Chapter 4

The intermediate-a ge open cluster
Collinder 359

Young openclustersare ideal regionsto placegood constraintson the time spreadof star
formationfor two reasons.First, clustermemberdessmassve thanabout0.8M, aredisplaced
well abore the ZAMS, making their identification easier Second,low-massstarsand brown
dwarfsremainboundto the clusterdueto thelimited dynamicalevolution.

To identify completeand homogeneousamplesof young very low-massstarsand brovn
dwarfsin clustersover large areasa Canada-France-Maii Key Programmevasinitiatedwithin
the framavork of our EC ResearcHrraining Network to suney aboutabout80 squaredegrees
in the I andz filters down to completenesimits of 22.0in starforming regions, openclusters
andin the Hyades. One part of the project focusedon five pre-main-sequencepenclusters,
includingIC 4665,NGC2232,Collinder70, Stephensofh, andCollinder359. The analysisof the
opticalimagesyielded several hundredshona-fidemembercandidatesn eachclusterdown into
the substellaregime, someof thembeing alreadyfollowed-upin the nearinfraredto weedout
contaminatingobjects.

This chapter devoted to the pre-main-sequencepenclusterCollinder359, is organisedas
follows. The CFHT Key Programmaes presentedn § 4.1 alongwith thetamgetlist andthe main
goals.A literaturereview of the presenknowledgeof Collinder359is givenin § 4.2. Thewide-
field optical (I,z) obserationsof a 1.6 squaredegreeareain Collinder359aredetailedin § 4.3.1.
The datareductionof the opticalimagesis detailed§ 4.3.2andthe extractionof the photometry
describedn § 4.3.3.Theoptical(7,/—z) colourmagnitudediagramis dravn § 4.3.4andthecluster
membercandidateselectionproceduredescribedn § 4.3.5. The nearinfrared follow-up of the
optically-selectedlustermembercandidatesn Collinder359is presentedn § 4.4. The cluster
luminosityandmasgunctionsarederivedin § 4.5andg§ 4.6,respectiely, includingadiscussioron
the uncertaintie®n the ageanddistanceof the cluster Conclusionf the studyof Collinder359
andfuture projectsarepresentedhn § 4.7.

The datareductionandanalysisof the CFH12K resultsfrom a large collaborationinvolving
severalteamswithin the EuropearNetwork. Thework describedn this chaptethasbeenmostly
doneby myselfandwill partof aforthcomingpaper | will continueto use“we” andnot“l” to
describeheresultson Collinder359andto keepwith the generalprinciple of this thesis.
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4.1 The CFHT Key Programme

4.1.1 Description of the CFHT Key Programme

A Canada-France-Maii Telescope(hereafterCFHT) Key Programme(30 nights over 2
years)centredon wide-field opticalimaging of young,intermediate-ageandolder openclusters
(Bouvier, PI) wascarriedout within the framework of the EuropearResearciraining Network
“The FormationandEvolution of YoungStellarClusters”(McCaughreangoordinatoro examine
thesensitvity of thelow-massstellarandsubstellalMF to time andenvironment.

The suney wasconductedvith alarge-CCDmosaiccamera(CFH12K)in the I andz filters
down to detectionand completeneséimits of I =24.0and 22.0, respectiely, covering a total
of 80 squaredgyreesin a variety of ervironment, from starforming regions (Serpens;Taurus,
Ophiuchus,and Perseus)to pre-main-sequencepenclusters(IC 4665, Collinder359, Stephl,
Collinder70,andNGC2232),to the olderHyades.All regionsarelistedin Table4.1 alongwith
their coordinategJ2000),agesin Myr, distancesn parsecanddiameters.The areasuneyedin
the opticalwith the CFH12K camergandMegaCamwhenusable)aregivenin thelastcolumnof
Table4.1.

Table4.1: List of starforming regions(SFR),pre-main-sequenagpenclusters(PMS),andolder
clusters(OC) targetedwithin the frameavork of the CFHT Key Programme Right ascensiorand
declination(in J2000)aregivenin columns3 and4, respectrely. Ages,distancesanddiameters
arelistedin columns5—7 (OpenStarClusterdatabasandLynga 1987). Theareasuneyedin each
clusterwith the CFH12K camerds providedin thelastcolumn.

Tamet R.A. Dec Age Distance| Diameter| Surv Area
SFR | Perseus 03:35:00 | +30:00:00 | <3Myr 300pc — | 6.5deg?
Taurus 04:30:00 | +20G:00:00 | <3Myr 140pc — | 7.8dey?
Ophiuchus | 16:00:00 | —25:00:00 | <3Myr 145pc — | 6.5deg?
Serpens 18:30:00 | +01:00:00 | <3 Myr 260pc — | 5.9dey?
PMS | Collinder70 | 05:33:00 | —01:00:00 | 10Myr 387pc 140 | 4.0dey’
NGC2232 06:24:00 | —04:00:00 | 53Myr 324pc 45 | 4.0dey?
IC 4665 17:43:00 | +05.00:00 | 43Myr 352pc 70 | 4.2dey?
Collinder359 | 17:58:00 | +0200:00 | 32Myr 249pc 240 | 1.6dey’
Stephensoft | 1851:00 | +37:00:00 | 53Myr 390pc 20 | 0.65dey?
OC | Hyades 04:24:00 | +14:45:00 | 600Myr 46pc 12dey. | 17.3dey?

4.1.2 The choice of the optical filter s

We have chosento carry out the wide-field optical obsenationsin the I and z filters mainly
to optimisethe searchfor low-massstarsandbrown dwarfs in youngclusters. This choicewas
alsomotivatedby the resultsof 6.4 deg? imagingsurwey of the Pleiadeswith the CFH12K in the
I- andz-bandg(Morauxetal. 2003)conductedvith the sametelescope/instrumebnfiguration.
New browvn dwarf candidate®f the clusterwererevealedandthe clustermassfunction, derved
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from the previous studyin the Pleiadesy Bouvieretal. (1998),extendedto 30M yp,.

1. Thesky backgroundn (7,z) passbandis dominatedoy OH emissiorandnot by the moon.
The obsenrationsof Collinder359werecarriedout with alunarphaseof about50%.

2. The I-J coloursgetreddertowardslow-massclustermembersproviding a gooddiscrimi-
nantto separatdhe clustersequencdérom field stars(ZapateroOsorioet al. 2000). Hence,
we expecta similar behaiour for the I—z colours.

3. The I— colourswerefoundto beagooddiscriminanto weedoutfield starsfrom low-mass
clustermembersn the PleiadegCosshirnetal. 1997;ZapaterdOsorioetal. 1999;Moraux
etal. 2003). We expecta similar trend, perhapsenhancedor youngerpre-main-sequence
objectsthanthe Pleiadegdlueto thereddercolours.

4. Youngbrown dwarfs getredderin R—I coloursimplying very faint R magnitudesvhich
greatlyhamperthe detectionof the leastmassie component®f the cluster Much longer
exposuretimesin the R filter thanin I are,thereforeyequiredto compensatéor this effect.
To the contrary we have achieved similar completenesand detectionlimits of 24.0and
22.0,respectiely, bothin I- andz-bandswith comparableexposuretimesof 300secand
360secin I andz.

4.1.3 Aims of the CFHT Key Programme
Themaingoalsof CFHT Key Programmevasto addresshe mostpressingssues:
e How do brown dwarfsform andatwhichrate?

Whatis the massdistribution of low-massstarsandbrown dwarfs?

Is therealower masdimit to theInitial MassFunction?

Is theInitial MassFunctionsensitve to the ervironment?

How do substellaiobjectsevolve with time?

As a secondstepafter membershipassessmenif the photometrically-selded clustercan-
didates,this large programmewill aim at studyingthe evolution and propertiesof stellar and
substellaobjectsin variousernvironments:

e Testtheevolutionarytracksusing10-50Myr old openclusters.

¢ Ageandmasgependencef thecoronalandchromospheriactiity of verylow-massstars.
¢ Massdependencef thelithium depletionin very low-massstarsandbrown dwarfs.

e Distribution of rotationratesasafunctionof mass.

¢ Distribution of rotationalvelocitiesof very low-massstarsasa functionof age.

¢ Disk frequenyg andtheir lifetime.

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

The selectionof the five pre-main-sequencepen clustersmade use of the Open Cluster
Databask The following criteria were appliedto selectthe mostsuitableopenclustersto an-
swerthepresenissueswithin the framework of the CFHT Key Programme.

e Clusterswith anagebetweeril0 and50Myr

Clusterdessdistantthan500pcto beableprobethe substellaregime

NorthernHemispherapenclustersobserablewith the CFHT at MaunaKea,Hawai'i

A lowerlimit of 10° in galacticlatitudeto avoid significantcontamination

Besideswell-known openclusterssuchasthe Pleiadeso Per,1C2391,1C2602,amongoth-
ers,five pre-main-sequenadusterssatisfiedthe criterialisted above. The clusterswerelC 4665,
Stephensof, Collinder70, NGC2232,and Collinder359, the latter constituteshe core of this
chapterwhoseresultswill be publishedin a forthcomingpaper The main characteristicef the
five selectedopenclustersare provided in Table 4.1, including coordinatesage,distancesand
estimateddiameters.

4.2 Literature on the open cluster Collinder 359

Collinder359 (= Melotte186) was selectecasa 30Myr openclusterat a distanceof 250pc,
from a searchin the OpenStarClusterwebpage The clusteris locatedin the Ophiuchusconstel-
lation aroundthe star67 Oph (Figure4.1). The equatorialandgalacticcoordinategJ2000)of the
clustercentreare: (18"01M06s7+02°54) and(29.7+12.5),respectiely.

Collinder359 wasrelatively unstudiedandvery little literatureis available aboutthe cluster
No deepoptical suney had beencarriedout aroundthe clustercentre,althoughseveral papers
mentionthe clusterin passingHowever, oneneedgo be polyglot to dealwith paperdn different
languagesuchas French,English, and Russian! | will review the currentknowledge on this
clusterby summarisinghe contentof majorarticles.

e Collinder359(=Melotte186)wasfirst seeron the Franklin-AdamsChartsPlatesandclas-
sified asa coarseclusterby Melotte (1915)within the frameavork of his large catalogueof
globular and openclusters. It wasdescribedt asa large scatteed group of bright stars
around67 Ophiudi (= HD164353),coveringan areaof about6 squae degrees

¢ In alarge catalogueof openclusters,Collinder (1931)describedCollinder359 asa group
of about15 stars with no appreciableconcentation on the sky and no well-definedoutline
Clusterstarsappearbrighterthanthe surroundingstarsbut no bright starsstandout from
the others. The diameterof the clusterwas estimatedo 240 and dimensionsof 5° x 3°
werementioned.The clustercontainsthirteenstarslistedin Table4.2 andshavn asfilled
hexagonsin Figure4.2. Collinder(1931)providedthe coordinatesy magnitudesspectral
typesfor all 13 starsandadditionalpropermotion informationwhenavailable. Isochrone
fitting to thefive early-B starsyieldedphotometrigparallaxof 0.0048(d = 209pc) while the

Ihttp:/mww.seds.ag/messier/open.html
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Figure4.1: Theupperpanelis aschematioziew of thelocationof the openclusterCollinder359

(red circle) in the constellationof Ophiuchus,aroundthe B5 supegiant, 67Oph. The bright

starsbhelongingto the constellatiorof Ophiuchus Serpensand Scutumaremarked with symbols
representingheir brightness.Otherastronomicabbjectsareindicated,including openclusters,
glohular clustergddiamonds)andplanetarynelula(concentriccircles) Thelower panelis animage

of the sameregion of the sky andat the samescale. Courtesy: Astonomia For indication,the

differencebetweena Oph and 8 Ophis about2.1° and 8.C° in right ascensiorand declination,
respectiely. Thedifferencebetween67Ophand700phis aboutl.2 and26 in right ascension
anddeclination respectiely.
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Table4.2: This tablelists the 13 bright starswithin Collinder359 aslistedin Collinder (1931).
Column1l lists the runningnumberof the member column2 givesthe Henry DraperCatalogue
numbey columns3 and4 list theright ascensiomndthedeclination(in J2000),column5 liststhe
spectratypesCollinder(1931),columnsg, 7, and8 liststhe V- magnitudeandthe B—V andU-B
from Blancoet al. (1968),columns9 and 10 list the V-R and R—I, columns11 and12 list the
propermotionof the objectaccordingo the SAO catalogu€1966). Themembershimf the object
is given on the last columnaccordingto the discussiorbetweenRucihski (1980)andVan't-Veer
(1980).

HD RA Dec SpT |4 B-V U-B V-R R-1 P us

©CoOoO~NOUA WNE

M?
166233 | 180933.8 | 035935 F2 572 | +0.37 | 40.02 | 0.22 0.21 | +0.0360 | —0.007 | NM
168797 | 182128.4 | 052608 B5 6.16 | —0.02 | —0.64 | 0.00 0.01 | +0.0105| —0.004 | NM
164353 | 175808.3 | 025557 | B5Ib | 3.96 | +0.04 | —0.63 | 0.06 0.03 | —0.0015| —0.010 | M
164352 | 180041.7 | 030857 B8 9.33 | -0.01| -0.39 | 0.02 0.06 | —0.0015| —0.002 | M
164284 | 180015.8 | 042207 B3 470 | —0.04 | —0.86 | 0.10 0.08 | +0.0000 | —0.013 | NM
164283 | 175742.4 | 053237 A0 9.10 | +0.26 | +0.19 | 0.16 0.21 | +0.0075| —0.014 | M
164096 | 175934.6 | 023016 A2 9.70 | +0.20 | +0.17 | 0.13 0.20 | —0.0105| —0.006 | M
164097 | 175929.5 | 022037 A2 8.54 | +0.17 | +0.15 | 0.12 0.15 | —0.0060 | +0.003 | M
164432 | 180052.8 | 061605 B3 6.35| -0.08 | —0.77 | -0.01 | —0.01 | +0.0015| —0.003 | M
164577 | 180145.2 | 011818 A2 4.43 | +0.04 | +0.05 | 0.04 0.01 | +0.0090 | —0.012 | NM
165174 | 180437.3 | 015508 B3 6.14 | —0.01| —-0.98 | 0.03 0.03 | —0.0045| —0.003 | NM
163346 | 175537.5 | 020429 A3 6.78 | +0.56 | +0.36 | 0.37 0.40 | —0.0030 | 4+0.007 | NM
161868 | 174753.5 | 024226 A0 3.74 | +0.03 | +0.14 | 0.01 0.00 | —0.0240 | —0.074 | NM

fainterB8—A2 starsgave a meanparallaxof 0.0035(d = 286pc). However, themembership
of theseobjectswasnot well establishedisneitherpropermotion nor photometricstudies
were availablein Collinder359. One object, 67 Ophiuchi,is a supegiant memberof the

clusterwith a spectrakype of B5lb (Humphres 1970).

Searchingn the 1958 Genenl Catalggue of Variable Stais basedon openclusterscata-
loguedby Collinder (1931), Trumpler (1930), and others,Sahade& Frieboes(1960) ex-
tracted10 W UMa-typestarswithin threeclusterradii. A few yearslater, Sahade& Beron
Davila(1963)concludedhatnoneof theeclipsingbinarieswithin the clusterwereprobable
membersin atotal of 26 eclipsingvariables,12 objectswereclassifiedaspossiblemembers
while theremaindemereunlikely to be memberof Collinder359.

Blanco et al. (1968) compileda huge photoelectriccatalogueof more than 20,000stars
in the Galaxyin the UBV broad-bandilters basedon measurementsxtractedfrom the
literature. The 13 starsmentionedby Collinder (1931)areincludedin this catalogue.The
UBV magnitudegyivenin Table4.2 areaveragedvaluesof all measurementavailablefor

thosestarsfrom theliterature.

The only ageestimateof the clusteroriginatesfrom the work by Wielen (1971) and Abt
& Cardona(1983). The former derived an agerangingfrom 20 to 50Myr with a mean
valueof 30Myr usingisochronditting basedon three-colouphotometryavailablein large
catalogue®f openclusters(Beclker & Fenkart1971). Abt & Cardona(1983)studiedthe
distribution of Ap starsin openclustersasafunctionof age.A trendof olderclustershaving
alargernumberof Ap starswasnoticed.Abt & Cardong1983)putanupperimit of 30Myr
ontheageof Collinder359,assuminghat67Ophis amemberof the cluster in agreement
with theformerdetermination.
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e Akhundova (1971¥ selectednembercandidatesn Collinder359basecbn their propermo-
tions. Using the magnitudeversusspectraltype relationship,and after rejectionof likely
non-membersAkhundova (1971)derived a distanceof 350pc andestimatedheabsorption
to Ay =1.4mag.

