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ABSTRACT
We presenta high resolutiondark matterreconstructionof the z = 0:165 Abell 901/902
superclusterfrom a weak lensinganalysisof the HSTSTAGESsurvey. We detectthe four
main structuresof the superclusterat high signi�cance, resolvingsubstructurewithin and
betweentheclusters.We �nd thatthedistribution of darkmatteris well tracedby thecluster
galaxies,with thebrightestclustergalaxiesmarkingout thestrongestpeaksin thedarkmatter
distribution.We also�nd asigni�cant extensionof thedarkmatterdistributionof Abell 901a
in thedirectionof an infalling X-ray groupAbell 901� . We presentmass,mass-to-lightand
mass-to-stellarmassratiomeasurementsof thestructuresandsubstructuresthatwedetect.We
�nd noevidencefor variationof themass-to-lightandmass-to-stellarmassratio betweenthe
differentclusters.We compareourspace-basedlensinganalysiswith anearlierground-based
lensinganalysisof thesuperclusterto demonstratetheimportanceof space-basedimagingfor
futureweaklensingdarkmatter`observations'.

1 INTR ODUCTION

Observationsandtheoryboth point to the importanceof environ-
ment on the propertiesof galaxies.Early-typegalaxiesare typi-
cally found in more denseregions comparedto late-typegalax-
ies (Dressler1980),galaxycolour andluminosity arefound to be
closelyrelatedto galaxydensity(Blantonetal. 2005)andthefrac-
tion of star-forming galaxiesalsoshows a strongsensitivity to the
densityonsmall< 1 Mpc scales(Baloghetal. 2004;Blantonetal.
2006).Theoreticallytherearea numberof physicalmechanisms

that could causetheseeffects in denseenvironments.Thesepro-
cessescan changethe star formation history, gascontentand/or
morphologyof a galaxythrough,for example,ram-pressurestrip-
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 thedarkmatterpoten-
tial (Bekki 1999;Moore et al. 1998).They dependdifferently on
clustergas,galaxydensityandthe darkmatterpotentialhowever,
with ram-pressurestrippingdependentonthegasdistributioncom-
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2 Heymansetal.

paredto tidal effectswhich aredependenton theoverall potential.
A key dif�culty in disentanglingtheseeffects observationally, is
thattypically thetidal potentialis only constrainedin aglobalsense
throughthemeasuredvelocitydispersionof a cluster, or a richness
or total luminosity estimate.This resultsin an assumedspherical
tidal potentialmodelthatis smoothedover thesmallscalesthatare
relevantfor tidal strippingandharassmentstudies.

In this paperwe studythecomplex Abell 901/902superclus-
ter, hereafterA901/2, in the �rst of a seriesof papersfrom the
STAGES1 collaboration.Froma rich multi-wavelengthdatasetthe
A901/2 superclusterpermitsa thoroughinvestigationof the rela-
tionshipsbetweengalaxymorphology(from HubbleSpaceTele-
scope(HST) and ground-basedimaging, Gray et al. 2008; Lane
etal.2007),luminosity, stellarmassandcolour(from theCOMBO-
17 survey with 17-bandoptical imaging,Wolf et al. 2003;Borch
etal.2006),starformationrates(from 24� m Spitzerdata,Bell etal.
2007),galaxydensity(Wolf et al. 2005;Grayet al. 2004),andthe
hot intra-clustermedium(from XMM observations,Gilmour et al.
2007;Grayetal.2008).Oneof thekey reasonsto obtainHSTimag-
ing of this superclusterwasto constructa high resolution,reliable
andaccuratemapof the projectedtotal massdensitydistribution.
Usingweakgravitational lensingtechniqueswe areableto recon-
structthedistribution of bothdarkandluminousmatterandquan-
tify the signi�cance of the structuresthat are seen,updatingthe
previousground-basedweaklensinganalysisof Grayetal. (2002).
This extra dimensionto themulti-wavelengthview of A901/2will
be a key ingredientin future studieswherewe hopeto be ableto
separatetheeffectsof tidal andgas-dynamicalin�uence on galaxy
formationandevolution.

Weakgravitational lensingis now a well establishedmethod
for studying the distribution of dark matter. Light from distant
galaxiesis de�ectedby the gravitational effect of the intervening
structures,inducinga weakly coherentdistortionin the shapesof
galaxyimages.Thestrengthof this lensingeffect is directlyrelated
to the projectedmassalongthe line of sight,andit cantherefore
beusedto mapdarkmatterin denseregions(seefor exampleGray
et al. 2002;Gavazziet al. 2004;Dietrich et al. 2005;Clowe et al.
2006;Mahdavi etal. 2007).

The�rst weaklensinganalysisof A901/2by Grayetal. (2002)
useddeepground-basedR-bandobservationsfrom the COMBO-
17 survey (Wolf et al. 2003).This analysisrevealedthreesignif-
icant peaksin the dark matterdistribution at the locationsof the
A901a,A901bandA902 clusters,in additionto a low signi�cance
southwestpeakco-incidentwith agalaxygroup,hereafterreferred
to as the SW group.This analysisalsoshowed a �lamentary ex-
tensionbetweenthe A901aandA901b clusters.As this �lament
was locatedacrossthe CCD chip boundaryin the mosaicimage,
however, Grayetal. (2002)couldnotruleout thepossibilityof this
structureoriginatingfrom residualuncorrecteddistortionsfrom the
pointspreadfunction(PSF)of thetelescopeanddetector. TheGray
et al. (2002)ground-basedanalysisalsoreporteda candidategiant
arc.TheSTAGESHSTimagingcanruleout thiscandidatearcasa
co-incidentalalignmentof objects.STAGESdoeshowever resolve
several other candidatearcsaroundsuperclustergalaxies,which
will be presentedin Aragón-Salamancaet al. (2008)andGray et
al. (2008).

Using theaccuratephotometricredshiftinformationfrom the
A901/217-bandobservationsof theCOMBO-17survey, wherethe

1 `SpaceTelescopeA901/902GalaxyEvolutionSurvey' (HSTGO-10395,
PI M. E. Gray),www.nottingham.ac.uk/� ppzmeg/stages

photometricredshifterror� z � 0:02=(1 + z) for R < 24, Taylor
etal. (2004)extendedtheGrayetal. (2002)analysis,by creatinga
three-dimensionalreconstructionof theA901/2darkmatterdistri-
bution.Thisanalysisrevealedapreviouslyunknown higherredshift
clusterlocatedbehindA902 that is at z = 0:46. This clusterwas
named,andhereafterreferredto as,CB1byTayloretal. (2004).We
have updatedthe redshiftsof both CB1 andA901/2 in this analy-
sis basedon an improved photometricredshift catalogueand the
additionof somespectroscopicredshifts.

In this analysiswe revisit the dark matter distribution in
A901/2 using deep HST observations. The dominant sourceof
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 thehigh resolutionthatHSThasto offer. HST
triplesthenumberdensityof resolvedgalaxiesfrom whichthelens-
ing signalcanbemeasured,reducingthe intrinsic ellipticity noise
on small scales.In addition,the high resolutionspace-baseddata
permitshighersignal-to-noiseshapemeasurementsandanarrower
PSF, thusimplying amoreaccuratePSFcorrection.

Thispaperisorganisedasfollows.In section2 wedescribethe
weaklensingtheorythat is relatedto this analysis,andthe maxi-
mumlikelihoodmethodthatwe useto reconstructthedarkmatter
distribution. We describethe dataandweaklensingmeasurement
methodin section3. We presentour resultsin section4, including
NFW pro�le massmeasurementsin section4.1 andthedarkmat-
ter reconstructionandground-basedcomparisonin section4.2.A
�rst comparisonof the dark matter, galaxy light andstellarmass
distribution is presentedin section4.3 alongwith mass,mass-to-
light andmass-to-stellarmassratiomeasurements.A moredetailed
comparisonof themass,gasandgalaxiesof A901/2will appearin
a forthcominganalysis.We investigatethe signi�canceof the su-
perclustersubstructurethat is resolved in our dark matterrecon-
structionin section4.4 anddiscussour �ndings andconcludein
section5. Throughoutthis paperwe assumea � CDM cosmology
with 
 m = 0:3, 
 � = 0:7, andH0 = 100hkm s� 1Mp c� 1 . All
magnitudesaregivenin theVegasystem.

