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ABSTRACT

TheDeepLensSuney (DLS)isadeepmultiwavelengthimagingsurey
of 28 squaraedegreef sky, involving 100nightsof 4-metertelescopdime.
Our primary goalis to useweakgravitational lensingbothto find specific
massconcentrationgclustersyandto measureaveaklensingby large-scale
structuregcosmicshear).This paperfocuseson clusters.Becauséensing
is sensitve to all typesof matter not only luminousmatter it allows usto
compileasampleof clusterselectedby mass.Thisisimportantbecausd is
theclustermasdunctionwhichis animportantdiagnosticof cosmological
parameters All sampleso datehave beendetectedthroughtheir stellar
light or X-ray emissionwhich may missunderluminouglustersandmay
nottruly representhe massfunction. A mass-selectesamplewill yield a
lesshiasedmasgunctionandperhapsomeintrinsically interesting‘dark”
clusters.We presenta summaryof the DLS, thetechniquesve useto find
clustersandapreliminaryversionof theDLS shearselectedlustersample.
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1 Introduction

1.1 Gravitational Lensing and Photometric Redshifts

The DeeplLens Surwy (DLS) is an attemptto combinethe two recently-deeloped
techniquesf weak gravitational lensingand photometricredshifts. The goal of this
Introductionistodemonstratéo awideaudiencevhy thatcombinations quitepowerful.
Readerdamiliar with thesetechniquesmay wish to skip to the next section,which
examineghe specificsof the DLS in somedetail.

It haslong beenknown that most of the matterin the universeis dark. This is
a problemfor astronomersvho would like to make obsenationsof structurein the
universe. They have hadto resortto someapproximationsand indirect evidenceto
arrive at measurementdg-or example,to measurehe massof a clusterof galaxies the
assumptions madethatit is boundandyvirialized, sothatonecanderive a massfrom
the dispersionof individual galaxy velocities. If clustersareactuallyflying apart,all
betsareoff.

Approximationssuchasthesehave actuallybeensurprisinglyuseful. Estimatesof
the meanmatterdensityof the universe(2,,, dervedthis way arein broadagreement
with resultsfrom WMAP,! for example.However, we would lik e to obsere thelarge-
scaledistribution of darkmattermoredirectly for severalreasonsFirst, we would like
to have late-timeestimatesof structurewhich are asaccurateas possible,to provide
somecomplementarityo the exquisite WMAP measurementsf structurein the early
universe. Seconddirect obsenationswould make for mucheasiercomparisonsvith
numericalsimulationsof structureformation, becausehe complexities of galaxy and
starformationcannotyet be adequatelysimulated. Third, we know that the standard
astroplysicalapproximationsrenotvalidin someervironmentgfor example weknow
that someclustersarenot in equilibrium), andwe would rathernot simply eliminate
theseervironmentsfrom our structuremeasurementsFourth, inferring the massof
luminoussystemss notthe sameasdetectingnasswvhereverit lies. It is possiblaf not
likely thattherearemassve systemswhich areunderluminougnoughto have escaped
detectiorwith traditionalmethods.

Themostdirectway of detectingnasson large scaless throughweakgravitational
lensing. Light raystraveling to usfrom distant“background’sourcesaredeflectecby
gravitational potentialghey encountepontheway (Figurel). They undegoadisplace-
mentanda magnificationwhich we cannoteasilymeasureanda shearwhich we can
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Fig. 1. Schematicview of gravitational lensing. At left, thereis a sourcewith an
intrinsically circular shape.The interveningmass(center)bendsthe light rayswhich
reachtheobsenrer (right), presentingheobsenerwith animagewhichis displacedand
stretchedleft, top). Althoughtheobsenrerdoesnotknow thetrueshapeof any source,
weaklensingis revealedby shapecorrelationdgn a populationof backgroundyalaxies.

measurestatisticallyby assuminghatin theabsenc®f lensing,galaxy shapesreran-
domly aligned(this is not strictly truein all casesbut is a goodapproximatiorfor the
DLS). The sheaiis a function of the lensmassdistribution andthe (angulardiameter)
distancedetweerobserer, lens,andsource.Onemeasuresnly redshiftsandangles,
ratherthanemissionfrom astroplysical processe the cluster

However, until recently lensingwork focusedentirely on massmeasurementsf
already-knavn clusters. A greatdeal of dark matterwasfound in suchclusters,but
therewaslittle opportunityto explore any selectioneffectswhich might be presenin
the underlyingclustersamples.The first suggestiorthat clusterscould be discovered
with weaklensingcamein 1996 (Ref. 2). Drivenby advancesn detectorsthis goalis
finally beingrealized.Thesameadwancesn detectorsllow usto measureosmic shear,
or weaklensingby large-scalestructure. This measuremens moredifficult thanfor
clustersbecausehe signalis muchlower, but the benefitis thatit providesinformation
over arangeof the power spectrunratherthanjust on the mostmassve overdensities.

So why do we needphotometricredshifts? Becauset is impracticalto obtain
spectroscopicedshiftsfor all thesourcesn weaklensing,no advantagenasbeentaken
of thedependencen distanceratios. Instead paperson clustersgenerallyassumehat
all sourcesreeffectively atsomemeandistanceatiowhichis plausiblegiventhedepth
of theimagingandtheknown spectroscopicedshiftof thecluster Butif redshiftswere
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availablefor eachsource theincreaseof shearwith sourceredshiftwould allow usto
locatestructurealongthe line of sight. If claimsof “dark” clustersprove to be true,
this tomographidechniquewill bethe only way to derive the redshiftsof suchlenses.
Lensredshiftsin turn arerequiredto derive masses&ndmass-to-lightatios,sothis is
theonly way of measurindhow darkadarklensis. Furthermoreasheasvs-redshiftest
enhanceshecredibility of adarkclusterclaim by splitting a singlesheameasurement
intoindependenbins,eachof whichmustfollow theexpectedrend. Finally, separating
sourcesby redshift shouldleadto higher signal-to-noisemassmeasurementsf ary
target, becauseone is no longer averagingsmall shears(from sourcesimmediately
behindthelens)togethemwith large ones(from very distantsources).