¢ A discussionook placebetweerRucihski(1980)andVant-Veer(1980)regardingthe exis-
tenceof W UMa-typesystemsn Collinder359. While Rucinski (1980)notedthat mostof
the starslisted by Collinder (1931) might actuallybe field stars,Vant-Veer(1980)argued
the contrarybasedon homogeneousorversionof spectraltypesinto colours. Vant-Veer
(1980)found consistentlistancemoduli estimategrom the B3 andAO groupof starsbased
onthe(My,,B-V) colourmagnitudadiagram.A few yearslater, Rucinski (1987)confirmed
the resultsof Van't-Veer(1980)andconcludedhatstarsn® 3, 4, 6, 7, 8, and9 (Table4.2)
arebona-fideclustermember$asedn BVRI CCD photometry A distancemodulusof 8.2
mag(distance= 436pc) wasderived from theisochronditting of the possiblemembers.

e The 5! edition of the OpenClusterDataCatalogue(Lynga 1987¥ providesa distanceof
200pc anda diameterof 240 for Collinder359. The formeris basedon the estimatefrom
the Bochum-Strasbogrmagnetictapecatalogueof openclusters.The latteris taken from
thework of Collinder(1931).However, no agewasmentionedor Collinder359.

e Baumgardtetal. (2000)confirmedclustermembersn Collinder359 from photometryra-
dial velocity andHipparcosmeasurement#\ meanpropermotionof 0.42+ 0.47mas/yrin
right ascensiorand —7.86+ 0.35 mas/yrin declinationwas estimated.Parallaxmeasure-
mentsyielded distancegangingfrom 317 to 460pc, in agreementvith isochronefitting
(Rucinski 1987). The parallaxmeasuremerftom the supegiant67 Ophled to adistanceof
435220 pc (Perrymaretal. 1997),consistenwith thestudyby Baumgardetal. (2000). Of
the 13 possiblememberqCollinder 1931),only two sharea commonpropermotion (stars
n° 3 and9; Table4.2). ThreeotherHipparcos starsmay be additionalclustermembers
while theremainingobjectswereexcludedasmembers.

e Hipparcostrigonometricparallayes of five starsin Collinder359 wereusedto derive pho-
tometricandspectroscopidlistancesyielding estimatesetween260to 280pc (Loktin &
Beshenw 2001} with typical errorsof about20pc.

e CombiningtheHipparcosandTycho?2 cataloguesalist of aboutl00possibleclustermem-
berswereextractedby Kharchenk et al. (2004, personacommunicatior?) basedon their
locationwithin the clusterareaandtheir propermotions. The positionof theseobjectsin
the (V,B-V') colourmagnitudediagramyieldeda distanceof 650pc from isochrondfitting.
The coreandcoronaradii of the clusterwereestimatedo 0.4and1.1degree,respecirely.

To summarisethe currentknowledge of Collinder359 basedon the availableliteraturesug-
gestsanageof 30Myr anda distancebetweer200pc and650pc with a meanvalue of approxi-
mately400pc.

2This paperis in Russiarandis notavailableatthe ADS webpage

3Thefull cataloguecanbe accessethroughthe Centrede Donréesastronomiquesle Strasboug

“Thedataof thefive starswerelost afterthe deathof oneof theauthor(A.V. Loktin, personatommunication)

5Nina Kharchenk and Anatoly Piskuna visited our groupat the AIP for a few monthsandkindly provided me
with theirresultson Collinder359prior to submission
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Figure4.2: Locationof thefive CFH12Kfields-of-viev (A, B, C, D, andE) shavn asboxeswithin
the clusterareadefinedby the OpenClusterwebpage The 13 possibleclustermemberdisted by
Collinder(1931)aredisplayedasfilled hexagons(Table4.2). Their namesandspectratypesare
providedaswell. Theopensquaresrethe possibleclustermembersisedfor isochronditting by
Kharchenk etal. (2004;personatommunication)yielding a distanceof 650pc.

4.3 The wide-field optical survey of Collinder 359

We initiated a wide-field optical suney in the I and z filters down to a detectionlimit of
24.0to studythe very low-massstarsandbrown dwarfsin the pre-main-sequenocapencluster
Collinder359.

4.3.1 The CFH12K wide-field optical obser vations

Five CFH12K frameswereobtainedon 18 and20 June2002in Collinder359in the I andz
filters, covering a total areaof 1.6 squaredegreesin the cluster(Table4.3). Figure 4.2 displays
thelocationof thefive CFH12Kfields-of-viev within the clusterarea.Thirteenpossiblemembers
aslisted by Collinder (1931) (filled hexagons)areincludedaswell. The CFH12K frameswere
choserto avoid bright clustermembers.

FieldsA, B, C,andD wereobtainedn 18 June2002underphotometricconditionswith seeing
~ 0.8arcsec.Theremaindeffield, field E, wasobsered on 20 June2002undernon-photometric
conditions. The coordinateof the five CFH12K fields-of-viev are provided in Table4.3 along
with the journal of the obserations. Threesetsof exposuresveretaken for eachfield-of-view:
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short, medium,andlong exposureswith integrationtimesof 2, 30, and about900 secondsye-
spectvely. The long exposureswere exposedthreetimes 300 and 360 secondsn the I and z
filter, respectrely, yielding detectionlimits of 24.0in both passband€Only oneimagewastaken
for the shortandmediumexposureswhereaghreeditheredpositionswere obtainedfor the long
exposuresallowing rejectionof bad pixels andremoval of badcolumns. The obserationswere
scheduledn agueuemodesothattheshort,medium,andlong exposuresn the I-bandweretaken
first,immediatelyfollowed by the short,medium,andlong exposuresn the z-band.

The CFH12Kis a CCD mosaiccameradedicatedo high-resolutiorwide-fieldimaging. The
cameracomprisesl 2 chipsof 4128x 2080 pixels with a pixel scaleof 0.208', yielding a field-
of-view of 42 x 28. Hence,no problemof undersamplingvas foreseeneven during excellent
conditionson MaunaKea,which wasthe casefor our obserations.Thecosmetioof the CFH12K
mosaicwasexcellentwith atotal of 200badcolumns mostof themwereconcentratedn CCDO5.
TheCCDO06,CCD08,CCD09,CCD10,andCCD11areentirelyfreeof badcolumns.Theread-out
time of the 12 chipswassmall (58 seconds)The camerahasan excellentresponsén thered part
of the spectrumaswell, betterthanMegaCam partly compensatindor the smallerfield-of-view.

Table4.3: Coordinate®f the five CFH12K fields-of-viev alongwith the journal of obserations
obtainedn thepre-main-sequenamenclusterCollinder359. Thetimesof obserationsaregiven
in UT andcorrespondo the beaginning of the shortexposuresn the I-band.

Field | R.A. (J2000)| Dec(J2000)| Obs.Date | Timeof obs.(UT)
A 1801:06.60 | +0207:26.0 | 2002—06-18, 08h19m15s
B 180236.90 | +03:37:52.7 | 2002-06-18, 09h07m43s
C 17:57:36.90 | +0337:56.1 | 2002—06-18 09h56mO07s
D 17:56:16.40 | +022946.4 | 2002-06-18, 11h52m24s
E 18:0555.70 | +03:28:58.4 | 2002—06—20 12h29m20s

4.3.2 The data reduction of the wide-field optical images

The initial datareductionwas provided by the Elixir pipeline andwas mostly executedby
David Jamesatthe CFHT HeadquartersElixir is notasingleprogramor packagebut acollection
of programsdatabasesandothertools relatedto the processingandevaluationof dataobtained
atthetelescopeThis pipelineincludesbiassubtractionflat-fielding,correctionfor scatteredight
in the I andz bands,combiningthe ditheredframesin caseof long exposuresandastrometric
solutionprovidedin theheadeof thefits files. Standardstarswereobseredthroughouthenights
andweremonitoredconstantlyby the Elixir/Skyprobetool to provide accuratezero-points.

Thedatareductionprocedureo extracta cataloguef all objectsfrom thereducedandstacled
imagesprocessedy the pipelinewasidenticalfor eachCFH12K field-of-view. The procedure
presentedn this paragraphs the resultof intensediscussionsand close collaborationbetween
the Grenoble PotsdamandArcetri (EC network) teamsto achiaze acommonandconsistentiata
reductionfor thewide-fieldopticalimagesof thepre-main-sequenagenclustersobtainedwithin

5The cameras now supersedetly MegaCamon the CFH 3.6-mtelescope
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theframavork of the CFHT Key ProgrammeThemajor stepsof the datareductionprocedureare
describeelawn:

1.

Find the offsetsbetweenthe I- and z- band images Thetelescopeshouldtheoretically
pointatthe samepositiononthe sky bothin I- andz-bandsasthe coordinategprovided by

theuserareidenticalfor bothfilters. However, we have foundshiftsof orderfew pixels(2 to

5 pixelstypically) betweerthe I andz images.Threerandomstarsweregenerallyenough
to correctfor the differencesn (x,y) coordinatesbetweenthe I and z images. The task
imexaminein IRAF wasusedto find the shifts. Tables4.4,4.5and 4.6 provide the shifts(in

integerpixels) of the z imagerelative to the I image.The CCD09sometime®xhibits shifts
largerthantypically obsened andaffectedfields A andC in the caseof Collinder359. The
causeof this discrepang is underinvestigation.

. Trim the I- and z- band imagesat [1:2048,1:4096] Althoughnotmandatorytheoverscan

regionsin eachchip in the I and z imageswere removed to avoid subsequenproblem
while runningthe extractionof the photometrywith SExtractor Indeed,somebright lines
andcolumnsaffectedthe edgesof the raw images,yielding overflow problemsduring the
extractionof the photometry Trimming wasappliedto both I andz imagesusingthe task
imcopyin IRAF.

. Combinethe I- and z- band images This stepbringstwo adwantagesFirst, the signal-to-

noiseratiois increasedy afactorof V2, allowing detectionof faintersourcesloseto the
detectiorimit (I ~ z ~ 24.0). SecondSExtractohastheability to runthesourcedetection
on oneimageandextract the photometryon anotherimage. Hence,the coordinategiven

in the final cataloguegesultfrom the combined(7,z) imageswhereasthe photometryis

extractedfrom the individual trimmed and shiftedimages. The astrometryof the faintest
sourcess thusmoreaccurateahanthe astrometryfrom a singlepassbananeasurement.

. Run SExtractor and PSFex. Both packagesvere ran on eachindividual CCD of each

CFH12K field-of-view for the short, medium,andlong exposuresin the I and z filters,
respectrely. A total of 180(5 Fieldsx 12 chips x 3 exposurestataloguesveregenerated
andcontaincoordinate$J2000),I andz magnitudegor eachsource aswell asothersource
parametersincluding the ellipticity, FWHM, andquality of the photometry A description
the parametergatheredn thefinal cataloguess givenin the next section(§ 4.3.3).

. Apply zero points for photometric calibration. To calibratethe photometrythe I andz

magnitudesverecorrectedor the zeropointslisted on the Elixir webpagé. The CFH12K
nominalzeropointsfor the I- andz- bandsare:

ZP(I)=26.184+0.023
ZP(2) =25.329+ 0.031

Thesezeropoint valuesoriginatesirom the bestquality setof standardstarsobsered with
the CFH12K cameraand collectedover several years. However, we have applieda slight
correctionto the zeropointsto take into accounthe conditionsof the night of the obsera-
tion€. The correctionsto the I and z filters were-0.0055and+0.0575for the first night

"http://www.cfht.havaii.edu/Instruments/Elixir/stds.2003.06.htm|
8http://www.cfht.havaii.edu/cgi-bin/uncgi/elixir/skprobe.pl?2002.06
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Table4.4: Offsets(in integer pixels) betweerthe I andz shortexposuremages.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | (+5+1) | (+4+2) | (+4,4+2) | (+3+2) | (+3,-1)
01 | (+440) | (+342) | (+4,4+2) | (+3+3) | (+2,-1)
02 | (=240) | (=342) | (=4,+2) | (=3+3) | (-2,-1)
03 | (=341) | (-242) | (=24+2) | (=3+3) | (-1,-1)
04 | (+141) | (+243) | (+1,42) | (+2,4+4) | (+0,4+0)
05 | (+1,+1) | (+2+2) | (+1,4+2) | (+1,4+4) | (+0,-1)
06 | (+4,-1) | (+440) | (+4,40) | (+4,-2) | (+34+2)
07 | (+4,40) | (+3,-1) | (+4,40) | (+4,-2) | (+3,+2)
08 | (+3,+0) | (+3,-1) | (+3,-1) | (+3,-3) | (+2,+2)
09 | (+240) | (+2,-1) | (+2,-1) | (+2,-3) | (+1,+2)
10 | (+0,40) | (+1,-1) | (+1,-1) | (+1,-3) | (+1,+2)
11 | (+1,-1) | (+1,-1) | (+1,-1) | (+1,-3) | (+0,+2)

Table4.5: Offsets(in integer pixels) betweerthe I andz mediumexposureémages.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | (+5+4) | (+440) | (+4+1) | (+4.+1) | (+3.+1)
01 | (+4,4+4) | (+341) | (+4,42) | (+4.41) | (+3.+1)
02 | (=344) | (=341) | (=342) | (=3+1) | (=2,+1)
03 | (=3+4) | (=241) | (=3+2) | (=3+1) | (-=2,+1)
04 | (+244) | (+141) | (+1,42) | (+242) | (+1,+1)
05 | (+2+44) | (+1+41) | (+1,42) | (+2.41) | (+1.+1)
06 | (+4,-3) | (+441) | (+4,40) | (+4,40) | (+3.40)
07 | (+4-3) | (+3+1) | (+4,-1) | (+4.40) | (+3,40)
08 | (+3-3) | (+241) | (+3-1) | (+3,~1) | (+2,40)
09 | (+2-3) | (+240) | (+2-1) | (+3,~-1) | (+2,40)
10 | (+2,-3) | (+1,40) | (+1,-1) | (+2,-1) | (+1,40)
11 | (+1,-4) | (+140) | (+2,-2) | (+2,-1) | (+1,40)

Table4.6: Offsets(in integer pixels) betweerthe I andz long exposureémages.

CCD| FieldA | FieldB | FieldC | FieldD | FieldE
00 | (+4+1) | (+4+1) | (+4+1) | (+4+0) | (+3.40)
01 | (+4+42) | (+441) | (+3+41) | (+3+0) | (+3,40)
02 | (=342 | (=341)| (=341) | (=340) | (-=2,40)
03 | (=242) | (-242)| (=242) | (=2,40) | (-2,40)
04 | (+142) | (+142) | (+141) | (+241) | (+1,40)
05 | (+142) | (+142) | (+141) | (+1+1) | (+1,40)
06 | (+4-1) | (+440) | (+340) | (+3+1) | (+3,40)
07 | (+3-1) | (+440) | (+340) | (+3+0) | (+3.+1)
08 | (+2-1) | (+3-1)| (+340) | (+3.+0) | (+2,40)
09 | (+30429) | (+2,-1) | (~27,-30) | (+2,40) | (+2,40)
10 | (+2-1) | (+2-1)| (+140) | (+140) | (+3.+1)
11 | (+1-2) | (+1-2)| (+1,-1) | (+140) | (+3+0)
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(18 June2003)and-0.013and +0.011for the secondnight (20 June2002), respecirely.
Thosecorrectiongo the zeropointswerecomputedrom two standardstarsbracletingthe
obserationsof fields A, B, C, andD on the 18 June2002whereasonly onestandardstar
wasobsenredbeforetheobserationsof field E. The Elixir/Skyprobesoftwareindicatedthat
thefirst night (18 June2003)wasphotometricuntil 210h30(UT) sothatfields A, B, andC
wereobsered underphotometricconditionsandgoodseeingconditions.However, therest
of thenightwasnon-photometriavith attenuatiorup to 0.1 mag,affectingthe obserations
of field D. The Elixir/Skyprobesoftwareindicatedsmall variationsof orderof 0.050mag
duringthe obsenrationsof field E, takenon the seconchight (20 June2002).

4.3.3 The extraction of the photometr y

We have usedthe SExtractorsoftware (Bertin & Arnouts 1996)to extract the photometry
from the wide-field optical surey carriedout with the CFH12K camera.However, althoughvery
efficient to distinguishstarsfrom extendedsources SExtractoris only capableof aperturepho-
tometry We have beenkindly provided by the PSFex packagé® speciallydevelopedto extract
PSFKfitting photometry We have favouredthe PSFfitting to the aperturephotometrybecauset
provided more accuratgophotometricmeasurementor faint sourceswhich are,in our case the
clusterbrowvn dwarf candidates.

