfs,includingopticalandnear-infraredcoloursaswell asmajorspectralfeatures.

1.4.1 Spectr oscop y of M dwarfs

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

Optical spectraof M dwarfs (Figure1.3) arecharacterisedby strongoxide bandsincluding
TiO at 6320–6500̊A, 6600–6800̊A, 7050–7250̊A, 7590–7680̊A, 7670–7860̊A, 8430–8450̊A,
and8860–8940̊A andVO at 7330–7530̊A, 7850–7970̊A, and8520–8670̊A. TheatomicK I and
NaI doubletsat 7665/7699̊A and8183/8195̊A, respectively, arestrongaswell. The H 2 emis-
sion line at 6563Å, which representsa measureof chromosphericactivity in M dwarfs, reaches
a peakat aroundM6–M7 in spectraltype and dropssignificantly towardslater types(Hawley
et al. 1996).Thelithium absorptionline at 6708Å is detectedin somelate-Mdwarfslike LP944-
20 (Tinney 1998), placing constraintson the ageand massof theseobjects. The detectionof
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Figure1.3: Examplesof opticalspectra(0.6–1.0e m) of M dwarfs.alongwith themainmolecular
featuresandatomiclines.Fromtoptobottom,theM dwarfsareSSSPMJ0829-1309(M9), LP655-
48 (M7.5; McCaughreanet al. 2002b),andAPMPM J1222-2452(M5) takenfrom our sampleof
propermotionobjectsin theSouthernSky. Opticalspectraarenormalisedat 7500Å andoffsetin
intensityfor clarity.

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

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

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

1.4.2 Spectr oscop y of L dwarfs

L dwarfs arecharacterisedby redderoptical colours( § –̈R� 2.2), redderoptical-to-infrared
colours( ¨ – d�� 3.0),andredderinfraredcolours( d –g¢� 1.2;0.7 Z©d –fªZ 1.5;0.4 Z«f –g¬Z 1.0)
than M dwarfs. A large scatterin colours is neverthelessobserved amongL dwarfs (Leggett
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et al. 2000;Hawley et al. 2002). A completelist of L dwarfswith infraredmagnitudesandopti-
cal spectrais availableat Kirkpatrick’s webpage3. Most of themareextractedfrom the2MASS
(e.g.Kirkpatrick et al. 2000)andSDSS(e.g.Geballeet al. 2002).

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

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

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

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

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

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

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

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

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

Spectralindicestracethe strengthof an absorptionbandor a spectralfeature. Eachwave-
lengthof a spectrumis associatedwith a flux value.Thosevaluescontainedin thenumeratorand
denominatorwavelengthrangesaresummedor averaged,accordingto the definition. The ratio
of the two resultsis thencomputed,yielding a valuefor the spectralindex. The output is then
comparedto tabulatednumbersquotedin thepaperswheretheindicesaredefined.
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Table1.2: Spectralindicestaken from Mart́ın et al. (1999b;hereafterM99), Reid et al. (1995;
hereafterR95),andKirkpatrick et al. (1999b;hereafterK99) for optical classificationof M and
L dwarfs. The differentvaluesof the flux available in the wavelengthrangefor the numerator
anddenominatoraresummedor averaged(dependingon thedefinition). Theoutputof the ratio
providesavaluefor thespectralindex. This resultshouldthenbecomparedto valuestabulatedin
theoriginal papers.

Index Numerator(Å) Denominator(Å) Feature Ref
PC3 8230–8270 7540–7580 Pseudo-continuum M99
TiO5 7126–7135 7042–7046 TiO  7053Å R95
VO-a Sumof 7350–7370and7550–7570 7430–7470 VO 0® 7434Å K99
CrH-a 8580–8600 8621–8641 CrH  8611Å K99
Rb-b Av of 7922.6–7932.6and7962.6–7972.6 7942.6–7952.6 RbI  7947.6̊A K99
TiO-b 8400–8415 8435–8470 TiO  8432Å K99
Cs-a Av of 8496.1–8506.1and8536.1–8546.1 8516.1–8526.1 CsI  8521.1̊A K99
VO-b Sumof 7860–7880and8080–8100 7960–8000 VO 0® 7912Å K99

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

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

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

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

Index Numerator( ° m) Denominator( ° m) Ref
K1 ±$²�³�´rµ0¶�²�³�´r·/¸ – ±�´/³ ¹/º�¶»²�³ µn¼O¸ 0.5 ½¿¾l±�²�³E´@µ0¶�²�³�´r·/¸ + ±I´À³ ¹Àº0¶�²�³ µÀ¼�¸�Á TK99
K2 ±$²�³ ²Àµ0¶�²�³ ²À·/¸ – ±Â²�³�´rµ�¶»²�³E´@·�¸ 0.5 ½¿¾l±�²�³Ã²nµ0¶�²�³ ²À·/¸ + ±�²�³E´@µ0¶�²�³�´r·/¸�Á TK99
sHJ ±�´À³Ã²nº�Ä�¶�´/³ Å/µ/ÄÀ¸ – ±�´/³ º/µ0¶�´/³ÃÆnµ/¸ 0.5 ½Ç¾I±l´/³ ²Àº/ÄÈ¶�´/³ Å/µ/Ä/¸ + ±l´À³ ºÀµ0¶É´À³�Æ+µ/¸lÁ T01
sKJ ±�´À³Ã²nº�Ä�¶�´/³ Å/µ/ÄÀ¸ – ±Â²�³�´X²�¶�²�³�´rº/¸ 0.5 ½Ç¾I±l´/³ ²Àº/ÄÈ¶�´/³ Å/µ/Ä/¸ + ±$²�³E´r²�¶»²�³E´@º/¸lÁ T01

sHÊ OË ±�´À³Ã²nº�Ä�¶�´/³ Å/µ/ÄÀ¸ – ±�´/³ µ/¹0¶�´/³�´rÅ/¸ 0.5 ½Ç¾I±l´/³ ²Àº/ÄÈ¶�´/³ Å/µ/Ä/¸ + ±l´À³ µÀ¹0¶É´À³E´@Å/¸lÁ T01
sHÊ OÌ%Í ±l´/³ º/µ0¶�´/³ÃÆnµ/¸ – ±�´/³ ¼OÄÈ¶É´À³ ¼/·�¸ 0.5 ½¿¾l±I´À³ ºÀµ0¶�´/³ÃÆnµ/¸ + ±I´À³ ¼�Ä�¶�´/³ ¼�·/¸�Á T01
sHÊ OÌ Ê ±l´/³ º/µ0¶�´/³ÃÆnµ/¸ – ±�´/³ÃÆ/Æ�¶É´À³ ·�´X¸ 0.5 ½¿¾l±I´À³ ºÀµ0¶�´/³ÃÆnµ/¸ + ±I´À³�ÆÀÆÈ¶�´/³ ·�´r¸�Á T01
sHÊ OÎ ±$²�³�´X²�¶�²�³�´rº/¸ – ±�´/³ ¹/º�¶É´À³ ¹À¹�¸ 0.5 ½¿¾l±�²�³E´r²�¶�²�³�´rº/¸ + ±I´À³ ¹Àº0¶�´/³ ¹/¹/¸�Á T01
H Ê OÏ Averageof 1.47–1.49 Averageof 1.59–1.61 R01

