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ABSTRACT

TheDeepLensSurvey (DLS) isadeepmultiwavelengthimagingsurvey
of 28squaredegreesof sky, involving 100nightsof 4-metertelescopetime.
Our primarygoal is to useweakgravitational lensingbothto find specific
massconcentrations(clusters)andto measureweaklensingby large-scale
structures(cosmicshear).This paperfocusesonclusters.Becauselensing
is sensitive to all typesof matter, not only luminousmatter, it allows usto
compileasampleof clustersselectedbymass.Thisis importantbecauseit is
theclustermassfunctionwhich is animportantdiagnosticof cosmological
parameters.All samplesto datehave beendetectedthroughtheir stellar
light or X-ray emission,which maymissunderluminousclustersandmay
not truly representthemassfunction. A mass-selectedsamplewill yield a
lessbiasedmassfunctionandperhapssomeintrinsically interesting“dark”
clusters.We presenta summaryof theDLS, thetechniqueswe useto find
clusters,andapreliminaryversionof theDLSshear-selectedclustersample.
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1 Introduction

1.1 Gravitational Lensing and Photometric Redshifts

The DeepLens Survey (DLS) is an attemptto combinethe two recently-developed

techniquesof weakgravitational lensingandphotometricredshifts. The goal of this

Introductionistodemonstratetoawideaudiencewhy thatcombinationisquitepowerful.

Readersfamiliar with thesetechniquesmay wish to skip to the next section,which

examinesthespecificsof theDLS in somedetail.

It haslong beenknown that most of the matter in the universeis dark. This is

a problemfor astronomerswho would like to make observationsof structurein the

universe. They have had to resortto someapproximationsand indirect evidenceto

arrive at measurements.For example,to measurethemassof a clusterof galaxies,the

assumptionis madethat it is boundandvirialized, sothatonecanderive a massfrom

the dispersionof individual galaxy velocities. If clustersareactuallyflying apart,all

betsareoff.

Approximationssuchasthesehave actuallybeensurprisinglyuseful. Estimatesof

themeanmatterdensityof theuniverse,Ωm, derivedthis way arein broadagreement

with resultsfrom WMAP,1 for example.However, we would like to observe thelarge-

scaledistributionof darkmattermoredirectly for severalreasons.First,wewould like

to have late-timeestimatesof structurewhich areasaccurateaspossible,to provide

somecomplementarityto theexquisiteWMAP measurementsof structurein theearly

universe. Second,direct observationswould make for mucheasiercomparisonswith

numericalsimulationsof structureformation,becausethecomplexities of galaxyand

starformationcannotyet be adequatelysimulated.Third, we know that the standard

astrophysicalapproximationsarenotvalid in someenvironments(for example,weknow

that someclustersarenot in equilibrium), andwe would rathernot simply eliminate

theseenvironmentsfrom our structuremeasurements.Fourth, inferring the massof

luminoussystemsis not thesameasdetectingmasswherever it lies. It is possibleif not

likely thattherearemassivesystemswhichareunderluminousenoughto haveescaped

detectionwith traditionalmethods.

Themostdirectwayof detectingmassonlargescalesis throughweakgravitational

lensing.Light raystraveling to usfrom distant“background”sourcesaredeflectedby

gravitationalpotentialsthey encounterontheway(Figure1). They undergoadisplace-

mentanda magnificationwhich we cannoteasilymeasure,anda shearwhich we can
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Fig. 1. Schematicview of gravitational lensing. At left, there is a sourcewith an

intrinsically circular shape.The interveningmass(center)bendsthe light rayswhich

reachtheobserver(right), presentingtheobserverwith animagewhichis displacedand

stretched(left, top). Althoughtheobserverdoesnotknow thetrueshapeof any source,

weaklensingis revealedby shapecorrelationsin apopulationof backgroundgalaxies.

measurestatisticallyby assumingthatin theabsenceof lensing,galaxyshapesareran-

domly aligned(this is not strictly truein all cases,but is a goodapproximationfor the

DLS). Theshearis a functionof the lensmassdistribution andthe(angulardiameter)

distancesbetweenobserver, lens,andsource.Onemeasuresonly redshiftsandangles,

ratherthanemissionfrom astrophysicalprocessesin thecluster.

However, until recently, lensingwork focusedentirely on massmeasurementsof

already-known clusters. A greatdealof dark matterwas found in suchclusters,but

therewaslittle opportunityto exploreany selectioneffectswhich might bepresentin

theunderlyingclustersamples.Thefirst suggestionthat clusterscouldbe discovered

with weaklensingcamein 1996(Ref. 2). Drivenby advancesin detectors,this goalis

finally beingrealized.Thesameadvancesin detectorsallow ustomeasurecosmic shear,

or weaklensingby large-scalestructure.This measurementis moredifficult thanfor

clustersbecausethesignalis muchlower, but thebenefitis thatit providesinformation

overa rangeof thepowerspectrumratherthanjuston themostmassiveoverdensities.

So why do we needphotometricredshifts? Becauseit is impractical to obtain

spectroscopicredshiftsfor all thesourcesin weaklensing,noadvantagehasbeentaken

of thedependenceon distanceratios. Instead,paperson clustersgenerallyassumethat

all sourcesareeffectively atsomemeandistanceratiowhichis plausiblegiventhedepth

of theimagingandtheknown spectroscopicredshiftof thecluster. But if redshiftswere
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availablefor eachsource,the increaseof shearwith sourceredshiftwould allow usto

locatestructurealongthe line of sight. If claimsof “dark” clustersprove to be true,

this tomographictechniquewill betheonly way to derive theredshiftsof suchlenses.

Lensredshiftsin turn arerequiredto derive massesandmass-to-lightratios,so this is

theonly wayof measuringhow darkadarklensis. Furthermore,ashear-vs-redshifttest

enhancesthecredibility of adarkclusterclaimby splittingasingleshearmeasurement

into independentbins,eachof whichmustfollow theexpectedtrend.Finally, separating

sourcesby redshift shouldlead to highersignal-to-noisemassmeasurementsof any

target, becauseone is no longer averagingsmall shears(from sourcesimmediately

behindthelens)togetherwith largeones(from verydistantsources).