2 METHOD AND THEORY

Gravitationallensingis sensitive to theprojectedsurfacemassden-
sity alongthe line of sight �( � ), typically denotedby theconver-
gence� . In thecaseof a singlelens,

� =
�

� crit
; � crit =

c2

4� G
D s

D l D ls
; (1)

whereD l is the angulardiameterdistanceto the lens,D s is the
angulardiameterdistanceto thelensedsourcegalaxies,andD ls is
theangulardiameterdistancefrom thelensto thesource.

Thecoherentdistortion,or reducedshearg = g1 + ig2 , that
is detectedin the imagesof distantsourcesallows for the recon-
structionof theprojectedinterveningmatter� asg = 
 =(1 � � ),
and

� =
1
2

( ;11 +  ;22 ) ; 
 1 = 1
2 ( ;11 �  ;22 ) ; 
 2 =  ;12 ; (2)

where
 is the true shear, 
 = 
 1 + i
 2 , and  ;ij is the second
derivative of the lensingpotential(seefor exampleBartelmann&
Schneider2001).

The strengthof all lensingdistortionsis invariant underthe
transformation� 0 = (1 � � )� + � , where� is a constant(Goren-
steinet al. 1988).This is known as the `masssheetdegeneracy'
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implying thatall lensingobservationsareinsensitive to a constant
masssheetacrossthe �eld of view (� ) in addition to a � depen-
dentrescalingof the`original' surfacemassdensity. For wide-�eld
imagesof relatively isolatedclusters,where� is weak, one can
signi�cantly reducethis biasusingthe � c statisticof Clowe et al.
(1998).The� c(r ) statisticgivesa modelfreeestimateof themass
enclosedwithin a radiusr andis givenby

� c(r 1) = �� (r 6 r 1) � �� (r 2 6 r 6 r max ) ; (3)

wherer 2 is de�ned to betheradiusoutsidewhich theclusterden-
sity is expectedto be very low, basedon initial massestimates,
andr max is the�eld-of-view radius.Thesecondtermthereforees-
sentiallymeasuresthe constant� . In the caseof A901/2 we �nd
�� (150 6 r 6 200) = � 0:002 � 0:007 wherer is measuredfrom
the centreof the STAGESmosaicwhich is centredon the super-
cluster. This measureis consistentwith what would be expected
from large-scalestructureand the NFW multi-halo model of the
A901/2 superclusterthat we develop in section4.1. We therefore
assumeazeromasssheetdegeneracy correctionin theanalysisthat
follows.

2.1 Dark Matter reconstruction

In this paperwe usea maximumlikelihoodmethodto reconstruct
the surface massdensity � . Starting with a `best guess'Kaiser
& Squires(1993) reconstruction,the lensingpotential  is con-
structedon a pixelisedgrid andis allowed to vary to producethe
minimum differencebetweenthe reconstructedand observed re-
ducedshear�eld. Thebene�t of usingthismethodis thatavarying
noiseestimatecan be obtainedacrossthe whole region enabling
thesigni�canceof eachstructurein thedarkmattermapto beac-
curatelyquanti�ed.Furthermoreit doesnot rely ontheassumption
thattheobservedreducedshearg is approximatelyequalto thetrue
shear
 , which for theA901/2superclusterwould introduceerrors
atthe� 15%level.Wesmooththeresulting� mapswith aGaussian
of smoothingscale0.75arcmin,which is equalto � 90h� 1 kpc at
thesuperclusterredshiftz = 0:165. Thissmoothingscaleprovides
thebesttrade-off betweenhighresolutionandhighsignal-to-noise.

We determinethe location of peaksfrom the local maxima
andminimain thesignal-to-noiseweaklensingmap.Occasionally
we �nd two peaksthatareseparatedby lessthanhalf thesmooth-
ing radius.Thesearisefrom small noise�uctuations on top of a
larger �uctuations andin thesecaseswe only counta singlepeak
with signi�cance given by the maximal peakwithin the smooth-
ing radius.Oncepeaksaredetectedin a weak lensingmassmap
their signi�cance hasto be comparedto what is expectedfrom a
smoothedrandomnoisemap,wherea 3� noisepeak,for example,
is muchmorecommonthanwould naively beexpected.As shown
by VanWaerbeke(2000),thestatisticsof peaksin asmoothedpure
noisemap follow the peakstatisticsof a two-dimensionalGaus-
sianrandom�eld (Bond& Efstathiou1987).Weuseboththepeak
signal-to-noiseand the radial peakpro�le to calculatethe global
probabilityof adetecteddarkmatterpeakarisingfrom noiseusing
Equation(45) of VanWaerbeke (2000).

2.2 Model-fr eeMassmeasurement

As our dark matter reconstructionrevealsstructuresthat are far
from thesphericallysymmetricsimpleisothermalsphereandNFW
models(Navarro et al. 1997)that areoften �t to estimatemasses
from weaklensingmeasurements(seefor exampleHoekstra2007),

our preferredmethodto measuremassusesa model-freemasses-
timate.Following theideaof the� c statistic(Equation3), we mea-
surethemassof structureswithin anaperture.For themainstruc-
turesin thesuperclusterwe de�ne aperturesby the1� and3� en-
closedregionsin thedarkmattersignal-to-noisemaps.In thecases
of smallerclustersubstructure,wherethesmoothedstructuresap-
pearto bemorespherical,we usecircularaperturesof radius0.75
arcminto matchthesmoothingscaleusedin thedarkmatterrecon-
struction.The`aperture'massis givenby

M =
X

ap erture

Apix � (x; y) � crit ; (4)

whereA pix is the projectedpixel areaat the cluster redshift in
h� 2Mp c2 , (x; y) arepixels enclosedby the chosenapertureand
� crit is thecritical surfacemassdensity, givenin Equation1.

2.3 NFW pro�le model

Themaindrawbackof usingthemodel-freemassestimatein Equa-
tion 4 is theinability to separatemassat differentredshifts.This is
becausethe dark matterreconstruction� measuresthe projected
surface massdensityalong the line of sight. In the caseof the
A901/2 superclusterthereis a higher redshift z = 0:46 cluster,
CB1,thatliesbehindA902(Tayloretal. 2004)suchthatthemodel
free massestimatefor the A902 region gives the combinedmass
of A902 andCB1.To obtainseparatemassestimatesfor theA902
andCB1 clusterandto enablea comparisonto future analysesof
numericalsimulations,wethereforealsopresentmassestimatesfor
thedarkmatterstructuresin A901/2usinganNFW halomodel.

The NFW halo modelhasbeenshown in numericalsimula-
tionsto provide a good�t to thesphericallyaveragedpro�le of all
dark matterhalosirrespective of their mass(Navarroet al. 1997).
The NFW model for the densitypro�le of a halo at redshiftz is
givenby

� (r ) =
� c � c(z)

(r =rs )(1 + r =rs )2
; (5)

where� c is the characteristicdensity, r s is the scaleradiusand
� c(z) is the critical density given by 3H(z)2=8� G. We follow
Dolag et al. (2004) de�ning the virial radius r 200 as the radius
wherethe massdensityof the halo is equal to 200
 m (z)� c(z),
suchthatthecorrespondingvirial massM 200 is givenby

M 200 = 200
 m (z)� c(z)
4�
3

r 3
200 : (6)

As themassenclosedwithin a radiusR is givenby

M (r 6 R) = 4� � c � c(z) r 3
s

�
ln

�
1 +

R
r s

�
�

R=rs

1 + R=rs

�
; (7)

de�ning the concentrationparameterasc = r 200 =rs , the charac-
teristichalodensity� c is givenby

� c =
200
 m (z)

3
c3

ln(1 + c) � c=(1 + c)
: (8)

For a givenCDM cosmology, thehalomassM 200 andconcentra-
tion c are related(Navarro et al. 1997; Bullock et al. 2001; Eke
et al. 2001;Dolaget al. 2004),wherethedependenceis calculated
through�ts to numericalsimulations.In this paperwe usethe re-
lationshipbetweenhalomassM 200 andconcentrationc derivedby
Dolaget al. (2004).

Theexpressionfor theweaklensingshear
 andconvergence
� inducedbyanNFW darkmatterhalo,givenin Bartelmann(1996)
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andWright & Brainerd(2000),dependson theredshiftof boththe
lensandsourcegalaxies.In thisanalysiswehaveaccurateredshifts
for themajorityof theA901/902clustergalaxiesbut noredshiftin-
formationfor � 90% of our sourcegalaxiesasthey aretoo faint
to calculatea COMBO-17 photometricredshift. The maximum-
likelihoodmethodof Schneider& Rix (1997)wasdesignedto take
advantageof sucha datasetfor analysingthegalaxy-galaxylens-
ing statistically(Kleinheinrichet al. 2006;Heymanset al. 2006),
andit is this methodthat we have adaptedfor clusterlensingand
describebelow.

