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

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

1. Accuratedistancemeasurementsarerequiredto infer masses.However, thesampleof stars
with trigonometricparallaxesfrom theastrometricsatelliteHipparcos is completedown to���

8. A small numberof fainternearbyobjectshave well-determineddistancesaswell
but thesampleis by far incomplete.A largeprogrammehasbeenrecentlyinitiatedin order
to provide trigonometricparallaxesfor objectsstraddlingthestellar/substellarlimit (Dahn
etal. 2002).Thissurvey is essentialfor improving thegalacticfield starluminosityfunction
in thelow-massandbrown dwarf regimes.

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

3. High-massstarsarerareandalmostinexistentin thesolarneighbourhooddueto their short
lifetimes.

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

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

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

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

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

�
) = 0.06). Exceptfor thebrightestcomponentsof thecluster(

���
11), proper

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

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

�
) = 0.04).Thepropermotionof theclusteris estimated

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

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

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

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

2. Theclustermeanpropermotionis notwell separatedfrom field stars.

3. � Peris locatedat lowergalacticlatitudethanthePleiades.

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

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

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

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

3. Thenew resultsrelatedto thenear-infraredwide-fieldsurvey will bepartof a forthcoming
paper(Lodieuet al. 2004,in preparation).This partof thework hasbeenessentiallydone
by myself.
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Figure3.1: Imageof a 4.2#%$ 5.3# towardsthe & Percluster. North is at the top andEastto the
left. A concentrationof starsis seensouth-eastof thebrighteststarin theimage,theF5supergiant
Alpha Persei. The greensquaresrepresentthe 13 KPNO/MOSA fields-of-view (35.4'($ 35.4' )
observed in the )+* and ,-* bandsdown to a completenesslimit of 21.9 and20.75,respectively.
Copyright: T. Credner & S. Kohle, AlltheSky.com

3.1 Kno wn member s of the . Per cluster

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

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

1. Heckmann,Dieckvoss,& Kox (1956)obtainedpropermotionsfor starsbrighterthana
�

magnitudeof 12.0 in thevicinity of � Per. Slightly morethan10% of the1400starssur-
veyedwithin thefield-of-view wereidentifiedasprobableclustermembers.Thosemembers
weretermedby HE (asHeckmann)followed by threedigits startingwith one. /0� � pho-
tometryof those� 150new memberswasobtainedby Mitchell (1960),providing reddening
anddistanceestimatesaswell ascriteriato rejectnonmembers.

2. Stauffer et al. (1985)surveyed a 1.2�21 1.2� areaof the � Perclusterandobtainedproper
motion for 4000starsdown to

� � 16.0mag. Propermotion,
� ��� photometry, H � emis-

sion,radialandrotationalvelocitieswereusedasmaincriteriato selectabout90 new low-
massclustermembers.Thosenew G, K, andM clusterdwarfswith high rotationalveloci-
tiesroughlyspanthe0.5–1.2M � massrange,assuminga distanceof 165pc andanageof
50Myr. Theseobjectsweretermedby AP asin ‘AlphaPer’ followedby threedigitsstarting
with one.

3. Stauffer, Hartmann,& Jones(1989b)identifiednew low-massmembersover a 2.5 square
degreeregion in � Perbasedon propermotion, � � ��� photometry, andsubsequentspec-
troscopy. Thepercentageof clustermemberscomparedto the total numberof starsalong
the line of sight dropsto few percentsfrom

�
= 10 to

�
= 15 magdueto the low galactic

latitudeof � Per.In total,Stauffer etal. (1985,1989b)confirmedthemembershipof 30HE
membersand50 AP starsandidentifiednew membersdown to

� � 16.0mag.

