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Abstract. Stellarcataloguesin five passbands( ��������� ) over an areaof approximately0.3 deg
�
, comprisingabout1200

objects,andin sevenpassbands( �����������! ) over approximately0.1deg
�
, comprisingabout400objects,in thedirectionof

theChandraDeepField Southarepresented.The90% completenesslevel of the numbercountsis reachedat approximately� = 23.8, � = 24.0, � = 23.5, � = 23.0, � = 21.0, � = 20.5,  = 19.0.Thesemulti-bandcatalogueshave beenproduced
from publicly available,singlepassbandcatalogues.A schemeis presentedto selectpoint sourcesfrom thesecatalogues,by
combiningthe SExtractorparameterCLASS STAR from all availablepassbands.ProbableQSOsandunresolved galaxiesare
identifiedby usingthe previously developed " � -technique(Hatziminaoglouet al. 2002),that fits the overall spectralenergy
distributionsto templatespectraanddeterminesthebestfitting template.Approximately15%of truegalaxiesaremisclassified
asstarsby the " � method.Thenumberof unresolvedgalaxiesandQSOsidentifiedby the " � -technique,allows usto estimate
thattheremaininglevel of contaminationby suchobjectsis at thelevel of 2.4%of thenumberof stars.Thefractionof missing
starsbeing incorrectly removed as QSOsor unresolved galaxiesis estimatedto be similar. The observed numbercounts,
colour-magnitudediagrams,colour-colourdiagramsandcolourdistributionsarepresentedand,to judgethequalityof thedata,
comparedto simulationsbasedonthepredictionsof aGalacticModelconvolvedwith theestimatedcompletenessfunctionsand
theerrormodelusedto describethephotometricerrorsof thedata.By identifying outliersin specificcolour-colourdiagrams
betweendataandmodelthe level of contaminationby QSOsis alternatively estimatedto be #$ 6.3%in the seven passband
and #$ 2.3%in thefive passbandcatalogue.This,however, dependson theexactdefinitionof anoutlier andtheaccuracy of the
representationof the coloursby the simulations.The comparisonof the colour-magnitudediagrams,colour-colour diagrams
andcolour distributions show, in general,a goodagreementbetweenobservationsandmodelsat the level of lessthan 0.1
mag;the largestdiscrepanciesbeinga colour shift in �&%'� and �(%'� of orderof 0.2 magpossiblydueto uncertaintiesin
thebolometriccorrections.Althoughno attemptis madeto fit themodelto thedata,a comparisonshows that the lognormal
law for theinitial massfunctionproposedby Chabrier(2001)describesthedatabetterthanthepower law form in thatpaper.
The resultingstellarcataloguesandtheobjectsidentifiedaslikely QSOsandunresolved galaxieswith coordinates,observed
magnitudeswith errorsandassignedspectraltypesby the " � -techniquearepresentedandarepublicly available.

Key words. surveys – catalogs– methods:dataanalysis– quasars:general– white dwarfs– stars:low-mass,brown dwarfs
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1. Introduction

Theprimarygoalof theESOImagingSurvey projectis to con-
duct public imagingsurveys to provide datasetsfrom which
statisticalsamplesof differenttypesaswell asof rarepopula-
tion objectscanbedrawn for follow-up observationswith the
VLT. A summaryof thesurveysconductedsofarcanbefound
in daCostaet al. (2001).Recently, deepoptical/infraredobser-
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vationsof the ChandraDeepField South(CDF-S)have been
completedaspart of the ongoingDeepPublic Survey (DPS),
andthe datapublicly released(Vandameet al. 2001;Arnouts
et al. 2001).In thesepapers,fully calibratedimagesandsingle
passbandcatalogueswerepresentedfor *,+.-0/,1 observations
coveringanareaof 0.3deg2 andfor *,+.-3/,15476 overaregion
of 0.1 deg2 at the centreof the former area.Even thoughthe
angularcoverageis still relatively small, the particularcom-
binationof depthandsolid angleof the completesurvey and
theuniformity of themulti-banddatawhich will resultmake it
worthwhile to explorethetypeof objectslikely to besampled
by thesurvey, to deviseanalysistechniquesto identify objects
of potentialinterestandto make a first evaluationof thesam-
plesthatarelikely to emergewhenthe full survey covering3
deg2 , is completed.

Thepresentwork is in many waysanextensionof thatpre-
sentedin Hatziminaoglouet al. (2002;hereafterH2002)which
useda 892 -techniqueto classifypointsourcesaccordingto spec-
tral typeusingtheir multi-bandphotometricproperties,trying
to identify specialobjectssuchas QSO,White Dwarf (WD)
andlow massstarcandidates.

Here,thequestionof how to chooseanoptimumstellarcat-
aloguefor statisticalstudies,eitherusinga singlepassbandor
usingmulti-colourdata,is discussedin moredetail.Procedures
aredevelopedto setthecontaminationby extendedsourcesbe-
low a specifiedvalue at the single passbandlevel. To reach
fainter magnitudelimits the leverageof using multi-colour
datais investigated.Finally, to assessto someextent thequal-
ity of the final multi-colour stellarcatalogueproduced,num-
ber counts,colour distribution, andcolour-colour andcolour-
magnitudediagramsare comparedto those predictedby a
Galacticmodelcalibratedusingindependentdata.

In Section2 the dataare briefly reviewed as well as the
methodemployedin theconstructionof thepoint sourcecata-
logueusedin thepresentpaper. Section3 discusseshow point
sourcesare selectedin the single passband,andcolour cata-
logues,andhow potentialunresolved galaxiesandQSOsare
foundusingapreviouslydeveloped8:2 -technique.In Section4
theactualprocedurefor thecreationof thesinglepassbandto
the final stellar colour catalogueis presented.Section5 and
Section6 introducethe GalacticModel andthe simulationof
appropriatedatasets.Section7 presentstheresults.Finally, in
Section8 a brief summaryis presented.

2. The data

Thesinglepassbandcataloguesfor theCDF-Saretakenfrom
Vandameet al. (2001) and Arnouts et al. (2001), cut at a;=<?>A@CB

, slightly lower thanthecataloguespublicly released
which werecutat a

;:<�>D@FE
.

This is doneasa magnitude,even with a larger error bar,
is preferredover anupperlimit which would otherwisebeas-
signedto the magnitudein a filter wherean object is not de-
tected.

The * -bandcatalogueusedhere(and in H2002)wasex-
tractedfrom an imageproducedby stackingall the available
* <GEIH and * E�JIKL<NM�K images,to reacha fainterlimiting magni-
tude.A moredetaileddiscussionof this catalogueandof its

photometriccalibrationwill be presentin Arnouts et al. (in
preparation).The main conclusionis that a shift of +0.2 mag
hasto be appliedto the * -magnitudes1 given by SExtractor
running on the stacked * imageusing the photometriczero
point of the * <GEIH image,to get agreementbetweenobserved
andpredicted*POQ+ coloursfor normalstars.

To build acolourcatalogue,thesinglepassbandcatalogues
areassociatedon positionusing,in the presentpaper, a fixed
searchradiusof 0.8R R . With this searchradiusthe numberof
multiple associatedsourcesis kept low ( ST 0.8% in all pass-
bands,and typically 0.2%), while resultingin many positive
matches.A detaileddiscussionon theoptimumsearchradius,
andmorecomplicatedschemesusingvariablesearchradii will
bepresentedelsewhere(Benoistet al. 2002).

After theassociation,only objectsthatarein theareacom-
monto all cataloguesandoutsideall themasksplacedaround
saturatedobjectsandbright starsarekept.Thisensuresthatall
objectscould, at least in principle, have beendetectedin all
passbands.The effective areais 0.263deg2 for the five pass-
bandcatalogueand0.0927deg2 for the seven passbandcata-
logue.If anobjectis not associatedin apassband,an3U upper
limit is assignedfor themagnitudein thatpassband.

3. Selecting Point Sources

3.1. Selecting Point Sources at the single passband
level

The SExtractorsoftware packageusedat the momentto de-
tectandextractsourcesusesaneuralnetwork to separatepoint
from extendedsources.For eachobjectit returnsa parameter,
CLASS STAR, with a valuebetween1 (a perfectpoint like ob-
ject) and0. An exampleof thedistribution of CLASS STAR as
a functionof magnitudeis shown in Fig. 1 for the / -band.

The neuralnetwork file usedhereis the standardonethat
is partof theSExtractorpackageandthathasbeentrainedfor
seeingFWHM valuesfrom 0.025to 5.5R R andfor imagesthat
have 1.5 V FWHM V 5 pixels, and is optimisedfor Moffat
profileswith 2 WYXPW 4. Theseconditionsarefulfilled for the
EISopticalandIR observationsof theCDF-S.

At thebrightendof thedistributionshown in Fig. 1 two se-
quencescaneasilybe distinguishedwith CLASS STAR values
below 0.1 and above 0.95, respectively. However, for fainter
magnitudesthe sequencesspreadout andmerge. In previous
EIS papers(e.g. Prandoniet al. 1999) the notion of a mor-
phologicalclassificationlimit MAG STAR LIM wasintroduced,
whereobjectsbrighterthanthis limit andwith a CLASS STAR

value larger than a limit CLASS STAR LIM were considered
point sources.In previouspapers,theselimits werechosenba-
sically by eye from figureslike Fig. 1.

Clearly, thereis aneedto determineCLASS STAR LIM and
MAG STAR LIM in a moresystematicway, by statisticallyde-
scribing the relative contribution of the point- and extended-
source population. The goal is to produce a magnitude-
dependentclassificationasillustratedin Fig. 1.

1 All magnitudesin the presentpaperare in the naturalsystemof
theWFI filtersat theESO/2.2mtelescopefor �����Z��� , andtheSOFI
filters at theESO/NTTfor �! , with Vegabasedzeropoints.
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Fig.1. SExtractorparameterCLASS STAR versusmagnitudefor the� -band,with the finally adoptedmorphologicalclassificationlimits
indicatedby thesolid line.Objectsin theupperleft boxareconsidered
pointsourcesin asinglepassband.Thedashedline indicatesthemuch
simpler criterion usedpreviously which only took into accountthe
CLASS STAR valueat thefaintestMAG STAR LIM.

A technicaldescriptionof theactualimplementationof the
conceptusedin the presentpaperis given in the Appendix,
and Fig. 1 shows for the / -band the distribution over
CLASS STAR andtheadoptedvaluesfor CLASS STAR LIM and
MAG STAR LIM (solid line) in thepresentpaperandfor com-
parisonthe old way of using a single value (dashedline). It
shouldbe notedthat this procedureallows theestimateof the
smallestCLASS STAR wherestarscanbedistinguishedoverthe
large backgroundof galaxies.It doesnot imply, especiallyat
the faint end, that starswith CLASS STAR valueslower than
CLASS STAR LIM do not exist. Furthermore,it is recalledthat
the actualdistribution of CLASS STAR versusmagnitudede-
pendson theseeingbut alsoon theGalacticcoordinatesof the
field underconsideration.

It is important to emphasisethat more work should be
doneto explore alternative waysof morphologicallyclassify-
ing images.Onealternativeunderconsiderationis to usemulti-
resolutionmethodsto provideanindependentpixel-basedclas-
sificationscheme(Vandame,privatecommunication).