For a model cluster density pro�le, in the casewhere all
galaxy redshiftsare known, the weak shear
 and convergence
� experiencedby eachsourcegalaxy can be predictedby sum-
ming up the shearand convergencecontributions from all the
foreground clusters.In this analysisthe redshiftsof the source
galaxiesare unknown, and we thereforeassignthosegalaxiesa
magnitude-dependentredshift probability distribution p(z; mag)
given by Equation15 of Heymanset al. (2005)updatedwith the
magnitude-redshiftrelationof Schrabbacket al. (2007),wherethe
averagemedianredshiftzm is givenby

zm = 0:29[mF606W � 22] + 0:31: (9)

We arethenableto calculatetheexpectationvalueof theobserved
reducedshearhgi throughMonte Carlo integrationby drawing a
sourcegalaxyredshiftestimatez�

s from thedistributionp(z; mag),
� = 1::NMC times,whereNMC = 100 in this analysis.Testing
larger valuesfor NMC did not changethe result.For eachz�

s es-
timatethe inducedclusterlensingshearg� is calculatedwith the
resultingmeanreducedsheargivenby

hgi =
1

NMC

N MCX

� =1

g� : (10)

The intrinsic sourcegalaxyellipticity � s is thencalculated,� s �
� obs � g. Thedistributionof eachcomponentof theobservedgalaxy
ellipticity is well described,for theSTAGESsurvey, by a Gaussian
of width � � = 0:26. As the inducedreducedshearg is relatively
weak,the probability for observingan intrinsic ellipticity of � s is
thengivenby

P(� s) =
1

2� � 2
�

exp
�

�j � sj2

2� 2
�

�
: (11)

The best-�t dark matterhalo parametersaredeterminedby max-
imising the likelihoodL = � [P (� s) i ] wheretheproductextends
over all sourcegalaxiesi .

3 THE STAGESDATA

TheSTAGESsurvey (Grayet al. 2008)spansa quartersquarede-
greecenteredon theA901/2supercluster. Imagedin F606W, using
the HST AdvancedCamerafor Surveys (ACS), the 80 orbit mo-
saic of 80 ACS tiles forms the secondlargestdeepimagetaken
by HST. A detailedaccountof theSTAGESreductionmethodwill
be presentedin Gray et al. (2008). It is very similar to the re-
duction usedfor the GEMS survey discussedin Heymanset al.
(2005)andCaldwellet al. (2008),differing only in theditherand
drizzle strategy. For STAGES, each image consistsof four co-
addedditheredimagescombinedwith a Gaussiandrizzling ker-
nel with a resulting0.03 arcsecondpixel scale,as suggestedby
Rhodesetal. (2007).STAGESis complementedby 17-bandoptical
imagingfrom theCOMBO-17survey whichprovides,for galaxies
brighterthanR = 24, accuratephotometricredshiftswith errors

Figure1. Thetiling patternof theSTAGESACSobservations.Eachgroup
of datausedto make theseventime-dependentPSFmodelsis shown with
a differentgrey-scale.Thepositionsof thefour mainstructuresareshown
with a circle of radius1 arcmincentredon the brightestclustergalaxyin
A901a(tile 55), A901b(tile 36), A902 (tile 21) andtheSW group(tile 8).
Thepositionof the infalling X-ray groupA901� is alsocircled(above tile
55).

� z � 0:02(1 + z), spectralenergy distribution galaxyclassi�ca-
tion, andstellarmassestimatesM � from low resolution17-band
spectra�ts to parameterisedstarformationhistorymodels(Borch
etal. 2006;Wolf etal. 2004).

3.1 Weak lensingshearmeasurement

To measurethereducedweaklensingshearg, we usethedatare-
ductionstepsandmethoddescribedin Rix et al. (2004)andHey-
manset al. (2005).Theshearmeasurementaspectis basedon the
Kaiseret al. (1995)method.As we areprimarily interestedin the
variationin thedark mattermapwe have updatedour shearmea-
surementpipelineto maximisethe signal-to-noiseby including a
polynomial�t to theshearseeingcorrectionP 
 (Luppino& Kaiser
1997)asa function of galaxysize.We also includethe Hoekstra
correctionto the shearpolarisability tensordetailedin Heymans
etal. (2006).Theaccuracy of theseupdateshasbeenveri�ed using
thepublicly availablesuiteof simulationsfrom theShearTEsting
Programme2 (Heymansetal. 2006;Massey etal. 2007).Themodi-
�cations successfullyreducedthenoiseon theshearmeasurement,
quanti�ed throughtheroot-mean-squarevariationof themeasured
ellipticity � � , from � � = 0:31 to � � = 0:26.

We usethesamemethodasHeymanset al. (2005)to account
for thetimevariationof theACSPSF,namelyto dividethedatainto
setsimagedin a shortperiodof time andassumethatthetemporal
variationduring that time is minimal. Themajority of theA901/2
�eld wasobservedin thespaceof 20days,with theremaining10%

2 www.physics.ubc.ca/� heymans/step.html
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imagedat a later dateover thespaceof 4 days.Owing to the rel-
atively low galacticlatitudeof the A901/2 �eld andthe resulting
high stellardensityof 30 � 40 usefulstellarimagesperACS im-
age,we areableto split thedatainto sevengroupsto achieve good
temporalsamplingof thePSFdistortion.This numberwaschosen
to balancebetweentheneedto useasmany ACSimagesaspossi-
ble to maximisethesignal-to-noiseontheaveragemeasuredstellar
ellipticity asa functionof CCD position,whilst requiringasmany
timebinsaspossibleto minimisethetemporalvariationof thePSF
pattern.Figure1 shows thetiling patternof theSTAGESACSob-
servationsdenotingeachgroupof datathatwasusedto make the
sevendifferentPSFmodels.With this semi-timedependentmodel
we �nd andremove temporalvariationduringtheA901/2observa-
tions.AveragedacrosstheACS�eld-of-view, this temporalvaria-
tion is at the 1% level on the measuredstellarellipticity. As this
variationis morethananorderof magnitudelower thantheweak
lensingsignalfrom theA901/2superclusterour semi-timedepen-
dentPSFmodelis morethansuf�cient for this analysis.We might
expectto seelow-level systematicsfor theACSimageswhoseob-
servationdateis isolatedatthestartor endof adatagroup,affecting
tiles21,33,36,43,44,46,47,57,69and72.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
residualsystematicswill betakeninto accountby includinga con-
servativesystematicerrorterm,basedon theB-modeamplitude,in
the analysisthat follows. Note that Schrabbacket al. (2007)and
Rhodeset al. (2007)presentsigni�cantly moreadvancedmethods
to modelthe temporalvariationof the ACS PSFdesignedfor the
detectionof the weaker lensingsignal from large-scalestructure
whichwill beinvestigatedfurtherin a futureanalysis.

In the time sincetheACS observationsof theGEMS survey
usedby Heymansetal. (2005),thechargetransferef�ciency (CTE)
of the ACS hasdegradedsigni�cantly. During the CCD readout,
asthe CTE degradesover time, the amountof charge left behind
increases.This resultsin image`tails' developingalongthe read-
out direction,with themostsevereeffectsseenin the furthestob-
jects from the readoutampli�ers. As the amountof charge left
behindin eachcharge transferis independentof the pixel count,
CTE impactson the shapesof fainter objectsmore signi�cantly
thanbrighterobjects,andhencethis distortionis not takeninto ac-
countby the PSFcorrection.We follow Rhodeset al. (2007) by
usingan empiricalCTE correctioneCTE

1 for theg1 shearcompo-
nent,alongthe readoutdirection,whereeCTE

1 = 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
measurementsfrom SExtractor(Bertin & Arnouts 1996).A is a
normalisationconstantderived to minimisethe averagemeasured
shearhg1 i , whereg1 = 2(e1 � eC T E

1 )=Tr(P 
 ), e1 is the PSF
correctedgalaxyellipticity andP 
 is theshearpolarisabiltytensor
from Luppino & Kaiser (1997).For the faintestgalaxiesthat are
furthestfrom the readoutampli�er, and hencethe most strongly
affected,eC T E

1 = 0:02, but on averageeC T E
1 � 0:003 which is

morethananorderof magnitudelower thantheweaklensingsig-
nal from theA901/2supercluster. Wemeasuretheaveragehg1 i be-
fore applyingtheCTE correctionto be0:004 andafter correction
hg1 i = 0:00001. Any residualCTE distortionsthat remainafter
thecorrectionarethereforevery weakin comparisonto thesuper-
clusterlensingsignal.As theoriginal CTE distortionvariesacross
theACS�eld of view andhenceacrosstheSTAGESmosaic,any
residualCTEdistortionswouldhoweverbeincludedin ourB-mode
analysisandhencetheerrorsin theresultsthatfollow.