H Ê O 1.5 ° m Sumof 1.46–1.48 Sumof 1.57–1.59 G02
CHÐ 2.2 ° m Sumof 2.08–2.12 Sumof 2.215–2.255 G02

1.4.3 Spectr oscop y of T dwarfs

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

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

Contraryto the optical colours,however, the infrared coloursare bluer than L dwarfs and
decreasetowardslatertypesdueto:T Methaneabsorptionin the f and g bandsT Strongwatervapourbandsdepressingtheflux in the g bandT H k pressure-inducedabsorptionlinesincreasingtheopacitylongwardsof 2.0 e m

Infraredcoloursof T dwarfsareprovidedhereasanindication:–0.5 Z4d –fªZ 0.9,–0.9 Z©d –gªZ 1.4,and1.5 ZÑg –o m Z 2.5.A largescatteris observedin infraredcoloursparticularlytowards

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

Figure 1.5: Examples of near-infrared (1.0–2.5e m) spectra of T dwarfs along with the
main molecular features and atomic lines. From top to bottom, the T dwarfs are
2MASS0348+6022(T7.5;Burgasseretal. 2003c)2MASS0727+1710(T5; Burgasseretal. 2002),
andSDSS12547 0122(T2; Burgasseretal. 2002).Near-infraredspectra,availableonBurgasser’s
webpage,arenormalisedat 1.28e m andoffsetfor clarity.

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

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

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

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

Index Numerator( ° m) Denominator( ° m) Feature Ref
H Ê O-A Averageof FÍ?Ò Í Ê�Ó ÍyÒ ÍlÔ Averageof FÍ?Ò ÊÖÕ�Ó ÍyÒ ÊÖ× 1.15 ° m H Ê O/CHÐ B02

H Ê O1.2 ° m Sumof FÍ?Ò ÊIØ:Ó Í?Ò ÊÖÙ Sumof FÍ?Ò ÍlÚ Ó ÍyÒ Í Ø 1.12 ° m H Ê O G02
H Ê O-B Averageof FÍyÒ ÕIÛyÕ�Ó ÍyÒ ÕÖÊIÕ Averageof FÍyÒ Õ Ô Õ�Ó ÍyÒ ÕÖÙIÕ 1.4 ° m H Ê O B02

H Ê O1.5 ° m Sumof FÍ?Ò Õ Ô Ó Í?Ò ÕÖÙ Sumof FÍ?Ò Ð Ø�Ó ÍyÒ Ð × 1.5 ° m H Ê O G02
H Ê O-C Averageof FÊ Ò ÛÖÛ:Ó�Ê Ò Û Ð Averageof FÊ Ò ÛyÙ�Ó�Ê Ò ÍlÚ 1.9 ° m H Ê O B02

H Ê O2.0 ° m Averageof FÊ Ò ÛyÙ�Ó�Ê Ò ÍÖÍ Averageof FÍyÒ Ù Ô Õ�Ó ÍyÒ ÙÖÙIÕ 1.9 ° m H Ê O B02
CHÐ -A Averageof FÍyÒ ÊÖÙÖÕ�Ó ÍyÒ Ú ÊIÕ Averageof FÍ?Ò ÊÖÕ�Ó ÍyÒ ÊÖ× 1.3 ° m CHÐ B02
CHÐ -B Averageof FÍ?Ò Ø Ð Ó ÍyÒ Ô Û Averageof FÍyÒ Õ Ô Õ�Ó ÍyÒ ÕÖÙIÕ 1.6 ° m CHÐ B02

CHÐ 1.6 ° m Sumof FÍ?Ò ÕIØ:Ó Í?Ò ØIÛ Sumof FÍyÒ Ø Ú Õ�Ó ÍyÒ Ø Ô Õ 1.6 ° m CHÐ G02
CHÐ -C Averageof FÊ Ò ÊÖÊÖÕ�Ó�Ê Ò Ê Ô Õ Averageof FÊ Ò ÛyÙ�Ó�Ê Ò ÍlÚ 2.2 ° m CHÐ B02

CHÐ 2.2 ° m Sumof FÊ Ò ÛÖ×:Ó�Ê Ò Í Ê Sumof FÊ Ò Ê Í Õ�Ó�Ê Ò ÊÖÕIÕ 2.2 ° m CHÐ G02
H/J Averageof FÍ?Ò ÕIÛ:Ó ÍyÒ Ô Õ Averageof FÍ?Ò ÊlÛ@Ó Í?Ò Ú ÊIÕ NIR colour B02
K/J Averageof FÊ Ò ÛÖÛ:Ó�Ê Ò Ú Û Averageof FÍ?Ò ÊlÛ@Ó Í?Ò Ú ÊIÕ NIR colour B02
K/H Averageof FÊ Ò ÛÖÛ:Ó�Ê Ò Ú Û Averageof FÍ?Ò ÕIÛ:Ó ÍyÒ Ô Õ NIR colour B02
CO Averageof FÊ Ò Ú ÊÖÕ�Ó�Ê Ò ÚÖÔ Õ Averageof FÊ Ò ÛyÙ�Ó�Ê Ò ÍlÚ 2.3 ° m CO B02

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

To quantify the classification,Burgasseret al. (2002)definedseveral indices(Table1.4) to
measurethestrengthof water, methaneandcarbonmonoxidefeatures.Theseregionshave been
chosento samplethe peakof the d , f , and g broad-bandfilters and the associatedpseudo-
continuum. Additional spectralindiceshave beendefinedto probethe near-infraredcoloursat
1.25,1.6,and2.1 e m.