Apart from a statistical analysis of the distribution of
CLASS STAR versusmagnitudea secondcriterion of select-
ing point sourcesis investigated,namely the fact that they
are expectedto be “round”. This is doneby consideringthe
SExtractorparameters[ and + which representtheprofile fit-
ting rms along the major and minor axis (seeArnouts et al.
2001for morediscussion).Visual inspectionof someobjects
with largevaluesof \^]_[`O0+.a < ]_[.b.+.ac\ showedthattheseout-
liers arenot stellar, but badpixels,or objectscloseto theedge
of a frameor amask.Thestandarddeviationof thedistribution
is computedandobjectsthatdeviateby morethana specified
level (in thepresentpaper6U ) arenotconsideredpointsources.
Typically, 0.1%of the objectsareremovedin this way. A 3U
clipping,howeverwasverifiedto betoostringent,asthenmany
truestarswouldberemoved.Mostof themwouldberecovered
by the colour Point/Extended(hereafter, P/E) sourceclassifi-

cationschemediscussedbelow, but they would, incorrectly, be
excludedfrom thesinglepassbandnumbercounts.

3.2. Selecting Point Sources in a colour catalogue

The (P/E) sourceclassificationin a colour catalogueis a non
trivial matter, astheMAG STAR LIM andCLASS STAR LIM of
all the passbandsinvolved must be combinedin someway.
Here the following schemeis adopted.As the (P/E) source
classificationis most reliable for bright objects(seeFig. 1),
the classificationin the colour cataloguewill be determined
by thepassbandin which theobjectis brightestrelative to the
(faintest)MAG STAR LIM in thatpassband.If theobjectis clas-
sifiedasapointsourcein thispassband,it is consideredapoint
sourcein the colour catalogue.The fact that the seeingin the
imagesis differentis implicitly taken into accountby the fact
that the MAG STAR LIM in a caseof worseseeingis brighter
thanin thecaseof goodseeing.

A completelydifferentway of creatinga colourcatalogue
is by digitally stackingthe imagesin the variousfilters, and
thenrunningthesourcedetectionalgorithmonit. Thephotom-
etry is thenobtainedby goingbackto theindividualfilters and
measuretheflux aroundthenow known positions.Thismethod
was appliedto EIS databy da Costa(1998) using the algo-
rithmof Szalayetal. (1999).Fromthatwork,SExtractor’sstan-
dardneuralnetwork for (P/E)sourceclassificationis knownnot
work properlyon sucha stacked imagebecauseof e.g.seeing
variationsamongthedifferentfilters.Thereforethis procedure
is not furtherpursuedhere.

3.3. Eliminating non-stellar objects

The proceduresoutlined above can only separatepoint-like
from extendedobjects.However, to producea truly stellarcat-
alogueonehasto considerthepossibilityof contaminationby
QSOsandunresolved galaxies.This is not possiblein a sin-
gle passbandcatalogue.However, in a multi-colour catalogue
thephotometricdataprovidesinformationon theshapeof the
SpectralEnergy Distribution (SED)whichcan,in principle,be
usedto addressthis issue.

In fact, this wasthe subjectof the paperof H2002where
a colour point sourcecataloguewas usedto classify sources
accordingto their spectraltype. This was doneby 8:2 -fitting
templatespectrato theobservedmagnitudesin differentbands.
The spectrallibrary in useconsistsof seriesof: modelQSO,
WD andbrown dwarf spectra;threeempiricalcool WD spec-
tra; a setof stellartemplatesfor O-M stars;anda setof model
galaxy spectra.In H2002 emphasiswas given in identifying
QSOs,WD andlow massstarcandidatesfor follow-up spec-
troscopy. The 8:2 -techniqueprovidesan independentview of
thenatureof a source,complementingthemorphologicalclas-
sification.However, by using broadbandphotometricdatato
assignspectraltypes,misclassificationsarepossible(e.g.due
to the fact that an object is an unresolved binary leadingto
compositecolours)andthis is furtherdiscussedin Sect.7.5.
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3.4. Choosing parameters

Themorphologicalclassificationlimits adoptedin thepresent
paperare listed in Tab. 1 andarechosenafter extensive test-
ing. In termsof the technicaldescriptionin the Appendixthe
parameterd 2 is setto 30 andtheparameterdfe to 80.

The main guidelineto chosetheseparticularvaluesfor dfe
and d 2 to settheMAG STAR LIM andCLASS STAR LIM values
is the estimateof the remainingcontaminationby QSOsand
unresolvedgalaxies,andrelated,the incorrectremoval of true
starsby misclassificationof the 8:2 -technique,whichonewants
to keepsmall (of ordera few percentat most).Thesenumbers
areestimatedindependentlyin Sects.7.2.2and7.5.

Table2.Numberof objectsin thefiveandsevenpassbandpointsource
catalogues

���g�Z���
Numberof point sources 1371
Passbandthatdecided(UBVRI) 7/308/0/650/406
Not classifiedby " � method 18
Classifiedby " � method 1353

asrank1 947
asrank2 127
asrank3 279

Numberof unresolvedgalaxies 37
Numberof QSOs 136
Numberof stars 1198���g�Z�����! 
Numberof point sources 486
Passbandthatdecided(UBVRIJK) 2/110/0/225/37/110/2
Not classifiedby " � method 5
Classifiedby " � method 481

asrank1 160
asrank2 117
asrank3 204

Numberof unresolvedgalaxies 16
Numberof QSOs 61
Numberof stars 409

4. The procedure

For the chosen combination of CLASS STAR LIM and
MAG STAR LIM, the singlepassbandcataloguesareproduced
andthenassociatedto form thecolourcataloguewith the(P/E)
sourceclassificationappliedbasedon all theavailablecolours.
This is doneseparatelyfor the *,+h-i/g1 and *3+h-0/,1j476 cat-
alogues.Theresultingnumberof point sourcesis givenasthe
first entry in Table2. Thesecondentrygivesthesplit over the
passbandthat actually decidedthat a sourceis considereda
point source.In thefivepassbandcataloguethis is mainly / , 1
and + ; in sevenpassbandsmainly / , 4 and + .

As a secondstepthe 8:2 templatefitting of H2002 is ap-
plied to the objectsclassifiedas point sources.This is done
twice: oncewith andoncewithout the galaxy templatespec-
tra included.The outcomeof the templatefitting is the spec-
tral typeof thebestfitting templatespectrum(with associated
photometricredshiftin thecaseof QSOsandgalaxies),the(re-

duced)8:2 andthe“rank” (which is basedonthe 8:2 value,rank
1 beingtherobustcandidates,rank3 poorcandidates).Objects
thatareranked3whennogalaxytemplatesareconsidered(typ-
ically having reduced8:2 largerthan4-7),andbecomeranked1
galaxieswhengalaxytemplatesareconsidered,thatarefainter
than16thmagnitude(in thepassbandwherethey arebrightest)
andwith photometricredshiftslargerthan0.25areconsidered
to be (unresolved) galaxiesandare removed from the list of
point sources.Thesplit over theassignedranks,thenumberof
unresolvedgalaxiesandQSO,andthenumberof objectscon-
sideredtruestarsaregivenin Table2.

The 8:2 -techniquerequiresan object to be detectedin at
leastthreepassbands.Lessthan1.5%of objectsdoesnot fulfil
this criterion (seethe third entry in Tab. 2). They arekept as
stars,asthey areoriginally classifiedaspointsourcesandthere
is no evidenceto thecontrary. Exclusionof this smallnumber
of objectsdoesnot affectany of theconclusionsof thispaper.

From an observational point of view, the validity of the
adoptedapproachto remove the most likely galaxyandQSO
interloperscanbeverifiedonly by spectroscopicfollow-up of
a representative sampleof objects.Froma theoreticalpoint of
view it is plannedin the future to simulatethe physicalsize,
redshift andcolour spaceoccupiedby galaxiesandQSOsas
well, soit canbeverifiedif a unresolvedsourcewithin a given
colourbin is morelikely to bea star, galaxyor a QSO.

Thefinal numberof objectsconsideredto bestarsis about
1200over the 0.263deg2 for the five passbandcatalogueand
about400 over the 0.0927deg2 for the seven passbandcata-
logue.For comparison,the numberof extendedobjectsover
theseareasis about74000and28000,respectively.

5. The Galactic model

Theobservedcountsandcolourswill becomparedto a newly
developedGalactic model (Girardi et al. in preparation).In
brief, this modelis basedon a populationsynthesisapproach,
wherestarsarerandomlygeneratedfrom an extendedlibrary
of evolutionarytracksaccordingto userdefinedstarformation
rate (SFR), age-metallicityrelation (AMR), and initial mass
function(IMF), andthendistributedin spaceaccordingto the
probabilitiesgivenby thespecifiedgeometry. Theevolutionary
tracksinclude brown dwarfs down to 0.01 M k , and evolved
phaseswith the completewhite dwarf stagefor starsup to 7
M k . For thepresentpaperthefollowing ingredientshavebeen
adopted:

– The IMF is taken to be the lognormalform proposedby
Chabrier(2001).Theeffectof adoptingthepowerlaw form
proposedby him will bedetailedin Sect.7.1.4

– TheSFRis assumedto beconstantover thelast11 Gyr for
thedisk,andconstantbetween12 and13Gyr for thehalo.

– The AMR for the disk is taken from Rocha-Pintoet al.
(2000).[Fe/H] valuesareconvertedinto themetalcontentl

by meansof a relationthatallows for m -enhancementat
decreasing[Fe/H], assuggestedby Fuhrmann(1998)data.
At any age,[Fe/H] is assumedto have a 1U dispersionof
0.2dex.
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Table 1. Morphologicalclassificationlimits MAG STAR LIM ( nho ) andCLASS STAR LIM ( pfo ) adoptedin thesinglepassbandcatalogues(see
Fig. 8 for a visualrepresentation).

Passband p  n  p � n � p � n � p � n �� 0.851 21.57 0.873 22.27 0.952 22.45� 0.848 23.04 0.933 23.75 0.961 23.84� 0.590 21.15 0.828 22.15 0.879 22.68 0.935 22.69� 0.863 20.98 0.873 21.89 0.907 22.41 0.915 22.61� 0.603 19.30 0.663 20.25 0.744 20.77 0.885 21.09� 0.644 19.32 0.929 20.18 0.923 20.36 0.750 17.71 0.943 18.46

Themetallicity of thehalostarsis assumedbe
l

= 0.0095,
with a dispersionof 1.0 dex. This is basedon anobserved
[Fe/H] valueof O3qIr M0s qIr K (Henry & Worthey 1999),al-
lowing for an m -enhancementof 0.3dex.

– The disc componentis describedby a double-exponential
in scaleheightandGalactocentricdistance.Themodeldoes
nothaveseparatecomponentsfor thin or thick disk.Instead
the scaleheight for disk starsis a function of age,and is
parameterisedas:

t @vuxw ]yq�bzd < d w a|{ (1)

with d theageof thestar. Rana& Basu(1992)for example
find

u w
= 95 pc, d w = 0.5 Gyr and m = (2/3). However this

doesnot fit very well the derived scaleheight of ‘thick’,
‘old’, ‘intermediate’and ‘young’ disk componentsasde-
rivedby Ng et al. (1997).Their resultsaredescribedby

u w
= 95pc, d w = 4.4Gyr and m = 1.66,whichareadoptedhere.

For the presentpaperthe (relative) local densitiesof halo
anddiskstars,theoblatenessof thehaloandtheGalactocentric
disc scale length are derived from the “Deep Multicolor
Survey” (DMS; Osmeret al. 1998andreferencestherein)cov-
eringsixfieldsandEISdata(Prandoniet al. 1999)for theSouth
GalacticPole.A moredetaileddiscussionof thecalibrationof
the Galacticmodelwill be given in Girardi et al. (in prepara-
tion). Note that the Galacticmodelparametersderived below
differ slightly from thoseusedby H2002to comparesomeof
their resultsto.

Thehalooblateness(andlocal halonumberdensity)is de-
rived by fitting the numberof halo stars,definedby (in the
Johnson-Cousinssystem)

K V}+~O�-�V K r�� in the rangeBIK V�+�V B�B and
K V&-POQ1�V K r H in therangeq H V�1`V BIK ,

in thesesevenfieldsandis found to be � @YK r MLJ�s�K r K�J . This
valueis smallerthanthe valueof 0.8

s
0.05quotedby Reid

& Majewski (1993),but recentlyRobinet al. (2000)couldnot
excludea spheroidwith a flatteningassmall as � @�K r M and
Chenet al. (2001)derived � @vK r JIJcszK r K�M .