For cosmicsheaythe sourceredshiftissueis usuallyaddressetty deducingsome
plausibledistribution, which is then corvolved with modelsof structureformationas
a function of redshiftto yield predictionsfor eachmodel, to be comparedwith the
obsenations. In otherwords,we obtainonly a singlemeasureof structureintegrated
alongaverylongline of sight. With redshiftswe couldactuallylook atthedevelopment
of structurewith cosmictime. This would beamuchmorestringenttestof models.

Spectroscopicedshiftsareimpossiblefor all thesefaint sourcessowe derive pho-
tometricredshiftsby imagingat severaldifferentwavelengths.Thesé'colors” allow us
to estimateheredshiftof eachsourceto someaccurag which dependonthe number
andwavelengthrangeof the bandpassedVhencombinedwith shearnnformation,this
extendsthe nice propertiesof weaklensingmassmeasurements—independericem
starformationhistory, baryoncontent,and dynamics—intathe third dimension. The
DLS thuscanmeasurestructureasa functionof cosmictime.

1.2 Shear-Selected Clusters*

If clustersareusefulascosmologicaprobesit is becaus¢hey representargeoverden-
sities,which evolve differently underdifferentscenarios.For direct comparisorwith
theoryandwith n-bodysimulationstherefore we would like to detectclustersbased
on their mass. Historically, though,they have beendetectedbasedon emittedlight
from galaxie$* or X-raysfrom a hotintraclustermedium? Thesemeasurementsan
be convertedto massestimatesindercertainassumptionsyut evenif thatis donewith
perfectaccurag, underluminouglusteramaywell bemissingfrom thesesamplesThis

*Astronomerften use“baryonic matter’ asa shorthandor “matter otherthandark matter”,including
leptons.Thatmeaningcarriesover to termssuchas“baryonfraction” andthelik e.
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is why a selectedn the basisof weaklensingsheaiis soimportant.
Notethatsheardoesnotdependnly onmass.lt is alsoproportionalto thedistance
ratio Dl#? where D;, D,,, and D, arethe angulardiameterdistancedrom obsener
to lens, lensto source,and obsenrer to source,respectrely. Corvolution of shear
measurementgeldsanestimateof dimensionlessuriacemassdensityor corvergence

K.
R = Z/Ecri‘c
Dlle 4G
Ecri =
! D, ¢

Interestingly for reasonabléensandsourceredshifts Y, ~ 1 gmem—2.

Thusfor agivenlens,moredistantbackgroundourcesaremorehighly shearedIf
insteadwe fix theredshiftof thebackgroundourceandvary thelensredshift(keeping
its massfixed), the shearfollows the function plotted in Figure2. This, combined
with the sourceredshiftdistribution of a surwey, is therelevantquantityin determining
the sensitvity of a surwey to clustersasa function of massandredshift. The lensing
efficiengy is a very broadfunction, makingweaklensingsurweys sensitve to a broad
rangeof redshifts aslongastherearesufficientsourcesatz ~ 1 or higher Thisredshift
sensitvity is very differentfrom opticalandX-ray selectionwhichfall off asthesquare
of theluminostydistance Despitethat,advancesn instrumentatiomow enableoptical
andX-ray selectionup to andbeyond z ~ 1, sothereis agreatdealof overlapamong
themethods.

Thereis alsoanexciting nev methodbasedntheSuryaer-Zel'dovich effect (SZE),
or upscatteringof CMB photonsby the hot intraclustergas® This methodhasan ex-
tremely deepredshiftsensitvity, becausets sourceis at z ~ 1100, andit avoidsthe
luminosityissueentirelybecausé is basedn scatteringpf thebackground SZE sam-
plesareontheway, andit will be extremelyinformative to comparesamplegproduced
by the four differentmethods. However, the SZE tells us only aboutbaryonsin the
cluster A total masswould have to be inferred from an assumedaryonfraction, or
from thecombinationof SZEwith otherdata. Thuslensingwill continueto playavital
role.

Sunweying for clustersvia shearselectionis still in its infang.. Thereareonly two
shearselectednassesvith confirmedspectroscopicedshifts’® Several othergroups
have identified several shearselectednassewith redshiftsroughly determinedrom
two-colorphotometry’>'? Togetherthesefour examplesspantheredshiftrange0.27—
0.68.
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Fig. 2. Shearasafunctionof lensredshift,for severalvaluesof sourceredshift(which
correspondo theright-handendof eachcurwe). Thetwo curvesfor eachsourceredshift
demonstratehe effect of changingthe cosmology which is nearly degeneratewith
changingthelensmass.Thelensingefficiency is a very broadfunction, makingweak
lensingsuneys sensitve to a broadrangeof redshifts.

In othercases; '* the object causingthe shearis not clearly identifiableandin
somecaseshasbeencalleda “dark cluster”. Weinbeg & Kamionkowski'® calculate
thatup to 20% of clustersin sheafselectedsureys are expectedto be optically dark.
However, without a redshift,the masse®f these"dark clusters”cannotbe computed.
Hencemass-to-lightatios(or evenlimits) cannotbe computeceither andit is unclear
justhow darktheseclustersare. Nonspectroscopimeanf determiningheirredshifts
(andthereforemassesndderved parametersinustbe developed.

2 TheDeep Lens Survey

2.1 Basic Parametersof theDLS

Instrument: We chosethe Kitt PeakNationalObsenratory (KPNO) andCerroTololo
Inter-rAmericanObsenatory(CTIO) 4-mtelescope$or theirgoodcombinatiorof aper
ture andfield of view. Eachtelescopés equippedwith an 8k x 8k Mosaicimager
(Muller et al. 1998),providing a35' field of view with 0.28’ pixelsandverysmallgaps
betweenthree-edge-littabledevices. A further strengthis that with someobserving
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with eachof two similar setups.we canprovide a checkon systematicerrorsdueto
optical distortions,seeingandthelik e, without sacrificinghomegeneityof the dataset
in termsof depth,sampling,andsoon.

