Astronomy& Astrophysicamanuscripho.
(will beinsertedby handlater)

ESO Imaging Survey*
The Stellar Catalogue in the Chandra Deep Field South

M.A.T. Groenavegert-2, L. Girardi*, E. Hatziminaoglod, C. Benoist, L.F. Olser{, L. daCostd, S.Arnout, R.
Madejsk/>7, R.P Mignan?, C. Rité*8, G. Sikkem&, R. Slijkhuis® andB. Vandamé

Instituutvoor SterrenkundePACS-ICC,Celestijnenlaa200B,B—-3001Heverlee,Belgium
EuropearSoutherrObsenratory, Karl-Schwarzschild-StraRg, D—-85748Garchingb. MunchenGermary
Ossenratorio Astronomicodi Trieste,Via Tiepolo11,1-34131Trieste,ltaly

Dipartimentodi Astronomia,Universitdi Padora, Vicolo del’Ossenatorio5, I-35122Padova, Italy
Obsenatoiredela Coted’Azur, BP 229,F-06304Nice, cede 4, France

AstronomicalObsenratory, JulianeMariesVej 30, DK—2100CopenhagerDenmark
UniversidadeEstaduable Feirade SantanaCampusUniversitrio, Feirade SantanaBA, Brazil
Obseratorio Nacional,RuaGen.Jo% Cristino 77, Rio de JanerioR.J.,Brasil

0 g O oA W N =

Receved,accepted

Abstract. Stellarcataloguesn five passband$l/ BV RI) over an areaof approximately0.3 deg®, comprisingabout1200
objects andin sevenpasshand€/ BV RIJK) over approximately0.1deg?, comprisingabout400 objects,in the directionof
the ChandraDeepField Southare presentedThe 90% completeneskevel of the numbercountsis reachedat approximately
U =238,B =240,V =23.5R=23.0,I =21.0,J = 20.5, K = 19.0. Thesemulti-bandcatalogueshave beenproduced
from publicly available,single passbanaataloguesA schemses presentedo selectpoint sourcedrom thesecataloguesby
combiningthe SExtractorparameteiIcLASS_STAR from all available passbandsProbableQSOsandunresoled galaxiesare
identified by usingthe previously developedy?-technique(Hatziminaoglouet al. 2002), that fits the overall spectralenegy
distributionsto templatespectraanddetermineshe bestfitting template Approximately15%of true galaxiesaremisclassified
asstarsby the x? method.The numberof unresolhed galaxiesandQSOsidentifiedby the x2-techniqueallows usto estimate
thattheremaininglevel of contaminatiorby suchobjectsis atthelevel of 2.4%of the numberof stars.Thefractionof missing
starsbeing incorrectly removed as QSOsor unresoled galaxiesis estimatedto be similar. The obsered numbercounts,
colourmagnitudediagramsgcolourcolourdiagramsandcolourdistributionsarepresenteénd,to judgethe quality of thedata,
comparedo simulationshasednthepredictionsof a GalacticModel convolvedwith theestimatedompletenesiinctionsand
the errormodelusedto describethe photometricerrorsof the data.By identifying outliersin specificcolourcolour diagrams
betweendataand modelthe level of contaminatiorby QSOsis alternatiely estimatedo be < 6.3%in the seven passband
and $2.3%in thefive passbandatalogueThis, however, depend®n the exactdefinition of anoutlier andthe accurag of the
representatiomf the coloursby the simulations.The comparisorof the colourmagnitudediagramscolourcolour diagrams
and colour distributions shaw, in general,a good agreemenbetweenobsenationsand modelsat the level of lessthan0.1
mag;the largestdiscrepanciebeinga colour shiftin V- — R and R — I of orderof 0.2 magpossiblydueto uncertaintiesn
the bolometriccorrections Although no attemptis madeto fit the modelto the data,a comparisorshavs thatthe lognormal
law for theinitial massfunction proposeddy Chabrier(2001)describeghe databetterthanthe power law form in thatpaper
Theresultingstellarcataloguesndthe objectsidentifiedaslikely QSOsand unresoled galaxieswith coordinatespbsered
magnitudesvith errorsandassignedpectratypesby the y 2-techniquearepresented@ndarepublicly available.
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1. Introduction

Theprimarygoalof the ESOImagingSurwey projectis to con-

Send offprint requests to: groen@stekuleuen.ac.be duct public imaging surweys to provide datasetsfrom which

* Full Figures2, 4, 5, 6, 8 and9 areonly availablein the on-line §tatisti<_:alsamp|esof differenttypesaswell asof_rarep_opula-
editionof A&A, andTables3-8 areonly availablein electronicform  tion objectscanbe drawn for follow-up obsenationswith the
atthe CDSvia anorymousftp to cdsarc.u-strashg.f30.79.128.5pr  VLT. A summaryof the suneys conductedsofar canbefound
via http://cdswehu-strasbg.fr/cgi-bin/qcat?J/A+A/. in daCostaet al. (2001).Recentlydeepoptical/infraredobser
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vationsof the ChandraDeepField South(CDF-S) have been
completedas part of the ongoingDeepPublic Surney (DPS),
andthe datapublicly releasedVandameet al. 2001; Arnouts
et al. 2001).In thesepapersfully calibratedmagesandsingle
passbandataloguesverepresentedor U BV RI obsenations
coveringanareaof 0.3deg? andfor U BV RIJK overaregion
of 0.1 deg? at the centreof the former area.Even thoughthe
angularcoverageis still relatively small, the particularcom-
bination of depthand solid angle of the completesurney and
the uniformity of the multi-banddatawhich will resultmake it
worthwhile to explorethetype of objectslikely to be sampled
by the sunwey, to devise analysistechniquego identify objects
of potentialinterestandto make a first evaluationof the sam-
plesthatarelikely to emegewhenthe full surwey covering3
deg?, is completed.

Thepresentork is in mary waysanextensionof thatpre-
sentedn Hatziminaoglouet al. (2002;hereaftetH2002)which
useday?-techniqueo classifypointsourcesccordingo spec-
tral type usingtheir multi-bandphotometricpropertiestrying
to identify specialobjectssuchas QSO, White Dwarf (WD)
andlow massstarcandidates.

Here,thequestiorof how to chooseanoptimumstellarcat-
aloguefor statisticalstudies eitherusinga single passbanar
usingmulti-colourdata,is discussedn moredetail. Procedures
aredevelopedto setthe contaminatiorby extendedsourcede-
low a specifiedvalue at the single passbandevel. To reach
fainter magnitudelimits the leverageof using multi-colour
datais investigatedFinally, to asses$o someextentthe qual-
ity of the final multi-colour stellar catalogueproduced num-
ber counts,colour distribution, and colourcolour and colour
magnitudediagramsare comparedto those predictedby a
Galacticmodelcalibratedusingindependendata.

In Section2 the dataare briefly reviewed as well asthe
methodemployedin the constructiorof the point sourcecata-
logueusedin the presenfpaper Section3 discusse$iow point
sourcesare selectedn the single passbandand colour cata-
logues,and how potentialunresohed galaxiesand QSOsare
foundusinga previously developedy?-techniqueln Section4
the actualproceduréor the creationof the single passbando
the final stellar colour catalogueis presentedSection5 and
Section6 introducethe GalacticModel andthe simulationof
appropriatadatasets.Section? presentgheresults.Finally, in
Section8 a brief summaryis presented.

2. The data

The single passbandataloguegor the CDF-Saretakenfrom
Vandameet al. (2001) and Arnouts et al. (2001), cut at a
S/N = 2, slightly lower thanthe cataloguegublicly released
whichwerecutataS/N = 3.

This is doneasa magnitude gvenwith a larger error bar,
is preferredover an upperlimit which would otherwisebe as-
signedto the magnitudein a filter wherean objectis not de-
tected.

The U-bandcatalogueusedhere (andin H2002) was ex-
tractedfrom an imageproducedby stackingall the available
U/38 andU350/60 images o reacha fainterlimiting magni-
tude. A more detaileddiscussionof this catalogueand of its

photometriccalibrationwill be presentin Arnoutset al. (in

preparation) The main conclusionis that a shift of +0.2 mag
hasto be appliedto the U/-magnitude$ given by SExtractor
running on the stacled U image using the photometriczero
point of the U/38 image,to get agreemenbetweenobsened
andpredictedl — B coloursfor normalstars.

To build acolourcataloguethesinglepassbandatalogues
are associatewn positionusing,in the presentpaper a fixed
searchradiusof 0.8". With this searchradiusthe numberof
multiple associatedsourcesis kept low (<0.8% in all pass-
bands,and typically 0.2%), while resultingin mary positive
matchesA detaileddiscussioron the optimumsearchradius,
andmorecomplicatedschemesisingvariablesearchradii will
be presentealsevhere(Benoistet al. 2002).

After theassociationonly objectsthatarein theareacom-
monto all cataloguesndoutsideall the masksplacedaround
saturateabjectsandbright starsarekept. This ensureghatall
objectscould, at leastin principle, have beendetectedin all
passbandsThe effective areais 0.263deg? for the five pass-
bandcatalogueand0.0927deg? for the seven passbandata-
logue.If anobjectis notassociateéh apassbandan3c upper
limit is assignedor themagnituddn thatpassband.

3. Selecting Point Sources

3.1. Selecting Point Sources at the single passband
level

The SExtractorsoftware packageusedat the momentto de-
tectandextractsourcesisesaneuralnetwork to separatgoint
from extendedsourcesFor eachobjectit returnsa parameter
CLASS_STAR, with avaluebetweenl (a perfectpoint like ob-
ject) and0. An exampleof the distribution of CLASS_STAR as
afunctionof magnitudds showvn in Fig. 1 for the R-band.

The neuralnetwork file usedhereis the standardonethat
is partof the SExtractompackageandthathasbeentrainedfor
seeingFWHM valuesfrom 0.025to 5.5 andfor imagesthat
have 1.5 < FWHM < 5 pixels, andis optimisedfor Moffat
profileswith 2< 8 < 4. Theseconditionsarefulfilled for the
EIS opticalandIR obsenationsof the CDF-S.

At thebrightendof thedistribution shavnin Fig. 1 two se-
guenceganeasily be distinguishedwith CLASS_STAR values
belon 0.1 and above 0.95, respectiely. However, for fainter
magnitudeghe sequencespreadout and memge. In previous
EIS papers(e.g. Prandoniet al. 1999) the notion of a mor-
phologicalclassificatiorlimit MAG_STAR_LIM wasintroduced,
whereobjectsbrighterthanthis limit andwith a CLASS_STAR
value larger than a limit CLASS_STAR_LIM were considered
pointsourceslin previouspapersthesdimits werechoserba-
sically by eye from figureslike Fig. 1.

Clearly, thereis aneedto determineCLASS_STAR_LIM and
MAG_STAR_LIM in a moresystematiovay, by statisticallyde-
scribing the relative contribution of the point- and extended-
source population. The goal is to produce a magnitude-
dependentlassificatiorasillustratedin Fig. 1.

1 All magnitudesn the presentpaperarein the naturalsystemof
the WF filters atthe ESO/2.2ntelescopdor U BV RI, andthe SOFI
filters atthe ESO/NTTfor J K, with Vegabasedzeropoints.
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Fig. 1. SExtractorparametelCLASS_STAR versusmagnitudefor the
R-band,with the finally adoptedmorphologicalclassificationlimits
indicatedby thesolidline. Objectsin theupperleft boxareconsidered
pointsourcesn asinglepassbandlhedashedine indicategshemuch
simpler criterion usedpreviously which only took into accountthe
CLASS_STAR valueatthefainteStMAG_STAR_LIM.