Thediscradialscalelength(andlocaldisknumberdensity)
is derivedby fitting thenumberof disk stars,definedby qIr E V
+QOh-�V B r K in therange

BGK V�+�V B�B and qIr H V�-�Oi1�V��jr K
in therangeq H V�1�V BGK , andis foundto be

t.� @vBGHIK�K=s�B�JGK
pc.Thisis in agreementwith thelowerlimit of 2.5kpc(Bahcall
& Soneira1984)andtherecentwork of Zhenget al. (2001)on
M-dwarfswho derive

t.� @�B � JGKgs q MIK pc andOjha(2001)
who derive

t.� @vBIHIK�K�s(EIK�K
pc for thethin disc.

The model with theseparametersis appliedto the CDF-
S field. The Galacticbulge hasno contribution in this direc-
tion. The model is calculatedfor an areaof 3 deg2 , which
is about10 times larger than the actualareacoveredby the
*,+h-i/,1 data,andabout30 timeslargerthantheareacovered
by the *,+h-i/,15476 observations.Thisensuresthattheparam-
eterspaceis properlysampledandthattheerrorson themodel
dataareat least3, respectively 5, timessmallerthanthe error
barson theobserveddata.

6. Simulations of the observed data

Thegalacticmodelproduces“perfect” stellarobjectsdown to a
specifiedmagnitude(in fact themodelis computeddown to /
= 30.5).To build a mock colour cataloguesimulatingthe real
data,themagnitudesfrom thegalacticmodelaretakenasinput
andthefollowing stepsareconsidered:

– Theerrorin themagnitude(ascomputedby SExtractor)as
a functionof magnitudefor eachband(basedon theprop-
ertiesof theactualimageandrealdata).Additionally, one
canscaletheseerrorsby a factorandaddin quadraturean
“externalerror”,simulatingfor exampleerrorsin thephoto-
metriczeropoint.The“observed” magnitudeis thendrawn
from aGaussianwith theestimatederroraswidth andcen-
tredaroundthe“perfect” magnitude.Thescalingfactorand
“externalerror” usedin thepresentpaperaregivenbelow.

– Thesaturationat bright magnitudes.TheADU level in the
centralpixel of anobjectis simulated,andcomparedto the
actualvalueusedby SExtractorto flaga saturatedobject.

– Thecompletenessat thefaintend.Artificial startestsusing
theEIS imagesthemselveshave not yet beenperformedto
estimatethe completenessfunctions.As a temporaryso-
lution the completenessfunctions have beenderived for
the / -bandand 6 -bandby comparingtheEIS datato the
deeperobservationsof respectively Wolf et al. (2001)and
Saraccoet al. (2001) over the partswheretheir observa-
tionsoverlapwith theEISobservations.For theotherbands
the shapeof the function that describesthe completeness
is kept the same(for *,+.-01 taking / asa reference,and
for 4 taking 6 as the reference),andscalingthe charac-
teristic magnitudewherethe incompletenesssetsin using
the5U limiting magnitudeof thebandsasa reference.For
thestellarcatalogueconsideredheretheexactdetailsof the
completenessfunctionsarenot of too muchimportanceas
theestimatedmagnitudeswheretheEISdatais estimatedto
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be50%complete( * = 25.1, + = 26.6, - = 25.5, / = 25.4,
1 = 24.3, 4 = 22.9, 6 = 21.2)areat the very faint endof
thestellarcatalogue.In otherwords,thedepthof thestellar
catalogueis set by the ability to separatepoint from ex-
tendedsourcesandtheremainingcontaminationby QSOs
andunresolved galaxies,not the depthor incompleteness
of theobservationsassuch.
Thesesameobservationsare usedto comparethe differ-
encesin themagnitudesof theobjectsin commonbetween
EIS andthe externaldata.Slicesin magnitudesaremade,
andtheaverageerror for theEIS observations,theaverage
error for the comparisoncatalogue(henceWolf et al. for
/ , andSaraccoet al. for 6 ), andthermsof thedifference
of the starsin commondetermined.The errorsin the ex-
ternalcataloguesarealwayssmallerthan in the EIS data,
asexpectedsincetheseobservationsaredeeperthanours.
However, bothunderestimatetheerrorascomparedto the
rms in the difference.Basedon thesecomparisonsan ex-
ternalerrorof 0.01magin *,+.-0/,1 and0.03magin 4�6 ,
anda scalingfactorof two in all passbandsareadoptedin
thesimulationof theerrors.With thisdescriptionthewidth
of thestellarsequencein thecolour-colourdiagramsis de-
scribedextremely well for all magnitudesand passbands
(seeFig. 4).

Thesimulationalsotakesinto accounttheS/N limits imposed
onthesinglepassbandandcolourcatalogues.Furthermore,ob-
jectsthataresaturatedin oneor morebandsareremovedfrom
the mock catalogue,asmasksareplacedaroundthem in the
real dataandonly objectsoutsideall masksarebeingconsid-
eredin thefinal colourcatalogue.

Finally, two typesof mockstellarcataloguesareproduced.
Oneconsideringall simulatedpointsourcesthatarepotentially
“observable”,andthesecondcataloguethatalsotakesinto ac-
count the way that point sourcesarebeingselectedfrom the
realcolourcatalogueby checkingif theobjectis brighterthan
themorphologicalclassificationlimit usedin theproductionof
theobserveddatasetin at leastonepassband(seeTab. 1). This
is a conservative estimate,asfor the realdatathevalueof the
SExtractorparameterCLASS STAR alsoplaysa role.However
this featurein factallowsusto checkif theCLASS STAR values
chosenarenottoolow (resultingin toomany galaxiesandlead-
ing to high stellarnumbercountsat the faint end)or too con-
servative (leadingto numbercountsthatarebelow thepredic-
tions).Detailson thesimulationof thephotometricerrors,the
completenessmodelandthe simulateddatasetswill be given
elsewhere(Groenewegenet al. 2002,in preparation).

7. Results and analysis

In this section the observed number counts, colour-colour
and colour-magnitudediagrams,and colour-distribution his-
togramsare presentedand comparedto the simulations.The
effectivenessof using the 8:2 -techniqueis discussed.Finally,
cataloguesof stellar sources,QSOs,and unresolved galaxies
arepresented.Dueto spaceconstraintsonly representativefig-
ureswill beshown andthe full setof figuresis only available

throughtheon-lineeditionof A&A. Notethatmostof thefig-
uresneedto beviewedor printedin colour.

7.1. Number counts

7.1.1. General description

Figure2 showsthenumbercountsfor everypassbandfrom the
five passbandcataloguefor *,+.-0/,1 andfrom thesevenpass-
bandcataloguefor 476 . In the lower right panelthe / -band
numbercountsareshown basedon the seven passbandcata-
logue.The agreementwith that from the five passbandcata-
logue is excellent,andthe sameapplieswhencomparingthe
numbercountsin the otheroptical bandsasderived from the
fiveandsevenpassbandcatalogues.

In theleft-handpanelsthepredictionsby thegalacticmodel
areshown, namelythe contributionsby the disk (dashedand
solid thin black histograms),the halo (dashedandsolid blue
histogram)and their sum (dashedand solid thick black his-
togram).Shown arethe predictionsfrom the “perfect” model
(theblueandblackdashedhistograms),andthepredictionstak-
ing into accounttheerrormodel,saturation,completenessand
the MAG STAR LIM limits that are usedto createthe colour
catalogue(the blue andblack full histograms).The left-hand
panelsillustrate the relative contributionsof disk andhalo at
variousmagnitudes.In this particularfield the contribution of
thediskexceedsthatof thehalofor almostall observedmagni-
tudes.Themodelpredicts,however, thatobtainingdeeperim-
agesandassumingonewould beableto do the(P/E)classifi-
cationat thelevel of 45��6~� BGE O B � thenumbercountsshould
be dominatedby the halo. In the optical the halo dominates
the disk only at muchfaintermagnitudes( 1�� B�J , -D� BIH ).
Deeperinfrareddatacould thereforebetterconstrainthe IMF
andotherparametersdescribingthehalothanthepresentdata.

In the right-handpanels,themodelpredictions(again,the
full thick black histogram)are comparedto variousdatasets.
Thebluehistogramwith theerrorbars(basedon � > statistics)
representstheobservedstellarnumbercountsfrom thecolour
cataloguebasedon the(P/E)classificationandsubsequentap-
plication of the 8:2 -techniquedescribedin Sect.4. The pink
histogramrepresentsthe numbercountsusingthe (P/E) clas-
sificationfor thatbandonly. As, by construction,thereareno
starsfainterthanMAG STAR LIM in thesinglepassbandcata-
logue,but thisvalueusuallydoesnotcoincidewith theborders
of the binning, thecountsin the last bin maydropartificially.
Therefore,thecountsin the lastbin of thepink histogramare
correctedfor thiseffectby multiplying thecountsin thelastbin
by thebin width dividedby theactualwidth over which there
is data.

7.1.2. Comparing counts from single passband and
colour catalogues

Up to MAG STAR LIM, indicatedby the vertical dashedline,
the countsfrom the singlepassbandandthe colour catalogue
are in very goodagreement.In fact, naively, onemight even
have expectedthem to be identical.They are not for several
reasons.
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Fig.2. Numbercountsin ��������� from thefive passbandcatalogue
and in �! from the seven passbandcatalogue.This sampleis for
the � -band,and the full figure is only available in the on-line edi-
tion. In the lower right panelthe � -bandcountsbasedon the seven
passbandcataloguearepresented.They arein goodagreementwith
thosebasedon thefive passbandcatalogue,asis thecasefor �����c� .
Left panel:shown arethediskcomponent(dashedandsolid thin black
histograms)andhalocomponent(dashedandsolid bluehistograms),
andtheir sum(dashedandsolid thick blackhistograms)predictedby
thegalacticmodel.Distinguishedarethepredictedmodelcountstak-
ing into accountthe error model, saturation,completenessand the
MAG STAR LIM in the individual passbands(the blue andblack full
histograms),aswell asthe“perfect” model(theblueandblackdashed
histograms).Themorphologicalclassificationlimits for thebandsare
indicatedby thevertical dashedline. Right panel:comparisonof the
data(bluecolouredhistogramwith errorsbars)with themodel.Note
thedifferentmagnitudescalew.r.t. theleft-handpanel.Shown arethe
predictedcountstaking into accountthe error model,saturationand
completeness(thick dottedblackline), aswell asthecountsthataddi-
tionally take into accountthe MAG STAR LIM limits in theindividual
passbands(thick solid black line; the samecurve asin the left-hand
panel).The pink histogramrepresentsthe observed numbercounts
usingthe point sourceclassificationfor that bandonly. The number
countsof objectsassigned“stellar” templatespectrathat areranked
1 and �P� in the full five andfull seven passbandcataloguerespec-
tively, basedon the " � -techniqueonly, are indicatedby the dashed
bluehistogram.TheQSOnumberscounts(amongtheobjectsinitially
classifiedaspoint sources)are indicatedby the red histogram.The
morphologicalclassificationlimits for thebandsareindicatedby the
verticaldashedline.

Firstly, in particularin * , at thebrightend,thecountsfrom
thesinglepassbandareabove thecountsfrom thecolourcata-
logue.Thisis dueto thefactthatonly objectswhichareoutside
all maskscreatedat thesinglepassbandlevel areconsideredin
the colour catalogue.Sincethe * -bandis shallow, the single
passbandcataloguecontainsobjectsthatarenotsaturatedin * ,
but aresaturated(hencewill havea maskplacedaroundthem)
in oneof theotherbands,andwill not make it into thecolour
catalogue.