4. Prosser(1992) carriedout an extensive membershipsurvey of a 6� 1 6� whole Palomar
photographicplatein the � Percluster. About130new clustermembersamongasampleof
propermotioncandidateswereextracteddown to

� � 19.0mag,usingadditionalphotomet-
ric andspectroscopicinformation. Spectraltypeswerealsoprovided for somecandidates
brighterthan

�
= 17 mag,correspondingto a spectraltypeof M4. Thespatialdistribution

of thenew members(filled circles)is shown in Figure3.2. This studyprovided a revised
agefor theclusterto 80Myr basedon isochronefitting with no significantagespread.The
meanreddeningwasestimatedto E(

�
–� ) = 0.18,consistentwith previous determinations

althoughsomespatialvariationsacrosstheclusterwerereported.

5. In anattemptto searchfor low-massmembersin the � Percluster, Prosser(1994)obtained
new CCD imagesof a � 0.8 squaredegreeareain theclusterin the

�
and � bandsdown

to
� � 22.0 mag. Contraryto former surveys, no first epochwasavailableat thesefaint

magnitudes.Aboutnew 30new clustermembercandidatesweresolelyselectedonthebasis
of their locationin the (

�
,
�

–� ) colour-magnitudediagram.Low-dispersionspectroscopy
obtainedfor someof thenew candidates,confirmingtheclustermembershipof eightobjects
andclassifiedthreeothersasnon-members.

6. A rasterscanandpointedX-ray observationswereobtainedtowardsthe � Perclusterwith
theROSAT satellitein thesoft (0.1–0.4keV) andhard(0.4–2.0keV) bands.
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Therasterscancovered � 10deg3 in � Perwith anexposuretimeof 10ksec,yielding limit-
ing sensitivity of L 45� 10376 ergsec8�9 (Randichetal. 1996).Outof � 160X-ray detections,
89 wereassociatedwith previously selectedclustermembers.More than80% of theF, G,
andK dwarfsand � 50% of theM dwarfsbelongingto theclusterweredetected.

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

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

(ii) Rotationalvelocitiesarecorrelatedwith theX-ray luminosity. Fastrotatorswith ve-
locitieslargerthan15kms8�9 have largerX-ray luminositiesthanslow rotators.

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

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

3.2 The age determination of the : Per cluster

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

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

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

The lithium testwasrecentlyappliedto the � Perclusterbasedon a 6deg3 opticalsurvey in
the �+; and �-; broad-bandfilters (Stauffer etal. 1999).A few bona-fideclustermembercandidates
wereidentifiedin a limited magnituderange(16.25

� � � 18.75)to seekfor lithium absorptionat
6708Å andsubsequentlyinfer the lithium depletionboundary. The selectionprocedureyielded
27 bona-fidemembercandidatesredderthan the Zero-AgeMain Sequence(hereafterZAMS;
Leggett1992),shiftedto the distanceof the cluster(d= 176pc; Pinsonneaultet al. 1998)in the
( �-; , �<; –�-; ) colour-magnitudediagram.Thebadagreementbetweenthetheoreticalisochronesand
the sequenceof clustermembersoriginatesfrom the differencebetweenthe ZAMS of old field
dwarfsandtheisochronesdrawn for pre-main-sequencestars.In addition,modelsdo not predict
accurateopticalcoloursdueto theincompletenessof thecurrentopacityline lists. Low- andhigh-
resolutionspectroscopy werecarriedout with theLow-ResolutionImagingSpectrograph(LRIS)
on KeckII telescopefor 14 and11 candidates,respectively. Among the probableandpossible
membercandidates,five objectsdid exhibit lithium in absorptionwhereasnine othersdid not,
yieldingasharpdeterminationin ( �+; –�-; ) colourandmoreuncertainvalueof the �-; magnitude.

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

Field R.A. DEC Near-infraredfollow-up
(J2000.0) Obs.Date ExpT Area >?
@BA �

A 03:27:10.00 49:24:00.0 04–06Dec98 20min 580
 3 17.5
B 03:28:00.00 48:42:00.0
C 03:24:50.00 48:42:00.0 06Dec98 20min 280
 3 17.5
D 03:21:40.00 48:42:00.0
E 03:19:35.00 49:27:00.0 14Dec00 20min 560
 3 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
 3 17.5
L 03:23:10.00 48:11:00.0 11–12Dec00 20min 560
 3 17.5
M 03:21:00.00 50:48:00.0

