
Chapter 4

The intermediate-a ge open cluster
Collinder 359

Youngopenclustersare ideal regions to placegood constraintson the time spreadof star
formationfor two reasons.First, clustermemberslessmassive thanabout0.8M � aredisplaced
well above the ZAMS, making their identificationeasier. Second,low-massstarsand brown
dwarfsremainboundto theclusterdueto thelimited dynamicalevolution.

To identify completeand homogeneoussamplesof young very low-massstarsand brown
dwarfsin clustersover largeareas,aCanada-France-Hawaii Key Programmewasinitiatedwithin
the framework of our EC ResearchTraining Network to survey aboutabout80 squaredegrees
in the

�
and � filters down to completenesslimits of 22.0 in star-forming regions,openclusters

and in the Hyades. One part of the project focusedon five pre-main-sequenceopenclusters,
includingIC 4665,NGC2232,Collinder70,Stephenson1, andCollinder359.Theanalysisof the
optical imagesyieldedseveral hundredsbona-fidemembercandidatesin eachclusterdown into
the substellarregime, someof thembeingalreadyfollowed-upin the near-infrared to weedout
contaminatingobjects.

This chapter, devoted to the pre-main-sequenceopenclusterCollinder359, is organisedas
follows. TheCFHT Key Programmeis presentedin � 4.1 alongwith the target list andthemain
goals.A literaturereview of thepresentknowledgeof Collinder359is given in � 4.2. Thewide-
field optical(

�
, � ) observationsof a1.6squaredegreeareain Collinder359aredetailedin � 4.3.1.

Thedatareductionof theoptical imagesis detailed � 4.3.2andtheextractionof thephotometry
describedin � 4.3.3.Theoptical(

�
,
�
–� ) colour-magnitudediagramis drawn � 4.3.4andthecluster

membercandidatesselectionproceduredescribedin � 4.3.5. Thenear-infraredfollow-up of the
optically-selectedclustermembercandidatesin Collinder359 is presentedin � 4.4. The cluster
luminosityandmassfunctionsarederivedin � 4.5and � 4.6,respectively, includingadiscussionon
theuncertaintieson theageanddistanceof thecluster. Conclusionsof thestudyof Collinder359
andfutureprojectsarepresentedin � 4.7.

The datareductionandanalysisof theCFH12Kresultsfrom a large collaborationinvolving
several teamswithin theEuropeanNetwork. Thework describedin this chapterhasbeenmostly
doneby myself andwill part of a forthcomingpaper. I will continueto use“we” andnot “I” to
describetheresultsonCollinder359andto keepwith thegeneralprincipleof this thesis.
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4.1 The CFHT Key Programme

4.1.1 Description of the CFHT Key Programme

A Canada-France-Hawaii Telescope(hereafterCFHT) Key Programme(30 nights over 2
years)centredon wide-fieldoptical imagingof young,intermediate-age,andolderopenclusters
(Bouvier, PI) wascarriedout within theframework of theEuropeanResearchTrainingNetwork
“The FormationandEvolutionof YoungStellarClusters”(McCaughrean,coordinator)to examine
thesensitivity of thelow-massstellarandsubstellarIMF to timeandenvironment.

Thesurvey wasconductedwith a large-CCDmosaiccamera(CFH12K) in the
�

and � filters
down to detectionand completenesslimits of

�
= 24.0 and 22.0, respectively, covering a total

of 80 squaredegreesin a variety of environment, from star-forming regions (Serpens,Taurus,
Ophiuchus,andPerseus),to pre-main-sequenceopenclusters(IC 4665,Collinder359, Steph1,
Collinder70, andNGC2232),to theolderHyades.All regionsarelisted in Table4.1alongwith
their coordinates(J2000),agesin Myr, distancesin parsecsanddiameters.Theareasurveyed in
theopticalwith theCFH12Kcamera(andMegaCamwhenusable)aregivenin thelastcolumnof
Table4.1.

Table4.1: List of star-forming regions(SFR),pre-main-sequenceopenclusters(PMS),andolder
clusters(OC) targetedwithin theframework of theCFHT Key Programme.Right ascensionand
declination(in J2000)aregivenin columns3 and4, respectively. Ages,distances,anddiameters
arelistedin columns5–7(OpenStarClusterdatabaseandLyngå1987).Theareasurveyedin each
clusterwith theCFH12Kcamerais providedin thelastcolumn.

Target R.A. Dec Age Distance Diameter Surv. Area
SFR Perseus 03� 35� 00 � 30� 00� 00 � 3Myr 300pc — 6.5deg�

Taurus 04� 30� 00 � 20� 00� 00 � 3Myr 140pc — 7.8deg�
Ophiuchus 16� 00� 00 � 25� 00� 00 � 3Myr 145pc — 6.5deg�
Serpens 18� 30� 00 � 01� 00� 00 � 3Myr 260pc — 5.9deg�

PMS Collinder70 05� 33� 00 � 01� 00� 00 10Myr 387pc 140	 4.0deg�
NGC2232 06� 24� 00 � 04� 00� 00 53Myr 324pc 45	 4.0deg�
IC 4665 17� 43� 00 � 05� 00� 00 43Myr 352pc 70	 4.2deg�
Collinder359 17� 58� 00 � 02� 00� 00 32Myr 249pc 240	 1.6deg�
Stephenson1 18� 51� 00 � 37� 00� 00 53Myr 390pc 20	 0.65deg�

OC Hyades 04� 24� 00 +14� 45� 00 600Myr 46pc 12deg. 17.3deg�

4.1.2 The choice of the optical filter s

We have chosento carryout thewide-fieldopticalobservationsin the
�

and � filters mainly
to optimisethe searchfor low-massstarsandbrown dwarfs in youngclusters.This choicewas
alsomotivatedby theresultsof 6.4deg� imagingsurvey of thePleiadeswith theCFH12Kin the�
- and � -bands(Morauxetal. 2003)conductedwith thesametelescope/instrumentconfiguration.

New brown dwarf candidatesof theclusterwererevealedandtheclustermassfunction,derived
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from thepreviousstudyin thePleiadesby Bouvieretal. (1998),extendedto 30M 
���
 .
1. Thesky backgroundin (

�
, � ) passbandsis dominatedby OH emissionandnotby themoon.

Theobservationsof Collinder359werecarriedoutwith a lunarphaseof about50%.

2. The
�
– � coloursgetreddertowardslow-massclustermembers,providing a gooddiscrimi-

nantto separatetheclustersequencefrom field stars(ZapateroOsorioet al. 2000).Hence,
we expectasimilarbehaviour for the

�
–� colours.

3. The
�
–� colourswerefoundto beagooddiscriminantto weedoutfield starsfrom low-mass

clustermembersin thePleiades(Cossburnetal. 1997;ZapateroOsorioetal. 1999;Moraux
et al. 2003). We expecta similar trend,perhapsenhancedfor youngerpre-main-sequence
objectsthanthePleiadesdueto thereddercolours.

4. Youngbrown dwarfs get redderin � –
�

coloursimplying very faint � magnitudeswhich
greatlyhamperthedetectionof the leastmassive componentsof thecluster. Much longer
exposuretimesin the � filter thanin

�
are,therefore,requiredto compensatefor thiseffect.

To the contrary, we have achieved similar completenessanddetectionlimits of 24.0 and
22.0, respectively, both in

�
- and � -bandswith comparableexposuretimesof 300secand

360secin
�

and � .

4.1.3 Aims of the CFHT Key Programme

Themaingoalsof CFHT Key Programmewasto addressthemostpressingissues:

� How dobrown dwarfsform andatwhich rate?

� Whatis themassdistribution of low-massstarsandbrown dwarfs?

� Is therea lower masslimit to theInitial MassFunction?

� Is theInitial MassFunctionsensitive to theenvironment?

� How dosubstellarobjectsevolve with time?

As a secondstepafter membershipassessmentof the photometrically-selected clustercan-
didates,this large programmewill aim at studyingthe evolution and propertiesof stellar and
substellarobjectsin variousenvironments:

� Testtheevolutionarytracksusing10–50Myr old openclusters.

� Ageandmassdependenceof thecoronalandchromosphericactivity of very low-massstars.

� Massdependenceof thelithium depletionin very low-massstarsandbrown dwarfs.

� Distribution of rotationratesasa functionof mass.

� Distribution of rotationalvelocitiesof very low-massstarsasa functionof age.

� Disk frequency andtheir lifetime.

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

The selectionof the five pre-main-sequenceopenclustersmadeuseof the OpenCluster
Database1. The following criteria wereappliedto selectthe mostsuitableopenclustersto an-
swerthepresentissueswithin theframework of theCFHT Key Programme.

� Clusterswith anagebetween10 and50Myr

� Clusterslessdistantthan500pc to beableprobethesubstellarregime

� NorthernHemisphereopenclustersobservablewith theCFHT at MaunaKea,Hawai’i

� A lower limit of 10� in galacticlatitudeto avoid significantcontamination

Besideswell-known openclusterssuchasthe Pleiades,� Per,IC2391,IC2602,amongoth-
ers,five pre-main-sequenceclusterssatisfiedthecriteria listedabove. TheclusterswereIC 4665,
Stephenson1, Collinder70, NGC2232,andCollinder359, the latter constitutesthe coreof this
chapterwhoseresultswill be publishedin a forthcomingpaper. The main characteristicsof the
five selectedopenclustersareprovided in Table4.1, including coordinates,age,distances,and
estimateddiameters.

4.2 Literature on the open cluster Collinder 359

Collinder359( = Melotte186)wasselectedasa 30Myr openclusterat a distanceof 250pc,
from a searchin theOpenStarClusterwebpage.Theclusteris locatedin theOphiuchusconstel-
lation aroundthestar67Oph(Figure4.1). Theequatorialandgalacticcoordinates(J2000)of the
clustercentreare:(18h01m06s,� 02� 54	 ) and(29.7,� 12.5),respectively.

Collinder359wasrelatively unstudiedandvery little literatureis availableaboutthecluster.
No deepoptical survey hadbeencarriedout aroundthe clustercentre,althoughseveral papers
mentiontheclusterin passingHowever, oneneedsto bepolyglot to dealwith papersin different
languagessuchas French,English, and Russian! I will review the currentknowledgeon this
clusterby summarisingthecontentof majorarticles.

� Collinder359( = Melotte186)wasfirst seenon theFranklin-AdamsChartsPlatesandclas-
sifiedasa coarseclusterby Melotte (1915)within theframework of his largecatalogueof
globular andopenclusters. It wasdescribedit asa large scattered group of bright stars
around67Ophiuchi ( = HD164353),coveringan areaof about6 square degrees.

� In a large catalogueof openclusters,Collinder (1931)describedCollinder359asa group
of about15 stars with no appreciableconcentration on thesky andno well-definedoutline.
Clusterstarsappearbrighterthanthe surroundingstarsbut no bright starsstandout from
the others. The diameterof the clusterwasestimatedto 240	 anddimensionsof 5��� 3�
werementioned.Theclustercontainsthirteenstarslisted in Table4.2 andshown asfilled
hexagonsin Figure4.2. Collinder(1931)providedthecoordinates,� magnitudes,spectral
typesfor all 13 starsandadditionalpropermotion informationwhenavailable. Isochrone
fitting to thefiveearly-Bstarsyieldedphotometricparallaxof 0.0048(d= 209pc)while the

1http://www.seds.org/messier/open.html
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Figure4.1: Theupperpanelis a schematicview of thelocationof theopenclusterCollinder359
(red circle) in the constellationof Ophiuchus,aroundthe B5 supergiant, 67Oph. The bright
starsbelongingto theconstellationof Ophiuchus,SerpensandScutumaremarkedwith symbols
representingtheir brightness.Otherastronomicalobjectsareindicated,including openclusters,
globularclusters(diamonds),andplanetarynebula(concentriccircles)Thelowerpanelisanimage
of thesameregion of the sky andat the samescale. Courtesy:Astronomia. For indication,the
differencebetween� Oph and � Oph is about2.1� and8.0� in right ascensionanddeclination,
respectively. Thedifferencebetween67Ophand70Ophis about1.2� and26	 in right ascension
anddeclination,respectively.
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Table4.2: This table lists the 13 bright starswithin Collinder359 aslisted in Collinder (1931).
Column1 lists the runningnumberof themember, column2 givestheHenryDraperCatalogue
number, columns3 and4 list theright ascensionandthedeclination(in J2000),column5 lists the
spectraltypesCollinder(1931),columns6, 7, and8 lists the � magnitudeandthe � –� and � –�
from Blancoet al. (1968),columns9 and10 list the � –� and � –

�
, columns11 and12 list the

propermotionof theobjectaccordingto theSAO catalogue(1966).Themembershipof theobject
is givenon the lastcolumnaccordingto thediscussionbetweenRuciński (1980)andVan’t-Veer
(1980).

HD RA Dec SpT � � –� � –� � –� � –� �! �!" M?
1 166233 180933.8 035935 F2 5.72 # 0.37 # 0.02 0.22 0.21 # 0.0360 $ 0.007 NM
2 168797 182128.4 052608 B5 6.16 $ 0.02 $ 0.64 0.00 0.01 # 0.0105 $ 0.004 NM
3 164353 175808.3 025557 B5Ib 3.96 # 0.04 $ 0.63 0.06 0.03 $ 0.0015 $ 0.010 M
4 164352 180041.7 030857 B8 9.33 $ 0.01 $ 0.39 0.02 0.06 $ 0.0015 $ 0.002 M
5 164284 180015.8 042207 B3 4.70 $ 0.04 $ 0.86 0.10 0.08 # 0.0000 $ 0.013 NM
6 164283 175742.4 053237 A0 9.10 # 0.26 # 0.19 0.16 0.21 # 0.0075 $ 0.014 M
7 164096 175934.6 023016 A2 9.70 # 0.20 # 0.17 0.13 0.20 $ 0.0105 $ 0.006 M
8 164097 175929.5 022037 A2 8.54 # 0.17 # 0.15 0.12 0.15 $ 0.0060 # 0.003 M
9 164432 180052.8 061605 B3 6.35 $ 0.08 $ 0.77 –0.01 $ 0.01 # 0.0015 $ 0.003 M
10 164577 180145.2 011818 A2 4.43 # 0.04 # 0.05 0.04 0.01 # 0.0090 $ 0.012 NM
11 165174 180437.3 015508 B3 6.14 $ 0.01 $ 0.98 0.03 0.03 $ 0.0045 $ 0.003 NM
12 163346 175537.5 020429 A3 6.78 # 0.56 # 0.36 0.37 0.40 $ 0.0030 # 0.007 NM
13 161868 174753.5 024226 A0 3.74 # 0.03 # 0.14 0.01 0.00 $ 0.0240 $ 0.074 NM

fainterB8–A2starsgaveameanparallaxof 0.0035(d= 286pc). However, themembership
of theseobjectswasnot well establishedasneitherpropermotionnor photometricstudies
wereavailable in Collinder359. Oneobject,67Ophiuchi, is a supergiant memberof the
clusterwith aspectraltypeof B5Ib (Humphreys 1970).

� Searchingin the 1958General Catalogue of Variable Stars basedon openclusterscata-
loguedby Collinder (1931),Trumpler(1930),andothers,Sahade& Frieboes(1960)ex-
tracted10 W UMa-typestarswithin threeclusterradii. A few yearslater, Sahade& Berón
Dàvila(1963)concludedthatnoneof theeclipsingbinarieswithin theclusterwereprobable
members.In atotalof 26eclipsingvariables,12objectswereclassifiedaspossiblemembers
while theremainderwereunlikely to bemembersof Collinder359.

� Blanco et al. (1968) compileda hugephotoelectriccatalogueof more than 20,000stars
in the Galaxy in the �%�&� broad-bandfilters basedon measurementsextractedfrom the
literature.The13 starsmentionedby Collinder (1931)areincludedin this catalogue.The
�'�(� magnitudesgiven in Table4.2 areaveragedvaluesof all measurementsavailablefor
thosestarsfrom theliterature.

� The only ageestimateof the clusteroriginatesfrom the work by Wielen (1971)andAbt
& Cardona(1983). The former derived an agerangingfrom 20 to 50Myr with a mean
valueof 30Myr usingisochronefitting basedon three-colourphotometryavailablein large
cataloguesof openclusters(Becker & Fenkart1971). Abt & Cardona(1983)studiedthe
distributionof Ap starsin openclustersasafunctionof age.A trendof olderclustershaving
alargernumberof Ap starswasnoticed.Abt & Cardona(1983)putanupperlimit of 30Myr
on theageof Collinder359,assumingthat67Ophis a memberof thecluster, in agreement
with theformerdetermination.
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� Akhundova (1971)2 selectedmembercandidatesin Collinder359basedontheirpropermo-
tions. Using the magnitudeversusspectraltype relationship,andafter rejectionof likely
non-members,Akhundova (1971)derivedadistanceof 350pcandestimatedtheabsorption
to A � = 1.4mag.