Secondly, the“good” areaoverwhich thesourcesarecon-
sideredis slightly larger for the single passbandcatalogues
comparedto thecolourcatalogue,asthedifferentsinglepass-
bandimagesdo not exactly have thesamefield centreandthe
colour catalogueis createdover the areathat is in common
to all passbands.At bright and intermediatemagnitudesthe
countsmatchto within thePoissonerrors,asexpected(except
for the * -bandfor reasonsjustdiscussed).

Thirdly,whenapproachingthemorphologicalclassification
limit thenumbercountsbasedon thecolourcataloguetendto
fall below the countsbasedon the single passband.This is
due to the fact that galaxy interlopersand QSOshave been
removed from the sampleusing the 8:2 -techniqueappliedto
theobjectsdetectedin threeor morepassbands.As illustration,
theQSOnumbercountsfor theobjectsoriginally classifiedas
point sourcesis shown by theredhistogram.

Beyondthemorphologicalclassificationlimit, thenumber
countsbasedonthesinglepassbandlevel dropto zero(by con-
struction),while the numbercountsbasedon the colour cat-
alogueextend to significantly fainter magnitudes.This illus-
tratestheusefulnessof usingall availablecoloursto construct
a point sourcecatalogue.This is especiallytrue in * , where
thecountsreachalmosttwo magnitudesfainterthanthesingle
passbandcounts.This is becausethe * datais shallow com-
paredto thosein the otherbandsandmostof the information
on the (P/E) classificationcomesfrom redderpassbands.The
gainin magnitudeis negligible in / which,accordingto Tab. 2,
in mostcasesdefinesthe(P/E)classification.

7.1.3. Comparison with the model and literature

The countspredictedby the modelandthe observationsfrom
thecolourcataloguearein goodagreement,consideringthatno
fine tuningor fitting wasperformed.Theobserveddatafollow
thethick blacklineswithin theerrorsindicatingthatthechoice
of CLASS STAR is appropriate(or at leastconsistentwith that
predictedby the model).Thedatafall below the dashedthick
lines,whichwouldbethepredictedcountsif the(P/E)classifi-
cationwould bereliablefor all magnitudes.Basedon theflat-
teningof the observed countsandguidedby the resultsfrom
themodelthe90%completenesslimits areestimatedto beap-
proximately * = 23.8, + = 24.0, - = 23.5, / = 23.0, 1 = 21.0,
4 = 20.5, 6 = 19.0.

The deepeststellar countsavailable in the literature are
from the HST, but they cover a small area,e.g. Santiagoet
al. (1996)combine17 WFPC-2fieldsfor a total areaof 0.027
deg2 , 90%completeto 1?��ey� of 22 to 24 dependingon thefield.
At theotherendof thespectrumthereis therecentanalysisof
Chenet al. (2001)using279deg2 of SDSS datacompleteto a
depthof �^R = 21.0(correspondingto approximately- = 20.4
for a typicalcolourof � R O�� R of 1, or threemagnitudesbrighter
thanours),or Ojha (2001)thatanalysesevenfieldsof 2MASS

datacovering67deg2 down to 6�� = 15.Intermediatelargearea
surveysaree.g.the“DeepMulticolor Survey” (DMS; Osmeret
al. 1998 and referencestherein)covering six fields of about
0.14 deg2 eachcompleteto about + = 23.5 (comparableto
ours),or Reid& Majewski (1993)covering0.3deg2 complete
to about - = 21.5 (brighterby two magnitudescomparedto
ours).

What will make the DPSsurvey uniquewhenfinishedis
that it will covera largerarea,to a depththat is comparableor
better, thanexisting intermediatelargeareastellarsurveysand
thatthedatawill bein fiveor sevenpassbands.
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7.1.4. The slope of the IMF

In this Sectionthe influenceof the shapeof the IMF on the
numbercountsis illustrated.Figure3 showsthenumbercounts
in / and 4 when the power law form in Chabrier(2001) is
adoptedinsteadof his lognormal law. The numbercountsat
/ T BIB

and 4 T q��hO BGK arelarger thanin the default case
by about20%.In theotherbandstheeffect is lessstriking but
alsopresent.This illustratesthe potentialof the presentdata,
especiallywhentheDPSsurvey is completedanddataof simi-
lar depthon fieldswith differentgalacticcoordinatesareavail-
able,to constraine.g.theIMF. Thecountsin this field arebet-
ter fitted with the lognormallaw proposedby Chabrier(2001)
thanthepower law proposedby him. Thestarsin therelevant
magnitudeinterval have typical massesof about0.1 - 0.2M k .
However, the fits are certainly not perfect,and this possibly
hints to a morecomplex, or different,shapeof theIMF thana
power law or lognormallaw.

7.2. Colour-colour diagrams

7.2.1. General description

Figure4 showsselectedcolour-colourdiagramssplit into mag-
nitudebins for the five andseven passbandcatalogues.In the
left-handpanelthepredictionsby themodelareshown.Objects
from the halo (opencircles)andthe disk (filled circles),with
starswith  ¢¡�£¤�¦¥F� (representingWDs)andstarswith masses
V 0.1M k (representinglow massstars)additionallymarkedby
aplusandcrosssign,respectively. Theright-handpanelshows
the stellar objects(filled and opencircles),while the objects
identifiedasQSOsby the 8:2 -techniqueareshown ascrosses.

Theoverall agreementis very goodin all casesandfor all
magnitudebins.In particularthewidth of thesequencesis well
matchedto the dataconfirminga-posteriorithe correctnessof
scalingthe simulatederrorsby SExtractoraswasderived by
thecomparisonto deeperexternaldata.

The largestdiscrepanciesare:(a) in the ]_-§O(/3a�OP]_/�O
1¨a diagram,wherefor increasing/vOz1 themodelpredictions
saturateat a level of -§O�/ of T q , while the observeddata
pointscontinueto becomeredder;(b) in the ]©/�Oª1¨a«O¬]©1�O�47a
diagram,wherethe slopeof the dataandthe modeldiffer for
1iO(4cT K r H ; (c) in the ]®-¯O�47a¤O�]y4ªO°6�a diagram,wherefor
-±O�4�¥ E thedataseemto remainat a constantcolour, while
thereis a slopein the modelpredictions.Possiblereasonsfor
thediscrepanciesarediscussedin Sect.7.4.2.

7.2.2. Outliers

Obviously therearealsooutliersin thecolour-colourdiagrams
on the dataside.Thesecanbe real (for exampledueto vari-
ability) or hint to problemsin the catalogueproduction.This
issueis extensively discussedin H2002.Most important for
the presentpaperis to remindthat theseoutliersdo not influ-
encetheassignmentof thespectraltypeasthis is basedon all
availablemagnitudesanderrors.

To guidethe eye, outliersaremarked by the opencircles.
Outliersaredefinedin thepresentpaperasfollows2. An imagi-
narybox in colourspaceis drawn aroundall of themodelstars
in theleft-handpanel,for eachmagnitudebin. An objectis de-
fined an outlier if an observed datapoint on the right is not
within any of theseboxes.The width of the box wassetafter
someexperimentationto be 15-30%of the maximumof the
rangein bothcoloursaxisin a givenmagnitudebin.

This conceptis foundusefulto estimatethepossiblelevel
of remainingcontaminationby QSOsand unresolved galax-
ies that have not beenidentifiedassuchby the 8:2 -technique.
Althoughtheoutliersaremarkedin all colour-colourdiagrams,
the diagramswhereQSOsaremosteasilyidentifiedbasedon
their differencein colours with respectto normal starsare
]®*zO¦+.ajOQ]©+�O²-0a in fivepassbandsand ]³*¬O²+ha!O�]_+(Oª-0a ,
]©+¯O¬-ia9O�]_-±O°6�a , ]_-±Oz4=a9O�]´4²O�6�a in sevenpassbands
(H2002).Note,however, that thecolour-colourdiagramsindi-
catethat QSOsandstarsoverlap in colour-colour space,and
thereforeno selectionbasedpurelyon colour-colourdiagrams
canbemade(seealsoH2002).

Thenumberof outliersin the ]³*POQ+.aµO�]©+�Oz-0a colour-
colourdiagramin five passbandsis 36, 28 of which arein the
region occupiedby QSOs,while in the ]®*¯O�+ha�Ov]_+�O�-ia ,
]©+QOh-haGO�]®-�Oi6�a , ]®-'O�4=aIO�]´4gOi6�a colour-colourdiagrams
in seven passbandsthereare 63 outliers,26 of which are in
theregion occupiedby QSOs.However sincestarsdo overlap
with QSOsit cannotbeassumedautomaticallythatall outliers
areQSOs.Theupperlimits to theremainingcontaminationby
QSOsarethereforeV 6.3%in thesevenand V 2.3%in thefive
passbandcatalogue.In Sect.7.5anindependentestimateof this
contaminationis given.

7.3. Colour-magnitude diagrams

Figure 5 shows selectedcolour-magnitudediagrams.In the
left-handpanelthemodelpredictionsareshown with symbols
as introducedin Fig. 4. The right-handpanelshows the data.
The matchis good,in particularthe Galactichalo (with bluer
colours)andtheGalacticdisk (with reddercolours)arereadily
distinguished.

Onecanalsonoticetheparticularpositionoccupiedby the
modelvery low-massstars(crosses),that arethe reddestand
faintestobjectsin most plots. White dwarfs (plus signs),al-
thoughfoundovera relatively wide rangeof coloursandmag-
nitudes,are the only objectsto occupy a vertical strip to the
blue of the bulk of halo stars:in fact, in diagramslike - vs.
-DO�/ and 1 vs. -¶OC1 , the sequenceof hot WDs (with
-§O�/AV K r E , -§O�1(V K r � ) startsat -¸· BGK and 1�· BGK ,
andthis matchesquitewell thesequenceof hot objectsseenin
theobservationalplots.

2 In H2002,outliersweredefinedby consideringonly the datait-
self,usingdissimilaritymeasures.SeeH2002for details.
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Fig.3. Numbercountsin �Z� with thepower law form of theIMF from Chabrier(2001).Themeaningof thecurvesis asin Fig. 2. Thecounts
at � $z¹�¹ , � $�º�»G¼ ½ areabout20%largerthanfor thestandardcasewith thelognormalform.

7.4. Colour distribution

7.4.1. General description

Although the colour-colour and colour-magnitudediagrams
provideusefulandcomplementaryinformation,themoststrin-
gent test for the comparisonbetweendataandmodel is pro-
vided by the distributionsover colour at differentmagnitude
slices,asprovidedin Figure6.

Theoverallagreementis againverygood.Theshapeof the
colour distributions is correctly recoveredin most cases;the
absolutenumberof objectsin the faintestbin, however, is not
alwaysexact(e.g. *vOQ+ and /FO°1 ).

The mostobviousdiscrepanciesare: (a) the excessof ob-
jectswith O3qQV~*�O�+}V¾O K r J and

B�B V�*¸V B � which
couldbeQSOsnot identifiedby the 892 -technique,or WDs not
predictedby themodel;(b) thefact that for disk starsthepre-
dicted -(O`/ coloursarebluerthantheobservedones;(c) sim-
ilarly, that for disk starsthepredicted/±Oz1 coloursarebluer
thantheobservedones;(d) theexcessof observedsourceswith
4¿O¬6À¥CqIr B and q H Vv6ÁVYqx� which againcouldbeQSOs,
or galaxies,not identifiedby the 892 -technique.

The shifts in colour seenin -�O�/ and /�O�1 areof the
order0.2 mag,but the conclusionis that all the othercolours
arecorrectlypredictedata level ST K rÂq mag.