3.2 Galaxy selectionand redshift estimation

As we areinterestedin the dark matterin A901/2 at a redshiftof
z = 0:165, we selectgalaxiesthat arelikely to be at higherred-
shifts andthuslensedby the supercluster. As the majority of our
galaxiesaretoo faint to calculatea COMBO-17photometricred-
shift, thebestoptionis to useamagnitudeselectionbasedonthere-
lationshipbetweenmedianredshiftzm andF606Wmagnitudede-
rivedin Schrabbacketal. (2007)andgivenin Equation9.To ensure
thatthemajority of objectshave zs > zA901 =2 , we selectgalaxies
with mF606W > 23, correspondingto amedianredshiftzm > 0:6.
We alsoincludeselectioncriteriachosento optimisetheaccuracy
and reliability of the weak lensingshearmeasurement,selecting
galaxieswith S/N > 5, magnitudemF606W < 27:5, andgalaxy
sizer h > 3 pixels.Our resultingweaklensingcatalogueincludes
over 60000objects,or roughly65 galaxiespersquarearcmin.The
averagegalaxymagnitudeof thissampleis hmF606W i = 25:7, im-
plying a medianredshiftzm ' 1:4. Assuminga redshiftdistribu-
tion givenby n(z) / z2 exp(� z1:5) (Baugh& Efstathiou1993),
we estimatea � 3% contaminationof oursourcegalaxycatalogue
from objectsthatareforegroundto thecluster. Thedilution of the
signalby foregroundgalaxiesis thereforewell within thestatistical
noiseof ouranalysis.

To calculatethe model-freemassestimatein Equation4 we
placethebackgroundsourcegalaxysampleatoneredshiftzs taken
to be the medianredshiftzm ' 1:4 of thesources.We chooseto
usethemedian,asthehigh redshifttail of theredshiftdistribution
of faint galaxiesis poorly constrainedobservationally (seefor ex-
ampleBenjaminetal.2007)leadingto apotentiallybiasedmeasure
of themeanredshift.However notethat this choiceis fairly unim-
portantasfor zs > 1 andzl = 0:165, theredshiftof A901/2,the
importantdistanceratio D s=D ls in Equation1 is fairly insensitive
to thevalueof zs . For example,a largeincreaseof zs from zs = 1
to zs = 1:5 increasesD s =D ls by only � 6%. Hencefor this deep
analysis,wherethemajorityof sourceshaveredshiftszs > 1, plac-
ing all lensedgalaxiesat oneredshiftis a goodapproximation.

4 RESULTS

In this sectionwe presentthe resultsof our weaklensinganalysis
of theA901/2superclusterincludingclustermassestimates,acom-
parisonof threedifferentweaklensingdarkmatterreconstructions
anda comparisonof the resultingdark matterdistribution to the
distributionof light in thesupercluster.

4.1 Massestimatesfor NFW pro�les

We usesphericalNFW haloesto model the weak lensingshear
measuredin the A901/2 �eld. We testtwo differentmodelsusing
themethoddescribedin section2.3.The`onehalo' modelcentres
a singleNFW haloon thebrightestclustergalaxy(BCG3) in each
clusterat z = 0:165. The `two halo' modelplacesa halo at the
A901aBCG andthelocationof the infalling X-ray groupA901� ,
a halo at theA902 BCG andat thebackgroundclusterCB1 BCG
at z = 0:46, andtwo halosin theSW group,SWa andSWb. The
positionsof the two SW halosare motivatedby the dark matter
reconstructionpresentedin section4.2. Table1 lists the resulting
constraintson theNFW `virial' massM 200 of eachhalo,theNFW

3 In thisanalysiswede�ne aBCGto bethebrightestclustergalaxywithin
anarcminuteof thepeakof thecluster's galaxydistribution.
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6 Heymansetal.

Structure RA Dec M 200 r 200 � 200 M (� < 10) � 2
�

(deg) (deg) (h � 11013 M � ) (h � 1 kpc) (arcmin) (h � 1 1013 M � )

OneHalo:

A901a 149.1099 -9.9561 18:8+4 :4
� 4:4 1194+86

� 101 10:0+0 :7
� 0:8 1:94+0 :19

� 0:22 1:6

A901b 148.9889 -9.9841 18:1+4 :4
� 4:4 1180+88

� 104 9:9+0 :7
� 0:9 1:91+0 :19

� 0:23 1:0

A902 149.1424 -10.1666 5:6+2 :7
� 2:3 799+112

� 125 6:7+0 :9
� 1:0 1:07+0 :24

� 0:26 1:3

SWgroup 148.9101 -10.1719 7:9+3 :2
� 2:7 894+106

� 117 7:5+0 :9
� 1:0 1:28+0 :23

� 0:25 1:9

Two Halo:

A901a 149.1099 -9.9561 17:5+5 :0
� 5:0 1166+102

� 124 9:8+0 :9
� 1:0 1:88+0 :22

� 0:27 1:8

A901� 149.0943 -9.9208 7:0+3 :0
� 2:5 859+108

� 118 7:2+0 :9
� 1:0 1:20+0 :24

� 0:25 -

A902 149.1424 -10.1666 5:0+3 :2
� 2:3 766+137

� 140 6:4+1 :1
� 1:2 1:00+0 :30

� 0:29 1:1

CBI 149.1650 -10.1728 4:9+3 :8
� 2:6 608+127

� 138 2:5+0 :5
� 0:6 2:43+1 :09

� 1:01 -

SWa 148.9240 -10.1616 3:6+2 :7
� 2:3 689+141

� 192 5:8+1 :2
� 1:6 0:84+0 :30

� 0:37 1:5

SWb 148.9070 -10.1637 4:5+2 :6
� 2:3 742+123

� 153 6:2+1 :0
� 1:3 0:95+0 :26

� 0:31 -

Table1. Massmeasurementsfor theA901/2superclusterassumingtheNFW sphericalhalomodel.The`onehalo' modelplacesasingleNFW haloatposition
(RA,Dec)centredon theBCG in eachcluster. The`two halo' modelplacesa haloat theA901aBCG andthelocationof theinfalling X-ray groupA901� , a
haloat theA902BCGandat thebackgroundclusterCB1BCG,andtwo halosin theSWgroup,SWaandSWb. Thereis nomotivationto �t theA901bcluster
with two haloesandit is thereforeonly listed in the`onehalo' modeluppersectionof theTable.TheNFW `virial' massM 200 (h � 11013 M � ) corresponds
to a `virial' radiusr 200 (h � 1kpc) which hasanobservedangularscale� 200 (arcmin).For comparisonwith the1 arcminaperturemodel-freemassestimates
M ap in Table2, M (� < 10) is themassof theNFW haloenclosedby a1 arcminaperture,centredon(RA,Dec).Thereduced� 2

� of the�t is givenin the�nal
column.

Figure 2. The tangentialreducedsheardistortionasa functionof the dis-
tancefrom theBCGin eachcluster. Thedashedline in eachpanelshowsthe
best-�tting modelpro�le assumingsingleNFW darkmatterhaloescentred
on eachBCG.Thesolid line shows thebest-�tting modelpro�le assuming
multiple NFW dark matterhaloes.The upperpanelsshow the pro�le ex-
pectedfrom threeNFW haloescentredon theBCG in A901a,theBCG in
A901bandthe X-ray infalling groupA901� . A901aandA901� increase
the largescalesinglein A901bandvice versa.Thelower left panelshows
the pro�le expectedfrom two NFW haloescentredon the BCG in A902
andtheBCG of thebackgroundclusterCB1.Thelower right panelshows
thepro�le expectedfrom two NFW haloesSWaandSWbin theSWgroup.
Themodelhaloparametersaregivenin Table1.