The extractionof the photometryusingthe SExtractorand PSFe& packagesvasa three-step
procedure. First, relatively bright stars(but not saturated!) were extractedwith a reasonable
detectionthresholdabore the sky background. Next, a numberof isolatedobjectssuitablefor
point-spreadunction modelling were selected. A point-spreadunction was createdfor each
individual chip and eachexposurewith the selectedstars. However, one main dravback of the
PSFmodellingis theimpossibilityfor the userto checkinteractiely thereliability of the selected
starsfor the PSFcomputation Fromour experiencetheresultsweresatishctorythough.Finally,
SExtractomwasrun a secondime, with the PSFcreatedn the previous step,to detectall sources
in the field-of-view andextractthe photometry The last stepallowed usto cross-correlat¢he I
andz catalogueghroughthe assochnameparametekeyword. The matchingwasdonein pixel
coordinatesandnot in celestialcoordinates.The accurag wasbettersincethe I and z images
werepreviously shiftedto the samepixel coordinatesystem.

To illustratethe proceduradescribedabore, the exampleof a scriptto run the SExtractorand
PSFea packagess givenbelow.

1. seximal.fits-c default.s& -catalay_namepsfl.cat-chekimage_namebackgl.fits

N

. psfexpsfl.catcoll359I.psfe& -chekimage_namepsfl.fits

w

. sexcomblZ.fits,imal.fitscoll3591.s& -catalag_namecatl.cat-chekimage_nameresl.fits

IS

. seximaZ.fits-c default.s& -catalay_namepsfZ.cat-chekimage_namebackgZ.fits

ol

. psfexpsfZ.catcoll359Z.psfa -chekimage_namepsfZ.fits

Shttp://astroa.physics.metu.edu.tr/MAKRUS/sextractor/
1°The PSFe packagés notfreely availableasthe SExtractopackage
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6. sexcomblZ.fits,imaZ.fitxoll359Z.s& -catalog_namecatlZ.cat-chekimage_nameresZ.fits
-assocnamecatl.cat

TheinputarethetrimmedI, z, andcombined(7,z) imagesreferencedasimal.fits, imaZ.fits,
andcomblZ . fits,respectrely. The sex andpsfex keywordswritten in bold letterscorrespondo
the executableof the SExtractorand PSFe packagestespectrely. The wordswritten in italics
arethe parametekeywordslistedin the default.s&x configurationfile. We chooseto assignthe
file namego the keywordscatalay_nameandchedkimage_ nameon the commandine to createa
single configurationfile templatefor all chips. However, theseparameterganalsobe modified
directlyin thedefault.se file.

Thedefault.s& configuratiorfile containghemaindetectionthresholddeblendingandpho-
tometric (aperturesize, zero points) parameteraswell asheaderkeywords, including the gain,
andpixel size. The coll359l.s& andcoll359Z.s& arecopiesof the default.sex configurationfile
for the I andz filters, respectiely.

The outputfiles from the whole procedurearethe PSF, backgroundandresidualimagesde-
notedas psfl.fits (psfZ.fits), backgl.fits(backgZ.fits),andresl.fits (resZ.fits)for the I (z) filters.
The psfl.catandpsfZ.catfiles arebinaryfiles containingthe starsselectedor the PSFmodelling.
Thepsfl.fitsandpsfZ.fitsimagesepresenthe PSFof onechip of oneCFH12Kfield-of-view. The
backgroundmagescorrespondo the variationof the sky backgroundacrosshe whole chip. We
adjustedheparameterin thedefault.se configuratiorfile with cautiousnest take into account
the backgroundvariation aroundbright stars. The residualimagesrepresenthe scienceframe
afterremoval of all sourcesdy the PSFtakenfrom the psfl.fitsandpsfZ fitsfiles. Figure4.3shavs
the scienceframe correspondindo one CCD chip of one CFH12K field-of-view, aswell asthe
correspondind®SF backgroundandresidualimages.

Figure 4.3: Outputimagesfrom the extraction of the photometryusing SExtractorand PSFe.
From left to right areshavn the scienceframe correspondingo one CCD chip of one CFH12K
field-of-view, the correspondind® SF, backgroundandresidualimagesafter objectsubtraction.
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Thesix stepsdescribedabore wererepeatedor eachCCD chip of the CFH12Kin eachfield-
of-view (A, B, C, D, andE) for all threeexposureqshort,medium,andlong), generatinga total
of 180 catalogues.The final outputcataloguesontainthe following parametergbold font and
capitalletters)which we have selectedo beof interestfor our purposes:

¢ |D isthenumberof theobject.

¢ FLUX PSFistheflux containedwithin the PSFin counts.

e FLUXERR _PSFis theerrorontheflux containedwithin the PSFin counts.

¢ MAG_PSFis themagnitudederived from the psffitting in mag.

¢ MAGERR_PSFistheerroronthemagnitudederivedfrom PSFphotometry Up to now, no
errorestimates provided.

¢ MAG_APER isthemagnitudederivedfrom aperturgphotometry(in mag).

¢ MAGERR_APER is thermserrorvectoronthe magnitudederived from aperturgphotom-
etry (in mag).

¢ X_IMA GE istheX positionof the object.

e Y_IMA GE istheY positionof the object.

e ALPHA _J2000is theright ascensiomf the objectin degrees(in J2000).

e DELTA _J2000is thedeclinationof theobjectin degrees(in J2000).

e ELONGATION is theratio of the profile rmsalongthe ellipseaxis.

e ELLIPTICITY isequalto (1-ELONGATION).

¢ FWHM _IMA GE is the full-width-half-maximumof the objector seeingif we take into
accountthe pixel scaleof the CFH12K camera(0.206'/pix). Valueslower thanl indicate
badpixels while large valuescorrespondo extendedsources.We have consideredbjects
spanningl-5in FWHM for the subsequerdnalysis.

e FLUX RADIUS is theflux containedn half of the FWHM.

e FLAGS areinternalflags evaluatingthe quality of the photometry They are multiple of
2 rangingfrom 0 to 64. A flag of 0 indicategood photometry We have considerednly

objectswith flag valueslower thanfour.

e VECTOR_ASSOCistheassociategharametewvectorwhich addstwo columns namelythe
PSFmagnituden the I-bandandits associate@rror
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Beforediscussinghe colourmagnitudediagramandthe selectionof clustermembercandi-
datesanumberof “checks”wererequiredto insurethe validity of the outputcataloguesn terms
of colourandphotometry If the photometriccalibrationswereperfect,all colourmagnitudedia-
gramsof eachindividual chip andfield-of-view of the CFH12K camerashouldbe alignedontop
of eachother However, we found colour shifts betweenindividual chip, betweerfields-of-viewv,
andbetweerthe short,medium,andlong exposuredor all threepre-main-sequenagpenclusters
(IC4665, Stephl, and Collinder359) andfor the Serpensbserations. We have no explanation
for the causeof thesecolourshifts. Notethatwe have correctedor the z-bandscatteredight. We
describebelav the procedureappliedto correctfor thosecolour shifts.

Table 4.7: Colour shifts betweenindividual chip for eachCFH12K field-of-view for the short
exposuresThereferencas the CCD04. Negative andpositive valuesindicateblueandredcolour
shiftsof the colourmagnitudediagram respecirely.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | —0.057| —0.035| —0.062 | —0.057 | —0.014
01 | —0.055| —-0.075| —0.061| —0.083 | —0.024
02 | —0.051| —0.075| —0.070| —0.076 | —0.051
03 | —0.054| —0.070| —0.037 | —0.042| —0.028
04 | +0.000| +0.000| 40.000| +0.000 | 4+0.000
05 | —0.010| +0.004| —0.017| +0.030| +0.012
06 | —0.072| +0.030| +0.010| +0.004 | +0.027
07 | —0.103| —0.070| —0.023| —0.042| —0.019
08 | —0.181| —0.110| —0.103| —0.094 | —0.090
09 | -0.137| —-0.128| —0.129| —0.120| —0.081
10 | -0.103| —-0.122| —-0.072| —0.061 | —0.034
11 | -0.077| —0.070| —0.057| —0.047 | —0.040

Table4.8: Colour shifts betweerindividual chip for eachCFH12K field-of-view for the medium
exposuresThereferencas the CCD04. Negative andpositive valuesindicateblueandredcolour
shifts of the colourmagnitudediagram respectiely.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | —-0.014| 4+0.023| —0.011| —0.002 | —0.007
01 | —0.026| —0.032| —0.049| —0.036 | —0.029
02 | —0.061| —0.044| —0.082| —0.039| —0.042
03 | —-0.013| -0.018| —-0.012| —0.022 | —-0.014
04 | +0.000| +0.000| 4+0.000| +0.000| +0.000
05 | +0.040| +0.039| +0.038| +0.030| +0.022
06 | +0.018| +0.023| +0.003| +0.023 | 4+0.012
07 | —0.051| —0.021| —0.020| —0.018 | —0.016
08 | —0.081| —0.070| —0.059| —0.074| —0.054
09 | -0.090| —0.112| —0.090| —0.110| —0.086
10 | —-0.026| —0.035| -0.027 | —0.035| —0.028
11 | —0.021| —0.058| —0.027| —0.021| —0.024
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Table4.9: Colour shifts betweerindividual chip for eachCFH12K field-of-view for thelong ex-
posures.Thereferencds the CCD04. Negative andpositive valuesindicateblue andred colour
shiftsof the colourmagnitudediagram respecirely.

CCD | FieldA | FieldB | FieldC | FieldD | FieldE
00 | —0.006| +0.020| +0.000| +0.028 | +0.023
01 | —-0.028| —0.025| —0.029 | +0.002 | +0.004
02 | —0.050| —0.036| —0.055| —0.065| —0.021
03 | —0.025| —0.030| —0.038 | —0.035| +0.001
04 | +0.000| 4+0.000| 4+0.000| +0.000 | 4+0.000
05 | 4+0.050| 4+0.038| 4+0.063| +0.030 | 4+0.045
06 | +0.006| —0.006 | +0.036 | +0.016 | +0.063
07 | —0.038| —0.019| —-0.017| —0.006 | +-0.005
08 | —0.069| —0.062 | —0.064 | —0.075| —0.041
09 | —-0.097| —0.076| —0.077| —0.092 | —0.066
10 | —0.023| —0.015| —0.006| —0.000| —0.010
11 | -0.036| —0.029| —-0.003| —0.019| +0.003

e Interchip colour shifts weredetectedn all CFH12K fields-of-viev. For consisteng in the
datareductionof pre-main-sequenampenclustersthe CCD0O4waschoserasreferencethe
I—= colourshift for this chipis always0.0mag). Tables4.7,4.8,and4.9list theshiftsfound
for eachindividual chipin all five CFH12Kfield-of-view comparedo CCDO04for the short,
medium,andlong exposuresrespectiely. Negative andpositive valuescorrespondo blue
andredshiftsin the I—z colourto align properlyall colourmagnitudediagramswith respect
to CCDO04.No cleartrendwasohviousfor eachindividual chip besideghatall of themneed
to beblue-shifted exceptCCD05andCCDO06

o Field-to-field colour shifts weredetectedaswell in all openclusterobserations.Although
fields A, B, andC wereobtainedon the samenight andunderphotometricconditions,the
I— colourdid not align on top of eachother We choosefield A asreferencedor the data
in Collinder359. We have appliedcolour shifts of +0.100,+0.010,+0.130,and+0.030
to the shortexposuresf fieldsB, C, D, andE, respecitiely, to aligntheir colourmagnitude
diagramswith respecto field A. We have appliedcolourshiftsof —0.090,4-0.010,—0.060,
and—0.020to themediumexposuresandshiftsof +0.030,+0.050,—0.010,and—0.020to
thelong exposureof fieldsB, C, D, andE, respecirely.

e Exposure-to-exposue colour shifts were detectedaswell in all CFH12K obserations.
After correctingfor interchipandfield-to-fielddiscrepanciesye expectedhecolourmagnitude
diagramsof the short,medium,andlong exposurego align properly However, I—z colour
shifts of —0.050,+0.030,and+0.020for the short,medium,andlong exposuresrespec-
tively, werestill neededo correctfor thedifference.

After applyingall colour shifts asdescribedabove, the I—z coloursare correctrelative to a
referenceframe (in our caseCCDO04 of field A for shortexposures)ut the individual I and z
magnitudesare in error by up to 0.10 mag, dependingon the offset (Table 4.7, 4.8, and 4.9).
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Figure4.4: Differencesn I magnitude®bsenedbetweerthe shortandmedium(left panels)and
mediumandlong (right panels)exposuresFrombottomto top areshavn offsetsfor fieldsA, B,
C, D, andE, respectiely. Offsetsareindicatedin eachpanelandarerepresentetly thelines.

This level of accuray is certainly good enoughfor the selectionof subsequentlustermember
candidates.

To calibrateinternallythe I-bandphotometrywe have cross-correlatetheshortwith medium
andmediumwith long exposuredor eachindividual field-of-view. Figure4.4 displaysthe shift
in I magnitudebetweernthe shortandmedium(left panel)andthe mediumandlong (right panel)
exposuresrespectiely. We have foundoffsetsof +0.000,—0.120,+0.000,—0.125,and—0.060,
betweerthe shortandmediumexposuresf fieldsA, B, C, D, andE, respectiely. We have found
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offsetsof —0.070,—0.010,+0.040,4-0.000,and—0.020,betweerthemediumandlong exposures
of fieldsA, B, C, D, andE, respectiely. We couldnot calibratethe I magnitudebetweerthefive
CFH12Kfields-of-viev sinceno overlappingregion wasavailable (Figure4.2).
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Figure4.5: Offsetsin T magnitudedetweenthe CFHT andDENIS measurementor a 15 x 6
overlappingarealocatedin field A. Photometricshifts of +0.050and+0.080arefound for the
short(left panel)andmedium(right panel)exposuresrespectiely. The sameprocedurevasnot
possiblewith thelong exposuresincethe detectionof DENIS corresponds$o the saturatiodimit
of the CFH12Klong exposures.

Comparisorof the I magnitudesvith measurementvailablein thein theliteraturefor knowvn
clustermembersvasnecessaryo calibrateexternally the I-bandphotometry However, first, the
CFH12K fields-of-viev werechosento avoid the bright component®f the cluster(Figure4.2),
and, second this clusterwasfairly unstudiedso that no knovn memberis availablein the sur
veyedarea.Thus,we arenotin a positionto apply this methodto the pre-main-sequencduster
Collinder359. However, we have cross-correlatethe final cataloguewith the recentreleaseof
the DEepNearInfrared Suney (Epchteinet al. 1997). The DENIS projectis a deepastronom-
ical suney of the SouthernSky in one optical band (I at 0.8um) andtwo nearinfrared bands
(J atl.25um and K at2.16sm) carriedout with a one-metettelescopeat La Silla (Chile). The
whole SouthernSky is coveredup to a declinationof +2° downto 7 =18.5,J=16.5, K, =13.5.
We could, therefore extracta small overlappingregion betweernthe DENIS suney andthe area
coveredby Field A. Theright ascensioranddeclination(J2000)of the 15 x 6’ overlappingarea
are:

RA
Dec

17:59:30
+01:54:00

18:02:30

<
< +02:00:00

<
<
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Thephotometrimffsetsin the I magnitude®etweerthe CFHT andDENIS measuremenisre
+0.050and+0.080for shortandmediumexposuresrespectiely. Figure4.5shavs thedifference
in I magnitudesdbetweenthe CFHT and DENIS photometryversusthe CFHT magnitudesfor
the short(left panel)andthe medium(right panel)exposuresyrespectiely. A similar procedure
couldnot be appliedto thelong exposuresdecaus¢he DENIS detectionlimit correspondso the
saturatiorof the CFH12Klong exposureg =18.0-18.5).

After bothinternalandexternalcalibrationof thephotometryandcolours thefinal magnitudes
givenin theoutputcataloguesrecalibratedandthe erroron the I magnitudeshouldbe of order
0.1mag.However, noerrorsonthe I andz magnitudesverecomputedy thePSFe& softwareand
we assumehisuncertaintyfor theforthcominganalysis.Thephotometricerrorscouldbeextracted
from overlappingregionsbut noneis availablein Collinder359. The z magnitudedistedin the
varioustablesthroughoutthis chapterandin appendixarein error becausehe I magnitudewas
calibratedandcolourshiftsapplied.However, the I-(I—z) valuesarecorrectwithin anuncertainty
of 0.1 mag.