For cosmicshear, thesourceredshiftissueis usuallyaddressedby deducingsome

plausibledistribution, which is thenconvolved with modelsof structureformationas

a function of redshift to yield predictionsfor eachmodel, to be comparedwith the

observations. In otherwords,we obtainonly a singlemeasureof structureintegrated

alongaverylonglineof sight.With redshifts,wecouldactuallylookatthedevelopment

of structurewith cosmictime. Thiswouldbeamuchmorestringenttestof models.

Spectroscopicredshiftsareimpossiblefor all thesefaint sources,sowederivepho-

tometricredshiftsby imagingatseveraldifferentwavelengths.These“colors” allow us

to estimatetheredshiftof eachsourceto someaccuracy which dependson thenumber

andwavelengthrangeof thebandpasses.Whencombinedwith shearinformation,this

extendsthenicepropertiesof weaklensingmassmeasurements—independencefrom

starformationhistory, baryoncontent,anddynamics—intothe third dimension.The

DLS thuscanmeasurestructureasa functionof cosmictime.

1.2 Shear-Selected Clusters∗

If clustersareusefulascosmologicalprobes,it is becausethey representlargeoverden-

sities,which evolve differentlyunderdifferentscenarios.For direct comparisonwith

theoryandwith n-bodysimulations,therefore,we would like to detectclustersbased

on their mass. Historically, though,they have beendetectedbasedon emittedlight

from galaxies3,4 or X-rays from a hot intraclustermedium.5 Thesemeasurementscan

beconvertedto massestimatesundercertainassumptions,but evenif thatis donewith

perfectaccuracy, underluminousclustersmaywell bemissingfrom thesesamples.This

∗Astronomersoftenuse“baryonicmatter”asa shorthandfor “matterotherthandarkmatter”,including

leptons.Thatmeaningcarriesover to termssuchas“baryonfraction” andthelike.
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is why aselectedon thebasisof weaklensingshearis soimportant.

Notethatsheardoesnotdependonly onmass.It is alsoproportionalto thedistance

ratio DlsDl

Ds
whereDl, Dls, andDs are the angulardiameterdistancesfrom observer

to lens, lens to source,and observer to source,respectively. Convolution of shear

measurementsyieldsanestimateof dimensionlesssurfacemassdensityor convergence

κ:

κ = Σ/Σcrit

Σcrit =
DlsDl

Ds

4πG

c2

Interestingly, for reasonablelensandsourceredshifts,Σcrit ∼ 1 gmcm−2.

Thusfor agivenlens,moredistantbackgroundsourcesaremorehighly sheared.If

insteadwefix theredshiftof thebackgroundsourceandvary thelensredshift(keeping

its massfixed), the shearfollows the function plotted in Figure 2. This, combined

with thesourceredshiftdistribution of a survey, is therelevantquantityin determining

the sensitivity of a survey to clustersasa function of massandredshift. The lensing

efficiency is a very broadfunction,makingweaklensingsurveys sensitive to a broad

rangeof redshifts,aslongastherearesufficientsourcesatz ∼ 1 orhigher. Thisredshift

sensitivity is verydifferentfrom opticalandX-ray selection,whichfall off asthesquare

of theluminostydistance.Despitethat,advancesin instrumentationnow enableoptical

andX-ray selectionup to andbeyondz ∼ 1, sothereis a greatdealof overlapamong

themethods.

Thereisalsoanexcitingnew methodbasedontheSunyaev-Zel’dovicheffect(SZE),

or upscatteringof CMB photonsby thehot intraclustergas.6 This methodhasanex-

tremelydeepredshiftsensitivity, becauseits sourceis at z ∼ 1100, andit avoids the

luminosityissueentirelybecauseit is basedonscatteringof thebackground.SZEsam-

plesareon theway, andit will beextremelyinformative to comparesamplesproduced

by the four differentmethods. However, the SZE tells us only aboutbaryonsin the

cluster. A total masswould have to be inferredfrom an assumedbaryonfraction, or

from thecombinationof SZEwith otherdata.Thuslensingwill continueto playavital

role.

Surveying for clustersvia shearselectionis still in its infancy. Thereareonly two

shear-selectedmasseswith confirmedspectroscopicredshifts.7,8 Severalothergroups

have identifiedseveral shear-selectedmasseswith redshiftsroughly determinedfrom

two-colorphotometry.9,10 Togetherthesefour examplesspantheredshiftrange0.27—

0.68.
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Fig. 2. Shearasa functionof lensredshift,for severalvaluesof sourceredshift(which

correspondto theright-handendof eachcurve). Thetwocurvesfor eachsourceredshift

demonstratethe effect of changingthe cosmology, which is nearly degeneratewith

changingthelensmass.Thelensingefficiency is a very broadfunction,makingweak

lensingsurveys sensitive to abroadrangeof redshifts.

In othercases,11–14 the objectcausingthe shearis not clearly identifiableand in

somecaseshasbeencalleda “dark cluster”. Weinberg & Kamionkowski15 calculate

thatup to 20%of clustersin shear-selectedsurveys areexpectedto beoptically dark.

However, without a redshift,themassesof these“dark clusters”cannotbecomputed.

Hencemass-to-lightratios(or evenlimits) cannotbecomputedeither, andit is unclear

justhow darktheseclustersare.Nonspectroscopicmeansof determiningtheirredshifts

(andthereforemassesandderivedparameters)mustbedeveloped.

2 The Deep Lens Survey

2.1 Basic Parameters of the DLS

Instrument: We chosetheKitt PeakNationalObservatory(KPNO) andCerroTololo

Inter-AmericanObservatory(CTIO) 4-mtelescopesfor theirgoodcombinationof aper-

ture andfield of view. Eachtelescopeis equippedwith an 8k × 8k Mosaic imager

(Muller et al. 1998),providing a35′ field of view with 0.25′′ pixelsandverysmallgaps

betweenthree-edge-buttabledevices. A further strengthis that with someobserving
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with eachof two similar setups,we canprovide a checkon systematicerrorsdueto

opticaldistortions,seeing,andthelike,without sacrificinghomegeneityof thedataset

in termsof depth,sampling,andsoon.