A technicaldescriptionof the actualimplementatiorof the
conceptusedin the presentpaperis given in the Appendix,
and Fig. 1 shows for the R-band the distribution over
CLASS_STAR andtheadoptedraluesfor cCLASS_STAR_LIM and
MAG_STAR_LIM (solid line) in the presenipaperandfor com-
parisonthe old way of using a single value (dashedine). It
shouldbe notedthat this procedureallows the estimateof the
smallesttL ASS_STAR wherestarscanbedistinguishedverthe
large backgroundof galaxies.lt doesnot imply, especiallyat
the faint end, that starswith CLASS_STAR valueslower than
CLASS_STAR_LIM do not exist. Furthermoreit is recalledthat
the actual distribution of CLASS_STAR versusmagnitudede-
pendson the seeingbut alsoon the Galacticcoordinate®f the
field underconsideration.

It is importantto emphasisehat more work should be
doneto explore alternatve ways of morphologicallyclassify-
ing imagesOnealternatve underconsideratiors to usemulti-
resolutionmethoddo provideanindependenpixel-basedlas-
sificationschemgVandameprivatecommunication).

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
SExtractomparameterst and B which representhe profile fit-
ting rms along the major and minor axis (seeArnouts et al.
2001 for morediscussion)Visual inspectionof someobjects
with largevaluesof | (A—B)/(A+ B) | shavedthattheseout-
liers arenot stellar, but badpixels,or objectscloseto theedge
of aframeor amask.Thestandardieviation of thedistribution
is computedandobjectsthat deviate by morethana specified
level (in thepresenpaper6o) arenotconsideregbointsources.
Typically, 0.1% of the objectsareremovedin this way. A 3o
clipping, howeverwasverifiedto betoo stringentasthenmary
truestarswould beremoved.Mostof themwould berecovered
by the colour Point/Extendedhereafter P/E) sourceclassifi-
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cationschemadiscussedbelow, but they would, incorrectly be
excludedfrom the singlepassbandiumbercounts.

3.2. Selecting Point Sources in a colour catalogue

The (P/E) sourceclassificationin a colour catalogues a non
trivial matter asthe MAG_STAR_LIM andCLASS_STAR_LIM of
all the passbandénvolved 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 the passbandh which the objectis brightestrelative to the
(faintestimMAG_STAR_LIM in thatpassbandf theobjectis clas-
sifiedasa pointsourcen this passbandt is considered point
sourcein the colour catalogue The factthatthe seeingin the
imagesis differentis implicitly takeninto accountby the fact
thatthe MAG_STAR_LIM in a caseof worseseeingis brighter
thanin the caseof goodseeing.

A completelydifferentway of creatinga colour catalogue
is by digitally stackingthe imagesin the variousfilters, and
thenrunningthesourcedetectioralgorithmonit. The photom-
etry is thenobtainedby goingbackto theindividualfilters and
measurgheflux aroundthe now known positions.Thismethod
was appliedto EIS databy da Costa(1998) using the algo-
rithm of Szalayetal. (1999).Fromthatwork, SExtractorsstan-
dardneuralnetwork for (P/E)sourceclassificationis known not
work properlyon sucha stacled imagebecausef e.g.seeing
variationsamongthe differentfilters. Thereforethis procedure
is not furtherpursuechere.

3.3. Eliminating non-stellar objects

The proceduresoutlined above can only separatepoint-like
from extendedobjects.However, to producea truly stellarcat-
alogueonehasto considerthe possibility of contaminatiorby
QSOsand unresohed galaxies.This is not possiblein a sin-
gle passbandatalogueHowever, in a multi-colour catalogue
the photometricdataprovidesinformationon the shapeof the
SpectraEnegy Distribution (SED)which can,in principle,be
usedto addresshisissue.

In fact, this wasthe subjectof the paperof H2002where
a colour point sourcecataloguewas usedto classify sources
accordingto their spectraltype. This was doneby x2-fitting
templatespectrao theobsenedmagnitudesn differentbands.
The spectrallibrary in useconsistsof seriesof: model QSO,
WD andbrown dwarf spectrathreeempiricalcool WD spec-
tra; a setof stellartemplatedor O-M stars;anda setof model
galaxy spectra.ln H2002 emphasisvas given in identifying
QSOs,WD andlow massstarcandidategor follow-up spec-
troscopy. The y2-techniqueprovides an independentiew of
the natureof a source complementinghe morphologicaklas-
sification. However, by using broadbandohotometricdatato
assignspectraltypes,misclassificationsre possible(e.g. due
to the fact that an objectis an unresoled binary leadingto
compositecolours)andthisis furtherdiscussedh Sect.7.5.
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3.4. Choosing parameters

The morphologicalclassificationimits adoptedn the present
paperarelistedin Tah 1 andare chosenafter extensie test-
ing. In termsof the technicaldescriptionin the Appendixthe
parametet. is setto 30 andthe parametet; to 80.

The main guidelineto chosetheseparticularvaluesfor ¢;
andt, to setthe MAG_STAR_LIM andCLASS_STAR_LIM values
is the estimateof the remainingcontaminatiorby QSOsand
unresolhed galaxies,andrelatedtheincorrectremoval of true
starsby misclassificatiomf the y2-techniquewhich onewants
to keepsmall (of orderafew percentat most). Thesenumbers
areestimatedndependentlyn Sects.7.2.2and7.5.

Table2.Numberof objectsin thefive andsevenpassbangointsource
catalogues

UBVRI
Numberof point sources 1371
Passbandhatdecided UBVRI) 7/308/0/650/406
Not classifiedby x2? method 18
Classifiedby x> method 1353
asrankl1 947
asrank?2 127
asrank3 279
Numberof unresoled galaxies 37
Numberof QSOs 136
Numberof stars 1198
UBVRIJK
Numberof point sources 486
Passbandhatdecided UBVRIJK)  2/110/0/225/37/110/2
Not classifiedoy x? method 5
Classifiedoy x* method 481
asrankl1 160
asrank?2 117
asrank3 204
Numberof unresoled galaxies 16
Numberof QSOs 61
Numberof stars 409

4. The procedure

For the chosen combination of CLASS_STAR.LIM and
MAG_STAR_LIM, the single passbandataloguesre produced
andthenassociatedo form the colourcataloguewith the (P/E)
sourceclassificatiorappliedbasedn all the availablecolours.
Thisis doneseparateljor the U BV RI andUBV RIJK cat-
aloguesTheresultingnumberof point sourcess givenasthe
first entryin Table2. The secondentry givesthe split over the
passbandhat actually decidedthat a sourceis considereda
pointsourceln thefive passbandataloguehisis mainly R, I
andB; in serenpassbandmainly R, J andB.

As a secondstepthe x? templatefitting of H2002is ap-
plied to the objectsclassifiedas point sources.This is done
twice: oncewith and oncewithout the galaxy templatespec-
tra included. The outcomeof the templatefitting is the spec-
tral type of the bestfitting templatespectrum(with associated
photometriaedshiftin the caseof QSOsandgalaxies)the (re-

duced)y? andthe“rank” (whichis basenthe x? value,rank

1 beingtherobustcandidates;ank 3 poorcandidates)Objects
thatareranked3 whenno galaxytemplatesareconsideredtyp-

ically having reducedy? largerthan4-7), andbecomeanked1

galaxiesvhengalaxytemplatesareconsideredthatarefainter
than16thmagnitudgin the passbanavherethey arebrightest)
andwith photometricredshiftslargerthan0.25areconsidered
to be (unresohed) galaxiesand are removed from the list of

point sourcesThe split overthe assigneaanks,the numberof

unresoledgalaxiesandQSO,andthe numberof objectscon-

sideredrue starsaregivenin Table2.

The x2-techniquerequiresan objectto be detectedin at
leastthreepassbandd.essthan1.5%of objectsdoesnot fulfil
this criterion (seethe third entryin Tah 2). They arekeptas
starsasthey areoriginally classifiedaspoint sourcesandthere
is no evidenceto the contrary Exclusionof this smallnumber
of objectsdoesnot affectary of the conclusionf this paper

From an obsenational point of view, the validity of the
adoptedapproachto remove the mostlikely galaxyand QSO
interloperscanbe verified only by spectroscopidollow-up of
arepresentatie sampleof objects.From a theoreticalpoint of
view it is plannedin the future to simulatethe physicalsize,
redshiftand colour spaceoccupiedby galaxiesand QSOsas
well, soit canbeverifiedif aunresohedsourcewithin agiven
colourbin is morelikely to be a star, galaxyor a QSO.

Thefinal numberof objectsconsideredo be starsis about
12000ver the 0.263deg? for the five passbandatalogueand
about400 over the 0.0927dey? for the seven passbandata-
logue. For comparisonthe numberof extendedobjectsover
theseareads about74000and28000,respectiely.

5. The Galactic model

The obsened countsandcolourswill be comparedo a nenly
developed Galactic model (Girardi et al. in preparation).In
brief, this modelis basedon a populationsynthesisapproach,
wherestarsarerandomlygeneratedrom 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, and evolved
phaseswith the completewhite dwarf stagefor starsup to 7
Mg . For the presenpaperthefollowing ingredientshave been
adopted:

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

— The SFRis assumedo beconstanbverthelast11 Gyr for
thedisk, andconstanbetweerl2 and13 Gyr for the halo.

— The AMR for the disk is taken from Rocha-Pintoet al.
(2000).[Fe/H] valuesare corvertedinto the metal content
Z by meansof arelationthatallows for a-enhancemersdt
decreasingFe/H], assuggestethy Fuhrmann1998)data.
At ary age,[Fe/H] is assumedo have a 1o dispersionof
0.2dex.
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Table 1. Morphologicalclassificationimits MAG_STAR_LIM (mx) andCLASS_STAR_LIM (cx) adoptedn the singlepassbandataloguegsee

Fig. 8 for avisualrepresentation).

Passband ¢; m1 &) ma c3 ms3 ca my
U 0.851 21.57 0.873 22.27 0.952 22.45
B 0.848 23.04 0.933 23.75 0.961 23.84
14 0.590 21.15 0.828 22.15 0.879 22.68 0.935 22.69
R 0.863 20.98 0.873 21.89 0.907 22.41 0.915 22.61
I 0.603 19.30 0.663 20.25 0.744 20.77 0.885 21.09
J 0.644 19.32 0.929 20.18 0.923 20.36
K 0.750 17.71 0.943 18.46

Themetallicity of the halostarsis assumedbe Z = 0.0095,
with a dispersiorof 1.0 dex. Thisis basedon anobsenred
[Fe/H] valueof —1.6 + 1.0 (Henry & Worthey 1999),al-
lowing for ana-enhancemeraf 0.3 dex.

The disc componenis describedoy a double-eponential
in scaleheightandGalactocentridistanceThemodeldoes
nothave separateomponentsor thin or thick disk. Instead
the scaleheightfor disk starsis a function of age,andis
parameteriseds:

H =z (1 + t/to)a Q)
with ¢ theageof thestar Rana& Basu(1992)for example
find 29 = 95 pc, tp = 0.5 Gyr anda = (2/3). However this
doesnot fit very well the derived scaleheight of ‘thick’,
‘old’, ‘intermediate’and ‘young’ disk componentsas de-
rivedby Ng et al. (1997).Theirresultsaredescribedy zq
=95pc,ty =4.4Gyranda = 1.66,whichareadoptechere.

For the presentpaperthe (relative) local densitiesof halo
anddisk starstheoblatenessf thehaloandthe Galactocentric
disc scale length are derived from the “Deep Multicolor
Suney” (DMS; Osmeret al. 1998andreferencesherein)cov-
eringsix fieldsandEIS data(Prandongt al. 1999)for theSouth
GalacticPole.A moredetaileddiscussiorof the calibrationof
the Galacticmodelwill be givenin Girardi et al. (in prepara-
tion). Note that the Galacticmodel parameterslerived below
differ slightly from thoseusedby H2002to comparesomeof
their resultsto.