� A discussiontookplacebetweenRuciński (1980)andVan’t-Veer(1980)regardingtheexis-
tenceof W UMa-typesystemsin Collinder359. While Ruciński (1980)notedthatmostof
thestarslistedby Collinder (1931)might actuallybefield stars,Van’t-Veer(1980)argued
the contrarybasedon homogeneousconversionof spectraltypesinto colours. Van’t-Veer
(1980)foundconsistentdistancemoduli estimatesfrom theB3 andA0 groupof starsbased
onthe(M � , � –� ) colour-magnitudediagram.A few yearslater, Ruciński (1987)confirmed
theresultsof Van’t-Veer(1980)andconcludedthatstarsn� 3, 4, 6, 7, 8, and9 (Table4.2)
arebona-fideclustermembersbasedon �(�)� � CCDphotometry. A distancemodulusof 8.2
mag(distance= 436pc) wasderivedfrom theisochronefitting of thepossiblemembers.

� The 5*,+ editionof theOpenClusterDataCatalogue(Lyngå 1987)3 providesa distanceof
200pc anda diameterof 240	 for Collinder359. Theformer is basedon theestimatefrom
theBochum-Strasbourg magnetictapecatalogueof openclusters.The latter is taken from
thework of Collinder(1931).However, no agewasmentionedfor Collinder359.

� Baumgardtet al. (2000)confirmedclustermembersin Collinder359 from photometry, ra-
dial velocityandHipparcosmeasurements.A meanpropermotionof 0.42 - 0.47mas/yrin
right ascensionand � 7.86 - 0.35mas/yrin declinationwasestimated.Parallaxmeasure-
mentsyielded distancesrangingfrom 317 to 460pc, in agreementwith isochronefitting
(Rucínski 1987).Theparallaxmeasurementfrom thesupergiant67Ophledto adistanceof
435# �.�./$10.0 / pc(Perrymanetal. 1997),consistentwith thestudyby Baumgardtetal. (2000).Of
the13 possiblemembers(Collinder1931),only two sharea commonpropermotion(stars
n� 3 and 9; Table4.2). Threeother Hipparcos starsmay be additionalclustermembers
while theremainingobjectswereexcludedasmembers.

� Hipparcos trigonometricparallaxesof five starsin Collinder359wereusedto derive pho-
tometricandspectroscopicdistances,yielding estimatesbetween260to 280pc (Loktin &
Beshenov 2001)4 with typicalerrorsof about20pc.

� CombiningtheHipparcosandTycho2 catalogues,a list of about100possibleclustermem-
berswereextractedby Kharchenko et al. (2004,personalcommunication)5 basedon their
locationwithin theclusterareaandtheir propermotions. Thepositionof theseobjectsin
the( � ,� –� ) colour-magnitudediagramyieldedadistanceof 650pc from isochronefitting.
Thecoreandcoronaradii of theclusterwereestimatedto 0.4and1.1degree,respectively.

To summarise,thecurrentknowledgeof Collinder359basedon the availableliteraturesug-
gestsanageof 30Myr anda distancebetween200pc and650pc with a meanvalueof approxi-
mately400pc.

2Thispaperis in Russianandis notavailableat theADS webpage
3Thefull cataloguecanbeaccessedthroughtheCentredeDonńeesastronomiquesdeStrasbourg
4Thedataof thefivestarswerelost afterthedeathof oneof theauthor(A.V. Loktin, personalcommunication)
5Nina Kharchenko andAnatoly Piskunov visited our groupat the AIP for a few monthsandkindly provided me

with their resultson Collinder359prior to submission
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Figure4.2: Locationof thefiveCFH12Kfields-of-view (A, B, C,D, andE) shown asboxeswithin
theclusterareadefinedby theOpenClusterwebpage.The13 possibleclustermemberslistedby
Collinder(1931)aredisplayedasfilled hexagons(Table4.2). Their namesandspectraltypesare
providedaswell. Theopensquaresarethepossibleclustermembersusedfor isochronefitting by
Kharchenko etal. (2004;personalcommunication),yielding adistanceof 650pc.

4.3 The wide-field optical sur vey of Collinder 359

We initiated a wide-field optical survey in the
�

and � filters down to a detectionlimit of
24.0 to studythe very low-massstarsandbrown dwarfs in the pre-main-sequenceopencluster,
Collinder359.

4.3.1 The CFH12K wide-field optical obser vations

Five CFH12Kframeswereobtainedon 18 and20 June2002in Collinder359in the
�

and �
filters, covering a total areaof 1.6 squaredegreesin thecluster(Table4.3). Figure4.2 displays
thelocationof thefiveCFH12Kfields-of-view within theclusterarea.Thirteenpossiblemembers
aslisted by Collinder (1931)(filled hexagons)areincludedaswell. The CFH12K frameswere
chosento avoid bright clustermembers.

FieldsA, B, C,andD wereobtainedon18June2002underphotometricconditionswith seeing2 0.8arcsec.Theremainderfield, field E, wasobservedon 20 June2002undernon-photometric
conditions. The coordinatesof the five CFH12K fields-of-view areprovided in Table4.3 along
with the journal of the observations. Threesetsof exposuresweretaken for eachfield-of-view:
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short,medium,andlong exposureswith integration timesof 2, 30, andabout900 seconds,re-
spectively. The long exposureswereexposedthreetimes 300 and360 secondsin the

�
and �

filter, respectively, yielding detectionlimits of 24.0in bothpassbands.Only oneimagewastaken
for theshortandmediumexposures,whereasthreeditheredpositionswereobtainedfor the long
exposures,allowing rejectionof badpixels andremoval of badcolumns.Theobservationswere
scheduledin aqueuemodesothattheshort,medium,andlongexposuresin the

�
-bandweretaken

first, immediatelyfollowedby theshort,medium,andlong exposuresin the � -band.

TheCFH12Kis aCCDmosaiccameradedicatedto high-resolutionwide-fieldimaging6. The
cameracomprises12 chipsof 4128 � 2080pixels with a pixel scaleof 0.206	 	 , yielding a field-
of-view of 42	 � 28	 . Hence,no problemof undersamplingwasforeseeneven during excellent
conditionsonMaunaKea,whichwasthecasefor ourobservations.Thecosmeticof theCFH12K
mosaicwasexcellentwith atotalof 200badcolumns,mostof themwereconcentratedonCCD05.
TheCCD06,CCD08,CCD09,CCD10,andCCD11areentirelyfreeof badcolumns.Theread-out
time of the12 chipswassmall(58seconds).Thecamerahasanexcellentresponsein theredpart
of thespectrumaswell, betterthanMegaCam,partly compensatingfor thesmallerfield-of-view.

Table4.3: Coordinatesof thefive CFH12Kfields-of-view alongwith thejournalof observations
obtainedin thepre-main-sequenceopenclusterCollinder359.Thetimesof observationsaregiven
in UT andcorrespondto thebeginningof theshortexposuresin the

�
-band.

Field R.A. (J2000) Dec(J2000) Obs.Date Timeof obs.(UT)
A 18� 01� 06.60 � 02� 07� 26.0 2002–06–18 08h19m15s
B 18� 02� 36.90 � 03� 37� 52.7 2002–06–18 09h07m43s
C 17� 57� 36.90 � 03� 37� 56.1 2002–06–18 09h56m07s
D 17� 56� 16.40 � 02� 29� 46.4 2002–06–18 11h52m24s
E 18� 05� 55.70 � 03� 28� 58.4 2002–06–20 12h29m20s

4.3.2 The data reduction of the wide-field optical images

The initial datareductionwasprovided by the Elixir pipelineandwasmostly executedby
David Jamesat theCFHTHeadquarters.Elixir is notasingleprogramor packagebut acollection
of programs,databases,andothertools relatedto theprocessingandevaluationof dataobtained
at thetelescope.Thispipelineincludesbiassubtraction,flat-fielding,correctionfor scatteredlight
in the

�
and � bands,combiningthe ditheredframesin caseof long exposures,andastrometric

solutionprovidedin theheaderof thefits files. Standardstarswereobservedthroughoutthenights
andweremonitoredconstantlyby theElixir/Skyprobetool to provide accuratezero-points.

Thedatareductionprocedureto extractacatalogueof all objectsfrom thereducedandstacked
imagesprocessedby the pipelinewasidentical for eachCFH12K field-of-view. The procedure
presentedin this paragraphis the resultof intensediscussionsandclosecollaborationbetween
theGrenoble,Potsdam,andArcetri (ECnetwork) teamsto achieve acommonandconsistentdata
reductionfor thewide-fieldopticalimagesof thepre-main-sequenceopenclustersobtainedwithin

6Thecamerais now supersededby MegaCamon theCFH 3.6-mtelescope
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theframework of theCFHTKey Programme.Themajorstepsof thedatareductionprocedureare
describedbelow:

1. Find the offsetsbetweenthe
�
- and � - band images. The telescopeshouldtheoretically

point at thesamepositionon thesky bothin
�
- and � -bandsasthecoordinatesprovidedby

theuserareidenticalfor bothfilters. However, wehavefoundshiftsof orderfew pixels(2 to
5 pixels typically) betweenthe

�
and � images.Threerandomstarsweregenerallyenough

to correctfor the differencesin (x,y) coordinatesbetweenthe
�

and � images. The task
imexaminein IRAF wasusedto find theshifts.Tables4.4,4.5and 4.6provide theshifts(in
integerpixels)of the � imagerelative to the

�
image.TheCCD09sometimesexhibitsshifts

largerthantypically observedandaffectedfieldsA andC in thecaseof Collinder359.The
causeof thisdiscrepancy is underinvestigation.

2. Trim the
�
- and � - band imagesat [1:2048,1:4096]. Althoughnotmandatory, theoverscan

regions in eachchip in the
�

and � imageswere removed to avoid subsequentproblem
while runningtheextractionof thephotometrywith SExtractor. Indeed,somebright lines
andcolumnsaffectedtheedgesof the raw images,yielding overflow problemsduring the
extractionof thephotometry. Trimming wasappliedto both

�
and � imagesusingthetask

imcopyin IRAF.

3. Combine the
�
- and � - band images. Thisstepbringstwo advantages.First, thesignal-to-

noiseratio is increasedby a factorof 3 4 , allowing detectionof faintersourcescloseto the
detectionlimit (

� 2 � 2 24.0).Second,SExtractorhastheability to runthesourcedetection
on oneimageandextract thephotometryon anotherimage. Hence,thecoordinatesgiven
in the final cataloguesresult from the combined(

�
, � ) imageswhereasthe photometryis

extractedfrom the individual trimmedandshiftedimages.The astrometryof the faintest
sourcesis thusmoreaccuratethantheastrometryfrom asinglepassbandmeasurement.

4. Run SExtractor and PSFex. Both packageswere ran on eachindividual CCD of each
CFH12K field-of-view for the short, medium,and long exposuresin the

�
and � filters,

respectively. A totalof 180(5 Fields � 12 chips � 3 exposures)cataloguesweregenerated
andcontaincoordinates(J2000),

�
and � magnitudesfor eachsource,aswell asothersource

parameters,includingtheellipticity, FWHM, andquality of thephotometry. A description
theparametersgatheredin thefinal cataloguesis givenin thenext section( � 4.3.3).

5. Apply zero points for photometric calibration . To calibratethephotometry, the
�

and �
magnitudeswerecorrectedfor thezeropointslistedon theElixir webpage7. TheCFH12K
nominalzeropointsfor the

�
- and � - bandsare:

ZP(
�
) = 26.184- 0.023

ZP(� ) = 25.329- 0.031

Thesezeropoint valuesoriginatesfrom thebestquality setof standardstarsobservedwith
the CFH12K cameraandcollectedover several years.However, we have applieda slight
correctionto thezeropointsto take into accounttheconditionsof thenight of theobserva-
tions8. The correctionsto the

�
and � filters were-0.0055and+0.0575for the first night

7http://www.cfht.hawaii.edu/Instruments/Elixir/stds.2003.06.html
8http://www.cfht.hawaii.edu/cgi-bin/uncgi/elixir/skyprobe.pl?2002.06
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Table4.4: Offsets(in integerpixels)betweenthe
�

and � shortexposureimages.

CCD Field A Field B Field C FieldD Field E
00 ( 5 5,5 1) ( 5 4,5 2) ( 5 4,5 2) ( 5 3,5 2) ( 5 3, 6 1)
01 ( 5 4,5 0) ( 5 3,5 2) ( 5 4,5 2) ( 5 3,5 3) ( 5 2, 6 1)
02 ( 6 2,5 0) ( 6 3,5 2) ( 6 4,5 2) ( 6 3,5 3) ( 6 2, 6 1)
03 ( 6 3,5 1) ( 6 2,5 2) ( 6 2,5 2) ( 6 3,5 3) ( 6 1, 6 1)
04 ( 5 1,5 1) ( 5 2,5 3) ( 5 1,5 2) ( 5 2,5 4) ( 5 0,5 0)
05 ( 5 1,5 1) ( 5 2,5 2) ( 5 1,5 2) ( 5 1,5 4) ( 5 0, 6 1)
06 ( 5 4, 6 1) ( 5 4,5 0) ( 5 4,5 0) ( 5 4, 6 2) ( 5 3,5 2)
07 ( 5 4,5 0) ( 5 3, 6 1) ( 5 4,5 0) ( 5 4, 6 2) ( 5 3,5 2)
08 ( 5 3,5 0) ( 5 3, 6 1) ( 5 3, 6 1) ( 5 3, 6 3) ( 5 2,5 2)
09 ( 5 2,5 0) ( 5 2, 6 1) ( 5 2, 6 1) ( 5 2, 6 3) ( 5 1,5 2)
10 ( 5 0,5 0) ( 5 1, 6 1) ( 5 1, 6 1) ( 5 1, 6 3) ( 5 1,5 2)
11 ( 5 1, 6 1) ( 5 1, 6 1) ( 5 1, 6 1) ( 5 1, 6 3) ( 5 0,5 2)

Table4.5: Offsets(in integerpixels)betweenthe
�

and � mediumexposureimages.

CCD Field A Field B Field C FieldD Field E
00 ( 5 5,5 4) ( 5 4,5 0) ( 5 4,5 1) ( 5 4,5 1) ( 5 3,5 1)
01 ( 5 4,5 4) ( 5 3,5 1) ( 5 4,5 2) ( 5 4,5 1) ( 5 3,5 1)
02 ( 6 3,5 4) ( 6 3,5 1) ( 6 3,5 2) ( 6 3,5 1) ( 6 2,5 1)
03 ( 6 3,5 4) ( 6 2,5 1) ( 6 3,5 2) ( 6 3,5 1) ( 6 2,5 1)
04 ( 5 2,5 4) ( 5 1,5 1) ( 5 1,5 2) ( 5 2,5 2) ( 5 1,5 1)
05 ( 5 2,5 4) ( 5 1,5 1) ( 5 1,5 2) ( 5 2,5 1) ( 5 1,5 1)
06 ( 5 4, 6 3) ( 5 4,5 1) ( 5 4,5 0) ( 5 4,5 0) ( 5 3,5 0)
07 ( 5 4, 6 3) ( 5 3,5 1) ( 5 4, 6 1) ( 5 4,5 0) ( 5 3,5 0)
08 ( 5 3, 6 3) ( 5 2,5 1) ( 5 3, 6 1) ( 5 3, 6 1) ( 5 2,5 0)
09 ( 5 2, 6 3) ( 5 2,5 0) ( 5 2, 6 1) ( 5 3, 6 1) ( 5 2,5 0)
10 ( 5 2, 6 3) ( 5 1,5 0) ( 5 1, 6 1) ( 5 2, 6 1) ( 5 1,5 0)
11 ( 5 1, 6 4) ( 5 1,5 0) ( 5 2, 6 2) ( 5 2, 6 1) ( 5 1,5 0)

Table4.6: Offsets(in integerpixels)betweenthe
�

and � long exposureimages.