7.4.2. Further investigation of the model data

To make betteruseof the simulationsa numericalcodehas
beendevelopedthat allows to searchon any combinationsof
theparametersprovidedby theGalacticModelconvolvedwith
theerrormodel,completeness,etc,asdescribedearlier. Thepa-
rametersprovidedarethecolourswith theirerrors,theGalactic
component(i.e.disk,halo,bulge),age,[Fe/H], initial mass,lu-
minosity, effectivetemperature, ¢¡�£¤� , distancemodulus,visual
extinction andapparentbolometricmagnitude.Constraintson
the differencesbetweentwo columnsareallowed for aswell.
As an illustrative examplethe problemof thediscrepancy be-
tweenmodelanddatain the ]®-FO�/,a=O(]_/�O�1La colour-colour
diagramis addressed.Figure7 showsthedistributionovervar-
iousmodelparametersof all simulatedstarsthatareformedin
thediscandfulfil q�r ��V�/vO°1�V E r J and

BIE V�/YV BGM . From
this analysisit is clearthatmainly low massstars( ST 0.2 M k )
arecontributing to this colour rangeindicatingthat likely the

theoreticalcoloursfor thesestarsareoff by approximately0.2
mag.

It shouldbe pointedout that, amongthe possibleinade-
quaciesof the model,systematicshifts in the modeleffective
temperaturesor in the adoptedstellar metallicitieswould af-
fect all coloursin moreor lessthe sameway, which doesnot
seemto be the casehere.In fact, just a few of thecoloursare
deviant, and this might be relatedto the tablesof bolometric
correctionswhich areadoptedin the model.For instance,ei-
ther thesebolometriccorrectionswerederivedfrom imperfect
responsecurvesfor someof theEISfilters,or thesyntheticstel-
lar spectrain use(seeGirardi et al. 2002for details)present
inadequaciesin someof their wavelengthregions(causedby
e.g.incompleteline opacitytables).Thismatterwill befurther
investigated,but whatever is theircause,thesecolourproblems
aresmallenoughto not affectany of our conclusions.

Alternatively, thesediscrepanciesmayresultfrom thedata
ratherthanthemodel.It is importantto point out thatmostof
the discrepanciesoccurat the near-infraredpassbands( 1j476 )
wherethe datamay be affectedby fringing as well as other
problemsrelatedto thereductionof jitteredinfrareddata.It will
beof interestto seeif theseproblemspersistasthetechniques
for reducingWFI andSOFIdataareimproved.

7.5. The effectiveness of the Ã � -technique

In the selection of stellar sources, the values of the
CLASS STAR of the different passbandsare combinedas de-
scribedpreviously. Thenthe 8 2 -techniqueis usedto filter out
unresolvedgalaxiesandQSOs.In thissectionit is investigated
how reliably the 8:2 -techniqueworks,andif it couldbeusedas
a stand-alonetool.

Thedashedbluehistogramin Fig. 2 in factshowsthenum-
bercountsof objectsthathavebeenassigned“stellar” template
spectraandthatareranked1 and W E whenapplyingthe 8 2 -
techniqueto the full, five, respectively seven,passbandcolour
catalogue,not just thepoint sourcecatalogue3.

3 A technicalremark:Thedifferenceof selectingobjectsranked 1
for the five passbandcatalogueand ranked � 3 (i.e. all objects)for
the seven passbandcatalogueis relatedto the informationprovided
by the extra filters. More precisely, for objectsthat have an infrared
continuumdescribedby a power law, suchas low- to intermediate
redshiftQSOsor hot WDs, the � and  magnitudesdo not provide
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Fig.4. Colour-colour diagramfor different cuts in magnitude.ThisÄ �v%Q�cÅ9% Ä ��%��IÅ diagrambasedon the five passbandcatalogue
is a typical exampleandthe full figure is only availablethroughthe
on-lineedition.Left panel:Modelpredictions.Halo(opencircles)and
disk (filled circles),with starswith Æ�ÇxÈ:É0ÊQË (representingWDs)and
starswith massesÌ 0.1M Í (representinglow massstars)additionally
markedby aplusandcrosssign,respectively. Sincethefull simulation
is runover Î�% timestheobservedarea,only

Ï of all modeldatapoints
areplotted.Right panel:the data.Opencirclesrepresentoutliers,in
the sensethat they arenot within a certainmagnitudedifferenceof
any of the model datapoints in the left-handpanel(seetext). Red
crossesareobjectsidentifiedasQSOsby the " � -technique.

Even at relatively bright magnitudesthesecountsaresig-
nificantly larger thanpredictedby the model, in particularin
*,+.-0/ . Thisisverylikely dueto misclassifications,andcross-
talk, betweengalaxiesandstars.Sincethe numberdensityof
galaxiesis so muchlarger thanthat for stars(alreadya factor
of 10-15at MAG STAR LIM), evena 10% misclassificationof
starto galaxiesandviceversaleadsto averysmalldecreaseof
galaxynumbercountswhile it leadsto adoublingof thestellar
numbercounts.Thisis illustratedfurtherbelow, andshowsthat
the 8:2 -techniquecannot,andshouldnot,beusedblindly.

any additionalinformationabouttheSEDbut will imposeadditional
constraints,by increasingthe numberof the degrees-of-freedomin
thefitting. A possibleanswerto theproblemof redundantinformation
couldbeaPrincipleComponentAnalysis.Thiswill beinvestigatedin
thefuture.

Fig.5. Colour-magnitudediagram.This ( �=Ð|�¿%.� ) diagrambasedon
thefive passbandcatalogueis a typical exampleandthefull figure is
only availablethroughthe on-line edition.Left panel:modelresults.
Thesymbolshave thesamemeaningasin Fig. 4. Sincethefull simu-
lation is runover Î�% timestheobservedarea,only

Ï of all modeldata
pointsareplotted.Theright panelshows thedata.

Fig.6. Colour distributionsfor differentcuts in magnitude.The full
figure is only available through the on-line edition. Shown are the
modelpredictions(the halo is the blue lined histogram;the disk the
thin lined histogram,andtheir sumis the thick lined histogram)and
thedata(thepink histogramwith theerrorbars).

Fig. 8 shows thedistribution of CLASS STAR in thediffer-
entbandsfor theobjectsthatareclassifiedpoint sourcesin the
colourcatalogue(redcircles).This givesan illustrationof the
usefulnessof usingall availablecoloursto classifyobjects.In
*3- many objectsclassifiedas point sourcesusing all avail-
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Fig.7. Distributionsover variousparametersof all modelstarswhich
areformedin thediscandhave ºx¼ Ñ Ì��h%��,ÌQ� ¼ ½ and ¹ �gÌQ��Ì ¹ÓÒ .

ablecoloursareoutsidetheregionthatis initially setto contain
point sourcesin thesebandsindividually. Table2 containsin-
formationon which bandactuallydecidedwhetheran object
is classifiedasa point source.This is +��f/ and 1 for the five
passbandcatalogue,and +`��/ and 4 for the seven passband
catalogue.The dots in thesefiguresshow the distribution of
CLASS STAR for theobjectsassigned“stellar” templatespectra
thatareranked1 and W E in thefull fiveandfull sevenpassband
cataloguerespectively, whenapplyingthe 892 -technique.It can
beclearlyseenthatevenbrightobjectswith smallCLASS STAR

valuescanbeassigneda stellarspectraltype,evenwhenthese
objectsareverifiedto beresolvedgalaxies.

This illustrates the strength and weaknessof using
MAG STAR LIM/CLASS STAR LIM or the 8:2 -technique.The
former methodselectspoint like objectswithout having the
possibility to distinguishbetweenstarsand QSOs or unre-
solvedgalaxies,while the lattermethodusesastrophysicalin-
formation(theSEDsof objectsin theUniverse)to assigntypes
but it doesnot considerwhetheranobjectis resolvedor not.

To investigatethelevel of misclassificationof truegalaxies
asstarsby the 8:2 -technique,Fig. 9 showstheratioof thenum-
berof objectsassigned“stellar” spectrato all objects,for values
of CLASS STAR V 0.1 (i.e. truegalaxies).It is noticedthat the
fractionof misclassificationis essentiallyindependentof mag-
nitude and rangesbetween13 and 19% in the five passband
catalogue(with anaverageof 16.3%),andbetween7 and17%
for the sevenpassbandcatalogue(with an averageof 12.8%).
Thesmallerlevel of contaminationindicatestheeffect of hav-
ing morecoloursavailablein thefitting to betterconstrainthe
assignmentof thebestfitting spectrum.

If it is assumedthat themisclassificationfrom truestarsto
galaxiesor QSOsis similar, onecanestimatefrom thenumbers
in Table2 that16.3%out of thetotal of 173QSO+unresolved
galaxies,or 28objectsmaybewronglyassignedsuchatype,or
that28 starsareincorrectlyremovedfrom thestelarcatalogue.
Thisconstitutes2.4%of thesampleof stars.Thesamenumber
is foundfor thesevenpassbandcatalogue.

Fig.8. CLASS STAR valuesof the objectsthat areclassifiedaspoint
sourcesin the five andseven passbandcolour catalogues(filled red
circles).This panelshows the � -bandbasedon thefive passbandcat-
alogueasanexample,andthefull figureis only availablethroughthe
on-line edition. Black dots representthe CLASS STAR valuesof the
objectsthat areclassifiedas“stellar” andthat areranked 1 and �P�
in the full five andfull seven passbandcataloguerespectively, when
applyingthe " � -technique.MAG STAR LIM and CLASS STAR limits
areindicated.

7.6. Spectral types and data tables

Tables3 and4 give the first entriesof the stellarcataloguein
respectively five andseven bands.The tablesgive the follow-



12 Groenewegenetal.: TheStellarCataloguein theChandraDeepFieldSouth.

Fig.9. Fractionof objectsthat areclassifiedas“stellar” andthatare
ranked 1 and �Ô� in the full five and full seven passbandcata-
loguerespectively, whenapplyingthe " � -techniqueand that have a
CLASS STAR lessthan0.1. MAG STAR LIM limits areindicated.This
panelshows the � -bandbasedon the five passbandcatalogueasan
exampleandthe full figure is only availablethroughtheon-lineedi-
tion.

ing information:in column(1) the EIS identificationnumber;
in columns(2) and(3) theJ2000coordinates;in columns(4) -
(13) for thefive passbandandcolumns(4) - (17) for theseven
passbandthe magnitude(Vegasystem)andthe SExtractorer-
ror (upperlimits areindicatedby a O3q ; in column(14)(respec-
tively column(18) in thesevenpassband)theassignedspectral
type,with thefollowing meaning:

– Prefix “MS”. Templatesfor normalO to M starsfrom the
Pickles(1998)library. Starsthataredetectedin fewer than
threebandsand thereforehave not beenfitted by the 8:2 -
techniquearelistedas“dummy” here.

– Prefix “WD”. Templatesfor WDs from the modelspro-
videdby D. Köster(thenumbersindicateeffective temper-
atureand  Â¡I£¤� ), Ibataet al. (2000;theobservedspectrum
of F351-50,F821-07)or Oppenheimeret al. (2001;theob-
servedspectrumof WD 0346+246).

– Prefix “LMS”. Templates for Low Mass Stars from
Chabrieret al. (2000).The prefix is followed by a num-
berindicating Õ«Ö³× < q K�K andthetypeof modelused(NeGen
= Next Generation,AMESd = DUSTY, or AMESc =
CONDENSED,asdefinedin Chabrieret al. 2000).

Tables5, 6, 7 and8 givethefirst entriesof thelikely QSOsand
unresolvedgalaxiesin the five andsevenpassbandsasidenti-
fied by the procedurein Sect.4. The informationlisted is the
sameasin the previous tables,except that in the last column
thephotometricredshiftis listedfor theQSOs,andthetypeof
galaxy(following Colemanet al. 1980)andphotometricred-
shift for theunresolvedgalaxiesasdeterminedby thespectral
templatefitting method.