Filter set: We setourgoalfor photometriaedshiftaccurag at20%in 1+ z. Thisis
quitemodesin comparisorio thestateof theart, but we do notneedbetteraccurag. A
biggercontritutionto theerroronalensingmeasuremeritom ary onegalaxyis shape
noise,the noisestemmingfrom therandomunlensedrientationf galaxies. Thuswe
do not needgreatredshiftaccurag on eachgalaxy, but we do needthe redshiftsto be
unbiasedn themean.This accurag canbeachiezedwith only four filtersin the 0.3-1
pwmwavelengthrangein which CCDsperformwell. We chosethe Johnson-CousinB,
V, and R filters andthe SloanDigital Sky Surney (SDSS):’ filter. The 2’ filter was
choserbecauset goesto someavhatlongerwavelengthandis thereforesensitve to a
givenspectrafeatureat someavhathigherredshift. Giventhatthe mainspectrafeature
of mostgalaxiesis at0.4 um, our filter setis expectedto yield reasonabl@hotometric
redshiftsupto z ~ 1.5. Although higherredshiftswould be desirable covering large
areasof sky deeplywith currentground-basedhfraredarraysis impractical. We did
notadoptthe entire SDSSfilter setbecauseat theblueend,«’ would incur significant
lossesrom the prime focuscorrectors.We thereforechoseB asour bluestfilter, and
filled in therangebetweenB and:’ with thewide V' and R filters.

Depth: Ourdepthgoalis al-c sky noiseof 29 magarcsec? in BV R and28in 2/,
whichrequiredtotal exposuretimesof 12 ksecin BV 2z’ and18 ksecin R, for atotal of
54 ksecexposureon eachpatchof sky (seebelow for discussion) We dividedthis total
time into 20 exposuref 600(900)second®achin BV 2’ (R). Twentyexposuresvas
acompromiséetweerefficiency (givenareadtime of ~ 140 secondsandtheneedto
take mary ditheredexposuredo obtaingooddark-sky flats.

Area: In orderto studythe massclusteringon linear scaleioutto 15~ Mpc at
z=0.3),we mustimage2° x 2° regionsof the sky. With Mosaicproviding a40 field
of view after dithering, we assemblesach2° field from a 3x 3 array of Mosaic-size
subfields.Thuseachfield requiresatotal exposuretime of 9x54 ksec,or 486ksec.The
numberof suchfieldsshouldbeaslargeaspossibleto geta handleon cosmicvariance.
To fit theentireprograminto areasonablamountof telescopdime, we decidedonfive
fields. Thusthe total exposuretime for the sunwey is 2.43Msec. Field locationswere
selectedvithoutregardto the presencef already-knavn structuresmakingthe surey
unbiasedwith respectto clustermassand redshiftdistributions. Practicalaspectof
field selectionsuchasoverlapwith complementarguney, is describecelsavhere!®



TFO02

S AC Summer Institute, July 28 - August 8, 2003, Sanford, California

Resolution: In ground-basedpticalastronomyresolutiorislimited by atmospheric
turbulence,also called “seeing.” Subarcsecondesolutionis commonfor individual
exposureson thesetelescopesbut achieving this resolutionin the final productof a
large surwey is anothematter asa large rangeof seeingconditionsis to be expected.
Weaddresshisproblemby observingn R whentheseeingconditionsare0.9’ orbetter
andswitchingto B, V, or 2z’ whenthe seeingbecomesvorsethan0.9’ . Thusthefinal
R imagesareguaranteedo be 0.9" or better We thenmalke the weaklensingshape
measurements R andusetheotherfilters only for colorinformation.

Time: The numberof nightsis thendeterminedoy the observingefficiengy. The
maximumpossibleefficiency giventheratio of our exposurgimesandthereadtime of
theMosaicis 82%,but in practicetheefficiengy is 70%dueto instrumentandtelescope
failures. Thusabout3.5 Msecor 1000hoursof darktime is required,or 100 10-hour
cloudlessights.

2.2 TheDLSin Context

This is a goldenagefor optical surweys of the sky, asit hasfinally becomepractical
to fill the entirefocal planeof alarge, wide-field telescopewith sensitve, linear CCD
imagers. Becausehis conferenceas aimedat a broadaudienceijt is worth taking a
momentto highlight the differencedetweerthe DLS andthe othercurrentlyongoing
optical surweys contrituting to theseproceedingsthe SDSS.

The SDSSis coveredin detailelsavherein theseproceedings? but a brief descrip-
tion for context is in order The SDSScovers~ 5000dey’ to a“depth” of ~ 5 galaxies
arcmim 2. (Depthis usually quotedin termsof a magnitudelimit for sometype of
detectionput the numberof sourcepersquarearcminutes probablymoremeaningful
to awide audience.)The SDSSis wonderfully suitedto tracingthe galaxy distribution
to z ~ 0.3, theclusterdistribution to =z ~ 0.5, andthe quasadistribution to very high
redshifts.

The DLS covers 200 timeslessarea,but goes10 times “deepef’ ~ 50 galaxies
arcminm 2. This makesit bettersuitedfor detailedstudiesof individual clusters,par
ticularly lensing studieswhich requireimagesof mary galaxiesbehind the cluster
FurthermoretheDLS is bettersuitedfor lensingbecausé hasbetterangularesolution
(~ 0.9”in Rvs. ~ 1.5"for the SDSS).Of course the SDSShasmadeanimpacton
weaklensing.Becausef its massve statisticsjt is well suitedto determiningaverage
massprofilesof differenttypesof galaxiesby “stacking” the lensingsignalarounda
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sampleof foregroundgalaxiesof agiventype!® This procedures calledgalaxy-calaxy

lensing;the stackingis necessarpecausehe signalfrom oneforegroundgalaxyis far

too weakto detect. The SDSShasalsodeterminedhe averageprofile of clustersby

“stacking” the signalfrom a sampleof clusterst? but it is notwell suitedto measuring
theprofile of anindividual cluster

The DLS is suitedto measuringndividual clusterprofiles, becausét detectsso
mary moresourcesn the backgroundf eachcluster For the samereasonijt allows
searchesfor new clustersvia weaklensing. It alsobettersuitedfor studyingtheredshift
evolution of variousproperties,becauseat reachedurtherin redshift. For example,
changesn the averagegalaxy massprofile with cosmictime may be measurabldy
the DLS. More importantly changesn the clusterabundanceand massfunction will
be detectable. The changesn thesequantitiesfrom z ~ 0 to z ~ 1 dependrather
sensitvely on cosmologicaparametersuchas(?,,, the matterdensityof theuniverse,
andog, thermsfluctuationson 84! Mpc scales.Thusthe DLS is designedo bedeep
enoughto detectandmeasureéhe massof clustersatz ~ 1.