`virial' radiusr 200 andthecorrespondingangularprojectionof this
radiusonthesky � 200 . We�nd resultsthatarefully consistentwith
the singleandmultiple simple isothermalspherehalo analysisof
Tayloretal. (2004).For comparisonwith themodel-freemassesti-
matesin section4.2wealsocalculatetheNFW halomassenclosed
by anapertureof 1 arcminM (� < 10) usingEquation7.

Figure2 comparesthemeasuredtangentialreducedsheardis-
tortion gt aroundeachclusterwith the predictionfrom our `one
halo' (dashed)and`two halo' (solid) model,assumingall lensed
sourcegalaxiesareat a singleredshiftzs = 1:4. Therotatedshear
gr is found to be consistentwith zero on all scalesas expected.
Note that the modelparametersareconstrainedusingthe method
of Schneider& Rix (1997)asdescribedin section2.3,not asa �t
to the azimuthallyaveragedsheargt presentedin this Figure.We
�nd thatbothmodels�t this dataequallywell but, in thecasesof
A901aand the SW group,NFW haloesare in generala poor �t
to the data(the reduced� 2

� of the �t is given in the �nal column
of Table1). Fromthis we concludethat for theseunvirialisedsys-
tems,thesphericalNFW modelprovidesapoor�t. Notethatusing
theBullock et al. (2001)relationshipbetweenvirial massandcon-
centrationresultsin even poorer�ts to the data.Figure2 is also
instructive to seethe impactof the individual haloson eachother.
Theeffectof A901aonthepro�le of A901b(andviceversa)canbe
seenfrom theincreasingsignalon largescalesin theupperpanels
of Figure2.Thedecreasein signalonsmallscalesin theSWgroup
datafavoursthe`two halo' modelover the`onehalo' model.

ComparingtheA902 `onehalo' and`two halo' modelsin the
lower left panelof Figure2 shows that the additionof the back-
groundclusterCB1 hasonly a weakeffect on thepro�le of A902.
We �nd that the virial massof A902 decreasesby 11% whenthe
CB1 halo is includedin the analysis(seeTable 1). As CB1 and
A902 are separatedby 1.4 arcmin, the massenclosedby a 1 ar-
cmin apertureM (� < 10) is even lesseffectedanddecreasesby
6% whenthe CB1 halo is includedin the analysis.We therefore
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concludefrom this NFW analysisthat in the model-freemasses-
timatesthat follow, the contribution from CB1 to the A902 mass
cannotbemorethana � 10% effect which is within our B-mode
systmaticerrorsin theanalysisthatfollows.

4.2 Dark Matter maps

Figure 3 shows the STAGES dark matter reconstructionof the
A901/2supercluster. Theupperleft panelshowsthemaximumlike-
lihood reconstructionthatclearly revealsthe four mainsuperclus-
ter structures;A901a,A901b,A902, andtheSW group.Thecon-
tourson this signal-to-noisedark mattermapcorrespondto -4� ,-
2� (dashed),2� , 4� , and6� detectionregions(solid). Assuming
constantnoiseacrosstheimage,thescalebarshows themeasured
convergence� . This is averygoodassumptionexceptfor theedges
of themapwherethenoiseincreasesrapidly.

Thedarkmattermapcanbecomparedto theB-modeor `sys-
tematicsmap' in the lower left panelof Figure3. This is created
by rotatingthegalaxiesby 45� (Crittendenet al. 2002)andrecon-
structingthemap.As weaklensingproducescurl-freeor E-mode
distortions,a signi�cant detectionof a curl or B-modesignal in-
dicatesthatellipticity correlationsexist from residualsystematics.
ComparingtheB-modemapwith thecontoursfrom thedarkmat-
ter map thereforeallows one to assessthe reliability of eachde-
tectedstructure.For the mapsshown in Figure3, a 3� detection
has� � 0:07, althoughthe true signi�cance of any peakin the
distribution hasto be determinedby comparisonto the statistics
of a randomGaussian�eld (Van Waerbeke 2000).For a �eld this
size,with thesamenumberof galaxies,ellipticity distribution and
smoothingscale,smoothedGaussiannoisewould produce2 � 3
random> 3� E andB-modepeaks,and0 � 1 random> 3:5�
E andB-modepeaks,which we discussfurther in section4.4.All
but oneof thethreemostsigni�cant > 3:5� B-modepeakscanbe
linkedto regionswherethesimplesemi-time-dependentPSFmod-
elingusedin thisanalysisfails,asdiscussedin section3.1.

For comparisonwith previousanalyses,theupperright panel
of Figure3 showsaKaiser& Squires(1993,KS93)reconstruction.
The main differenceseenbetweenour preferredmaximumlikeli-
hoodreconstruction(upperleft panel)andtheKS93reconstruction
(upperright panel)is thestrengthandsigni�canceof thepeaks.In
theclustercores,where� > 0:12, thereducedshearg is morethan
15%largerthanthetrueshear
 . HencetheKS93� reconstruction
wherethereducedshearg is assumedto beequalto thetrueshear

 , resultsin anoverestimationof � in theseregions.Whenthemaps
aresmoothed,thesestrongoverestimated� peaksaresmearedout,
andin thecaseof theneighbouringA901aandA901banda large
smoothingscale,this smearingcouldleadto false�lamentary fea-
turesthat we start to seebetweenA901aandA901b in the KS93
reconstruction.It is this effect, in additionto thepossiblepresence
of residualPSFsystematics,that we concludeareresponsiblefor
the �lamentary extensionbetweenA901aandA901b seenin the
COMBO-17darkmatterreconstructionof Grayet al. (2002).

Thelowerright panelof Figure3 comparesourSTAGESHST
darkmattermap(contours),with theCOMBO-17ESO2.2mWide-
Field Imagerdarkmattermapof Grayet al. (2002).This compar-
ison shows excellentagreementin the locationsof the dark mat-
ter peaks.Theground-basedmapis shown on thesame� scaleas
theothermaps,but smoothedwith a 1 arcminGaussian,compared
to the 0.75arcminGaussianusedin the STAGES.Increasingthe
resolutionof the ground-basedmap by narrowing the smoothing
scaleincreasesthe noisein the map,therebyfurther lowering the
signi�canceof thedetectedpeaks.In theground-basedanalysisof

Grayet al. (2002)21 galaxiespersquarearcminwereusedfor the
darkmatterreconstructionwith aroot-mean-squarevariationof the
measuredellipticity of � � = 0:44. This canbecomparedto the65
galaxiesper squarearcminusedin this analysiswith � � = 0:26.
The increasednumberdensityof objectsin this analysisresults
from the high HST imageresolution.The reductionin � � results
from boththehigheraveragesignal-to-noiseimagingof thesource
galaxysampleandthehigheraveragegalaxy-to-PSFsizeratio that
canbe achieved with space-basedimaging.For a 10 � 10 areaof
sky, therandomintrinsic ellipticity noiseon themeasuredshearis
� 
 (10) = 0:1 for theground-basedanalysisand� 
 (10) = 0:03 for
this space-basedanalysis.As the weaklensingsignalthat is typi-
cally detectedaroundz � 0:2 clustersis 
 � 0:1 andof theorder
of the ground-basednoise,this comparisonclearly demonstrates
theneedfor space-basedobservationsfor betterthanarcminuteres-
olution `imaging' of thedarkmatter.

4.3 A comparisonof massand light

Thedistribution of darkmatterin A901/2 is foundto bevery well
tracedby thedistributionof galaxiesassociatedwith thesuperclus-
ter, asshown by Figure4. ThisFigureshows thetotal r -bandlumi-
nosityof clustergalaxies,smoothedon thesamescaleasthedark
mattermap(shown with contours).Clustergalaxiesareidenti�ed
from theground-basedmulti-colourCOMBO-17datausingthese-
lection criteria from Wolf et al. (2005); their photometricredshift
must lie in the range0:155 < zp < 0:185 andtheir absoluteV -
bandmagnitudeMV < � 17, which correspondsto an apparent
R-bandmagnitudeR . 21:5. Thesecriteriawerechosento keep
�eld contaminationlow andclustercompletenesshigh,with asam-
ple thatis 68%completeat this luminositylimit. Wolf etal. (2005)
estimatethe level of �eld galaxycontaminationto be 3% for the
red-sequencegalaxies,and15% for the blue-cloudgalaxies,(see
Wolf et al. 2005,for moredetails).