The halooblatenesgandlocal halo numberdensity)is de-
rived by fitting the numberof halo stars,definedby (in the
Johnson-Cousinsystem)0) < B — V < 0.7 in the range
20< B<22and0 <V —1I < 0.8intherangel8 < I < 20,
in thesesevenfieldsandis foundto beq = 0.65 £+ 0.05. This
valueis smallerthanthe value of 0.8 + 0.05 quotedby Reid
& Majewski (1993),but recentlyRobinet al. (2000)could not
exclude a spheroidwith a flatteningassmallasq = 0.6 and
Chenet al. (2001)derivedq = 0.55 + 0.06.

Thediscradialscalelength(andlocal disknumberdensity)
is derivedby fitting the numberof disk stars,definedby 1.3 <
B-V <2.0intherange20 < B < 22and1.8 < V-1 < 4.0
intherangel8 < I < 20, andis foundto be Hg = 28004250
pc.Thisisin agreemenith thelowerlimit of 2.5kpc(Bahcall
& Soneiral984)andtherecentwork of Zhenget al. (2001)on
M-dwarfswho derive Hr, = 2750 £+ 160 pc andOjha (2001)
who derive Hr, = 2800 + 300 pc for thethin disc.

The modelwith theseparameterss appliedto the CDF-
S field. The Galacticbulge hasno contribution in this direc-
tion. The model is calculatedfor an areaof 3 deg?, which
is about 10 times larger than the actualareacoveredby the
U BV RI data,andabout30 timeslargerthantheareacovered
by theUBV RIJK obsenations.This ensureghatthe param-
eterspaces properlysampledandthatthe errorsonthemodel
dataareatleast3, respectiely 5, timessmallerthanthe error
barsontheobseneddata.

6. Simulations of the observed data

Thegalacticmodelproducesperfect” stellarobjectsdown to a
specifiedmagnitudg(in factthemodelis computeddovnto R
= 30.5). To build a mock colour cataloguesimulatingthe real
datathemagnitudegrom thegalacticmodelaretakenasinput
andthefollowing stepsareconsidered:

— Theerrorin the magnitudgascomputedby SExtractorjas
afunction of magnitudefor eachband(basedon the prop-
ertiesof the actualimageandreal data).Additionally, one
canscaletheseerrorsby a factorandaddin quadraturean
“externalerror”, simulatingfor exampleerrorsin thephoto-
metriczeropoint. The“obsened” magnitudds thendravn
from a Gaussiamwith theestimatederroraswidth andcen-
tredaroundthe“perfect” magnitudeThescalingfactorand
“externalerror” usedin the presenpaperaregivenbelow.
The saturatiorat bright magnitudesThe ADU level in the
centralpixel of anobjectis simulatedandcomparedo the
actualvalueusedby SExtractorto flag a saturateabject.
Thecompletenesatthefaintend.Artificial startestsusing
the EIS imagesthemseleshave notyet beenperformedo
estimatethe completenes$unctions.As a temporaryso-
lution the completenesgunctions have beenderived for
the R-bandand K -bandby comparingthe EIS datato the
deepermbsenationsof respectiely Wolf et al. (2001)and
Saraccoet al. (2001) over the partswheretheir obsera-
tionsoverlapwith the EIS obsenations.For theotherbands
the shapeof the function that describeghe completeness
is keptthe same(for U BV I taking R asa referenceand
for J taking K asthe reference)and scalingthe charac-
teristic magnitudewherethe incompletenessetsin using
the 5¢ limiting magnitudeof the bandsasa referenceFor
thestellarcatalogueconsideredherethe exactdetailsof the
completenesfunctionsarenot of too muchimportanceas
theestimatednagnitudesvherethe EIS datais estimatedo



be50%completg(U =25.1,B =26.6,V = 25.5,R = 25.4,
I=243,J=229,K = 21.2)areat the very faint end of
thestellarcatalogueln otherwords,the depthof thestellar
catalogueis setby the ability to separatepoint from ex-
tendedsourcesandthe remainingcontaminatiorby QSOs
and unresolhed galaxies,not the depthor incompleteness
of the obsenationsassuch.

Thesesameobsenationsare usedto comparethe differ-
encesn themagnitude®f the objectsin commonbetween
EIS andthe externaldata.Slicesin magnitudesare made,
andthe averageerrorfor the EIS obsenations,the average
error for the comparisoncatalogue(henceWolf et al. for
R, andSaraccaet al. for K), andthermsof the difference
of the starsin commondeterminedThe errorsin the ex-
ternal cataloguesre always smallerthanin the EIS data,
asexpectedsincetheseobsenationsaredeeperthanours.
However, both underestimat¢he error ascomparedo the
rmsin the difference.Basedon thesecomparisonsan ex-
ternalerrorof 0.01magin U BV RI and0.03magin JK,
anda scalingfactorof two in all passbhandareadoptedn
the simulationof the errors.With this descriptionthe width
of the stellarsequencén the colour-colourdiagramss de-
scribedextremely well for all magnitudesand passbands
(seeFig. 4).

The simulationalsotakesinto accountthe S/N limits imposed
onthesinglepassbandndcolourcatalogued-urthermorepb-

jectsthataresaturatedn oneor morebandsareremovedfrom

the mock catalogue as masksare placedaroundthemin the
real dataandonly objectsoutsideall masksare beingconsid-
eredin thefinal colourcatalogue.

Finally, two typesof mockstellarcataloguesreproduced.
Oneconsideringall simulatedoointsourceghatarepotentially
“obsenable”, andthe secondcatalogughatalsotakesinto ac-
countthe way that point sourcesare being selectedfrom the
real colour catalogueby checkingif the objectis brighterthan
themorphologicaklassificatiodimit usedin the productionof
theobseneddatasetin atleastonepassbandseeTah 1). This
is a consenative estimate asfor the real datathe value of the
SExtractorparameteCLASS_STAR alsoplaysarole. However
thisfeaturein factallows usto checkif theCLASS_STAR values
choserarenottoolow (resultingin toomary galaxiesandlead-
ing to high stellarnumbercountsat the faint end) or too con-
senative (leadingto numbercountsthatarebelow the predic-
tions). Detailson the simulationof the photometricerrors,the
completenesmodel and the simulateddatasetswill be given
elsavhere(Groenavegenet al. 2002,in preparation).

7. Results and analysis

In this section the obsened number counts, colourcolour
and colourmagnitudediagrams,and colourdistribution his-
togramsare presentecand comparedto the simulations.The
effectivenessof usingthe x2-techniqueis discussedFinally,
cataloguesf stellar sourcesQSOs,and unresolhed galaxies
arepresentedDueto spaceconstraintonly representatie fig-
ureswill be shavn andthefull setof figuresis only available
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throughthe on-line edition of A&A. Notethatmostof the fig-
uresneedto beviewedor printedin colour.

7.1. Number counts
7.1.1. General description

Figure2 shavsthe numbercountsfor every passbandrom the
five passbandatalogudor U BV RI andfrom the sevenpass-
bandcataloguefor JK. In the lower right panelthe R-band
numbercountsare shavn basedon the seven passbandata-
logue. The agreementvith that from the five passbandata-
logueis excellent,andthe sameapplieswhen comparingthe
numbercountsin the other optical bandsas derived from the
five andsevenpassbandatalogues.

In theleft-handpanelghepredictionshy thegalacticmodel
are shaovn, namelythe contributions by the disk (dashedand
solid thin black histograms)the halo (dashedand solid blue
histogram)and their sum (dashedand solid thick black his-
togram).Shown arethe predictionsfrom the “perfect” model
(theblueandblackdashedistograms)andthepredictiongak-
ing into accountthe errormodel,saturationcompletenesand
the MAG_STAR_LIM limits that are usedto createthe colour
catalogue(the blue andblack full histograms)The left-hand
panelsillustrate the relative contributions of disk and halo at
variousmagnitudesin this particularfield the contribution of
thedisk exceedghatof thehalofor almostall obsernedmagni-
tudes.The modelpredicts,however, that obtainingdeepelim-
agesandassumingonewould be ableto do the (P/E) classifi-
cationatthelevel of J, K ~ 23 — 24 thenumbercountsshould
be dominatedby the halo. In the optical the halo dominates
the disk only at muchfaintermagnitudeq! =~ 25, V' =~ 28).
Deeperinfrared datacould thereforebetterconstrainthe IMF
andotherparameterslescribingthe halothanthe presentiata.

In the right-handpanels the modelpredictions(again,the
full thick black histogram)are comparedo variousdatasets.
Thebluehistogranmwith theerrorbars(basecn+/N statistics)
representshe obsenedstellarnumbercountsfrom the colour
cataloguebasedon the (P/E) classificatiorand subsequenap-
plication of the x2-techniquedescribedin Sect.4. The pink
histogramrepresentshe numbercountsusingthe (P/E) clas-
sificationfor thatbandonly. As, by constructionthereareno
starsfainterthanMAG_STAR_LIM in the single passbandata-
logue,but this valueusuallydoesnot coincidewith theborders
of the binning, the countsin the last bin may drop artificially.
Therefore the countsin the lastbin of the pink histogramare
correctedor this effectby multiplying thecountsin thelastbin
by the bin width divided by the actualwidth over which there
is data.

7.1.2. Comparing counts from single passband and
colour catalogues

Up to MAG_STAR_LIM, indicatedby the vertical dashedine,

the countsfrom the single passbandndthe colour catalogue
arein very good agreementin fact, naively, one might even

have expectedthemto be identical. They are not for several

reasons.
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Fig. 2. Numbercountsin UBV RI from the five passbandatalogue
andin JK from the seven passbandtatalogue.This sampleis for
the R-band,andthe full figure is only availablein the on-line edi-
tion. In the lower right panelthe R-bandcountsbasedon the seven
passhandatalogueare presentedThey arein good agreementvith
thosebasedon thefive passbandatalogueasis the casefor UBV'I.
Left panel:shavn arethedisk componenfdashedindsolid thin black
histograms)andhalo componen{dashecdandsolid blue histograms),
andtheir sum(dashedandsolid thick black histogramspredictedby
the galacticmodel.Distinguishedarethe predictedmodelcountstak-
ing into accountthe error model, saturation,completenessnd the
MAG_STAR_LIM in the individual passbandgthe blue andblack full
histograms)aswell asthe“perfect” model(theblueandblackdashed
histograms)The morphologicaklassificationimits for thebandsare
indicatedby the vertical dashedine. Right panel:comparisorof the
data(blue colouredhistogramwith errorsbars)with the model.Note
the differentmagnitudescalew.r.t. theleft-handpanel.Shovn arethe
predictedcountstaking into accountthe error model, saturationand
completenesghick dottedblackline), aswell asthe countsthataddi-
tionally take into accounthe MAG_STAR_LIM limits in theindividual
passbandgthick solid black line; the samecurwe asin the left-hand
panel). The pink histogramrepresentshe obsered numbercounts
usingthe point sourceclassificationfor thatbandonly. The number
countsof objectsassigned'stellar” templatespectrathat are ranked
1 and< 3 in thefull five andfull seven passbandataloguerespec-
tively, basedon the x2-techniqueonly, are indicatedby the dashed
blue histogram The QSOnumberscounts(amongtheobjectsinitially
classifiedas point sources)are indicatedby the red histogram.The
morphologicalclassificationimits for the bandsareindicatedby the
verticaldashedine.

Firstly, in particularin U, atthe brightend,thecountsfrom
the singlepassbandreabore the countsfrom the colour cata-
logue.Thisis dueto thefactthatonly objectswhichareoutside
all maskscreatedatthesinglepassbandkevel areconsideredn
the colour catalogue Sincethe U-bandis shallaw, the single
passbandatalogueontainsobjectsthatarenotsaturatedn U,
but aresaturatedhencewill have a maskplacedaroundthem)
in oneof the otherbandsandwill not make it into the colour
catalogue.