4.3.4 The optical colour -magnitude diagram for Collinder 359

Thefinal (I,/—z) colourmagnitudediagramis presentedn Figure4.6. It includesall detec-
tionsin the 1.6 squaredegreeareasuneyedin the pre-main-sequenagpenclusterCollinder359.
The detectionand completenesgdashedine) limits of the suney areestimatedo 7 ~ z ~24.0
and22.0, respectiely. To createthe final colourmagnitudediagram,we have cross-correlated
the shortwith mediumandmediumwith long exposureso remove commondetectionsaandkeep
the bestphotometry Hence,the photometryof the objectswith I <15.0,15.0<71<19.0,and
I > 19.0is extractedfrom the short,medium,andlong exposuresrespectiely.

Overplottedonthecolourmagnitudediagramarethe NextGen(solidline; Barafe etal. 1998),
Dusty(dashedine; Chabrieretal. 2000b)andCond(dottedline; Chabrieretal. 2000b)isochrones
for 80Myr, assuminga distanceof 500pc for the cluster(this distanceis found to be the most
likely; see§ 4.5). The horizontaldashedline at I ~20.0 corresponddo the stellar/substellar
boundaryat0.075M . Themassscale(in M) is indicatedon theright-handsideof theplotand
rangesfrom 1.3Mg down to 0.030Mg. Thelargefilled dotscharacterisall optically-selected
clustermembercandidateselectedup to a distanceof 650pc for an ageof 80Myr to take into
accountthe largestdistanceestimatefrom the literature (§ 4.2). The opentrianglesare clus-
ter membercandidatesommonto the Zachariag2003) catalogueand consisteniith the mean
propermotionof thecluster A reddeningrectorwith Ay =1 isindicatedby anarrowv for compar
isonpurposesWe have consideredheinterstellarabsorptiodaw from Rieke & Lebofsky (1985),
namelyA; =0.482for the I-band. As no estimates availablein the z band,we have assumea
linearfit betweertheinterstellarabsorptiorin the I and.J bandg(A ; =0.282),yielding a valueof
A, =0.382.

4.3.5 Selection of cluster member candidates

The extractionof the clustermembercandidatesn openclustersgenerallyconsistan select-
ing objectslocatedto theright of the ZAMS (Leggett1992)shiftedto the distanceof the cluster
We have chosenthe evolutionary modelsfrom the Lyon groupto selectclustermembercandi-
datesin Collinder359. We have usedthe NextGenisochronegsolid line in Figure4.6; Barafe



126 Theintermediate-agepenclusterCollinder359

Figure4.6: Colourmagnitudediagram(Z,I—z) for theintermediate-agepenclusterCollinder359
overthefull 1.6dey? areasuneyedby the CFH12KcameraThelargefilled dotsareall optically-
selectedcluster membercandidatesspanning1.30-0.04M,. Overplottedare NextGen (solid
line; Barafe et al. 1998), the Dusty (dashedine; Chabrieret al. 2000b)andthe Cond (dotted
line; Chabrieret al. 2000b)isochronedor 80Myr, assuminga distanceof 500pc for the cluster
The dashedine at I ~ 20 indicatesthe stellar/substellaboundaryat 0.075M . The massscale
(in Mg) is given on the right side of the graph. A reddeningvectorof Ay =1 is indicatedfor
comparisomurposes.The opentrianglesdepictscandidatesvith propermotion consistentvith
clustermembership.
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etal. 1998)for effective temperaturebigherthan2500K (correspondingo masse®sf 0.050M, at

theageanddistanceof thecluster)andthe Dusty(dashedine in Figure4.6; Chabrieretal. 2000b)
isochronegor lowertemperature@andmasses)We did notconsideithe Condmodels(dottedline

in Figure4.6; Chabrieret al. 2000b)sincethe isochrondlie to the right of the Dusty isochrone.
Consequentlyobjectslocatedto the right of the Condisochronesareto the right of the Dusty
isochronesswell and,hence remainbona-fideclustermembercandidates.

We have consideredhreedifferentvaluesfor the ageof the cluster First, anageof 30Myr
which correspondgo the value quotedin the OpenClusterDatabase.Next, an ageof 50Myr,
and,finally, anageof 80Myr to take into accountuncertaintiesn the agedeterminatiorof open
clusters. Thereis, indeed,typically a factorof two betweenthe age estimatefrom the turn-off
main-sequencftting (Mermilliod 1981)andthe agedeterminatiorbasedn thelithium test(Re-
bolo etal. 1992). For example,the ageof the Pleiadesncreasedrom 70Myr to 125Myr after
applyingthelithium test(Staufer etal. 1998). Concerningx Per,the ageincreasedrom 50 Myr
to 90Myr (Staufer etal. 1999; Chapter3). Largeruncertaintiesareforeseerfor unstudiedopen
clusterssuchasCollinder359.

The seconduncertainparameteiof Collinder359 is the distance.From the literaturesearch
presentedn § 4.2, distancegsangefrom 200pc from the OpenClusterDatabaseo 650pc for the
latestestimateby N. Kharchenbk et al. (2004; personakkommunication).Early estimateof the
distanceby Collinder(1931)arewithin thisintenal. Isochronditting suggesta meandistanceof
450pc.

To take into accountthe uncertaintiesn the age and the distanceof the cluster we have
selectedall objectslocatedto the right of the combinedNextGentDusty isochronegBarafe
etal. 1998;Chabrieret al. 2000b),shiftedto distancegrom 250pc to 650pc by intenals of 50pc
andassuminghreedifferentages(30, 50, and80Myr). This procedurehasgenerated total of
27 catalogueseachof themcorrespondindo a specific(distance,age)combination. The num-
ber of objectsin eachfile is givenin the Table4.10(§ 4.4.5). Thesefiles will be available on
CDROMSs uponrequesbr in awebpagealedicatedo Collinder359. We have implementedhe se-
lectionindependentlyor the short,medium,andlong exposuresThen,we have cross-correlated
thosecataloguego remove multiple detectionsand provide a list of clustermembercandidates
(TableB.1in AppendixB). Accordingto thesesconserative limits, we have certainlyincluded
the majority of true clustermembersat the expenseof a highercontamination.

We have examinedeachclustermembercandidatéhy eye bothin the I andz imagesto reject
extendedobjects blendedsourcesanddetectionsaffectedby badpixels or badcolumns.Indeed,
morethantwo-thirds of the objectslocatedto theright of the evolutionary modelswere affected
by badpixelsin onefilter atleast,or locatedon a badcolumndespitethe good cosmeticof the
CFH12K camera. The numberof candidatesdivided into short, medium,andlong exposures
(includingthecommonones),is asfollows.

e 737 candidategxtractedonly in the shortexposures
e 100commoncandidateso the shortandmediumexposures
¢ 13 commoncandidateso the short,medium,andlong exposures

e 102candidatesoundonly in the mediumexposures
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Table4.10: Numbersof optically-selected¢andidatesn Collinder359classifiedasprobablg(Y+),
possible(Y?), andnon-membergNM) for different(distanceage)combinationsProbablemem-
bersaredefinedasobjectslocatedto the right of the NextGent-dustyisochronesshiftedat dis-
tancesbetween250 and 650pc. Possiblemembersare locatedbetweenthe NextGert-Dusty
isochroneshiftedat a givendistanceandthe NextGenisochroneshiftedat the distanceof 650pc.
The non-membersare bluer than the NextGenisochroneshifted at the distanceof 650pc. The
assumedgesfor the clusterare 30, 50, and80Myr. The fourth columnindicatesthe numberof
objectslocatedin the bright part of the diagram(I = 12—-15)wherethe field contaminations ex-
pectedo behigh. Thelist includesthe numberof objectswith infraredmagnitudesrom 2MASS
andfrom our CFHT follow-up for the different(distanceage)combinations.

Distance(pc) | Age(Myr) | Al | I >15| Y+ | Y? | NM | 2MASS | CFHTIR
250 30 50 46 41 | 2 2 43 5
50 100 96 88 | 2 2 87 4
80 172 | 166 | 151 | 4 2 156 6
300 30 98 93 87 | 3 2 87 5
50 182 | 173 | 156 | 7 2 159 10
80 260 | 248 | 220| 10| 2 228 13
350 30 165 | 156 | 138| 7 2 140 9
50 264 | 252 | 221|110 2 228 13
80 369 | 352 (29914 | 3 315 15
400 30 243 | 231 | 194| 9 3 199 13
50 350 | 336 (29412 | 2 303 14
80 470 | 449 |379| 18| 3 401 17
450 30 300 | 288 |245| 10| 2 253 13
50 455 | 437 | 370 15| 3 387 16
80 604 | 578 |456| 22| 4 494 21
500 30 375 | 359 |310| 13| 3 318 16
50 551 | 528 |436|19| 4 458 19
80 732 | 699 |538| 25| 8 589 23
550 30 471 | 450 |360| 16| 5 375 20
50 656 | 627 | 505| 24| 5 538 21
80 854 | 816 |603| 27| 11 672 26
600 30 539 | 516 |424|19| 4 443 19
50 777 | 743 |580| 25| 9 624 24
80 867 | 829 |600| 27| 11 669 26
650 30 632 | 603 |486| 24| 5 515 20
50 862 | 824 |620| 25| 13 681 27
80 1033| 991 | 665| 27 | 15 733 30
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e 29 commoncandidateso the mediumandlong exposures

e 52 candidategxtractedonly in thelong exposures

After removal of all spuriousdetectionsthe final list of clustermemberscontainsa total of
1033 candidatesangingfrom 7=12.0to I =22.50ver 1.6 deg? areasunweyedin Collinder359.
Fromthecolourmagnitudediagram(Z, I—z), thelargefield contaminatiorat magnitudebrighter
than ~ 15is clearly visible. Out of the 1033 candidatesabout60% of themlie in the range
I=12-15. The contaminatiorat brighter magnitudegandthusat high massespriginatesfrom
the meging betweenthe clustersequencandthe sequencef field stars.As a consequencehe
large majority of candidatesxtractedin this part of the colourmagnitudediagramare mostly
contaminantsThe subsequentminosity function (§ 4.5) andmassfunction (§ 4.6) aretherefore
biasedat high massesAdditional obsenationsarerequiredto estimatethe level of contamination
in this partof the diagram.For comparisonthe numberof objectsfoundin the mediumandlong
exposuress similar to the numberof clustercandidateextractedfrom the (R, I) suney in a Per
(Barradoy Navascuesetal. 2002;Chapter).

All 1033clustermembercandidatesrelistedin TableB.1 in AppendixB with their coordi-
nates,photometryand membershigstatus. They are orderedby increasingright ascension.The
detailsof the columnsin TableB.1 aregivenin AppendixB. Additional parametersincluding
the pixel (x,y) coordinatesgllipticity, full-width-half-maximumof eachcandidatewill alsobe
availableuponrequest.Therangeof ellipticities and FWHM for all candidatesre,0.001-0.389
and1.6-3.5respectiely. Only oneobjecthasanellipticity of 0.602anda FWHM of 4.0, casting
doubtaboutits membershipThedistribution of theellipticity shavs that95% of the objectshave
anellipticity smallerthan0.15. The majority of objectshave full-width-half-maximumbetween
1.8 and 3.0, correspondindo a seeingvarying approximatelybetween0.4 and0.6 arcsec. The
seeingvaluesarebetterthanthoserequestedn the CFHT proposal0.65-0.8arcsec).

All tablescorrespondingo thevarious(distanceage)combinationsvill besasredon CDROMS.
Only the whole sampleof candidatess provided in AppendixB aspaperversion. AppendixC
providesoneexampleof finding chartsfor candidategandidatesn Collinder359. Theremaining
finding chartswill beavailableon CDROMSs or availableon a dedicatedvebpage.

Weareconfidenthatwe have extractedmostof theclustermembeicandidate# Collinder359.
However, inherentuncertaintiego the selectionprocedureemain.We have possiblymissedsome
bona-fideclustermemberdor variousreasonsFirst, 200 bad columnsaffect the CFH12K field-
of-view andmostespeciallythe CCD05. The largestincompletenesgs expectedin this specific
chip. Second,objectsaffectedby bad pixels might actually be genuineclustercandidatesut
wererejectedfrom thefinal list. Next, blendedobjectswereremoved from the candidatdist be-
causeheir photometrywasaffected. Finally, somebright starsmight hide faint clustermembers
althoughthe shortexposuresvereobtainedo partly addresshisissue.

Figure4.7 shaws the distribution of all probable(Y +) clustermembercandidatesn the five
CFH12K fields-of-viav for a distanceof 500pc andan ageof 80Myr. The numberof selected
candidatess muchlower in fieldsB andD thanin the otherthreefields. We have found 169,63,
105, 33, and182 candidatesn thefield A, B, C, D, E, respectiely. This plot is independenbf
the completenesBmit of our suney asit happensabore I =22.5mag. Using strongconstraints
in the FWHM andellipticity for all detectiongn eachindividual CFH12K field-of-view, we have
investigatedhe numberof detectionswithin one CFHT12K field-of-view:

e 94233+ 934 0bjectsin field A
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Figure 4.7: Distribution of the probablemembercandidatesn the 1.6 squaredegree areain
Collinder359,assuminga meandistanceof 500pc andanageof 80Myr. Six bright starslistedas
clustermemberdy Collinder(1931)areincludedto facilitatethe comparisorwith Figure4.2.

e 118018+ 8120bjectsin field B
e 99071+ 467 objectsin field C
e 81714+ 331o0bjectsin field D
e 111868+ 5060bjectsin field E

Thedifferencein densityfor clustermembercandidatesn Collinder359 doesnot follow the
differencein the total numberof detections.The field D appeamuchlessdensethanthe other
fields. However, field B is asdenseasfield E in termsof detectionsbut not with regardto the
numberof candidatesFieldsA andC arecomparablen density Thedifferencein densitymight
resultfrom anon-uniformextinction alongtheline of sight. Collinder359is locatedin the Aquila
Rift, whereCO mapsindicatethe presencef extinction (Dameetal. 2001).

It would be prematureto explain this effect as a result of dynamicalevolution within the
clusteras optical spectroscop and additionalmembershipcriteria are lacking. However, this

issuecertainlyrequiresspecialattentionin the nearfutureandshouldbefurtherinvestigatecbnce
the clustersequencés betterdefined.
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4.4 Near-infrared follow-up of opticall y-selected candidates

Collinder359is atagalacticlatitudeof b=+412.5, intermediatébetween Per(b=—7°) and
the Pleiadeqb=—24°). Therefore the sampleof optically-selecteclustermembercandidates
in Collinder359is inevitably contaminatedby foregroundandbackgroundbjects. The possible
sourcesf contaminatiorare:

1. Galaxies
2. Reddenedbackgroundyiants
3. Fielddwarfs

As specialcarewastakento remove extendedobjectsfrom the clustercandidatdist, the con-
taminationby galaxiesshouldbe extremelysmall. Moreover, reddenedackgroundjiantscould
be well rejectedusing an optical-to-infraredcolourcolour diagramas describedn the caseof
a Per(Section3.5.6andFigure3.10). Thelastbut not least field dwarfsrepresenanothersource
of contaminatiorasthey have similar opticalcoloursasyoungclustermembersHowever, optical-
to-infraredcolourmagnitudediagramssuchas(7,7-J) or (I,I1-K) have proventheir efficiengy to
weedout field dwarfsin ¢ Orionis (ZapateroOsorioet al. 2000),in the PleiadeqZapateroOso-
rio etal. 1997a;Pinfield etal. 2000),in « Per(Barradoy Navasciésetal. 2002),andin 1C2391
(Barradoy Navascuiesetal. 2001a).FurthermorethelatesttheoreticaDustyisochronegChabrier
etal. 2000a)predictbluer I-K coloursfor field dwarfsthanyounglow-massclustermembersy
1.0to 1.5magdependingpnthemass.

Nearinfrared obserationsprovide good meansto weedout contaminatingobjectsfrom the
optical sample. This sectionis dedicatedo the nearinfrared follow-up of the optically-selected
clustermembercandidatesn Collinder359 extractedin the previous section. First, the list of
clustermembersvascross-correlatedith the2MASSall-sky suney databaséor objectsbrighter
than7 =17.0(§ 4.4.1). Next, nearinfrared (K -band)follow-up obsenations,conductedvith the
Canada-France-Maii Telescopefor a sampleof 39 clustermembercandidatesaredescribedn
§ 4.4.2. The datareductionandanalysisof the nearinfraredimagesare presentedn § 4.4.3and
§ 4.4.4,respectrely. Thecontaminatiorof the opticalsamplées discussedn § 4.4.5.