Immediatelyin Figure4 we canseethatthemostmassive re-
gionsarealsothemostluminous.We alsostartto seeclustersub-
structuresrepeatedin boththedarkmatterandlight maps.A com-
parisonof massandstellarmassin theclusteris nearlyidenticalto
Figure4, implying thatthestellarmassis alsoa goodtracerof the
underlyingdarkmatterdistribution.Figure5 showsan8� 8 arcmin
close-upof the four main structuresof the A901/2 supercluster.
This Figurecomparesthedistribution of darkmatter(shown con-
toured)to theluminosityweighteddistributionof old redsequence
galaxiesde�ned in Wolf et al. (2005).The locationsof the BCGs
areshown with �lled diamonds.For A901aandA901b, the max-
imal peakin thedark matterdistribution is practicallyco-incident
with the locationof theBCG, (within 0.25arcmin).For A902 we
�nd two peaksin the dark matterdistribution matchingthe two
BCGs.The dark matterpeaksare slightly offset from the BCGs
(0.5 and 1 arcmin) due to the presenceof CB1, the background
clusterat a redshift of z = 0:46 whoseBCG location is shown
in the A902 lower left panelof Figure5 with a star. The cluster
CB1 �lls � 1 arcminaperturearoundthe BCG. The NFW `two
halo' A902 andCB1 modeldetailedin section4.1 predictsa shift
in theobserved A902 darkmatterpeakby � 0:3 arcminwhich is
consistentwith whatwe �nd in thedarkmattermap.

For theSWgroup,thereis againgoodagreementwith thepo-
sition of thepeakin the massdistribution andthe BCG, although
for this groupthereare two local maximain the dark matterdis-
tribution. Interestinglytherearetwo distinct groupsin the galaxy
populationof theSW group.Thereis anold redgalaxypopulation
thatsurroundstheBCG,asshown in the lower right panelof Fig-
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8 Heymansetal.

Figure 3. The dark matterreconstructionof the A901/2 supercluster. The maximumlikelihood dark mattermap is shown in the upperleft panelclearly
revealingthefour mainsuperclustersstructures;A901a,A901b,A902 andtheSW group.This reconstructioncanbecomparedto a Kaiser& Squires(1993,
KS93) reconstruction(upperright panel),the associatedB-modeor systematicsreconstruction(lower left panel)andthe Gray et al. (2002)ground-based
darkmatterreconstruction(lower right panel).Thecontoursenclosethe-4� ,-2� (dashed),2� , 4� and6� detectionregions(solid)of theSTAGESmaximum
likelihoodreconstruction(upperright andrepeatedon thelower left panel),theBmodereconstruction(lower right panel)andtheKS93reconstruction(upper
left panel).Thescalebarshows theamplitudeof themappedconvergence� which hasbeensmoothedon 0.75arcminutescalescorrespondingto � 90h� 1

kpc at thesuperclusterredshiftz = 0:165. The edgesof themaximumlikelihooddarkmattermapandthecorrespondingB-mode(left handpanels)go to
zeroasa resultof thedatamaskthatis shown in thetiling patternof Figure1.

ure5. In additionthereis a dustyredgalaxypopulation(described
by Wolf et al. 2005,but not shown in theFigure)thatexists to the
eastof theBCGandco-incideswith themostmassive easterndark
matterpeak(denotedSWb in Table1). A moredetailedanalysis
of theinterestingrelationshipbetweenthedarkmatterenvironment
andthe differentgalaxypopulationswill be presentedin a future
paper. The lower right panelof Figure5 alsoshows onecaseof a
signi�cant densityof old red galaxieswithout a peakin the dark
matterdistribution.Towardstheedgeof theSTAGESimaging,the
noisein our darkmattermapgrows rapidly, andat the locationof
thisgalaxygroupthenoiseis twicethenoiselevel at theSWgroup.

As thisgroupis likely to belessmassivethantheSWgroup,which
is detectedat 5� , wearenotsurprisedthatthis groupis undetected
in ourdarkmattermap.

The A901aupperleft panelof Figure5 shows a signi�cant
extensionof thedarkmatterdistribution, in thedirectionof thein-
falling X-raygroupA901� foundbyGrayetal. (2008)(shown with
a �lled triangle).Thepeakalongtheextension,with � p eak > 4�
(shown with across),is co-incidentwith thebrightestgalaxyin the
theX-ray group.

Comparingthe local maximain the A901b andA902 distri-
butionwith thelight mapswe �nd thatthesubstructurein thedark
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Figure4. A comparisonof massandlight in A901/2.Themassdistribution
from Figure3 (shown contoured)is comparedto thesmoothedlight distri-
bution of the clustergalaxies.The scalebar shows the r -bandluminosity
persquarearcminin unitsof h� 21010 L r � .

Figure 5. A comparisonof massand light in the main structuresof the
A901/2supercluster;A901a(upperleft), A901b(upperright), A902(lower
left) andthe SW group(lower right). 1� to 7� contoursof the signal-to-
noisedark mattermapshown in Figure3 aredrawn over a smoothedlu-
minositymapof theold redsequencesuperclustergalaxies.The locations
of thebrightestclustergalaxiesareshown (�lled diamonds),in additionto
the locationof the in-falling X-ray groupA901� (�lled triangle),andthe
locationof thehigherredshiftz = 0:46 clusterCB1 (star).Local maxima
in thedarkmattermapareshown with across.

Figure6. A comparisonof massandthemass-to-stellarmassratioM =M �

in the main structuresof the A901/2 supercluster;A901a (upper left),
A901b (upperright), A902 (lower left) and the SW group (lower right).
1� to 7� contoursof thesignal-to-noisedarkmattermapshown in Figure3
aredrawn over a smoothedmass-to-stellarmassratio map.The locations
of thebrightestclustergalaxiesareshown (�lled diamonds),in additionto
the locationof the in-falling X-ray groupA901� (�lled triangle),andthe
locationof thehigherredshiftz = 0:46 clusterCB1 (star).Thescalebar
shows log(M =M � ).

mattermapsareoften associatedwith substructuresin the galaxy
distribution.Theonlystrikingdiscrepancy isaluminouspeakto the
north westof A902, seenin Figure4. This luminouspeakresults
from a single,very luminousdustyredgalaxythat is brighterthan
theBCGandis likely to beinfalling on A902 (Wolf etal. 2005).

In Table2 we list massandmass-to-lightratiosfor the main
structuresshown in Figure 5. As discussedin section4.1, these
structuresarefar from thesphericallysymmetricNFW modelsthat
areoftenusedto constrainmodels.We thereforeusea model-free
massestimategiven by Equation4, de�ning the enclosedregion
usingthe1� and3� contoursshown in Figure5. For comparison
with theground-basedanalysisof Grayet al. (2002)andtheNFW
analysisof section4.1wealsolist themassenclosedby a1 arcmin
circularaperture(denoted̀ap') centeredon eachclustersBCG.To
estimatethe contribution of systematicerror to our massestimate
we follow the conservative prescriptionthat is often usedin the
analysisof weaklensingby large-scalestructure(seefor example
Benjaminet al. 2007),calculatingerrorsby addingtherandomer-
ror (listedasthe�rst masserror in Table2) in quadraturewith the
B-modesignal,shown in thelower left panelof Figure3 andlisted
asthesecondmasserrorin Table2.Thesystematicerrordominates
therandomerrorin this analysis.

We �nd A901a and A901b to be the most massive systems
in the superclusterwith masses� 6:5h� 11013 M � andmass-to-
light ratios � 150 for the full extended1� region. A902 andthe
SW grouphave similar masses,roughlyhalf themassof theA901
pairat � 3:5h� 11013 M � . We �nd A901bto bethemostextended
structurein thesystem,andtheSW groupis themostcompact.

The mass-to-stellarmassratiosM =M � of eachstructureare
given in the �nal columnof Table2. Thesemassratioswerecal-
culatedwith a Hubble parameterh = 0:7, assuminga Kroupa
et al. (1993)initial massfunction (Borchet al. 2006).The results
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10 Heymansetal.