Secondlythe“good” areaover which the sourcesarecon-
sideredis slightly larger for the single passbandtatalogues
comparedo the colour catalogueasthe differentsinglepass-
bandimagesdo not exactly have the samefield centreandthe
colour catalogueis createdover the areathat is in common
to all passbandsAt bright and intermediatemagnitudesthe
countsmatchto within the Poissorerrors,asexpected(except
for the U-bandfor reasongust discussed).

Thirdly, whenapproachinghemorphologicatlassification
limit the numbercountsbasedon the colour catalogugendto
fall belon the countsbasedon the single passbandThis is
due to the fact that galaxy interlopersand QSOshave been
removed from the sampleusing the x2-techniqueappliedto
theobjectsdetectedn threeor morepassbandss illustration,
the QSOnumbercountsfor the objectsoriginally classifiedas
point sourcess shovn by thered histogram.

Beyond the morphologicalclassificationimit, the number
countshasednthesinglepassbandevel dropto zero(by con-
struction),while the numbercountsbasedon the colour cat-
alogueextendto significantly fainter magnitudesThis illus-
tratesthe usefulnes®f usingall availablecoloursto construct
a point sourcecatalogueThis is especiallytrue in U, where
the countsreachalmosttwo magnitudegainterthanthe single
passbanaounts.This is becausdéhe U datais shallov com-
paredto thosein the otherbandsandmostof the information
on the (P/E) classificationcomesfrom redderpassbandsThe
gainin magnitudas negligible in R which,accordingo Tah 2,
in mostcaseslefinesthe (P/E) classification.

7.1.3. Comparison with the model and literature

The countspredictedby the modelandthe obsenationsfrom
thecolourcataloguarein goodagreementonsideringhatno
fine tuningor fitting wasperformed.The obseneddatafollow
thethick blacklineswithin the errorsindicatingthatthechoice
of CLASS_STAR is appropriatgor at leastconsistenwith that
predictedby the model). The datafall below the dashedhick
lines,whichwould bethe predictedcountsif the (P/E) classifi-
cationwould bereliablefor all magnitudesBasedon theflat-
tening of the obsened countsand guidedby the resultsfrom
themodelthe 90% completenesbmits areestimatedo beap-
proximatelyU = 23.8,B =24.0,V =23.5,R=23.0,1 =21.0,
J=20.5K =19.0.

The deepeststellar countsavailable in the literature are
from the HsT, but they cover a small area,e.g. Santiagoet
al. (1996)combinel7 WFPC-2fieldsfor a total areaof 0.027
deg?, 90%completeto Ig; 4 of 22 to 24 dependingn thefield.
At the otherendof the spectrunthereis the recentanalysisof
Chenet al. (2001)using279 deg? of sbss datacompleteto a
depthof g’ = 21.0(correspondindo approximatelyl’ = 20.4
for atypical colourof g' — ' of 1, or threemagnitudesrighter
thanours),or Ojha (2001)thatanalysesevenfields of 2MASS
datacovering67 deg? downto K, = 15.Intermediatdargearea
suneysaree.g.the“DeepMulticolor Suney” (DMS; Osmeret
al. 1998 and referencegherein) covering six fields of about
0.14 deg? eachcompleteto about B = 23.5 (comparableto
ours),or Reid & Majewski (1993)covering0.3 deg? complete
to aboutV = 21.5 (brighter by two magnitudescomparedo
ours).

What will make the DPS surwey uniqguewhen finishedis
thatit will coveralargerarea.to adepththatis comparableor
better thanexisting intermediatdarge areastellarsurveys and
thatthe datawill bein five or 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 shavsthenumbercounts
in R and J whenthe power law form in Chabrier(2001) is

adoptedinsteadof his lognormallaw. The numbercountsat
R ~ 22 andJ ~ 19 — 20 arelargerthanin the default case
by about20%. In the otherbandsthe effect is lessstriking but

alsopresent.This illustratesthe potentialof the presentdata,
especiallywhenthe DPSsuney is completedanddataof simi-

lar depthon fieldswith differentgalacticcoordinatesreavail-

able,to constraire.g.the IMF. The countsin thisfield arebet-
ter fitted with thelognormallaw proposedy Chabrier(2001)
thanthe power law proposeddy him. The starsin therelevant
magnitudentenal have typical masse®f about0.1- 0.2 M.

However, the fits are certainly not perfect,and this possibly
hintsto a morecomple, or different,shapeof the IMF thana
power law or lognormallaw.

7.2. Colour-colour diagrams
7.2.1. General description

Figure4 showvs selecteatolourcolourdiagramssplitinto mag-
nitude bins for the five and seven passbandataloguesln the
left-handpanelthepredictionsy themodelareshovn. Objects
from the halo (opencircles)andthe disk (filled circles), with
starswith log g > 7 (representingVDs) andstarswith masses
<0.1Mg (representindgpw massstars)additionallymarkedby
aplusandcrosssign,respectrely. Theright-handpanelshavs
the stellar objects(filled and opencircles), while the objects
identifiedasQSOsby the x2-techniqueareshovn ascrosses.

The overall agreemenis very goodin all casesandfor all
magnitudebins.In particularthewidth of the sequenceis well
matchedo the dataconfirminga-posteriorithe correctnessf
scalingthe simulatederrorsby SExtractoraswas derived by
thecomparisorto deepeiexternaldata.

Thelargestdiscrepanciesre:(a) in the (V — R) — (R —
I)) diagram wherefor increasingR — I the modelpredictions
saturateat a level of V — R of ~ 1, while the obsened data
pointscontinueto becomeedder;(b)inthe(R —I) — (I — J)
diagram,wherethe slopeof the dataandthe modeldiffer for
I—Jz0.8;(c)inthe(V — J) — (J — K) diagramwherefor
V — J > 3 thedataseemto remainat a constantolour, while
thereis a slopein the modelpredictions Possiblereasondor
thediscrepanciearediscussedn Sect.7.4.2.

7.2.2. Outliers

Olviouslytherearealsooutliersin the colourcolourdiagrams
on the dataside. Thesecanbe real (for exampledueto vari-
ability) or hint to problemsin the catalogueproduction.This
issueis extensiely discussedn H2002. Most important for
the presentpaperis to remindthattheseoutliersdo not influ-
encethe assignmenof the spectraltype asthis is basedon all
availablemagnitudesnderrors.

To guidethe eye, outliersare marked by the opencircles.
Outliersaredefinedin the presenpaperasfollows’. An imagi-
naryboxin colourspacds drawvn aroundall of themodelstars
in theleft-handpanel for eachmagnitudebin. An objectis de-
fined an outlier if an obsened datapoint on the right is not
within ary of theseboxes.The width of the box wassetafter
someexperimentationto be 15-30% of the maximumof the
rangein bothcoloursaxisin a givenmagnitudebin.

This conceptis found usefulto estimatethe possiblelevel
of remainingcontaminationby QSOsand unresohed galax-
ies that have not beenidentified assuchby the x2-technique.
Althoughtheoutliersaremarkedin all colourcolourdiagrams,
the diagramswhereQSOsare mosteasilyidentifiedbasedon
their differencein colours with respectto normal starsare
(U—B)—(B-YV)infivepassbandand(U — B) — (B—V),
(B-V)—(V-K),(V—-J)—(J — K) in sevenpassbands
(H2002).Note, however, thatthe colourcolourdiagramsndi-
catethat QSOsand starsoverlapin colourcolour spaceand
thereforeno selectionbasedpurely on colourcolourdiagrams
canbe made(seealsoH2002).

Thenumberof outliersin the (U — B) — (B — V') colour
colourdiagramin five passbands 36, 28 of which arein the
region occupiedoy QSOswhile in the (U — B) — (B - V),
(B-V)—(V-K),(V-J)—(J—-K) colourcolourdiagrams
in seven passbandshereare 63 outliers, 26 of which arein
theregion occupiedby QSOs.However sincestarsdo overlap
with QSOsit cannotbeassumedutomaticallythatall outliers
areQSO0s.Theupperlimits to theremainingcontaminatiorby
QSOsaretherefore<6.3%in the sevenand <2.3%in thefive
passbandatalogueln Sect.7.5anindependengstimateof this
contaminatioris given.

7.3. Colour-magnitude diagrams

Figure 5 shawvs selectedcolourmagnitudediagrams.In the
left-handpanelthe modelpredictionsareshavn with symbols
asintroducedin Fig. 4. The right-handpanelshaws the data.
The matchis good,in particularthe Galactichalo (with bluer
colours)andthe Galacticdisk (with reddercolours)arereadily
distinguished.

Onecanalsonoticetheparticularpositionoccupiedby the
modelvery low-massstars(crosses)that are the reddestand
faintestobjectsin most plots. White dwarfs (plus signs), al-
thoughfoundover arelatively 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 V' vs.
V — R and I vs. V — I, the sequenceof hot WDs (with
V-R<03V-1I<04)startsatVV > 20 andI > 20,
andthis matchegjuitewell the sequencef hot objectsseenin
theobsenationalplots.

2 In H2002, outliersweredefinedby consideringonly the datait-
self, usingdissimilaritymeasuresSeeH2002for details.
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Fig. 3. Numbercountsin R.J with the power law form of theIMF from Chabrier(2001). The meaningof the curvesis asin Fig. 2. Thecounts
atR ~ 22, J ~ 19.5 areabout20%largerthanfor the standardcasewith thelognormalform.

7.4. Colour distribution
7.4.1. General description

Although the colourcolour and colourmagnitudediagrams
provide usefulandcomplementarynformation,themoststrin-
genttestfor the comparisorbetweendataand modelis pro-
vided by the distributions over colour at differentmagnitude
slices,asprovidedin Figure6.

Theoverallagreemenis againvery good.Theshapeof the
colour distributions is correctly recoveredin most casesithe
absolutenumberof objectsin the faintestbin, however, is not
alwaysexact(e.g.U — B andR — I).

The mostobvious discrepanciesre: (a) the excessof ob-
jectswith —1 < U — B < —0.5 and22 < U < 24 which
couldbe QSOsnotidentifiedby the x2-techniquepr WDs not
predictedby the model;(b) the factthatfor disk starsthe pre-
dictedV — R coloursarebluerthantheobsenedones;(c) sim-
ilarly, thatfor disk starsthe predictedR — I coloursarebluer
thanthe obsenedones;(d) theexcessof obsenedsourcesith
J— K >12and18 < K < 19 whichagaincouldbe QSOs,
or galaxiesnotidentifiedby the y2-technique.

The shiftsin colourseenin V — R andR — I areof the
order0.2 mag, but the conclusionis that all the othercolours
arecorrectlypredictedatalevel <0.1 mag.

7.4.2. Further investigation of the model data

To make betteruse of the simulationsa numericalcode has
beendevelopedthat allows to searchon ary combinationsof
theparameterprovidedby the GalacticModel corvolvedwith
theerrormodel,completenesgtc,asdescribedkarlier Thepa-
rameterprovidedarethecolourswith theirerrors the Galactic
componenfi.e. disk, halo,bulge),age [Fe/H], initial mass)u-
minosity, effectivetemperaturelog g, distancenodulus yisual
extinction andapparenbolometricmagnitude Constraintson
the differencedetweentwo columnsare allowed for aswell.
As anillustrative examplethe problemof the discrepang be-
tweenmodelanddatain the (V — R) — (R — I) colour-colour
diagramis addressed-igure7 shavs the distribution overvar-
iousmodelparametersf all simulatedstarsthatareformedin
thediscandfulfil 1.4 < R — I < 3.5 and23 < R < 26. From
this analysisit is clearthatmainly low massstars(< 0.2 Mg)
are contributing to this colour rangeindicatingthatlikely the

theoreticalcoloursfor thesestarsareoff by approximately0.2
mag.