CCD FieldA Field B FieldC FieldD Field E
00 ( 5 4,5 1) ( 5 4,5 1) ( 5 4,5 1) ( 5 4,5 0) ( 5 3,5 0)
01 ( 5 4,5 2) ( 5 4,5 1) ( 5 3,5 1) ( 5 3,5 0) ( 5 3,5 0)
02 ( 6 3,5 2) ( 6 3,5 1) ( 6 3,5 1) ( 6 3,5 0) ( 6 2,5 0)
03 ( 6 2,5 2) ( 6 2,5 2) ( 6 2,5 2) ( 6 2,5 0) ( 6 2,5 0)
04 ( 5 1,5 2) ( 5 1,5 2) ( 5 1,5 1) ( 5 2,5 1) ( 5 1,5 0)
05 ( 5 1,5 2) ( 5 1,5 2) ( 5 1,5 1) ( 5 1,5 1) ( 5 1,5 0)
06 ( 5 4, 6 1) ( 5 4,5 0) ( 5 3,5 0) ( 5 3,5 1) ( 5 3,5 0)
07 ( 5 3, 6 1) ( 5 4,5 0) ( 5 3,5 0) ( 5 3,5 0) ( 5 3,5 1)
08 ( 5 2, 6 1) ( 5 3, 6 1) ( 5 3,5 0) ( 5 3,5 0) ( 5 2,5 0)
09 ( 5 30,5 29) ( 5 2, 6 1) ( 6 27,6 30) ( 5 2,5 0) ( 5 2,5 0)
10 ( 5 2, 6 1) ( 5 2, 6 1) ( 5 1,5 0) ( 5 1,5 0) ( 5 3,5 1)
11 ( 5 1, 6 2) ( 5 1, 6 2) ( 5 1, 6 1) ( 5 1,5 0) ( 5 3,5 0)



118 Theintermediate-ageopenclusterCollinder359

(18 June2003)and-0.013and+0.011for the secondnight (20 June2002),respectively.
Thosecorrectionsto thezeropointswerecomputedfrom two standardstarsbracketing the
observationsof fieldsA, B, C, andD on the18 June2002whereasonly onestandardstar
wasobservedbeforetheobservationsof field E.TheElixir/Skyprobesoftwareindicatedthat
thefirst night (18 June2003)wasphotometricuntil 10h30(UT) sothatfieldsA, B, andC
wereobservedunderphotometricconditionsandgoodseeingconditions.However, therest
of thenightwasnon-photometricwith attenuationup to 0.1mag,affectingtheobservations
of field D. TheElixir/Skyprobesoftwareindicatedsmall variationsof orderof 0.050mag
duringtheobservationsof field E, takenon thesecondnight (20June2002).

4.3.3 The extraction of the photometr y

We have usedthe SExtractorsoftware9 (Bertin & Arnouts1996) to extract the photometry
from thewide-fieldopticalsurvey carriedout with theCFH12Kcamera.However, althoughvery
efficient to distinguishstarsfrom extendedsources,SExtractoris only capableof aperturepho-
tometry. We have beenkindly provided by the PSFex package10 speciallydevelopedto extract
PSFfitting photometry. We have favouredthe PSFfitting to theaperturephotometrybecauseit
provided moreaccuratephotometricmeasurementsfor faint sources,which are,in our case,the
clusterbrown dwarf candidates.

Theextractionof thephotometryusingtheSExtractorandPSFex packageswasa three-step
procedure. First, relatively bright stars(but not saturated!) were extractedwith a reasonable
detectionthresholdabove the sky background.Next, a numberof isolatedobjectssuitablefor
point-spreadfunction modelling were selected. A point-spreadfunction was createdfor each
individual chip andeachexposurewith the selectedstars. However, onemain drawbackof the
PSFmodellingis theimpossibilityfor theuserto checkinteractively thereliability of theselected
starsfor thePSFcomputation.Fromourexperience,theresultsweresatisfactorythough.Finally,
SExtractorwasrun a secondtime,with thePSFcreatedin thepreviousstep,to detectall sources
in thefield-of-view andextract thephotometry. The last stepallowed us to cross-correlatethe

�
and � cataloguesthroughthe assocnameparameterkeyword. The matchingwasdonein pixel
coordinatesandnot in celestialcoordinates.The accuracy wasbettersincethe

�
and � images

werepreviously shiftedto thesamepixel coordinatesystem.

To illustratetheproceduredescribedabove, theexampleof a script to run theSExtractorand
PSFex packagesis givenbelow.

1. seximaI.fits-c default.sex -catalog namepsfI.cat-checkimage namebackgI.fits

2. psfexpsfI.catcoll359I.psfex -checkimage namepsfI.fits

3. sexcombIZ.fits,imaI.fitscoll359I.sex -catalog namecatI.cat-checkimage nameresI.fits

4. seximaZ.fits-c default.sex -catalog namepsfZ.cat-checkimage namebackgZ.fits

5. psfexpsfZ.catcoll359Z.psfex -checkimage namepsfZ.fits

9http://astroa.physics.metu.edu.tr/MANUALS/sextractor/
10ThePSFex packageis not freelyavailableastheSExtractorpackage
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6. sexcombIZ.fits,imaZ.fitscoll359Z.sex -catalog namecatIZ.cat-checkimage nameresZ.fits
-assocnamecatI.cat

Theinput arethetrimmed
�
, � , andcombined(

�
, � ) imagesreferencedasimaI.fits, imaZ.fits,

andcombIZ.fits,respectively. The sex andpsfex keywordswritten in bold letterscorrespondto
theexecutablesof theSExtractorandPSFex packages,respectively. Thewordswritten in italics
arethe parameterkeywords listed in the default.sex configurationfile. We chooseto assignthe
file namesto thekeywordscatalog nameandcheckimage nameon thecommandline to createa
singleconfigurationfile templatefor all chips. However, theseparameterscanalsobe modified
directly in thedefault.sex file.

Thedefault.sex configurationfile containsthemaindetection(threshold,deblending)andpho-
tometric(aperturesize,zeropoints)parametersaswell asheaderkeywords, including the gain,
andpixel size. Thecoll359I.sex andcoll359Z.sex arecopiesof thedefault.sex configurationfile
for the

�
and � filters, respectively.

Theoutputfiles from thewholeprocedurearethePSF, background,andresidualimagesde-
notedaspsfI.fits (psfZ.fits),backgI.fits(backgZ.fits),andresI.fits(resZ.fits)for the

�
( � ) filters.

ThepsfI.catandpsfZ.catfiles arebinaryfilescontainingthestarsselectedfor thePSFmodelling.
ThepsfI.fitsandpsfZ.fitsimagesrepresentthePSFof onechipof oneCFH12Kfield-of-view. The
backgroundimagescorrespondto thevariationof thesky backgroundacrossthewholechip. We
adjustedtheparametersin thedefault.sex configurationfile with cautiousnessto take into account
the backgroundvariationaroundbright stars. The residualimagesrepresentthe scienceframe
afterremoval of all sourcesby thePSFtakenfrom thepsfI.fitsandpsfZ.fitsfiles. Figure4.3shows
the scienceframecorrespondingto oneCCD chip of oneCFH12K field-of-view, aswell asthe
correspondingPSF, backgroundandresidualimages.

Figure4.3: Output imagesfrom the extractionof the photometryusing SExtractorandPSFex.
From left to right areshown thescienceframecorrespondingto oneCCD chip of oneCFH12K
field-of-view, thecorrespondingPSF, backgroundandresidualimagesafterobjectsubtraction.
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Thesix stepsdescribedabove wererepeatedfor eachCCD chipof theCFH12Kin eachfield-
of-view (A, B, C, D, andE) for all threeexposures(short,medium,andlong), generatinga total
of 180 catalogues.The final outputcataloguescontainthe following parameters(bold font and
capitalletters)whichwehave selectedto beof interestfor ourpurposes:

� ID is thenumberof theobject.

� FLUX PSF is theflux containedwithin thePSFin counts.

� FLUXERR PSF is theerroron theflux containedwithin thePSFin counts.

� MAG PSF is themagnitudederivedfrom thepsf fitting in mag.

� MAGERR PSFis theerroron themagnitudederivedfrom PSFphotometry. Up to now, no
errorestimateis provided.

� MAG APER is themagnitudederivedfrom aperturephotometry(in mag).

� MAGERR APER is thermserrorvectoron themagnitudederivedfrom aperturephotom-
etry (in mag).

� X IMA GE is theX positionof theobject.

� Y IMA GE is theY positionof theobject.

� ALPHA J2000is theright ascensionof theobjectin degrees(in J2000).

� DELTA J2000is thedeclinationof theobjectin degrees(in J2000).

� ELONGATION is theratio of theprofile rmsalongtheellipseaxis.

� ELLIPTICITY is equalto (1 � ELONGATION).

� FWHM IMA GE is the full-width-half-maximumof the objector seeingif we take into
accountthepixel scaleof theCFH12Kcamera(0.206	 	 /pix). Valueslower than1 indicate
badpixelswhile largevaluescorrespondto extendedsources.We have consideredobjects
spanning1–5in FWHM for thesubsequentanalysis.

� FLUX RADIUS is theflux containedin half of theFWHM.

� FLAGS areinternalflagsevaluatingthe quality of the photometry. They aremultiple of
2 rangingfrom 0 to 64. A flag of 0 indicategoodphotometry. We have consideredonly
objectswith flag valueslower thanfour.

� VECTOR ASSOCis theassociatedparametervectorwhichaddstwo columns,namelythe
PSFmagnitudein the

�
-bandandits associatederror.
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Beforediscussingthecolour-magnitudediagramandthe selectionof clustermembercandi-
dates,anumberof “checks”wererequiredto insurethevalidity of theoutputcataloguesin terms
of colourandphotometry. If thephotometriccalibrationswereperfect,all colour-magnitudedia-
gramsof eachindividual chip andfield-of-view of theCFH12Kcamerashouldbealignedon top
of eachother. However, we foundcolourshiftsbetweenindividual chip, betweenfields-of-view,
andbetweentheshort,medium,andlongexposuresfor all threepre-main-sequenceopenclusters
(IC4665,Steph1, andCollinder359)andfor theSerpensobservations. We have no explanation
for thecauseof thesecolourshifts.Notethatwehavecorrectedfor the � -bandscatteredlight. We
describebelow theprocedureappliedto correctfor thosecolourshifts.

Table 4.7: Colour shifts betweenindividual chip for eachCFH12K field-of-view for the short
exposures.Thereferenceis theCCD04. Negativeandpositivevaluesindicateblueandredcolour
shiftsof thecolour-magnitudediagram,respectively.

CCD FieldA Field B Field C FieldD FieldE
00 6 0.057 6 0.035 6 0.062 6 0.057 6 0.014
01 6 0.055 6 0.075 6 0.061 6 0.083 6 0.024
02 6 0.051 6 0.075 6 0.070 6 0.076 6 0.051
03 6 0.054 6 0.070 6 0.037 6 0.042 6 0.028
04 5 0.000 5 0.000 5 0.000 5 0.000 5 0.000
05 6 0.010 5 0.004 6 0.017 5 0.030 5 0.012
06 6 0.072 5 0.030 5 0.010 5 0.004 5 0.027
07 6 0.103 6 0.070 6 0.023 6 0.042 6 0.019
08 6 0.181 6 0.110 6 0.103 6 0.094 6 0.090
09 6 0.137 6 0.128 6 0.129 6 0.120 6 0.081
10 6 0.103 6 0.122 6 0.072 6 0.061 6 0.034
11 6 0.077 6 0.070 6 0.057 6 0.047 6 0.040

Table4.8: Colourshiftsbetweenindividual chip for eachCFH12Kfield-of-view for themedium
exposures.Thereferenceis theCCD04. Negativeandpositivevaluesindicateblueandredcolour
shiftsof thecolour-magnitudediagram,respectively.

CCD FieldA Field B Field C FieldD FieldE
00 6 0.014 5 0.023 6 0.011 6 0.002 6 0.007
01 6 0.026 6 0.032 6 0.049 6 0.036 6 0.029
02 6 0.061 6 0.044 6 0.082 6 0.039 6 0.042
03 6 0.013 6 0.018 6 0.012 6 0.022 6 0.014
04 5 0.000 5 0.000 5 0.000 5 0.000 5 0.000
05 5 0.040 5 0.039 5 0.038 5 0.030 5 0.022
06 5 0.018 5 0.023 5 0.003 5 0.023 5 0.012
07 6 0.051 6 0.021 6 0.020 6 0.018 6 0.016
08 6 0.081 6 0.070 6 0.059 6 0.074 6 0.054
09 6 0.090 6 0.112 6 0.090 6 0.110 6 0.086
10 6 0.026 6 0.035 6 0.027 6 0.035 6 0.028
11 6 0.021 6 0.058 6 0.027 6 0.021 6 0.024
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Table4.9: Colourshiftsbetweenindividual chip for eachCFH12Kfield-of-view for thelong ex-
posures.Thereferenceis theCCD04. Negative andpositive valuesindicateblueandredcolour
shiftsof thecolour-magnitudediagram,respectively.

CCD Field A FieldB FieldC Field D FieldE
00 6 0.006 5 0.020 5 0.000 5 0.028 5 0.023
01 6 0.028 6 0.025 6 0.029 5 0.002 5 0.004
02 6 0.050 6 0.036 6 0.055 6 0.065 6 0.021
03 6 0.025 6 0.030 6 0.038 6 0.035 5 0.001
04 5 0.000 5 0.000 5 0.000 5 0.000 5 0.000
05 5 0.050 5 0.038 5 0.063 5 0.030 5 0.045
06 5 0.006 6 0.006 5 0.036 5 0.016 5 0.063
07 6 0.038 6 0.019 6 0.017 6 0.006 5 0.005
08 6 0.069 6 0.062 6 0.064 6 0.075 6 0.041
09 6 0.097 6 0.076 6 0.077 6 0.092 6 0.066
10 6 0.023 6 0.015 6 0.006 6 0.000 6 0.010
11 6 0.036 6 0.029 6 0.003 6 0.019 5 0.003

� Interchip colour shifts weredetectedin all CFH12Kfields-of-view. For consistency in the
datareductionof pre-main-sequenceopenclusters,theCCD04waschosenasreference(the�
–� colourshift for thischip is always0.0mag).Tables4.7,4.8,and4.9list theshiftsfound

for eachindividualchip in all fiveCFH12Kfield-of-view comparedto CCD04for theshort,
medium,andlong exposures,respectively. Negative andpositive valuescorrespondto blue
andredshiftsin the

�
–� colourto alignproperlyall colour-magnitudediagramswith respect

to CCD04.No cleartrendwasobviousfor eachindividualchipbesidesthatall of themneed
to beblue-shifted,exceptCCD05andCCD06

� Field-to-field colour shifts weredetectedaswell in all openclusterobservations.Although
fieldsA, B, andC wereobtainedon thesamenight andunderphotometricconditions,the�
–� colourdid not align on top of eachother. We choosefield A asreferencefor thedata

in Collinder359. We have appliedcolour shifts of � 0.100, � 0.010, � 0.130,and � 0.030
to theshortexposuresof fieldsB, C, D, andE, respectively, to align their colour-magnitude
diagramswith respectto field A. Wehaveappliedcolourshiftsof � 0.090,� 0.010, � 0.060,
and � 0.020to themediumexposuresandshiftsof � 0.030,� 0.050, � 0.010,and � 0.020to
thelongexposuresof fieldsB, C, D, andE, respectively.

� Exposure-to-exposure colour shifts weredetectedas well in all CFH12K observations.
After correctingfor interchipandfield-to-fielddiscrepancies,weexpectedthecolour-magnitude
diagramsof theshort,medium,andlong exposuresto align properly. However,

�
–� colour

shiftsof � 0.050, � 0.030,and � 0.020for theshort,medium,andlong exposures,respec-
tively, werestill neededto correctfor thedifference.

After applyingall colour shifts asdescribedabove, the
�
–� coloursarecorrectrelative to a

referenceframe(in our caseCCD04of field A for shortexposures)but the individual
�

and �
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: Differencesin
�

magnitudesobservedbetweentheshortandmedium(left panels)and
mediumandlong (right panels)exposures.Frombottomto top areshown offsetsfor fieldsA, B,
C, D, andE, respectively. Offsetsareindicatedin eachpanelandarerepresentedby thelines.

This level of accuracy is certainlygoodenoughfor the selectionof subsequentclustermember
candidates.

To calibrateinternallythe
�
-bandphotometry, wehavecross-correlatedtheshortwith medium

andmediumwith long exposuresfor eachindividual field-of-view. Figure4.4 displaystheshift
in
�

magnitudebetweentheshortandmedium(left panel)andthemediumandlong (right panel)
exposures,respectively. Wehave foundoffsetsof � 0.000, � 0.120, � 0.000, � 0.125,and � 0.060,
betweentheshortandmediumexposuresof fieldsA, B, C, D, andE, respectively. Wehave found
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offsetsof � 0.070, � 0.010,� 0.040,� 0.000,and � 0.020,betweenthemediumandlongexposures
of fieldsA, B, C, D, andE, respectively. Wecouldnot calibratethe

�
magnitudebetweenthefive

CFH12Kfields-of-view sincenooverlappingregionwasavailable(Figure4.2).

Offset = +0.050 Offset = +0.080

Figure4.5: Offsetsin
�

magnitudesbetweentheCFHT andDENIS measurementsfor a 15	 � 6	
overlappingarealocatedin field A. Photometricshifts of � 0.050and � 0.080arefound for the
short(left panel)andmedium(right panel)exposures,respectively. Thesameprocedurewasnot
possiblewith thelong exposuressincethedetectionof DENIScorrespondsto thesaturationlimit
of theCFH12Klongexposures.