The complete tables can be re-
trieved from the CDS or from the URL
“http://www.eso.org/science/eis/eisrel/dps/dpsrel.html”.

8. Summary and conclusions

Thispaperdescribestheproceduresadoptedin theconstruction
of multi-colour stellarcatalogues,suitablefor statisticalstud-
ies, extractedfrom multi-band imaging data.The procedure
involves several stepsamongwhich: a magnitude-dependent
schemeto morphologicallyclassify sourcesidentified using
SExtractor;a procedureto combinethe informationavailable
in cataloguesextractedfrom imagestaken in different pass-
bands;andthe useof a 892 -techniqueto assignspectraltypes
to thesourcesusingthemulti-bandinformation.Thisallowsto
minimisethe contaminationof the stellarcatalogueby QSOs
and unresolved galaxies,and to assignspectraltypesfor the
stars,which areincludedin thestellarcataloguespresentedin
this paper.

The methodologyoutlinedhereis appliedto the first data
set releasedfor the DPS,the CDF-S.The 90% completeness
limits areestimatedto be approximately* = 23.8, + = 24.0,
- = 23.5, / = 23.0, 1 = 21.0, 4 = 20.5, 6 = 19.0. To as-
sessthe quality of the cataloguesproduced,number-counts,
colour-colour and colour-magnitudediagrams,and colour-
distributionsderived from the dataarecomparedto thoseob-
tained from simulatedcatalogues.Mock cataloguesare cre-
ated using a Galactic model basedon populationsynthesis
(describedby parametersset by independentdata),an error
model describingthe expectedphotometricerrors,saturation
and completenessas derived from the data.Even thoughno
attemptis madeto fine tunetheGalacticmodelparametersthe
agreementbetweenrealandsimulateddatais remarkable,serv-
ing asa goodindicatorof thereliability of thecataloguespro-
duced.Thecomparisonalsosuggeststhatthedepthof thedata
is suitableto constraintheIMF and/orSFRof low-massstars.

This paperrepresentsa first attemptto defineprocedures
to producewell-defined,deepstellarcatalogueswith minimal
contaminationby QSOsandunresolved galaxies.The results
areencouraginganddemonstratethevaluablecontributionthat
the homogeneousmulti-band optical/infrareddata set from
DPS, probing different directionsof the Galaxy, will make
whencompleted.

Acknowledgements. L.G. thanksESOfor thekind hospitalityduring
two visits.
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Table3. First 15entriesof thestellarcataloguein five passbands.
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Table4. First 15entriesof thestellarcataloguein sevenpassbands.

�! #"%$ &�' ()+*+*#*+, -�' (�)#*+*+*+, . /�0 1 /�2 3 /�4 5 /�6 7 /�8 ( /�9 : /�; <�=�$?>?@ A  +B�CED�=�$
F�G <EH�*+I+IKJML+LKN O+O�P!)+Q+L�JMIRL�N JS*#I�T I�JRT L+L�N OROUP!)+Q�T L�JRT I+LKN JV)RL�N JM)�*�N JM)W)#I�N L#XY*�N *+)Z)#)�N I+XY*KN *+)Z)�JRN )#QU*KN *KJUJMX�N [#IU*KN *KJUJM[�N [#QW*�N *+)\JM[�N I+IW*�N *#OW]^<K]_)�N OR`
F�G <EH�*+I+IKJML+LKN O+[�P!)+Q+L#OKJMO#N Qa*#I�T I�JRT L+L�N OR[UP!)+Q�T L#O�T JbO�N Qc)+IKN O+O�*�N JMOW)#I�N [RLd*�N *+)Z)#)�N [+OY*KN *+IZ)�JRN e#OU*KN *KJa)+*�N JbOU*KN *KJUJMX�N JMLf*�N *+I\JM[�N *+*W*�N *#QW]^<K]_)�N OR`
F�G <EH�*+I+IKJML+LKN [KJRP!)+Q#OKJ+JMI#N ea*#I�T I�JRT L+L�N [�JaP!)+Q�T OKJRT JbI�N ec)RL�N *+O�*�N J+Jg)#I�N O+QY*�N *+)Z)#)�N Q+IY*KN *+IZ)�JRN e#QU*KN *KJa)+*�N *#[U*KN *KJUJMX�N *+Lf*�N *+)\JM[�N L#IW*�N *#eW]^<K]_)�N OR`
F�G <EH�*+I+IKJML+LKN X+*�P!)+Q+L#Q+I+[#N )a*#I�T I�JRT L+L�N XR*UP!)+Q�T L#Q�T I#[�N )c)KJ+N X+*�*�N *+)W)#*�N [+QY*�N *+*Z)#*�N )+*Y*KN *KJZJbX�N I#eU*KN *+*hJM[�N e#XU*KN *KJUJMQ�N X#eW*�N *KJ�JMQ�N )KJg*�N *#IW]^<�A ij)RG G G
F�G <EH�*+I+IKJML+LKN X+[�P!)+Q+L#eRL#[#N Oa*#I�T I�JRT L+L�N XR[UP!)+Q�T L#e�T L�[�N Oc)KJ+N e+O�*�N *+)W)#*�N IRLd*�N *+*dJbX�N ORLd*KN *+*dJb[�N O#XU*KN *+*hJMQ�N Q#XU*KN *+*hJMQ�N *#IW*�N *KJ�JMe�N )+OW*�N *�Jg]^<�ijQR`
F�G <EH�*+I+IKJML#O�N I+)�P!)+Q#O+e+)+*#N [a*#I�T I�JRT L#OKN IR)UP!)+Q�T O+e�T )#*�N [c)+OKN )+[dP�JRN *+*Y)#O�N J?Ld*�N *+eZ)#I�N QKJc*KN *+eZ)#)�N L�eU*KN *+)U)+*�N Jb[U*KN *KJUJMX�N *#*W*�N *+I\JMQ�N X+[W*�N *#IW]^<K]^L+`
F�G <EH�*+I+IKJML#O�N Q+)�P!)+Q+L#[RL#Q#N Oa*#I�T I�JRT L#OKN QR)UP!)+Q�T L#[�T L�Q�N Oc)+IKN )+O�*�N *+eW)�JRN [+)Y*�N *KJk)#*�N Q+QY*KN *KJZJbX�N e�Ja*KN *+*hJM[�N *#XU*KN *+*hJMQ�N *#[W*�N *+*\JMe�N I+eW*�N *�Jg]^<K]_)�N OR`
F�G <EH�*+I+IKJML#O�N Q+[�P!)+Q#O+*+*+I#N Lc*#I�T I�JRT L#OKN QR[UP!)+Q�T O+*�T *#I�N LZ)+IKN JMO�*�N *+OW)#I�N )+eY*�N *+)Z)#)�N [+eY*KN *RLU)#)�N e�Ja*KN *+IU)+)�N e#*U*KN *+eU)KJRN X#IW*�N JMI�)KJRN *+IhP�JRN *#*Y]^<Kl)+G G G
F�G <EH�*+I+IKJML#O�N X+[�P!)+Q#O+e+)RL�N Xa*#I�T I�JRT L#OKN XR[UP!)+Q�T O+e�T )+LKN Xc)+IKN )+Q�*�N *+OW)#I�N L#[Y*�N *+)Z)#)�N X+XY*KN *RLU)#)�N O#IU*KN *+IU)+)�N )#*U*KN *RLY)+)�N X#XhP�JRN *+*U)+*�N )+eW*�N Jb[W]^<�mon�OR`
F�G <EH�*+I+IKJML#e�N *+I�P!)+Q+L#Q+I+X#N Xa*#I�T I�JRT L#eKN *RIUP!)+Q�T L#Q�T I#X�N Xc)+IKN X+*�*�N *+XW)#)�N )+IY*�N *KJk)�JRN *RLd*KN *KJZJbX�N Q#OU*KN *+*hJMQ�N Q#eU*KN *+*hJMe�N O#QW*�N *+*\JMO�N [KJg*�N *�Jg]^<K]^L+`
F�G <EH�*+I+IKJML#e�N O+*�P!)+Q+L#O+I+I#N Lc*#I�T I�JRT L#eKN OR*UP!)+Q�T L#O�T I#I�N LZ)+OKN )+[dP�JRN *+*Y)#O�N I+[Y*�N *+QZ)#I�N X+QY*KN *+XZ)#)�N Q�Ja*KN *+IU)+*�N e#*U*KN *KJUJMX�N L#Lf*�N *+)\JM[�N Q+[W*�N *#OW]^<K]^L+`
F�G <EH�*+I+IKJML#e�N O+[�P!)+Q#O+Q+)+e#N ea*#I�T I�JRT L#eKN OR[UP!)+Q�T O+Q�T )#e�N ec)KJ+N L#O�*�N *KJg)�JRN QKJc*�N *KJk)�JRN I+QY*KN *KJk)#*�N X#QU*KN *KJa)+*�N e#QU*KN *KJa)+*�N L�[W*�N JM*\JMX�N X+QW*�N JbeW]^<�mol[R`
F�G <EH�*+I+IKJML#e�N e+)�P!)+Q#O+I+O+I#N )a*#I�T I�JRT L#eKN eR)UP!)+Q�T O+I�T O#I�N )c)+IKN e+)�*�N *+[W)#)�N L#XY*�N *KJk)�JRN I+QY*KN *KJk)#*�N JbeU*KN *+*hJM[�N JbOU*KN *+*hJMQ�N *#)W*�N *KJ�JMe�N )RLf*�N *�Jg]^<K]^L+`
F�G <EH�*+I+IKJML#Q�N JMQ�P!)+Q#O+I+)+e#N JS*#I�T I�JRT L#QKN J?QUP!)+Q�T O+I�T )#e�N JV)RL�N )+I�*�N J+Jg)#)�N XRLd*�N *KJk)�JRN X+XY*KN *+)Z)#*�N X+LY*KN *KJa)+*�N *#OU*KN *KJUJMX�N )#[W*�N *RL
JM[�N O+OW*�N *+Lf]^<�ijQR`
F�G <EH�*+I+IKJML#Q�N I+*�P!)+Q+L#QKJM*#N Ia*#I�T I�JRT L#QKN IR*UP!)+Q�T L#Q�T Jb*�N IYJMQKN [+[�*�N *+*
JbQ�N *+eY*�N *+*dJbe�N L#QY*KN *+*dJbO�N Q#XU*KN *+*hJMO�N )�Ja*KN *+*U)+)�N X#XhP�JRN *+*U)KJRN *+IhP�JRN *#*Y]^<�A ij*RG G G

Table5. First 15entriesof thelikely QSOsin five passbands.
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Table6. First 15entriesof thelikely QSOsin sevenpassbands.