Therearemany otherimportantopticalsuneys: NOAO Wide-Deep?® VIRMOS 2!
Subari?? CFH Legag/?® to namea few, and eachhasits strengths.We do not mean
to slight themby not discussinghemhere. By focusingon SDSSandDLS, we have
attemptedo highlightthe differentrolesof wide andof deepsureys.

2.3 TheDLSin Operation

We take roughly 5 GB of deepexposuresin eachgood night at the telescope plus
roughlyanequalamountof calibrationdata. Runsaretypically 4-6 nightswith 4-5runs
peryear Dataarewrittento tapeatthe obsenatoryandbroughtbackto Bell Labsand
Brown Universityfor calibrationandanalysis.Roughly80% of the planneddatahave
beentaken,andspring2004will markthecompletionof dataacquisitionbarringlosses
dueto weather

Thebasicstepsior reducingarunare:

e Remoal of instrumentakignaturesuchassensitvity variations.
e Astrometriccalibration.
e Photometriccalibration.

Thesestepsfollow standardproceduresindaredescribedmorefully elsavhere!®
Datafrom multiple runsarethencombinedandanalyzedn thesesteps:
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e For R-bandimages,characterizatiorandtreatmentof the point-spreadunction
(PSF).

e Coadditionof multiple imagescovering the sameareaof sky in a single filter
(stacking).

e Characterizatiomndtreatmenbf the PSFof the stacledimage(R only).
e Detectionandcatalogingof sourcenasingledeepimage.
e Measuringhe shape®f catalogedjalaxiesmoreprecisely(R only).

e Matchingthe B, V, R, andz’ catalogscorrespondingo a givenareaof sky (op-
tional).

¢ Cleaningthe catalogof spuriousdetections.
e Computingphotometriaedshifts(optional).

¢ Weaklensinganalysisof the shapgandoptionally redshift)statistics.

Several stepsarelabeledoptionalherebecausehey cannotbe completeduntil an
areahasbeensuneyedin all fourfilters. To conductapreliminaryanalysiseforeall the
datahave beentaken,we have analyzedhe R-bandcatalogalonein atraditionallensing
analysiswhich yieldsatwo-dimensionamapof massprojectedalongtheline of sight.
This mapis sufficient to identify massconcentrationsywhich will thenbe followedup
with the moresophisticatedhree-dimensionanalysiswhenall the dataarein.

We do not describemostof thesestepsin detail here,but we do wish to highlight
the mostlensing-specificstep, the treatmentof the PSE The final step,weaklensing
analysisof the shapeandredshiftstatisticswill be detailedin the next section.

The first stepis necessarypecauseanisotropiesn the PSFcould mimic a lensing
signal. The left panelof Figure 3 illustratesthe problemby encodingas sticks the
positionangleandellipticity of pointsourcegstars)in oneexposureof oneof theeight
MosaicCCDs. PSFonmosttelescopetendto be~ 1—10% elliptical dueto focusand
guidingerrors.Thisis muchlargerthanthelensingsignalwearelookingfor, butdifficult
to controlatthetelescopalueto changingemperatureandwind andgravity loadson
the optics. Thuswe make the PSFasisotropicaspossiblein post-processingThis is
doneby corvolving theimagewith akernelwith ellipticity component®ppositeto that
of the PSF(Fischer& Tyson1997). Becausdehe PSFshapeds position-dependenthe
kernelmustbealso. Theresultis shavn in theright panelof Figure3. The PSFshapes
aremuchcloserto round,andthe remainingellipticities arenot spatiallycorrelatedas
alensingsignalwould be.

10
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Fig. 3. Point-spreadunction correctionin one2kx4k CCD. Shape®f stars,which as
pointsourceshouldbeperfectlyround,arerepresentedssticksencodingellipticity and
positionangle.Left panel:raw datawith spatiallyvarying PSFellipticities up to 10%.
Right panel: after corvolution with a spatiallyvaryingasymmetridkernel,ellipticities
arevastly reduced(starswith ¢ < 0.5% areshavn asdots),andthe residualsarenot
spatiallycorrelatedasalensingsignalwould be.

Thiscorrectionis necessarfor eachexposurebecaus®bservingconditionschange
from exposureo exposure.Evenwithin anexposuretheprocedures appliedseparately
for eachCCD, in casethere are piston differencesbetweenthe CCDs. EachCCD
typically has50-100unsaturatedjnambiguoustarswhich provide for asecond-order
polynomialfit to the spatialvariation. We alsoapplythis procedurdo the combinedR
imageto reducetheeffectsof any smallregistrationerrors.In thiscasewefind ~ 1000
starsandusea fourth-orderpolynomialfit.

3 TheDL S Shear-Selected Cluster Sample

3.1 Construction of the Sample

The DLS is taking dataover a five-yearperiod, but a first clustersamplecanbe con-
structedbeforeall the dataarein. This is becausemassve clusterscan be detected
evenin not-so-deepmaging, andbecause large contiguousareais not requiredfor
anunbiasedsampleof clusters.We choseall subfieldsfor which we hadat least9000
second®f R exposureasof February2002. Thisis half thefinal exposuredepth,sowe
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expectthatthis initial samplewill not go asfar down the massfunction (andperhaps
notasfarin redshift)asthefinal sample.

Theindividualexposure®f agivenareaof sky werecoaddedandtheresultingdeep
imageswere catalogedby SExtractor* Thesecatalogsweretheninput to the ellipto
algorithm?> which derivesweightedsecondcentralmomentsfor eachobjectcataloged
by SExtractor Thisweightingschemés mathematicallyquialenttofindingthebest-fit
elliptical Gaussiarshapeof eachsource.