Filter set: Wesetourgoalfor photometricredshiftaccuracy at20%in 1+z. Thisis

quitemodestin comparisonto thestateof theart,but wedonotneedbetteraccuracy. A

biggercontributionto theerrorona lensingmeasurementfrom any onegalaxyis shape

noise,thenoisestemmingfrom therandomunlensedorientationsof galaxies.Thuswe

do not needgreatredshiftaccuracy on eachgalaxy, but we do needtheredshiftsto be

unbiasedin themean.Thisaccuracy canbeachievedwith only four filters in the0.3–1

µm wavelengthrangein whichCCDsperformwell. WechosetheJohnson-CousinsB,

V , andR filters andthe SloanDigital Sky Survey (SDSS)z′ filter. The z′ filter was

chosenbecauseit goesto somewhat longerwavelengthandis thereforesensitive to a

givenspectralfeatureatsomewhathigherredshift.Giventhatthemainspectralfeature

of mostgalaxiesis at 0.4µm, our filter setis expectedto yield reasonablephotometric

redshiftsup to z ∼ 1.5. Althoughhigherredshiftswould bedesirable,covering large

areasof sky deeplywith currentground-basedinfraredarraysis impractical. We did

not adopttheentireSDSSfilter setbecause,at theblueend,u′ would incur significant

lossesfrom theprimefocuscorrectors.We thereforechoseB asour bluestfilter, and

filled in therangebetweenB andz′ with thewideV andR filters.

Depth: Ourdepthgoalis a1-σ sky noiseof 29magarcsec−2 in BV R and28 in z′,

which requiredtotalexposuretimesof 12ksecin BV z′ and18ksecin R, for a totalof

54ksecexposureoneachpatchof sky (seebelow for discussion).Wedividedthis total

time into 20exposuresof 600(900)secondseachin BV z′ (R). Twentyexposureswas

acompromisebetweenefficiency (givenareadtimeof ∼ 140 seconds)andtheneedto

takemany ditheredexposuresto obtaingooddark-sky flats.

Area: In orderto studythemassclusteringon linearscales(out to 15h−1 Mpc at

z=0.3),we mustimage2◦
× 2◦ regionsof thesky. With Mosaicproviding a 40′ field

of view after dithering,we assembleeach2◦ field from a 3×3 arrayof Mosaic-size

subfields.Thuseachfield requiresatotalexposuretimeof 9×54ksec,or 486ksec.The

numberof suchfieldsshouldbeaslargeaspossibleto getahandleoncosmicvariance.

To fit theentireprograminto areasonableamountof telescopetime,wedecidedonfive

fields. Thusthetotal exposuretime for thesurvey is 2.43Msec. Field locationswere

selectedwithout regardto thepresenceof already-known structures,makingthesurvey

unbiasedwith respectto clustermassandredshiftdistributions. Practicalaspectsof

field selection,suchasoverlapwith complementarysurvey, is describedelsewhere.16
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Resolution: In ground-basedopticalastronomy, resolutionislimitedbyatmospheric

turbulence,alsocalled “seeing.” Subarcsecondresolutionis commonfor individual

exposureson thesetelescopes,but achieving this resolutionin the final productof a

largesurvey is anothermatter, asa largerangeof seeingconditionsis to beexpected.

Weaddressthisproblembyobservingin R whentheseeingconditionsare0.9′′ orbetter,

andswitchingto B, V , or z′ whentheseeingbecomesworsethan0.9′′ . Thusthefinal

R imagesareguaranteedto be 0.9′′ or better. We thenmake the weaklensingshape

measurementsin R andusetheotherfiltersonly for color information.

Time: The numberof nightsis thendeterminedby the observingefficiency. The

maximumpossibleefficiency giventheratioof ourexposuretimesandthereadtimeof

theMosaicis 82%,but in practicetheefficiency is 70%dueto instrumentandtelescope

failures. Thusabout3.5 Msecor 1000hoursof dark time is required,or 10010-hour

cloudlessnights.

2.2 The DLS in Context

This is a goldenagefor optical surveys of the sky, asit hasfinally becomepractical

to fill theentirefocal planeof a large,wide-field telescopewith sensitive, linearCCD

imagers. Becausethis conferenceis aimedat a broadaudience,it is worth taking a

momentto highlight thedifferencesbetweentheDLS andtheothercurrentlyongoing

opticalsurveys contributing to theseproceedings,theSDSS.

TheSDSSis coveredin detailelsewherein theseproceedings,17 but abrief descrip-

tion for context is in order. TheSDSScovers∼ 5000deg2 to a “depth” of ∼ 5 galaxies

arcmin−2. (Depth is usuallyquotedin termsof a magnitudelimit for sometype of

detection,but thenumberof sourcespersquarearcminuteis probablymoremeaningful

to a wide audience.)TheSDSSis wonderfullysuitedto tracingthegalaxydistribution

to z ∼ 0.3, theclusterdistribution to z ∼ 0.5, andthequasardistribution to very high

redshifts.

The DLS covers200 times lessarea,but goes10 times “deeper,” ∼ 50 galaxies

arcmin−2. This makesit bettersuitedfor detailedstudiesof individual clusters,par-

ticularly lensingstudieswhich require imagesof many galaxiesbehind the cluster.

Furthermore,theDLS is bettersuitedfor lensingbecauseit hasbetterangularresolution

(∼ 0.9′′ in R vs. ∼ 1.5′′ for the SDSS).Of course,the SDSShasmadean impacton

weaklensing.Becauseof its massivestatistics,it is well suitedto determiningaverage

massprofilesof differenttypesof galaxiesby “stacking” the lensingsignalarounda
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sampleof foregroundgalaxiesof agiventype.18 Thisprocedureis calledgalaxy-galaxy

lensing;thestackingis necessarybecausethesignalfrom oneforegroundgalaxyis far

too weakto detect. The SDSShasalsodeterminedthe averageprofile of clustersby

“stacking” thesignalfrom a sampleof clusters,19 but it is not well suitedto measuring

theprofileof anindividual cluster.

The DLS is suitedto measuringindividual clusterprofiles, becauseit detectsso

many moresourcesin thebackgroundof eachcluster. For thesamereason,it allows

searches for new clustersvia weaklensing.It alsobettersuitedfor studyingtheredshift

evolution of variousproperties,becauseit reachesfurther in redshift. For example,

changesin the averagegalaxy massprofile with cosmictime may be measurableby

the DLS. More importantly, changesin the clusterabundanceandmassfunction will

be detectable.The changesin thesequantitiesfrom z ∼ 0 to z ∼ 1 dependrather

sensitively on cosmologicalparameterssuchasΩm, thematterdensityof theuniverse,

andσ8, thermsfluctuationson 8h−1 Mpc scales.ThustheDLS is designedto bedeep

enoughto detectandmeasurethemassof clustersat z ∼ 1.

