Mon. Not. R. Astron.Soc.000, 1-13(2008) Printed3 January2008  (MN IATEX style le v2.2)

The dark matter environmentof the Abell 901/902supercluster: a
weak lensinganalysisof the HSTSTAGES survey

CatherineHeymang'??, MeghanE. Gray?, ChienY. Pend®, Ludovic VanWaerbele!,
Eric F. Bell®, ChristianwWolf’, David Bacor¥, MichaelBalogl?, FabioD. BarazzaP,
MarcoBardert!, AsmusBohm'2, JohnA.R. Caldwelf3, Boris HauRle?, Knud Jahnle®,
Shardhalogeé?, EelcovanKampert!, Kyle Lane’, DanielH. MclIntosht®,

Klaus Meisenheimét, YannickMellier?, Sebastiarr. Sanchez®, Andy N. Taylor'?,
Lutz Wisotzkit? & XianzhongZhend?.

1 Departmenbf Physicsand Astonomy University of British Columbia,6224Agricultural Road,VancouverV6T 171, Canada.
2Institut d'Astrophysiquede Paris, UMR7095CNRS 98 bis bd Arago, 75014Paris, France

3Sdool of Physicsand Astonomy TheUniversity of Nottingham University Park, NottinghamNG7 2RD, UK.

4NRCHerzbeg Instituteof Astrophysics5071WestSaanit Road,Victoria, VOE 2E7,Canada.

5SpaceTelescopeSciencenstitutg 3700SanMartin Drive, Baltimore, MD 21218,USA.

6 Max-Pland-Institutfiir Astonomie Kénigstuhl17, D-69117 Heidelbeg, Germany

" Departmenbf Astophysics DenyswWilkinsonBuilding, University of Oxford, KebleRoad,Oxford, OX1 3RH, UK.

8Instituteof Cosmolgy and Gravitation, University of PortsmouthHampshie Terrace PortsmouthPO12EG, UK.

9 Departmenbf Physicsand Astonomy University Of Waterloo, Waterloo, Ontario, N2L 3G1,Canada.

10|_aboratoire d'AstrophysiqueEcole PolytedniqueFécerale de LausanngEPFL), Observatoie, CH-1290SauvernySwitzerland.
11 nstitutefor Asto- and Particle Physics University of Innsbrud, Technikerstr. 25/8, A-6020Innsbrud, Austria.

12 pstrophysikalisbesInsitut Potsdam An der Sternwartel 6, D-14482Potsdam Germany

13 University of Texas,McDonaldObservatoryFort Davis, TX 79734,USA.

14 Departmenbf Astonomy University of Texasat Austin, 1 University Station,C1400Austin, TX 78712-0259USA.

15 Departmenbf Astronomy University of Massabusetts 710 North PleasantStreet, Amhest, MA 01003,USA.

16 Centio HispanoAlemande Calar Alto, C/JesusDurban Remor2-2, E-04004AImeria, Spain.

17 TheScottishUniversities PhysicsAlliance (SUR), Institutefor Astonomy University of Edinturgh, Blackford Hill, Edinturgh, EH9 3HJ, UK.
18 pyrple MountainObservatoryNational AstonomicalObservatoriesChineseAcademyof SciencesNanjing 210008 PR China.

3January2008

ABSTRACT
We presenta high resolutiondark matterreconstructiorof the z = 0:165 Abell 901/902
superclustefrom a weak lensinganalysisof the HST STAGES suney. We detectthe four
main structuresof the superclusteiat high signi cance, resolving substructurewithin and
betweertheclustersWe nd thatthedistribution of dark matteris well tracedby the cluster
galaxieswith thebrightestclustergalaxiesmarkingoutthe strongespeaksin thedarkmatter
distribution.We also nd asigni cant extensionof the dark matterdistribution of Abell 901a
in the directionof aninfalling X-ray groupAbell 901 . We presenimassmass-to-lightand
mass-to-stellamassatio measurementsf thestructuresaindsubstructurethatwe detect We
nd no evidencefor variationof the mass-to-lighttndmass-to-stellamassratio betweerthe
differentclusters We compareour space-basel@nsinganalysiswith anearlierground-based
lensinganalysisof thesuperclusteto demonstratéheimportanceof space-baseidhagingfor
futureweaklensingdark matter obsenations'.

1 INTRODUCTION that could causetheseeffectsin denseervironments.Thesepro-
cessegan changethe star formation history, gascontentand/or
morphologyof a galaxythrough,for example,ram-pressurstrip-
ping (Gunn& Gott 1972;Larsonet al. 1980;Baloghet al. 2000)
and/or the tidal effects of nearby galaxies(galaxy harassment,
Mooreetal. 1996)and/orthetidal effectsof the darkmatterpoten-
tial (Bekki 1999; Moore et al. 1998). They dependdifferently on
clustergas,galaxydensityandthe dark matterpotentialhowever,
with ram-pressurstrippingdependenonthe gasdistribution com-

Obsenrationsandtheoryboth point to the importanceof erviron-
menton the propertiesof galaxies.Early-type galaxiesare typi-
cally found in more denseregions comparedto late-typegalax-
ies (Dressler1980),galaxycolour andluminosity arefoundto be
closelyrelatedto galaxydensity(Blantonetal. 2005)andthefrac-
tion of starforming galaxiesalsoshaws a strongsensitvity to the
densityonsmall< 1 Mpc scalegBaloghetal. 2004;Blantonetal.
2006). Theoreticallythereare a numberof physicalmechanisms
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2 Heymansetal.

paredto tidal effectswhich aredependentn the overall potential.
A key dif culty in disentanglingtheseeffects obserationally is
thattypically thetidal potentialis only constrainedn aglobalsense
throughthe measuredelocity dispersiorof a cluster or arichness
or total luminosity estimate.This resultsin an assumedpherical
tidal potentialmodelthatis smoothedverthesmallscaleghatare
relevantfor tidal strippingandharassmenrgtudies.

In this paperwe studythe complex Abell 901/902superclus-
ter, hereafterA901/2, in the rst of a seriesof papersfrom the
STAGES collaboration Froma rich multi-wavelengthdatasethe
A901/2 superclustepermitsa thoroughinvestigationof the rela-
tionshipsbetweengalaxy morphology(from Hubble SpaceTele-
scope(HST) and ground-basedmaging, Gray et al. 2008; Lane
etal. 2007),luminosity, stellarmassandcolour(from the COMBO-
17 suney with 17-bandopticalimaging, Wolf et al. 2003; Borch
etal.2006),starformationrates(from 24 m Spitzerdata,Bell etal.
2007),galaxydensity(Wolf etal. 2005;Gray et al. 2004),andthe
hotintra-clustermedium(from XMM obserations,Gilmour etal.
2007;Grayetal. 2008).0Oneof thekey reasonso obtainHSTimag-
ing of this superclustewasto constructa high resolution reliable
andaccuratemap of the projectedtotal massdensitydistribution.
Usingweakgravitational lensingtechniquesve areableto recon-
structthe distribution of both darkandluminousmatterandquan-
tify the signi cance of the structuresthat are seen,updatingthe
previousground-basedeaklensinganalysisof Grayetal. (2002).
This extra dimensionto the multi-wavelengthview of A901/2 will
be a key ingredientin future studieswherewe hopeto be ableto
separatehe effectsof tidal andgas-dynamicaih uence on galaxy
formationandevolution.

Weakgravitational lensingis now a well establishednethod
for studying the distribution of dark matter Light from distant
galaxiesis de ected by the gravitational effect of the intervening
structuresjnducinga weakly coherentistortionin the shapeof
galaxyimagesThestrengthof thislensingeffectis directly related
to the projectedmassalongthe line of sight,andit cantherefore
beusedto mapdarkmatterin denseregions(seefor exampleGray
etal. 2002; Gavazziet al. 2004; Dietrich et al. 2005; Clowe et al.
2006;Mahdavi etal. 2007).