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

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

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

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

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

1.5 Diff erent kinds of searches for brown dwarfs

Thetheoreticalpredictionof theexistenceof objectsunableto fusehydrogenin theircoresled
astronomersto improve their searchmethodsandprobethesky atgreaterdepths.

The advent of infrareddetectors,wide-field capabilitiesat optical and infraredwavelengths
andadaptive opticsfacilities hastriggereddiscoveriesof numerousbrown dwarfs in variousen-
vironments.Discoveriesof brown dwarfs ascompanionsto solar-like stars,low-massstars,and
substellarobjectsarereportedin

�
1.5.1.Large-scaleandpropermotionsurvey contributionsare

presentedin
�

1.5.2.Searchesfor youngbrown dwarfsin star-formingregionsandin openclusters
arehighlightedin

�
1.5.3andin

�
1.5.4,respectively.

1.5.1 Brown dwarfs as companions

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

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

2. CorrecttheInitial MassFunctionfor binarity.

3. Studythebinaryfrequency asa functionof massin thefield andin openclusters

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

Radial velocity sur veys

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

The first extrasolarplanetwasdiscovereda pulsarby Wolszczan& Frail (1992). The first
extrasolarplanetorbiting a solar-type star was discoveredaround51Peg by Mayor & Queloz
(1995),the sameyearasthefirst unambiguousbrown dwarfs. Prior to this discovery, planetary
companionsweredetectedaroundthepulsarsPSR18297 10(Bailesetal. 1991)andPSR1257Ý 12
(Wolszczan& Frail 1992).Hundredsof F, G, K, andM dwarfshave now beensurveyedby radial
velocity programswith sensitivities reachingfew metresperseconds(Mayor et al. 1992;Marcy
& Butler1992;McMillan et al. 1994;Cochran& Hatzes1994).

Todate,morethanhundredextrasolarplanetshavebeenuncoveredby Dopplermeasurements5

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

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

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

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

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

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

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

Micr olensing

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

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

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

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

2. Smithet al. (2003)inferreda massof M � 0.050â prq p b s! prq p b?b M � for a bright microlensingevent
observed towardstheGalacticbulgeby theOGLE project. If verified,the lenswould bea
brown dwarf locatedat adistanceof 6.5kpc.

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

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

The mostcompletepopulationavailable to dateto investigatethe binary frequency of low-
massstellarandsubstellarcompanionsarethe5- and8-pcsamples.Severalprogramshave been
dedicatedto the closestneighboursto the Sun to unveil companionsover different separation
ranges.Henry & McCarthy(1990)failed to detectnew brown dwarfs at separationscloserthan
10AU from asystematicsearcharoundM dwarfswithin 5 parsecsusinginfraredspeckleinterfer-
ometry. Simons,Henry,& Kirkpatrick (1996)investigatedseparationsbetween100and1400AU
around63systemswithin 8pcand ã��©7 25ä . Second-epochobservationssupplementedtheprevi-
oussearchwith propermotionasprimarycriterionbut did notuncovernew low-masscompanions
(Hinz et al. 2002). High-resolutionimagingof 23 nearbydwarfs within 13pc carriedout with
theHubble Space Telescope failed to detectany companionat separationsbetween1 and50AU
(Schroederet al. 2000). Similarly, a coronagraphicsurvey of 107 nearbystarsystemsprobing
separationsrangingfrom 40to 100AU turnedupnonew brown dwarf companions(Oppenheimer
et al. 2001). It soundslikely thatall stellarcompanionsto nearbydwarfshave now beendetected
by theextensive programsimplementedoverseveraldecades(Reid& Gizis 1997a).

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

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

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

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

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

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

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

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

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

15Sge G1 17.7 1–3 14 L2–L6 10
2MASSJ1426316æ 155701 M8.5 18.8 0.5–7.5 2.92 L1–L3 11

LHS2397a M8 14.3 2–12 2.96 L7.5 12

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

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

Brown dwarf binaries

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

All genuinebrown dwarf binariesdiscoveredto datearelisted in Table1.6 alongwith their
estimatedphysicalparameters,includingdistances,spectraltypes,separation,massratio,andpe-
riod. Only threesystemshave accuratedistances,namely2MASSW1146345Ý 223053,DENIS-
PJ0205.47 1159,and ç Indi B.

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

Name Distance Sep SpT Massratio Period Refs
pc AU q yr

2MASSs0850359æ 105716 27.7 4.4 L6/?? 0.75 43 3,6
2MASSW0920122æ 351742 20.8 1.6 L6.5/?? 1.0 16 3,6
2MASSW1146345æ 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
2MASS1239272æ 551537 21.3 4.0 L5/L5 1.0 30 5,6
2MASS1534¶ 2952AB 16.5 1.0 T5/T5 1.0 4–6.5 4

2MASS1728114æ 394859 20.4 3.4 L7/earlyT 0.8 30 5,6
2MASS2101154æ 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 1,2è Indi B 3.626 2.65 T1/T6 0.6 15 7

CFHT-Pl-12 125 7.75 — 0.7 76 8
IPMBD25 125 11.75 — 0.62 126 8
IPMBD29 125 7.25 — 0.84 68 8

Gotoetal.2002),2MASSW0746425Ý 200032(Reidetal.2001b),and2MASS1426316Ý 155701
(Closeetal. 2002a).Themassesremainuncertaindueto thelackof lithium in absorptionandun-
certaintieson theageand/ordistance.As a consequence,theprimaryis a very low-massstaror a
brown dwarf andthesecondaryabrown dwarf.

Conc lusions to the frequenc y of brown dwarfs as companions

Themainresultsof programsdedicatedto thesearchfor substellarcompanionsto very low-
massstarsandbrown dwarfscanbesummarisedasfollows:

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

2. Very low-massandbrown dwarf binarieshave separationssmallerthan16AU with a peak
in thedistribution occurringaround4–8AU (Left panelin Figure1.6). Similarly, surveys
in theHyades(Reid& Gizis 1997b)andin thePleiades(Mart́ın et al. 2000a)producedno
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brown dwarf companionswith separationslarger than14 and27AU, respectively. These
resultsare at oddswith the distribution of companionsaroundM dwarfs. Firstly, about
40% of M dwarf multiplesystemswithin 8pchaveseparationsgreaterthan10AU (Reid&
Gizis 1997a).Secondly, 50% of M0–M6 dwarfshave separationsbetween10 and10� AU
(Fischer& Marcy 1992). Furthermore,the distribution of separationof G andM dwarfs
is muchbroaderwith a maximumfrom 3 to 30AU (Fischer& Marcy 1992; Duquennoy
& Mayor 1991). Currenttechniquesaresensitive to wide low-massstellarandsubstellar
companionsbut suffer from observationalbiasestowardsspectroscopicbinaries.