Comparisonof the
�

magnitudeswith measurementsavailablein thein theliteraturefor known
clustermemberswasnecessaryto calibrateexternally the

�
-bandphotometry. However, first, the

CFH12K fields-of-view werechosento avoid the bright componentsof the cluster(Figure4.2),
and,second,this clusterwasfairly unstudiedso that no known memberis available in the sur-
veyedarea.Thus,we arenot in a positionto applythis methodto thepre-main-sequencecluster
Collinder359. However, we have cross-correlatedthe final cataloguewith the recentreleaseof
the DEepNear-InfraredSurvey (Epchteinet al. 1997). The DENIS project is a deepastronom-
ical survey of the SouthernSky in oneoptical band(

�
at 0.87 m) and two near-infrared bands

( � at 1.257 m and 8 at 2.167 m) carriedout with a one-metertelescopeat La Silla (Chile). The
wholeSouthernSky is coveredup to a declinationof � 2� down to

�
= 18.5, � = 16.5, 8:9 = 13.5.

We could, therefore,extract a smalloverlappingregion betweentheDENIS survey andthearea
coveredby Field A. Theright ascensionanddeclination(J2000)of the15	 � 6	 overlappingarea
are:

17� 59� 30 � RA � 18� 02� 30
� 01� 54� 00 � Dec � � 02� 00� 00
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Thephotometricoffsetsin the
�

magnitudesbetweentheCFHTandDENISmeasurementsare
+0.050and+0.080for shortandmediumexposures,respectively. Figure4.5shows thedifference
in

�
magnitudesbetweenthe CFHT and DENIS photometryversusthe CFHT magnitudesfor

theshort(left panel)andthemedium(right panel)exposures,respectively. A similar procedure
couldnot beappliedto thelong exposuresbecausetheDENIS detectionlimit correspondsto the
saturationof theCFH12Klongexposures(

�
= 18.0–18.5).

After bothinternalandexternalcalibrationof thephotometryandcolours,thefinal magnitudes
givenin theoutputcataloguesarecalibratedandtheerroron the

�
magnitudesshouldbeof order

0.1mag.However, noerrorsonthe
�

and � magnitudeswerecomputedby thePSFex softwareand
weassumethisuncertaintyfor theforthcominganalysis.Thephotometricerrorscouldbeextracted
from overlappingregionsbut noneis availablein Collinder359. The � magnitudeslisted in the
varioustablesthroughoutthis chapterandin appendixarein errorbecausethe

�
magnitudewas

calibratedandcolourshiftsapplied.However, the
�
–(
�
–� ) valuesarecorrectwithin anuncertainty

of 0.1mag.

4.3.4 The optical colour -magnitude diagram for Collinder 359

Thefinal (
�
,
�
–� ) colour-magnitudediagramis presentedon Figure4.6. It includesall detec-

tionsin the1.6squaredegreeareasurveyedin thepre-main-sequenceopenclusterCollinder359.
The detectionandcompleteness(dashedline) limits of the survey areestimatedto

� 2 � 2 24.0
and22.0, respectively. To createthe final colour-magnitudediagram,we have cross-correlated
theshortwith mediumandmediumwith long exposuresto remove commondetectionsandkeep
the bestphotometry. Hence,the photometryof the objectswith

� � 15.0, 15.0 � � � 19.0, and�<;
19.0is extractedfrom theshort,medium,andlongexposures,respectively.

Overplottedonthecolour-magnitudediagramaretheNextGen(solidline; Baraffe etal. 1998),
Dusty(dashedline; 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

� 2 20.0 correspondsto the stellar/substellar
boundaryat0.075M � . Themassscale(in M � ) is indicatedon theright-handsideof theplot and
rangesfrom 1.3M � down to 0.030M � . The large filled dotscharacteriseall optically-selected
clustermembercandidatesselectedup to a distanceof 650pc for an ageof 80Myr to take into
accountthe largestdistanceestimatefrom the literature( � 4.2). The opentrianglesare clus-
ter membercandidatescommonto theZacharias(2003)catalogueandconsistentwith themean
propermotionof thecluster. A reddeningvectorwith A � = 1 is indicatedby anarrow for compar-
isonpurposes.Wehaveconsideredtheinterstellarabsorptionlaw from Rieke& Lebofsky (1985),
namelyA � = 0.482for the

�
-band.As no estimateis availablein the � band,we have assumeda

linearfit betweentheinterstellarabsorptionin the
�

and � bands(A = = 0.282),yieldingavalueof
A > = 0.382.

4.3.5 Selection of cluster member candidates

Theextractionof theclustermembercandidatesin openclustersgenerallyconsistsin select-
ing objectslocatedto theright of theZAMS (Leggett1992)shiftedto thedistanceof thecluster.
We have chosenthe evolutionarymodelsfrom the Lyon group to selectclustermembercandi-
datesin Collinder359. We have usedthe NextGenisochrones(solid line in Figure4.6; Baraffe
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Figure4.6: Colour-magnitudediagram(
�
,
�
–� ) for theintermediate-ageopenclusterCollinder359

over thefull 1.6deg� areasurveyedby theCFH12Kcamera.Thelargefilled dotsareall optically-
selectedcluster membercandidatesspanning1.30–0.04M � . Overplottedare NextGen (solid
line; Baraffe et al. 1998), the Dusty (dashedline; Chabrieret al. 2000b)and the Cond(dotted
line; Chabrieret al. 2000b)isochronesfor 80Myr, assuminga distanceof 500pc for thecluster.
Thedashedline at

� 2 20 indicatesthe stellar/substellarboundaryat 0.075M � . Themassscale
(in M � ) is given on the right sideof the graph. A reddeningvectorof A � = 1 is indicatedfor
comparisonpurposes.Theopentrianglesdepictscandidateswith propermotionconsistentwith
clustermembership.
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etal.1998)for effective temperatureshigherthan2500K (correspondingto massesof 0.050M � at
theageanddistanceof thecluster)andtheDusty(dashedline in Figure4.6;Chabrieretal. 2000b)
isochronesfor lowertemperatures(andmasses).Wedid notconsidertheCondmodels(dottedline
in Figure4.6; Chabrieret al. 2000b)sincethe isochronelie to the right of the Dusty isochrone.
Consequently, objectslocatedto the right of the Cond isochronesare to the right of the Dusty
isochronesaswell and,hence,remainbona-fideclustermembercandidates.

We have consideredthreedifferentvaluesfor the ageof thecluster. First, an ageof 30Myr
which correspondsto the valuequotedin the OpenClusterDatabase.Next, an ageof 50Myr,
and,finally, anageof 80Myr to take into accountuncertaintiesin theagedeterminationof open
clusters. Thereis, indeed,typically a factorof two betweenthe ageestimatefrom the turn-off
main-sequencefitting (Mermilliod 1981)andtheagedeterminationbasedon thelithium test(Re-
bolo et al. 1992). For example,the ageof the Pleiadesincreasedfrom 70Myr to 125Myr after
applyingthelithium test(Stauffer et al. 1998).Concerning� Per,theageincreasedfrom 50Myr
to 90Myr (Stauffer et al. 1999;Chapter3). Largeruncertaintiesareforeseenfor unstudiedopen
clusterssuchasCollinder359.

The seconduncertainparameterof Collinder359 is the distance.From the literaturesearch
presentedin � 4.2,distancesrangefrom 200pc from theOpenClusterDatabaseto 650pc for the
latestestimateby N. Kharchenko et al. (2004;personalcommunication).Early estimatesof the
distanceby Collinder(1931)arewithin this interval. Isochronefitting suggestsameandistanceof
450pc.

To take into accountthe uncertaintiesin the ageand the distanceof the cluster, we have
selectedall objectslocatedto the right of the combinedNextGen� Dusty isochrones(Baraffe
et al. 1998;Chabrieret al. 2000b),shiftedto distancesfrom 250pc to 650pc by intervalsof 50pc
andassumingthreedifferentages(30, 50, and80Myr). This procedurehasgenerateda total of
27 catalogues,eachof themcorrespondingto a specific(distance,age)combination.The num-
ber of objectsin eachfile is given in the Table4.10 ( � 4.4.5). Thesefiles will be availableon
CDROMsuponrequestor in awebpagededicatedto Collinder359.Wehave implementedthese-
lectionindependentlyfor theshort,medium,andlong exposures.Then,we have cross-correlated
thosecataloguesto remove multiple detectionsandprovide a list of clustermembercandidates
(TableB.1 in AppendixB). Accordingto thesesconservative limits, we have certainlyincluded
themajority of trueclustermembersat theexpenseof ahighercontamination.

Wehave examinedeachclustermembercandidateby eye bothin the
�

and � imagesto reject
extendedobjects,blendedsources,anddetectionsaffectedby badpixelsor badcolumns.Indeed,
morethantwo-thirdsof theobjectslocatedto theright of theevolutionarymodelswereaffected
by badpixels in onefilter at least,or locatedon a badcolumndespitethegoodcosmeticsof the
CFH12K camera. The numberof candidates,divided into short, medium,and long exposures
(includingthecommonones),is asfollows.

� 737candidatesextractedonly in theshortexposures

� 100commoncandidatesto theshortandmediumexposures

� 13 commoncandidatesto theshort,medium,andlong exposures

� 102candidatesfoundonly in themediumexposures
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Table4.10: Numbersof optically-selectedcandidatesin Collinder359classifiedasprobable(Y+),
possible(Y?), andnon-members(NM) for different(distance,age)combinations.Probablemem-
bersaredefinedasobjectslocatedto the right of theNextGen� dustyisochrones,shiftedat dis-
tancesbetween250 and 650pc. Possiblemembersare locatedbetweenthe NextGen� Dusty
isochronesshiftedatagivendistanceandtheNextGenisochroneshiftedat thedistanceof 650pc.
The non-membersarebluer than the NextGenisochroneshiftedat the distanceof 650pc. The
assumedagesfor theclusterare30, 50, and80Myr. The fourth columnindicatesthenumberof
objectslocatedin thebright partof thediagram(

�
= 12–15)wherethefield contaminationis ex-

pectedto behigh. Thelist includesthenumberof objectswith infraredmagnitudesfrom 2MASS
andfrom ourCFHT follow-up for thedifferent(distance,age)combinations.

Distance(pc) Age (Myr) All
�:?

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 10 2 228 13
80 369 352 299 14 3 315 15

400 30 243 231 194 9 3 199 13
50 350 336 294 12 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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� 29 commoncandidatesto themediumandlong exposures

� 52 candidatesextractedonly in thelongexposures

After removal of all spuriousdetections,the final list of clustermemberscontainsa total of
1033candidatesrangingfrom

�
= 12.0to

�
= 22.5over 1.6 deg� areasurveyed in Collinder359.

Fromthecolour-magnitudediagram(
�
,
�
–� ), thelargefield contaminationatmagnitudesbrighter

than
� 2 15 is clearly visible. Out of the 1033candidates,about60% of themlie in the range�

= 12–15. The contaminationat brightermagnitudes(andthusat high masses)originatesfrom
themerging betweentheclustersequenceandthesequenceof field stars.As a consequence,the
large majority of candidatesextractedin this part of the colour-magnitudediagramaremostly
contaminants.Thesubsequentluminosityfunction( � 4.5)andmassfunction( � 4.6)aretherefore
biasedathighmasses.Additionalobservationsarerequiredto estimatethelevel of contamination
in this partof thediagram.For comparison,thenumberof objectsfoundin themediumandlong
exposuresis similar to thenumberof clustercandidatesextractedfrom the( � ,

�
) survey in � Per

(Barradoy Navascúesetal. 2002;Chapter3).

All 1033clustermembercandidatesarelisted in TableB.1 in AppendixB with their coordi-
nates,photometryandmembershipstatus.They areorderedby increasingright ascension.The
detailsof the columnsin TableB.1 aregiven in AppendixB. Additional parameters,including
the pixel (x,y) coordinates,ellipticity, full-width-half-maximumof eachcandidatewill also be
availableuponrequest.Therangeof ellipticities andFWHM for all candidatesare,0.001–0.389
and1.6–3.5,respectively. Only oneobjecthasanellipticity of 0.602andaFWHM of 4.0,casting
doubtaboutits membership.Thedistribution of theellipticity shows that95% of theobjectshave
anellipticity smallerthan0.15. Themajority of objectshave full-width-half-maximumbetween
1.8 and3.0, correspondingto a seeingvarying approximatelybetween0.4 and0.6 arcsec.The
seeingvaluesarebetterthanthoserequestedin theCFHT proposal(0.65–0.8arcsec).

All tablescorrespondingto thevarious(distance,age)combinationswill besavedonCDROMs.
Only the whole sampleof candidatesis provided in AppendixB aspaperversion. AppendixC
providesoneexampleof findingchartsfor candidatescandidatesin Collinder359.Theremaining
finding chartswill beavailableon CDROMsor availableonadedicatedwebpage.

Weareconfidentthatwehaveextractedmostof theclustermembercandidatesin Collinder359.
However, inherentuncertaintiesto theselectionprocedureremain.Wehavepossiblymissedsome
bona-fideclustermembersfor variousreasons.First, 200badcolumnsaffect theCFH12Kfield-
of-view andmostespeciallytheCCD05. The largestincompletenessis expectedin this specific
chip. Second,objectsaffectedby bad pixels might actually be genuineclustercandidatesbut
wererejectedfrom thefinal list. Next, blendedobjectswereremoved from thecandidatelist be-
causetheir photometrywasaffected.Finally, somebright starsmight hidefaint clustermembers
althoughtheshortexposureswereobtainedto partly addressthis issue.

Figure4.7 shows thedistribution of all probable(Y � ) clustermembercandidatesin thefive
CFH12K fields-of-view for a distanceof 500pc andan ageof 80Myr. The numberof selected
candidatesis muchlower in fieldsB andD thanin theotherthreefields. We have found169,63,
105,33, and182candidatesin thefield A, B, C, D, E, respectively. This plot is independentof
thecompletenesslimit of our survey asit happensabove

�
= 22.5mag. Usingstrongconstraints

in theFWHM andellipticity for all detectionsin eachindividual CFH12Kfield-of-view, we have
investigatedthenumberof detectionswithin oneCFHT12Kfield-of-view:

� 94233- 934objectsin field A
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Figure 4.7: Distribution of the probablemembercandidatesin the 1.6 squaredegree areain
Collinder359,assumingameandistanceof 500pcandanageof 80Myr. Six brightstarslistedas
clustermembersby Collinder(1931)areincludedto facilitatethecomparisonwith Figure4.2.

� 118018- 812objectsin field B

� 99071- 467objectsin field C

� 81714- 331objectsin field D

� 111868- 506objectsin field E

Thedifferencein densityfor clustermembercandidatesin Collinder359doesnot follow the
differencein the total numberof detections.The field D appearmuchlessdensethanthe other
fields. However, field B is asdenseasfield E in termsof detectionsbut not with regardto the
numberof candidates.FieldsA andC arecomparablein density. Thedifferencein densitymight
resultfrom anon-uniformextinctionalongtheline of sight.Collinder359is locatedin theAquila
Rift, whereCO mapsindicatethepresenceof extinction (Dameetal. 2001).

It would be prematureto explain this effect as a result of dynamicalevolution within the
clusteras optical spectroscopy and additionalmembershipcriteria are lacking. However, this
issuecertainlyrequiresspecialattentionin thenearfutureandshouldbefurtherinvestigatedonce
theclustersequenceis betterdefined.
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4.4 Near-infrared follo w-up of opticall y-selected candidates

Collinder359is atagalacticlatitudeof b= � 12.5� , intermediatebetween� Per(b= � 7� ) and
the Pleiades(b= � 24� ). Therefore,the sampleof optically-selectedclustermembercandidates
in Collinder359is inevitably contaminatedby foregroundandbackgroundobjects.Thepossible
sourcesof contaminationare:

1. Galaxies

2. Reddenedbackgroundgiants

3. Field dwarfs

As specialcarewastakento remove extendedobjectsfrom theclustercandidatelist, thecon-
taminationby galaxiesshouldbeextremelysmall. Moreover, reddenedbackgroundgiantscould
be well rejectedusing an optical-to-infraredcolour-colour diagramas describedin the caseof
� Per(Section3.5.6andFigure3.10).Thelastbut not least,field dwarfsrepresentanothersource
of contaminationasthey havesimilaropticalcoloursasyoungclustermembers.However, optical-
to-infraredcolour-magnitudediagramssuchas(

�
,
�
– � ) or (

�
,
�
–8 ) haveproventheirefficiency to

weedout field dwarfs in @ Orionis (ZapateroOsorioet al. 2000),in thePleiades(ZapateroOso-
rio et al. 1997a;Pinfieldet al. 2000),in � Per(Barradoy Navascúeset al. 2002),andin IC2391
(Barradoy Navascúesetal. 2001a).Furthermore,thelatesttheoreticalDustyisochrones(Chabrier
et al. 2000a)predictbluer

�
–8 coloursfor field dwarfsthanyounglow-massclustermembersby

1.0 to 1.5magdependingon themass.