Therearemany otherimportantopticalsurveys: NOAO Wide-Deep,20 VIRMOS,21

Subaru,22 CFH Legacy23 to namea few, andeachhasits strengths.We do not mean

to slight themby not discussingthemhere. By focusingon SDSSandDLS, we have

attemptedto highlight thedifferentrolesof wideandof deepsurveys.

2.3 The DLS in Operation

We take roughly 5 GB of deepexposuresin eachgood night at the telescope,plus

roughlyanequalamountof calibrationdata.Runsaretypically 4-6nightswith 4-5runs

peryear. Dataarewritten to tapeat theobservatoryandbroughtbackto Bell Labsand

Brown Universityfor calibrationandanalysis.Roughly80%of theplanneddatahave

beentaken,andspring2004will markthecompletionof dataacquisitionbarringlosses

dueto weather.

Thebasicstepsfor reducinga runare:

• Removal of instrumentalsignaturessuchassensitivity variations.

• Astrometriccalibration.

• Photometriccalibration.

Thesestepsfollow standardproceduresandaredescribedmorefully elsewhere.16

Datafrom multiple runsarethencombinedandanalyzedin thesesteps:
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• For R-bandimages,characterizationandtreatmentof the point-spreadfunction

(PSF).

• Coadditionof multiple imagescovering the sameareaof sky in a single filter

(stacking).

• Characterizationandtreatmentof thePSFof thestackedimage(R only).

• Detectionandcatalogingof sourcesonasingledeepimage.

• Measuringtheshapesof catalogedgalaxiesmoreprecisely(R only).

• MatchingtheB, V , R, andz′ catalogscorrespondingto a givenareaof sky (op-

tional).

• Cleaningthecatalogof spuriousdetections.

• Computingphotometricredshifts(optional).

• Weaklensinganalysisof theshape(andoptionallyredshift)statistics.

Several stepsarelabeledoptionalherebecausethey cannotbecompleteduntil an

areahasbeensurveyedin all fourfilters. Toconductapreliminaryanalysisbeforeall the

datahavebeentaken,wehaveanalyzedtheR-bandcatalogalonein atraditionallensing

analysiswhichyieldsa two-dimensionalmapof massprojectedalongtheline of sight.

This mapis sufficient to identify massconcentrations,which will thenbefollowedup

with themoresophisticatedthree-dimensionalanalysiswhenall thedataarein.

We do not describemostof thesestepsin detail here,but we do wish to highlight

the most lensing-specificstep,the treatmentof the PSF. The final step,weaklensing

analysisof theshapeandredshiftstatistics,will bedetailedin thenext section.

The first stepis necessarybecauseanisotropiesin the PSFcould mimic a lensing

signal. The left panelof Figure 3 illustratesthe problemby encodingas sticks the

positionangleandellipticity of pointsources(stars)in oneexposureof oneof theeight

MosaicCCDs.PSFsonmosttelescopestendtobe∼ 1−10% ellipticaldueto focusand

guidingerrors.Thisismuchlargerthanthelensingsignalwearelookingfor, butdifficult

to controlat thetelescopedueto changingtemperaturesandwind andgravity loadson

theoptics. Thuswe make thePSFasisotropicaspossiblein post-processing.This is

doneby convolving theimagewith akernelwith ellipticity componentsoppositeto that

of thePSF(Fischer& Tyson1997). BecausethePSFshapeis position-dependent,the

kernelmustbealso.Theresultis shown in theright panelof Figure3. ThePSFshapes

aremuchcloserto round,andtheremainingellipticities arenot spatiallycorrelatedas

a lensingsignalwouldbe.
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Fig. 3. Point-spreadfunctioncorrectionin one2k×4k CCD.Shapesof stars,which as

pointsourcesshouldbeperfectlyround,arerepresentedassticksencodingellipticity and

positionangle.Left panel:raw datawith spatiallyvaryingPSFellipticities up to 10%.

Right panel: afterconvolution with a spatiallyvaryingasymmetrickernel,ellipticities

arevastly reduced(starswith ε < 0.5% areshown asdots),andthe residualsarenot

spatiallycorrelatedasa lensingsignalwouldbe.

Thiscorrectionis necessaryfor eachexposurebecauseobservingconditionschange

fromexposuretoexposure.Evenwithin anexposure,theprocedureisappliedseparately

for eachCCD, in casethereare piston differencesbetweenthe CCDs. EachCCD

typically has50–100unsaturated,unambiguousstars,whichprovidefor asecond-order

polynomialfit to thespatialvariation.Wealsoapplythisprocedureto thecombinedR

image,to reducetheeffectsof any smallregistrationerrors.In thiscase,wefind∼ 1000

starsandusea fourth-orderpolynomialfit.

3 The DLS 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 dataare in. This is becausemassive clusterscanbe detected

even in not-so-deepimaging,andbecausea large contiguousareais not requiredfor

anunbiasedsampleof clusters.We choseall subfieldsfor which we hadat least9000

secondsof R exposureasof February2002.This is half thefinal exposuredepth,sowe
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expectthat this initial samplewill not go asfar down themassfunction (andperhaps

notasfar in redshift)asthefinal sample.

Theindividualexposuresof agivenareaof sky werecoadded,andtheresultingdeep

imageswerecatalogedby SExtractor.24 Thesecatalogsweretheninput to the ellipto

algorithm,25 whichderivesweightedsecondcentralmomentsfor eachobjectcataloged

bySExtractor. Thisweightingschemeismathematicallyequivalenttofindingthebest-fit

elliptical Gaussianshapeof eachsource.

Many of thesubfieldswereadjacentto otherqualifying subfields,sowe combined

thesecatalogsintosupercatalogs,onefor eachdistinctfield. Thisprovidesagreatadvan-

tagein minimizing edgeeffects.Neartheedgeof a catalogarea,a massmapbecomes

noisierbecauseof thelackof constrainingdata.With constrainingdataprovidedby an

adjacentsubfield,the increasein noiseis avoided. The perimeterof the supercatalog

is much shorterthanthesumof theperimetersof theindividual catalogs,sothelossof

areato increasednoiseis greatlyreduced.