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

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

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

The 2MASS (
�

1.5.2),DENIS (
�

1.5.2),andSDSS(
�

1.5.2)surveys, their selectioncriteria
to unearthnew L andT dwarfs,andtheir maindiscoveriesaredescribed.Propermotionsurveys
aimingat finding ultracooldwarfs in thesolarneighbourhoodarehighlightedin

�
1.5.2. Finally,

someserendipitousdiscoveriesof L andT dwarfsarepresentedin
�

1.5.2.

The Two Micr on All-Sky Survey

The Two Micron All-Sky Survey (http://ipac.caltech.edu), project led by the University of
Massachusetts,providesfull sky coveragein thenear-infrared d (1.25e m), f (1.65e m), and g��
(2.15e m) broad-bandfilters (Skrutskieet al. 1997). The survey wasconductedwith twin 1.3-
m telescopeseachequippedwith a three-channel256 P 256 pixel NICMOS3 cameraobserving
simultaneouslyin d , f , and g�� . Thepixel scalewas2m m , yielding a 8.5m P 8.5m field-of-view. Six
framesof 1.3 secondseachwereobtainedfor eachindividual field on the sky, yielding a total
integrationtime of 7.8 seconds.Thenominalsurvey completenesslimit was d = 15.8, f = 15.1,g�� = 14.3with signal-to-noiseof 10at highgalacticlatitudes.

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

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

About half of the T dwarfs werediscoveredin the 2MASS database(Burgasseret al. 1999,
2000a,2000b,2002,2003b,2003c). Several colour cuts, including d�Z 16.0, d –f¬Z 0.4, andf –g��êZ 0.3or dëZ 16.0, d –f¬Z 0.4,and f –g��ê� 0.3wereappliedto find field T dwarfs in the
2MASS database.Targetswere selectedto have galacticlatitudesabove 15ä and to avoid the
MagellanicCloud and47 Tuc regions. Propermotionsandoptical counterpartspresentin the
Digital Sky Surveys wereremoved from the initial sample,yielding a small pool of bona-fideT
dwarf candidatesfor near-infraredspectroscopicfollow-up.

The2MASSprojectis a powerful tool to detectbrown dwarfs in thefield aswell asin open
clusters.Severalstudiesmadeuseof the2MASSdatabaseto confirmmembershipstatusof clus-
ter candidatesin thePleiades(Tej et al. 2002),in Taurus(Briceño et al. 2002),in MBM12 (Luh-
man2001),in 2 Per(Barradoy Navascúeset al. 2002)andto studydisk fractionsin star-forming
regions,including [ Ori (Oliveiraetal. 2002).

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

TheDEepNear-InfraredSurvey (http://www-denis.iap.fr/)wasconductedwith theESO1-m
telescopeat La Silla with a three-channelcamerain the Gunn-̈ (0.82e m), d (1.25e m), g��
(2.15e m) filters, covering the whole SouthernSky from 7 90ä to Ý 2.5ä (Epchteinet al. 1997).
Two NICMOS3 arrayswith 256 P 256 pixels anda pixel sizeof 3m m wereusedin the d and g��
channelswhereasa 1024 P 1024TektronixCCD detectorwith 1m m pixel scalewasusedfor the ¨
channel.Theresultingfield-of-view was12m . Thesky wasscannedin stepandstaremodealong
30 degreestripsat constantright ascensionwith integrationtime of 10 seconds.Theapproximate
3[ limits of thesurvey were ¨ = 18.5, d = 16.5, g�� = 13.5.

The selectioncriterion to find low-luminosity objectsin the field was two-fold (Delfosse
et al. 1997,1999):T Objectsredderthan ¨ – d colourof 2.5mag.T Objectswith d and g detectionsandno opticalcounterpart.

No systematicspectroscopicfollow-up wasimplementedasfor 2MASS,yielding a smaller
numberof L dwarf discoveries.Nonetheless,theDENIS“Mini-Survey” revealedabout20objects
laterthanM8, including3 L dwarfs(Delfosseet al. 1999),with opticalandnear-infraredspectro-
scopicassessment(Tinney et al. 1998;Delfosseet al. 1999).High-resolutionspectroscopy of the
3 L dwarfsplacedoneobject,DENIS-PJ1228.27 1547,asthefirst discoveredfield brown dwarf
with Kelu1 (Ruiz etal. 1997),afterdetectionof lithium absorptionat6708Å (Mart́ın etal. 1997;
Tinney etal. 1997).

The Sloan Digital Sky Survey

TheSloanDigital Sky Survey (http://sdss.org) hassurveyedover10000degk (onefourthof the
celestialsphere)of thehigh galacticlatitudesky, centredapproximatively on theNorth Galactic
Pole,with a dedicated2.5-mtelescopeat theApachePointObservatory (York et al. 2000). The
SDSSprojectimagedthesky in 5 filters ( ì , . , í , à , and î ), covering the0.4–1.0e m wavelength
range(Fukugitaetal. 1996).

Theimagingarraywasamosaicof thirty 2048 P 2048CCDswith 0.396m m /pix providing atotal
field-of-view of 2.5ä P 13m . Theeffective integrationtimewas54.1secondsperfiltersperprint on
sky. Theexpectedcompletenesslimits (5[ detectionlimit) of thesurvey were ì � 22.3, . � 23.3,í � 23.1, à � 22.3,and î � 20.8,assumingafull-width-half-maximumof 1m m andanairmassof 1.4.
Photometriccalibrationwasobtainedwith a smallauxiliary telescopeat thesamesite. Different
typesof objectswerefollowed-upspectroscopicallywith a dedicatedSDSStwin fibre-fedspec-
trograph.Fibreswere3m m in diameterandprovidedwavelengthcoveragefrom 3800to 9200Å at
R � 1800.

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

1. Objectsredderthan à –îï� 1.6and í –à�� 1.8.

2. à –îB� 1.6and2[ detectionin à and/ordetectionin the2MASScataloguefor objectsunde-
tectedin the í images.