It shouldbe pointed out that, amongthe possibleinade-
guaciesof the model, systematicshifts in the model effective
temperature®r in the adoptedstellar metallicitieswould af-
fect all coloursin moreor lessthe sameway, which doesnot
seemto bethe casehere.In fact,just a few of the coloursare
deviant, and this might be relatedto the tablesof bolometric
correctionswhich are adoptedin the model. For instance ei-
therthesebolometriccorrectionswverederived from imperfect
responseurvesfor someof theEISfilters, or thesyntheticstel-
lar spectrain use(seeGirardi et al. 2002 for details)present
inadequaciesn someof their wavelengthregions (causedby
e.g.incompleteine opacitytables).This matterwill befurther
investigatedbut whateveris their causethesecolourproblems
aresmallenoughto not affectany of our conclusions.

Alternatively, thesediscrepanciesnay resultfrom the data
ratherthanthe model.It is importantto point out that mostof
the discrepanciesccurat the nearinfrared passband§l J K)
wherethe datamay be affectedby fringing aswell as other
problemselatedto thereductionof jitteredinfrareddata.lt will
be of interestto seeif theseproblemspersistasthetechniques
for reducingWFI andSOFIdataareimproved.

7.5. The effectiveness of the x?-technique

In the selection of stellar sources, the values of the
CLASS_STAR of the differentpassbandsire combinedas de-
scribedpreviously. Thenthe y%-techniqueis usedto filter out
unresohedgalaxiesandQSOs In this sectionit is investigated
how reliably the y2-techniqueworks,andif it couldbeusedas
astand-aloneool.

Thedashedluehistogramin Fig. 2 in factshavs thenum-
bercountsof objectsthathave beenassignedstellar” template
spectraandthatareranked 1 and< 3 whenapplyingthe x2-
techniqueto the full, five, respectiely seven, passbanaolour
cataloguenot just the point sourcecatalogué.

% A technicalremark:The differenceof selectingobjectsranked 1
for the five passbandatalogueandranked <3 (i.e. all objects)for
the seven passhandatalogues relatedto the information provided
by the extra filters. More precisely for objectsthat have aninfrared
continuumdescribedby a power law, suchaslow- to intermediate
redshift QSOsor hot WDs, the J and K magnitudesdo not provide
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Fig. 5. Colourmagnitudediagram.This (V, V — R) diagrambasecdn
thefive passbandatalogues a typical exampleandthefull figureis
only availablethroughthe on-line edition. Left panel:modelresults.
The symbolshave the samemeaningasin Fig. 4. Sincethefull simu-
lationis runovern—timestheobseredareaonly % of all modeldata
pointsareplotted.Theright panelshavs the data.
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Fig. 4. Colourcolour diagramfor different cutsin magnitude.This

(V — R) — (R — I) diagrambasedon the five passbandatalogue
is a typical exampleandthe full figureis only availablethroughthe

on-lineedition.Left panel:Model predictionsHalo (opencircles)and
disk (filled circles),with starswith log g > 7 (representingVDs) and
starswith masses<0.1 M, (representindgpw massstars)additionally
markedby aplusandcrosssign,respectrely. Sincethefull simulation
is runover n—timestheobseredareaonly % of all modeldatapoints
areplotted. Right panel:the data.Opencirclesrepresenbutliers,in

the sensethat they are not within a certainmagnitudedifferenceof

ary of the model datapointsin the left-hand panel(seetext). Red
crossesreobjectsidentifiedasQSOsby the x 2-technique.

Even at relatively bright magnitudeghesecountsare sig-
nificantly larger than predictedby the model,in particularin
UBYV R. Thisisverylikely dueto misclassificationsandcross-
talk, betweengalaxiesand stars.Sincethe numberdensity of
galaxiesis so muchlargerthanthatfor stars(alreadya factor
of 10-15at MAG_STAR_LIM), evena 10% misclassificatiorof
starto galaxiesandvice versaleadsto avery smalldecreasef
galaxynumbercountswhile it leadsto a doublingof thestellar
numbercountsThisis illustratedfurtherbelow, andshavsthat
the y2-techniquecannot, andshouldnot, be usedblindly.

ary additionalinformationaboutthe SED but will imposeadditional
constraints by increasingthe numberof the degrees-of-freedonin
thefitting. A possibleanswetto the problemof redundantnformation
couldbeaPrincipleComponenfnalysis.Thiswill beinvestigatedn
thefuture.
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Fig. 6. Colour distributionsfor differentcutsin magnitude.The full
figure is only available throughthe on-line edition. Shavn are the
model predictions(the halois the blue lined histogram;the disk the
thin lined histogram,andtheir sumis the thick lined histogram)and
thedata(the pink histogramwith the errorbars).

Fig. 8 shaws the distribution of CLASS_STAR in the differ-
entbandsfor the objectsthatareclassifiedpoint sourcesn the
colour catalogugred circles). This givesanillustration of the
usefulnes®f usingall availablecoloursto classifyobjects.In
UV mary objectsclassifiedas point sourcesusing all avail-
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Fig. 7. Distributionsover variousparametersf all modelstarswhich
areformedin thediscandhavel.4 < R—I < 3.5and23 < R < 26.

ablecoloursareoutsidetheregionthatis initially setto contain
point sourcesn thesebandsindividually. Table2 containsin-
formation on which bandactually decidedwhetheran object
is classifiedasa point source.Thisis B, R and [ for thefive
passbandtatalogueand B, R and J for the seven passband
catalogue.The dotsin thesefiguresshowv the distribution of
CLASS_STAR for theobjectsassignedstellar” templatespectra
thatareranked1 and< 3 in thefull fiveandfull sevenpassband
catalogueaespectiely, whenapplyingthe x2-techniquelt can
beclearlyseerthatevenbrightobjectswith smallCLASS_STAR
valuescanbe assigneda stellarspectraltype,evenwhenthese
objectsareverifiedto beresohedgalaxies.
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This illustrates the strength and weaknessof using
MAG_STAR_LIM/CLASS_STAR_LIM or the y2-technique.The
former methodselectspoint like objectswithout having the
possibility to distinguish betweenstarsand QSOsor unre-
solved galaxieswhile the latter methodusesastrophysicain-
formation(the SEDsof objectsin the Universe)to assigrtypes
but it doesnot considemwhetheranobjectis resohedor not.

To investigatehelevel of misclassificatiorof true galaxies
asstarsby the y2-techniqueFig. 9 shavstheratio of thenum-
berof objectsassignedstellar” spectrao all objectsfor values
of CLASS_STAR < 0.1(i.e. true galaxies)lt is noticedthatthe
fractionof misclassifications essentiallyndependendf mag-
nitude and rangesbetweenl3 and 19% in the five passband
catalogugwith anaverageof 16.3%),andbetweer7 and17%
for the seven passbandatalogugwith an averageof 12.8%).
The smallerlevel of contaminatiorindicatesthe effect of hav-
ing morecoloursavailablein thefitting to betterconstrainthe
assignmenof the bestfitting spectrum.

If it is assumedhatthe misclassificatiorfrom true starsto
galaxiesor QSOsis similar, onecanestimatdrom thenumbers
in Table2 that 16.3%out of the total of 173 QSO+unresoled
galaxiespr 28 objectsmaybewrongly assigneduchatype,or
that28 starsareincorrectlyremovedfrom the stelarcatalogue.
This constitute®.4%of the sampleof stars.Thesamenumber
is foundfor the sevenpassbandatalogue.

CLASS STAR

Fig. 8. CLASS_STAR valuesof the objectsthat are classifiedas point
sourcesn the five and seven passbandolour cataloguegfilled red
circles).This panelshavs the R-bandbasedn thefive passbandat-
alogueasanexample,andthefull figureis only availablethroughthe
on-line edition. Black dotsrepresenthe CLASS_STAR valuesof the
objectsthat are classifiedas “stellar” andthatareranked 1 and < 3
in thefull five andfull seven passbanaataloguerespectrely, when
applyingthe x2-technique MAG_STAR_LIM and CLASS_STAR limits
areindicated.

7.6. Spectral types and data tables

Tables3 and4 give the first entriesof the stellarcataloguen
respectiely five and seven bands.The tablesgive the follow-
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Fraction

Fig. 9. Fractionof objectsthat are classifiedas“stellar” andthatare
ranked 1 and < 3 in the full five and full seven passbandcata-
logue respectiely, when applyingthe x*-techniqueandthat have a
CLASS_STAR lessthan0.1. MAG_STAR_LIM limits areindicated.This
panelshaws the R-bandbasedon the five passbandatalogueasan
exampleandthefull figureis only availablethroughthe on-line edi-
tion.

ing information:in column (1) the EIS identificationnumber;
in columns(2) and(3) the J2000coordinatesin columns(4) -

(13) for thefive passban@ndcolumns(4) - (17) for the seven
passbandhe magnitude(Vega system)andthe SExtractorer

ror (upperlimits areindicatedby a—1; in column(14) (respec-
tively column(18) in the sevenpassbandheassignedpectral
type,with thefollowing meaning:

— Prefix“MS”. Templatedor normalO to M starsfrom the
Pickles(1998)library. Starsthataredetectedn fewer than
threebandsand thereforehave not beenfitted by the x2-
techniquearelistedas“dummy” here.

— Prefix “WD”. Templatesfor WDs from the modelspro-
videdby D. Koster(the numberdndicateeffective temper
atureandlog g), Ibataet al. (2000;the obsened spectrum
of F351-50,F821-07)or Oppenheimeet al. (2001;theob-
senedspectrunof WD 0346+246).

— Prefix “LMS”. Templates for Low Mass Stars from
Chabrieret al. (2000). The prefix is followed by a num-
berindicatingTZes /100 andthetypeof modelused(NeGen
= Next Generation,AMESd = DUSTY, or AMESc =
CONDENSED ,asdefinedin Chabrieret al. 2000).

Tablesb, 6, 7 and8 give thefirst entriesof thelikely QSOsand
unresolhed galaxiesin the five and seven passbandasidenti-
fied by the procedurein Sect.4. Theinformationlisted is the
sameasin the previous tables,exceptthatin the last column
the photometricredshiftis listed for the QSOs,andthetype of
galaxy (following Colemanet al. 1980) and photometricred-
shift for the unresoledgalaxiesasdeterminedy the spectral
templatefitting method.

The complete tables can be
trieved from the CDS or from the
“http://www.eso.og/science/eis/eirel/dps/dpsrel.html”.

re-
URL

Groenavegenetal.: The StellarCataloguen the ChandreDeepField South.

8. Summary and conclusions

Thispaperdescribesheprocedureadoptedn theconstruction
of multi-colour stellar cataloguessuitablefor statisticalstud-
ies, extractedfrom multi-band imaging data. The procedure
involves several stepsamongwhich: a magnitude-dependent
schemeto morphologically classify sourcesidentified using
SExtractor;a procedureto combinethe information available
in cataloguesextractedfrom imagestaken in different pass-
bands;andthe useof a x2-techniqueto assignspectraltypes
to thesourcesusingthe multi-bandinformation.This allowsto
minimise the contaminatiorof the stellarcatalogueby QSOs
and unresohed galaxies,and to assignspectraltypesfor the
stars,which areincludedin the stellarcataloguepresentedn
this paper

The methodologyoutlined hereis appliedto the first data
setreleasedor the DPS,the CDF-S. The 90% completeness
limits areestimatedo be approximatelyU = 23.8, B = 24.0,
V =235 R =23.0,1 =210,J =20.5, K =19.0.To as-
sessthe quality of the cataloguegproduced,numbercounts,
colourcolour and colourmagnitude diagrams, and colour
distributions derived from the dataare comparedo thoseob-
tained from simulatedcataloguesMock cataloguesare cre-
ated using a Galactic model basedon population synthesis
(describedby parametersset by independentdata),an error
model describingthe expectedphotometricerrors, saturation
and completenesss derived from the data. Even thoughno
attemptis madeto fine tunethe Galacticmodelparametershe
agreemenetweenealandsimulateddatais remarkableserv-
ing asa goodindicatorof thereliability of the cataloguespro-
duced.Thecomparisoralsosuggestshatthe depthof the data
is suitableto constrainthe IMF and/orSFRof low-massstars.