Many of the subfieldswereadjacento otherqualifying subfields sowe combined
thesecatalogsnto supercataloggnefor eachdistinctfield. Thisprovidesagreatadwan-
tagein minimizing edgeeffects. Nearthe edgeof a catalogarea,a massmapbecomes
noisierbecausef thelack of constrainingdata. With constrainingdataprovidedby an
adjacentsubfield,theincreasan noiseis avoided. The perimeterof the supercatalog
is much shorterthanthe sumof the perimeterof theindividual catalogssothelossof
areato increaseahoiseis greatlyreduced.

In stitchingtogethetthesecatalogscaremustbetakento insurethattheastrometry
photometry and morphologyof objectsin the overlap areaare well matched. We
rejectedobjectsin the overlapareawhich did not meetary of several quality checks:
thevariousaperturanagnitudaneasurementsustdiffer lessthan0.2 magnitudesand
all the secondcentralmomentsmustdiffer by lessthanl pixel squared.Therejection
ratewaslow (lessthan20%in all cases).Thevalidity of theastrometrywasconfirmed
by the paucityof sourcesn theoverlapregion whosepositiondid notmatchary source
from theadjacensubfield.

Thesesupercatalogserethenwinnowedof sourcesvhichwerelik elytobespurious,
to lack well-measuredshapespor to be at low redshift. Sourcesmeetingary of the
following criteriawererejected:

e SExtractorflags > 4. Thisincludessaturatedsourcegwhich arestars),sources
too closeto the edgeto properly measureand other fatal errors. Acceptable
warningflagsincludeproximity to anotheisourcepecauseveletellipto determine
if proximity is aproblem.

e nonzercellipto errorcode.Errorcodesanbetriggeredby variousconditions the
mostcommonbeingthatthe centroidof the sourceasdeterminedy ellipto does
not matchthe SExtractorposition,which usuallyindicatesthatthe sourceis very
nearor blendedwith anothersource.

e measureellipticity > 0.5. Oursimulationsf theHubbleDeepFieldandsynthetic
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fieldsconvolvedwith typical DLS point-spreadunction(~ 0.9” FWHM) indicate
thatthevastmajority of sourcesvith measureellipticity > 0.5 areactuallyblends
of two differentsourcesThis cut eliminatesabout15% of thesources.

e sizeatleast25%largerthanthe PSFsize(mustbewell resohedto measureshape
accurately)

¢ R magnitudebetween23 and 25, and isophotalarealessthan 150 pixels (10
arcseé). Thesecriteria eliminatelow-redshiftgalaxieswhich are unlikely to be
lenseddueto lack of interveningstructures.

In eacHield, thisfilteredsamplevasusedo make acorvergencemap. Corvergence
mapsareoftencolloquially calledmassmaps.Thedistinctionbetweerconvergenceand
masshasalreadybeenexplained, but this distinctionis not importanthereaswe are
looking for variationsin densityratherthanyield truly calibratednassesCornvergence
mapsare producedoy convolving the shearfield (asmeasuredy galaxy ellipticities)
with a lensingkernelwhich is smoothedsomevhatto avoid divergentnoiseon small
scales;seeRef. 26 for a clearintroductionto the algorithmsof lensing. We usedthe
kernelof Fischer& Tyson?”

3.2 Massmaps

Figures4 through7 presenthe “mass” (corvergence)mapsfor DLS fields F2 through
F5 (seeTablel for coordinate®f field centers).In all figures,northis up andeasts to
theleft. At thetime thesemapswereconstructedfieldsF3andF5hadnotbeenimaged
overtheirfull area.Imagesaretakenin blocksof 40’ squargthesizeof theMosaicfield
of view), which arecalledsubfields.The F2 andF4 massmapshave a full 3x3 array
of subfieldsmakinga complete2° x 2° area.The F3 massmapcoversfour contiguous
subfieldsn an“L” shapeandthe F5 massmapcoversjusttwo adjacensubfields.This
makes a total of 24 subfields,or 10 deg®. In this sectionwe commenton eachfield;
commenton individual clustersappeaiin the next section.

First, a generalobsenation: In mary casesthe massmapsshov peakswhich do
not correspondo already-knan clusters(aslisted in NED, the NASA/IPAC Extra-
galacticDatabaseht t p: / / nedww. i pac. cal t ech. edu). Corversely mary of
the clusterslisted in NED are not detectedn their shearsignal. (On average,NED
lists aboutfive clustersper 2-degreefield.) This is not surprising,given the different
redshiftsensitvities of thetechniquesnvolved. For lensingwith backgroundourcest
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Field| RA DEC b | E(B-V)
F1 | 00:53:25.3| +12:33:55| 125,-50| 0.06
F2 | 09:18:00 | +30:00:00| 197,44 | 0.02
F3 | 05:20:00 | -49:00:00| 255,-35 0.02
F4 | 10:52:00 | -05:00:00| 257,47 | 0.025
F5 | 13:55:00 | -10:00:00| 328,49 | 0.05

Tablel. Fieldinformation. Coordinatesare J2000,at the field center Extinctionsare
from themapsof Schlayel et al.?® andrepresentoughaveragesver large areasvhich
vary someavhat.

aredshiftof 1-2,sensitvity to massconcentrationbasabroadpeakat z ~ 0.5, falling

to zeroat z = 0, whereador existing opticalandX-ray surweys, sensitvity falls off as
the squareof the luminosity distance. Furthermore pon a randomareaof sky, known

clustersarelikely to be from shallav all-sky surweys, not coveredby more modern,
deepelbut smallerareasurweys. For thatreasonarealcomparisorof opticalandshear
selectionmustemploy opticalselectionon thedeepDLS imagingitself, andthatwork

isin progress.

321 F2

The massmapfor thisfield coversafull 2° x 2° area(Figure4). The mostprominent
massconcentrationDLS Clusterl, hasthreedistinctsubclumpsn bothmassandX-ray
maps(seebelaw).