36 A theoreticalandobservationaloverview of brown dwarfs

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

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

2. Detectiononly in the î -bandrequiredîBZ 19.0.

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

Proper motion sur veys

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

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

1. TheLuytenCatalogueof Starswith ProperMotionsExceeding0.5m m /yr Annually (hereafter
LHS; Luyten 1979) lists about3600starswith e � 0.500m m /yr andhundredsof starswith
propermotionsspanning0.235–0.500m m /yr.

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

Two epochswereobtainedwith positionsaccurateto a few arcseconds.Magnitudesmeasured
in two photographicpassbandsmðnñ and m� , correspondingroughly to the currentphotometricò

and §ó�0�?ô > , respectively, wereaccurateto about0.5 mag. The fainteststarscataloguedhave
m� � 19 andmð+ñ � 20.5,respectively.

Southof ã0Zõ7 33ä , boththeLHS andtheNLTT catalogueswereextendedusingdatafrom the
BruceProperMotion survey conductedwith the0.65-mBrucerefractorbeginningof the20öÂ÷ cen-
tury. AlthoughtheBrucesurvey extendedto propermotionsdown to 0.1 m m /yr, only starsbrighter
thanmð+ñ � 15.5werecataloguedwith abluemagnitudebut nocolourinformation.Thesearchfor
low-luminosityobjectsin thesouthis, thus,highly hamperedby thebright detectionlimit of the
Brucecatalogue.New faint propermotionobjectsdown to m� = 19.5andsouthof ã0ø –5ä were
extractedby Wroblewski & Torres(1989,1992,1994,1995,1996,1997,1998)andWroblewski
& Costa(1999,2000,2001).

To improve thecensusof thesolarneighbourhoodandcharacterisethe luminosity andmass
functionsacrossthestellar/substellarboundary, severalpropermotionsurveys have recentlybeen
implementedbothin theNorthernandSouthernhemispheres.Wewill briefly highlight theresults
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of thesurveys whichcontributedto thediscovery of low-massstarsandbrown dwarfsin thesolar
vicinity, includingourown SouthernSky propermotionsurvey for nearbyreddwarfspresentedin
detailsin Chapter2.T Reid& Cruz(2002),Reid,Kilk enny, & Cruz(2002b),andCruz& Reid(2002)presenteda

seriesof papersaimingat finding low-massstarsandbrown dwarfswithin 20pc. By cross-
correlatingtheNLTT cataloguewith anearlyreleaseof the2MASSdatabasefor galacticlat-
itudeshigherthan10ä , theauthorsdiscoveredover100new ultracooldwarfsbasedon their
location in the (m� , m� –g�� ) colour-magnitudediagram. Although photometricdistances
aresubjectto large uncertaintiesdue to errorson photometricmeasurementsor binarity,
theseresultsdemonstrateclearlytheincompletenessof thesolarneighbourhood,especially
at thelow-luminosityend.
More recently, Cruz et al. (2003) initiated a volume-limited(d Z 20pc) survey of nearby
M7–L6dwarfsoverthewholesky entirelybasedonthe2MASSsurvey. Moderate-resolution
(R � 3000)optical (6000–10000̊A) spectroscopy provided spectraltypesandphotometric
distancesfor eachindividual object,yielding the discovery of 39 new L dwarfs. A bright
(K � = 9.1)M8.5 dwarf at 6 pc with a propermotionof 0.759m m /yr wasuncoveredwithin the
framework of this search(Reidetal. 2003).T Lépine,Shara,& Rich (2002)conducteda systematicsearchfor high proper-motion stars
(0.5 Z�e Z 2.0m m /yr) atlow-galacticlatitudes( ù b ùXZ 20ä ) usingtheDigital Sky Survey database.
Thesameprocedurewasrecentlyextendedto galacticlatitudesabove 25ä (Lépine,Rich,&
Shara2003a). Most of the high propermotion (0.5 Z»e Z 2.0m m /yr) starslisted in Luyten’s
catalogueswererecoveredandnew objectsbrighterthan20.0magwerediscovered.
Thesearchmethodwasbasedon theSUPERBLINKsoftwaredevelopedby theauthorsto
recover high propermotion starsin an automaticway after scaling,shifting, rotating,and
subtractingthe POSSI andPOSSII photographicplates. This tool wasspecificallyopti-
misedto work on relatively crowdedfields andto improve thedetectionof propermotion
starsaffectedby abrightneighbour.
Opticalspectroscopy of numerousnew high propermotionstarsrevealedwhite dwarfs,M
dwarfs,metal-poordwarfs(Lépine,Rich,& Shara2003b)aswell as:

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

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

3. An early-L subdwarf (Lépine,Rich,& Shara2003a).T The Caĺan-ESOProperMotion Cataloguecontains542 starswith propermotionslarger
than0.2m m /yr identifiedon5ä P 5ä ESOredplatestaken � 10yr apart(Ruizetal. 2001).The
field selectionwasrandombut avoidedthehigh galacticlatituderegionswith declinations
rangingfrom ã = 7 40ä to ã = 7 25ä . The two hoursintegrationtime yieldedphotographic
magnitudesm� spanning7.5–19.5mag.Thispropermotionsurvey, originally aimingat the
identificationof cool white dwarfs in thesolarneighbourhood,led to thediscovery of the
first field brown dwarf, Kelu-1(Ruiz,Leggett,& Allard 1997).T TheLiverpool-Edinburgh catalogue(Pokorny, Jones,& Hambly2003)is a compilationof
about6200starsat the SouthGalacticCap,with propermotionsexceeding0.18m m /yr and
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§ = 9.0–19.5mag. Interestingobjectswereselectedfrom the reducedpropermotion and
colour-colour diagramsfor spectroscopicfollow-up observationsbut no new subdwarfs or
brown dwarfshave beenannouncedto date.T A new high propermotion survey wasconductedin the SouthernSky southof ã0Z –33ä
basedon6ä P 6ä photographicplatesobtainedwith theUKST telescopeandmeasurements
madewith theAPM machineatCambridge(Scholzetal.2000).Theinitial searchwasbased
on measurementsin two passbands(

òûú
and § ) at two epochsseparatedby � 15 yearsforã0Z –20ä . Typical limiting magnitudesare
òûú � 22.5 and § � 21, with an uncertaintyof� 0.25 mag. Searchradii of 60 to 90 arcsecwere usedto recover large propermotions