Theadoptedvaluesfor thelithium depletionboundarywere�+; –�-; = 2.12and�-; = 17.70� 0.15
mag. Assuminga distancemodulusof 6.23,andapplyingtheNextGenisochronesfrom Baraffe
et al. (1998),Stauffer et al. (1999)derivedanageof 90 � 10Myr for � Per,twice larger thanthe
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50Myr valuefrom the turn-off main-sequencefitting. The lithium depletionboundarybasedon
the > -bandphotometrywasestimatedto be at M C?� 8.3 magand( �-; –> ) � 3.07, thoughwith
larger uncertainties.Note that comparisonwith other evolutionary tracks(D’Antona & Mazz-
itelli 1994;Burrows et al. 1997)led to similar valuesof theagewithin theuncertainties.We will
adopt the age of 90 � 10 Myr for subsequent analysis of the � Per cluster unless otherwise
stated. WenotethatBasri& Mart́ın (1999b)derivedanageagebetween65 and75Myr from the
detectionof thelithium absorptionline in ahandfulof objects.

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

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

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

A sampleof 94 cluster membercandidateswas extractedfrom 260000 detectionsin the
4.5 deg3 surveyed areabasedon their location in the optical ( �-; , �+; –�-; ) colour-magnitudedia-
gram (Figure 3.3). All objectslocatedto the right of the empirical Zero-AgeMain-Sequence
(Leggett1992)shiftedto thedistanceof � Perwereclassifiedascandidateclustermembers.The
gapbetweenfield starsandclustercandidatesis detectable(Figure3.3)althoughnotassharpasin
thePleiades(Bouvieret al. 1998). Indeed,a highercontaminationby field starsandbackground
giantsis expected,as � Peris locatedat lower galacticlatitudethanthePleiades(b= –7� versus
b= � 24� ).

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

� 54 ( � 60%) asprobablemembers

� 12 ( � 12%) aspossiblemembers

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

3.4 The luminosity and mass functions of the : Per cluster

3.4.1 The cluster luminosity function

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

1. A peakatM L = 10,detectedin theluminosityfunctionof thecontrolfield andin otheropen
clusters,including the Pleiades(ZapateroOsorioet al. 1997c). This peakwas,however,
locatedat M L = 11 magin NGC2516(Jeffries et al. 2001)andat M L = 9 magin M35 (Bar-
radoy Navascúeset al. 2001),suggestingthatthelocationof this featureis notuniversalin
clusters100–200Myr old andmightbeagedependent.Thismaximummightcorrespondto
theH 3 -convectionpeakidentifiedby (Kroupaet al. 1990,1993)in theluminosity function
of nearbyfield stars.

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

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

3.4.2 The cluster mass function

Barradoy Navascúes et al. (2002) transformedthe � Per luminosity function into a cluster
massfunction(Figure3.5 usingtheNextGenmodelsfrom Baraffe et al. (1998). Theconversion
of theluminosityfunctioninto amassfunctionrequiresamass-magnituderelationextractedfrom
evolutionarytracks.Thechoiceof a particularsetof isochroneshad,however, little influenceon
the shapeandthe slopeof the massfunction (Barradoy Navascúeset al. 2002). The influence
of the ageon the massfunction was studiedas well: no variation on the slopeand the shape
of the clustermassfunction was obvious (Barradoy Navascúes et al. 2002). Varying the age
shifts only the massof the objectstowardshigher and lower masseswhen older and younger,
respectively. Moreover, theclustermassfunctionderived with thedifferentkind of membership
selectioncriteriaexhibits little differenceasshown in Figure3.5. Theinfluenceof binarieson the
shapeandtheslopeof themassfunctionis not consideredin this studyalthoughit canaffect the
power law index by up to 0.5(Kroupa2001).

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

In summary, the � Per mass function (Figure 3.5) is similar to the various estimates of the
Pleiades mass function over the same mass range (Bouvieretal. 1998inferred � = 0.6;Dobbie
et al. 2002derived � = 0.8;andTej et al. 2002found � = 0.5).