In stitchingtogetherthesecatalogs,caremustbetakento insurethattheastrometry,

photometry, and morphologyof objectsin the overlap areaare well matched. We

rejectedobjectsin theoverlapareawhich did not meetany of severalquality checks:

thevariousaperturemagnitudemeasurementsmustdiffer lessthan0.2magnitudes,and

all thesecondcentralmomentsmustdiffer by lessthan1 pixel squared.Therejection

ratewaslow (lessthan20%in all cases).Thevalidity of theastrometrywasconfirmed

by thepaucityof sourcesin theoverlapregionwhosepositiondid notmatchany source

from theadjacentsubfield.

Thesesupercatalogswerethenwinnowedof sourceswhichwerelikelytobespurious,

to lack well-measuredshapes,or to be at low redshift. Sourcesmeetingany of the

following criteriawererejected:

• SExtractorflags> 4. This includessaturatedsources(which arestars),sources

too closeto the edgeto properly measure,and other fatal errors. Acceptable

warningflagsincludeproximity toanothersource,becauseweletelliptodetermine

if proximity is aproblem.

• nonzeroellipto errorcode.Errorcodescanbetriggeredby variousconditions,the

mostcommonbeingthatthecentroidof thesourceasdeterminedby ellipto does

not matchtheSExtractorposition,which usuallyindicatesthatthesourceis very

nearor blendedwith anothersource.

• measuredellipticity > 0.5. Oursimulationsof theHubbleDeepFieldandsynthetic
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fieldsconvolvedwith typicalDLSpoint-spreadfunction(∼ 0.9′′ FWHM) indicate

thatthevastmajorityof sourceswith measuredellipticity > 0.5 areactuallyblends

of two differentsources.Thiscuteliminatesabout15% of thesources.

• sizeat least25%largerthanthePSFsize(mustbewell resolvedto measureshape

accurately)

• R magnitudebetween23 and 25, and isophotalarealess than 150 pixels (10

arcsec2). Thesecriteriaeliminatelow-redshiftgalaxieswhich areunlikely to be

lenseddueto lackof interveningstructures.

In eachfield, thisfilteredsamplewasusedtomakeaconvergencemap.Convergence

mapsareoftencolloquiallycalledmassmaps.Thedistinctionbetweenconvergenceand

masshasalreadybeenexplained,but this distinctionis not importanthereaswe are

lookingfor variationsin densityratherthanyield truly calibratedmasses.Convergence

mapsareproducedby convolving theshearfield (asmeasuredby galaxyellipticities)

with a lensingkernelwhich is smoothedsomewhat to avoid divergentnoiseon small

scales;seeRef. 26 for a clearintroductionto thealgorithmsof lensing. We usedthe

kernelof Fischer& Tyson.27

3.2 Mass maps

Figures4 through7 presentthe“mass”(convergence)mapsfor DLS fieldsF2 through

F5(seeTable1 for coordinatesof field centers).In all figures,northis upandeastis to

theleft. At thetimethesemapswereconstructed,fieldsF3andF5hadnotbeenimaged

overtheirfull area.Imagesaretakenin blocksof 40’square(thesizeof theMosaicfield

of view), which arecalledsubfields.TheF2 andF4 massmapshave a full 3×3 array

of subfieldsmakingacomplete2◦
× 2◦ area.TheF3massmapcoversfour contiguous

subfieldsin an“L” shape,andtheF5massmapcoversjust two adjacentsubfields.This

makesa total of 24 subfields,or 10 deg2. In this sectionwe commenton eachfield;

commentson individual clustersappearin thenext section.

First, a generalobservation: In many cases,the massmapsshow peakswhich do

not correspondto already-known clusters(as listed in NED, the NASA/IPAC Extra-

galacticDatabase,http://nedwww.ipac.caltech.edu). Conversely, many of

the clusterslisted in NED arenot detectedin their shearsignal. (On average,NED

lists aboutfive clustersper 2-degreefield.) This is not surprising,given the different

redshiftsensitivitiesof thetechniquesinvolved. For lensingwith backgroundsourcesat
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Field RA DEC l,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

Table1. Field information. CoordinatesareJ2000,at thefield center. Extinctionsare

from themapsof Schlegel et al.28 andrepresentroughaveragesover largeareaswhich

varysomewhat.

a redshiftof 1–2,sensitivity to massconcentrationshasabroadpeakatz ∼ 0.5, falling

to zeroat z = 0, whereasfor existing opticalandX-ray surveys,sensitivity falls off as

the squareof the luminosity distance.Furthermore,on a randomareaof sky, known

clustersare likely to be from shallow all-sky surveys, not coveredby moremodern,

deeperbut smaller-areasurveys. For thatreason,arealcomparisonof opticalandshear

selectionmustemploy opticalselectionon thedeepDLS imagingitself, andthatwork

is in progress.

3.2.1 F2

Themassmapfor this field coversa full 2◦
× 2◦ area(Figure4). Themostprominent

massconcentration,DLSCluster1,hasthreedistinctsubclumpsin bothmassandX-ray

maps(seebelow).

3.2.2 F3

Figure5 shows a convergencemapcovering four subfields.The two mostprominent

masspeakscorrespondto already-known clusters;thishappensto bearegionrich with

already-known clusters. The secondmostprominentmasspeak,in the bottomright

cornerof theactivearea,did notmake it into thesamplebecauseit wastoocloseto the

edgeof thedatato beconsideredreliable(seebelow for edgecriteria). However, when

thefull areaof F3is completed,thisclusterwill nolongerbeontheedge,andwill make

it into thefinal sample.
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Fig. 4. Massmapfor field F2,coveringa full 2◦
× 2◦ area.In all maps,blackindicates

low surfacemassdensity, white indicateshighestdensity;north is up, eastis left; and

labelsindicateDLS clusternumber.

Fig. 5. Massmapfor partof field F3,covering45%of thefinal area.
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Fig. 6. Massmapfor field F4,coveringthefull 2◦
× 2◦ area.

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

3.2.3 F4

All ninesubfieldsareshown in Figure6. Cluster8 at centerleft hasbeenspectroscop-

ically confirmedat z = 0.68 andis detailedelsewhere.8 Noneof theprominentmass

peakscorrespondto already-known clusters.In fact,this is a region which happensto

bequitedeficientin already-known clusters.