�®K¯�° ±j² ³�´KµKµKµK¶ ·�² ³E´Kµ�µKµK¶ ¸ ¹�º » ¹�¼ ½ ¹�¾ ¿ ¹�À Á ¹�Â ³ ¹�Ã Ä ¹�Å ÆbÇbÈRÉMÊ
ËEÌ?Í�Î�µKÏ�Ï�ÐbÑ�Ò�Ó ´�´�Ô�´KÕ�Ò#Ñ�ÏKÒKÓ Ö×µKÏ�Ø Ï�Ð#Ø Ñ�Ò�Ó ´�´ÙÔÚ´KÕ�Ø Ò#Ñ�Ø Ï�Ò�Ó ÖÛÐ+Ü�Ó ÏK´Ýµ�Ó µKµÞ´Kµ�Ó µ#ÑÞµ�Ó µ�µÛ´Kµ�Ó µ�Ðßµ�Ó µKµàÐ+Ü�Ó Ö�Ðßµ�Ó µKµàÐ+Ü�Ó Ï�ÕÝµ�Ó µ�ÐÞÐ+Ü�Ó ÕK´Ýµ�Ó µKÖàÐ+Ö�Ó µKÜ�µ�Ó µ#Ñáµ�Ó ÒKµ
ËEÌ?Í�Î�µKÏ�Ï�ÐbÑ�Ò�Ó Ò�µ�Ô�´KÕ�Ò#ÑKÑ�âKÓ ÑÝµKÏ�Ø Ï�Ð#Ø Ñ�Ò�Ó Ò�µÙÔÚ´KÕ�Ø Ò#Ñ�Ø Ñ�â�Ó ÑÝ´K´�Ó Ï�Ðßµ�Ó µK´Þ´K´�Ó ÖKÖÝµ�Ó µ�Ð×´K´�Ó â�ÏÝµ�Ó µKÏÞ´�Ð#Ó ÖKÒÝµ�Ó µK´Þ´�Ð#Ó Ð#ÕÝµ�Ó µK´Þ´Kµ�Ó âKÕÝµ�Ó Ð+ÏàÐ+Ü�Ó µKÒ�µ�Ó µKÕãµ�Ó ´Kµ
ËEÌ?Í�Î�µKÏ�Ï�ÐbÑ�Õ�Ó Ü�Ö�Ô�´KÕ�ÒKµ#Ñ�ÒKÓ Ò×µKÏ�Ø Ï�Ð#Ø Ñ�Õ�Ó Ü�ÖÙÔÚ´KÕ�Ø ÒKµ�Ø Ñ�Ò�Ó Ò×´KÏ�Ó Ð+ÖÝµ�Ó µKÒÞ´KÏ�Ó âKÏÝµ�Ó µ�´Û´KÏ�Ó Õ�ÖÝµ�Ó µKâÞ´KÏ�Ó Ñ�´Ýµ�Ó µKÒÞ´K´�Ó Ö�ÒÝµ�Ó µKÕÞ´�Ð#Ó ÕKâÝµ�Ó ÐKÐÙ´Kµ�Ó ´KÒ�µ�Ó Ð+Ïã´�Ó ÜKµ
ËEÌ?Í�Î�µKÏ�Ï�ÐbÑ�Ö�Ó ´�â�Ô�´KÕ�Ñ�ÏKÏKµKÓ ´×µKÏ�Ø Ï�Ð#Ø Ñ�Ö�Ó ´�âÙÔÚ´KÕ�Ø Ñ�Ï�Ø Ï�µ�Ó ´×´K´�Ó Ñ�µÝµ�Ó µKÏÞ´KÏ�Ó ´KÒÝµ�Ó µ�´Û´K´�Ó Õ�Ðßµ�Ó µKÏÞ´K´�Ó ÐbÑÞµ�Ó µK´Þ´K´�Ó Ò�Ðßµ�Ó µKÒÞ´K´�Ó ÐbÑÞµ�Ó Ð+ÏÞ´�Ð#Ó Ð+Ü�µ�Ó ÏKµãµ�Ó Ð+µ
ËEÌ?Í�Î�µKÏ�Ï�ÐbÑ�Ü�Ó Ñ�Ï�Ô�´KÕ�Ñ�âKÏ#Ñ�Ó ÑÝµKÏ�Ø Ï�Ð#Ø Ñ�Ü�Ó Ñ�ÏÙÔÚ´KÕ�Ø Ñ�â�Ø Ï�Ñ�Ó ÑÝ´K´�Ó ´K´Ýµ�Ó µK´Þ´K´�Ó Ö#ÑÞµ�Ó µ�Ð×´K´�Ó Ñ�ÑÞµ�Ó µKÏÞ´K´�Ó ´�Ðßµ�Ó µK´Þ´�Ð#Ó Ü�´Ýµ�Ó µ#Ñä´Kµ�Ó Ö�Ðßµ�Ó µKÒàÐ+Ü�Ó Ð+Õ�µ�Ó µKâãµ�Ó âKÒ
ËEÌ?Í�Î�µKÏ�Ï�Ð+ÒKµ�Ó Ü�Õ�Ô�´KÕ�Ñ�ÐKÐ+âKÓ ´×µKÏ�Ø Ï�Ð#Ø ÒKµ�Ó Ü�ÕÙÔÚ´KÕ�Ø Ñ�Ð#Ø Ð#â�Ó ´×´K´�Ó ´KÏÝµ�Ó µK´Þ´K´�Ó ÖKâÝµ�Ó µ�Ð×´K´�Ó â�âÝµ�Ó µKÏÞ´K´�Ó µK´Ýµ�Ó µK´Þ´�Ð#Ó ´�µÝµ�Ó µK´Þ´Kµ�Ó µ#ÑÞµ�Ó µKÏàÐ+Ö�Ó âKÕ�µ�Ó µ#Ñ Ð#Ó Ð+µ
ËEÌ?Í�Î�µKÏ�Ï�Ð+Ò�Ð#Ó ´�µ�Ô�´KÕ�Ñ�ÖKÒK´KÓ Ï×µKÏ�Ø Ï�Ð#Ø Ò�Ð#Ó ´�µÙÔÚ´KÕ�Ø Ñ�Ö�Ø Ò�´�Ó Ï×´K´�Ó ÒKÖÝµ�Ó µ#Ñä´KÏ�Ó ÒKâÝµ�Ó µ�ÒÛ´KÏ�Ó Ð#µÝµ�Ó µ#Ñä´K´�Ó ÕKÕÝµ�Ó µKÏÞ´�Ð#Ó Õ�âÝµ�Ó µKÏÞ´Kµ�Ó Ü�Ðßµ�Ó µKâàÐ+Ü�Ó âKâ�µ�Ó µKÖãµ�Ó ´Kµ
ËEÌ?Í�Î�µKÏ�Ï�Ð+ÒKÏ�Ó Ò�´�Ô�´KÕ�ÒKÒ#Ñ�Ð+Ó Ï×µKÏ�Ø Ï�Ð#Ø ÒKÏ�Ó Ò�´ÙÔÚ´KÕ�Ø ÒKÒ�Ø ÑÐ#Ó Ï×´KÏ�Ó ´KÖÝµ�Ó µKÒÞ´KÏ�Ó ÒKâÝµ�Ó µ�´Û´KÏ�Ó Ñ�´Ýµ�Ó µKÒÞ´K´�Ó ÜKµÝµ�Ó µKÏÞ´KÏ�Ó µ�Ðßµ�Ó µKÕÞ´�Ð#Ó Ü�Ðßµ�Ó Ð+ÕÞ´Kµ�Ó µ#Ñ¦µ�Ó ÐKÐå´�Ó Ü#Ñ
ËEÌ?Í�Î�µKÏ�Ï�Ð+ÒKÒ�Ó â�Ï�Ô�´KÕ�Ò#Ñ�µK´KÓ ÑÝµKÏ�Ø Ï�Ð#Ø ÒKÒ�Ó â�ÏÙÔÚ´KÕ�Ø Ò#Ñ�Ø µ�´�Ó ÑÝ´K´�Ó âKÕÝµ�Ó µ#Ñä´KÏ�Ó ´KÜÝµ�Ó µ�´Û´K´�Ó Ü�ÏÝµ�Ó µKÏÞ´K´�Ó Ò#ÑÞµ�Ó µKÏÞ´K´�Ó ÐRÑÞµ�Ó µ#Ñä´Kµ�Ó ÕKâÝµ�Ó ÐKÐÞÐ+Ü�Ó Õ#Ñ¦µ�Ó µKÜãµ�Ó µKµ
ËEÌ?Í�Î�µKÏ�Ï�Ð+ÒKÕ�Ó Ò�Ö�Ô�´KÕ�ÒKµKÒKµKÓ ÑÝµKÏ�Ø Ï�Ð#Ø ÒKÕ�Ó Ò�ÖÙÔÚ´KÕ�Ø ÒKµ�Ø Ò�µ�Ó ÑÝ´K´�Ó Ö#ÑÞµ�Ó µ#Ñä´KÏ�Ó ÒKÏÝµ�Ó µ�´Û´KÏ�Ó Ï�µÝµ�Ó µ#Ñä´K´�Ó Ò�Ðßµ�Ó µK´Þ´�Ð#Ó Ü�âÝµ�Ó µ#Ñä´�Ð#Ó ÏK´Ýµ�Ó µKâàÐ+Ü�Ó Ü�Ðªµ�Ó µKÜãµ�Ó ÐKÐ
ËEÌ?Í�Î�µKÏ�Ï�Ð+ÒKÖ�Ó ´�Ü�Ô�´KÕ�Ò#Ñ�´KâKÓ Ò×µKÏ�Ø Ï�Ð#Ø ÒKÖ�Ó ´�ÜÙÔÚ´KÕ�Ø Ò#Ñ�Ø ´�â�Ó Ò×´K´�Ó Ð+âÝµ�Ó µK´Þ´K´�Ó ÜKÏÝµ�Ó µ�Ð×´K´�Ó Ö�ÏÝµ�Ó µKÏÞ´K´�Ó ÒKâÝµ�Ó µK´Þ´�Ð#Ó Ö�ÜÝµ�Ó µKÏÞ´�Ð#Ó ´KÖÝµ�Ó Ð+ÏàÐ+Ü�Ó ÖKÕ�µ�Ó Ð+µãµ�Ó ÕK´
ËEÌ?Í�Î�µKÏ�Ï�Ð+ÒKÖ�Ó Ò�Õ�Ô�´KÕ�ÏKÜ�Ð+´KÓ Ü×µKÏ�Ø Ï�Ð#Ø ÒKÖ�Ó Ò�ÕÙÔÚ´KÕ�Ø ÏKÜ�Ø Ð#´�Ó Ü×´K´�Ó âKÖÝµ�Ó µKÏÞ´KÏ�Ó ÒKÜÝµ�Ó µ�´Û´KÏ�Ó Ñ�ÜÝµ�Ó µKÒÞ´KÏ�Ó ÐKÐßµ�Ó µ#Ñä´K´�Ó Ö�ÜÝµ�Ó µKâÞ´�Ð#Ó âKÕÝµ�Ó Ð+ÒÞ´�Ð#Ó µKÏÞÔ%Ð#Ó µKµæµ�Ó ÒKµ
ËEÌ?Í�Î�µKÏ�ÏK´KµKµ�Ó â�Ð#Ô�´KÕ�Ñ�Ð+µKÖKÓ µ×µKÏ�Ø ÏK´�Ø µKµ�Ó â�ÐçÔÚ´KÕ�Ø Ñ�Ð#Ø µ�Ö�Ó µ×´K´�Ó âKÜÝµ�Ó µKÏÞ´KÏ�Ó ÒK´Ýµ�Ó µ�´Û´KÏ�Ó Ï�ÖÝµ�Ó µ#Ñä´K´�Ó ÒKÏÝµ�Ó µK´Þ´�Ð#Ó Ü�´Ýµ�Ó µKÏÞ´�Ð#Ó Ñ�µÝµ�Ó µKÕÞ´Kµ�Ó ´K´�µ�Ó Ð+Òãµ�Ó Ñ�µ
ËEÌ?Í�Î�µKÏ�ÏK´Kµ�Ð#Ó Ï�´�Ô�´KÕ�Ñ�µKµKâKÓ ÐèµKÏ�Ø ÏK´�Ø µ�Ð#Ó Ï�´ÙÔÚ´KÕ�Ø Ñ�µ�Ø µ�â�Ó Ðè´K´�Ó µKÜÝµ�Ó µK´Þ´K´�Ó ÖKÜÝµ�Ó µ�Ð×´K´�Ó Õ�ÜÝµ�Ó µKÏÞ´K´�Ó ÒKµÝµ�Ó µK´Þ´K´�Ó µ�âÝµ�Ó µ#Ñä´�Ð#Ó µ#ÑÞµ�Ó µKâÞ´Kµ�Ó Ð+Ï�µ�Ó Ð+´ãµ�Ó ÕK´
ËEÌ?Í�Î�µKÏ�ÏK´KµK´�Ó ´�Ò�Ô�´KÕ�Ñ�´#Ñ�ÖKÓ Ö×µKÏ�Ø ÏK´�Ø µK´�Ó ´�ÒÙÔÚ´KÕ�Ø Ñ�´�Ø Ñ�Ö�Ó Ö×´K´�Ó Ü�Ðßµ�Ó µKÏÞ´KÏ�Ó ÕKâÝµ�Ó µ�´Û´KÏ�Ó Ò�âÝµ�Ó µKÒÞ´KÏ�Ó Ð+µÝµ�Ó µKÏÞ´K´�Ó µ�ÖÝµ�Ó µKÏÞ´Kµ�Ó ÜKÕÝµ�Ó µKâÞ´Kµ�Ó Ñ�Ü�µ�Ó Ð+Òãµ�Ó ´Kµ

Table7. First 15entriesof thelikely unresolvedgalaxiesin fivepassbands.
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Appendix A: Determining MAG STAR LIM and
CLASS STAR LIM

Fig.A.1. CLASS STAR asa function of � -bandmagnitude,with the
binning in magnitudeand CLASS STAR indicated,for the first pass
(top), andsecondpass(bottom,without datapointsfor clarity). The
hatchedbin is theonethatdefinesthebackgroundof galaxies.