322 F3

Figure5 shaws a corvergencemap covering four subfields. The two mostprominent
masspeakscorrespondo already-knavn clustersthis happendo bearegionrich with

already-knavn clusters. The secondmost prominentmasspeak,in the bottomright

cornerof theactive area,did not make it into the samplebecausét wastoo closeto the
edgeof thedatato be consideredeliable(seebelov for edgecriteria). However, when
thefull areaof F3is completedthisclusterwill nolongerbeontheedge andwill make

it into thefinal sample.
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Fig. 4. Massmapfor field F2, coveringafull 2° x 2° area.In all maps blackindicates
low surfacemassdensity white indicateshighestdensity;northis up, eastis left; and
labelsindicateDLS clusternumber

Fig. 5. Massmapfor partof field F3, covering45% of thefinal area.
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Fig. 7. Massmapfor partof field F5, covering22%of thefinal area.

323 F4

All ninesubfieldsareshovn in Figure6. Cluster8 at centerleft hasbeenspectroscop-
ically confirmedat » = 0.68 andis detailedelsavhere? None of the prominentmass
peakscorrespondo already-knavn clusters.In fact, thisis a region which happengo
be quitedeficientin already-knavn clusters.

324 F5

Only two subfieldsareshavn in Figure7. NED lists no clusterdn thisregion,whichis
hardly surprisinggiventhe smallamountof area.
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3.3 Cluster Candidates

For eachfield, we alsomademapsof the gravitational potential which simply involves
modifying the radial dependencef the corvolution kernel. Although the information
in thetwo mapsis not independentthe noisepropertiesare someavhat different, so if
the peaksin the massmapshadsignificantcontritutionsfrom noise,we would expect
themto disappeaor begreatlyreducedn the potentialmaps.Thusthe potentialmaps
provided a very limited form of confirmationin the absenceof photometricredshifts
derivedfrom imagingat otherwavelengths.The potentialmapsarenot presentedhere
because¢hey presenthesamdarge peaksasdothecornvergencemaps.Thedifferences
areonly atlevelswell below the clustersmarkedhere.

Note that we have not calibratedthe sourceredshiftdistribution given the source
selectioncriteriaabove. Thereforewe seeknot anabsoluteaneasuref surfacedensity
but arelative rankingof thepeaksan arbitararyunits. Thesepeakswill thenbefollowed
up with moreextensve analysisusingbothDLS andnon-DLSdata. The DLS datawill
provide photometricredshiftsof clustermembersshouldclustermemberde obvious,
andaroughlensredshiftfrom weaklensingtomograply™?® if not. Notethatphotometric
redshiftsrequirefull BV Rz’ imaging,somary of the clustersdetectecherehave not
yetbeenfollowedupwith suchananalysis.Followup with complementarynstruments
includesspectroscopof clustermemberandX-ray spectro-imagingvith Chandraand
XMM.

We compileda list of peaksandtheneliminatedthosewithin 5’ of anedge. This
incursalossof effective areaputinsuresagainsttheincreasef noiseattheedge.Some
of theedgesareonly temporaryto be extendedwith moreimaging,sowe expectsome
of theeliminatedcandidateso returnwhenthefull datasets reprocessedniformly.

We thenranked peaksaccordingto their heightsin the corvergenceand potential
maps. The two lists agreedclosely neartheir tops and much lessclosely neartheir
bottoms. This gave ussomeindicationof the noiselevel, andwe cut the list wherewe
were confidentthatall candidatesbove the cut werereal, yielding 16 candidates Of
thesethetop eighthave beenobsenedwith Chandrathe next threearescheduledor
XMM time, andthe next two areconditionallyscheduledor XMM time, for atotal of
13 clusterswith X-ray followup. Thefinal list of clusterswill appeaiin afuture paper
whenthe analysisis morecomplete. Here,we presenta samplingof massand X-ray
maps.andcommentn redshiftsandopticalmorphologiesto demonstratéhevariety
of thesample.
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3.4 Detailsof Cluster Candidates

In thissectionwe presentletailsoneachclustercandidatewhereavailable. Someof the
X-ray followup datahasyetto be acquiredandotherdatahave arrived sorecentlythat
analysigs justbeginning. We thereforgpresensomeX-ray mapsto give animpression
of therelationbetweemmassand X-rays, but resere a real analysisfor a forthcoming
paper

TheX-ray mapgresentetbelon weretakenby theACISinstrumenaboardChandra.
ACIS hasa field of view of 16 and a resolutionof aboutl”. Point sourceshave
beenremoredsothatextendedsourcesaremoreobvious(all clusterswill beextended,
whereagpoint sourceswill generallybe active galacticnuclei, in galaxieswhich may
not be associatedavith the cluster). The underlyingdatacontainspectralinformation
whichis notvisible here.Derivationof temperaturefom the X-ray datais in progress.
To complementhe X-ray maps,we presentcornvergencemapsof the samearea,but
with lower resolution limited by the sourcestatisticsto aboutl’ .

341 DLSCluster 1

This is the mostprominentmassconcentrationn F2, andthe opticalimagingshavs a
rich cluster Theredshiftis well-known at0.298. ChandraX-ray spectro-imaginghovs
threedistinct subclumpsjust asthe massmaploes. The two mapsagreeon the gross
detailssuchasthe numberandlocationof subclumpsput the differencesn emphasis
suggesta more complex relationshipbetweenmassand X-ray emission. A detailed
paperonthisclusteris in preparation Our preliminaryestimateof the X-ray luminosity
is8.5x 10" egs!.

3.42 DLSCluster 2

Thisisthemostprominenimassconcentratioin the40%of F3whichhasbeemmapped.
The X-ray mapshaws two clearly extendedsourcegFigure8). Oneis located2’ from
themasspeak,andthe otheris 5 from the masspeak. This secondX-ray sourcedoes
not appeairlearly on the corvergencemap,althoughit maybea contributor to whatis
avery broadfeaturein the corvergencemap. Two additionalX-ray sourcesarewealer
andmaybedueto singlegalaxies.

We have appliedfor spectroscop to determinethe redshiftof this cluster andto
explorewhetherit is in factseveralclusters.
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Fig. 8. DLS Cluster2. Left: corvergence.Right: X-ray. Thefield sizeis 16 onaside.
Circlesindicatepositionsof X-ray sources.