3.2.4 F5

Only two subfieldsareshown in Figure7. NED listsnoclustersin this region,which is

hardlysurprisinggiventhesmallamountof area.
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3.3 Cluster Candidates

For eachfield, wealsomademapsof thegravitationalpotential,whichsimply involves

modifying theradialdependenceof theconvolution kernel. Althoughthe information

in the two mapsis not independent,thenoisepropertiesaresomewhatdifferent,so if

thepeaksin themassmapshadsignificantcontributionsfrom noise,we would expect

themto disappearor begreatlyreducedin thepotentialmaps.Thusthepotentialmaps

provided a very limited form of confirmationin the absenceof photometricredshifts

derivedfrom imagingat otherwavelengths.Thepotentialmapsarenot presentedhere

becausethey presentthesamelargepeaksasdotheconvergencemaps.Thedifferences

areonly at levelswell below theclustersmarkedhere.

Note that we have not calibratedthe sourceredshiftdistribution given the source

selectioncriteriaabove. Thereforeweseeknotanabsolutemeasureof surfacedensity,

but arelativerankingof thepeaksin arbitararyunits.Thesepeakswill thenbefollowed

upwith moreextensiveanalysisusingbothDLS andnon-DLSdata.TheDLS datawill

provide photometricredshiftsof clustermembersshouldclustermembersbeobvious,

andaroughlensredshiftfromweaklensingtomography7,8 if not. Notethatphotometric

redshiftsrequirefull BV Rz′ imaging,somany of theclustersdetectedherehave not

yetbeenfollowedupwith suchananalysis.Followupwith complementaryinstruments

includesspectroscopy of clustermembersandX-ray spectro-imagingwith Chandraand

XMM.

We compileda list of peaksandtheneliminatedthosewithin 5’ of an edge. This

incursalossof effectivearea,but insuresagainsttheincreaseof noiseattheedge.Some

of theedgesareonly temporary, to beextendedwith moreimaging,soweexpectsome

of theeliminatedcandidatesto returnwhenthefull datasetis reprocesseduniformly.

We thenranked peaksaccordingto their heightsin the convergenceandpotential

maps. The two lists agreedcloselyneartheir topsandmuch lesscloselyneartheir

bottoms.This gave ussomeindicationof thenoiselevel, andwe cut thelist wherewe

wereconfidentthatall candidatesabove thecut werereal,yielding 16 candidates.Of

these,thetop eighthave beenobservedwith Chandra;thenext threearescheduledfor

XMM time,andthenext two areconditionallyscheduledfor XMM time, for a total of

13 clusterswith X-ray followup. Thefinal list of clusterswill appearin a futurepaper

whentheanalysisis morecomplete.Here,we presenta samplingof massandX-ray

maps,andcommentson redshiftsandopticalmorphologies,to demonstratethevariety

of thesample.
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3.4 Details of Cluster Candidates

In thissectionwepresentdetailsoneachclustercandidate,whereavailable.Someof the

X-ray followupdatahasyet to beacquired,andotherdatahavearrivedsorecentlythat

analysisis justbeginning.WethereforepresentsomeX-ray mapsto giveanimpression

of therelationbetweenmassandX-rays,but reserve a realanalysisfor a forthcoming

paper.

TheX-raymapspresentedbelow weretakenbytheACISinstrumentaboardChandra.

ACIS hasa field of view of 16′ and a resolutionof about1′′ . Point sourceshave

beenremovedsothatextendedsourcesaremoreobvious(all clusterswill beextended,

whereaspoint sourceswill generallybe active galacticnuclei, in galaxieswhich may

not be associatedwith the cluster). The underlyingdatacontainspectralinformation

whichis notvisiblehere.Derivationof temperaturesfrom theX-ray datais in progress.

To complementthe X-ray maps,we presentconvergencemapsof the samearea,but

with lower resolution,limited by thesourcestatisticsto about1′ .

3.4.1 DLS Cluster 1

This is themostprominentmassconcentrationin F2,andtheoptical imagingshows a

richcluster. Theredshiftiswell-knownat0.298.ChandraX-rayspectro-imagingshows

threedistinctsubclumps,just asthemassmapdoes.Thetwo mapsagreeon thegross

detailssuchasthenumberandlocationof subclumps,but thedifferencesin emphasis

suggesta morecomplex relationshipbetweenmassandX-ray emission. A detailed

paperonthisclusteris in preparation.Ourpreliminaryestimateof theX-ray luminosity

is 8.5× 1044 erg s−1.

3.4.2 DLS Cluster 2

Thisis themostprominentmassconcentrationin the40%of F3whichhasbeenmapped.

TheX-ray mapshows two clearlyextendedsources(Figure8). Oneis located2′ from

themasspeak,andtheotheris 5′ from themasspeak.This secondX-ray sourcedoes

not appearclearlyon theconvergencemap,althoughit maybea contributor to whatis

averybroadfeaturein theconvergencemap.Two additionalX-ray sourcesareweaker

andmaybedueto singlegalaxies.

We have appliedfor spectroscopy to determinethe redshiftof this cluster, andto

explorewhetherit is in factseveralclusters.
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Fig. 8. DLS Cluster2. Left: convergence.Right: X-ray. Thefield sizeis 16′ onaside.

Circlesindicatepositionsof X-ray sources.

3.4.3 DLS Cluster 3

This massconcentrationdominatesthe northwesternpart of field F4. Thereis X-ray

emissionwithin 1′ of the masspeak. (Recall that the resolutionof the convergence

mapsis ∼ 1′ .) However, this X-ray emissionis not clearly extended. Its positionis

centeredright on a very bright galaxy, which may have an active nucleusgiving rise

to theX-ray emission.On theotherhand,theoptical imagingclearlyshows a cluster

of galaxiessurroundingthis galaxy. We are currently working to understandwhat

fractionof theX-ray emissioncomesfrom thehot intraclustermedium(which follows

thecluster’sgravitationalprotential)andwhatfractioncomesfrom thegalacticnucleus

(whichshouldbeignoredwhenstudyingtheclusterasawhole).

Thisclusterhasnotbeenpreviouslyidentified,andnoneof itsmembershaveredshifts

listedin NED.Wehaveappliedfor spectroscopy to determinetheredshiftof thiscluster.