Near-infraredobservationsprovide goodmeansto weedout contaminatingobjectsfrom the
optical sample.This sectionis dedicatedto thenear-infraredfollow-up of theoptically-selected
clustermembercandidatesin Collinder359 extractedin the previous section. First, the list of
clustermemberswascross-correlatedwith the2MASSall-sky survey databasefor objectsbrighter
than

�
= 17.0( � 4.4.1).Next, near-infrared( 8 -band)follow-up observations,conductedwith the

Canada-France-Hawaii Telescope,for a sampleof 39 clustermembercandidatesaredescribedin
� 4.4.2. Thedatareductionandanalysisof thenear-infraredimagesarepresentedin � 4.4.3and
� 4.4.4,respectively. Thecontaminationof theopticalsampleis discussedin � 4.4.5.

Thework presentedin this sectionwasdonein collaborationwith membersfrom theArcetri,
Grenoble,andPotsdamteams,within the framework of theCFHT Key ProgrammeandEC net-
work. David JamesandJérômeBouviercarriedout theobservationsatCFHT in visitor modeand
JérômeBouvier reducedthe infrareddata. Willem-Jande Wit, David JamesandI extractedthe
infraredphotometryof theclustermembercandidatesin the IC4665,Steph1, andCollinder359
pre-main-sequenceopenclusters,respectively.

4.4.1 Cross-correlation with the 2MASS database

To estimatethe contaminationtowardsbright membercandidatesin Collinder359, we have
cross-correlatedthesampleof optically-selectedclustermembercandidatewith the2MASSsur-
vey. Informationconcerningthe2MASSall-sky survey andthecatalogueproductscanbefound
in Beichmanet al. (1998)aswell ason the2MASSwebpage11. A shortoverview of the2MASS
project is given in Chapter1 ( � 1.5.2). Due to its completenesslimit of 8A9 = 14.3, the 2MASS

11http://www.ipac.caltech.edu/2mass/releases/second/doc/
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databaseprovidesinfraredcounterpartsin � , B , and 8:9 for mostof theoptically-selectedclus-
ter candidatesbrighter than

�
= 17.0. For objectsfainter than 8:9 = 14.3, the uncertaintyon the

magnitudebecomelarger than0.1 magandadditionalnear-infraredobservationsarerequiredto
establishmembership.

Among805clustermembercandidatesbrighterthan17.0in the
�
-band,772of themhave a

2MASScounterpartwithin a radiusof 2	 	 , with 8:9 magnitudesbrighterthan14.3,anderrorson
the � , B , and 8 9 magnitudessmallerthan0.1mag.Thesecriteriadid notallow theidentification
of 33 clustermembercandidatesin Collinder359. Thoseobjectshave a 2MASScounterpartbut
eitherat larger radii (2 to 3	 	 ) or 8 9 magnitudesfainterthan14.3or uncertaintieslarger than0.1
mag.Wehave thereforenot takeninto accounttheir2MASSmagnitudes.

A radiusof 2	 	 is adaptedto theselectedclustermembersasweexaminedthoseobjectsnot to
beblendedwith otherstarsin thefield. For comparison,weusedradii of about1.5and1	 	 to cross-
correlationtheopticalandnear-infraredcataloguesin � Per(Sect3.5.4).As only 33 objectswere
not identifiedduring the matching,our sampleof clustermembercandidateswith near-infrared
counterpartsin Collinder359 is completeto 96%. Thesubsampleof clustermembercandidates
with 2MASScounterpartsis displayedasplussymbolsin Figure4.8.

4.4.2 The CFHT C -band follo w-up

Near-infrared( 8D	 -band)observationsof 39optically-selectedclustermembercandidateswere
carriedout with the infrared camera(CFHTIR) mountedon the Canada-France-Hawaii 3.6-m
telescopeon10–12July2003(Table4.11).TheobservationswereconductedbyDavid James.The
conditionswerenon-photometricover thethreenightobservingrunandtheseeingaround0.5–0.7
arcsec.A secondobservingrunwasgrantedin November2003with thesameinfraredcameraon
CFHT. Theobserver wasJérômeBouvier. Theconditionswerehighly non-photometricandnone
of thefiveobservedfields in Collinder359wasusableto achieve thephotometricaccuracy better
than0.1mag.

TheCFHTIRinfraredcamerahasa1024 � 1024pixel HAWAII detectorwith aspatialscaleof
0.204	 	 /pixel yieldinga3.5	 � 3.5	 field-of-view. Fiveditheredframes(offsetby 2 50pixels)were
obtainedfor eachtarget,eachframebeinga co-addof 7 or 8 imagesexposed8 seconds,yielding
a total exposuretime on the orderof 5 minutes. All observationswerepointedobservationsas
the candidatesarerandomlydistributedover large areas.By chance,two or moreobjectswere
sometimeswithin oneCFHTIR field-of-view. In total, we have observed 8 	 -bandphotometry
of 39 candidatesin Collinder359,spanning

�
= 17.0–22.0to probethe contaminationacrossthe

stellar/substellarboundaryin the cluster. The error on the 8 -mag is betterthan 0.1 mag (see
column7 in Table4.11).

Many CFHTIRfieldscontainbrightclustermembersaswell but thosearegenerallysaturated.
Hence,weretainedthe2MASSphotometryfor theobjectsbrighterthan

�
= 17.0.Severalstandard

stars(AS30,AS31,AS33; Table4.12;Hunt et al. 1998)wereobserved throughoutthenightsto
calibratethe zero-points. the achieved accuracy is on the order of 0.02 mag. Seriesof dome
flat-fields(light on andoff) weretakenbeforethebeginningof thenight to correctpixel-to-pixel
variations.

Table4.11 lists the 39 optically-selectedclustermembercandidatesfollowed-upin the 8 	 -
bandwith theCFHTIR camera.Two objects,brighterthan

�
= 17.0,areamongtheobjectswhose

2MASS magnitudeswererejected.Columns1 and2 list the identificationnumberof the target
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Table4.11: List of optically-selectedclustermembercandidatesin Collinder359 with infrared
follow-up obtainedwith theCFHTIR camera.Theobjectsaresortedby decreasing

�
magnitudes.

Column1 providethenameaccordingto theIAU convention,startingwith Coll359Jandfollowed
by the coordinates.Columns2 and 3 give the field and the CCD wherethe object is located.
Columns4, 5, and6 lists the

�
, � magnitudes,and

�
–� colour, respectively. Columns7 and8

givesthe 8D	 magnitudealongwith its associatederrorandthe
�
–8D	 colour. Column9 givesthe

membershipstatusbasedon theoptical-to-infraredcolour-magnitudediagram.

Coll359J . . . Field ID E F EHGIF JLK!MONQPRPTS&K EUGIJLK Memb?
180432+031617 E06 250 14.800 14.490 0.310 13.328M 0.003 1.472 Y?
180511+032221 E07 2225 16.667 16.159 0.508 14.325M 0.005 2.342 Y+
180553+033510 E02 2089 17.044 16.551 0.493 14.743M 0.006 2.301 Y+
180009+022152 A00 153 17.246 16.689 0.557 14.842M 0.007 2.404 Y+
180045+020257 A08 2038 17.465 16.932 0.533 14.913M 9.999 2.552 Y+
180000+022159 A00 95 17.484 16.843 0.641 14.934M 0.007 2.550 Y?
180548+033619 E02 1774 17.548 16.902 0.646 15.008M 0.008 2.540 Y?
175743+032953 C09 1239 17.600 17.048 0.552 15.055M 0.008 2.545 Y+
180343+033137 B11 3969 17.720 17.106 0.614 15.033M 0.007 2.687 Y?
180032+020711 A07 2501 17.752 17.148 0.604 15.438M 0.009 2.314 Y?
180551+031550 E08 439 17.778 17.076 0.702 15.471M 0.011 2.307 Y?
175852+033359 C11 1971 17.857 17.164 0.693 15.158M 0.009 2.699 Y?
175458+021734 D06 271 17.997 17.267 0.730 15.026M 0.007 2.971 Y?
180147+032650 B07 565 17.998 17.306 0.692 15.651M 0.010 2.347 Y+
175728+033036 C08 1509 18.140 17.482 0.658 15.315M 0.008 2.825 Y?
180520+032123 E07 4232 18.166 17.555 0.611 15.605M 0.011 2.561 Y?
180351+032945 B11 2938 18.234 17.675 0.559 15.615M 0.010 2.619 Y+
175725+033117 C08 1676 18.442 17.679 0.763 15.744M 0.011 2.698 Y?
180004+022210 A00 201 18.674 17.666 1.008 14.895M 0.007 3.779 Y+
180549+031530 E08 523 18.945 18.236 0.709 16.355M 0.019 2.590 Y?
180022+021436 A01 3978 19.007 18.161 0.846 15.657M 0.011 3.350 Y?
180554+031521 E08 418 19.260 18.515 0.745 16.720M 0.024 2.540 NM
180657+034026 E05 2197 19.336 18.348 0.988 16.962M 0.024 2.374 NM
175506+021710 D06 576 19.556 18.609 0.947 15.874M 0.011 3.682 Y?
180516+032036 E07 3671 19.630 18.948 0.682 17.069M 0.025 2.561 NM
180439+033421 E00 8531 20.020 19.232 0.788 17.787M 0.042 2.233 NM
180342+033213 B11 7730 20.257 19.432 0.825 16.793M 0.022 3.464 Y+
180656+033222 E05 10305 21.026 19.694 1.332 17.982M 0.055 3.044 NM
180305+035059 B03 1155 21.857 20.918 0.939 18.852M 0.067 3.005 NM
180702+033219 E05 10242 22.175 21.052 1.123 18.308M 0.093 3.867 Y?

accordingto IAU conventions.TheCFH12KfieldandCCDnumberwherethecandidateis located
are given in columns2 and 3, respectively. The

�
, � , 8D	 magnitudesand the

�
–� and

�
–8D	

coloursareprovided in columns4–8. The membershipstatusof the clustermembercandidates
in Collinder359is updatedin the lastcolumnof Table4.11. TheY+, Y?, andNM abbreviations
referto objectsclassifiedasprobable,possiblemembersandnon-members,respectively.

4.4.3 Data reduction of the CFHT near-infrared images

Five ditheredframes,offsetby about50 pixels( 2 10	 	 ) wereobtainedfor eachsciencetarget.
Eachscienceframeis asumof images,thatis oneFITSfile savedondiskcontainsseveralimages
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Table4.12: List of standardstarsobserved within the framework of the CFHTIR follow-up of
selectedclustermembercandidatesin threepre-main-sequenceopenclusterson10–12July2003.
Notethatonlystandardstarsbracketingtheobservationsin Collinder359arelisted.Theremainder
show similar zero-pointsconverging to a meanvalueof ZP= 22.90- 0.02.

Name RA DEC Time ExpT Airm 8:VUWYX * 8Z	[ X\9 *^] ZPs
10 June2003

AS30-0 16� 40� 41.6 � 36� 21� 13 06h17 3.0sec 1.112 13.141 15.255 22.886
AS30-1 16� 40� 41.6 � 36� 21� 13 06h17 3.0sec 1.112 12.175 14.155 23.020
AS31-0 17� 44� 06.8 � 00� 24� 58 06h23 5.0sec 1.335 12.048 14.144 22.904
AS31-1 17� 44� 06.2 � 00� 24� 22 06h23 5.0sec 1.335 12.476 14.614 22.862
AS33-0 18� 27� 13.6 � 04� 03� 10 10h50 3.0sec 1.100 11.739 13.826 22.913
AS33-2 18� 27� 12.4 � 04� 02� 16 10h50 3.0sec 1.100 13.168 15.286 22.882
AS33-0 18� 27� 13.6 � 04� 03� 10 10h55 3.0sec 1.100 11.739 13.826 22.913
AS33-2 18� 27� 12.4 � 04� 02� 16 10h55 3.0sec 1.100 13.168 15.336 22.832

11 June2003
AS30-0 16� 40� 41.6 � 36� 21� 13 05h54 3.0sec 1.145 13.141 15.309 22.832
AS30-1 16� 40� 41.6 � 36� 21� 13 05h54 3.0sec 1.145 12.175 14.189 22.987
AS31-0 17� 44� 06.8 � 00� 24� 58 06h22 3.0sec 1.324 12.048 14.160 22.888
AS31-1 17� 44� 06.2 � 00� 24� 22 06h22 3.0sec 1.324 12.476 14.620 22.856
AS33-0 18� 27� 13.6 � 04� 03� 10 07h48 3.0sec 1.149 11.739 13.822 22.917
AS33-2 18� 27� 12.4 � 04� 02� 16 07h48 3.0sec 1.149 13.168 15.292 22.876
AS31-0 17� 44� 06.8 � 00� 24� 58 10h29 3.0sec 1.182 12.048 14.185 22.863
AS31-1 17� 44� 06.2 � 00� 24� 22 10h29 3.0sec 1.182 12.476 14.610 22.866

12 June2003
AS30-0 16� 40� 41.6 � 36� 21� 13 05h51 3.0sec 1.142 13.141 15.243 22.898
AS30-1 16� 40� 41.6 � 36� 21� 13 05h51 3.0sec 1.142 12.175 14.173 23.002
AS31-0 17� 44� 06.8 � 00� 24� 58 05h57 3.0sec 1.425 12.048 14.233 22.815
AS31-1 17� 44� 06.2 � 00� 24� 22 05h57 3.0sec 1.425 12.476 14.633 22.843
AS33-0 18� 27� 13.6 � 04� 03� 10 11h00 3.0sec 1.130 11.739 13.844 22.895
AS33-2 18� 27� 12.4 � 04� 02� 16 11h00 3.0sec 1.130 13.168 15.343 22.824

(in thisspecificcase7 or 8) whichwereco-addedto constructthefinal image.Thedatareduction
was relatively standardfor near-infrared observationsand was carriedout by Jérôme Bouvier.
However, dueto non-photometricconditions,we have testedthreedifferentmethodsto estimate
thesky andachieve thebestpossiblephotometricaccuracy. A brief outlineis providedbelow:

1. Method 1: “standard”: Thesky wasestimatedby taking themedianof 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” themselvesandwill flaw thephotometry. Thus,we
rejectedthisapproach.

2. Method 2: “supersky”: To get rid off the “negative stars”,a medianimagesof 11 suc-
cessive scienceframeswith minmaxrejectionwasusedto createa“supersky”. Thescience
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exposurescorrectedfor the“supersky” neverthelessexhibit anon-uniform(low-level) back-
ground. Thephotometrywill be correctaslong asthesky is estimatedlocally aroundthe
stars. This methodyields the highestsignal-to-noiseratio as more frameswere usedto
estimatethesky.

3. Method 3: “skynorm”: To get “nice-looking” imageswithout “negative stars”anda uni-
form background,the sky was estimatedfrom the five framesafter having renormalised
all of them to the samevalue. The medianaverageof the normalisedscienceimageis
a more meaningfulsky estimateanddo exhibit neither“negative stars”nor non-uniform
backgroundeven during non-photometricconditions. The photometrymeasuredon these
imageswill alsobecorrect,thoughprobablylower signal-to-noisethanmethod2, because
fewer frames(only five)wereusedto estimatethesky.

After estimatingcorrectlythesky background,eachscienceframewassky-subtractedandflat-
fielded.Theflat-field is thedifferencebetweenaveragedflat fieldsobservedlamponandlampoff.
Aperturephotometrywasdoneby myselfwithin theIRAF environmentandis describedbelow.

The measuredmagnitudeswerecorrectedfor extinction andexposuretime accordingto the
equationbelow in orderto obtaininstrumentalmagnitudes.

minstrumental _ mmeasured� Extinction � Airmass�`4badc �fe^gih'j ExpTimek
Theairmasscorrectionfor CFHT on MaunaKeawasassumedto be0.07mag/airmass.The

airmassandexposuretime keywordsweredirectly readfrom the headerof the fits files. Zero-
pointsfrom thevariousstandardsobservedthroughoutthenightswereappliedto theinstrumental
magnitudesof the clustermembercandidatesto derive the final magnitudes.A list of standard
starsalongwith their instrumentalmagnitudesaswell asthe derived zero-pointsis provided in
Table4.12. Themeanzero-pointfor all threenightswasZP= 22.90- 0.02but variableduringa
night.

However, dueto thenon-photometryconditionsencounteredduringtheobservingrun,across-
correlationwith the2MASSdatabasewasimplementedto checkthereliability of thephotometric
calibration.Thetaskdaofindwasusedto detectall sourceson thescienceframes.Thefull-width-
half-maximum,thesky level andthedetectionthresholdwereadjustedfor eachframeto detectall
sources.Thephotometrywasthencomputedwith thetaskphot. An apertureon theorderof the
FWHM waschosen.Theflux of few relatively brightandisolatedstarswasmeasuredfor different
aperturesizes(from 1 to 4 timestheFWHM) to computetheaperturecorrection.Eachindividual
framewasastrometricallycalibratedfollowing theproceduredescribedin Section3.5.3.Then,we
havecross-correlatedtheCFHTIRsourceswith the2MASSdatabaseto comparebothphotometry.
Thedifferencesin 8 magnitudeswerein agreementwith thezero-pointsderivedfrom thestandard
starswithin 0.05mag.