343 DLSCluster 3

This massconcentratiordominateshe northwesterrpart of field F4. Thereis X-ray
emissionwithin 1’ of the masspeak. (Recallthat the resolutionof the corvergence
mapsis ~ 1'.) However, this X-ray emissionis not clearly extended. Its positionis
centeredight on a very bright galaxy, which may have an active nucleusgiving rise
to the X-ray emission.On the otherhand,the opticalimagingclearly shavs a cluster
of galaxiessurroundingthis galaxy We are currently working to understandvhat
fractionof the X-ray emissioncomesfrom the hotintraclustermedium(which follows
theclusters gravitational protential)andwhatfractioncomesrom thegalacticnucleus
(which shouldbeignoredwhenstudyingthe clusterasawhole).
Thisclustethasnotbeemreviouslyidentified, andnoneofits membershaveredshifts
listedin NED.We have appliedfor spectroscopto determingheredshiftof thiscluster

344 DLSCluster 4

This clusteris locatedat the southerrendof F4. The opticalimagingclearly shavs a
clusterof galaxies.Althoughthisis notlistedasa clusterin NED, NED doeslist 5-10
galaxiesin the areaat z=0.18-0.19. Thereforewe have not appliedfor spectroscop

z = 0.18 is aworking hypothesiauntil thephotometriaedshiftanalysiseitherconfirms
it or demandsdditionalspectroscop
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Fig.9. DLS Cluster4. Left: corvergence.Right: X-ray. Thefield sizeis 16 onaside.

Figure9 shaws the corvergenceand X-ray maps. Thereis an X-ray sourcewithin
2 of themasspeakandcoincidentwith abrightgalaxy Theemissionis extended put
notgreatly At » = (.18, the X-ray luminosityis low for acluster 4.3x 10*? egss!.

345 DLSCluster 5

This is the more southernof the two candidatesn F5. The opticalimagingshaws a
clusterof red galaxieswhich appeardo be at fairly high redshift, given their small
angularsize. Thelocationof the clustercenters difficult to define but the peakonthe
masamapis lessthan30” from ary plausiblecenter Anothergroupapparenthatlower
redshift(i.e. with largerandlessred galaxies)appear®.5 to the east. However, the
lensingsignalhasdroppedo quitealow valueat thatpoint, sowe areconfidentin our
identification.

Thereis no extendedX-ray emission,andthereareno known clustersor galaxies
with known redshiftswithin 5" of thislocation. Spectroscopof the clusterandnearby
groupis planned.

346 DLSCluster 6

This massconcentrationlies only 9 north of the previous cluster Again, thereis
no extendedX-ray emission,andthereareno known clustersor galaxieswith knowvn
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Fig. 10. DLS Cluster7. Left: cornvergence.Right: X-ray. Thefield sizeis 16 ona
side.

redshiftswithin 5" of this location. In this case thereis not evena clearconcentration
of galaxiesn the BV Rz’ imaging. However, thereis asecondarypeakonthemasamap
3’ to the south,andthis correspondso a large concentratiorof galaxies.A thorough
analysiswith photometricredshiftsmay be able to determinewhetherthe two mass
concentrationareat the sameredshift.

34.7 DLSCluster 7

This massconcentratiorappearsn the southwesof F2. It doesnot standout in the
F2 corvergencemap (Figure 4) becauset lies on a north-southridge. In factthere
is a filamentaryconcentratiorof red galaxiesat this location, but it may well be a
superpositiorof unrelatedgroupsof galaxies.
FigurelOshavsthecorvergenceandX-ray maps.TheX-ray datashav two extended
sourcedracleting the locationof the masspeakalongthe string of galaxies. One of
themis coincidentwith adefiniteclusterof smallredgalaxies directlybehindthreevery
bright(~ 12™) stars.Becaus®f thebright stars,onemighteasilyoverlookthis cluster
whenperusingheimagesput the X-ray andlensingtechniquesreunperturbedy the
bright stars—X-raybecausenoststarsdo not emit much X-ray radiation,andlensing
becausa lensmakesits shearfelt evenat alargeimpactparameterAt thelocationof
theotherX-ray sourcethereis amorediffusegroupingof smallredgalaxies.Notethat
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Fig. 11. DLS Cluster8 at z = 0.68. Theimageis a BV R composite3 onaside.The
tangentialarcis 10’ northwestf the brightestclustergalaxy

thelinearappearingconcentratiorof galaxiesextendsonly 10-15, only one-thirdthe
extent of the featurein the massmap. Much of theridge in the massmapis at a low
level andof unclearsignificance.

The literaturecontainsno clusteror galaxy of known redshiftwithin 5. We have
appliedfor followup spectroscop

348 DLSCluster 8

This clusterappearsat centerleft in the F4 massmap. It is detailedelsavhere? but a
brief descriptions in orderhere.The BV Rz’ imagingshavs a beautifulconcentration
of small red galaxies(Figure 11), with what appearo be stronglensingfeatures:A
large bluetangentialarc,andanopposingblue radialarc. This wasthefirst clusterfor
whichwe organizedfollowup, becausét wassoclearlyinteresting.Keckspectroscop
shavedit to beat z = 0.68 with a velocity dispersionof 980km s~!. A tomographic
weaklensinganalysiswith photometricredshiftsyieldeda similar redshiftanda mass
estimateof 11.1 £ 2.8 x 10* (r/Mpc) My, within radiusr, usingasingularisothermal
sphererofile. Thismassgsin agreementvith thevelocity dispersiorandstronglensing
constraints.

Figure 12 shaws the corvergenceand X-ray maps. An extendedX-ray sourceis
foundatthelocationof thecluster Armedwith aredshift,we computeapreliminaryX-
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Fig. 12. DLS Cluster7. Left: corvergence.Right: X-ray. Thefield sizeis 16 ona
side.

rayluminosityof 1.7 x 10* egs—. A secondX-ray sourceo thenortheastorresponds
to aslightbumpin the corvergencemap. Theredshiftof this objectis unknovn.

349 DLSCluster 9

This clusterlies just 16 south(and a bit eastvard) of DLS Clusterl. Its position
correspondso afairly rich clusterof smallred galaxies. X-ray dataarenot available
yet. Theliteraturecontainsno clusteror galaxy of known redshiftwithin 5'.