(typically 0.3–1.0m m /yr).
Thepilot survey (Scholzet al. 2000)extractedabout100new high propermotionobjects
down to § � 20.0over thousandsquaredegreesbetween0ü and7ü in right ascensionand
–63ä and–32ä in declination,respectively. This sampleincludednew white dwarfsaswell
asK andM dwarfs. This survey waslater extendedby Scholzusingthe SuperCOSMOS
Sky Survey and2MASS cataloguesover the entiresouthernsky at four differentepochs.
Thenew approach,detailedin Chapter2, led to thediscovery of:

1. Six subdwarfs(Chapter2).

2. NumerousM dwarfswithin 50 parsecs(Chapter2).

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

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

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

Serendipitous disco veries

Besidesthelarge-scalesky surveyswhich revealeda largenumberof ultracooldwarfsandthe
propermotionsurveys dedicatedto thesearchfor nearbystars,asmallnumberof L andT dwarfs
wereunearthedduringunrelatedsurveys. Amongthem,wewould like to emphasisethefollowing
discoveries:T Cubyet al. (1999)reportedthediscovery of a late-Tdwarf in thecourseof a deepsurvey

carriedoutwith theSofI andSUSIinstrumentsmountedon theNTT. TheNTT DeepField
coveredanareaof 2.3m P 2.3m in the

ò
, � , and í filters down to magnitudelimits of 27.2,

27.0, and 26.7, respectively. A 5m P 5m field-of-view was observed as well in the d andg � filters down to magnitudelimits of 24.6and22.8,respectively. This new T dwarf hasd = 20.15andg�� = 20.3andalow-resolutionnear-infraredspectrumcomparabletoGl229B.T Liu et al. (2002b)presentedthediscovery of a faint ( ¨ = 23.6, d = 18.2)T dwarf within the
framework of the Institutefor AstronomyDeepSurvey. This survey usedtheprime-focus
imagerSuprime-Camon the Subaru8.2-m telescopeto cover a total areaof 2.5 square
degreesin the § , ¨ , and î m filters down to 27.1,26.5,and25.5, respectively. Optical and
infraredcolourswith additionalnear-infraredspectroscopy yieldedaspectraltypeof T3–T4
andaphotometricdistanceof 45 i 9pc (Liu et al. 2002b).
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T As the result of a spectroscopicsearchfor distantAGB stars,Kendall et al. (2003) an-
nouncedthediscovery of sevenunknown L dwarfs.All sevenobjectswerevery fainton the¨ -bandphotographicplateswith magnitudesrangingfrom 17.0 to 20.0mag. The objects
wereassignedspectraltypesbetweenL0.5 andL5 from directcomparisonwith templateL
dwarfs.T Thorstensen& Kirkpatrick (2003)recentlydiscoveredabright( g � = 11.3)L3.5dwarfwithin
theframework of aparallaxprogramfor asampleof cataclysmicbinaries.Thisnew L dwarf,
2MASSJ0700Ý 3157,hasa well determinedparallaxof 82 i 2 mas,andconstitutesa new
addition to the catalogueof nearbystars(Gliese& Jahreiss1995). It also representsan
importantadditionto thesmallsampleof L andT dwarfswith accuratedistances.

1.5.3 Brown dwarfs in star -forming regions

In
�

1.5.2,we have describeddifferentkindsof searchesdedicatedto theimprovementof the
censusof starsandbrown dwarfs in thesolarneighbourhood.Theultimategoal is to derive the
luminosityandmassfunctionsof avolume-limitedsampleof objects.However, thedetermination
of thefield IMF is hamperedby majordrawbacks,including:T Parallaxesarerequiredfor eachindividual starto infer theirmasses.Themostreliablemass

functionestimateis currentlyavailablefor the5- and8-pcsamplesalthoughtheincomplete-
nessmight beashighas30%, particularlytowardslow-massstars(Henryet al. 1997).T Agesaregenerallyunknown anda meanvalueof theorderof 1Gyr is assumedfor nearby
objectsto infer themass.Thepossibletime variationsoccurringin thestarformationrate
arelost in thisprocess.T Large incompletenessexists for high-massstarsbecauseof their rarity in the solarneigh-
bourhoodandtheir shortlifetimes.T The incompletenesstowardslow-massstarsand brown dwarfs is significantdue to their
faintness(Henryet al. 1997). The recentdiscovery of the ç Indi Ba/Bbsystemat 3.626pc
(Chapter2) providesonecounterexample.

To alleviatemany of thoseissues,severalstudieshave focusedonembeddedclustersandstar-
forming regions becausethey representan equidistantsampleof starswith a similar chemical
compositionwithin a limited areaon thesky. Theadvantages( Ý ) anddrawbacks( 7 ) compared
to thesolarvicinity arethefollowing:Ý Very low-massstarsandbrown dwarfsarebrighterwhenyoungeratagivendistance,mak-

ing their detectioneasierin star-forming regionsthanin thefield (Figure1.2).Ý Small contaminationby field starsandbackgroundgiantsdueto the presenceof dustand
thecompactnessof embeddedclusters.Ý Dynamicalevolution is obviously low at youngagesalthoughthe birth of youngclusters
might go throughphasesof violent gasexpulsionaffecting theshapeof the IMF (Kroupa
etal. 2001).High-massstarswill nothaveevolvedoff themain-sequenceyetandlow-mass
starsareretainedwithin theclustercore.TheIMF can,therefore,bederivedfrom high-mass
starsdown to thedeuteriumburninglimit andbelow.
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7 Star-forming regionsareheavily embeddedin their molecularcloudhamperingopticalob-
servations.7 Largeuncertaintiesareexpectedon evolutionarytracksatvery youngagesdueto unknown
initial conditions(Baraffe etal. 2002).7 The timescaleto form starsrepresentsan appreciablefraction of theclusterage. The star
formationprocessis still on-goingsothatthemassfunctionis a lower limit of theIMF.