The final calibratedmagnitudesof the optically-selectedclustercandidatesin Collinder359
arelistedin Table4.11anddisplayedasfilled circlesin Figure4.8.

4.4.4 Anal ysis of the CFHT obser vations

We have obtainednear-infrared( 8Z	 -band)photometryfor 39 optically-selectedclustermem-
bercandidatesin Collinder359(Table4.11andFigure4.8). Thosecandidatesspan

�
= 17.0–22.0
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Figure 4.8: We plot in the (
�
,
�
–8 ) colour-magnitudediagramsthe clustermembercandidates

locatedto theright of theNextGen� Dustyisochronesin the(
�
,
�
–� ) diagram,shiftedat distances

rangingfrom 250 to 650pc by intervals of 50pc at an ageof 80Myr. The infraredphotometry
comesfrom the2MASScataloguefrom objectsbrighterthan

�
= 17 (plussymbols)andfrom our

CFHTIR follow-up observationsfor fainterobjects(filled circles). OverplottedaretheNextGen
(solid lines) andDusty (dashedlines) isochronesshiftedat the distanceindicatedat the bottom
left corneraswell astheNextGenisochroneshiftedatadistanceof 650pc (dottedline). Probable
members(Y � ) areobjectslocatedto theright of the isochronesshiftedat thedistanceindicated
in the diagrams.Possiblemembers(Y?) arelocatedto the right of the isochronesshiftedat the
indicateddistanceandthe isochroneat 650pc. The objectsbluer than the isochroneshiftedat
650pc arerejectedasclustermembers.
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magandwerespecificallyfollowed-upto probethe contaminationacrossthe hydrogen-burning
limit aswell asin thebrown dwarf regime in pre-main-sequenceopenclusters.Two objectsare
brighterandonefainterthanthoselimits. Thebrightestone,for which 8 	 photometryhasbeen
obtainedis addedto thelist of objectswith 2MASScounterparts.Thepositionof thesecandidates
in the (

�
,
�
–8 ) colour-magnitudediagramwill adda furthercriterion to weedout contaminating

objectsfrom the list of clustermembers.For example,at a given luminosity, a 0.04M � brown
dwarf at30Myr hasa

�
–8 colourof 3.8,while a0.1M � starat1Gyr hasacolourof 3.2(Baraffe

et al. 1998).

Figure4.8displaysin optical-infrared(
�
,
�
–8 ) colour-magnitudediagramsthecandidatesse-

lectedto theright of theNextGen� Dustyisochronesin the(
�
,
�
–� ) diagram.Eachdiagramcorre-

spondsto agivendistance,rangingfrom 250to 650pcby intervalsof 50pc. Theinfraredphotom-
etry wasextractedfrom the2MASSdatabasefor candidatesbrighterthan

�
= 17 (plussymbolsin

Figure4.8; Section4.4.1). The faintercandidateshave 8D	 -bandphotometryfrom our CFHTIR
follow-up observations(filled circlesin Figure4.8; Section4.4.2). Accordingto the locationof
theoptically-selectedclustermembercandidatesin the(

�
,
�
–8 ) diagramandassuminganageof

80Myr, threesampleshave beendefinedasfollows:

1. Probablemembers(Y � ): theseobjectslie to the right of the NextGen� dusty isochrones
(solid anddashedlines),shiftedat thedistanceindicatedin thelower left cornerin thedia-
gram(distancesrangingfrom 250to 650pc). Their opticalandoptical-to-infraredcolours
areconsistentwith clustermembership.

2. Possiblemembers(Y?): thesecandidatesarelocatedbetweentheNextGen� Dustyisochrones
(solid anddashedlines)at thedistanceindicatedin thediagramandtheNextGenisochrone
shiftedat thedistanceof 650pc (dottedline).

3. Non-members(NM): theseobjectsarebluerthantheNextGenisochroneshiftedat thedis-
tanceof 650pc. They arerejectedasclustermembers.

Table4.10summarisesthenumberof opticaldetections(all), probable(Y+) andpossible(Y?)
members,andnon-members(NM) aswell asthenumberof candidateswith infraredphotometry
from 2MASS andfrom our CFHTIR observationsfor the various(distance,age)combinations.
Themembershipof eachindividual objectobserved with CFHT is alsogiven in the last column
in Table B.1 in Appendix B. Out of 39 candidatesobserved with the CFHTIR camera,8 re-
mainprobablecandidates(Y+), 14arepossiblemembers(Y?), andtheremainderareclassifiedas
non-members(NM). For comparisonpurposes,we provide thenumberof objectspresentin the
magnituderange

�
= 12–15,wherethecontaminationis extremelyhigh.

4.4.5 Contamination of the optical sample

The aim of this sectionis to estimatethe contaminationamongthe optically-selectedclus-
ter membercandidatesin Collinder359. Combiningthe optical andoptical-to-infraredcolour-
magnitudediagrams,mostof the candidatesbrighter than

�
= 17.0 remainprobablecandidates.

Indeed,9 out of 805arerejectedasclustermembersand15 moreareclassifiedaspossiblemem-
bers.Hence,thecontaminationappearsto beon theorderof 1–3%. However, from the(

�
,
�
–8 )

colour-magnitudediagrams(Figure4.8), we canassessthat the estimateabove is a strict lower
limit to the true contamination.A large bulk of starsbrighter than

�
= 15 mag are likely very
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red field starscontaminatingthe optical sampleasdiscussedbefore. Ultimately, low-resolution
spectroscopy will add further constraintsto distinguishfield starsfrom clustermembers. The
clustersequenceappearsmorepronouncedfor magnitudesfainter thanabout15 andextendsto
faintermagnitudes.However, from thecolour-magnitudediagrams,this sequenceis lessandless
well-definedtowardsfaintermagnitudessimply becausenear-infraredfollow-up observationsare
lackingfor thelargemajority (90%) of candidates(only 39werefollowed-upoutof 359).

In Figure4.9,wedisplaythe(
�
–� , � –8 ) colour-colourdiagramof theoptically-selectedcluster

membercandidateswith infraredmagnitudes.The 8 magnitudesrefer to 8A9 for objectswith
2MASScounterparts(

� � 17.0mag)andto 8D	 for fainterobjectsfollowed-upwith theCFHTIR
camera.The50% transmissionedgesof the 8A9 filter12 lie at 2.317 m and1.977 m whereasit is
locatedat 2.0 7 m and2.307 m for the 8D	 filter13. The differencebetweenboth filters becomes
importantshortwardsof 2.1 7 m as the 8:9 filter is narrower than the 8 	 filter to minimise the
contribution from the Earthatmosphere.We will considerherethat the choiceof the filter has
little influenceon themagnitudeasno colour termwasfound in thecourseof our infraredstudy
in � Per. As a consequence,the (

�
–8 ) colour andthe membershipassessmentarenot strongly

affectedby the differencein filters. However, this is likely to play a role for large optical-to-
infraredcolours.

In Figure4.9, the solid line indicatesthe NextGen50Myr isochronefor masseslarger than
0.1M � andtheDusty50Myr isochronefor lowermasses.Thehookat

�
–� 2 0.65and

�
–8 2 2.5

correspondsto 0.1M � andreflectsthe differencein magnitudesderived from the NextGenand
Dustymodels. The NextGenmodelpredictsan absolute

�
magnitudeof 10.33andwhereasthe

Dustymodelpredicts
�

= 10.51magfor a0.1M � star.

The (
�
–� , � –8 ) colour-colour diagram(Figure 4.9) doesnot provide any additionaluseful

criterion for membershipassessment.No clearclustersequenceemergesfrom this diagramdue
to, on the onehand,the large contaminationat small (

�
–8 ) colour (plus symbols),and,on the

otherhand,thesmallnumberof objectswith infraredmagnitudesbelow
�

= 17mag(filled circles).
Weneverthelessnoticethatthecontaminationoriginatesmostlyfrom field starsratherthangiants,
contraryto theresultsfoundin ourstudyof � Per(Chapter3).

To summarise,theopticalselectionmethodappearsratherefficientatextractingclustermem-
ber candidatesin Collinder359 from the large numberof contaminatingobjectsdetectedin the
CFH12Kwide-field images.Infrared 8D	 -bandphotometrywasusedto weedout contaminating
field dwarfs at magnitudesfainter than about

�
= 15. for the bulk of objectsbrighter than this

boundary, theoptical-to-infraredcoloursarenot sufficient to estimatethelevel of contamination.
Additional near-infraredphotometryof the remainder2 300 faint candidatesis requiredto fur-
ther analysethe contaminationat andbelow the stellar/substellarboundary. A total of 8 nights
wasgrantedfor 8 -bandimagingin June2004,divided into 4 nightswith the2.2-mtelescopeat
CalarAlto and4 nightswith theCFHT3.6-mtelescope.Also timefor low-resolutionopticalspec-
troscopy wasgrantedwith theTNG/DOLORESandWHT/AF2/WYFFOSspectrographsto assign
spectraltypesto theoptically-selectedclustermembercandidatesin Collinder359andascertain
membership.

12http://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec64a.tbl3.html
13http://www.cfht.hawaii.edu/Instruments/Filters/curves/cfh5338.dat
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Figure4.9: (
�
–� , � –8 ) colour-colourdiagramfor theclustermembercandidatesin Collinder359

with infrared magnitudes. The photometryis derived from the 2MASS databasefor objects
brighterthan

� � 17 mag(plussymbols)andfrom theCFHTIR follow-up obtainedin July 2003
for fainter objects(filled circles). The open trianglesindicatecandidateswith propermotion
(UCAC2; Zachariaset al. 2003)consistentwith clustermembership.Thesolid line corresponds
to theNextGen50Myr isochronefor massesabove 0.1M � andtheDusty50Myr isochronefor
lowermasses.Thehookreflectsthedifferencein magnitudespredictedby theNextGenandDusty
isochronesfor a 0.1M � . Most of the contaminantsare likely field dwarfs andnot background
giantsseenalongtheline of sightof thecluster.

4.5 The luminosity function of Collinder 359

As discussedearlier, theageanddistanceestimatesfor Collinder359arepoorly constrained.
Collinder359hasnot beenstudiedextensively to dateandthewide-fieldopticalsurvey presented
in this thesisis thefirst of this kind for thecluster. Thus,we would like to addressin this section
threemajorissuesregardingthecluster, whichareof primeimportancein inferring its luminosity
function.

1. Canweconfirmtheexistenceof thecluster?

2. Whatis theageof thecluster?

3. Whatis thedistanceof thecluster?
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4.5.1 The existence of the cluster

Accordingto theavailableliteratureon Collinder359,ahandfulof objectsbelongto theclus-
ter, we areconfrontedto the following question: can we confirm the existenceof the cluster?
Opticalimagesof theregion around67Ophdonot show anobviousclusteringasfor thePleiades
asreportedby Melotte (1915)andCollinder (1931). Despitethe intermediategalacticlatitude
(b= � 12.5� ) of Collinder359betweenthe � PerandthePleiadesclusters,thegapbetweenfield
starsandclustermembersis not evident in the (

�
,
�
–� ) colour-magnitudediagram(Figure4.6).

Furthermore,noclearclustersequencestandsout in thisdiagramto infer thepresenceof acluster.

To addressthis issue,we have usedpropermotioninformationfrom thesecondreleaseof the
on-goingUSNOCCD AstrographCatalog(hereafterUCAC2) project. Anothersourceof proper
motionsfor theclusteris theSuperCOSMOSSky Survey database.However, platesnorthof � 2�
in declinationarebeingprocessedandscannedatthemomentandwill beavailableonly in summer
2004over theentireclusterarea(N. Hambly, personalcommunication).

The UCAC2 is a high densityandhighly accurateastrometriccatalogueof over 48 million
starscovering the sky from � 90� to � 40� in declination(Zachariaset al. 2003). The observed
positionalerrorsareabout20 masfor starsbrighter than14 magandof order70 masfor stars
down to 17.0 mag. The photometryis provided in a non-standardfilter locatedbetweenthe �
and � filters. Themagnitudessuffer from largeuncertaintiesup to 0.3magbut arenotof interest
within theframework of this study. We have extractedfrom theUCAC2 databasethecoordinates
(J2000)andpropermotionsfor all objectswithin one degreein radiusfrom the clustercentre
(RA = 18h02m andDec= � 02� 54	 ) to thefaintestmagnitudeavailable.

Figure4.10displaysthevectorpointdiagrams(propermotionin right ascensionversusproper
motionin declination)for all starswithin onedegreein radiusfromtheclustercentrefor magnitude
brighterthan10.0,11.0,12.0,and13.0,respectively. Two clusteringof starsemergefrom vector
point diagramswhereobjectsbrighterthan12.0magareincluded. Two peaksareseenaswell
whenplotting the numberof starsasa function of declination. The first groupof starshasno
significantpropermotionanddenotesfield starswhereasthesecondexhibitsashift in declination
andcorrespondsto thecluster. Thepropermotionof theclusteris approximately0.0mas/yrand
� 8.5mas/yrin right ascensionanddeclination,respectively. Thelattervaluesareconsistentwith
the propermotion of the star67Oph (Hipparcos; Perrymanet al. 1997)andthe variouscluster
motionestimates(Collinder1931;Kharchenko etal.2004).Theseparationbetweenfield starsand
clustermembersis hamperedat faintermagnitudesby highercontaminationso thatbothgroups
of starsbecomeindistinguishable.

Basedon thevectorpoint diagramswith propermotionmeasurementsfor bright objects,we
concludethat the cluster existsand hasa meanproper motion of approximately (0.0, � 8.5)
mas/yr in right ascensionand declination, respectively.

4.5.2 The age of the cluster

Next, weattemptto deriveanagefor Collinder359usingourwide-fieldopticalsurvey andes-
timatetheassociateduncertainties.Wehave followedtheapproachappliedto the � Perclusterby
Stauffer etal. (2003).By comparingthelocationof thestar � Persei(filled squarein Figure4.11)
in thecolour-magnitudediagram(M � ,� –� ) with theoreticalsolarmetallicity isochronesinclud-
ing moderateovershoot(Girardietal. 2002),Stauffer etal. (2003)inferredanageof about50Myr
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Figure4.10: Vectorpointdiagramsfor all starslocatedwithin onedegreein radiusfrom thecluster
centrefor magnitudesbrighterthan10,11,12,and13 from left to right, respectively. Theproper
motions(accurateto 6 mas/yr)are taken from the USNO CCD AstrographCatalog(Zacharias
et al. 2003). Two groupsof starsareclearly separatedfor magnitudesbrighter than12.0. The
first is locatedat (0,0),andthesecondat approximately(0.0,� 8.5)mas/yrin right ascensionand
declination,respectively. For fainterstars,bothgroupsof starsaremergedbecauseof higherfield
starcontamination.
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for � Per(solid line in Figure4.11). We shouldkeepin mind herethat the lithium testapplied
to the � Perclusteryieldeda valuetwice larger thantheturn-off main-sequencemethod(90Myr
versus50Myr; Stauffer etal. 1999).

Collinder359 is locatedaroundthe B5 supergiant, 67Oph (filled hexagonin Figure 4.11),
which is consideredas a memberof the clusterwith a probability of 75% and over 95% by
Baumgardtetal. (2000)andKharchenko etal. (2004,personalcommunication),respectively. The
Hipparcosparallaxof 67Ophis 2.30 - 0.77mas/yrandits propermotion0.41and � 8.22mas/yr
in right ascensionanddeclination,respectively (Perrymanetal. 1997).

Assuminga meanapparentmagnitudeof � = 3.97 - 0.02anda meandistanceof 435# �.�./$10.0 / pc
(Perrymanet al. 1997),we have derivedanabsolutemagnitudeof M � = � 4.22# /�l m.n$ /�l o.p . Thevertical
line crossingthe hexagonin Figure4.11 representsthe uncertaintyon the parallaxestimateof
67Oph.Thebestpositionalfit of 67Ophin the(M � , � –� ) colour-magnitudediagramis obtained
for an ageof 60Myr (betweenthe solid anddottedlines in Figure4.11),with an uncertaintyof
20Myr (extent of the vertical line). Our ageestimateis twice aslarge as the 30Myr agefrom

Padua group isochrones

with overshoot (isoccomplz019)

30 Myr

50 Myr

70 Myr

90 Myr

Figure4.11: (M � , � –� ) colour-magnitudediagram.Thepositionof theF5 supergiantAlpha Per
(filled square)andthe B5 supergiant 67Oph (filled hexagon)areindicated. Overplottedarethe
solarmetallicityevolutionarymodelswith moderateovershootfrom thePaduagroup(Girardietal.
2002)for 30Myr (dashedline), 50Myr (solid line), 70Myr (dottedline), and90Myr (longdashed
line). Thevertical line crossingthesolid hexagonrepresenttheerrorson theHipparcosparallax
measurementfor 67Oph(Perrymanet al. 1997). Thebestfit is obtainedfor agesof 50Myr and
60Myr for the � PerandCollinder359clusters,respectively.
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Wielen(1971)but comparableto themain-sequenceturn-off ageof the � Percluster. Considering
theincreasein agefrom 50Myr to 90Myr for � Per,theagefor Collinder359is likely to beolder.
Assumingafactorof 2 1.6betweentheagefrom theturn-off main-sequenceandthelithium testas
suggestedby Jeffries& Naylor (2001),thevalueof agefor Collinder359wouldgoupto 100Myr.
In thisstudy, we will considerthemeanvalueof thetwo ages,namely80Myr. Thelithium testis
obviously neededin Collinder359to constrainfurthertheageof thecluster.