Thework presentedn this sectionwasdonein collaboratiorwith memberdrom the Arcetri,
Grenoble,and Potsdanteams,within the framewvork of the CFHT Key Programmeand EC net-
work. David JamesandJerdmeBouviercarriedoutthe obserationsat CFHT in visitor modeand
Jerdme Bouvier reducedthe infrared data. Willem-Jande Wit, David Jamesand| extractedthe
infrared photometryof the clustermembercandidatesn the IC4665, Stephl, and Collinder359
pre-main-sequenaepenclustersrespeciiely.

4.4.1 Cross-correlation with the 2MASS database

To estimatethe contaminatiortowardsbright membercandidatesn Collinder359, we have
cross-correlatethe sampleof optically-selecteatlustermembercandidatewith the 2MASS sur
vey. Informationconcerninghe 2MASS all-sky suney andthe catalogugproductscanbefound
in Beichmanetal. (1998)aswell asonthe 2MASSwebpagé'. A shortoverviev of the 2MASS
projectis givenin Chapterl (§ 1.5.2). Dueto its completenesmit of K, =14.3,the 2MASS

Uhttp://wwwipac.caltech.edu/2mass/releases/second/doc/
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databaserovidesinfraredcounterpartsn J, H, and K, for mostof the optically-selecteatlus-
ter candidatesrighterthan I =17.0. For objectsfainterthan K, = 14.3, the uncertaintyon the
magnitudebecomdarger than0.1 magandadditionalnearinfrared obserationsarerequiredto
establishmembership.

Among 805 clustermembercandidatedrighterthan17.0in the I-band,772 of themhave a
2MASS counterpartvithin aradiusof 2”, with K; magnitudesrighterthan14.3,anderrorson
the J, H, and K; magnitudesmallerthan0.1 mag. Thesecriteriadid notallow theidentification
of 33 clustermembercandidatesn Collinder359. Thoseobjectshave a 2MASS counterparbut
eitherat larger radii (2 to 3") or K; magnitudedainterthan14.3or uncertaintiesargerthan0.1
mag.We have thereforenot takeninto accountheir 2MASS magnitudes.

A radiusof 2" is adaptedo the selectectlustermembersaswe examinedthoseobjectsnot to
beblendedwith otherstarsin thefield. For comparisonywe usedradii of aboutl.5and1” to cross-
correlationthe opticalandnearinfraredcataloguesn o Per(Sect3.5.4). As only 33 objectswere
not identified during the matching,our sampleof clustermembercandidatesvith nearinfrared
counterpartsn Collinder359is completeto 96%. The subsamplef clustermembercandidates
with 2MASS counterpartss displayedasplussymbolsin Figure4.8.

4.4.2 The CFHT K-band follo w-up

Nearinfrared(K’-band)obsenrationsof 39 optically-selectedlustermembeicandidatesvere
carriedout with the infrared camera(CFHTIR) mountedon the Canada-France-kaii 3.6-m
telescop®n10-12July2003(Table4.11). Theobserationswereconductedy David JamesThe
conditionswerenon-photometriover thethreenight observingun andthe seeingaroundd.5-0.7
arcsecA secondbservingrun wasgrantedn November2003with the sameinfraredcamereaon
CFHT. Theobserer wasJeromeBouvier The conditionswerehighly non-photometri@andnone
of thefive obseredfieldsin Collinder359wasusableto achieze the photometricaccurag better
than0.1mag.

TheCFHTIRIinfraredcamerahasa1024x 1024pixel HAWAII detectomwith aspatialscaleof
0.204'/pixel yieldinga 3.5 x 3.5 field-of-view. Five ditheredframes(offsetby ~ 50 pixels)were
obtainedfor eachtaget, eachframebeinga co-addof 7 or 8 imagesexposed8 secondsyielding
a total exposuretime on the orderof 5 minutes. All obserationswere pointedobserationsas
the candidatesre randomlydistributed over large areas. By chance two or more objectswere
sometimeswithin one CFHTIR field-of-view. In total, we have obsered K'-bandphotometry
of 39 candidatesn Collinder359, spanningl =17.0-22.0to probethe contaminatioracrossthe
stellar/substellaboundaryin the cluster The error on the K-magis betterthan 0.1 mag (see
column7in Table4.11).

Many CFHTIR fieldscontainbright clustermembersaswell but thosearegenerallysaturated.
Henceweretainedhe2MASSphotometnyfor the objectsbrighterthan’ = 17.0. Severalstandard
stars(AS30,AS31,AS33; Table4.12; Hunt et al. 1998)were obsered throughoutthe nightsto
calibratethe zero-points. the achiezed accurag is on the order of 0.02 mag. Seriesof dome
flat-fields(light on andoff) weretaken beforethe beginning of the night to correctpixel-to-pixel
variations.

Table4.11 lists the 39 optically-selecteatlustermembercandidatedollowed-upin the K'-
bandwith the CFHTIR camera.Two objects brighterthanl =17.0,areamongthe objectswhose
2MASS magnitudesvererejected. Columnsl and2 list the identificationnumberof the target
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Table4.11: List of optically-selectecclustermembercandidatesn Collinder359 with infrared
follow-up obtainedwith the CFHTIR camera.The objectsaresortedby decreasind magnitudes.
Columnl provide thenameaccordingo thelAU corvention,startingwith Coll359Jandfollowed

by the coordinates.Columns2 and 3 give the field andthe CCD wherethe objectis located.
Columns4, 5, and6 lists the I, z magnitudesand I—z colour, respectiely. Columns7 and8

givesthe K’ magnitudealongwith its associate@rrorandthe I-K’ colour Column9 givesthe

membershigstatusbasedon the optical-to-infraredcolourmagnitudediagram.

Coll359J... Field ID I z I—2z K' + errK’ I-K' | Memb?
180432+031617 EO06 250 | 14.800| 14.490| 0.310| 13.3284+0.003 | 1.472 Y?
180511+032221 EO7 | 2225 | 16.667| 16.159| 0.508 | 14.325+0.005| 2.342 Y+
180553+03351(0 EO2 | 2089 | 17.044| 16.551| 0.493 | 14.743+0.006| 2.301 Y+
180009+022152 AOQ0 153 | 17.246| 16.689| 0.557 | 14.842+0.007 | 2.404 Y+
180045+020257 A08 | 2038 | 17.465| 16.932| 0.533 | 14.913+9.999| 2.552 Y+
180000+022159 AO0O0 95 17.484| 16.843| 0.641 | 14.934+0.007 | 2.550 Y?
180548+033619 EO02 | 1774 | 17.548| 16.902| 0.646 | 15.008+0.008 | 2.540 Y?
175743+032953 CO09 | 1239 | 17.600| 17.048 | 0.552 | 15.055+0.008 | 2.545 Y+
180343+033137 B11 | 3969 | 17.720| 17.106| 0.614 | 15.033+0.007 | 2.687 Y?
180032+020711 AO07 | 2501 | 17.752| 17.148| 0.604 | 15.438+0.009 | 2.314 Y?
180551+031550 EO08 439 | 17.778| 17.076| 0.702 | 15.471+0.011| 2.307 Y?
175852+033359 C11 | 1971 | 17.857| 17.164| 0.693 | 15.158+0.009 | 2.699 Y?
175458+021734 D06 271 | 17.997| 17.267| 0.730 | 15.026+0.007 | 2.971 Y?
180147+032650 BO7 565 | 17.998| 17.306| 0.692 | 15.651+0.010 | 2.347 Y+
175728+03303 CO08 | 1509 | 18.140| 17.482| 0.658 | 15.315+0.008 | 2.825 Y?
180520+032123 EO7 | 4232 | 18.166| 17.555| 0.611 | 15.605+0.011| 2.561 Y?
180351+03294 B11 | 2938 | 18.234| 17.675| 0.559 | 15.615+0.010| 2.619 Y+
175725+033117) CO8 | 1676 | 18.442| 17.679| 0.763 | 15.744+0.011| 2.698 Y?
180004+022210 AO0O0 201 | 18.674| 17.666| 1.008 | 14.895+0.007 | 3.779 Y+
180549+031530 EO08 523 | 18.945| 18.236| 0.709 | 16.355+0.019 | 2.590 Y?
180022+021436 AO01 | 3978 | 19.007 | 18.161| 0.846 | 15.657+0.011| 3.350 Y?
180554+031521 EO08 418 | 19.260| 18.515| 0.745 | 16.720+0.024 | 2.540 NM
180657+03402§ EO5 | 2197 | 19.336| 18.348 | 0.988 | 16.962+0.024 | 2.374 NM
175506+021710 D06 576 | 19.556| 18.609| 0.947 | 15.874+0.011 | 3.682 Y?
180516+03203 EO7 | 3671 | 19.630| 18.948| 0.682 | 17.069+0.025| 2.561 NM
180439+033421 EOO | 8531 | 20.020| 19.232| 0.788 | 17.787+0.042| 2.233 NM
180342+033213 B1l1 | 7730 | 20.257| 19.432| 0.825| 16.793+0.022 | 3.464 Y+
180656+033222 EO5 | 10305 | 21.026 | 19.694| 1.332 | 17.982+0.055| 3.044 NM
180305+035059 BO3 | 1155 | 21.857| 20.918| 0.939 | 18.852+0.067| 3.005 NM
180702+033219 EO5 | 10242 | 22.175| 21.052| 1.123 | 18.308+0.093 | 3.867 Y?

accordingo IAU corventions.The CFH12KfieldandCCD numbemwherethecandidatés located
are given in columns2 and 3, respectiely. The I, z, K' magnitudesand the I—z and I-K'
coloursareprovided in columns4—8. The membershipstatusof the clustermembercandidates
in Collinder359is updatedn thelastcolumnof Table4.11. The Y+, Y?, andNM abbreiations
referto objectsclassifiedasprobable possiblemembersandnon-membergespectiely.

4.4.3 Data reduction of the CFHT near-infrared images

Five ditheredframes offsetby about50 pixels (~ 10") wereobtainedfor eachsciencetamget.
Eachsciencdrameis asumof imagesthatis oneFITSfile savedondisk containsseveralimages
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Table4.12: List of standardstarsobsered within the framavork of the CFHTIR follow-up of

selectectlustermembercandidatesn threepre-main-sequenagpenclusterson 10—12July 2003.
Notethatonly standardtarsbracletingtheobsenrationsin Collinder359arelisted. Theremainder
shawv similar zero-pointscorverging to ameanvalueof ZP=22.90+ 0.02.

Name |

RA

DEC

Time | ExpT | Airm | Kgunt | K]

nstr ‘

ZPs

10June2003

AS30-0
AS30-1
AS31-0
AS31-1
AS33-0
AS33-2
AS33-0
AS33-2

16:40:41.6
16:40:41.6
17:44:06.8
17:44:06.2
1827.13.6
1827:12.4
1827.13.6
1827:12.4

+36:21:13
+36:21:13
—00:24:58
—00:24:22
+04:03:10
+04:02:16
+04:03:10
+04:02:16

06h17
06h17
06h23
06h23
10h50
10h50
10h55
10h55

3.0sec
3.0sec
5.0sec
5.0sec
3.0sec
3.0sec
3.0sec
3.0sec

1.112
1.112
1.335
1.335
1.100
1.100
1.100
1.100

13.141
12.175
12.048
12.476
11.739
13.168
11.739
13.168

15.255
14.155
14.144
14.614
13.826
15.286
13.826
15.336

22.886
23.020
22.904
22.862
22.913
22.882
22.913
22.832

11 June2003

AS30-0
AS30-1
AS31-0
AS31-1
AS33-0
AS33-2
AS31-0
AS31-1

16:40:41.6
16:40:41.6
17:44:06.8
17:44:.06.2
18:27:13.6
18:27:12.4
17:44:06.8
17:44:06.2

+36:21:13
+36:21:13
—00:24:58
—00:24:22
+04:03:10
+04:0216
—00:24:58
—00:24:22

05h54
05h54
06h22
06h22
07h48
07h48
10h29
10h29

3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec

1.145
1.145
1.324
1.324
1.149
1.149
1.182
1.182

13.141
12.175
12.048
12.476
11.739
13.168
12.048
12.476

15.309
14.189
14.160
14.620
13.822
15.292
14.185
14.610

22.832
22.987
22.888
22.856
22.917
22.876
22.863
22.866

12 June2003

AS30-0
AS30-1
AS31-0
AS31-1
AS33-0
AS33-2

16:40:41.6
16:40:41.6
17:44:06.8
17:44:06.2
1827:13.6
18:27:12.4

+36:21:13
+36:21:13
—00:24:58
—00:24:22
+04:03:10
+04:02:16

05h51
05h51
05h57
05h57
11h00
11h00

3.0sec
3.0sec
3.0sec
3.0sec
3.0sec
3.0sec

1.142
1.142
1.425
1.425
1.130
1.130

13.141
12.175
12.048
12.476
11.739
13.168

15.243
14.173
14.233
14.633
13.844
15.343

22.898
23.002
22.815
22.843
22.895
22.824

(in this specificcaser or 8) which wereco-addedo constructhefinalimage.Thedatareduction
was relatvely standardfor nearinfrared obserationsand was carried out by Jerome Bouvier
However, dueto non-photometriconditions,we have testedthreedifferentmethodsto estimate
thesky andachieze the bestpossiblephotometricaccurag. A brief outlineis providedbelow:

1. Method 1: “standard”: The sky wasestimateddy taking the medianof thefive dithered
sciencefield frames. As only 5 ditheredframeswere available to computethe sky, the
final sky subtractedscienceimagesdid exhibit “negative stars”in the background.These
“negative stars”affect the real “stars” themselesandwill flaw the photometry Thus,we
rejectedthis approach.

2. Method 2: “supersky”: To getrid off the “negative stars”,a medianimagesof 11 suc-
cessie sciencdrameswith minmaxrejectionwasusedto createa “supersly”. Thescience
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exposuregorrectedor the“supersly” neverthelesexhibit anon-uniform(low-level) back-
ground. The photometrywill be correctaslong asthe sky is estimatedocally aroundthe
stars. This methodyields the highestsignal-to-noiseratio as more frameswere usedto
estimatehe sky.

3. Method 3: “skynorm”: To get“nice-looking” imageswithout “negative stars”anda uni-
form backgroundthe sky was estimatedfrom the five framesafter having renormalised
all of themto the samevalue. The medianaverageof the normalisedscienceimageis
a more meaningfulsky estimateand do exhibit neither“negative stars” nor non-uniform
backgroundeven during non-photometricconditions. The photometrymeasuredn these
imageswill alsobe correct,thoughprobablylower signal-to-noisehanmethod2, because
fewer frames(only five) wereusedto estimatethe sky.

After estimatingcorrectlythesky backgroundeachsciencdramewassky-subtractedndflat-
fielded. Theflat-fieldis thedifferencebetweeraveragediat fieldsobseredlampon andlampoff.
Aperturephotometrywasdoneby myselfwithin the IRAF ervironmentandis describedelow.

The measurednagnitudesvere correctedfor extinction and exposuretime accordingto the
equatiorbelav in orderto obtaininstrumentamagnitudes.

Minstrumental= Mmeasured— EXtinction x Airmass+ 2.5 x log(ExpTime)

The airmasscorrectionfor CFHT on MaunaKeawasassumedo be 0.07 mag/airmassThe
airmassand exposuretime keywords were directly readfrom the headerof the fits files. Zero-
pointsfrom thevariousstandardebseredthroughouthe nightswereappliedto theinstrumental
magnitudesof the clustermembercandidatego derive the final magnitudes.A list of standard
starsalongwith their instrumentalmagnitudesas well asthe derived zero-pointsis provided in
Table4.12. The meanzero-pointfor all threenightswasZP=22.90+ 0.02 but variableduringa
night.

However, dueto thenon-photometrgonditionsencountereduringtheobservingun,across-
correlationwith the2MASS databas&asimplementedo checkthereliability of the photometric
calibration. Thetaskdaofindwasusedto detectall sourceonthesciencdrames.Thefull-width-
half-maximum thesky level andthe detectiorthresholdvereadjustedor eachframeto detectall
sources.The photometrywasthencomputedwith thetaskphot An apertureon the orderof the
FWHM waschosenTheflux of few relatively brightandisolatedstarswasmeasuredor different
aperturesizes(from 1 to 4 timesthe FWHM) to computethe aperturecorrection.Eachindividual
framewasastrometricallycalibratedfollowing the procedureadescribedn Section3.5.3.Then,we
have cross-correlatethe CFHTIR sourcewith the2MASSdatabasé comparebothphotometry
Thedifferencesn K magnitudesverein agreementith thezero-pointslerivedfrom thestandard
starswithin 0.05mag.