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

Themainpurposeof the > 
 -bandfollow-up survey wasto detectnew clustermembercandi-
dates,includinglower massbrown dwarfsdown to thedeuteriumburninglimit around0.013M �
whencombinedwith thewide-fieldopticalobservationspresentedin " 3.3.

We presentin this sectiona near-infrared ( >?
 -band)survey of 0.70 squaredegreeareain
the � Peropenclusterconductedwith theOmega-Primecameramountedon theCalarAlto 3.5-
m telescope.The completenesslimit of the near-infrared survey is deepenoughto probethe
substellarregimedown to thedeuteriumburning limit. Accordingto theDusty isochronesfrom
Baraffe et al. (1998),a 20M N7OQP objectin the � Perclusterhasa ( � –> ) colour of about9.0 and
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> = 18.1,assumingan ageof 90Myr anda distanceof 182pc. We have chosena compromise
for the clusterdistancebetweenthe Hipparcos estimate(d= 190pc; Robichonet al. 1999)and
themain-sequencefitting (d= 176pc; Pinsonneaultet al. 1998). The latterestimatewasusedby
Barradoy Navascúesetal. (2002)to infer theclusterluminosityandmassfunctions.

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

3.5.1 Obser vations

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

Thefirst setof datawasobtainedon 4–6December1998undergoodseeing( � 1
 
 ) but non-
photometricconditions.Mosaicsof 3 1 3 and4 1 4 Omega-Primefields-of-view wereobtained
for theA andC optical fields, respectively. Thesecondsetof datawasobtainedtwo yearslater
on11–14December2000.Two 4 1 4 mosaicsin theK andL fieldswereobtainedduringthefirst
threenightsundervariableseeing(between1
 
 and1.4
 
 ) andnon-photometricconditions. The
field E wasobservedduringthelastnight underpoorweatherconditions(andbadseeing)andis,
therefore,shallower thantheotherfields(Table3.1).

Twentyexposuresof 1 min eachditheredby lessthan40
 
 aroundthecentreof eachfield were
obtainedto subtractthe sky backgroundandkeepa good signal-to-noiseratio over the largest
areapossible. Seriesof five differential (lights on–off) domeflat fields were taken beforeand
aftereachnight of observations,aswell asseriesof tendark frameswith exposuretimessimilar
to thoseof the targets. Several standardstarswereselectedfrom the near-infraredcatalogueof
NorthernHemispherestandardstarsby Hunt et al. (1998),somestarsbeingcommonto theFaint
Standardcatalogue(Landolt1992)to estimatethezero-pointsthroughoutthenight. A five-dither
patternwasobserved for eachindividual standardstar. Theobserved standardswereFS1,FS16
andFS17,FS23,FS31,FS32,FS33,andAS15over thefour nightswith FS16andFS17takenon
threedifferentnightsto cross-checkthezeropoints. Thecentreof theK field in � Per,takenon
thefirst night,wasobservedagainduringtheremaindernightsfor internalcalibration.

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

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

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

� Eachon-sourceframewassky-subtractedusingthemedianof theremainingditheredimages
anddividedby theaveragedflat field.

� Theindividual imageswereaveragedto createa 20 min-exposureimage.Thefinal images
weretrimmedto keepthecentralpartwith thetotal exposuretime of 20 minutesandreject
theedgeswith lower signal-to-noise.Dueto theditheringpattern,roughly100pixelswere
trimmedin both x andy coordinates,resultingin a final 6 1 6 squarearcminusablefield-
of-view.

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

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

3.5.3 Astr ometr y of the near-infrared images

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

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

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

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

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

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



3.5. Thenear-infraredsurvey of the � Percluster 87

individual source.