The rst weaklensinganalysisof A901/2by Grayetal. (2002)
useddeepground-basedR -bandobsenationsfrom the COMBO-
17 surwey (Wolf et al. 2003). This analysisrevealedthreesignif-
icant peaksin the dark matterdistribution at the locationsof the
A901a,A901bandA902 clustersjn additionto alow signi cance
southwestpeakco-incidentwith a galaxygroup,hereaftereferred
to asthe SW group. This analysisalso shaved a lamentary ex-
tensionbetweenthe A901aand A901b clusters.As this lament
was locatedacrossthe CCD chip boundaryin the mosaicimage,
however, Grayetal. (2002)couldnotrule outthe possibility of this
structureoriginatingfrom residualuncorrectedlistortionsfrom the
pointspreadunction(PSF)of thetelescopanddetectorTheGray
etal. (2002)ground-basednalysisalsoreporteda candidategiant
arc.The STAGESHSTimagingcanrule outthis candidatearcasa
co-incidentallignmentof objects STAGESdoeshowever resole
several other candidatearcs aroundsuperclustegalaxies,which
will be presentedn Aragbn-Salamancat al. (2008) and Gray et
al. (2008).

Usingthe accuratephotometricredshiftinformationfrom the
A901/217-bandobsenationsof the COMBO-17suney, wherethe

1 ~SpaceTelescoper901/902GalaxyEvolution Suney' (HSTGO-10395,
PI M. E. Gray),www.nottingham.ac.uk/ppzmey/stages

photometricredshifterror ,  0:02=(1 + z) for R < 24, Taylor
etal. (2004)extendedthe Grayetal. (2002)analysispy creatinga
three-dimensionaleconstructiorof the A901/2 dark matterdistri-
bution. Thisanalysigevealedapreviously unknavn higherredshift
clusterlocatedbehindA902 thatis atz = 0:46. This clusterwas
namedandhereaftereferredo as,CB1by Tayloretal. (2004).We
have updatedthe redshiftsof both CB1 and A901/2in this analy-
sis basedon an improved photometricredshift catalogueand the
additionof somespectroscopicedshifts.

In this analysiswe revisit the dark matter distribution in
A901/2 using deep HST obserations. The dominant source of
noise in the weak lensing analysisof clustersis the Gaussian
noiseintroducedfrom the randomintrinsic ellipticities of galax-
ies. Weak lensingmapsof dark matteron small scalestherefore
bene t greatlyfrom the high resolutionthatHSThasto offer. HST
triplesthenumberdensityof resohedgalaxiesrom whichthelens-
ing signalcanbe measuredreducingtheintrinsic ellipticity noise
on small scalesIn addition, the high resolutionspace-basedata
permitshighersignal-to-noiseshapemeasurement@nda narrover
PSF, thusimplying amoreaccuraté®SFcorrection.

Thispapelis organisedasfollows. In section?2 we describehe
weaklensingtheorythatis relatedto this analysis,andthe maxi-
mum likelihoodmethodthatwe useto reconstructhe dark matter
distribution. We describethe dataand weaklensingmeasurement
methodin section3. We presenbur resultsin section4, including
NFW pro le massmeasurements section4.1 andthe dark mat-
ter reconstructiorand ground-basedomparisorin section4.2. A

rst comparisorof the dark matter galaxylight and stellar mass
distribution is presentedn section4.3 alongwith mass,mass-to-
light andmass-to-stellamasgatiomeasurementé& moredetailed
comparisorof the mass gasandgalaxiesof A901/2will appeaiin
a forthcominganalysis.We investigatethe signi cance of the su-
perclustersubstructurehat is resohed in our dark matterrecon-
structionin section4.4 anddiscussour ndings and concludein
section5. Throughoutthis paperwe assumea CDM cosmology
with m = 0:3, = 0:7,andHo = 100hkms *Mpc 1. All
magnitudesregivenin the Vegasystem.

2 METHOD AND THEORY

Gravitationallensingis sensitve to theprojectedsurfacemassden-
sity alongtheline of sight (), typically denotedby the corver-
gence . In thecaseof asinglelens,
¢ Ds

at © ™ T 4 GDDg’ )
whereD, is the angulardiameterdistanceto the lens,Ds is the
angulardiameterdistanceto thelensedsourcegalaxiesandD s is
theangulardiameterdistancefrom the lensto thesource.

The coherentistortion,or reducedshearg = g: + igz, that
is detectedn the imagesof distantsourcesallows for the recon-
structionof the projectedinterveningmatter asg= =(1 ),
and

[N

1
= E( a1t 22) 1= 5( 22): 2= 125 (2)

where isthetruesheay = 1+ i 2,and ; isthesecond
derivative of the lensingpotential(seefor exampleBartelmann&
Schneide2001).

The strengthof all lensingdistortionsis invariantunderthe
transformation °= (1 ) + ,where isaconstan{Goren-
steinet al. 1988). This is knowvn asthe ‘masssheetdegenerag'
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implying thatall lensingobsenationsareinsensitve to a constant
masssheetacrossthe eld of view () in additionto a depen-
dentrescalingof the “original' surfacemassdensity For wide- eld
imagesof relatively isolatedclusters,where is weak, one can
signi cantly reducethis biasusingthe . statisticof Clowe et al.
(1998).The (r) statisticgivesa modelfree estimateof the mass
enclosedvithin aradiusr andis givenby

(r6ri1) (r26r6 rmax); (3

wherer is de ned to betheradiusoutsidewhich the clusterden-
sity is expectedto be very low, basedon initial massestimates,
andrmax is the eld-of-view radius.Thesecondermthereforees-
sentially measureghe constant . In the caseof A901/2we nd

(15°6 r 6 20° = 0:002 0:007wherer is measuredrom
the centreof the STAGES mosaicwhich is centredon the super
cluster This measurds consistentwith what would be expected
from large-scalestructureand the NFW multi-halo model of the
A901/2 superclustethat we develop in section4.1. We therefore
assume zeromasssheetlegenerag correctionin theanalysighat
follows.

c(ra) =

2.1 Dark Matter reconstruction

In this paperwe usea maximumlik elihood methodto reconstruct
the surface massdensity . Startingwith a "bestguess'Kaiser
& Squires(1993) reconstructionthe lensing potential is con-
structedon a pixelisedgrid andis allowed to vary to producethe
minimum differencebetweenthe reconstructedind obsered re-
ducedsheareld. Thebene t of usingthis methodis thatavarying
noise estimatecan be obtainedacrossthe whole region enabling
the signi cance of eachstructurein the dark mattermapto be ac-
curatelyquanti ed. Furthermoret doesnotrely ontheassumption
thattheobseredreducedshearg is approximatelyequalto thetrue
shear , which for the A901/2 superclustewould introduceerrors
atthe 15%level. Wesmooththeresulting mapswith aGaussian
of smoothingscale0.75arcmin,whichis equalto  90h * kpcat
thesuperclusteredshiftz = 0:165. This smoothingscaleprovides
thebesttrade-of betweerhigh resolutionandhigh signal-to-noise.

We determinethe location of peaksfrom the local maxima
andminimain thesignal-to-noisaveaklensingmap.Occasionally
we nd two peaksthatareseparatedvy lessthanhalf the smooth-
ing radius. Thesearisefrom small noise uctuations on top of a
larger uctuations andin thesecasesve only counta single peak
with signi cance given by the maximal peakwithin the smooth-
ing radius.Oncepeaksare detectedn a weak lensingmassmap
their signi cance hasto be comparedo whatis expectedfrom a
smoothedandomnoisemap,wherea3 noisepeak,for example,
is muchmorecommonthanwould naively be expected As shavn
by VanWaerbele (2000),the statisticsof peaksn asmoothedure
noisemap follow the peakstatisticsof a two-dimensionalGaus-
sianrandomeld (Bond& Efstathioul1987).We useboththe peak
signal-to-noiseand the radial peakpro le to calculatethe global
probability of a detecteddark matterpeakarisingfrom noiseusing
Equation(45) of VanWaerbele (2000).

2.2 Model-freeMassmeasurement

As our dark matter reconstructiorreveals structuresthat are far
from thesphericallysymmetricsimpleisothermakphereandNFW
models(Navarro et al. 1997)thatare often t to estimatemasses
from weaklensingmeasurementseefor exampleHoekstra2007),
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our preferredmethodto measuranassusesa model-freemasses-

timate.Following theideaof the . statistic(Equation3), we mea-

surethe massof structureswithin anaperture For the main struc-

turesin the superclustewe de ne aperturedy thel and3 en-

closedregionsin thedark mattersignal-to-noisenaps.In thecases
of smallerclustersubstructurewherethe smoothedstructuresap-

pearto be moresphericalwe usecircularapertureof radius0.75

arcminto matchthesmoothingscaleusedin thedarkmatterrecon-

struction.The aperture'massis givenby

X
M = Apix (X; y) crit 5 (4)

ap erture
where Aix is the projectedpixel areaat the cluster redshiftin
h 2Mpc?, (x;y) arepixels enclosedby the chosenapertureand
ait IS thecritical surfacemassdensity givenin Equationl.