This paperrepresents first attemptto define procedures
to producewell-defined,deepstellarcataloguesvith minimal
contaminationby QSOsand unresoled galaxies.The results
areencouragin@nddemonstratéhevaluablecontributionthat
the homogeneousnulti-band optical/infrared data set from
DPS, probing different directions of the Galaxy will make
whencompleted.

Acknowledgements. L.G. thanksESOfor the kind hospitalityduring
two visits.
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Table 3. First 15 entriesof the stellarcataloguén five passbands.

Name (J2000) 6(J2000) U oy B oR 1% ov R oR I or  Spectral Type

EISJ033111.95—274646.4 03:31:11.95 —27:46:46.4 25.28 —1.00 25.67 0.15 25.10 0.15 23.47 0.06 20.95 0.02 LMS28AMESd
EISJ033112.11-275757.1 03:31:12.11 —27:57:57.1 23.92 0.10 22.76 0.02 21.73 0.02 20.55 0.01 1897 0.01 MSM2.5V
EISJ033112.12—-274106.7 03:31:12.12 —27:41:06.7 22.66 0.04 21.45 0.01 20.57 0.01 19.52 0.00 18.47 0.00 MSMOV
EISJ033112.13—280007.7 03:31:12.13 —28:00:07.7 21.85 0.02 20.59 0.00 19.49 0.00 18.31 0.00 16.45 0.00 MSM3V
EISJ033112.14—275412.5 03:31:12.14 —27:54:12.5 22.93 0.04 22.76 0.02 22.26 0.02 21.66 0.01 21.04 0.02 MSwG5III
EISJ033112.14—-275700.1 03:31:12.14 —27:57:00.1 19.42 0.00 18.46 0.00 17.82 0.00 17.02 0.00 16.28 0.00 MSK4V
EISJ033112.23—274147.9 03:31:12.23 —27:41:47.9 25.28 —1.00 26.61 0.21 25.18 0.18 23.33 0.05 20.40 0.01 MSM6V
EISJ033112.562—-275236.5 03:31:12.52 —27:52:36.5 16.10 0.00 16.28 0.00 15.96 0.00 15.57 0.00 15.26 0.00 MSwF8V
EISJ033113.20—274536.3 03:31:13.20 —27:45:36.3 20.66 0.01 20.74 0.00 20.34 0.01 19.89 0.00 19.49 0.01 MSwG5V
EISJ033113.38—275622.6 03:31:13.38 —27:56:22.6 25.28 —1.00 24.24 0.04 23.43 0.05 22.16 0.02 21.25 0.03 MSK4l
EISJ033113.67—274700.4 03:31:13.67 —27:47:00.4 23.94 0.13 23.36 0.02 2231 0.03 21.27 0.01 19.66 0.01 MSM2.5V
EISJ033113.92—275406.1 03:31:13.92 —27:54:06.1 24.18 0.10 23.15 0.02 22.37 0.02 21.46 0.01 20.68 0.02 MSK5V
EISJ033113.95—280328.7 03:31:13.95 —28:03:28.7 21.78 0.03 20.72 0.01 20.03 0.01 19.06 0.00 18.28 0.00 MSK5V
EISJ033114.08—275757.7 03:31:14.08 —27:57:57.7 24.80 0.17 23.86 0.03 22.76 0.04 21.73 0.02 20.17 0.01 MSM2.5V
EISJ033114.25—274444.6 03:31:14.25 —27:44:44.6 25.28 —1.00 24.15 0.04 23.15 0.04 21.92 0.02 20.11 0.01 MSM3V

Table 4. First 15 entriesof the stellarcataloguén sesen passbands.

Name (J2000) 4(J2000) U oy B oB 1% ov R oR I o1 J o3 K oK Spectral Type

EISJ033144.55—274134.1 03:31:44.55 —27:41:34.1 24.12 0.12  23.49 0.02 22.39 0.02 21.27 0.01 19.83 0.01 18.87 0.02 18.33 0.05 MSM2.5V
EISJ033144.58—274515.7 03:31:44.58 —27:45:15.7 23.55 0.15 23.84 0.02 2285 0.03 21.65 0.01 20.15 0.01 19.14 0.03 18.00 0.07 MSM2.5V
EISJ033144.81-275113.6 03:31:44.81 —27:51:13.6 24.05  0.11  23.57 0.02 22.73 0.03 21.67 0.01 20.08 0.01 19.04 0.02 18.43 0.06 MSM2.5V
EISJ033144.90—274738.2 03:31:44.90 —27:47:38.2 21.90 0.02 20.87 0.00 20.20 0.01 19.36 0.00 18.69 0.01 17.96 0.01 17.21 0.03 MSrK2III
EISJ033144.98—274648.5 03:31:44.98 —27:46:48.5 21.65 0.02 20.34 0.00 19.54 0.00 1859 0.00 17.79 0.00 17.03 0.01 16.25 0.01 MSK7V
EISJ033145.32—275620.8 03:31:45.32 —27:56:20.8 25.28 —1.00 25.14 0.06 23.71 0.06 22.46 0.02 20.18 0.01 19.00 0.03 17.98 0.03 MSM4V
EISJ033145.72—274847.5 03:31:45.72 —27:48:47.5 23.25 0.06 21.82 0.01 20.77 0.01 19.61 0.00 18.09 0.00 17.08 0.00 16.36 0.01 MSM2.5V
EISJ033145.78—275003.4 03:31:45.78 —27:50:03.4 23.15 0.05 23.26 0.02 22.86 0.04 22.61 0.03 22.60 0.06 21.93 0.13 21.03 —1.00 MSF2III
EISJ033145.98—275624.9 03:31:45.98 —27:56:24.9 23.27 0.05 23.48 0.02 22.99 0.04 22.53 0.03 2220 0.04 22.99 —-1.00 20.26 0.18 MSwG5V
EISJ033146.03—274739.9 03:31:46.03 —27:47:39.9 23.90 0.09 22.23 0.01 21.04 0.01 19.75 0.00 17.76 0.00 16.57 0.00 15.81 0.01 MSM4V
EISJ033146.50—274533.4 03:31:46.50 —27:45:33.4 25.28 —1.00 25.38 0.07 23.97 0.09 22.71 0.03 20.60 0.01 19.44 0.02 18.78 0.05 MSM4V
EISJ033146.58—275726.6 03:31:46.58 —27:57:26.6 21.45 0.01 21.71 0.01 21.37 0.01 20.97 0.01 20.67 0.01 20.48 0.10 19.97 0.16 MSwF8V
EISJ033146.62—275353.2 03:31:46.62 —27:53:53.2 23.62 0.08 22.49 0.01 2137 0.01 20.16 0.00 18.15 0.00 17.02 0.01 16.24 0.01 MSM4V
EISJ033147.17—275326.1 03:31:47.17 —27:53:26.1 24.23 0.11  22.94 0.01 21.99 0.02 20.94 0.0l 20.05 0.01 19.28 0.04 18.55 0.04 MSK7V
EISJ033147.30—274710.3 03:31:47.30 —27:47:10.3 17.88 0.00 17.06 0.00 16.47 0.00 15.79 0.00 15.21 0.00 22.99 -1.00 21.03 —1.00 MSrKO0III

Table 5. First 15 entriesof thelikely QSOsin five passbands.

Name «(J2000) 4(J2000) U ou B 0B \% ov R oR I 01 Zphot

EISJ033111.97—273355.1 03:31:11.97 —27:33:55.1 23.11 0.07 23.76 0.13 24.19 0.15 23.59 0.09 22.80 0.11 1.80
EISJ033113.40—275814.8 03:31:13.40 —27:58:14.8 22.66 0.03 23.59 0.02 23.40 0.06 22.80 0.04 22.23 0.06 1.20
EISJ033113.94—-274340.9 03:31:13.94 —27:43:40.9 21.97 0.02 22.88 0.02 22.69 0.03 22.11 0.02 21.49 0.03 0.43
EISJ033115.05—-275518.8 03:31:15.056 —27:55:18.8 20.42 0.01 21.84 0.01 21.21 0.01 20.58 0.01 20.13 0.02 3.91
EISJ033117.97—-273935.2 03:31:17.97 —27:39:35.2 22,58 0.03 23.53 0.02 23.28 0.04 2275 0.03 22.74 0.07 0.10
EISJ033118.71-274121.4 03:31:18.71 —27:41:21.4 21.14 0.01 22.93 0.02 21.78 0.02 21.34 0.01 20.63 0.02 3.96
EISJ033120.78—275649.3 03:31:20.78 —27:56:49.3 20.35 0.01 20.98 0.00 20.88 0.01 20.57 0.01 19.85 0.01 0.70
EISJ033122.15-274222.5 03:31:22.15 —27:42:22.5 22.66 0.03 23.64 0.02 23.51 0.05 22.95 0.03 2250 0.06 1.60
EISJ033123.54—273631.7 03:31:23.54 —27:36:31.7 21.64 0.02 22.85 0.01 22.28 0.02 22.00 0.02 21.31 0.03 0.30
EISJ033123.55—-274926.9 03:31:23.55 —27:49:26.9 22.01 0.02 22.90 0.01 22.93 0.03 2259 0.03 2255 0.06 0.50
EISJ033123.97—-275715.0 03:31:23.97 —27:57:15.0 21.86 0.02 22.68 0.01 22.22 0.02 21.57 0.01 21.79 0.03 0.10
EISJ033127.23—-274850.3 03:31:27.23 —27:48:50.3 22.39 0.03 23.19 0.04 23.14 0.04 22.60 0.03 2230 0.05 0.02
EISJ033127.80—280051.2 03:31:27.80 —28:00:51.2 20.56 0.01 21.89 0.01 21.76 0.01 21.34 0.01 20.71 0.01 2.11
EISJ033130.03—274950.7 03:31:30.03 —27:49:50.7 22.51 0.03 23.33 0.02 23.14 0.04 22.62 0.03 21.75 0.04 0.43
EISJ033134.15—-275149.9 03:31:34.15 —27:51:49.9 22.73 0.03 23.60 0.02 23.46 0.04 22.89 0.03 22.21 0.04 0.47

daCostal, NoninoM., RengelinkR., etal., 1998,A&A in prepara- HenryR.B.C.& Worthey G.,1999,PASP 111,919

tion, (astro-ph/9812105) IbataR., Irwin M., Bienayne O., ScholzR. & GuibertJ.,2000,ApJ
da CostalL.N., 2001, in “Mining the sky”, Eds. A.J. Banday S. 532,L41

Zaroubi,andM. BartelmannHeidelbeg: SpringefVerlag,p.521 KroupaP, 2001, MNRAS 322,231
FuhrmanrK., 1998,A&A 338,161 KuruczR.L., 1993,in “IAU Symp.149: The Stellar Populationsof
GirardiL., BressarA., Bertelli G. & ChiosiC.,2000,A&AS 141,371 Galaxies”,eds.B. Barkuy, A. Renzini,DordrechtKluwer, p. 225
GirardiL., Bertelli G., BressarA., etal., 2002,A&A submitted MendezR.A. & vanAltenaW.F., 1996, MNRAS 279,1357

HatziminaoglouE., Groenavegen M.A.T., daCostaL., etal., 2002, NgY.K., Bertelli G., ChiosiC. & BressarA., 1997,A&A 324,65
A&A 384,81 (H2002) OjhaD.K., 2001,MNRAS 322,426
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Table 6. First 15 entriesof thelikely QSOsin seven passbands.