Basedon the presentdataavailablefor the cluster, we concludethat Collinder 359 has an
ageestimatecomparableto the � Per cluster in the range60–100Myr .

4.5.3 The distance of the cluster

Finally, we presenta distanceestimatefor Collinder359 using the propermotion informa-
tion availablefrom theUCAC2 catalogue.Wehave cross-correlatedtheoptically-selectedcluster
membercandidatesfrom theCFH12Kopticalsurvey with theUCAC2catalogue(Zachariaset al.
2003),usingmatchingradii of four timesthe dispersionvalueof 0.553	 	 and0.320	 	 in right as-
censionanddeclination,respectively. A total of 472 objects(opencirclesin Figure4.12)were
commonto bothcataloguesbetween

�
= 11.6and15.1mag,representingabout70% of thewhole

optical candidatelist within this magnituderange.The UCAC2 catalogueincludesonly theob-
jectswith propermotioninformationsothatthe30% of objectslackingcouldbeexplainedby the
incompletenessof theUCAC2catalogue.

We have alreadymentionedthe large field contaminationat magnitudesbrighterthan
�

= 15.
To minimise this contamination,we have selectedfrom the vectorpoint diagram(left panelin
Figure4.12) propermotion candidateslocatedwithin a circle centredon the motion of 67Oph
(0.41 and � 8.22 mas/yr; Perrymanet al. 1997). The radiusof the circle, chosenequalto 3.5
mas/yrin bothdirections,correspondsto thedispersionof theprobableclustermembersselected
by Kharchenko et al. (2004,personalcommunication;opensquaresin Figure4.2) to derive adis-
tanceof 650pc andanageof 30Myr for Collinder359.Themethodemployedby Kharchenko to
extractmembersanddeterminetheclusteris asfollows. First, objectsareselectedfrom their lo-
cationwithin thecluster. Second,thepropermotionis usedto definethemostprobablemembers.
Third, the selectedmembersareplotted in a colour-magnitudediagramto derive age,distance,
andreddening.Finally, this procedureis iterateduntil thebestfit is achieved. Thedispersionof
theopencirclesin Figure4.12is mostlydueto theerroron theUCAC2 propermotionmeasure-
ments( - 6 mas/yr),which is larger than the internaldispersionof the cluster. This dispersion
indicatesalsothatthesampleof candidatesis contaminatedby field stars,asdiscussedpreviously.
Wehaveextracted142propermotioncandidates(filled circlesin Figure4.12)within thecirclede-
finedabove. Thoseobjectsareplottedasopentrianglesin the(

�
,
�
–� ) colour-magnitudediagram

(Figure4.6)andin the(
�
–� , � –8 ) CCD(Figure4.9).

Therightpanelof Figure4.12displaysthe(
�
,
�
–� ) colour-magnitudediagramfor theoptically-

selectedclustermembercandidatesin Collinder359 with propermotion information from the
Zachariaset al. (2003)catalogue.Thebestfit to thelowerenvelopeof theclustersequence(filled
circles in Figure4.12) is obtainedfor a distanceof 500pc andan ageof 80Myr (solid line in
Figure4.12).Otheragessuchas30Myr and50Myr appeartooyoungfor theclustersequenceas
they tendto predictreddercoloursthanthoseobserved in the

�
= 14–15magnituderange.Ages

older than80Myr couldalsobepossible,implying smallerdistances.Note that thedistancecan
be larger by about50pc if we take into accounta meanextinction of 0.2 magalongthe line of
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sightof thecluster.

Thesequenceof propermotioncandidates(filled circlesin Figure4.12)is about0.1–0.2mag
wide. The reddestobjectsat bright magnitudesarelikely field stars,effect not excludeddueto
the low galacticlatitudeof the cluster. We could alsoexpectthe presenceof a binary sequence
wideningtheclustersequence.

Thedistanceandageestimatesfrom propermotionandphotometryarecertainlymorereliable
thanturn-off main-sequencefitting techniquebasedon a singlehigh-massstar, 67Oph. Further-
more,our estimaterelieson a largersampleof clustercandidatesthantheformerestimatesfrom
Van’t-Veer(1980)andRuciński (1987).Therefore,wewould favour a meanageof 80Myr with
an uncertainty of 20Myr and distancesof 500 - 100pc for Collinder 359.

Figure4.12: Left panel: Vectorpoint diagramfor optically-selectedcandidatescommonto the
Zachariaset al. (2003)catalogue(opencircles),includingtheoneswith propermotionconsistent
with the cluster(filled circles). Right panel: (

�
,
�
–� ) colour-magnitudediagramfor the selected

propermotioncandidates.Filled andopencircleshavethesamemeaningasfor theleft panel.The
solid, dashed,andlong dashedlines correspondto theNextGen80, 50, and30Myr isochrones,
respectively (Baraffe et al. 1998).Thelower envelopeof thefilled circlesis bestfit by a distance
of 500pcandanageof 80Myr.

4.5.4 The cluster luminosity function

Accordingto theresultspresentedin theprevioussections( � 4.5.1–� 4.5.3),wewill assumea
meanageof 80Myr anda distanceof 500pc (distancemodulusof 8.5mag)for Collinder359to
derivetheclusterluminosityfunction(Figure4.13andTable4.13).Weremindthattheuncertainty
on theageandthedistanceof theclusterare20Myr and100pc, respectively. Nevertheless,we
will addresstheissueregardingtheinfluenceof theageandthedistanceontheshapeof thecluster
luminosityfunction. We will considerhereonly theprobable(Y � ) clustermembercandidatesin
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Collinder359 from theresultsof theopticalandthenear-infraredphotometry. We did not apply
any selectionbasedon propermotionmeasurements.

Wehaveemployedtwoapproachestoderivetheclusterluminosityfunction.Thefirstapproach
consistedin countingthenumberof starsperbin of 0.5 mag(opensquaresin Figure4.13). The
secondapproach“smoothed”the luminosity function to bettercharacterisethe faint end,i.e. we
have countedthenumberof starsperinterval of 1.0magnitudewith stepsof 0.5magnitude(filled
circlesin Figure4.13).Both methodsyieldedsimilar clusterluminosityfunctions.

Figure4.13:Theclusterluminosityfunctionassuminganageof 80Myr anda distanceof 500pc
for Collinder359. The open squaresrepresentthe numberof starsper bin of 0.5 magnitude
whereasthefilled circlesindicatethenumberof starsin a1.0magnitudebin by stepof 0.5magni-
tudes.Poissonerrorsassociatedto theclusterluminosity functionareindicatedby vertical lines.
Table4.13providesthenumberof starspermagnitudebin for thesmoothedluminosityfunction.

Severalfeaturesseenin theclusterluminosityfunction(Figure4.13)aredescribedbelow.

� A peakat
�

= 12.5–13.0magcorrespondingto approximately1.0M � at an ageof 80Myr
anda distanceof 500pc. Thedeclineat brighter(

�q;
12.5)magnitudesreflectstheincom-

pletenessof theopticalsurvey in thatmagnituderangecausedby thesaturationof theshort
exposures.Thecross-correlationbetweentheoptically-selectedclustermembercandidates
andtheUCAC2 catalogue(Zachariaset al. 2003)indicatesthat a large numberof objects
have propermotionsconsistentwith membership(Figure4.12). However, the dispersion
in the vectorpoint diagramconfirmsa significantcontaminationby field starsdifficult to
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quantifyat this stage.

� A peakat
�

= 17.0–17.5mag(M � = 8.5–9.0mag)correspondingto massesof approximately
0.30M � . A comparablepeakis seenat M � = 11 magin NGC2516(Jeffries et al. 2001),
while this featureis detectedat M � = 9 magin M35 (Barradoy Navascúeset al. 2001)and
M � = 10 magin � Per(Barradoy Navascúeset al. 2002). This peakdoesnot occurat the
sameabsolutemagnitudein all clusters,implying thatit maybeagedependent.This feature
maycorrespondto theH � -convectionpeakidentifiedby Kroupaet al. (1990,1993)in the
luminosityfunctionof nearbyfield starsbut thishypothesisshouldbefurtherinvestigated.

� A dip at
�

= 20.0–20.5mag (M 2 0.070M � ) is clearly detectedin the colour-magnitude
diagram(Figure4.6) well above our completenesslimit. This featureis comparableto the
gapseenin the � Per luminosity function at M � = 12.5 mag (Barradoy Navascúes et al.
2002). This dip is detectedboth in the field (Reid & Cruz 2002)and in youngclusters,
including @ Orionis(Béjaretal.2001),theTrapeziumCluster(Lucas& Roche2000),IC348
(Luhman1999),thePleiades(Jamesonetal. 2002),andIC 2391(Barradoy Navascúesetal.
2001a).Despitethedifferencein agebetweentheregionsmentionedabove, Jamesonet al.
(2002)arguedthat this gapis universalasit occursconsistentlyat thesamespectraltypes.
This featuremight originatefrom thesharpfall in the luminosity-massrelationdueto the
formationof largedustgrainsat low temperaturesaroundspectraltypesM7–M8 (Jameson
et al. 2002). Consideringthe intrinsic coloursversusspectraltypesgiven in Table7 in
Luhmanetal. (2003b),aM7 dwarf hasa

�
–� = 0.98(noextinction is takeninto accountfor

this estimate).Theobserveddip in thecolour-magnitudediagramfor Collinder359occurs
at
�
–� = 0.85–1.00mag. However, IC348 is youngerthan Collinder359, yielding hotter

effective temperatureat a givenspectraltype. Taking into accounttheuncertaintieson the
photometry( - 0.05mag)andon thespectraltypedetermination(half asubclasserror),it is
possiblethatthegapin theluminosityfunctionis causedby thedeficit of M7–M8 dwarfs.

4.6 The mass function of Collinder 359

4.6.1 The mass-ma gnitude relation

To transformtheluminosityfunctionof Collinder359into a massfunction,we have usedthe
NextGenandDustymodelsfrom theLyongroup.Foragivenageandmass,theevolutionarymod-
elspredictoptical( �r� � � ) andnear-infrared( �YBq8 ) absolutemagnitudes.The

�
and � magnitudes

werespecificallycomputedfor theCFH12Kfilters andwe will usethemto derive themassfunc-
tion. Wehave mergedbothisochronefiles to createamagnitude-massrelationshipfrom 1.4down
to 0.010M � . TheNextGenisochronesareusedfor effectivetemperatureshigherthan2500K, cor-
respondingto massesof 0.050M � at 80Myr (M � 2 13.0mag). Theseisochronesarecompleted
by theDustymodelsfor lower massesdown to 20M 
���
 (M � 2 19.1magat 80Myr). Theuseful
rangeof themergedisochronesin thecourseof ourstudyof Collinder359is 1.3–0.030M � .

TheNextGenandDustymodelsincludethetreatmentof theatmospheresin contrastto other
evolutionarymodels,suchasthoseof D’Antona & Mazzitelli (1994),which assumegrey atmo-
spheres.Theseassumptionsgenerallyleadto highereffective temperaturesandluminositiesat a
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Table 4.13:Numberof starsper magnitudebin (luminosity function) and numberof starsper
massbin in M � (massfunction) in Collinder359, assuminga distanceof 500pc andan ageof
80Myr for thecluster. The luminosity function wastransformedinto a massfunction usingthe
NextGenandDustyevolutionarymodelsfor masseshigherandlower than50M 
���
 , respectively.
Theuncertaintiesquotedfor theluminosityfunctionarePoissonerrors(squarerootof thenumber
of starspermagnitudebin). The transformationof the luminosity function into a massfunction
wasachievedby dividing thenumberof objectspermagnitudebin by thedifferenceof theupper
andlower masslimit of thebin.

Magbin Mid-mass( M s ) Nb permagbin Nb permass( M s )
11.0–12.0 1.390 28 t 5 86 t 15
11.5–12.5 1.241 109 t 10 409 t 37
12.0–13.0 1.124 222 t 15 1002t 67
12.5–13.5 1.020 243 t 16 1216t 80
13.0–14.0 0.924 191 t 14 1073t 78
13.5–14.5 0.842 149 t 12 876 t 70
14.0–15.0 0.754 83 t 9 468 t 50
14.5–15.5 0.664 40 t 6 277 t 41
15.0–16.0 0.609 33 t 6 283 t 51
15.5–16.5 0.548 32 t 6 233 t 43
16.0–17.0 0.472 32 t 6 190 t 35
16.5–17.5 0.380 47 t 7 256 t 38
17.0–18.0 0.290 53 t 7 326 t 43
17.5–18.5 0.217 36 t 6 291 t 48
18.0–19.0 0.166 24 t 5 272 t 56
18.5–19.5 0.129 22 t 5 348 t 79
19.0–20.0 0.103 20 t 4 439 t 87
19.5–20.5 0.084 11 t 3 328 t 89
20.0–21.0 0.069 3 t 2 120 t 80
20.5–21.5 0.059 5 t 2 210 t 84
21.0–22.0 0.046 7 t 3 378 t 162
21.5–22.5 0.040 5 t 2 574 t 229
22.0–23.0 0.037 3 t 2 446 t 297

given mass.Furthermore,the treatmentof theatmospherespredictsabsolutemagnitudesin var-
iouspassbands,henceavoiding theuseof bolometriccorrectionswhich remainhighly uncertain
for youngopenclusters.Themodelsof Burrows et al. (2001)includenon-grayatmospheresbut
arevalid for masseslower than0.1M � , not low enoughfor our study. Finally, the Dusty mod-
els includethe treatmentof dustsettlingwhich affectsthe temperaturesandobserved coloursof
low-massstarsandbrown dwarfs. The influenceof thedustsettlingat theL/T transitionaround
1300K for field objectshasbeenprovenandobserved. Thesameeffect will take placeat earlier
spectraltypes(late-M andearly-L) in pre-main-sequenceclustersdueto the youngerages.The
knowledgeof opacity line lists for speciessuchas TiO andVO, which are responsiblefor the
shapeof M dwarf spectra,is of prime importanceto reproducethe observed coloursof young
clustermembers.

Moreover, theevolutionarymodelsfrom theLyon grouphave beenextensively usedto esti-
matemassfunctionsin openclusters,includingthePleiades(Mart́ın etal.1998;Dobbieetal.2002;
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Moraux et al. 2003), � Per (Barradoy Navascúes et al. 2002),andM35 (Barradoy Navascúes
et al. 2001),andstar-forming regionssuchasTaurus(Briceño et al. 2002)andIC348 (Luhman
et al. 2003b).TheNextGenandDustymodelshave beenthemostsuccessfulevolutionarymod-
els in predictingcoeval agesfor the differentcomponentsof the youngmultiple systemGGTau
(White et al. 1999). Furthermore,differentmodelsfrom variousgroupshad little effect on the
massfunction in � Per(Barradoy Navascúeset al. 2002)andM35 (Barradoy Navascúeset al.
2001).Finally, themassestimatesfrom evolutionarymodelsappeargenerallyunderestimatedby
5 to 20% for main-sequencestarsandby up to 50% for pre-main-sequencestars(Hillenbrand&
White2004).

4.6.2 The cluster mass function

Wehaveconvertedtheclusterluminosityfunctioninto amassfunctionusingtheevolutionary
modelsfrom theLyon group(Baraffe et al. 1998;Chabrieret al. 2000b).Thenumberof objects
perunit of mass(dN/dM) is obtainedby dividing thenumberof objectspermagnitudebin ( u N)
by the differencebetweenthe upperandlower limits of the bin in mass( u M = M � � M 0 ). The
uncertaintyis computedfrom thePoissonuncertaintiesof the luminosity function. For example,
the magnituderange

�
= 12–13magcorrespondsto a massrangeof M = 1.241–1.020M � . The

numberof objectsperunit of massandits uncertainty(Table4.13)is givenby:

vxw
vby _ u w

u y _ 4i4i4z ad4|{ z � z a~}�4\} -
3 4i4i4z ad4|{ z � z a~}�4\} _ z }i}�4q-`���

Themeanmassandthenumberof starspermassbin aregivenin Table4.13.Themassfunc-
tion is plottedasfilled circlesin Figure4.14.Wewill expresstheclustermassfunctionthroughout
this sectionasthemassspectrum( � representstheslopeof themassspectrum),namely:

vxw
vby � y $��

The bestlinear fit to the clustermassspectra,assumingan ageof 80Myr anda distanceof
500pc for Collinder359,is obtainedfor � = 0.30(solid line in Figure4.14).