2.3 NFW prole model

Themaindravbackof usingthemodel-freemassestimaten Equa-
tion 4 is theinability to separatenassat differentredshifts.Thisis
becausehe dark matterreconstruction measureshe projected
surface massdensity along the line of sight. In the caseof the
A901/2 superclustethereis a higherredshiftz = 0:46 cluster
CB1,thatliesbehindA902 (Taylor etal. 2004)suchthatthemodel
free massestimatefor the A902 region givesthe combinedmass
of A902 andCB1. To obtainseparatenassestimategor the A902
andCB1 clusterandto enablea comparisorto future analyseof
numericakimulationswethereforealsopresentmassestimategor
thedarkmatterstructuresn A901/2usinganNFW halomodel.

The NFW halo modelhasbeenshawvn in numericalsimula-
tionsto provide agood t to the sphericallyaveragedoro le of all
dark matterhalosirrespectve of their mass(Navarroet al. 1997).
The NFW modelfor the densitypro le of a halo at redshiftz is
givenby

¢ o(2)

where . is the characteristiadensity rs is the scaleradiusand
¢(z) is the critical density given by 3H(z)?=8 G. We follow
Dolag et al. (2004) de ning the virial radiusrag asthe radius
wherethe massdensity of the halo is equalto 200 n (z) <(2),
suchthatthe correspondingirial massM 2qo is givenby

(r)= ®)

4
Moo = 200 m(2) o(2) 5 T200 )
As the massenclosedvithin aradiusR is givenby
3 R R:rs
= + — _
M(ré6R)=4 ¢ ¢(2)rs In 1 P 1+ R=r. (7)

de ning the concentratiorparameteasc = r200=rs, the charac-
teristichalodensity . is givenby

_ 200 m(2) c’ .
¢ 3 INnl+c cx1+c¢°

For a given CDM cosmologythe halomassM 200 andconcentra-
tion ¢ arerelated(Navarro et al. 1997; Bullock et al. 2001; Eke
etal. 2001;Dolagetal. 2004),wherethe dependences calculated
through ts to numericalsimulations.In this paperwe usethere-
lationshipbetweerhalomassM 200 andconcentratiort derivedby
Dolagetal. (2004).
The expressiorfor theweaklensingshear andcorvergence
inducedby anNFW darkmatterhalo,givenin Bartelmanr(1996)

®)



4 Heymansetal.

andWright & Brainerd(2000),depend®n theredshiftof boththe
lensandsourcegalaxies!n this analysisnve have accurateedshifts
for themajority of the A901/902clustergalaxiesbut no redshiftin-
formationfor  90% of our sourcegalaxiesasthey aretoo faint
to calculatea COMBO-17 photometricredshift. The maximum-
likelihoodmethodof Schneide& Rix (1997)wasdesignedo take
adwantageof sucha datasetfor analysingthe galaxy-galaxyens-
ing statistically(Kleinheinrichet al. 2006; Heymanset al. 2006),
andit is this methodthat we have adaptedor clusterlensingand
describebelaw.
For a model cluster density pro le, in the casewhere all

galaxy redshiftsare known, the weak shear and corvergence

experiencedby eachsourcegalaxy can be predictedby sum-
ming up the shearand convergence contritutions from all the
foreground clusters.In this analysisthe redshifts of the source
galaxiesare unknawn, and we thereforeassignthosegalaxiesa
magnitude-dependemedshift probability distribution p(z; mag)
given by Equation15 of Heymanset al. (2005) updatedwith the
magnitude-redshiftelationof Schrabbaclet al. (2007),wherethe
averagemedianredshiftzy is givenby

Zm = 0:29[mF606W 22]+ 0:31: (9)

We arethenableto calculatethe expectationvalueof the obsered
reducedshearhgi throughMonte Carlo integration by drawing a
sourcegalaxyredshiftestimatezs from thedistributionp(z; mag),
= 1:Nmc times,whereNuc = 100in this analysis.Testing
larger valuesfor Nmc did not changethe result. For eachzg es-
timatethe inducedclusterlensingshearg is calculatedwith the
resultingmeanreducedsheargiven by

Nuc
=1 g: (10)

Nmc

The intrinsic sourcegalaxy ellipticity ° is then calculated, ®

obs g Thedistribution of eachcomponenbf theobseredgalaxy
ellipticity is well describedfor the STAGESsuney, by a Gaussian
of width = 0:26. As the inducedreducedshearg is relatively
weak, the probability for observingan intrinsic ellipticity of ® is
thengivenby

1 J SjZ
7 2P 5
The best- t dark matterhalo parametersre determinedby max-
imising thelikelihoodL = [P ( ®)i] wherethe productextends
over all sourcegalaxies .

P(%) =

(11)

3 THE STAGESDATA

The STAGESsuney (Gray etal. 2008)spansa quartersquarede-
greecenterecbnthe A901/2 superclustedimagedin F606W using
the HST AdvancedCamerafor Surweys (ACS), the 80 orbit mo-
saic of 80 ACS tiles forms the secondlargestdeepimagetaken
by HST. A detailedaccountf the STAGESreductionmethodwill

be presentedn Gray et al. (2008). It is very similar to the re-
duction usedfor the GEMS suney discussedn Heymanset al.

(2005)andCaldwellet al. (2008),differing only in the ditherand
drizzle stratgy. For STAGES, eachimage consistsof four co-
addedditheredimagescombinedwith a Gaussiandrizzling ker-

nel with a resulting0.03 arcsecondixel scale,as suggestedy
Rhodesetal. (2007).STAGESis complementethy 17-bandoptical
imagingfrom the COMBO-17suney which provides,for galaxies
brighterthanR = 24, accuratephotometricredshiftswith errors

T T T T T T T T T T T T T
. 7<days<10 D 10sdays<12

. 4<days<7

-9.8 -

-10.2 -

days<15

[]1e=

D 15<days<20 >165 days

Cl . . . | . . . | . . . |
149.4 149.2 149 148.8
RA

Figure 1. Thetiling patternof the STAGESACS obsenations.Eachgroup
of datausedto malke the seventime-dependenPSFmodelsis shavn with
a differentgrey-scale.The positionsof the four main structuresareshavn
with a circle of radius1 arcmincentredon the brightestclustergalaxyin
A901a(tile 55), A901b tile 36), A902 (tile 21) andthe SW group(tile 8).
The positionof theinfalling X-ray groupA901 is alsocircled (above tile
55).

;  0:02(1+ z), spectralenegy distribution galaxyclassi ca-
tion, and stellar massestimatedM from low resolution17-band
spectrats to parameterisedtarformationhistory models(Borch
etal. 2006;Wolf etal. 2004).

3.1 Weaklensingshearmeasuement

To measurghe reducedwveaklensingshearg, we usethe datare-
ductionstepsandmethoddescribedn Rix et al. (2004)andHey-
manset al. (2005). The sheameasuremerdspecis basedon the
Kaiseret al. (1995)method.As we areprimarily interestedn the
variationin the dark mattermapwe have updatedour shearmea-
suremenpipelineto maximisethe signal-to-noiseby including a
polynomial t tothesheaiseeingcorrectionP (Luppino& Kaiser
1997)asa function of galaxy size.We alsoincludethe Hoekstra
correctionto the shearpolarisability tensordetailedin Heymans
etal. (2006).Theaccurag of theseupdateshasbeenveri ed using
the publicly available suite of simulationsfrom the ShearTEsting
Programme (Heymansetal. 2006;Massg etal. 2007).Themodi-
cations successfullyeducedhenoiseon the sheameasurement,
quanti ed throughthe root-mean-squareariationof the measured
ellipticity ,from = 0:31to = 0:26.

