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

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

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

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

3. High-massstarsarerareandalmostinexistentin the solarneighbourhoodlueto their short
lifetimes.

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

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

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

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

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

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

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

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

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

2. Theclustermeanpropermotionis notwell separatedrom field stars.

3. aPeris locatedat lower galacticlatitudethanthe Pleiades.

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

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

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

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

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

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

3.1 Known members of the aPer cluster

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

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

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

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

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

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

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

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

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

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

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

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

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

3.2 The age determination of the « Per cluster

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Theadopted/aluesfor thelithium depletionboundarywereR.~I. =2.12andl, =17.70+ 0.15
mag. Assuminga distancemodulusof 6.23,andapplyingthe NextGenisochronesrom Barafe
etal. (1998),Staufer etal. (1999)derived anageof 90+ 10Myr for « Per,twice largerthanthe
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50Myr valuefrom theturn-off main-sequencétting. Thelithium depletionboundarybasedon
the K-bandphotometrywas estimatedo be at M g ~ 8.3 magand (I.—K) ~ 3.07, thoughwith
larger uncertainties.Note that comparisorwith other evolutionary tracks (D’Antona & Mazz-
itelli 1994;Burrows etal. 1997)led to similar valuesof the agewithin the uncertainties\We will
adopt the age of 90+ 10Myr for subsequent analysis of the a Per cluster unless otherwise
stated. We notethatBasri& Martin (1999b)derved anageagebetweert5and75Myr from the
detectionof thelithium absorptiorline in a handfulof objects.

3.3 The wide-field optical survey of the aPer cluster

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

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

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

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

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

e 26 (~ 28%) asnon-members
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Figure3.3: Colourmagnitude(Z.,I.—R.) for all optical detectionswithin the 0.70squaredegree
areafollowed-upin the nearinfrared with the Omega-Primecamera. Large filled trianglesare
probablecandidatedrom Barradoy Navascies et al. (2002) recoveredin our optical-infrared
selectiorwhereasmallfilled triangleswerenot recavered. Openhexagonsarethe new infrared-
selectedclustermembercandidates. Large open hexagonsindicate the nev candidatego the
right of the NextGen 100Myr isochronesn the optical-to-infraredcolourmagnitudediagram.
Opensquaresare spectroscopicallgonfirmedclustermemberdrom Staufer etal. (1999). Also
overplottedarethe NextGen(Barafe etal. 1998)isochronegor 50 and100Myr (solid lines),the
Cond(dottedline) andDusty (dashedine) 100Myr isochronegChabrieretal. 2000b),assuming
adistanceof 182pc. A reddeningvectorfor Ay =2 is alsoincludedfor comparisorpurpose.The
horizontaldashedine at I, = 18.2indicatesthe stellar/substellaboundaryat 0.075M , assuming
adistanceof 182pc andanageof 90Myr for the cluster(Staufer etal. 1999). The massscaleis
indicatedontheright sideof the plot. Thediscrepang betweerisochronesandclustercandidates
mightoriginatefrom the uncertaintie®n the currentopacityline lists.
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Thus,the contaminatiorby field starslies in the range28-40%, estimateslightly largerthan
in the Pleiadeg(Bouvier et al. 1998; Martin et al. 2000a; Moraux et al. 2001). Basedon this
sampleof approximatelyl00 objects,Barradoy Navasc@set al. (2002)derived luminosity and
massfunctionsfor o« Perin the0.30-0.09V; massrange.Theinfluenceof thecontaminatiorand
theageon the shapeof themassfunctionwasanalysecdaswell.

3.4 The luminosity and mass functions of the « Per cluster

3.4.1 The cluster luminosity function

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

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

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

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

3.4.2 The cluster mass function

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

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

In summarythe o Per massfunction (Figure 3.5) issimilar to the various estimates of the
Pleiades mass function over the same mass range (Bouvieretal. 1998inferreda =0.6; Dobbie
etal. 2002derved « =0.8;andTej etal. 2002found « = 0.5).

3.5 The near-infrared survey of the o Per cluster

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

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

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

3.5.1 Observations

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

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

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

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

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

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

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

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

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

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

3.5.3 Astrometry of the near-infrared images

Accurateastrometryin the nearinfrared wasnecessaryo cross-correlatedur infrared sur
vey with the previous optical data (Barradoy Navascies et al. 2002. The astrometryof the
nearinfraredimageswascarriedoutwith IRAF (packagemcoord includingthe tasksccxymatch,
ccmap, ccsetwces, andcctran).

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

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

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

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

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

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

3.5.4 Optical-infrared catalogue

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

e 54 areprobablecandidates
e 12 possiblecandidates
e 26 wererejectedasclustermembers

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

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

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

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

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

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

ascensiomnddeclination respectiely. Thehistogramsareshavn for amatchingradiusof 10.0".

Thedottedcurvesrepresenthe bestgaussiariits to thedistributions.

3.5.5 Colour -magnitude diagram

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

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

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

(Ie-K)

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

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

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

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

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

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

3.5.6 Colour -colour diagram

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

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

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

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

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

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

Threeprobableclustermembersout of four in thefield A

Threeoutof sixin field C

Two out of threein field E

e Five outof sevenin field K
e Fiveoutof elevenin field L

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

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

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

(R-I)c

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

Barradoy Navascuiesetal. (2002)andstarsat AP413.

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

For adistanceof 176pc, thelist of 90 candidatess dividedasfollows:

e 64 candidate$71%) turnedoutto be giants.

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

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

For adistanceof 190pc, thelist of 119 candidatess dividedasfollows:

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

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

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

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

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

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

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

3.6 Optical spectr oscop y of cluster member candidates

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

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

3.6.1 Spectroscopic obser vations

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

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

e 24 probablemembergBarradoy Navasciesetal. 2002)

¢ 1 possiblememberAP350(Barradoy Navasciesetal. 2002)

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

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

3.6.2 Data reduction

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

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

. A large numberof cosmicraysaffectedthe longestexposuresiecessaryo obtainsuficient

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

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

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

. We have estimatedhe sky backgroundaroundthe spectrumby choosingtwo intenals to

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

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

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

. A linearfit of thewavelengthasa functionof the pixel numbemwasachiezed by identifying

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

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

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

. Theflux calibrationof the sciencespectrumrequiredobsenationsof spectrophotometric

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

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

dimensionakpectrunof thetarget. Finally, we corvertedthe spectruninto anasciifile with flux

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

displaysonly the objectswhosespectroscopicesultsconfirmedtheir statusof bona-fidecluster
membercandidates.

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

memberandthe new infrared-selectedbjects. The spectraltypesquotedinto braclets after the

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

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

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

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

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

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

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

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

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

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

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

The detection of the Ha emission linein all probable cluster member candidates aswell
asthe arguments presented here add support to the belief that there are indeed member s of
the cluster.

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

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

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

M4, M5, andM6, respectiely.

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

Asawhole, gravity measurementsadd support tothebelief that those objectsare genuine
member s of the a Per cluster.

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

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

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

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

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

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

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

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

3.7 Comparison of the aPer IMF with other open cluster s

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

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

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

3.8 Conclusions on «aPer and future plans

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

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

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

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

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

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

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