The final calibratedmagnitudef the optically-selectedtlustercandidatesn Collinder359
arelistedin Table4.11anddisplayedasfilled circlesin Figure4.8.

4.4.4 Analysis of the CFHT obser vations

We have obtainednearinfrared (K'-band)photometryfor 39 optically-selectedlustermem-
bercandidatesn Collinder359 (Table4.11andFigure4.8). Thosecandidatespanl =17.0-22.0
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Figure 4.8: We plot in the (I,I-K) colourmagnitudediagramsthe clustermembercandidates
locatedto theright of the NextGentDustyisochronesn the (1,1—z) diagram shiftedat distances
rangingfrom 250to 650pc by intenals of 50pc at anageof 80Myr. The infrared photometry
comesfrom the 2MASS catalogudrom objectsbrighterthan7 =17 (plus symbols)andfrom our
CFHTIR follow-up obserationsfor fainterobjects(filled circles). Overplottedarethe NextGen
(solid lines) and Dusty (dashedines) isochronesshifted at the distanceindicatedat the bottom
left corneraswell asthe NextGenisochroneshiftedata distanceof 650pc (dottedline). Probable
memberqY +) areobjectslocatedto the right of theisochroneshiftedat the distanceindicated
in the diagrams.PossiblemembergY ?) arelocatedto the right of the isochronesshifted at the
indicateddistanceandthe isochroneat 650pc. The objectsbluer thanthe isochroneshifted at
650pc arerejectedasclustermembers.
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mag andwere specificallyfollowed-upto probethe contaminatioracrossthe hydrogen-trning
limit aswell asin the browvn dwarf regimein pre-main-sequenocepenclusters. Two objectsare
brighterandonefainterthanthoselimits. The brightestone,for which K’ photometryhasbeen
obtaineds addedo thelist of objectswith 2MASS counterpartsThe positionof thesecandidates
in the (I,I-K) colourmagnitudediagramwill adda furthercriterionto weedout contaminating
objectsfrom the list of clustermembers.For example,at a given luminosity a 0.04M brovn
dwarf at30Myr hasa I-K colourof 3.8,while a0.1M, starat1Gyr hasacolourof 3.2 (Barafe
etal. 1998).

Figure4.8displaysin optical-infrared(7,/-K) colourmagnitudediagramghe candidatese-
lectedto theright of the NextGent+Dustyisochronesn the (7,1—z) diagram.Eachdiagramcorre-
sponddgo agivendistancerangingfrom 250to 650pc by intenals of 50pc. Theinfraredphotom-
etry wasextractedfrom the 2MASS databaséor candidate®righterthan =17 (plussymbolsin
Figure 4.8; Section4.4.1). The faintercandidateshave K’-bandphotometryfrom our CFHTIR
follow-up obsenations(filled circlesin Figure4.8; Section4.4.2). Accordingto the location of
the optically-selectedlustermembercandidatesn the (I,I-K) diagramandassuminganageof
80Myr, threesampleshave beendefinedasfollows:

1. ProbablemembergY+): theseobjectslie to the right of the NextGert-dustyisochrones
(solid anddashedines), shiftedat the distancandicatedin the lower left cornerin the dia-
gram(distancesangingfrom 250to 650pc). Their opticalandoptical-to-infraredcolours
areconsistentvith clustermembership.

2. PossiblanembergY?): thesecandidatearelocatecbetweentheNextGent-Dustyisochrones
(solid anddashedines) atthe distancendicatedin the diagramandthe NextGenisochrone
shiftedat thedistanceof 650pc (dottedline).

3. Non-membergNM): theseobjectsarebluerthanthe NextGenisochroneshiftedat the dis-
tanceof 650pc. They arerejectedasclustermembers.

Table4.10summarisethe numberof opticaldetectiongall), probable(Y+) andpossible(Y?)
membersandnon-membergNM) aswell asthe numberof candidatesvith infraredphotometry
from 2MASS andfrom our CFHTIR obserationsfor the various(distance age)combinations.
The membershipf eachindividual objectobsered with CFHT is alsogivenin the lastcolumn
in TableB.1 in AppendixB. Out of 39 candidateobsered with the CFHTIR camera,8 re-
mainprobablecandidategY+), 14 arepossiblemembergY ?), andtheremaindeareclassifiedas
non-membergNM). For comparisorpurposeswe provide the numberof objectspresentin the
magnituderangel =12-15,wherethe contaminatioris extremelyhigh.

4.45 Contamination of the optical sample

The aim of this sectionis to estimatethe contaminationamongthe optically-selectectlus-
ter membercandidatesn Collinder359. Combiningthe optical and optical-to-infraredcolour
magnitudediagrams,mostof the candidatesrighterthan 7 =17.0 remainprobablecandidates.
Indeed,9 out of 805arerejectedasclustermembersand15 moreareclassifiedaspossiblemem-
bers.Hence the contaminatiorappeargo be onthe orderof 1-3%. However, from the (I,/-K)
colourmagnitudediagrams(Figure 4.8), we canassesshat the estimateabove is a strict lower
limit to the true contamination. A large bulk of starsbrighterthan I =15 magarelikely very
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red field starscontaminatingthe optical sampleas discussedefore. Ultimately, low-resolution
spectroscop will add further constraintsto distinguishfield starsfrom clustermembers. The
clustersequenceppearsnore pronouncedor magnitudedainterthanabout15 and extendsto
faintermagnitudesHowever, from the colourmagnitudediagramsthis sequencés lessandless
well-definedtowardsfaintermagnitudesimply becausenearinfraredfollow-up obserationsare
lackingfor thelarge majority (90%) of candidategonly 39 werefollowed-upout of 359).

In Figure4.9,wedisplaythe(/—z,/-K) colourcolourdiagramof theoptically-selectedluster
membercandidatesvith infrared magnitudes.The K magnitudegeferto K, for objectswith
2MASS counterpartgl < 17.0mag)andto K’ for fainterobjectsfollowed-upwith the CFHTIR
camera.The 50% transmissioredgesof the K filter'? lie at 2.31m and1.97um whereast is
locatedat 2.0pxm and2.30um for the K filter'3. The differencebetweenboth filters becomes
importantshortwardsof 2.1um asthe K filter is narraver thanthe K’ filter to minimise the
contrikution from the Earthatmosphere We will considerherethatthe choiceof the filter has
little influenceon the magnitudeasno colourtermwasfoundin the courseof our infraredstudy
in a Per. As a consequenceahe (I-K) colour andthe membershipassessmerare not strongly
affected by the differencein filters. However, this is likely to play a role for large optical-to-
infraredcolours.

In Figure 4.9, the solid line indicatesthe NextGen50Myr isochronefor massedarger than
0.1Mg, andthe Dusty50Myr isochronéfor lower massesThehookat I—z ~ 0.65andI-K ~ 2.5
correspondso 0.1M, andreflectsthe differencein magnitudesierived from the NextGenand
Dusty models. The NextGenmodel predictsan absolutel magnitudeof 10.33andwhereaghe
DustymodelpredictsI =10.51magfor a0.1Mg, star

The (I—z,I-K) colourcolour diagram(Figure 4.9) doesnot provide ary additionaluseful
criterion for membershipssessmentNo clear clustersequencemepgesfrom this diagramdue
to, on the one hand, the large contaminatiorat small (I-K) colour (plus symbols),and,on the
otherhand the smallnumberof objectswith infraredmagnitude®elov I =17 mag(filled circles).
We neverthelessioticethatthecontaminatiororiginatesmostlyfrom field starsratherthangiants,
contraryto theresultsfoundin our studyof a Per(Chapter3).

To summarisethe optical selectiormethodappearsatherefficient at extractingclustermem-
ber candidatesn Collinder359 from the large numberof contaminatingobjectsdetectedn the
CFH12K wide-fieldimages. Infrared K’-bandphotometrywas usedto weedout contaminating
field dwarfs at magnitudedainterthanaboutl =15. for the bulk of objectsbrighterthan this
boundarythe optical-to-infraredcoloursarenot sufficient to estimatethe level of contamination.
Additional nearinfrared photometryof the remainder~ 300 faint candidatess requiredto fur-
ther analysethe contaminatiorat andbelow the stellar/substellaboundary A total of 8 nights
wasgrantedfor K-bandimagingin June2004,divided into 4 nightswith the 2.2-mtelescopeat
CalarAlto and4 nightswith the CFHT 3.6-mtelescopeAlso time for low-resolutionopticalspec-
troscoly wasgrantedwith the TNG/DOLORESandWHT/AF2/WYFFOSspectrographt® assign
spectraltypesto the optically-selecteatlustermembercandidatesn Collinder359 andascertain
membership.

http:/ivwwipac.caltech.edu/2mass/releases/pitiic/secbda.tbl3.html
Bhttp://www.cfht.havaii.edu/Instruments/Filters/cues/cth5338.dat
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Figure4.9: (I—z,I-K) colourcolour diagramfor the clustermembercandidatesn Collinder359
with infrared magnitudes. The photometryis derived from the 2MASS databasdor objects
brighterthan <17 mag(plus symbols)andfrom the CFHTIR follow-up obtainedin July 2003
for fainter objects(filled circles). The opentrianglesindicate candidateswith proper motion
(UCAC2; Zachariaset al. 2003) consistentvith clustermembership.The solid line corresponds
to the NextGen50Myr isochronefor massesabove 0.1M¢, andthe Dusty 50Myr isochronefor
lower massesThehookreflectsthedifferencen magnitudepredictedoy the NextGenandDusty
isochronedor a 0.1M¢. Most of the contaminantsare likely field dwarfs and not background
giantsseemalongtheline of sightof thecluster

4.5 The luminosity function of Collinder 359

As discussecarlier the ageanddistanceestimatesor Collinder359 arepoorly constrained.
Collinder359hasnot beenstudiedextensvely to dateandthewide-field optical surey presented
in this thesisis thefirst of this kind for the cluster Thus,we would like to addressn this section
threemajorissuesegardingthe cluster which areof primeimportancen inferring its luminosity
function.

1. Canwe confirmthe existenceof the cluster?

2. Whatis theageof thecluster?

3. Whatis thedistanceof the cluster?
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451 The existence of the cluster

Accordingto the availableliteratureon Collinder359,a handfulof objectsbelongto the clus-
ter, we are confrontedto the following question: can we confirm the existenceof the cluster?
Opticalimagesof theregion around67 Ophdo not shav anobviousclusteringasfor the Pleiades
asreportedby Melotte (1915) and Collinder (1931). Despitethe intermediategalacticlatitude
(b=+12.5) of Collinder359 betweenthe o Perandthe Pleiadeslusters the gapbetweerfield
starsand clustermemberdss not evidentin the (I,/—z) colourmagnitudediagram(Figure 4.6).
Furthermoreno clearclustersequencstandsoutin this diagramto infer the presencef acluster

To addresghis issue we have usedpropermotioninformationfrom the secondeleasef the
on-goingUSNO CCD AstrographCatalog(hereaftetJCAC?2) project. Anothersourceof proper
motionsfor the clusteris the SuperCOSMOSky Suney databasetHowever, platesnorthof +2°
in declinationarebeingprocessedndscannedtthemomeniandwill beavailableonlyin summer
2004overtheentireclusterarea(N. Hambly personatommunication).

The UCAC2 is a high densityand highly accurateastrometriccatalogueof over 48 million
starscovering the sky from —90° to +40° in declination(Zachariaset al. 2003). The obsered
positionalerrorsare about20 masfor starsbrighterthan 14 magand of order 70 masfor stars
down to 17.0 mag. The photometryis provided in a non-standardilter locatedbetweenthe V/
andR filters. Themagnitudesuffer from large uncertaintiesip to 0.3 maghbut arenot of interest
within theframework of this study We have extractedfrom the UCAC2 databas¢he coordinates
(J2000)and propermotionsfor all objectswithin one degreein radiusfrom the clustercentre
(RA=18'02" andDec=+02°54) to thefaintestmagnitudeavailable.

Figure4.10displaysthevectorpointdiagramgpropermotionin right ascensiowersusproper
motionin declination)or all starswithin onedegreein radiusfrom theclustercentrefor magnitude
brighterthan10.0,11.0,12.0,and13.0,respectiely. Two clusteringof starsemege from vector
point diagramswhereobjectsbrighterthan 12.0 magareincluded. Two peaksare seenaswell
when plotting the numberof starsasa function of declination. The first group of starshasno
significantpropermotionanddenotedield starswhereathe secondexhibits a shift in declination
andcorrespondso the cluster The propermotion of the clusteris approximately0.0 mas/yrand
—8.5maslyrin right ascensioranddeclination respectiely. Thelattervaluesareconsistentvith
the propermotion of the star67Oph (Hipparcos Perrymanet al. 1997) andthe variouscluster
motionestimategCollinder1931;Kharchenk etal. 2004). Theseparatioetweerfield starsand
clustermemberds hamperedt faintermagnitudesy highercontaminatiorso that both groups
of starshecomendistinguishable.

Basedon the vectorpoint diagramswith propermotion measurement®r bright objects,we
concludethat the cluster existsand hasa mean proper motion of approximately (0.0, —8.5)
masl/yr in right ascensiorand declination, respectvely.

4.5.2 The age of the cluster

Next, we attemptto derive anagefor Collinder359usingourwide-fieldopticalsurney andes-
timatethe associatedincertaintiesWe have followedthe approactappliedto the o Perclusterby
Staufer etal. (2003).By comparingthelocationof the stara Persef(filled squaran Figure4.11)
in the colourmagnitudediagram(My,,B—V") with theoreticalsolarmetallicity isochronesnclud-
ing moderatevershoofGirardietal. 2002),Staufer etal. (2003)inferredanageof about50Myr
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Figure4.10: Vectorpointdiagramdor all stardocatedwithin onedegreein radiusfrom thecluster
centrefor magnitudesrighterthan10, 11, 12,and13 from left to right, respectrely. The proper
motions(accurateto 6 mas/yr)are taken from the USNO CCD AstrographCatalog(Zacharias
et al. 2003). Two groupsof starsare clearly separatedor magnitudesrighterthan12.0. The
firstis locatedat (0,0), andthe seconcdat approximately(0.0,—8.5) mas/yrin right ascensiorand
declinationrespectiely. For fainterstars bothgroupsof starsaremegedbecausef higherfield
starcontamination.
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for aPer(solid line in Figure4.11). We shouldkeepin mind herethatthe lithium testapplied
to the o Perclusteryieldeda valuetwice larger thanthe turn-of main-sequenceethod(90Myr
versuss0Myr; Staufer etal. 1999).

Collinder359 is locatedaroundthe B5 supegiant, 67 Oph (filled hexagonin Figure4.11),
which is consideredas a memberof the clusterwith a probability of 75% and over 95% by
Baumgardetal. (2000)andKharchenbk etal. (2004,personatommunication)respectrely. The
Hipparcosparallaxof 67 Ophis 2.30+ 0.77mas/yrandits propermotion0.41and—8.22mas/yr
in right ascensiormnddeclination respectiely (Perrymaretal. 1997).

Assuminga meanapparenimagnitudeof V =3.97+ 0.02anda meandistanceof 435" %) pc
(Perrymaretal. 1997),we have derived anabsolutemagnitudeof My = —4.220-%3. Thevertical
line crossingthe hexagonin Figure 4.11 representshe uncertaintyon the parallaxestimateof
670ph. Thebestpositionalfit of 67 Ophin the(My,B-V") colourmagnitudediagramis obtained
for anageof 60Myr (betweenthe solid anddottedlinesin Figure4.11), with anuncertaintyof
20Myr (extent of the vertical line). Our ageestimateis twice aslarge asthe 30Myr agefrom

Padua group isochrones

with overshoot (isoccomplz019)

|
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Figure4.11: (My,B-V") colourmagnitudediagram.The positionof the F5 supegiant Alpha Per
(filled square)andthe B5 supegiant 67 Oph (filled hexagon)areindicated. Overplottedarethe

solarmetallicity evolutionarymodelswith moderatevershoofrom the Paduagroup(Girardietal.