3.4.4 DLS Cluster 4

This clusteris locatedat thesouthernendof F4. Theoptical imagingclearlyshows a

clusterof galaxies.Althoughthis is not listedasa clusterin NED, NED doeslist 5–10

galaxiesin the areaat z=0.18-0.19.Thereforewe have not appliedfor spectroscopy;

z = 0.18 is aworkinghypothesisuntil thephotometricredshiftanalysiseitherconfirms

it or demandsadditionalspectroscopy.

TF02

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

19



DLS Clu 4 Mass

R.A. (J2000)

D
ec

. (
J2

00
0)

    00m 30s 00s

        00′

05′

10′

5.1 10.2 15.3 20.4 25.5 30.7

1.48

3.54

5.60

7.66

9.72

11.77

13.83

15.89

17.95

20.01

22.07

24.13

26.19

28.25

30.31

32.37

34.43

36.49

38.55

40.61

DLS Clu 4 Chandra ACIS-I

R.A. (J2000)

D
ec

. (
J2

00
0)

    00m 30s 00s

        00′

05′

10′

72 148 224 300 376 452

21

51

82

112

143

174

204

235

265

296

326

357

387

418

448

479

510

Fig. 9. DLS Cluster4. Left: convergence.Right: X-ray. Thefield sizeis 16′ onaside.

Figure9 shows theconvergenceandX-ray maps.Thereis anX-ray sourcewithin

2′ of themasspeakandcoincidentwith abrightgalaxy. Theemissionis extended,but

notgreatly. At z = 0.18, theX-ray luminosityis low for acluster, 4.3× 1042 ergss−1.

3.4.5 DLS Cluster 5

This is the moresouthernof the two candidatesin F5. The optical imagingshows a

clusterof red galaxieswhich appearsto be at fairly high redshift, given their small

angularsize.Thelocationof theclustercenteris difficult to define,but thepeakon the

massmapis lessthan30′′ from any plausiblecenter. Anothergroupapparentlyat lower

redshift(i.e. with largerandlessredgalaxies)appears2.5′ to theeast.However, the

lensingsignalhasdroppedto quitea low valueat thatpoint,soweareconfidentin our

identification.

Thereis no extendedX-ray emission,andthereareno known clustersor galaxies

with known redshiftswithin 5′ of this location.Spectroscopy of theclusterandnearby

groupis planned.

3.4.6 DLS Cluster 6

This massconcentrationlies only 9′ north of the previous cluster. Again, there is

no extendedX-ray emission,andthereareno known clustersor galaxieswith known
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Fig. 10. DLS Cluster7. Left: convergence.Right: X-ray. Thefield sizeis 16′ on a

side.

redshiftswithin 5′ of this location. In this case,thereis not evena clearconcentration

of galaxiesin theBV Rz′ imaging.However, thereis asecondarypeakonthemassmap

3′ to thesouth,andthis correspondsto a largeconcentrationof galaxies.A thorough

analysiswith photometricredshiftsmay be able to determinewhetherthe two mass

concentrationsareat thesameredshift.

3.4.7 DLS Cluster 7

This massconcentrationappearsin the southwestof F2. It doesnot standout in the

F2 convergencemap(Figure4) becauseit lies on a north-southridge. In fact there

is a filamentaryconcentrationof red galaxiesat this location, but it may well be a

superpositionof unrelatedgroupsof galaxies.

Figure10showstheconvergenceandX-raymaps.TheX-raydatashow twoextended

sourcesbracketing the locationof themasspeakalongthestringof galaxies. Oneof

themiscoincidentwith adefiniteclusterof smallredgalaxies,directlybehindthreevery

bright (∼ 12m) stars.Becauseof thebrightstars,onemighteasilyoverlookthiscluster

whenperusingtheimages,but theX-ray andlensingtechniquesareunperturbedby the

bright stars—X-raybecausemoststarsdo not emit muchX-ray radiation,andlensing

becausea lensmakesits shearfelt evenat a largeimpactparameter. At thelocationof

theotherX-ray source,thereis amorediffusegroupingof smallredgalaxies.Notethat
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N

E

Fig. 11. DLS Cluster8 atz = 0.68. Theimageis aBV R composite,3′ onaside.The

tangentialarcis 10′′ northwestof thebrightestclustergalaxy.

thelinear-appearingconcentrationof galaxiesextendsonly 10–15′ , only one-thirdthe

extentof the featurein themassmap. Much of the ridge in themassmapis at a low

level andof unclearsignificance.

The literaturecontainsno clusteror galaxyof known redshiftwithin 5′ . We have

appliedfor followupspectroscopy.

3.4.8 DLS Cluster 8

This clusterappearsat centerleft in theF4 massmap. It is detailedelsewhere,8 but a

brief descriptionis in orderhere.TheBV Rz′ imagingshowsabeautifulconcentration

of small red galaxies(Figure11), with what appearto be stronglensingfeatures:A

largebluetangentialarc,andanopposingblueradialarc. This wasthefirst clusterfor

whichweorganizedfollowup,becauseit wassoclearlyinteresting.Keckspectroscopy

showedit to beat z = 0.68 with a velocity dispersionof 980km s−1. A tomographic

weaklensinganalysiswith photometricredshiftsyieldeda similar redshiftanda mass

estimateof 11.1 ± 2.8 × 1014 (r/Mpc) M� within radiusr, usingasingularisothermal

sphereprofile. Thismassis in agreementwith thevelocitydispersionandstronglensing

constraints.

Figure12 shows the convergenceandX-ray maps. An extendedX-ray sourceis

foundatthelocationof thecluster. Armedwith aredshift,wecomputeapreliminaryX-
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Fig. 12. DLS Cluster7. Left: convergence.Right: X-ray. Thefield sizeis 16′ on a

side.

rayluminosityof 1.7× 1044 ergs−1. A secondX-raysourceto thenortheastcorresponds

to aslightbumpin theconvergencemap.Theredshiftof thisobjectis unknown.

3.4.9 DLS Cluster 9

This cluster lies just 16′ south(and a bit eastward) of DLS Cluster1. Its position

correspondsto a fairly rich clusterof small redgalaxies.X-ray dataarenot available

yet. Theliteraturecontainsnoclusteror galaxyof known redshiftwithin 5′ .