Name «(J2000) 4(J2000) U ay B o 1% av R oR I o1 J oy K oK Zphot

EISJ033145.22—-275435.8 03:31:45.22 —27:54:35.8 19.32 0.00 20.04 0.00 20.01 0.00 19.81 0.00 19.37 0.01 19.72 0.08 18.09 0.04 0.50
EISJ033145.50—275446.4 03:31:45.50 —27:54:46.4 22.31 0.02 22.88 0.01 22.63 0.03 21.85 0.02 21.17 0.02 20.67 0.13 19.05 0.07 0.20
EISJ033147.98—275045.5 03:31:47.98 —27:50:45.5 23.18 0.05 23.63 0.02 23.78 0.06 23.42 0.05 22.85 0.07 21.76 0.11 20.25 0.13 2.90
EISJ033148.26—274330.2 03:31:48.26 —27:43:30.2 22.40 0.03 23.25 0.02 22.71 0.03 22.14 0.02 2251 0.05 22.14 0.13 21.19 0.30 0.10
EISJ033149.43—-274634.4 03:31:49.43 —27:46:34.4 22.22 0.02 22.84 0.01 2244 0.03 2221 0.02 21.92 0.04 20.81 0.05 19.17 0.06 0.65
EISJ033150.97—274116.2 03:31:50.97 —27:41:16.2 22.23 0.02 22.86 0.01 22.66 0.03 22.02 0.02 21.20 0.02 20.04 0.03 18.67 0.04 1.10
EISJ033151.20—274852.3 03:31:51.20 —27:48:52.3 22.58 0.04 23.56 0.05 23.10 0.04 22,77 0.03 21.76 0.03 20.91 0.06 19.66 0.08 0.20
EISJ033153.52—275541.3 03:31:53.52 —27:55:41.3 23.28 0.05 23.56 0.02 23.42 0.05 22.90 0.03 23.01 0.07 21.91 0.17 20.04 0.11 2.94
EISJ033155.63—275402.4 03:31:55.63 —27:54:02.4 22.67 0.04 23.29 0.02 2293 0.03 2254 0.03 22.14 0.04 20.76 0.11 19.74 0.09 0.00
EISJ033157.58—275050.4 03:31:57.58 —27:50:50.4 22.84 0.04 23.53 0.02 23.30 0.04 2251 0.02 21.96 0.04 21.32 0.06 19.91 0.09 0.11
EISJ033158.29-275426.5 03:31:58.29 —27:54:26.5 22.16 0.02 2293 0.01 22.83 0.03 2256 0.02 21.89 0.03 21.28 0.13 19.87 0.10 0.72
EISJ033158.57—273912.9 03:31:58.57 —27:39:12.9 22.68 0.03 23.59 0.02 23.49 0.05 23.11 0.04 22.89 0.06 21.67 0.15 21.03 —1.00 0.50
EISJ033200.61-274108.0 03:32:00.61 —27:41:08.0 22.69 0.03 23.52 0.02 23.38 0.04 2253 0.02 21.92 0.03 21.40 0.07 20.22 0.15 0.40
EISJ033201.32—274006.1 03:32:01.32 —27:40:06.1 22.09 0.02 22.89 0.01 22.79 0.03 2250 0.02 22.06 0.04 21.04 0.06 20.13 0.12 0.72
EIS J033202.25—274248.8 03:32:02.25 —27:42:48.8 2291 0.03 23.76 0.02 23.56 0.05 23.10 0.03 22.08 0.03 20.97 0.06 20.49 0.15 0.20

Table 7. First 15 entriesof thelikely unresoled galaxiesn five passbands.

Name «(J2000) 6(.J2000) U oy B OB 1% ov R OR I o1 Type  zphot

EISJ033114.30—274707.5 03:31:14.30 —27:47:07.5 22.98 0.06 23.68 0.03 23.06 0.05 22.39 0.03 21.88 0.04 Im 0.4
EISJ033115.17—274453.4 03:31:15.17 —27:44:53.4 23.43 0.06 23.70 0.03 23.14 0.04 22.16 0.02 21.33 0.02 Sbc 0.3
EISJ033117.08—274617.9 03:31:17.08 —27:46:17.9 24.93 0.16 24.05 0.03 22.94 0.04 21.53 0.01 20.29 0.01 E 0.4
EISJ033121.10—274043.2 03:31:21.10 —27:40:43.2 22.49 0.03 23.36 0.02 23.01 0.04 22.38 0.02 21.33 0.03 Sbc 1.6
EISJ033121.74—275943.1 03:31:21.74 —27:59:43.1 22.16 0.02 2293 0.01 22.68 0.03 21.90 0.02 21.27 0.02 SB3 0.5
EIS J033122.79-275932.9 03:31:22.79 —27:59:32.9 22.89 0.03 23.46 0.02 22.96 0.03 22.32 0.02 22.02 0.04 Im 0.3
EISJ033128.562—275135.9 03:31:28.52 —27:51:35.9 22.56 0.03  23.11 0.01 22.65 0.03 21.67 0.01 20.84 0.02 Scd 0.5
EISJ033131.14—273343.5 03:31:31.14 —27:33:43.5 23.44 0.06 23.64 0.02 2279 0.03 22.07 0.02 21.47 0.03 Sbc 0.3
EISJ033131.14—275846.8 03:31:31.14 —27:58:46.8 19.24 0.00 20.00 0.00 19.82 0.00 19.41 0.00 18.14 0.00 E 2.7
EISJ033131.27—-273429.6 03:31:31.27 —27:34:29.6 23.13 0.04 23.46 0.02 23.48 0.06 22.73 0.03 21.64 0.03 E 2.8
EISJ033132.23—275600.5 03:31:32.23 —27:56:00.5 22.36 0.02 23.31 0.02 23.29 0.04 22.81 0.03 21.48 0.03 Scd 1.4
EISJ033134.56—275647.2 03:31:34.56 —27:56:47.2 22.70 0.03 23.46 0.02 23.11 0.04 22.33 0.02 22.03 0.03 SB2 0.4
EISJ033143.67—274645.4 03:31:43.67 —27:46:45.4 22.73 0.04 23.05 0.01 22.46 0.03 21.54 0.01 20.81 0.02 Scd 0.4
EISJ033146.67—274126.8 03:31:46.67 —27:41:26.8 25.28 —1.00 25.04 0.07 23.58 0.06 22.32 0.02 20.98 0.02 E 0.5
EISJ033149.565—274319.7 03:31:49.556 —27:43:19.7 22.50 0.03 23.04 0.01 22.40 0.02 21.69 0.01 21.21 0.02 Scd 0.3

Table 8. First 15 entriesof thelikely unresoled galaxiesin sevenpassbands.

Name «(J2000) 4(J2000) U oy B o \%4 ov R oR I o1 J oy K ok Type Zphot

EISJ033148.76—-274250.3 03:31:48.76 —2T7:42:50.3 25.25 0.21  25.02 0.06 24.33 0.08 22,57 0.03 20.78 0.02 19.40 0.02 17.93 0.02 E 0.7
EISJ033150.32—274241.1 03:31:50.32 —27:42:41.1 25.28 —1.00 25.42 0.07 24.16 0.07 22.47 0.02 21.09 0.02 19.81 0.02 18.37 0.03 E 0.6
EISJ033159.69—274701.6 03:31:59.69 —27:47:01.6 25.28 —1.00 25.29 0.09 24.98 0.20 23.10 0.06 21.24 0.03 19.67 0.06 17.70 0.03 E 1.0
EISJ033216.21—-273930.6 03:32:16.21 —27:39:30.6 19.92 0.00 20.51 0.00 20.20 0.01 19.65 0.00 19.23 0.01 18.70 0.02 17.53 0.02 SB2 0.3
EISJ033217.81-275620.9 03:32:17.81 —27:56:20.9 22.14 0.02 22.90 0.01 22.68 0.03 21.99 0.02 21.10 0.02 20.38 0.04 19.17 0.05 SB3 0.6
EISJ033219.89—-274721.4 03:32:19.89 —2T:47:21.4 25.28 —1.00 25.65 0.09 23.95 0.09 22,60 0.03 21.16 0.02 19.98 0.02 18.19 0.02 E 0.6
EISJ033221.67—275502.0 03:32:21.67 —27:55:02.0 25.28 —1.00 25.00 0.05 23.93 0.07 22.52 0.02 21.29 0.02 20.27 0.04 18.62 0.03 E 0.4
EISJ033222.14—-275101.9 03:32:22.14 —27:51:01.9 25.28 —1.00 25.58 0.09 24.16 0.08 22.92 0.03 21.40 0.02 20.10 0.02 18.45 0.02 E 0.6
EISJ033225.93—274401.6  03:32:25.93 —27:44:01.6 22.29 0.02 22.84 0.01 22.33 0.02 21.86 0.02 21.50 0.02 20.99 0.05 20.02 0.08 SB2 0.3
EISJ033239.24—-274758.7 03:32:39.24 —2T7:47:58.7 25.28 —1.00 24.54 0.06 23.24 0.05 21.79 0.02 20.29 0.01 19.06 0.01 17.41 0.01 E 0.6
EIS J033239.48—-275032.0  03:32:39.48 —27:50:32.0 25.65 0.30 24.84 0.05 23.73 0.05 22,16 0.02 20.89 0.02 19.65 0.01 18.00 0.03 E 0.5
EISJ033241.77—-275101.0  03:32:41.77 —27:51:01.0 25.28 —1.00 25.00 0.05 23.89 0.06 22.41 0.02 21.27 0.02 20.11 0.02 18.56 0.04 E 0.4
EISJ033242.04—275226.2 03:32:42.04 —27:52:26.2 22.66 0.03 23.37 0.02 23.23 0.04 22.32 0.02 21.81 0.03 20.99 0.04 19.91 0.09 SB3 0.6
EISJ033251.16—274431.9 03:32:51.16 —2T:44:31.9 25.28 —1.00 24.53 0.04 23.54 0.06 22.16 0.02 20.94 0.02 19.82 0.02 18.28 0.03 E 0.4
EISJ033251.67—273937.1 03:32:51.67 —27:39:37.1 23.11 0.04 23.70 0.02 23.45 0.04 23.07 0.03 22.31 0.04 20.66 0.06 19.76 0.09 SB3 1.3
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448 Santiagd.X., GilmoreG. & ElsonA.W., 1996, MNRAS 281,871
OsmerP.S.,Kennefick].D.,Hall PB. & GreenR.F, 1998,ApJS119, gzalayA.S.,ConnollyA.J. & Szololy G.P, 1999,AJ 117,68
189 Schiggel D.J.,FinkbeinerD.P. & Davis M., 1998,ApJ 500,525

PicklesA.J.,1998,PASP, 110,863

Prandoni., WichmannR.,daCostalL., etal., 1999,A&A 345,448 )

RanaN.C. & BasuS.,1992,A8A 265,499 A&A, astro-ph/0102300

ReidN. & Majewski S.R.,1993,ApJ 409,635 Wolf C., Dye S.,KleinheinrichM., etal., 2001,A&A 377,442

RobinA.C., Reyle C. & Créze M., 2000,A&A 359,103 Yamagatd'. & YoshiiY., 1992,AJ 103,117 .

Rocha-PintdH.J.,Maciel W.J.,ScaloJ. & Flynn C.,2000,A&A 358, ZhengZ., Flynn C., Gould A, BahcallJ.N. & Salim S., 2001, ApJ
850 555,393

VandameB., OlsenL.F., JogensenH.E., et al., 2001, submittedto



Groenavegenetal.: The StellarCataloguen the ChandraDeepField South.

Appendix A: Determining MAG_STAR_LIM and
CLASS_STAR_LIM

=

0.5
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Fig. A.1. CLASS_STAR asa function of R-bandmagnitude with the
binning in magnitudeand CLASS_STAR indicated,for the first pass
(top), and secondpass(bottom, without datapointsfor clarity). The
hatchedin is the onethatdefineshe backgroundf galaxies.