3.4.10 DLSCluster 10

DLS Clusterl0liesin thenorthwesiguadranbf F2. Its positionis puzzling: Thereare
no galaxiesin theimmediatearea but thereis a clusterof galaxies3’ to thenorthwest.
This displacemenis muchlargerthanthe resolutionof the massmaps. The literature
containsno clusteror galaxy of known redshiftwithin 5 of eitherposition. X-ray data
arenotavailableyet. Analysiswith photometriaedshiftswill revealwhetherthecluster
andthelensareatthesameredshift,andperhapgxplainwhy theclusterdoesnotappear
clearlyonthe corvergencemap.
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3411 DLSCluster 11

Thismasgeakappears theextremenorthwestornerof F4. Its positionis ontheedge
of agroupof large(i.e. low-redshift)galaxies.Thereareafew 2dFGRS® galaxieswith

known redshiftin theareaput notenoughto cometo ary conclusionsbouttheredshift
of thegroup.Analysiswith photometriaedshiftsis neededo conclusvely identify the
lensingmasswith the group. X-ray dataarenot availableyet.

3.4.12 DLSCluster 12

This clusteris in F5, southwesibf the more significantDLS Clusters5 and 6. This
is anotherpuzzlingmassconcentrationit is 6 westof anobvious clusterof galaxies,
whichdoesnotappeapnthemassnap. Thereis acompacgroupof small,redgalaxies
2’ tothenortheasthut it is not clearthatwe canidentify this groupwith thelens. The
literaturedoesnot containa clusterat eitherposition,nor ary usefulgalaxy redshifts.
Again, more analysisis required. Unfortunately we may not get X-ray dataon this
candidateandthenext one: They arein agroupof XMM targetswhichwill beobsered
only if time permits.

3.4.13 DLSCluster 13

This massconcentratiories atthe southerrendof theanalyzedportionof F3. A more
impressve-lookingpeakappeargust 10 westof DLS Cluster12 in Figure5, but that
peakwastoo closeto the edgeto appeaiin the currentsample. (Thoseedgeswill be
filled in by ongoingimaging.) Thisis themassconcentratioraboutwhich we know the
least: Thereis no obvious clusteringof galaxiesin thevicinity, no X-ray datayet, and
no relevantinformationin theliterature.

3.5 General Remarksand Ongoing Analysis

Highrankonthemassoncentratiotist clearlycorrelatesvith easefidentificatiorwith
clustersof galaxies(already-knan clustersin the caseof the top two), anddetection
of extendedX-ray sources.Our samplemay have a generallyhigh mass-to-lightatio
(M/L) comparedo optically and X-ray selectedclusters,with only the mostmassve
clustersgeneratingenoughlight to be detectedy othermeans.On the otherhand,the
low-rankedmassconcentrationsaybemoreaffectedby noiseand/oredgeeffectsthan
we estimatedvhencompilingthelist.
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Fortunatelywe cananswethis questiorby analyzingthecompletesetof DLS data.
Oncethefull BV Rz’ imagingin agivenareahasbeencatalogedphotometriaedshifts
will provide definitive proof of thereality of thelower-ranked clusters.If someerrorin
amassmaphasresultedn aspuriouspeakwhichis apparentlysignificant,the strength
of thatpeakshouldnotcorrelatewith sourceredshift. If thereis theexpectedrendwith
sourceredshift, that providesnot only confirmationbut alsoa roughlensredshift. In
addition,by addingin themissingareasn somefields,we will greatlyreduceary edge
effectswhich mightbe presenin the currentgeometry

Clearly, thefirst taskis to obtainredshiftsfor eachof our massconcentrationsnd
relatedclustersof galaxies.Photometriaedshiftsbuilt into the DLS will solve mostof
the puzzlespresentedbove, but in mary caseswve arestill planningon spectroscop
This is becausave want a rock-solid redshiftto go with eachX-ray detection. Pho-
tometric redshift systematicsare currently at the 5-10%level. Although we believe
we canimprove that, the X-ray luminosity still dependson the squareof this quantity
Thereforewe needspectroscopicedshiftsfor accurateX-ray luminositiesandoptical
mass-to-lightatios.

Armed with redshifts,we will thenderive M — Ly (mass—X-rajjuminosity) and
M — Tx (mass—X-raytemperaturejelationsfor our sample to be comparedwith the
samerelationsfor X-ray selectedsamples.We will alsoderive optical M/L ratiosfor
the clusters,to be comparedwith typical M/L for optically-selectedsamples.At the
sametime, we will searchour datausingoptical selectiontechniquesand producea
DLS optically-selectealustersample.Theoverlapbetweerthis sampleandthe shear
selectedsamplewill beespeciallyinterestingpecauseve cancompareon a clusterby-
clusterbasis.

Finally, muchwork remainsto be doneon refining the lensingselection. Once
photometriacedshiftsareavailable,shouldwe integratetheminto thesearclratherthan
usethem as followup? What filters and convolution kernelsare optimal? With an
optimal searchtechnique canwe go furtherdown thelist andderive a larger sample?
Thisis importantwork, but it shouldnot obscurehefactthatwe alreadyhave asmall,
uniformly selectedsampleof significantdetections.

4 Summary

TheDLS is a deepopticalimagingsurey which combinegphotometricredshiftswith
weakgravitationallensingto probethemasdistributionin theuniversein threedimen-
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sions(or equivalently asafunctionof cosmictime). Mostof thedatahave alreadybeen
taken, dataprocessings ongoing,andearly resultsshowv that this three-dimensional
probewill beeffective. Themainresultpresentedhereis thefirst-ever sampleof shear
selectectlustersfrom R-bandimagingover ~ 10 deg?. This samplewill be extended
by deeperimaging, a factor of two more area,andthe additionof color (hencepho-
tometric redshift) information. Neverthelesswith the smallerinitial samplewe are
alreadybeginning to investicate potentialdifferenceshetweenshearselectedsamples
andmoretraditionaloptically andX-ray selectedsamples.The motivation hereis that
while traditionalsamplesare muchmore extensive andmature,they may underrepre-
sentlow-luminosity clusters.To thatend,we arecurrentlyanalyzingX-ray datafrom
Chandraand XMM with the goal of derving M — Ly and M — Tx relationsfor our
sample.Thesaelationswill thenbecomparedvith thesamerelationdor X-ray selected
samples.
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