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

3.5.4 Optical-infrared catalogue

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

� 54 areprobablecandidates

� 12 possiblecandidates

� 26 wererejectedasclustermembers

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

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

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

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

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

3.5.5 Colour -magnitude diagram

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

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

Threesequencesareclearlyvisible in the( >?
 , �-; –>?
 ) colour-magnitudediagram(Figure3.8).
Thebluesideof thediagramwith > � 18 magis populatedby F andG dwarfsfrom theGalactic



3.5. Thenear-infraredsurvey of the � Percluster 89

thin disk,while fainterobjectsareF andG dwarfsbelongingto thethick disk. Later-typeK andM
dwarfspopulatetheredsideof thediagram.Thebulk of objectsseenontheright handsidebelow
theisochroneswith a �-; –> 
 colourof approximately4 aremainly reddenedbackgroundgiants.

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

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

We have cross-correlatedthe new infrared-selectedcandidateswith the recentreleaseof the
2MASS databasein order to provide additional E and F magnitudes.The >?
 magnitudefrom
the wide-field survey andthe > U magnitudesfrom 2MASS arein goodagreement.Analysisof
the location of new candidatesin variouscolour-magnitudediagramsconfirmedtheir statusas
new probableclustermembers,exceptfor AP415which appearsredderin theoptical ( �-; , �+; –�-; )
colour-magnitudediagram(Figure3.3).Thisdiscrepancy mightarisefrom apossiblecompanion.



90 New low-massstarsandbrown dwarfsin the � Percluster

Furtheranalysisof themembershipstatusof thenew clustercandidateswill bepursuedin thenext
section( " 3.5.6).

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

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

We have, therefore,selectedall objectslocatedin the areadelineatedby the Dusty (masses
below 50M N7OQP or T []\ below 2500K) and the NextGen 100Myr isochrones.Galacticmodels
predict that thoseobjectsaremostly distantreddenedgiantsbut we would expectsomecluster
membershiddenin this region of thecolour-magnitudediagram.Thenumberof selectedobjects
are269,310,333,assumingdistancesof 176,182,and190pc, respectively. Thesenumbersdo
not includethe candidatesselectedbasedon the NextGenisochrones.All selectionprocedures
assumedameanextinctionof 0.3mag(Barradoy Navascúesetal. 2002).Thenumberof genuine
clustermembercandidatesextractedfrom eachselectionmethodis givenin thenext section.

3.5.6 Colour -colour diagram

The colour-colour diagramis of prime importanceto distinguishprobableclustermember
candidatesfrom distantbackgroundgiants. Thephotometryavailablein threebroad-bandfilters
( �+; , �-; , >?
 ) providesa colour-colourdiagram(( �-; –>?
 ),( � –� ) ; ) to furtherassessthemembership
of the infrared-selectedcandidates(Figure3.10). Thegiantbranchis clearlyvisible andcentred
approximatelyon ( � –� ) ;^� 1 and �-; –>?
-� 4. Figure3.10displaysall detectionsin the0.7square
degreeareasurveyed in the � Percluster(black dots)alongwith the NextGen50 and100Myr
isochrones(solid lines;Baraffe etal. 1998).

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

Amongthosenew candidates,morethantwo-thirdsof them(70%) turnedout to bereddened
backgroundgiants(diagonalcrosseson Figure3.9 andFigure3.11)ratherthanlow-massbrown
dwarf candidates,accordingto their locationin the(( �-; –>?
 ),(� –� ) ; ) colour-colourdiagram.This
contaminationis causedby the ability of the > 
 -bandto probelarger distancesthroughhighly
extinctedregionstowardstheGalacticplane,asit is thecasefor � Per.

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



3.5. Thenear-infraredsurvey of the � Percluster 91
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100 MyrDusty

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

100 Myr

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

� Threeprobableclustermembersoutof four in thefield A

� Threeoutof six in field C

� Two outof threein field E

� Fiveoutof sevenin field K

� Fiveoutof elevenin field L

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

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

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

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

Name R.A. Dec _D` L ` a b C2U C R ( _ –L ) ` ( L ` –C R )
Optically-selectedclustermembercandidates

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

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

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

For adistanceof 176pc, thelist of 90 candidatesis dividedasfollows:

� 64candidates(71%) turnedout to begiants.

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

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

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

� Thesamecandidateclassifiedasnon-memberby Barradoy Navascúesetal. (2002).