Thisappendixgivesabrief technicaldescriptiorof theway
CLASS_STAR_LIM and MAG_STAR_LIM are determinedn the
presenpaper Refinement®f this schemamightbe considered
in the future after completionof the DPSsuney (12 timesthe
areaunderconsideratiorherein differentdirections)andanal-
ysisof theirrespectie stellarcataloguesspectroscopifollow-
upstudieghatindicatethe (in)correctnessf theassignedpec-
tral types,or more extensive numericalsimulationsincluding
galaxiesandQSOs.

Oneway to analysea diagramlike Fig. 1 is to settwo lev-
elsof significanceThefirst, ¢;, setting,for afixedmagnitude
range,the level of significanceof detectingstarsagainstthe
backgroundf galaxiesat somevalueof CLASS_STAR, andt-,
settingthe level of significanceof detectingstarsat somemag-
nitude,givenafixedrangein CLASS_STAR.

This ideais implementedn the following way. The first
stepis to allow for the single passbandatalogueo be cut at
amagnitudeerrorlevel, andkeepingonly objectswith “good”
SExtractofflags.

For the presentanalysis,only objectswith SExtractorflag
<4 are kept and the default cut of S/IN > 2 is imposed.

15

The objects retainedare divided in bins of magnitudeand
CLASS_STAR. Insteadof using a fixed bin size in magnitude
and CLASS_STAR the bins are constructedn sucha way that
they containan equalnumberof objects,thatis, the width of
thebin becomeghevariable ratherthanthe numberof objects
in abin of fixedsize.Thenumberof binsusedis setautomati-
cally andis basedn thetotal numberof objects.

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

For eachmagnitudebin, thedistribution over CLASS_STAR
is analysedin the following way. The bin with the largest
width in CLASS_STAR is consideredo definethe background
of galaxies(indicatedby the hatchedareain Fig. A.1). A cor-
rectionis madefor the numberof galaxiesrelative to the to-
tal numberof objectsin that bin basedon the ratio of the
numberof objectsbelow this bin to the total numberof ob-
jects. For simplicity it is assumedhat the backgroundevel
is constantfor the bins at highercLASS_STAR. The meanand
rms (basedon /N statistics)per unit CLASS_STAR are de-
termined.This is a necessarystepas all bins have a differ-
entwidth. For the bins that have a CLASS_STAR value higher
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, oy, . For anexternalthresholdvalue,t;, thelow-
estbin that hasa significanceabove this thresholdis deter
minedand, by linear interpolationusingthe next highestbin,
thefinal valuefor cLASS_STAR_LIM for that magnitudebin is
calculated.In addition, all the bins that have a CLASS_STAR
largerthanthe bin that definesoy,;,, arecombinedanda simi-
lar significancdevel for the groupof starsasawhole (ogroup)
is computed.Oncethe loop over the magnitudebins is com-
pleted, and given a secondexternal thresholdlevel, t,, that
magnitudebin is determinedwherets > 0group. BY linear
interpolationusingthe next brightestmagnitudebin, the final
valuefor MAG_STAR_LIM is computedAdditionally, the mag-
nitude,mc,¢, is determinedelon which starscannotberecog-
nisedwith any confidenceThen,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 repeatedThis whole procedure
is donetwice, the first time usingall objectsthat have passed
theselectioronmagnitudeerrorandSExtractoiflag,andasec-
ondpassonly retainingobjectsbrighterthanm.. Thisallows
for a bettersamplingover the magnitudeinterval wherestars
canbeidentified. The binning for the secondpassandthe ef-
fect of only retainingobjectsbrighterthanme,t is illustrated
in thebottompanelof Fig. A.1. Figurel shavsfor the R-band
the distribution over CLASS_STAR and CLASS_STAR_LIM and
MAG_STAR_LIM for theadopted:hoiceof t; = 30 andt; = 80.

An independentheckon the schemepresentedis to con-
sidergalaxycountsasthecomplemento theobjectsselectedo
bepointsourcestheargumentbeingthatif oneistooliberalin
thechoiceof MAG_STAR_LIM andCLASS_STAR_LIM to classify
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stars,the remainingnumberof “non-stars”could be inconsis-
tentwith known galaxycounts.In B, R and K the numberof
obsenedobjectsin the colour cataloguenot classifiedasstars
in the 0.5 maghbin below the faintestderved MAG_STAR_LIM
limit (i.e.23.35 < B < 23.85,22.25 < R < 22.75,18.30 <
K < 22.80) are respectiely, 2209,1935and389.Thenumber
density of galaxiesquotedin the literatureis between6500-
11000, 5000-9000and 4000-8000per deg? per 0.5 magni-
tudebin in BRK respectiely (seethe extensive compilation
at http://starwww.dur.ac.uk~nm/pbhtml/counts/couns.htmi
for detailed references).The predicted number of galaxies
for the effective areais 1710-2893,1315-2367and 371-742
in BRK respectrely, in agreementwith the numbersob-
sened, andindicatingthat the choiceof MAG_STAR_LIM and
CLASS_STAR_LIM to classifystarsis nottoo liberal.
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Fig.2. ELECTRONIC ONLY Numbercountsin U BV RI from thefive passbandatalogueandin JK from the seven passbandatalogue.
In thelower right panelthe R-bandcountsbasedn the seven passbandataloguearepresentedThey arein goodagreementvith thosebased
on thefive passbandatalogueasis the casefor UBV I. Left panel:shavn arethe disk componen{dashedandsolid thin black histograms)
andhalo component{dashedand solid blue histograms)andtheir sum (dashedand solid thick black histograms)predictedby the galactic
model. Distinguishedare the predictedmodel countstaking into accountthe error model, saturationcompletenesandthe MAG_STAR_LIM
in the individual passbandgthe blue andblack full histograms)aswell asthe “perfect” model(the blue andblack dashechistograms)The
morphologicalclassificatiorlimits for the bandsareindicatedby the vertical dashedine. Right panel:comparisorof the data(blue coloured
histogramwith errorshars)with the model.Notethedifferentmagnitudescalew.r.t. theleft-handpanel.Shavn arethe predictedcountstaking
into accountthe error model, saturationand completenesgthick dottedblack line), aswell asthe countsthat additionallytake into account
the MAG_STAR_LIM limits in the individual passbandgthick solid black line; the samecune asin the left-handpanel).The pink histogram
representtheobsered numbercountsusingthe point sourceclassificatiorfor thatbandonly. The numbercountsof objectsassignedstellar”
templatespectrahatareranked 1 and< 3 in thefull five andfull seven passbandataloguerespectiely, basedon the x2-techniqueonly, are
indicatedby the dashedlue histogram The QSOnumberscounts(amongthe objectsinitially classifiedaspoint sourcespreindicatedby the
redhistogram The morphologicaklassificatiorimits for the bandsareindicatedby the verticaldashedine.
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Fig.4. ELECTRONIC ONLY Colourcolour diagramfor differentcutsin magnitudefor the five passbanaatalogue Left panel: Model
predictions.Halo (opencircles) and disk (filled circles), with starswith log g > 7 (representingVDs) and starswith masses<0.1 Mg
(representindow massstars)additionally marked by a plus and crosssign, respectiely. Sincethe full simulationis run over n—timesthe
obseredarea,only % of all modeldatapointsareplotted.Right panel:the data.Opencirclesrepresenbutliers,in the sensehatthey arenot
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Fig.4. ELECTR ONIC ONLY ContinuedColourcolourdiagramfor differentcutsin magnitudefor the seven passbandatalogue.



20

1.5

0.5

1.5

0.5

1.5

0.5

Groenavegenetal.: The StellarCataloguen the ChandreDeepField South.

[ 10.0< K<18.0 " ] [ 10.0<K<18.0 b
L 1 ~L ]
i ) 1 wr ]
[ o3& ] [ ]
L i 1 L o]
[ %. ] [ x ]
. Y 4 . x 4
r 8.5?" 1 wr o ]
:ogg',o ' 1 x ]
R R R R L. L]
05 1 15 1.5
[ 18.0< K<20,0 1 [ 18.0< K<20.0 1
L ] w[ ]
L ] oL ]
L ] L Q]
e 1wl ]
L 4 o L 4
L 1 ol ]
R H R I BRI "‘OH\HH\HHO\HT
0 05 1 1.5 0 05 1 1.5
R 3
[ 20.0< K<22.0 1 [ 20.0< K<22.0¢ . o
L | <L x X x |
L 4 L . x 4
L @ ] L o oo ]
L OOO , L o, "t o i
x
L %g - ;. K ;% 1
[ o 60 © 1L o[, e * x 0O 7
[ éooo 1 [ x 1
[ © ] [ . t o ]
[ © o - o kLo -
[ ° ] [ ]
coo b b e b b \\\Q\\\\O‘\\\\‘\\\\‘\\\\
0 05 1 15 0 05 1 15
J-K J-K
: : : : : : : : : : :
| 10.0< B<22.0 ‘] | 10.0< B<22.0 v |
L - 9}:".&' B
L 4 o . B
L 4 L \‘ 4
I o ] I i ]
i & i B ]
o
A
L 4 L ¢ o 1
o
L ] L o ]
L 4 Fo o X x 4
E . | . | L4 ok . | X, x| —
0 2 4 0 2 4
L |
8
e R R I
[24.0< B<27.0 71 N [240<B<27.0 © 1
L . .. °. 4 o 4
[ PO B . o ]
r . % 1 r . 3 ... 1
— . o R ST ]
L . B r .o -'.l. 7
e el A R
[ o ] [ *e . . . B
[ o ] [ ]
L 4 L 0% 4
L i g* o o N
:‘\HH\HH\HH\HH: :‘\HH\HH\HH\HQ‘:
3 4 5 6 3 4 5 6
V-K V-K

0.5

[ 10.0<1 <20.0

[ 10.0<1 <20.0

r o 4 - o ~
K .
)
L - 1 L 1
L B B
L 1 oL . B
P R R R R O e
0 1 2 3 0 1 2 3
—— T T
20.0<1 <22.0 w = < 20.0<1 <22.0
.
L 47 @ b B
® x
L 1 oL B
N R RN e B B
0 1 2 3 0 1 2 3
R R R T T 153
F22.0<1 <24.0 1 F22.0<1<24.0 1
L [ o o *H
L ° 4 L .. xO
r 1 r O @ x* 1
[ o ] [ O ot XA
L Jew [ * * ]
L + ] el x % ]
[ ] [ x o ]
L 1 L ©o 1
o
L 4 oL B
I O RN RR B bLa o+ v v v

R-1
10.0<V<21.0
L 4 <L B
L oY 17wk o X
P
q%ig%o
t o 1 L Py
[
L 4 ol o -
o
P S N U BRI R N R EE
0 0.5 1 0 0.5 1
T T
21.0<V<23.0 " 21.0<V<238.0
L 4 e L B
L A= s b B
L 1 L . of
><0
® x
4 . PO
o o . xx.;&x
.. x
L 1 Le *5 1
PP R H R BRI P R R E . PR I
0 0.5 1 1.5 0 0.5 1 1.5
e e e PR S e
23.0<xV <267 23.0< V<26.¢
I * ] I sl ]
PR
\.};“
L - <+ e ..v"'_ o
P .
-.". e
L o 1 L K . . 1
o ° . X,.XX ey e X
= - N - o x Q% xq
o . ox % .
o % x o
L 3 1 L 1
T PP R N SRR
0.5 1 1.5 0.5 1 1.5
J-K J-K

Fig.4. ELECTR ONIC ONLY Colourcolourdiagramdor the seven passbhandataloguecontinued
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Fig.8. ELECTRONIC ONLY cLASS_STAR valuesof the objectsthat are classifiedas point sourcesn the five and seven passbhandolour
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and< 3 in thefull five andfull seven passhandataloguerespectiely, whenapplyingthe x2-technique MAG_STAR_LIM and CLASS_STAR
limits areindicated.
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