We usethe samemethodasHeymanset al. (2005)to account
for thetime variationof the ACSPSF, namelyto divide thedatainto
setsimagedin a shortperiodof time andassumehatthetemporal
variationduring thattime is minimal. The majority of the A901/2

eld wasobsenredin thespaceof 20 days,with theremainingl0%

2 www.physics.ubc.ca/heymans/step.html
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imagedat a later dateover the spaceof 4 days.Owing to therel-
atively low galacticlatitude of the A901/2 eld andthe resulting
high stellardensityof 30 40 usefulstellarimagesper ACSim-
age,we areableto split thedatainto sevengroupsto achieze good
temporalsamplingof the PSFdistortion. This numberwaschosen
to balancebetweernthe needto useasmary ACSimagesaspossi-
ble to maximisethesignal-to-nois@ntheaveragemeasuredtellar
ellipticity asa functionof CCD position,whilst requiringasmary
time binsaspossibleto minimisethetemporalvariationof the PSF
pattern.Figurel shavs thetiling patternof the STAGESACS ob-
senationsdenotingeachgroupof datathatwasusedto make the
sevendifferentPSFmodels.With this semi-timedependeninodel
we nd andremove temporalvariationduringthe A901/2obsera-
tions. Averagedacrosshe ACS eld-of-view, this temporalvaria-
tion is at the 1% level on the measuredstellar ellipticity. As this
variationis morethanan orderof magnituddower thanthe weak
lensingsignalfrom the A901/2 superclustepur semi-timedepen-
dentPSFmodelis morethansufcient for this analysis We might
expectto seelow-level systematic$or the ACSimageswhoseob-
senationdateis isolatedatthestartor endof adatagroup,affecting
tiles21,33,36,43,44,46,47,57,69 and72.Indeedin theanalysis
that follows we nd > 3 B-modes,an indication of systemat-
ics (Crittendenet al. 2002),in tiles 21, 33, 35, 36 and57. These
residualsystematicsvill betakeninto accountby includinga con-
senative systematierrorterm,basecn the B-modeamplitude,in
the analysisthat follows. Note that Schrabbaclet al. (2007) and
Rhodeset al. (2007)presensigni cantly moreadwancedmethods
to modelthe temporalvariation of the ACS PSFdesignedor the
detectionof the wealer lensingsignal from large-scalestructure
whichwill beinvestigatedurtherin afutureanalysis.

In the time sincethe ACS obsenrationsof the GEMS suney
usedby Heymansetal. (2005) thechagetransferef ciency (CTE)
of the ACS hasdegradedsigni cantly. During the CCD readout,
asthe CTE degradesover time, the amountof chage left behind
increasesThis resultsin image 'tails' developingalongthe read-
out direction,with the mostsevere effectsseenin the furthestob-
jects from the readoutampli ers. As the amountof chage left
behindin eachchage transferis independentf the pixel count,
CTE impactson the shapesof fainter objectsmore signi cantly
thanbrighterobjects,andhencethis distortionis nottakeninto ac-
countby the PSFcorrection.We follow Rhodeset al. (2007) by
usingan empirical CTE correctioneS™  for the g, shearcompo-
nent,alongthe readoutdirection,whereef™ = A y=SN. y
is the distancefrom the readoutampli er and SN is a signal-to-
noiseestimatethatwe de ne astheratio of the ux and ux error
measurementgom SExtractor(Bertin & Arnouts 1996).A is a
normalisationconstantderived to minimisethe averagemeasured
shearhgii, whereg: = 2(er €STE)=Tr(P ), e is the PSF
correctedyalaxyellipticity andP is the sheamolarisabiltytensor
from Luppino & Kaiser(1997).For the faintestgalaxiesthat are
furthestfrom the readoutampli er, and hencethe most strongly
affected,e$TE = 0:02, but onaverageefTE  0:003 whichis
morethanan orderof magnituddower thanthe weaklensingsig-
nalfrom the A901/2superclusteMe measureheaverageg.i be-
fore applyingthe CTE correctionto be 0:004 andafter correction
hgai = 0:00001 Any residualCTE distortionsthat remainafter
the correctionarethereforevery weakin comparisorto the super
clusterlensingsignal.As the original CTE distortionvariesacross
the ACS eld of view andhenceacrosshe STAGES mosaic,ary
residualCTE distortionsvould however beincludedin ourB-mode
analysisandhencethe errorsin theresultsthatfollow.

¢ 2008RAS,MNRAS 000, 1-13
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3.2 Galaxy selectionand redshift estimation

As we areinterestedn the dark matterin A901/2 at a redshiftof
z = 0:165, we selectgalaxiesthat arelikely to be at higherred-
shifts andthuslensedby the superclusterAs the majority of our
galaxiesaretoo faint to calculatea COMBO-17 photometricred-
shift, thebestoptionis to useamagnitudeselectiorbasednthere-
lationshipbetweenmedianredshiftz, andF606Wmagnitudede-
rivedin Schrabbacletal. (2007)andgivenin Equationd. Toensure
thatthe majority of objectshave zs > zag0; =2, We selectgalaxies
with mesosw > 23, correspondingo amedianredshiftz, > 0:6.
We alsoincludeselectioncriteria choserto optimisethe accurag
and reliability of the weak lensingshearmeasurementselecting
galaxieswith S/N > 5, magnitudemesosw < 27:5, andgalaxy
sizer, > 3 pixels.Our resultingweaklensingcatalogudncludes
over 600000bjects,or roughly 65 galaxiespersquarearcmin. The
averagegalaxymagnitudeof thissampleis hmegoew | = 25:7, im-
plying a medianredshiftzy, ' 1:4. Assuminga redshiftdistribu-
tion givenby n(z) / z?exp( z'®) (Baugh& Efstathiou1993),
we estimatea 3% contaminatiorof our sourcegalaxycatalogue
from objectsthatareforegroundto the cluster The dilution of the
signalby foregroundgalaxiess thereforewell within the statistical
noiseof our analysis.

To calculatethe model-freemassestimatein Equation4 we
placethebackgroundourcegalaxysampleatoneredshiftzs taken
to bethe medianredshiftz, ' 1:4 of the sourcesWe chooseto
usethe median,asthe high redshifttail of the redshiftdistribution
of faint galaxiesis poorly constrainebserationally (seefor ex-
ampleBenjaminetal. 2007)leadingto apotentiallybiasedmeasure
of the meanredshift. However notethatthis choiceis fairly unim-
portantasfor zs > 1 andz = 0:165 theredshiftof A901/2,the
importantdistanceratio Ds=Djs in Equationl is fairly insensitve
to thevalueof zs. For example,alargeincreaseof zs fromzs = 1
tozs = L:5increase®s=Dis by only 6%. Hencefor thisdeep
analysiswherethemajority of sourcediave redshiftszs > 1, plac-
ing all lensedgalaxiesat oneredshiftis agoodapproximation.

4 RESULTS

In this sectionwe presenthe resultsof our weaklensinganalysis
of theA901/2superclusteincludingclustermassestimatesacom-
parisonof threedifferentweaklensingdark matterreconstructions
and a comparisonof the resultingdark matterdistribution to the
distribution of light in the supercluster

4.1 Massestimatesfor NFW pro les

We use sphericalNFW haloesto modelthe weak lensing shear
measuredn the A901/2 eld. We testtwo differentmodelsusing
the methoddescribedn section2.3. The “‘onehalo’ modelcentres
asingleNFW halo on the brightestclustergalaxy(BCG?) in each
clusteratz = 0:165. The ‘two halo' model placesa halo at the
A901aBCG andthelocationof theinfalling X-ray groupA901 ,

a haloatthe A902 BCG andat the backgrounctlusterCB1 BCG

atz = 0:46, andtwo halosin the SW group,SWa andSWh The
positionsof the two SW halosare motivatedby the dark matter
reconstructiorpresentedn section4.2. Table 1 lists the resulting
constrainton the NFW “virial' massM 29 of eachhalo,the NFW

3 In thisanalysisve de ne aBCG to bethebrightestclustergalaxywithin
anarcminuteof the peakof the clusters galaxydistribution.
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Structure  RA Dec M 200 r 200 200 M( <19 2
(deg) (deg) (h 11208¥M ) (h lkpc) (arcmin) (h 1108M )

OneHalo:

A901a 149.1099 -9.9561 18:8",4 11948, 10:0"%7 1:9479:1 1:6
A901b 148.9889 -9.9841 18:1%4 11808,  9:9'07 1:91"9:13 1.0
A902 149.1424 -10.1666 5:6'%:1 79912 6703 1:07"9:28 13
SWgroup 148.9101 -10.1719 7:9%3,:2 89405 7509 1:28"9:23 19
Two Halo:

A90la 149.1099 -9.9561 17:5%5,8 116692, 9:809 1:88"%:22 18
A901 149.0943 -9.9208 7:0%3,:2 859™% 720 1:20"%:22 -
A902 149.1424 -10.1666 5:0'%,:2 766" 6:4"0 1:00"%:39 11
cBl 149.1650 -10.1728 4:9%3,8 6082, 2:5'0:2 2:431:99 -
S\Wa 148.9240 -10.1616 3:6'%:1 689",  5:8":2 0:84"%39 15
SWh 148.9070 -10.1637 4:5'%:% 74242 62" 0:95"%:38 -

Table 1. Massmeasurement®r theA901/2superclusteassuminghe NFW sphericahalomodel.The ‘onehalo’ modelplacesasingleNFW haloat position
(RA,Dec)centredon the BCG in eachcluster The “two halo' modelplacesa haloatthe A901aBCG andthelocationof theinfalling X-ray groupA901 , a
haloatthe A902 BCG andatthebackgrounalusterCB1 BCG, andtwo halosin the SW group,SWaandSWh Thereis no motivationto t the A901bcluster
with two haloesandit is thereforeonly listedin the “onehalo’ modeluppersectionof the Table.The NFW “virial' massM 00 (h 1103 M ) corresponds
to a virial' radiusr 200 (h 1kpc) which hasanobseredangularscale 2q0 (arcmin).For comparisorwith the 1 arcminaperturemodel-freemassestimates
M ap in Table2,M (< 19 isthemassof theNFW haloenclosedy a 1 arcminaperturecentredon (RA,Dec). Thereduced 2 of the t is givenin the nal

column.
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Figure 2. The tangentialreducedsheardistortionasa function of the dis-
tancefrom theBCGin eachcluster Thedashedine in eachpanelshavsthe
best- tting modelpro le assumingingleNFW darkmatterhaloescentred
oneachBCG. The solidline shavs the best- tting modelpro le assuming
multiple NFW dark matterhaloes.The upperpanelsshav the pro le ex-
pectedfrom threeNFW haloescentredon the BCG in A901a,the BCGin
A901bandthe X-ray infalling groupA901 . A90laandA901 increase
thelarge scalesinglein A901bandvice versa.Thelower left panelshavs
the pro le expectedfrom two NFW haloescentredon the BCG in A902
andthe BCG of the backgroundtlusterCB1. The lower right panelshawvs
thepro le expectedrom two NFW haloesSWaandSWhin the SW group.
Themodelhaloparameteraregivenin Tablel.

“virial' radiusr 200 andthecorrespondingngularmprojectionof this
radiusonthesky 200. We nd resultsthatarefully consistentvith
the single and multiple simple isothermalspherehalo analysisof
Tayloretal. (2004).For comparisorwith themodel-freemassesti-
matesin sectiond.2we alsocalculateheNFW halomassenclosed
by anapertureof 1 arcminM (< 1% usingEquation?.

Figure2 compareshemeasuredangentiareducedsheardis-
tortion g: aroundeachclusterwith the predictionfrom our “one
halo' (dashed)and ‘two halo' (solid) model,assumingall lensed
sourcegalaxiesareata singleredshiftzs = 1:4. Therotatedshear
or is foundto be consistentwith zeroon all scalesas expected.
Note that the model parametersre constrainedisingthe method
of Schneide& Rix (1997)asdescribedn section2.3,notasa t
to the azimuthallyaveragedshearg: presentedn this Figure.We
nd thatbothmodelst this dataequallywell but, in the casesof
A90laandthe SW group, NFW haloesarein generala poor t
to the data(the reduced 2 of the t is givenin the nal column
of Table1). Fromthis we concludethatfor theseurvirialised sys-
tems,thesphericaNFW modelprovidesapoor t. Notethatusing
theBullock etal. (2001)relationshipbetweervirial massandcon-
centrationresultsin even poorer ts to the data.Figure 2 is also
instructive to seethe impactof the individual haloson eachother
Theeffectof A901laonthepro le of A901b(andvice versa)canbe
seenfrom theincreasingsignalon large scalesn the upperpanels
of Figure2. Thedecreasé signalonsmallscalesn the SW group
datafavoursthe "two halo' modelover the ‘onehalo’ model.

Comparingthe A902 “onehalo’ and two halo' modelsin the
lower left panelof Figure2 shaws that the addition of the back-
groundclusterCB1 hasonly a weakeffect on thepro le of A902.
We nd thatthe virial massof A902 decreaseby 11% whenthe
CB1 halois includedin the analysis(seeTable 1). As CB1 and
A902 are separatedy 1.4 arcmin,the massenclosedby a1 ar
cmin apertureM (< 19 is even lesseffectedand decreaseby
6% whenthe CB1 halois includedin the analysis.We therefore
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concludefrom this NFW analysisthatin the model-freemasses-
timatesthat follow, the contritution from CB1 to the A902 mass
cannotbe morethana  10% effect which is within our B-mode
systmaticerrorsin theanalysisthatfollows.

4.2 Dark Matter maps

Figure 3 shavs the STAGES dark matter reconstructionof the
A901/2superclusteiTheuppereft panelshavsthemaximumlik e-
lihood reconstructiorthat clearly revealsthe four main superclus-
ter structuresA901a,A901b, A902, andthe SW group.The con-
tourson this signal-to-noisedark mattermap correspondo -4 -
2 (dashed)? ,4 ,and6 detectionregions(solid). Assuming
constannhoiseacrosgheimage,the scalebar shavs the measured
corvergence . Thisis averygoodassumptiorexceptfor theedges
of themapwherethenoiseincreasesapidly.

Thedarkmattermapcanbe comparedo the B-modeor “sys-
tematicsmap' in the lower left panelof Figure3. This is created
by rotatingthe galaxiesby 45 (Crittendenetal. 2002)andrecon-
structingthe map. As weaklensingproducescurl-freeor E-mode
distortions,a signi cant detectionof a curl or B-modesignalin-
dicatesthatellipticity correlationsexist from residualsystematics.
Comparingthe B-modemapwith the contoursfrom the dark mat-
ter map thereforeallows oneto assesshe reliability of eachde-
tectedstructure.For the mapsshavn in Figure3, a3 detection
has 0:07, althoughthe true signi cance of ary peakin the
distribution hasto be determinedby comparisonto the statistics
of arandomGaussianeld (VanWaerbek 2000).For a eld this
size,with the samenumberof galaxies ellipticity distribution and
smoothingscale,smoothedGaussiamoisewould produce2 3
random> 3 E andB-modepeaks,and0 1 random> 3.5
E andB-modepeakswhich we discussurtherin section4.4. All
but oneof thethreemostsigni cant > 3.5 B-modepeakscanbe
linkedto regionswherethe simplesemi-time-dependef®SFmod-
eling usedin this analysisfails, asdiscussedh section3.1.

For comparisorwith previous analysesthe upperright panel
of Figure3 shavs aKaiser& Squireq1993,KS93)reconstruction.
The main differenceseenbetweenour preferredmaximumlik eli-
hoodreconstructiorfupperleft panel)andthe KS93reconstruction
(upperright panel)is the strengthandsigni canceof the peaksIn
theclustercoreswhere > 0:12, thereducedshearg is morethan
15%largerthanthetrueshear . Hencethe KS93 reconstruction
wherethereducedshearg is assumedo be equalto thetrue shear

, resultsin anoverestimatiorof in theseregions.Whenthemaps
aresmoothedthesestrongoverestimated peaksaresmeareaut,
andin the caseof the neighbouringA901aandA901b andalarge
smoothingscale this smearingcouldleadto false lamentary fea-
turesthatwe startto seebetweenA901aand A901bin the KS93
reconstructionlt is this effect, in additionto the possiblepresence
of residualPSFsystematicsthat we concludeare responsibldor
the lamentary extensionbetweenA901aand A901b seenin the
COMBO-17darkmatterreconstructiorof Grayetal. (2002).