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

Bearingin mind thosecaveats,an emphasison the recentmassfunctiondeterminationswill
follow alongwith a brief descriptionof themoststudiedyoungclusters,includingtheTrapezium
Cluster, [ Orionis, IC348, Taurus, h Ophiuchus,andChameleon(Figure 1.7). Additional star-
forming regionshave beentargetedto uncover low-massstarsandsubstellarobjectsbut no mass
functionswerepublishedto date. It includesLupus(Nakajimaet al. 2000),RCoronaAustralis
(Comeŕon et al. 2002),UpperScorpius(Mart́ın et al. 2004),NGC1333(Aspin et al. 1994),and
Serpens(Lodieu et al. 2002a).Wilking et al. (2004)have recentlysetan upperlimit of 2�Z 1.6
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on themassspectrumfor NGC1333acrossthehydrogenburning limit basedon a spectroscopic
sampleof 25 brown dwarf candidates.T TheTrapeziumClusterlieswithin thecentralregion of theOrion Nebula Clusterandis the

mostextensively studiedyoungcluster. The clusteris young( � 1Myr), nearby(450pc),
rich anddense( � 10� pc!#" ) andharboursawiderangeof stellarmassesfrom 50M � to few
Jupitermasses.Furthermore,its locationin front of molecularcloud minimisesthe back-
groundcontamination,makingobjectswith a smallextinction likely members.
Multiple surveysatvariouswavelengthshavebeenconductedin theregion,includingproper
motion(Jones& Walker 1988),optical imagesfrom theground(Herbig& Terndrup1986)
and from space(Luhmanet al. 2000), infrared surveys (McCaughrean& Stauffer 1994)
complementedby spectroscopy (Hillenbrand1997;Lucaset al. 2001)to infer massesand
agesfor eachindividual member.
Hillenbrand(1997)inferredaIMF whichpeaksatabout0.2M � anddeclinestowardslower
masses.Theextensionof this work to thesubstellarregimeconfirmedthepreviousconclu-
sions(Luhmanet al. 2000;Slesnicket al. 2004). Muenchet al. (2002)reporteda similar
IMF from B starsdown to thedeuterium-burninglimit by modellingtheinfraredluminosity
function(Table1.1andfilled circleswith solid line in Figure1.7).T The [ Orioniscluster, locatedaroundtheO9.5starof thesamename,belongsto theOrion
OB 1b association.TheX-ray detectionof a high concentrationof sourcesaroundthestar[ Ori by ROSAT (Walter et al. 1994)triggereddeepoptical surveys dedicatedto the low-
masscomponentof the cluster. The clusteris 1–8Myr old (Béjar et al. 1999), locatedat
352pc accordingto Hipparcos (Perrymanet al. 1997), and suffers from little reddening
(Lee1968).
A deepoptical ( § , ¨ , and Y ) survey of a � 850arcmink areain theclusterwith additional
near-infrared photometryrevealednumerouslow-massstars,brown dwarfs (Béjar et al.
1999),andplanetary-massobjects(ZapateroOsorioet al. 2000). Many objectshave been
spectroscopicallyconfirmedover a large massrangein the optical (Barradoy Navascúes
et al. 2001b)andin the near-infrared(Mart́ın et al. 2001). The clustermassfunction,de-
rivedfrom low-massstars(0.2M � ) down to thedeuterium-burning limit, indicatesa rising
slopewith anindex 2 = 0.8i 0.4 (Béjaret al. 2001),whenexpressedasthemassspectrum
(Table1.1andopentrianglewith solid line in Figure1.7).T IC 348 is locatedon thenortheastendof thePerseusmolecularcloud complex. Theclus-
ter is young(1–3Myr), relatively nearby(d � 315pc), rich (about400members),compact
(D � 20m ) with low extinction ( ø A �ýÜ = 0–5mag). IC348hasbeenextensively targetedin
thepastto extractclustermembersvia propermotion(Fredrick1956),H 2 emission(Her-
big 1998),infraredluminosityfunctions(Lada& Lada1995),andopticalcolour-magnitude
diagrams(Herbig1998;Luhman1999).
Tej et al. (2002)recentlyderived a clustermassfunction from all-sky cataloguesover the
whole clusterareaand inferred a power law with an index 2 = 0.8 i 0.2. Luhmanet al.
(2003b)aasignedspectraltypes,effective temperatures,andmassesfor a large numberof
memberswithin the central42m P 28m areain the clusterto constructan extinction-limited
sample(A �»Z 4) from B starsto late-M dwarfs. Theclustermassfunctionrisesfrom high-
massstarsdown to 1M � , risesmoreslowly to peakat 0.1–0.2M � , anddeclinestowards
the substellarregime in logarithmicscale(Table1.1 andhistogramwith solid line in Fig-
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ure1.7). TheIMF derivedfrom themodellingof theluminosityfunctionof a20.5arcmink
regionconfirmedthoseresults(Muenchet al. 2003).

T Taurusis ayoung(1–2Myr), nearby(d � 140pc),low-density(n � 1–10pc!#" ) star-forming
region locatedabove thegalacticplane(b � 20ä ). The total extentof theTaurusregion on
thesky is about100degk . However, 60% of thepre-main-sequencestarsareconcentrated
in six groupswith anaverageradiusof aboutoneparsec(25m on thesky).
Combiningprevious studies(Briceño et al. 1998; Luhman2000)with a new optical and
near-infraredwide-field survey of 8.4 squaredegreesin Taurus,Briceño et al. (2002)se-
lectedanextinction-limited(A �»Z 4) sampleof spectroscopicallyconfirmedmembersdown
to 20M U�VrW . Luminosities,effective temperatures,andmasseswere inferred for eachin-
dividual memberbasedon their location in the H-R diagram. Briceño et al. (2002) and
Luhmanet al. (2003a)concludedthat theTaurusIMF peaksat about0.8M � anddeclines
moresharplythantheTrapeziumClustertowardslow-massandhigh-massstars,yielding a
deficit of brown dwarfsandstarsmoremassive than1M � in logarithmicscale(Table1.1
andhistogramwith dashedline in Figure1.7).