Region M M =L M =M �

sig,area (h � 1 1013 M � ) (h M � =L r � ) (h = 0:7)

A901a

1� , 16.6 6:09 � 0:07� 1:56 130:6 � 33:4 31:9 � 8:2

3� , 7.4 3:93 � 0:04� 0:58 128:9 � 19:0 29:5 � 4:3

ap,3.1 1:91 � 0:03� 0:30 93:8 � 14:8 20:6 � 3:3

A901b

1� , 20.4 6:52 � 0:07� 2:16 165:2 � 54:8 42:1 � 14:0

3� , 6.2 3:59 � 0:04� 0:57 206:1 � 33:0 50:6 � 8:1

ap,3.1 1:99 � 0:14� 0:25 148:6 � 21:7 34:7 � 5:1

A902

1� , 12.0 3:25 � 0:05� 1:10 107:3 � 36:5 27:3 � 9:3

3� , 2.8 1:22 � 0:03� 0:14 122:1 � 14:4 28:9 � 3:4

ap,3.1 1:21 � 0:14� 0:16 107:9 � 18:7 24:4 � 4:2

SWgroup

1� , 11.3 3:81 � 0:05� 1:34 175:5 � 61:5 40:5 � 14:2

3� , 4.8 2:35 � 0:03� 0:49 155:6 � 32:3 34:7 � 7:2

ap,3.1 1:25 � 0:15� 0:23 126:3 � 27:9 26:1 � 5:8

Table 2. Model-free massmeasurementsfor the main structuresin the
A901/2 supercluster. The enclosedmassesM , mass-to-lightratiosM =L
andmass-to-stellarmassratiosM =M � aregivenfor theregionsde�ned by
the 1� and3� contoursin thesignal-to-noisemaps.The areaof thesere-
gionsis given in thesecondcolumn(squarearcmin).For comparisonwith
the ground-basedanalysisof Gray et al. (2002)we alsolist the massand
mass-to-lightenclosedby a 1 arcmincircularaperture(denoted̀ ap') cen-
teredon the clusterBCG. The quotedmasserrorsarelisted with the ran-
domnoiseerrorfollowedby aconservative estimateof thesystematicerror.
The mass-to-lightratio error and mass-to-stellarmassratio error include
only the error on the masswith the randomandsystematicpartsaddedin
quadrature.

are equivalent to within 10% of the sameresult derived using a
Chabrier(2003)or a Kroupa(2001)initial massfunction.We �nd
mass-to-stellarmassratios M =M � that are similar to the ratios
foundfor massiveelliptical galaxiesat this redshift(Hoekstraetal.
2005;Mandelbaumet al. 2006;Heymanset al. 2006),althougha
direct comparisonis hardto draw asthe resultsfrom the massive
elliptical galaxiesmeasureNFW virial massto stellarmassratios
insteadof themodelfreemassratioestimatesthatwepresenthere.

Figure6 shows thevariationof themass-to-stellarmassratio
acrosseachof themainstructuresin A901/2on a log scale,com-
paredto themassdistribution (shown contoured).Note thatnega-
tive regionsin themassreconstructionhave beensetto zeroin this
Figure.Moving out from thecentralBCG (shown with diamonds),
we �nd thatthemass-to-stellarmassratio initially increases,asthe
stellarmassdecreasesmorerapidly thanthehalomass.Continuing
out further, themass-to-stellarmassratio thenrapidly decreasesas
thedarkmattermasstendsto zero.ThisFigureshowssomeregions
of very high mass-to-stellarmassratio regions(log M =M � > 2),
but thereadershouldnotethesigni�canceof themassdetectedin
theseregions(shown contoured)which is lessthan2� in all cases.

Comparingour convergence� massreconstructionresultsto
our NFW shearanalysis,we �nd very good agreementbetween
the massmeasuredwithin 1 arcminof eachclustersBCG which
provides an importantveri�cation of our dark matterreconstruc-
tion method.Indeedwe �nd this goodagreementbetweenthetwo

methodscontinuesout to a radiusof 4 arcmin,afterwhich contri-
bution from to the � mapfrom neighbouringclusterscomplicates
thecomparison.Thedifferencethatis seenbetweentheNFW virial
massesquotedin Table1 andthemassesquotedin Table2 is only a
resultof thedifferentphysicalscalesprobedin bothTables,which
canbeseenby comparingtheobservedNFW virial scale� 200 with
theregionareaquotedin the�rst columnof Table2.

In comparingour resultsto thepreviousground-basedlensing
analysisof the A901/2superclusterwe must�rst considertheas-
sumptionmadeby Grayet al. (2002)that� � 1 andhence
 = g,
whereg is the measuredreducedsheargiven above Equation2.
For the main structuresin A901/2 this would result in an overes-
timate of clustermassby � 15%. Taking this overestimateinto
account,our massestimatesareconsistentwith Grayet al. (2002)
ascanbeseenfrom thespace/groundmassmapcomparisonin the
lowerright panelof Figure3.Themass-to-lightratiomeasurements
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-lightratio measurementsfoundby Grayet al. (2002).Our
resultsshow a mass-to-lightratio within anapertureof 1 arcminof
M (< 10) � 100h� 1M � L � to be a gooddescriptionfor all the
mainstructuresin thesupercluster. We �nd a similar resultfor the
mass-to-stellarmassratio whereM =M � (< 10) � 25 for all the
mainstructuresin thesupercluster.

4.4 Supercluster substructure

In this sectionwe investigatethe lower signi�cance peaksin the
darkmatterdistributionthatarenotassociatedwith thecoresof the
superclusterstructuresdiscussedabove.Table3 lists thenumberof
localmaximaandminimain thedarkmatterreconstructionfor dif-
ferentsigni�cancelevelsandcomparesthemto whatwe�nd in our
B-modereconstructionandwhatwewouldexpectfrom asmoothed
randomGaussian�eld using Equation(41) from Van Waerbeke
(2000).The high signi�cance peaks� p eak > 4� are all associ-
atedwith thecoresof the four mainsuperclusterstructures.How-
ever we canseethatwe have a signi�cant numberof � p eak > 2�
peaksthat cannotbe explainedby randomnoisealone.Thereare
a comparablenumberof j� p eak j > 2� peaksin theB-modemap,
but comparingthe locationof E andB-modepeaksallows oneto
assessthereliability of thelower signi�canceE-modedetections.

In orderto distinguishbetweennoisepeaksandtruepeaksin
themassdistribution, it is usefulto addmorphologicalinformation
aboutthepro�le of thepeaks.Themeanpro�le anddispersionof
a noisepeakis given by Equation(47) of Van Waerbeke (2000).
Comparingthe measuredpro�le aroundeachdetectedpeakwith
themeannoisepro�le allows for thecalculationof theprobability
that a peakwith a given signi�cance andshapeis a noise�uctu-
ation, (usingEquation(45) of Van Waerbeke (2000)). In Table3
we list thenumberof peaksthathave a lessthan33%probability
of beinga randomnoise�uctuation. The result is consistentwith
thedifferencebetweenthe total numberof detectedpeaksandthe
expectednumberof randomnoisepeaks.

To de�ne a low-signi�cance2� < � p eak < 4� substructure
samplewe usehigh con�denceselectioncriteria wherethe peak
musthave lessthan33%probabilityof beinga randomnoise�uc-
tuation,andtheB-modeatthelocationof thepeakmustbelessthan
half theamplitudeof theE-mode.Thelast row of Table3 lists the
numberof peaksthat meetthesecriteria for differentsigni�cance
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� p eak < � p eak >

-5� -4� -2� 2� 4� 5� 7�

Noise 0 0 � 0 19 � 5 19 � 5 0 � 0 0 0

Signal 0 1 36 29 7 3 1

Bmode 0 0 16 21 0 0 0

Signal(p) 0 1 19 25 7 3 1

Bmode(p) 0 0 10 14 0 0 0

Signal(b) 0 1 19 23 7 3 1

Table3.Peakstatistics;comparingthenumberof peaksasafunctionof sig-
ni�cance in a smoothedrandomGaussian�eld (Noise),the reconstructed
dark mattermap(Signal)andthe reconstructedB-modemap.We usethe
peakpro�le to further distinguishbetweena noisepeakanda true peak.
Signal(p) andB-mode(p) list thenumberof peaksin oursubstructuresam-
ple, wherethe peakhaslessthan33% chanceof beinga noisepeak.The
Signal andB-modepeaksare very rarely co-incident,but as a conserva-
tive measurewe de�ne a high con�dencesample,(Signal (b)), wherethe
B-modeat thepeakmustbelessthanhalf theamplitudeof thesignal.

levels, leaving 16 `substructure'peakswith 2� < � p eak < 4� .
Note that the7 peakswith � p eak > 4� areall associatedwith the
centralregionsof thefour mainstructuresin thesupercluster, dis-
cussedin section4,asshown by themarkedcrossesin Figure5 that
areenclosedby the4� contour.