Thelowerright panelof Figure3 compare®ur STAGESHST
darkmattermap(contours)with theCOMBO-17ESO2.2mWide-
Field Imagerdark mattermapof Gray et al. (2002).This compar
ison shawvs excellentagreementn the locationsof the dark mat-
ter peaks.The ground-basednapis shavn onthesame scaleas
the othermaps but smoothedvith a1 arcminGaussiangompared
to the 0.75 arcmin Gaussiarusedin the STAGES. Increasingthe
resolutionof the ground-basednap by narraving the smoothing
scaleincreaseshe noisein the map, therebyfurther lowering the
signi canceof the detectecpeaksIn the ground-basednalysisof

¢ 2008RAS,MNRAS 000, 1-13

Dark Matterin A901/902 7

Grayetal. (2002)21 galaxiespersquarearcminwereusedfor the
darkmatterreconstructiowith aroot-mean-squarneariationof the
measureellipticity of = 0:44. This canbe comparedo the 65
galaxiesper squarearcminusedin this analysiswith = 0:26.
The increasedhumberdensity of objectsin this analysisresults
from the high HST imageresolution.The reductionin  results
from boththe higheraveragesignal-to-noisémagingof the source
galaxysampleandthe higheraveragegalaxy-to-PSFizeratio that
canbe achieved with space-baseiinaging.For a1° 1° areaof
sky, therandomintrinsic ellipticity noiseon the measuredhears

(1% = 0:1 for theground-basednalysisand (1% = 0:03for
this space-basednalysis.As the weaklensingsignalthatis typi-
cally detectecaroundz  0:2 clustersis 0:1 andof the order
of the ground-basedhoise, this comparisonclearly demonstrates
theneedfor space-baseabserationsfor betterthanarcminuteres-
olution “imaging' of thedarkmatter

4.3 A comparisonof massand light

Thedistribution of dark matterin A901/2is foundto be very well
tracedby thedistribution of galaxiesassociateavith thesuperclus-
ter, asshawn by Figure4. This Figureshaws thetotal r -bandlumi-
nosity of clustergalaxies smoothedn the samescaleasthe dark
mattermap (shavn with contours).Clustergalaxiesareidenti ed
from theground-basedulti-colour COMBO-17datausingthese-
lection criteriafrom Wolf et al. (2005); their photometricredshift
mustlie in therange0:155 < z, < 0:185 andtheir absoluteV -
bandmagnitudeMy < 17, which correspondgo an apparent
R-bandmagnitudeR . 21:5. Thesecriteriawerechoserto keep
eld contaminatiolow andclustercompleteneskigh, with asam-
ple thatis 68% completeat this luminosity limit. Wolf etal. (2005)
estimatethe level of eld galaxycontaminatiorto be 3% for the
red-sequencgalaxies,and 15% for the blue-cloudgalaxies,(see
Wolf etal. 2005,for moredetails).

Immediatelyin Figure4 we canseethatthe mostmassie re-
gionsarealsothe mostluminous.We alsostartto seeclustersub-
structuregepeatedn boththe darkmatterandlight maps.A com-
parisonof massandstellarmassn the clusteris nearlyidenticalto
Figure4, implying thatthe stellarmassis alsoa goodtracerof the
underlyingdarkmatterdistribution. Figure5 shavsan8 8 arcmin
close-upof the four main structuresof the A901/2 supercluster
This Figurecompareghe distribution of dark matter(shavn con-
toured)to the luminosityweighteddistribution of old redsequence
galaxiesde ned in Wolf etal. (2005). The locationsof the BCGs
areshavn with lled diamondsFor A901aand A901b, the max-
imal peakin the dark matterdistribution is practically co-incident
with the locationof the BCG, (within 0.25arcmin).For A902 we

nd two peaksin the dark matter distribution matchingthe two

BCGs. The dark matterpeaksare slightly offset from the BCGs
(0.5 and1 arcmin) dueto the presenceof CB1, the background
clusterat a redshiftof z = 0:46 whoseBCG locationis shavn

in the A902 lower left panelof Figure5 with a star The cluster
CB1 lIs 1 arcminaperturearoundthe BCG. The NFW “two

halo' A902 andCB1 modeldetailedin section4.1 predictsa shift

in the obsered A902 dark matterpeakby  0:3 arcminwhich is

consistenwith whatwe nd in thedarkmattermap.

For the SW group,thereis againgoodagreementvith the po-
sition of the peakin the massdistribution andthe BCG, although
for this groupthereare two local maximain the dark matterdis-
tribution. Interestinglytherearetwo distinct groupsin the galaxy
populationof the SW group.Thereis anold redgalaxypopulation
thatsurroundghe BCG, asshawn in the lower right panelof Fig-
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Figure 3. The dark matterreconstructiorof the A901/2 superclusterThe maximumlikelihood dark mattermapis shavn in the upperleft panelclearly
revealingthe four mainsuperclusterstructuresA901a,A901b,A902 andthe SW group.This reconstructiortanbe comparedo a Kaiser& Squires(1993,
KS93) reconstruction(upperright panel),the associated3-modeor systematicseconstructior(lower left panel)andthe Gray et al. (2002) ground-based
darkmatterreconstructior{lower right panel).The contoursenclosehe-4 ,-2 (dashed)2 ,4 and6 detectionregions(solid)of the STAGESmaximum
likelihoodreconstructior{upperright andrepeatean thelower left panel),the Bmodereconstructiorflower right panel)andthe KS93reconstructior{upper

left panel).The scalebar shavs the amplitudeof the mappedconvergence which hasbeensmoothedn 0.75arcminutescalescorrespondingo

9oh 1

kpc at the superclusteredshiftz = 0:165. The edgesof the maximumlikelihood dark mattermapandthe correspondindg-mode(left handpanels)go to

zeroasaresultof the datamaskthatis shavn in thetiling patternof Figurel.

ure5. In additionthereis a dustyred galaxypopulation(described
by Wolf etal. 2005,but not shavn in the Figure)thatexiststo the
eastof the BCG andco-incideswith the mostmassie easterrdark
matterpeak(denotedSWb in Table1). A moredetailedanalysis
of theinterestingrelationshipbetweerthedarkmatterervironment
andthe differentgalaxy populationswill be presentedn a future
paper The lower right panelof Figure5 alsoshaovs onecaseof a
signi cant densityof old red galaxieswithout a peakin the dark
matterdistribution. Towardsthe edgeof the STAGESimaging,the
noisein our dark mattermap grows rapidly, andat the locationof
this galaxygroupthenoiseis twice thenoiselevel atthe SW group.

As thisgroupis likely to belessmassve thanthe SW group,which
is detectecat 5 , we arenotsurprisedhatthis groupis undetected
in ourdarkmattermap.

The A901aupperleft panelof Figure5 shawvs a signi cant
extensionof the dark matterdistribution, in the directionof thein-
falling X-ray groupA901 foundby Grayetal. (2008)(shavn with
a lled triangle). The peakalongthe extensionwith peax > 4
(shavn with across),is co-incidentwith thebrightestgalaxyin the
the X-ray group.

Comparingthe local maximain the A901b and A902 distri-
bution with the light mapswe nd thatthe substructurén thedark
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Figure 5. A comparisonof massand light in the main structuresof the
A901/2superclusterA901a(upperleft), A901b(upperright), A902 (lower
left) andthe SW group (lower right). 1 to 7 contoursof the signal-to-
noisedark mattermap shavn in Figure 3 are dravn over a smoothedu-
minosity map of the old red sequencauperclustegalaxies.The locations
of the brightestclustergalaxiesareshavn (lled diamonds)jn additionto
the locationof the in-falling X-ray groupA901 (lled triangle),andthe
locationof the higherredshiftz = 0:46 clusterCB1 (star).Local maxima
in the dark mattermapareshavn with a cross.
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Figure 6. A comparisorof massandthe mass-to-stellamassratioM =M

in the main structuresof the A901/2 supercluster,;A901a (upper left),
A901b (upperright), A902 (lower left) andthe SW group (lower right).
1 to7 contoursofthesignal-to-noiselarkmattermapshavn in Figure3
aredravn over a smoothedmass-to-stellamassratio map. The locations
of the brightestclustergalaxiesareshavn (lled diamonds)jn additionto
the locationof the in-falling X-ray groupA901 (lled triangle),andthe
locationof the higherredshiftz = 0:46 clusterCBL1 (star). The scalebar
shavslog(M =M ).

mattermapsare often associatedvith substructuredn the galaxy
distribution. Theonly striking discrepang is aluminouspeakto the
northwestof A902, seenin Figure4. This luminouspeakresults
from a single,very luminousdustyred galaxythatis brighterthan
theBCG andis likely to beinfalling on A902 (Wolf etal. 2005).