Threemajorfeaturesareseenin theclustermassfunctionanddescribedbelow:

� A peakat about1M � which is not real due to the large field contaminationobserved in
this range.Additional observationsareneededto estimatethelevel of contaminationin the
0.7–1.3M � massrange,at thedistanceandageof thecluster.

� A slow rise in the clustermassfunction from 0.6M � down to our completenesslimit at
about0.040M � . Thepower law index � appearsflatterthanthePleiadesestimates.

� A dip in themassfunctionoccursaround0.070M � andis likely dueto thedearthof M7–
M8 objects.This gapis detectedin thefield (Reid& Cruz2002)andin six openclusters,
including thePleiades(Jamesonet al. 2002)and � Per(Barradoy Navascúeset al. 2002).
Thisargumentis validatedby theintrinsiccoloursof M7 dwarfsasdefinedby Luhmanetal.
(2003b)in thecaseof theIC348cluster(seediscussionin previoussection).
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Figure4.14: Massfunction for Collinder359. Filled circlesrepresentthe clustermassfunction,
assumingadistanceof 500pcandanageof 80Myr for Collinder359.Leftpanel: Influenceof the
ageon themassfunction for 30Myr (opensquares),50Myr (opentriangles),and80Myr (filled
circles). The slopeof the massfunction getssteeperfor youngerages. Right panel: Influence
of thedistanceon themassfunction for 400pc (opensquares),500pc (filled circles),and600pc
(opentriangles),assuminganageof 80Myr. Thedistanceappearsto have little influenceon the
slopeof themassfunction. Thevertical dottedline representsthecompletenessof theCFH12K
opticalsurvey at

�
= 22,correspondingto amassof 0.040M � at theassumedageanddistancefor

thecluster. Thethreemassfunctionsareoffsetfor clarity.

Table4.14: Dependenceof the power law index � with distanceandagein Collinder359. We
haveusedlinearfits to estimatetheslopeof themassspectrum,assumingdifferent(distance,age)
combinationsfor thecluster. Thethreeagesare30,50,and80Myr assumingadistanceof 500pc.
Thethreedistancesare400,500,and600pc,assumingameanageof 80Myr.

Age Distance Massrange Power law index
80Myr 400pc M = 0.55–0.035M � � = 0.35 - 0.15

500pc M = 0.61–0.040M � � = 0.30 - 0.10
600pc M = 0.65–0.044M � � = 0.25 - 0.10

50Myr 400pc M = 0.43–0.030M � � = 0.60 - 0.15
500pc M = 0.54–0.030M � � = 0.45 - 0.10
600pc M = 0.62–0.032M � � = 0.45 - 0.10

30Myr 400pc M = 0.60–0.030M � � = 1.0 - 0.2
500pc M = 0.70–0.030M � � = 1.0 - 0.2
600pc M = 0.58–0.030M � � = 0.5 - 0.1

We have investigatedthe influenceof theageandthedistanceon theclustermassspectrum.
In theleft panelin Figure4.14,wehaveplottedthemassspectrumin Collinder359for threeages,
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including30Myr (opensquares),50Myr (opentriangles),and80Myr (filled circles),assuminga
distanceof 500pc. In theright panelin Figure4.14,we have plottedthemassspectrumfor three
distances,including 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 � , independentof theassumedage.Onthecontrary, theslopeof themassspectrumtendsto
increasewith youngerages,rangingfrom � = 0.3at80Myr to � = 1.0at30Myr. Thegapobserved
around0.070M � persistsindependentof the(distance,age)combination,implying thatit is likely
a realfeature.

As theageof Collinder 359is lik ely between60and100Myr and thedistance500 - 100pc,
we concludethat the bestfit to the cluster massspectrum is obtained for a power law index
� = 0.30 - 0.20over the massrange0.60–0.04M � .

4.6.3 Uncer tainties on the cluster mass function

Thederivationof theclustermassfunction is, in theory, a straightforward process.Basedon
theselectedclustermembers,we countthenumberof starspermagnitudebins to createa lumi-
nosityfunction.To transformtheluminosityfunctioninto amassfunction,weapplyamagnitude-
massrelationshipprovidedby evolutionarymodels.For a givenageanda givenmass,theevolu-
tionarymodelsprovide luminositiesandeffective temperatures.However, in practice,thecluster
massfunctiondeterminationis hamperedby multiple factorssometimesdifficult to quantify.

1. The largestuncertaintyresidesin the distanceof Collinder359. Larger and smallerdis-
tanceswill shift objectstowardshigherandlower masses,respectively. We have assumed
a distanceof 500pc for Collinder359andshown thatdistancesspanning400–600pc have
little influenceon theoverall shapeof themassfunction.

2. Theseconduncertaintyconcernstheageof Collinder359.Olderandyoungerageswill shift
theobjectstowardshigherandlower masses,respectively, with a tendency to increasethe
slopeof themassspectrumat youngerages.

3. Someobjectsmight have escapeddetectionwithin the1.6 squaredegreeareasurveyed in
Collinder359. Despitethegoodcosmeticsof theCFH12Kcamera,somebona-fidecluster
membersmight lie on a badcolumnor have their photometryaffectedby badpixels. Simi-
larly, brightstarshamperthedetectionof nearbyfaintclustermembers.Thiseffect is likely
to berandom.If thebiasis larger towardsfainterobjects,� mayhave to beincreased.Our
ability of detectingsubstellarobjectsis affectedby the fact that the luminosity of brown
dwarfsdecreaseswith age(dela FuenteMarcos& dela FuenteMarcos2000).

4. A large numberof faint (
��;

17 mag) clustermembercandidatesare still lacking near-
infraredphotometry. Furthermore,optical spectroscopy is requiredto ascertainthe mem-
bershipof the selectedcandidates.As an example, the contaminationwas estimatedat2 25–40% for low-massstarsandbrown dwarfsin thePleiades(Bouvieretal.1998;Mart́ın
et al. 2000a;Morauxet al. 2001),andin � Per(Barradoy Navascúeset al. 2002). We ex-
pecta comparablelevel of contaminationin Collinder359 dueto its intermediategalactic
latitude.If thecontaminationis largerin thebrown dwarf regimethanfor low-massstars,�
mayhave to bedecreased.
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5. Accordingto estimatesfrom Kharchenko et al. (2004,personalcommunication),we have
mainly focusedon theclustercorona.If Collinder359is indeeda clusteryoungerthanthe
Pleiades,themasssegregationandevaporationof brown dwarfsshouldbe lessthan10%,
assuminganhomogeneousdistribution of substellarobjectsacrossthecluster(dela Fuente
Marcos& dela FuenteMarcos2000). In contrast,if theclusteris older thantheestimates
presentedhereandif dynamicalevolution hasalreadytakenplace,thenumberof very low-
massstarsandbrown dwarfs detectedin the surveyed areahasbeenwell overestimated.
The � index mayhave to beincreasedaccordingto theamountof brown dwarfswhichhave
escapedthecluster.

6. We have usedthe magnitude-massrelationshipfrom the Lyon group and combinedthe
NextGen and Dusty modelsto infer a massfunction from 1.3 to 0.040M � . Other evo-
lutionarymodelsassumegrey atmospheres(e.g.D’Antona & Mazzitelli 1994)andtendto
predict higher effective temperaturesand luminositiesso � would have to be decreased.
However, Barradoy Navascúes et al. (2001,2002)have shown that variousevolutionary
modelshadlittle influenceon the � PerandM35 massfunctions.A thoroughcomparison
of a largesampleof starswith differentevolutionarytracksby Hillenbrand& White (2004)
indicatesthatmassesof main-sequenceandpre-main-sequenceobjectsareunderestimated.
Theeffecton theshapeof themassspectrumis difficult to assessin thatcase.

7. We have neglectedthe effect of unresolved binaries. For example,a brown dwarf in the
Pleiades,PPl15(Reboloet al. 1995)wasresolved into a spectroscopicbinarybrown dwarf
(Basri& Mart́ın 1999a).Theinfluenceof unresolved binariesin openclusterswasquanti-
fied by Kroupa(2001),implying that thepower law index � shouldbe increasedby about
0.5 over the1.0–0.1M � massrange.Mart́ın et al. (2000a)failed to detectcompanionsin
Pleiadesbrown dwarf candidateswith separationswider than27AU at thedistanceof the
cluster, suggestingthat the binary frequency of brown dwarfs is not muchlarger thanfor
M dwarfsandhaslittle effect on theshapeof themassfunction. If thebinarycorrectionis
importantat low masses(for exampleif a large numberof M dwarfsarebinaries),� may
have to beincreased.

8. A possibleagespreadin theclusterwasnotconsideredthroughoutthisstudy. Spectroscopic
confirmationis requiredto placetheclustermembersin theHR diagramin orderto estimate
this effect.

To summarise,largeuncertaintiesremainregardingthemassfunctionin Collinder359which
led us to considera conservative erroron theslopeof theclustermassfunction i.e. � = 0.3 - 0.2
over the0.6–0.04M � massrange.

4.6.4 Comparison with other young cluster s

Wehavecomparedthemassfunctionfor Collinder359with estimatesavailablein theliterature
for otheryoungopenclustersandstar-forming regions. Figure4.15comparesthemassfunction
for Collinder359 (filled circles)with � Per(Barradoy Navascúeset al. 2002),M35 (Barradoy
Navascúeset al. 2001),andvariousestimatesof thePleiadesmassspectrum(Bouvieret al. 1998;
Mart́ın et al. 1998;Dobbieetal. 2002;Tej etal. 2002).
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Figure 4.15: Comparisonof the masspectrumfor Collinder359 (filled circles with solid line)
with other openclusters,including � Per (dot-dashedline; Barradoy Navascúes et al. 2002),
M35 (dashedline; Barradoy Navascúesetal. 2001),andthePleiades(Mart́ın etal. 1998;Bouvier
etal. 1998;Dobbieetal.2002;Tej etal.2002).Thebestlinearfit to theclustermassspectrum(red
line) appearsflatterthanthePleiadesover the0.55–0.035M � massrange.Thepeakat 2 1M � is
nota realfeaturebut theoutcomeof a largecontaminationathighermasses.

Acrossthe stellar/substellarboundary, the power law indicesestimatedin the Pleiadesby
variousgroupsweregenerallyin goodagreementwithin theerrorswith � = 0.5–1.0in the0.40–
0.045M � massrange(Figure4.15;Table1.1 in Chapter1).

Barradoy Navascúesetal. (2002)hasinferredacomparablemassfunctionfor the � Percluster
with � = 0.59 - 0.05from 0.30to 0.035M � (Figure4.15;Chapter3).

ConcerningM35, the massspectrumwasapproximatedby a three-segmentpower law over
the6–0.08M � massrange(Figure4.15;Barradoy Navascúesetal. 2001).

Themassspectrumderivedfor Collinder359is overallconsistentwithin theuncertaintieswith
variousestimatesin openclusterandstar-forming regions.Our resultappearhowever flatterthan
the Pleiadesand � Perestimates(Figure4.15) althoughthey might be consideredin agreement
within theerrorbars(0.1and0.2for thePleiadesandCollinder359,respectively).
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Comparedto otherwell-studiedregionsmentionedabove,ourestimateis solelybasedonopti-
calandnear-infraredphotometricselection.Thenext stepis to obtainlow-resolutionspectroscopy
for all selectedclustermembercandidatesin Collinder359to verify thevalidity of themassfunc-
tion andthevariousobserveddipsandgaps.If confirmed,thegapat0.070M � combinedwith the
searchfor thelithium depletionboundarywouldaddstrongconstraintsontheageandthedistance
of theclusterandconfirmthepresentestimates.

4.7 Conc lusions of the sur vey in Collinder 359 and perspec-
tives

We have presentedin this chapterthe first deepoptical wide-field imagingsurvey comple-
mentedwith near-infrared follow-up observationsof the youngopenclusterCollinder359. We
have surveyed1.6squaredegreesin theclusterin the

�
and � filters down to detectionandcom-

pletenesslimits of 22.0and24.0with theCFH12KontheCanada-France-Hawaii 3.6-mtelescope.
Basedontheir locationin theoptical(

�
,
�
–� ) colour-magnitudediagram,wehaveextracteda total

of 1033clustermembercandidatesin Collinder359spanning1.3–0.040M � , assumingadistance
of 650pc andanageof 80Myr. We have cross-correlatedtheoptically-selectedcandidateswith
the2MASSdatabasefor objectsbrighterthan

�
= 17.0to weedout contaminatingfield stars.Fur-

ther 8D	 -bandphotometryhasbeenobtainedfor asubsampleof 39faintclustercandidatesto probe
thecontaminationatandbelow thestellar/substellarboundary.

By comparingthe location of the brightestclustermember, 67Oph, with solar metallicity
isochronesincludingmoderateovershoot,wehavederivedanageof 60 - 20Myr for Collinder359.
Thecomparisonof theNextGenevolutionarymodelsto theclustercandidatesselectedfrom their
propermotion andcoloursyieldeda meanageof 80Myr with an uncertaintyof 20Myr anda
distanceof of 500 - 100pc. Theageis largerthanpreviousestimatesin theliterature,whereasthe
distanceis within theuncertaintiesof formerdeterminationsbut basedon a largernumberof ob-
jects. Hence,Collinder359 is probablynot a pre-main-sequencecluster(10–50Myr) asthought
earlier but likely coeval with � Per. The questionset in � 4.1 regardingthe test of pre-main-
sequenceevolutionarytrackswith clusters10–50Myr old might not besolved with thestudyof
Collinder359.

Finally, we have derived luminosityandmassfunctionsfor Collinder359usingtheNextGen
andDustymodelsfrom theLyongroup.Despitetheuncertaintiesinherentto photometricsurveys
in openclusters,we have reporteda dip in the luminosityandmassfunctionslocatedat

�
= 20.5

(correspondingto a massof 70M 
.��
 i assuminga meanageof 80Myr anda distanceof 500pc)
likely causedby the dearthof M7–M8 dwarfs observed in the solarneighbourhoodandyoung
clusters.Thebestfit to theslopeof the massfunction,whenexpressedasthemassspectrumis
� = 0.30 - 0.20over the 0.55–0.035M � massrange. The derived slopeis flatter thanestimates
in the Pleiadesand in the � Per clustersalthoughthey are consistentwithin the uncertainties.
Spectroscopy is neededto verify theresultspresentedin this chapterasour work is solelybased
on photometry. Our studydo not provide a convincing evidencefor a variablemassspectrumin
openclusters.

Thedetailedstudyof Collinder359constitutesafirst steptowardsthedeterminationof anun-
biasedmassfunctionin apreviously unstudiedyoungopencluster. Follow-up observationsof the
selectedclustermembercandidatesin Collinder359 arerequiredto ascertaintheir membership,



154 Theintermediate-ageopenclusterCollinder359

includingnear-infraredimagingandopticalspectroscopy. We have beengrantedobservingtime
with several telescopesandinstrumentswithin the framework of the CFHT Key Programmeto
pursueour investigationof Collinder359andotherpre-main-sequenceclusters.Thetime sched-
uleandtheobservationsaredividedasfollows:

CFHT/CFHTIR 4 nights(30May–03June2004) Near-infraredimaging
CalarAlto 2.2-m/MAGIC 4 nights(10–13June2004) Near-infraredimaging
WHT/AF2/WYFFOS 6 nights(18–24June2004) Multi-object spectroscopy
TNG/DOLORES 3 nights(19–21June2004) Opticalspectroscopy

Near-infraredimagingwill beobtainedfor theremainingfaint (
��;

17.0)clustermembercan-
didatesin Collinder359 to probethe contaminationby field starsat and below the hydrogen-
burninglimit. Low-resolution(R 2 600)optical(6000–10000̊A) spectroscopy will provide spec-
tral classification,gravity measurements,anddeterminationof thelevel of chromosphericactivity,
which, together, will allow usto furtherconstrainthemembershipof clustercandidates.

Longer term observationsare foreseento enlarge our studyof Collinder359. For example,
higherresolutionopticalspectroscopy of thebright clustermemberswill provide radialandrota-
tionalvelocitiesto studythedependenceof theseparameterswith massandage.Additionally, the
innersquaredegreeareain Collinder359remainsto besurveyedto confirmtheresultspresented
in this chapter. Finally, objectsbrighterthan

� 2 12.0andthusmoremassive than 2 1M � should
beinvestigatedto derive a completemassfunctionfrom highermassstarsdown to brown dwarfs.