� 16 objectsarecommoncandidatesasfor adistanceof 182pc

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

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

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

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

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

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

3.6 Optical spectr oscop y of cluster member candidates

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

Thespectroscopicobservationsaredescribedin " 3.6.1.Thedatareductionis detailed" 3.6.2.
Themainresultsof thespectroscopy of thenew clustermembercandidatesin � Perarepresented
in " 3.6.3.

3.6.1 Spectr oscopic obser vations

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

TheTwin CCD camerais a 2000 1 800pixel detectorwith a spatialresolutionof 0.5Å/pixel.
Thelight enteringthespectrographis separatedby a dichroicbeamsplitterwhich allows theuser
to obtainablueandredspectrumof thetarget.Wehaveobtainedmoderate-resolution(R � 2000)
optical spectraof 33 selectedmembercandidatesusingthe T07 gratingcovering 5800–8800̊A.
Oursampleof objectscanbedividedinto four categories:

� 24probablemembers(Barradoy Navascúesetal. 2002)

� 1 possiblemember, AP350(Barradoy Navascúesetal. 2002)

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

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

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

3.6.2 Data reduction

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

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

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

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

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

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

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

8. The flux calibrationof the sciencespectrumrequiredobservationsof spectrophotometric
standardstars. The flux of the calibratedspectrais expressedin ergcm8 3 s8�9 Å 8�9 . We
haveappliedthesamedatareductionprocedureto thestandardstarsandthesciencetargets.
However, two additionalstepswererequiredto correctfor thenon-uniformresponseof the
detectorover thewholewavelengthrange.First, theflux of thestandardstarwasintegrated
over50Å-widebandpassesandcorrectedfor exposuretime. Second,thesensitivity function
of thedetectorasafunctionof wavelengthwascomputedtakinginto accounttheextinction.

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

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

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

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

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

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

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

To derive a self-consistentclassificationandnot rely solelyon spectralindices,we have com-
paredeachindividual targetwith spectraof templateM dwarfsof similarspectraltypes,including
2MASS J2300189� 121024,2MASS J0244463� 153531A&B, and2MASS J0242252� 134313
(Kirkpatrick etal. 1999b),aswell as2MASSJ0435490� 153720(Gizis& Reid1999),with spec-
tral typesM4.5,M5.0,M5.5,M6.5,andM6.0,respectively. In addition,dueto possibledifferences
in telescope/instrument configurationsand detectorsensitivities, we have observed comparison
objectswith known spectraltypes,includingGJ251(M3.0), LHS1417(M4.0), LHS0168(M5.0),
LHS1326(M6.0),andLHS0248(M6.5)with thesameinstrumentset-up.Thethreedifferentspec-
tral typeestimatesyieldedconsistentresultswith uncertaintiesof half a subclass(lastcolumnin
Table3.3andFigure3.12).

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

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

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

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

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

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

The detection of the H � emission line in all probable cluster member candidates as well
as the arguments presented here add support to the belief that there are indeed members of
the cluster.

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

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

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

As a whole, gravity measurements add support to the belief that those objects are genuine
members of the � Per cluster.

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

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

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

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

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

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

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

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

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

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

ThePleiadesis thebeststudiedyoungopenclusterwith a large numberof photometrically-
selectedcandidatesbeingconfirmedspectroscopically. Although mostestimatesof the index of
thePleiadesmassfunctionarenot derived from an homogeneousandcompletesampleof spec-
troscopicmembers,power law indices(whenexpressedasthe massspectrum)agreewithin the
uncertainties.Mart́ın etal. (1998)derived � = 1.0 � 0.5in the0.40–0.045M � massrangebasedon
adeepsurvey initiatedby ZapateroOsorioetal. (1997b).Tej etal. (2002)estimated� = 0.5 � 0.2
from 0.50to 0.055M � basedonapurestatisticalapproachinvolving 2MASSandGSCdatabases.
Dobbieet al. (2002)derived � = 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( � , o ) survey complementingthe( � , � ) survey by Bouvieret al. (1998).

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

3.8 Conc lusions on : Per and future plans

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

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

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

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

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

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

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