In Table2 we list massand mass-to-lightratiosfor the main
structuresshawvn in Figure 5. As discussedn section4.1, these
structuresarefarfrom thesphericallysymmetricNFW modelsthat
areoftenusedto constrainmodels.We thereforeusea model-free
massestimategiven by Equation4, de ning the enclosedregion
usingthel and3 contoursshavn in Figure5. For comparison
with the ground-basednalysisof Grayetal. (2002)andthe NFW
analysisof sectiond.1we alsolist themassenclosedy al arcmin
circularaperturgdenoted ap') centerecn eachclustersBCG. To
estimatethe contrikbution of systematicerrorto our massestimate
we follow the conserative prescriptionthat is often usedin the
analysisof weaklensingby large-scalestructure(seefor example
Benjaminetal. 2007),calculatingerrorsby addingthe randomer-
ror (listedasthe rst masserrorin Table2) in quadraturevith the
B-modesignal,shavn in thelower left panelof Figure3 andlisted
asthesecondnasserrorin Table2. Thesystematierrordominates
therandomerrorin this analysis.

We nd A90laand A901b to be the most massie systems
in the superclustewith masses 6:5h '10**M and mass-to-
light ratios 150 for the full extendedl region. A902 andthe
SW grouphave similar massestoughly half the massof the A901
pairat 3:5h '10"M .We nd A901bto bethemostextended
structurein the systemandthe SW groupis the mostcompact.

The mass-to-stellamassratiosM =M  of eachstructureare
givenin the nal columnof Table2. Thesemassratioswere cal-
culatedwith a Hubble parameteth = 0:7, assuminga Kroupa
etal. (1993)initial massfunction (Borch et al. 2006). The results
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Region M M =L M =M

sig,area (h 1108M ) (M =L, ) (h=07)

A90l1a

1,16.6 6:09 o007 1:56 1306 334 319 82
3,74 3:93 o0:04 0:58 1289 190 295 43
ap,3.1 1:91 o0:03 0:30 93:8 148 206 33
A901b

1,204 652 o007 2:16 1652 548 421 140
3,62 3:59 o0:04 0:57 2061 330 506 8:1
ap,3.1 1:99 o0:14 0:25 1486 217 347 51
A902

1,120 3:25 0:05 1:10 107:3 365 273 93
3,28 1:22 0:03 0:14 1221 144 289 34
ap,3.1 1:21 o0:14 0:16 1079 187 244 4.2
SWagroup

1,113 3:81 0:05 1:34 1755 615 405 142
3,48 2:35 0:03 0:49 1556 32:3 347 72
ap,3.1 1:25 o0:15 0:23 126:3 279 26:11 58

Table 2. Model-free massmeasurementfor the main structuresin the
A901/2 superclusterThe enclosedmassedM , mass-to-lightratios M =L

andmass-to-stellamassratiosM =M  aregivenfor theregionsde ned by
thel and3 contoursin the signal-to-noisemaps.The areaof thesere-
gionsis givenin the secondcolumn(squarearcmin).For comparisorwith

the ground-base@nalysisof Gray et al. (2002) we alsolist the massand
mass-to-lighenclosedy a 1 arcmincircular aperture(denoted ap') cen-
teredon the clusterBCG. The quotedmasserrorsare listed with the ran-
domnoiseerrorfollowedby a conserative estimateof the systematierror

The mass-to-lightratio error and mass-to-stellamassratio error include
only the error on the masswith the randomandsystematigartsaddedin

gquadrature.

are equivalent to within 10% of the sameresultderived using a
Chabrier(2003)or a Kroupa(2001)initial massfunction.We nd
mass-to-stellamassratios M =M that are similar to the ratios
foundfor massie elliptical galaxiesat thisredshift(Hoekstraetal.
2005; Mandelbaunet al. 2006; Heymanset al. 2006),althougha
directcomparisoris hardto drav asthe resultsfrom the massie
elliptical galaxiesmeasureNFW virial massto stellarmassratios
insteadof themodelfree massatio estimateshatwe presentere.
Figure 6 shaws the variationof the mass-to-stellamassratio
acrosseachof the main structuresn A901/2 on a log scale,com-
paredto the massdistribution (shavn contoured) Note that nega-
tive regionsin themassreconstructiormave beensetto zeroin this
Figure.Moving outfrom the centralBCG (shavn with diamonds),
we nd thatthemass-to-stellamassratioinitially increasesasthe
stellarmassdecreasesorerapidly thanthe halomass Continuing
outfurther, the mass-to-stellamassratio thenrapidly decreaseas
thedarkmattermasgendsto zero.This Figureshavs someregions
of very high mass-to-stellamassratio regions(logM =M > 2),
but the readershouldnotethe signi cance of the massdetectedn
theseregions(shavn contoured)whichis lessthan2 in all cases.
Comparingour convergence massreconstructiorresultsto
our NFW shearanalysis,we nd very good agreemenbetween
the massmeasuredvithin 1 arcminof eachclustersBCG which
provides an importantveri cation of our dark matterreconstruc-
tion method.Indeedwe nd this goodagreemenbetweerthe two

methodscontinuesout to a radiusof 4 arcmin,after which contri-
bution from to the  mapfrom neighbouringclusterscomplicates
thecomparisonThedifferencehatis seerbetweerthe NFW virial
massesjuotedn Tablel andthemassesjuotedn Table2is only a
resultof the differentphysicalscalesprobedin both Tableswhich
canbeseerby comparinghe obsered NFW virial scale 200 with
theregion areaguotedin the rst columnof Table2.

In comparingour resultsto the previousground-basetensing
analysisof the A901/2 superclustewe must rst considerthe as-
sumptionmadeby Grayetal. (2002)that 1landhence = g,
whereg is the measurededucedsheargiven abose Equation2.
For the main structuresn A901/2 this would resultin an overes-
timate of clustermassby  15%. Taking this overestimatento
accountour massestimatesare consistentvith Gray et al. (2002)
ascanbeseenfrom the space/grounthassmapcomparisorin the
lowerright panelof Figure3. Themass-to-lightatiomeasurements
for A901b and A902 disagreehowever at the 3 level. The dif-
ferencearisesfrom improvementsin the selectionof the cluster
galaxiesfrom the COMBO-17 data,in comparisonto the previ-
oustwo-bandoptical clusterselectionof Gray et al. (2002). This
improvementremoves the striking differencebetweenthe cluster
mass-to-lightatio measurement®undby Grayetal. (2002).Our
resultsshav amass-to-lightatio within anapertureof 1 arcminof
M(< 1% 100h 'M L to beagooddescriptionfor all the
main structuresn the superclusterVe nd asimilar resultfor the
mass-to-stellamassratio whereM =M (< 1% 25 for all the
mainstructuresn thesupercluster

4.4 Supercluster substructure

In this sectionwe investigatethe lower signi cance peaksin the
darkmatterdistribution thatarenotassociateavith thecoresof the
superclustestructuregliscusse@bove. Table3 lists thenumberof
localmaximaandminimain thedarkmatterreconstructiorfor dif-
ferentsigni cancelevelsandcompareshemto whatwe nd in our
B-modereconstructiomndwhatwe would expectfrom asmoothed
randomGaussianeld using Equation(41) from Van Waerbek
(2000). The high signi cance peaks peak > 4 areall associ-
atedwith the coresof the four main superclustestructuresHow-
ever we canseethatwe have a signi cant numberof peax > 2
peaksthat cannotbe explainedby randomnoisealone.Thereare
acomparablenumberof j peacj > 2 peaksin the B-modemap,
but comparingthe locationof E and B-modepeaksallows oneto
assesghereliability of thelower signi cance E-modedetections.

In orderto distinguishbetweemoisepeaksandtrue peaksin
themasddistribution, it is usefulto addmorphologicainformation
aboutthe pro le of the peaks.The meanpro le anddispersionof
a noisepeakis given by Equation(47) of Van Waerbek (2000).
Comparingthe measurecro le aroundeachdetectedoeakwith
the meannoisepro le allows for the calculationof the probability
that a peakwith a given signi cance and shapeis a noise uctu-
ation, (using Equation(45) of Van Waerbelk (2000)).In Table 3
we list the numberof peaksthathave a lessthan33% probability
of beinga randomnoise uctuation. The resultis consistenwith
the differencebetweerthe total numberof detectedpeaksandthe
expectednumberof randomnoisepeaks.