Assumingall 16substructurepeaksin thedarkmattermapare
associatedwith thesupercluster, we cancalculatea massfor these
halosusingEquation4.We�nd anaveragemassof M (< 0:750) =
0:35 � 0:04h� 11013 M � for the 2� < � p eak < 3� group,and
M (< 0:750) = 0:57� 0:06h� 11013 M � for the3� < � p eak < 4�
group.Table4 lists the numberof peaksthat areassociatedwith
clustergalaxieswhereL (< 0:750) > 1010 h� 2L r � . We �nd that
over half of the peaksareassociatedwith galaxiesin the cluster,
andprovideaveragemass-to-lightratiosfor thesepeaksin Table4.
The mass-to-lightratio of our `luminous' substructuresareof the
sameorder of magnitudeas the mass-to-lightratios of the main
superclusterstructureslistedin Table2.

It is likely thatmany of thepeaksthatarenot associatedwith
cluster light are actually at a different redshift, as the dark mat-
ter map shows the projectedsurfacemassdensityalong the line
of sight.We have found oneparticularly interesting3:5� peakin
thedarkmatterdistribution to thesouthwestof A901a,that is not
co-incidentwith any clusterlight. This peakhasa 0.1%chanceof
beinga noise�uctuation and is not co-incidentwith any signi�-
cant B-modes.Our hypothesisis that this peakis due to a mass
concentrationata higherredshiftthanthecluster, supportedby the
presenceof a smallgroupof 5 galaxiesfoundwithin a 0.8 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 becausedby noiseor system-
atics,we �nd two peaksthatarealsoco-incidentwith smallgalaxy
groupsof 3-4 galaxiesat the sameredshiftz � 0:45. As this is
sameredshiftof theCB1 clusterfound in Taylor et al. (2004),we
arepotentiallyseeingextendedlarge-scalestructureat higherred-
shift which is supportedby the�ndings of anopticalclustersearch
of COMBO-17datain this �eld (Falter et al. 2008).This will be
investigatedfurtherin a forthcomingthree-dimensionalanalysis.

� p eak Np eak hM (< 0:750)i N ligh t
p eak hM =Li

(h� 11013 M � ) (h M � =L r � )

2� � 3� 14 0:35 � 0:04 10 293 � 24

3� � 4� 2 0:57 � 0:06 1 317 � 114

Table4.Massmeasurementsfor thehalosubstructuresample,assumingall
peaksin thematterdistribution areassociatedwith thecluster. Overhalf of
thepeakshave associatedclustergalaxies(N ligh t

p eak ), for which we measure
amass-to-lightratio (hM =Li ).

5 DISCUSSIONAND CONCLUSION

From a weak lensinganalysisof deepHubble SpaceTelescope
data,wehavereconstructedahigh-resolutionmapof thedarkmat-
ter distribution in the Abell 901/902supercluster. We �nd that
the maximal peaksin the dark matterdistribution are very well
matchedto thelocationsof thebrightestclustergalaxiesin themost
massive structuresin thesupercluster. ThesestructuresareA901a,
A901b,A902 andtheSouthWestgroup,all of which aredetected
in ourdarkmattermapat highsigni�cance.

Owing to the high numberdensityof resolved objectsin the
HSTdata,we have beenableto producea mapwith sub-arcminute
resolution.This hasallowed us to resolve the morphologyof the
darkmatterstructures,�nding pro�les thatarefar from thespher-
ically symmetricNFW modelsthat are typically usedto model
suchsystems.We�nd localmaximain thedarkmatterdistribution
aroundthe main structures,that are also seenin the distribution
of galaxies.Furthermorewe seea signi�cant extensionin thedark
matterdistribution aroundA901a,in thedirectionof an in-falling
X-ray groupcalledA901� (Grayetal. 2008).

We have presentedmass,mass-to-lightand mass-to-stellar
massratioestimatesfor eachof themainstructures,�nding A901a
and A901b to be the most massive clustersin the systemwith
M (< 10) � 2 � 1013 h� 1M � . Contraryto the analysisof Gray
et al. (2002)we �nd no evidencefor thevariationof themass-to-
light ratio or the mass-to-stellarmassratio betweenthe different
clustersmeasuredin a 1 arcminaperture(� 120h� 1 kpc) centred
oneachcluster. Wehave shown thevariationof themass-to-stellar
massratio acrosstheclusters,�nding aninitial risein M =M � asa
functionof distancefrom theclusterscentralBCG, followedby a
steepdecrease.

We have investigatedthe lesssigni�cant substructuresin the
darkmattermapthataredetectedat < 4� . Comparingthepro�le
of thesepeakswith what is expectedfrom a randomnoisepeak
wehave selecteda sampleof substructureswherethelikelihoodof
thosepeaksbeingnoiseor a resultof an imperfectPSFcorrection
is low. We �nd that over half of thesepeaksare associatedwith
galaxiesin the cluster, yielding mass-to-lightratiosthat arecom-
parableto the mass-to-lightratiosfound in the main structuresin
thesupercluster. Theremainingpeaksin thedistribution arelikely
to beassociatedwith galaxygroupsat higherredshift(Falteret al.
2008),supportedby thediscovery of severalco-incidentgroupsof
galaxiesat z � 0:45.

Oneinterestingresultof Grayet al. (2002)wasa tentative de-
tectionof a �lamentary extensionbetweenA901aandA901b. We
donotrecoverthissignalin thisanalysishoweverandconcludethat
this featurewasa resultof residualPSFsystematicsandtheKS93
massreconstructionmethodusedin theGrayet al. (2002)ground-
basedanalysis.A similar non-detectionandconclusionwasdrawn
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by Gavazzietal. (2004)onare-analysisof thetentative lensingde-
tectionof �lamentary structurein theMS0302+17superclusterby
Kaiseret al. (1998).Thesetwo null resultsdo not mean,however,
that �lamentary extensionsof dark matterdo not exist between
clusters.Instead,as shown by Dolag et al. (2006), we are �nd-
ing that intra-cluster�laments arevery dif�cult to detectthrough
weaklensing.Fromnumericalsimulations,Dolaget al. (2006)de-
terminean expected�lamentary shearsignal from a supercluster
�lament of g � 0:01, which is a factorof threesmallerthanthe
noiseon 1 arcminscalesin this HSTanalysis.To detecta signalof
this magnitudewould requiresigni�cantly deeperspace-basedob-
servations.An alternative,thatwearecurrentlyinvestigating,is the
detectionof weakgravitational �e xion, a third orderweaklensing
effect thatwill bevery effective at probingthesub-structuresthat
wereresolved in this weakshearanalysis(seefor exampleBacon
etal.2006),andis alsoapotentialwayto recovermoreinformation
aboutintra-cluster�laments.

Thedarkmattermappresentedin this paperwill form theba-
sis of future studiesof galaxymorphologyandgalaxytype in an
over-densedarkmatterenvironment.Comparingtheresultsof this
analysiswith the previous ground-basedanalysisclearly demon-
stratesthe importanceof space-basedobservationsfor futurehigh
resolutionweaklensingdark matter'observations' of denseenvi-
ronments.
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Caldwell J. A. R., HäußlerB., Jahnke K., JogeeS., McIntosh
D. H., MeisenheimerK., PengC. Y., SanchezS. F., Somerville
R. S.,WisotzkiL., Wolf C., 2004,ApJS,152,163

SchneiderP., Rix H., 1997,ApJ,474,25
SchrabbackT., ErbenT., SimonP., Miralles J.-M., SchneiderP.,
HeymansC., Ei�er T., Fosbury R. A. E., FreudlingW., Hetter-
scheidtM., HildebrandtH., PirzkalN., 2007,A&A, 468

Taylor A. N., BaconD. J., Gray M. E., Wolf C., Meisenheimer
K., DyeS.,BorchA., KleinheinrichM., KovacsZ., WisotzkiL.,
2004,MNRAS, 353,1176

VanWaerbeke L., 2000,MNRAS, 313,524
Wolf C.,GrayM. E., MeisenheimerK., 2005,A&A, 443,435
Wolf C., MeisenheimerK., KleinheinrichM., BorchA., Dye S.,
Gray M., Wisotzki L., Bell E., Rix H.-W., HasingerA. C. G.,
Szokoly G.,2004,A&A, 421,913

Wolf C., MeisenheimerK., Rix H.-W., BorchA., Dye S., Klein-
heinrichM., 2003,A&A, 401,73

Wright C. O.,BrainerdT. G.,2000,ApJ,534,34

c
 2008RAS,MNRAS 000, 1–13