3.4.10 DLS Cluster 10

DLS Cluster10 lies in thenorthwestquadrantof F2. Its positionis puzzling:Thereare

nogalaxiesin theimmediatearea,but thereis aclusterof galaxies3′ to thenorthwest.

This displacementis muchlarger thantheresolutionof themassmaps.The literature

containsnoclusteror galaxyof known redshiftwithin 5′ of eitherposition.X-ray data

arenotavailableyet. Analysiswith photometricredshiftswill revealwhetherthecluster

andthelensareatthesameredshift,andperhapsexplainwhy theclusterdoesnotappear

clearlyon theconvergencemap.
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3.4.11 DLS Cluster 11

Thismasspeakappearsin theextremenorthwestcornerof F4. Itspositionisontheedge

of agroupof large(i.e. low-redshift)galaxies.Thereareafew 2dFGRS29 galaxieswith

known redshiftin thearea,but notenoughto cometo any conclusionsabouttheredshift

of thegroup.Analysiswith photometricredshiftsis neededto conclusively identify the

lensingmasswith thegroup.X-ray dataarenotavailableyet.

3.4.12 DLS Cluster 12

This clusteris in F5, southwestof the moresignificantDLS Clusters5 and6. This

is anotherpuzzlingmassconcentration:It is 6′ westof anobviousclusterof galaxies,

whichdoesnotappearonthemassmap.Thereis acompactgroupof small,redgalaxies

2′ to thenortheast,but it is not clearthatwe canidentify this groupwith thelens.The

literaturedoesnot containa clusterat eitherposition,nor any usefulgalaxy redshifts.

Again, moreanalysisis required. Unfortunately, we may not get X-ray dataon this

candidateandthenext one:They arein agroupof XMM targetswhichwill beobserved

only if timepermits.

3.4.13 DLS Cluster 13

Thismassconcentrationliesat thesouthernendof theanalyzedportionof F3. A more

impressive-lookingpeakappearsjust 10′ westof DLS Cluster12 in Figure5, but that

peakwastoo closeto theedgeto appearin thecurrentsample.(Thoseedgeswill be

filled in by ongoingimaging.)This is themassconcentrationaboutwhichweknow the

least:Thereis no obviousclusteringof galaxiesin thevicinity, no X-ray datayet, and

no relevantinformationin theliterature.

3.5 General Remarks and Ongoing Analysis

Highrankonthemassconcentrationlist clearlycorrelateswith easeof identificationwith

clustersof galaxies(already-known clustersin thecaseof the top two), anddetection

of extendedX-ray sources.Our samplemayhave a generallyhigh mass-to-lightratio

(M/L) comparedto optically andX-ray selectedclusters,with only the mostmassive

clustersgeneratingenoughlight to bedetectedby othermeans.On theotherhand,the

low-rankedmassconcentrationsmaybemoreaffectedby noiseand/oredgeeffectsthan

weestimatedwhencompilingthelist.
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Fortunately, wecananswerthisquestionby analyzingthecompletesetof DLS data.

Oncethefull BV Rz′ imagingin agivenareahasbeencataloged,photometricredshifts

will providedefinitiveproofof therealityof thelower-rankedclusters.If someerrorin

amassmaphasresultedin aspuriouspeakwhich is apparentlysignificant,thestrength

of thatpeakshouldnotcorrelatewith sourceredshift. If thereis theexpectedtrendwith

sourceredshift,thatprovidesnot only confirmationbut alsoa roughlensredshift. In

addition,by addingin themissingareasin somefields,wewill greatlyreduceany edge

effectswhichmightbepresentin thecurrentgeometry.

Clearly, thefirst taskis to obtainredshiftsfor eachof our massconcentrationsand

relatedclustersof galaxies.Photometricredshiftsbuilt into theDLS will solvemostof

thepuzzlespresentedabove, but in many caseswe arestill planningon spectroscopy.

This is becausewe want a rock-solidredshift to go with eachX-ray detection. Pho-

tometric redshift systematicsarecurrentlyat the 5–10%level. Although we believe

we canimprove that,theX-ray luminositystill dependson thesquareof this quantity.

Thereforewe needspectroscopicredshiftsfor accurateX-ray luminositiesandoptical

mass-to-lightratios.

Armed with redshifts,we will thenderive M − LX (mass–X-rayluminosity) and

M − TX (mass–X-raytemperature)relationsfor our sample,to becomparedwith the

samerelationsfor X-ray selectedsamples.We will alsoderive opticalM/L ratiosfor

the clusters,to be comparedwith typical M/L for optically-selectedsamples.At the

sametime, we will searchour datausingoptical selectiontechniques,andproducea

DLS optically-selectedclustersample.Theoverlapbetweenthissampleandtheshear-

selectedsamplewill beespeciallyinteresting,becausewecancompareonacluster-by-

clusterbasis.

Finally, much work remainsto be doneon refining the lensingselection. Once

photometricredshiftsareavailable,shouldweintegratetheminto thesearchratherthan

usethem as followup? What filters and convolution kernelsare optimal? With an

optimalsearchtechnique,canwe go furtherdown the list andderive a largersample?

This is importantwork, but it shouldnot obscurethefactthatwe alreadyhave a small,

uniformly selectedsampleof significantdetections.

4 Summary

TheDLS is a deepoptical imagingsurvey which combinesphotometricredshiftswith

weakgravitationallensingto probethemassdistributionin theuniversein threedimen-
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sions(or equivalently, asafunctionof cosmictime). Mostof thedatahavealreadybeen

taken, dataprocessingis ongoing,andearly resultsshow that this three-dimensional

probewill beeffective. Themainresultpresentedhereis thefirst-eversampleof shear-

selectedclusters,from R-bandimagingover∼ 10 deg2. This samplewill beextended

by deeperimaging,a factorof two morearea,andthe additionof color (hencepho-

tometric redshift) information. Nevertheless,with the smallerinitial samplewe are

alreadybeginning to investigatepotentialdifferencesbetweenshear-selectedsamples

andmoretraditionaloptically andX-ray selectedsamples.Themotivationhereis that

while traditionalsamplesaremuchmoreextensive andmature,they mayunderrepre-

sentlow-luminosityclusters.To thatend,we arecurrentlyanalyzingX-ray datafrom

ChandraandXMM with thegoalof deriving M − LX andM − TX relationsfor our

sample.Theserelationswill thenbecomparedwith thesamerelationsfor X-rayselected

samples.
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