2002)for 30Myr (dashedine), 50Myr (solidline), 70Myr (dottedline), and90Myr (longdashed
line). Theverticalline crossingthe solid hexagonrepresenthe errorson the Hipparcos parallax
measuremerfor 670ph (Perrymaret al. 1997). The bestfit is obtainedfor agesof 50Myr and
60Myr for thea PerandCollinder359clustersyespectiely.
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Wielen(1971)but comparabldo the main-sequenceirn-off ageof thea Percluster Considering
theincreasen agefrom 50Myr to 90Myr for o Per,theagefor Collinder359is likely to beolder
Assumingafactorof ~ 1.6betweertheagefrom theturn-of main-sequencandthelithium testas
suggestedy Jefries & Naylor (2001),thevalueof agefor Collinder359would go upto 100Myr.
In this study we will considethe meanvalueof thetwo ageshamely80Myr. Thelithium testis
obviously neededn Collinder359to constrairfurtherthe ageof the cluster

Basedon the presentdataavailablefor the cluster we concludethat Collinder 359 has an
ageestimatecomparableto the « Per cluster in the range 60—-100Myr .

45.3 The distance of the cluster

Finally, we presenta distanceestimatefor Collinder359 using the propermotion informa-
tion availablefrom the UCAC2 catalogue We have cross-correlatethe optically-selectedluster
membercandidategrom the CFH12K optical suney with the UCAC2 catalogugZachariasetal.
2003),usingmatchingradii of four timesthe dispersionvalueof 0.553 and0.32¢ in right as-
censionanddeclination,respectiely. A total of 472 objects(opencirclesin Figure4.12)were
commonto bothcataloguebetweenl =11.6and15.1mag,representingbout70% of thewhole
optical candidatdist within this magnituderange. The UCAC2 cataloguencludesonly the ob-
jectswith propermotioninformationsothatthe 30% of objectslackingcouldbe explainedby the
incompletenessf the UCAC2 catalogue.

We have alreadymentionedhe large field contaminatiorat magnitudesrighterthan = 15.
To minimise this contaminationwe have selectedrom the vector point diagram(left panelin
Figure 4.12) propermotion candidatedocatedwithin a circle centredon the motion of 67Oph
(0.41and —8.22 mas/yr; Perrymanet al. 1997). The radiusof the circle, chosenequalto 3.5
mas/yrin bothdirections,correspondso the dispersiorof the probableclustermembersselected
by Kharchenk etal. (2004,personatommunicationppensquaresn Figure4.2)to derive adis-
tanceof 650pc andanageof 30Myr for Collinder359. The methodemployed by Kharchenk to
extractmembersaanddeterminethe clusteris asfollows. First, objectsareselectedrom their lo-
cationwithin thecluster Secondthe propermotionis usedto definethemostprobablemembers.
Third, the selectednembersare plottedin a colourmagnitudediagramto derive age,distance,
andreddening.Finally, this procedurds iterateduntil the bestfit is achieved. The dispersionof
the opencirclesin Figure4.12is mostly dueto the erroron the UCAC2 propermotion measure-
ments(+ 6 mas/yr),which is larger thanthe internal dispersionof the cluster This dispersion
indicatesalsothatthe sampleof candidatess contaminatedby field stars asdiscussegbreviously.
We have extractedl42propermotioncandidategfilled circlesin Figure4.12)within thecircle de-
finedabove. Thoseobjectsareplottedasopentrianglesin the (I, I-z) colourmagnitudediagram
(Figure4.6)andin the (I—z,/-K) CCD (Figure4.9).

Theright panelof Figure4.12displaysthe(7,/—z) colourmagnitudediagramfor theoptically-
selectedclustermembercandidatesn Collinder359 with propermotion information from the
Zachariastal. (2003)catalogue The bestfit to thelower ervelopeof the clustersequencéfilled
circlesin Figure4.12)is obtainedfor a distanceof 500pc and an age of 80Myr (solid line in
Figure4.12). Otheragessuchas30Myr and50Myr appeatoo youngfor the clustersequencas
they tendto predictreddercoloursthanthoseobsered in the I =14-15magnituderange. Ages
olderthan80Myr could alsobe possiblejmplying smallerdistances Note thatthe distancecan
be larger by about50pc if we take into accounta meanextinction of 0.2 magalongtheline of
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sightof thecluster

Thesequencef propermotioncandidategfilled circlesin Figure4.12)is about0.1-0.2mag
wide. The reddestbjectsat bright magnitudesarelikely field stars,effect not excludeddueto
the low galacticlatitude of the cluster We could alsoexpectthe presencef a binary sequence
wideningthe clustersequence.

Thedistanceandageestimate$rom propermotionandphotometryarecertainlymorereliable
thanturn-off main-sequencétting techniquebasedon a singlehigh-massstar 67 Oph. Further
more,our estimaterelieson a larger sampleof clustercandidateshanthe formerestimategrom
Van't-Veer(1980)andRucinhski (1987). Thereforewe would favour a meanageof 80Myr with
an uncertainty of 20Myr and distancesof 500+ 100pc for Collinder 359
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Figure4.12: Left panel Vectorpoint diagramfor optically-selecteccandidatescommonto the
Zachariast al. (2003)catalogugopencircles),includingthe oneswith propermotion consistent
with the cluster(filled circles). Right panel (I,/—z) colourmagnitudediagramfor the selected
propermotioncandidateskFilled andopencircleshave thesamemeaningasfor theleft panel.The
solid, dashedandlong dashedines correspondo the NextGen 80, 50, and 30Myr isochrones,
respectiely (Barafe etal. 1998). The lower ervelopeof thefilled circlesis bestfit by a distance
of 500pc andanageof 80 Myr.

4.5.4 The cluster luminosity function

Accordingto theresultspresentedhn the previoussectionq§ 4.5.1-§ 4.5.3),we will assume
meanageof 80Myr anda distanceof 500pc (distancemodulusof 8.5 mag)for Collinder359to
derivetheclusterluminosityfunction(Figure4.13andTable4.13). Weremindthattheuncertainty
on the ageandthe distanceof the clusterare20Myr and100pc, respectiely. Neverthelessye
will addressheissueregardingtheinfluenceof theageandthedistanceonthe shapeof thecluster
luminosity function. We will considethereonly the probable(Y +) clustermembercandidatesn
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Collinder359from the resultsof the optical andthe nearinfrared photometry We did not apply
ary selectiorbasedn propermotionmeasurements.

We have employedtwo approachet derive theclusteduminosityfunction. Thefirstapproach
consistedn countingthe numberof starsper bin of 0.5 mag(opensquaresn Figure4.13). The
secondapproach'smoothed”the luminosity function to bettercharacteris¢he faint end,i.e. we
have countedthe numberof starsperintenal of 1.0 magnitudewith stepsof 0.5 magnitudgfilled
circlesin Figure4.13). Both methodsyieldedsimilar clusterluminosityfunctions.

2.5 4.5 6.5 8.5 10.5 12.5 14.5

Number of stars

LF Coll359

e smoothed

0o non—smoothed

17 13 15 17

Figure4.13: The clusterluminosity functionassuminganageof 80Myr anda distanceof 500pc
for Collinder359. The opensquaresrepresenthe numberof starsper bin of 0.5 magnitude
whereaghefilled circlesindicatethe numberof starsin a 1.0 magnitudebin by stepof 0.5magni-
tudes.Poissorerrorsassociatedo the clusterluminosity functionareindicatedby verticallines.
Table4.13providesthe numberof starspermagnitudebin for the smootheduminosity function.

Severalfeaturesseenin the clusterluminosity function (Figure4.13)aredescribedelow.

e A peakat I =12.5-13.0magcorrespondindo approximatelyl.0M. at anageof 80Myr
anda distanceof 500pc. The declineat brighter(I > 12.5)magnitudeseflectstheincom-
pletenes®f theopticalsuney in thatmagnitudeangecausedy the saturatiorof the short
exposures.Thecross-correlatioetweerthe optically-selectedlustermembercandidates
andthe UCAC2 catalogugZachariaset al. 2003)indicatesthat a large numberof objects
have propermotionsconsistenwith membershigFigure 4.12). However, the dispersion
in the vector point diagramconfirmsa significantcontaminatiorby field starsdifficult to



146 Theintermediate-agepenclusterCollinder359

guantifyatthis stage.

e A peakatl=17.0-17.5mag(M; =8.5-9.0mag)correspondingo masse®f approximately
0.30My. A comparablgpeakis seenat M; =11 magin NGC2516(Jefries et al. 2001),
while this featureis detectecht M; =9 magin M35 (Barradoy Navasciesetal. 2001)and
M; =10 magin « Per(Barradoy Navascieset al. 2002). This peakdoesnot occurat the
sameabsolutanagnitudan all clustersjmplying thatit maybeagedependentThisfeature
may correspondo the Hy-convection peakidentifiedby Kroupaetal. (1990,1993)in the
luminosityfunctionof nearbyfield starsbut this hypothesishouldbe furtherinvestigated.

e A dip at 1 =20.0-20.5mag (M ~ 0.070M,)) is clearly detectedn the colourmagnitude
diagram(Figure4.6) well abore our completenesBmit. This featureis comparabldo the
gap seenin the a Perluminosity function at M; =12.5 mag (Barradoy Navasc@s et al.
2002). This dip is detectedboth in the field (Reid & Cruz 2002) andin youngclusters,
includingo Orionis(Béjaretal. 2001),theTrapeziunCluster(Lucas& Roche2000),1C348
(Luhman1999),thePleiadegJamesortal. 2002),andIC 2391(Barradoy Navasciesetal.
2001a).Despitethe differencein agebetweerthe regionsmentionedabove, Jamesoret al.
(2002)amguedthatthis gapis universalasit occursconsistentlyat the samespectraltypes.
This featuremight originatefrom the sharpfall in the luminosity-masgelationdueto the
formationof large dustgrainsat low temperaturearoundspectratypesM7—-M8 (Jameson
et al. 2002). Consideringthe intrinsic coloursversusspectraltypesgiven in Table7 in
Luhmanetal. (2003b),a M7 dwarf hasa I—z =0.98(no extinction is takeninto accountfor
this estimate).The obsered dip in the colourmagnitudediagramfor Collinder359 occurs
at I-z=0.85-1.00mag. However, 1C348 is youngerthan Collinder359, yielding hotter
effective temperaturet a given spectraltype. Takinginto accountthe uncertaintieon the
photometry(+0.05mag)andon the spectratypedeterminatior(half a subclas®rror),it is
possiblethatthegapin the luminosityfunctionis causedy the deficit of M7—M8 dwarfs.

4.6 The mass function of Collinder 359

4.6.1 The mass-ma gnitude relation

To transformthe luminosity function of Collinder359into a massfunction,we have usedthe
NextGenandDustymodelsfrom theLyongroup. For agivenageandmasstheevolutionarymod-
elspredictoptical (VRIz) andnearinfrared(JHK) absolutemagnitudesThe I andz magnitudes
werespecificallycomputedor the CFH12K filters andwe will usethemto derive the massfunc-
tion. We have megedbothisochrondiles to createa magnitude-maselationshipfrom 1.4 down
t0 0.010M,. TheNextGenisochronesreusedfor effective temperaturebigherthan2500K, cor
respondingo masse®f 0.050M at80Myr (M ~ 13.0mag). Theseisochronesarecompleted
by the Dusty modelsfor lower massesiown to 20My,, (M7 ~ 19.1magat 80Myr). The useful
rangeof the megedisochronesn the courseof our studyof Collinder359is 1.3-0.03Mg,.

The NextGenandDusty modelsincludethetreatmenbf the atmospheres contrastto other
evolutionary models,suchasthoseof D’Antona & Mazzitelli (1994),which assumegrey atmo-
spheresTheseassumptiongenerallyleadto highereffective temperatureandluminositiesat a
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Table 4.13: Number of starsper magnitudebin (luminosity function) and numberof starsper
massbin in Mg (massfunction)in Collinder359, assuminga distanceof 500pc and an ageof

80Myr for the cluster The luminosity function wastransformednto a massfunction usingthe
NextGenandDusty evolutionarymodelsfor massesigherandlowerthan50Mj,,,, respectiely.

Theuncertaintiegjuotedfor theluminosityfunctionarePoissorerrors(squareoot of thenumber
of starsper magnitudebin). The transformatiorof the luminosity functioninto a massfunction
wasachieved by dividing the numberof objectsper magnitudebin by the differenceof the upper
andlower masdimit of thebin.

Magbin | Mid-mass(Mg) | Nb permagbin | Nb permass(Mg)
11.0-12.0 1.390 28+ 5 86+ 15
11.5-12.5 1.241 109+ 10 409+ 37
12.0-13.0 1.124 222+ 15 1002+ 67
12.5-13.5 1.020 243+ 16 1216+ 80
13.0-14.0 0.924 191+ 14 1073+ 78
13.5-14.5 0.842 149+ 12 876+ 70
14.0-15.0 0.754 83+ 9 468+ 50
14.5-15.5 0.664 40+ 6 277+ 41
15.0-16.0 0.609 33+ 6 283+ 51
15.5-16.5 0.548 32+ 6 233+ 43
16.0-17.0 0.472 32+ 6 190+ 35
16.5-17.5 0.380 47+ 7 256+ 38
17.0-18.0 0.290 53+ 7 326+ 43
17.5-18.5 0.217 36+ 6 291+ 48
18.0-19.0 0.166 24+ 5 272+ 56
18.5-19.5 0.129 22+ 5 348+ 79
19.0-20.0 0.103 20+ 4 439+ 87
19.5-20.5 0.084 11+ 3 328+ 89
20.0-21.0 0.069 3+ 2 120+ 80
20.5-21.5 0.059 5+ 2 210+ 84
21.0-22.0 0.046 7+ 3 378+ 162
21.5-22.5 0.040 5+ 2 5744229
22.0-23.0 0.037 3+ 2 446+ 297

given mass. Furthermorethe treatmenif the atmospherepredictsabsolutemagnitudesn var

ious passbanddienceavoiding the useof bolometriccorrectionsvhich remainhighly uncertain
for youngopenclusters.The modelsof Burrows et al. (2001)include non-grayatmospherebut

arevalid for massedower than0.1M, not low enoughfor our study Finally, the Dusty mod-
elsincludethe treatmenbf dustsettlingwhich affectsthe temperatureand obsered coloursof

low-massstarsandbrovn dwarfs. Theinfluenceof the dustsettlingat the L/T transitionaround
1300K for field objectshasbeenproven andobsered. The sameeffect will take placeat earlier
spectraltypes(late-M andearly-L) in pre-main-sequencdustersdueto the youngerages. The
knowledge of opacity line lists for speciessuchas TiO and VO, which are responsiblefor the
shapeof M dwarf spectra,is of prime importanceto reproducethe obsered coloursof young
clustermembers.

Moreover, the evolutionary modelsfrom the Lyon group have beenextensiely usedto esti-
matemasdunctionsin openclustersjncludingthePleiadegMartin etal. 1998;Dobbieetal. 2002;
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Moraux et al. 2003), « Per (Barradoy Navasces et al. 2002),and M35 (Barradoy Navascies
etal. 2001), and starforming regions suchas Taurus(Bricefio et al. 2002) andIC348 (Luhman
etal. 2003b). The NextGenand Dusty modelshave beenthe mostsuccessfukvolutionarymod-
elsin predictingcoeval agesfor the differentcomponent®f the youngmultiple systemGGTau
(White et al. 1999). Furthermoredifferentmodelsfrom variousgroupshad little effect on the
massfunctionin « Per(Barradoy Navasciset al. 2002)and M35 (Barradoy Navascigset al.
2001). Finally, the massestimategrom evolutionarymodelsappeamgenerallyunderestimatety
5 to 20% for main-sequencstarsandby up to 50% for pre-main-sequencgars(Hillenbrand&

White 2004).

4.6.2 The cluster mass function

We have corvertedthe clusterluminosity functioninto a massfunctionusingthe evolutionary
modelsfrom the Lyon group(Barafe etal. 1998; Chabrieret al. 2000b). The numberof objects
perunit of mass(dN/dM) is obtainedby dividing the numberof objectsper magnitudebin (AN)
by the differencebetweenthe upperandlower limits of the bin in mass(AM =My —M;). The
uncertaintyis computedrom the Poissonuncertaintieof the luminosity function. For example,
the magnituderangel =12-13mag corresponds$o a massrangeof M =1.241-1.02M.. The
numberof objectsperunit of massandits uncertainty(Table4.13)is givenby:

dN AN 222 V222

dM - AM 1241 - 1.020 T 1241 _ 1020  ‘002£67

The meanmassandthe numberof starspermasshin aregivenin Table4.13. Themassfunc-
tionis plottedasfilled circlesin Figure4.14.We will expresshe clustermassunctionthroughout
this sectionasthe massspectrum(a representthe slopeof the massspectrum)namely:

_ M_a
am &

The bestlinearfit to the clustermassspectraassumingan ageof 80Myr anda distanceof
500pc for Collinder359,is obtainedfor « =0.30(solid line in Figure4.14).