To de ne alow-signicance2 < peak < 4 substructure
samplewe use high con dence selectioncriteria wherethe peak
musthave lessthan33% probability of beinga randomnoise uc-
tuation,andtheB-modeatthelocationof thepeakmustbelessthan
half theamplitudeof the E-mode.The lastrow of Table3 lists the
numberof peaksthat meetthesecriteriafor differentsigni cance
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peak < peak >

-5 -4 -2 2 4 5 7
Noise 0 0 0 19 5 19 5 0 O 0 0
Signal 0 1 36 29
Bmode 0 0 16 21 0 0
Signal(p) 0 19 25
Bmode(p) 0 10 14 0 0
Signal(b) 0 1 19 23 7 3 1

Table 3. Peakstatisticscomparinghenumberof peaksasafunctionof sig-
ni cance in a smoothedandomGaussianeld (Noise),the reconstructed
dark mattermap (Signal) andthe reconstructedd-modemap. We usethe
peakpro le to further distinguishbetweena noise peakand a true peak.
Signal(p) andB-mode(p) list thenumberof peaksn oursubstructursam-
ple, wherethe peakhaslessthan33% chanceof beinga noisepeak.The
Signal and B-mode peaksare very rarely co-incident,but asa consera-
tive measurewne de ne a high con dencesample,(Signal (b)), wherethe
B-modeatthe peakmustbelessthanhalf the amplitudeof thesignal.

levels, leaving 16 “substructurepeakswith 2 < peax < 4 .
Notethatthe 7 peakswith peax > 4 areall associateavith the
centralregionsof the four main structuresn the superclusterdis-
cussedn sectiord, asshavn by themarkedcrosseén Figure5 that
areenclosedy the4 contour

Assumingall 16 substructur@eaksn thedarkmattermapare
associatedvith the superclustemwe cancalculatea massfor these
halosusingEquatiord. We nd anaveragemasf M (< 0:75°%) =
0:35 0:04h '10"*M forthe2 < ,ex < 3 group,and
M (< 0:75%) = 057 0:06h *10™M forthe3 < peak < 4
group. Table4 lists the numberof peaksthat are associatedvith
clustergalaxieswhereL (< 0:75%) > 10'°h 2L, .We nd that
over half of the peaksare associatedvith galaxiesin the cluster
andprovide averagemass-to-lightatiosfor thesepeaksn Table4.
The mass-to-lightratio of our ‘luminous' substructuresire of the
sameorder of magnitudeas the mass-to-lightratios of the main
superclustestructuredistedin Table2.

It is likely thatmary of the peaksthatarenot associatedvith
clusterlight are actually at a different redshift, as the dark mat-
ter map shaws the projectedsurface massdensity along the line
of sight. We have found one particularlyinteresting3:5 peakin
the dark matterdistribution to the southwestof A901a,thatis not
co-incidentwith ary clusterlight. This peakhasa 0.1% chanceof
being a noise uctuation andis not co-incidentwith ary signi -
cantB-modes.Our hypothesiss that this peakis dueto a mass
concentratiorat a higherredshiftthanthe cluster supportedy the
presencef a smallgroupof 5 galaxiesfoundwithin a0.8 arcmin
aperture centredon the 3:5 dark matterpeak,which have pho-
tometricredshiftsz = 0:44  0:04. Intriguingly, out of the four
lesssigni cant 2 3 darkmatterpeaksthatarenot associated
with clusterlight andareunlikely to be causedy noiseor system-
atics,we nd two peakgshatarealsoco-incidentwith smallgalaxy
groupsof 3-4 galaxiesat the sameredshiftz 0:45. As thisis
sameredshiftof the CB1 clusterfoundin Taylor etal. (2004),we
arepotentiallyseeingextendedarge-scalestructureat higherred-
shift whichis supportedy the ndings of anopticalclustersearch
of COMBO-17datain this eld (Falteretal. 2008).This will be
investigatedurtherin aforthcomingthree-dimensionanalysis.
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peak  Npeak M (< 0759 N9 hV =Li
(h 1108M ) (hM =L, )

3 14 0:35 0:04 10 293 24
2 0:57  0:06 1 317 114

Table 4. Massmeasurement®r thehalosubstructursample assumingall
peaksin the matterdistribution areassociateavith the cluster Over half of
the peakshave associatedlustergalaxies(N g%’;k‘ ), for which we measure
amass-to-lightatio (WM =L1i).

5 DISCUSSIONAND CONCLUSION

From a weak lensing analysisof deepHubble SpaceTelescope
data,we have reconstructe@ high-resolutiormapof the darkmat-
ter distribution in the Abell 901/902 superclusterWe nd that
the maximal peaksin the dark matterdistribution are very well
matchedo thelocationsof thebrightestclustergalaxiesn themost
massie structuresn the superclusterThesestructuresare A901a,
A901b,A902 andthe SouthWestgroup,all of which aredetected
in our darkmattermapat high signi cance.

Owing to the high numberdensityof resoled objectsin the
HSTdata,we have beenableto producea mapwith sub-arcminute
resolution.This hasallowed us to resolhe the morphologyof the
dark matterstructures,nding pro les thatarefar from the spher
ically symmetricNFW modelsthat are typically usedto model
suchsystemsWe nd local maximain the darkmatterdistribution
aroundthe main structureshat are also seenin the distribution
of galaxies Furthermorewve seea signi cant extensionin the dark
matterdistribution aroundA901a,in the direction of anin-falling
X-ray groupcalledA901 (Grayetal.2008).

We have presentedmass, mass-to-lightand mass-to-stellar
masgatio estimatesor eachof themainstructures,nding A901a
and A901b to be the most massve clustersin the systemwith
M(< 19 2 10%h M . Contraryto the analysisof Gray
etal. (2002)we nd no evidencefor the variationof the mass-to-
light ratio or the mass-to-stellamassratio betweenthe different
clustersmeasuredn a1 arcminaperture{  120h ! kpc) centred
on eachcluster We have shavn the variationof the mass-to-stellar
massratio acrosgheclusters, nding aninitial risein M=M asa
function of distancefrom the clusterscentralBCG, followed by a
steepdecrease.

We have investigatedhe lesssigni cant substructurein the
dark mattermapthataredetectecat< 4 . Comparingthe pro le
of thesepeakswith whatis expectedfrom a randomnoise peak
we have selectedh sampleof substructuresrherethelikelihoodof
thosepeaksbeingnoiseor a resultof animperfectPSFcorrection
is low. We nd that over half of thesepeaksare associatedvith
galaxiesin the cluster yielding mass-to-lightratiosthat are com-
parableto the mass-to-lightratiosfound in the main structuresin
the superclusterThe remainingpeaksin the distribution arelikely
to beassociatedvith galaxygroupsat higherredshift(Falteret al.
2008),supportedy the discovery of several co-incidentgroupsof
galaxiesatz  0:45.

Oneinterestingresultof Grayetal. (2002)wasatentative de-
tectionof a lamentary extensionbetweenA901aandA901h We
donotrecoverthissignalin thisanalysishowvever andconcludethat
this featurewasa resultof residualPSFsystematicandthe KS93
massreconstructioomethodusedin the Grayetal. (2002)ground-
basedanalysisA similar non-detectiorandconclusionvasdravn
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by Gavazzietal. (2004)on are-analysiof thetentatize lensingde-
tectionof lamentary structurein the MS0302+17superclusteby
Kaiseretal. (1998).Thesetwo null resultsdo not mean however,
that lamentary extensionsof dark matterdo not exist between
clusters.Instead,as shavn by Dolag et al. (2006), we are nd-
ing thatintra-cluster laments are very dif cult to detectthrough
weaklensing.From numericalsimulations Dolag et al. (2006)de-
terminean expected lamentary shearsignal from a supercluster
lament of g 0:01, which is a factorof threesmallerthanthe
noiseon 1 arcminscalesn this HSTanalysis.To detecta signalof
this magnitudewould requiresigni cantly deeperspace-basedb-
senations.An alternatve, thatwe arecurrentlyinvestigatingjs the
detectionof weakgravitational e xion, a third orderweaklensing
effect thatwill be very effective at probingthe sub-structureshat
wereresohed in this weakshearanalysis(seefor exampleBacon
etal. 2006),andis alsoa potentialway to recoser moreinformation
aboutintra-clusterlaments.

Thedarkmattermappresentedn this papemwill form theba-
sis of future studiesof galaxy morphologyandgalaxytypein an
over-densedark matterervironment.Comparingthe resultsof this
analysiswith the previous ground-basednalysisclearly demon-
strategthe importanceof space-basedbsenrationsfor future high
resolutionweaklensingdark matter'obsenations' of denseervi-
ronments.
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