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

T Chameleonis ayoung(1–2Myr) andnearby(d � 160pc)star-formingregionwith anangu-
lar sizeof about3 squaredegrees(Boulangeretal.1998)composedof severalclouds(Wich-
mannet al. 1998). Therelatively high galacticlatitudeandmoderateextinction makesthe
region amenableto unveil brown dwarfs with X-ray (Neuhauser& Comeron1998),near-
infrared(Cambresyetal. 1998),andmid-infrared(Persietal. 2000)observations.
A deepH 2 survey combinedwith near-infraredimagingof a 300arcmink areain themost
obscuredregion of the Chameleoncloud revealed22 memberslessmassive than 1M �
(Comeŕon et al. 1999;Comeŕon et al. 2000).Thederivedmassfunction,althoughaffected
by small statistics,is in agreementwith estimatesin otherstar-forming regions(Comeŕon
et al. 2000). A wide-field near-infraredsurvey of aboutonesquaredegreein Chameleon
hasextractedanadditionalsetof about100membersspanningg = 12–16mag,onthebasis
of their colour excess(Gómez& Kenyon 2001). Similarly, photometryfrom the DENIS
survey hasextractednew members,includingpossiblebrown dwarfs(Vuongetal. 2001).
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1.5.4 Brown dwarfs in young open cluster s

In the previous section,we have focussedon star-forming regions and embeddedclusters
to indicatethe advantagescomparedto the solar neighbourhood.We will emphasiseherethe
significantadvantages( Ý ) anddrawbacks( 7 ) of youngopenclusters(50–200Myr) comparedto
thefield andstar-forming regions:Ý Openclustersareequidistant,coeval sampleof starswith a similar chemicalcomposition

within a limited areaon thesky asstar-forming regions.Ý Brown dwarfsarebrighterat youngages.They areobviously brighterin star-forming re-
gionsthanin openclustersbut thedistancecomesinto playaswell.Ý Masssegregationandevaporationof thelessmassivecomponentsaffectsclustersolderthan� 200Myr, notof interestwithin theframework of this thesis.7 Largerdistancesthannearbystarsimpliesa lower sensitivity to low-massstars.This effect
is oftencompensatedby theyouthof openclusters.7 Contaminationby field starsis the biggestdisavantageof openclustersparticularlyat the
faint end,yielding largeincompletenessin thesubstellarregime.7 Incompletenessin the high-massregime becauseof the short lifetime of high-massstars.
This point andthe previous oneconstituteargumentsin favour of the studiesdirectedto-
wardsstar-forming regionsandmassive clusters.

Most of the surveys have concentratedon nearbyandyoungopenclustersto investigatethe
substellarmassfunction. Only four openclustersyoungerthan200Myr arecloserthan200pc:
thePleiades,2 Per,IC2602,andIC2391.Wewill emphasisebelow thePleiadesand 2 Perclusters
for whichsubstellarmassfunctionestimatesareavailable(Figure1.8).

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

1. ThePleiadesis a rich clusterwith approximately1200known members.

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

3. The clusterpropermotion is e 6 = Ý 19 mas/yrand eêþ = –43 mas/yr(Jones1973) with a
radial velocity of 5.9 kms!cb (Rosvick, Mermilliod, & Mayor 1992). The motion of the
clusteris largeenoughto disentanglemembersfrom field stars.

4. The clusteris relatively compactwith the majority of memberslocatedwithin 2.5ä of the
clustercentre(Pinfieldet al. 1998).
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Figure1.8: Comparisonof substellarmassfunctions,plottedasthemassspectrum,for thePleiades
(Bouvieret al. 1998;Mart́ın et al. 1998;Tej et al. 2002;Dobbieet al. 2002;Morauxet al. 2003),
and 2 Per(Barradoy Navascúeset al. 2002)clusters.The massfunction estimatedby Muench
et al. (2002)for the TrapeziumClusteris includedfor comparisonpurposes.The differentesti-
matesareoffsetalongthey-axisfor clarity.

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

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

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

Additional spectroscopiccriteria, including H 2 in emission,lithium in absorption,gravity,
radial and rotational velocities have strengthenedthe membership(Basri et al. 1996; Mart́ın
et al. 1996). The large propermotion of the clusterrelative to field starsallowed Moraux et al.
(2001)to confirmbrown dwarf candidatesasmembersover a timebaselineof fiveyears.

Thenumeroussurveys quotedbelow convergedtowardscomparableestimatesof thePleiades
massspectrum(Figure1.8andTable1.1)acrossthestellar/substellarboundary.
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T Mart́ın etal. (1998)derived 2 = 1.0 i 0.5in the0.40–0.045M � massrangebasedonadeep
survey initiatedby ZapateroOsorioet al. (1997b).T Tej etal. (2002)estimated2 = 0.5 i 0.2between0.50and0.055M � basedon apurestatis-
tical approachinvolving 2MASSandGSCdatabases.T Dobbieetal. (2002)inferred 2 = 0.8 i 0.2basedonadeepopticalphotometricsurvey down
to 0.040M � .T Morauxet al. (2003)found 2 = 0.6 i 0.11over the0.48–0.03M � massrangefrom a com-
plementarydeep( ¨ , Y ) imagingprogramto the( § , ¨ ) survey by Bouvieretal. (1998).

The 2 Perclusteris the secondbeststudiedopenclusterafter the Pleiades.Although 2 Per
might be asrich asthe Pleiades,the membershiplist is lesscompletethanthe Pleiadesfor the
following reasons:

1. 2 Perhasa smallpropermotionnot well separatedfrom field stars.Hence,propermotion
surveys werelessfrequentandmoresubjectto contaminationthanin thePleiades.

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

3. 2 Per is further away than the Pleiades(180pc versus130pc). However, the cluster is
youngerthanits Pleiadescounterpart(90Myr versus125Myr), yieldingacomparableloca-
tion of thelithium depletionboundarÿ � 18.0.

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

Recently, Stauffer et al. (1999)appliedthe lithium test(Reboloet al. 1992)andinferredan
ageof 90 i 10Myr for the 2 Percluster, valuetwice aslargeastheuppermain-sequenceturn-off
age(50Myr). Combiningoptical andnear-infrared imaging,Barradoy Navascúeset al. (2002)
extracteda list of new clustermembersdown to 35M U?VXW . The clustermassfunction waswell
approximatedby apower law of index 2 = 0.59 i 0.05over the0.3–0.05massrange,in agreement
with the Pleiadesestimates(Figure1.8 andTable1.1). Additional informationon the clusteris
providedin Chapter3.

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

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

Thework presentedin thisthesiswill focusonthesearchfor low-massstarsandbrown dwarfs
in thesolarneighbourhoodandin openclusters.Chapter2 presentstheresultsof apropermotion
survey carriedout in the southernsky to unearththe closestandcoolestneighboursto the Sun.
Chapter3 andChapter4 concentrateon thesubstellarIMF in two youngopenclusters.Im Chap-
ter 3, we will reporta near-infraredwide-fieldsurvey of the 2 Perclusterin additionto therecent
massfunctiondeterminationpublishedby Barradoy Navascúesetal. (2002).In Chapter4,wewill
describetheresultsof a deepwide-fieldopticalsurvey with near-infraredfollow-up observations
of thepre-main-sequenceopenclusterCollinder359.