Thisappendixgivesabrief technicaldescriptionof theway
CLASS STAR LIM and MAG STAR LIM aredeterminedin the
presentpaper. Refinementsof thisschememightbeconsidered
in thefutureaftercompletionof theDPSsurvey (12 timesthe
areaunderconsiderationherein differentdirections)andanal-
ysisof their respectivestellarcatalogues,spectroscopicfollow-
upstudiesthatindicatethe(in)correctnessof theassignedspec-
tral types,or moreextensive numericalsimulationsincluding
galaxiesandQSOs.

Oneway to analysea diagramlike Fig. 1 is to settwo lev-
elsof significance.Thefirst, d e , setting,for a fixedmagnitude
range,the level of significanceof detectingstarsagainstthe
backgroundof galaxiesat somevalueof CLASS STAR, and d 2 ,
settingthelevel of significanceof detectingstarsatsomemag-
nitude,givena fixedrangein CLASS STAR.

This idea is implementedin the following way. The first
stepis to allow for the singlepassbandcatalogueto be cut at
a magnitudeerrorlevel, andkeepingonly objectswith “good”
SExtractorflags.

For thepresentanalysis,only objectswith SExtractorflag
V 4 are kept and the default cut of S/N ¥ B

is imposed.

The objects retainedare divided in bins of magnitudeand
CLASS STAR. Insteadof using a fixed bin size in magnitude
and CLASS STAR the bins areconstructedin sucha way that
they containan equalnumberof objects,that is, the width of
thebin becomesthevariable,ratherthanthenumberof objects
in a bin of fixedsize.Thenumberof binsusedis setautomati-
cally andis basedon thetotalnumberof objects.

This is illustratedin Fig. A.1 (top panel)for the / -band,
wherethe objectsare divided into 14 bins in magnitudeand
53 bins in CLASS STAR in the first pass.Whenthe densityof
objectsis hightheindividualbinsin CLASS STAR arenolonger
discernible.

For eachmagnitudebin, thedistributionover CLASS STAR

is analysedin the following way. The bin with the largest
width in CLASS STAR is consideredto definethe background
of galaxies(indicatedby thehatchedareain Fig. A.1). A cor-
rection is madefor the numberof galaxiesrelative to the to-
tal numberof objects in that bin basedon the ratio of the
numberof objectsbelow this bin to the total numberof ob-
jects. For simplicity it is assumedthat the backgroundlevel
is constantfor the bins at higherCLASS STAR. Themeanand
rms (basedon � > statistics)per unit CLASS STAR are de-
termined.This is a necessarystepas all bins have a differ-
ent width. For the bins that have a CLASS STAR valuehigher
than that defining the backgroundbin, the backgroundlevel
expectedfor that bin width is subtractedand divided by the
rmslevel expectedfor thatbin width. This givesa significance
level perbin, U�}�~ � . For anexternalthresholdvalue,dfe , thelow-
est bin that hasa significanceabove this thresholdis deter-
minedand,by linear interpolationusingthe next highestbin,
thefinal valuefor CLASS STAR LIM for thatmagnitudebin is
calculated.In addition,all the bins that have a CLASS STAR

larger thanthe bin thatdefinesU }�~ � arecombinedanda simi-
lar significancelevel for thegroupof starsasa whole( U����n����� )
is computed.Oncethe loop over the magnitudebins is com-
pleted,and given a secondexternal thresholdlevel, d 2 , that
magnitudebin is determinedwhere d 2 ¥ÔU����n����� . By linear
interpolationusingthe next brightestmagnitudebin, the final
valuefor MAG STAR LIM is computed.Additionally, themag-
nitude,��� ��� , is determinedbelow whichstarscannotberecog-
nisedwith any confidence.Then,for a bin in magnitudeto the
left of MAG STAR LIM (sinceMAG STAR LIM signifiesaright-
sidedcut-off) andcontaininganequalnumberof objectsasbe-
fore, thebinningin CLASS STAR andtheanalysisto derive the
valuefor CLASS STAR LIM is repeated.This wholeprocedure
is donetwice, the first time usingall objectsthat have passed
theselectiononmagnitudeerrorandSExtractorflag,andasec-
ondpassonly retainingobjectsbrighterthan � � ��� . Thisallows
for a bettersamplingover the magnitudeinterval wherestars
canbe identified.The binning for the secondpassandthe ef-
fect of only retainingobjectsbrighter than � � ��� is illustrated
in thebottompanelof Fig. A.1. Figure1 showsfor the / -band
the distribution over CLASS STAR and CLASS STAR LIM and
MAG STAR LIM for theadoptedchoiceof d 2

@FE�K
anddfe @vHIK .

An independentcheckon theschemepresented,is to con-
sidergalaxycountsasthecomplementto theobjectsselectedto
bepointsources,theargumentbeingthatif oneis too liberal in
thechoiceof MAG STAR LIM andCLASS STAR LIM to classify
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stars,the remainingnumberof “non-stars”couldbe inconsis-
tentwith known galaxycounts.In + , / and 6 thenumberof
observedobjectsin thecolourcataloguenot classifiedasstars
in the 0.5 magbin below the faintestderived MAG STAR LIM

limit (i.e.
BGE r ELJ V¯+~V BGE r HLJ , BIB r BIJ V¯/ V BIB r � J , q H r EIK V

6AV BIB r HIK ) are,respectively, 2209,1935and389.Thenumber
densityof galaxiesquotedin the literatureis between6500-
11000, 5000-9000and 4000-8000per deg2 per 0.5 magni-
tudebin in +h/,6 respectively (seethe extensive compilation
at http://star-www.dur.ac.uk/T nm/pubhtml/counts/counts.html
for detailed references).The predictednumber of galaxies
for the effective areais 1710-2893,1315-2367and 371-742
in +i/,6 respectively, in agreementwith the numbersob-
served,andindicatingthat the choiceof MAG STAR LIM and
CLASS STAR LIM to classifystarsis not too liberal.
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Fig.2. ELECTR ONIC ONLY Numbercountsin ��������� from thefive passbandcatalogueandin �! from thesevenpassbandcatalogue.
In thelower right panelthe � -bandcountsbasedon thesevenpassbandcataloguearepresented.They arein goodagreementwith thosebased
on thefive passbandcatalogue,asis thecasefor �����c� . Left panel:shown arethedisk component(dashedandsolid thin blackhistograms)
andhalo component(dashedandsolid blue histograms),andtheir sum(dashedandsolid thick black histograms)predictedby the galactic
model.Distinguishedarethe predictedmodelcountstaking into accountthe error model,saturation,completenessandthe MAG STAR LIM

in the individual passbands(theblueandblack full histograms),aswell asthe “perfect” model(theblueandblackdashedhistograms).The
morphologicalclassificationlimits for thebandsareindicatedby theverticaldashedline. Right panel:comparisonof thedata(bluecoloured
histogramwith errorsbars)with themodel.Notethedifferentmagnitudescalew.r.t. theleft-handpanel.Shown arethepredictedcountstaking
into accountthe error model,saturationandcompleteness(thick dottedblack line), aswell asthe countsthat additionallytake into account
the MAG STAR LIM limits in the individual passbands(thick solid black line; thesamecurve asin the left-handpanel).The pink histogram
representstheobservednumbercountsusingthepoint sourceclassificationfor thatbandonly. Thenumbercountsof objectsassigned“stellar”
templatespectrathatareranked1 and �z� in thefull five andfull sevenpassbandcataloguerespectively, basedon the " � -techniqueonly, are
indicatedby thedashedbluehistogram.TheQSOnumberscounts(amongtheobjectsinitially classifiedaspoint sources)areindicatedby the
redhistogram.Themorphologicalclassificationlimits for thebandsareindicatedby theverticaldashedline.
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Fig.4. ELECTR ONIC ONLY Colour-colour diagramfor different cuts in magnitudefor the five passbandcatalogue.Left panel:Model
predictions.Halo (opencircles) and disk (filled circles), with starswith Æ ÇxÈ:É&Ê Ë (representingWDs) and starswith massesÌ 0.1 M Í
(representinglow massstars)additionallymarked by a plus andcrosssign, respectively. Sincethe full simulationis run over Î�% times the
observedarea,only

Ï of all modeldatapointsareplotted.Right panel:thedata.Opencirclesrepresentoutliers,in thesensethatthey arenot
within a certainmagnitudedifferenceof any of the modeldatapointsin the left-handpanel(seetext). Redcrossesareobjectsidentifiedas
QSOsby the -technique.
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Fig.4. ELECTR ONIC ONLY Continued.Colour-colourdiagramfor differentcutsin magnitudefor thesevenpassbandcatalogue.
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Fig.4. ELECTR ONIC ONLY Colour-colourdiagramsfor thesevenpassbandcatalogue,continued
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Fig.5. ELECTR ONIC ONLY Colour-magnitudediagram.Left panel:modelresults.Thesymbolshave thesamemeaningasin Fig. 4. Since
thefull simulationis runover Î�% timestheobservedarea,only

Ï of all modeldatapointsareplotted.Theright panelshows thedata.
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Fig.6. ELECTR ONIC ONLY Colourdistributionsfor differentcutsin magnitude.Shown arethemodelpredictions(thehalois thebluelined
histogram;thedisk thethin lined histogram,andtheir sumis thethick linedhistogram)andthedata(thepink histogramwith theerrorbars).



Groenewegenetal.: TheStellarCataloguein theChandraDeepFieldSouth. 23

Fig.6. ELECTR ONIC ONLY Colourdistributions,continued.
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Fig.8. ELECTR ONIC ONLY CLASS STAR valuesof the objectsthat areclassifiedaspoint sourcesin the five andseven passbandcolour
catalogues(filled redcircles).Black dotsrepresentthe CLASS STAR valuesof theobjectsthatareclassifiedas“stellar” andthatareranked1
and �±� in the full five andfull seven passbandcataloguerespectively, whenapplyingthe " � -technique.MAG STAR LIM andCLASS STAR

limits areindicated.
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Fig.9. ELECTR ONIC ONLY Fractionof objectsthat are classifiedas “stellar” and that are ranked 1 and � � in the full five and full
sevenpassbandcataloguerespectively, whenapplyingthe " � -techniqueandthathave a CLASS STAR lessthan0.1. MAG STAR LIM limits are
indicated.