Threemajorfeaturesareseenin the clustermassfunctionanddescribedelow:

e A peakat aboutlMg which is not real dueto the large field contaminationobsered in
this range.Additional obserationsareneededo estimatethe level of contaminationn the
0.7-1.3M, massrange atthedistanceandageof the cluster

e A slow risein the clustermassfunction from 0.6M, down to our completenestimit at
about0.040M . Thepower law index « appearslatterthanthe Pleiadesestimates.

e A dip in themassfunction occursaround0.070M, andis likely dueto the dearthof M7—
M8 obijects. This gapis detectedn thefield (Reid & Cruz2002)andin six openclusters,
including the PleiadegJamesoret al. 2002)and « Per(Barradoy Navascigset al. 2002).
Thisaguments validatedby theintrinsic coloursof M7 dwarfsasdefinedby Luhmanetal.
(2003b)in the caseof the IC348cluster(seediscussiorin previoussection).
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Figure4.14: Massfunction for Collinder359. Filled circlesrepresenthe clustermassfunction,
assuminagdistanceof 500pc andanageof 80Myr for Collinder359. Leftpanel Influenceof the
ageon the massfunction for 30Myr (opensquares)50Myr (opentriangles),and80Myr (filled

circles). The slopeof the massfunction getssteepeifor youngerages. Right panel Influence
of the distanceon the massfunctionfor 400pc (opensquares)500pc (filled circles),and600pc
(opentriangles),assumingan ageof 80Myr. The distanceappeardo have little influenceon the
slopeof the massfunction. The vertical dottedline representshe completenessf the CFH12K
opticalsuney at I =22, correspondingo a massof 0.040M, attheassume@geanddistancefor

the cluster Thethreemassfunctionsareoffsetfor clarity.

Table 4.14: Dependencef the power law index o with distanceandagein Collinder359. We
have usedinearfits to estimataheslopeof the massspectrumassuminglifferent(distanceage)
combinationdor thecluster Thethreeagesare30,50,and80Myr assuminga distanceof 500pc.
Thethreedistancesire400,500,and600pc, assuminga meanageof 80 Myr.

Age | Distance Massrange Power law index
80Myr | 400pc | M=0.55-0.03M | «=0.35£0.15
500pc | M=0.61-0.04M; | «=0.30+0.10
600pc | M =0.65-0.04M, | «=0.25+0.10
50Myr | 400pc | M=0.43-0.03M; | a=0.60+0.15
500pc | M=0.54-0.03M | «=0.45+0.10
600pc | M =0.62-0.03M | a=0.45+0.10
30Myr | 400pc | M=0.60-0.03M, | «=1.0+0.2
500pc | M=0.70-0.03M; | «a=1.0+0.2
600pc | M=0.58-0.03M; | «=0.5+0.1

We have investigatedhe influenceof the ageandthe distanceon the clustermassspectrum.
In theleft panelin Figure4.14,we have plottedthe massspectrunin Collinder359for threeages,
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including30Myr (opensquares)50Myr (opentriangles),and80Myr (filled circles),assuminga
distanceof 500pc. In theright panelin Figure4.14,we have plottedthe massspectruntor three
distancesjncluding 400pc (opensquares)500pc (filled circles), and 600pc (opentriangles),
assuminganageof 80Myr.

We have usedlinear fits to estimatethe slopesfor each(distance,age) combination(Ta-
ble 4.14). The changein distance(+ 100pc) seemsto have little influenceon the power law
index o, independentf theassumedge.Onthecontrary theslopeof themassspectruntendsto
increasavith youngeragesyangingfrom o =0.3at80Myr to o = 1.0at30Myr. Thegapobsered
around0.070Mg, persistsndependenof the (distanceage)combinationjmplying thatit is likely
arealfeature.

Astheageof Collinder 359islik ely between60and 100Myr and the distance500+100pc,
we concludethat the bestfit to the cluster massspectrum s obtained for a power law index
a=0.30+ 0.200ver the massrange 0.60—0.04M .

4.6.3 Uncertainties on the cluster mass function

The derivation of the clustermassfunctionis, in theory a straightforvard process Basedon
the selectecclustermemberswe countthe numberof starsper magnitudebinsto createa lumi-
nosityfunction. To transformtheluminosityfunctioninto amassfunction,we applyamagnitude-
massrelationshipprovided by evolutionarymodels.For a givenageanda given mass the evolu-
tionary modelsprovide luminositiesandeffective temperaturesHowever, in practice the cluster
massfunctiondeterminatioris hamperedy multiple factorssometimedglifficult to quantify

1. Thelargestuncertaintyresidesin the distanceof Collinder359. Larger and smallerdis-
tanceswill shift objectstowardshigherandlower massestespectiely. We have assumed
adistanceof 500pc for Collinder359 andshavn that distancespanningd00-60(oc have
little influenceon the overall shapeof the massfunction.

2. Thesecondiuncertaintyconcerngheageof Collinder359. Olderandyoungerageswill shift
the objectstowardshigherandlower massestespectiely, with atendeng to increasehe
slopeof themassspectrumat youngerages.

3. Someobjectsmight have escapedietectionwithin the 1.6 squaredegreeareasuneyed in
Collinder359. Despitethe goodcosmeticof the CFH12K camerasomebona-fidecluster
membersnightlie onabadcolumnor have their photometryaffectedby badpixels. Simi-
larly, bright starshamperthe detectionof nearbyfaint clustermembersThis effectis likely
to berandom.If thebiasis largertowardsfainterobjects,c mayhave to beincreasedOur
ability of detectingsubstellarobjectsis affectedby the fact that the luminosity of brown
dwarfsdecreasewith age(dela FuenteMarcos& dela FuenteMarcos2000).

4. A large numberof faint (I > 17 mag) clustermembercandidatesare still lacking near
infrared photometry Furthermore pptical spectroscop is requiredto ascertairthe mem-
bershipof the selectedcandidates. As an example, the contaminatiornwas estimatedat
~ 25-40% for low-massstarsandbrovn dwarfsin thePleiadegBouvieretal. 1998;Martin
etal. 2000a;Morauxet al. 2001),andin « Per(Barradoy Navasc@set al. 2002). We ex-
pecta comparabldevel of contaminatiorin Collinder359 dueto its intermediategalactic
latitude. If the contaminations largerin thebrown dwarf regimethanfor low-massstars,o
may have to bedecreased.
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5. Accordingto estimatedrom Kharchenk et al. (2004, personalcommunication)we have
mainly focusedon the clustercorona.lf Collinder359is indeeda clusteryoungerthanthe
Pleiadesthe masssegregationandevaporationof brovn dwarfs shouldbe lessthan10%,
assuminganhomogeneoudistribution of substellaiobjectsacrosghe cluster(dela Fuente
Marcos& dela FuenteMarcos2000). In contrastjf the clusteris olderthanthe estimates
presentedhereandif dynamicalevolution hasalreadytakenplace,the numberof very low-
massstarsand browvn dwarfs detectedn the suneyed areahasbeenwell overestimated.
The«a index mayhave to beincreaseaccordingo theamountof browvn dwarfswhich have
escapedhecluster

6. We have usedthe magnitude-masselationshipfrom the Lyon group and combinedthe
NextGen and Dusty modelsto infer a massfunction from 1.3 to 0.040Mg. Otherevo-
lutionary modelsassumegrey atmospherege.g.D’Antona & Mazzitelli 1994)andtendto
predict higher effective temperaturesnd luminositiesso o would have to be decreased.
However, Barradoy Navascuies et al. (2001,2002) have shavn that variousevolutionary
modelshadlittle influenceon the o PerandM35 massfunctions. A thoroughcomparison
of alarge sampleof starswith differentevolutionarytracksby Hillenbrand& White (2004)
indicatesthatmasse®f main-sequencandpre-main-sequenasbjectsareunderestimated.
Theeffect ontheshapeof the massspectrunis difficult to asses# thatcase.

7. We have ngylectedthe effect of unresoled binaries. For example,a brown dwarf in the
PleiadesPPI15(Reboloetal. 1995)wasresohed into a spectroscopibinary browvn dwarf
(Basri& Martin 1999a). Theinfluenceof unresoled binariesin openclusterswasquanti-
fied by Kroupa(2001),implying thatthe power law index o shouldbe increasedy about
0.5 over the 1.0-0.1M massrange. Martin et al. (2000a)failed to detectcompanionsn
Pleiadesbrovn dwarf candidatesvith separationsvider than27AU at the distanceof the
cluster suggestinghat the binary frequeng of brown dwarfsis not muchlarger thanfor
M dwarfsandhaslittle effect onthe shapeof the massfunction. If the binary correctionis
importantat low massegfor exampleif alarge numberof M dwarfs arebinaries),a may
have to beincreased.

8. A possibleagespreadn theclusterwasnotconsideredhroughouthis study Spectroscopic
confirmationis requiredto placethe clustermembersn the HR diagramin orderto estimate
this effect.

To summariselarge uncertaintiesemainregardingthe massfunctionin Collinder359which
led usto considera conserative error on the slopeof the clustermassfunctioni.e. « =0.3+ 0.2
overthe0.6-0.04M; massrange.

4.6.4 Comparison with other young cluster s

We have comparedhemasdunctionfor Collinder359with estimateswvailablein theliterature
for otheryoungopenclustersandstarforming regions. Figure4.15compareghe massfunction
for Collinder359 (filled circles)with « Per(Barradoy Navascis et al. 2002), M35 (Barradoy
Navasciesetal. 2001),andvariousestimate®f the Pleiadesnassspectrum(Bouvieretal. 1998;
Martin etal. 1998;Dobbieetal. 2002;Tej etal. 2002).
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Figure 4.15: Comparisonof the masspectrumfor Collinder359 (filled circles with solid line)
with other open clusters,including « Per (dot-dashedine; Barradoy Navascis et al. 2002),
M35 (dashedine; Barradoy Navascigsetal. 2001),andthePleiadegMartin etal. 1998;Bouvier
etal. 1998;Dobbieetal. 2002;Tej etal. 2002). The bestlinearfit to theclustermassspectrum(red
line) appeardlatterthanthe Pleiadesover the 0.55-0.03%; massrange.Thepeakat~ 1 Mg is
notarealfeaturebut the outcomeof alarge contaminatiorat highermasses.

Acrossthe stellar/substellaboundary the power law indices estimatedin the Pleiadesby
variousgroupsweregenerallyin goodagreemenwithin the errorswith «=0.5-1.0in the 0.40—
0.045M masgange(Figure4.15;Tablel.1in Chapterl).

Barradoy Navasciesetal. (2002)hasinferredacomparablenassunctionfor thea Percluster
with «=0.59+ 0.05from 0.30to 0.035M¢, (Figure4.15;Chapter3).

ConcerningM35, the massspectrumwas approximatedy a three-sgmentpower law over
the6-0.08M massrange(Figure4.15;Barradoy Navascésetal. 2001).

Themassspectrunderivedfor Collinder359is overall consistentvithin theuncertaintiesvith
variousestimatesn openclusterandstarforming regions. Our resultappeathowever flatterthan
the Pleiadesand « Per estimateqFigure 4.15) althoughthey might be consideredn agreement
within theerrorbars(0.1and0.2for the PleiadesandCollinder359,respectely).
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Comparedo otherwell-studiedregionsmentionedabove, our estimatds solelybasecdbn opti-
calandnearinfraredphotometricselection.Thenext stepis to obtainlow-resolutionspectroscop
for all selectectlustermembercandidatesn Collinder359to verify the validity of themassfunc-
tion andthevariousobsereddipsandgaps.If confirmedthegapat0.070M; combinedwith the
searchor thelithium depletionboundarywould addstrongconstraint®ntheageandthedistance
of the clusterandconfirmthe presenestimates.

4.7 Conclusions of the survey in Collinder 359 and perspec-
tives

We have presentedn this chapterthe first deepoptical wide-field imaging suney comple-
mentedwith nearinfrared follow-up obserationsof the youngopenclusterCollinder359. We
have suneyed 1.6 squaredegreesin the clusterin the I andz filters down to detectionandcom-
pletenessimits of 22.0and24.0with the CFH12KontheCanada-France-Maii 3.6-mtelescope.
Basedontheirlocationin theoptical (1,/—z) colourmagnitudediagramwe have extractedatotal
of 1033clustermembercandidatesn Collinder359spanningl.3—-0.04M,, assuming distance
of 650pc andanageof 80Myr. We have cross-correlatethe optically-selectecdandidatesvith
the 2MASS databaséor objectsbrighterthanl =17.0to weedout contaminatindield stars.Fur
ther K’-bandphotometrjhasbeenobtainedor asubsamplef 39 faint clustercandidate$o probe
the contaminatiorat andbelow the stellar/substellaboundary

By comparingthe location of the brightestclustermembey 67 Oph, with solar metallicity
isochronegncludingmoderatevershootwe have derivedanageof 60+ 20Myr for Collinder359.
The comparisorof the NextGenevolutionarymodelsto the clustercandidateselectedrom their
propermotion and coloursyielded a meanage of 80Myr with an uncertaintyof 20Myr anda
distanceof of 500+ 100pc. Theageis largerthanpreviousestimatesn theliterature whereaghe
distances within the uncertaintieof formerdeterminationsut basedon alarger numberof ob-
jects. Hence,Collinder359is probablynot a pre-main-sequencgduster(10-50Myr) asthought
earlier but likely coeval with « Per. The questionsetin § 4.1 regardingthe testof pre-main-
sequencevolutionarytrackswith clusters10-50Myr old might not be solved with the study of
Collinder359.

Finally, we have derived luminosity andmassfunctionsfor Collinder359 usingthe NextGen
andDusty modelsfrom the Lyon group. Despitethe uncertaintiesnherentto photometricsureys
in openclusterswe have reporteda dip in the luminosity andmassfunctionslocatedat 7 =20.5
(correspondindo a massof 70Mj,,i assuminga meanageof 80Myr anda distanceof 500pc)
likely causedby the dearthof M7-M8 dwarfs obsered in the solar neighbourhoodind young
clusters. The bestfit to the slopeof the massfunction, whenexpressedasthe massspectrumis
a=0.30+ 0.20 over the 0.55-0.033M;, massrange. The derived slopeis flatter thanestimates
in the Pleiadesandin the a Per clustersalthoughthey are consistentwithin the uncertainties.
Spectroscopis neededo verify the resultspresentedn this chapterasour work is solely based
on photometry Our studydo not provide a corvincing evidencefor a variablemassspectrumin
openclusters.

Thedetailedstudyof Collinder359constitutesafirst steptowardsthe determinatiorof anun-
biasedmassfunctionin apreviously unstudiedyoungopencluster Follow-up obsenationsof the
selectedclustermembercandidatesn Collinder359 arerequiredto ascertairtheir membership,
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including nearinfraredimagingandoptical spectroscop We have beengrantedobservingtime

with several telescopesandinstrumentswithin the framewvork of the CFHT Key Programmeo

pursueour investigationof Collinder359 andotherpre-main-sequencgusters.Thetime sched-
ule andthe obserationsaredivided asfollows:

CFHT/CFHTIR 4 nights(30 May—03June2004) Nearinfraredimaging
CalarAlto 2.2-m/MAGIC 4 nights(10-13June2004) Nearinfraredimaging
WHT/AF2/WYFFOS 6 nights(18—-24June2004) Multi-object spectroscop
TNG/DOLORES 3 nights(19-21June2004) Opticalspectroscop

Nearinfraredimagingwill be obtainedfor theremainingfaint (I > 17.0)clustermembercan-
didatesin Collinder359 to probethe contaminationby field starsat and belov the hydrogen-
burninglimit. Low-resolution(R ~ 600)optical (6000-1000@\) spectroscopwill provide spec-
tral classificationgravity measurementsnddeterminatiorof thelevel of chromospheriactvity,
which,togetherwill allow usto furtherconstrainthe membershipf clustercandidates.

Longerterm obsenrationsare foreseerto enlage our study of Collinder359. For example,
higherresolutionoptical spectroscop of the bright clustermemberswill provide radialandrota-
tional velocitiesto studythedependencef theseparametersvith massandage.Additionally, the
innersquaredegreeareain Collinder359remainsto be sureyedto confirmtheresultspresented
in this chapter Finally, objectsbrighterthan’ ~ 12.0andthusmoremassie than~ 1 Mg, should
beinvestigatedo derive a completemassfunctionfrom highermassstarsdown to brown dwarfs.



