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ABSTRACT

We presert hew weak lensing obsenations of 1E0657 558 (z = 0:296), a unique cluster merger, that
enable a direct detection of dark matter, independent of assumptionsregarding the nature of the
gravitational forcelaw. Due to the collision of two clusters, the dissipationlessstellar componert and
the uid-lik e X-ray emitting plasma are spatially segregated.By using both wide- eld ground based
imagesand HST/A CS imagesof the cluster cores, we create gravitational lensing maps which showv
that the gravitational potential doesnot trace the plasmadistribution, the dominant baryonic mass
componert, but rather approximately traces the distribution of galaxies. An 8 signi cance spatial
o set of the center of the total massfrom the certer of the baryonic masspeakscannot be explained
with an alteration of the gravitational force law, and thus provesthat the majority of the matter in

the systemis unseen.

Subject headings: Gravitational lensing{ Galaxies: clusters: individual: 1E0657-558{ dark matter

1. INTR ODUCTION

We have known since 1937 that the gravitational po-
tentials of galaxy clusters are too deepto be causedby
the detected baryonic massand a Newtonian r 2 grav-
itational force law (Zwicky 1937). Proposed solutions
either invoke dominant quartities of non-luminous\dark
matter" (Oort 1932)or alterations to either the gravita-
tional force law (Bekenstein 2004; Brownstein & Mo at
2006) or the particles' dynamical response to it (Mil-
grom 1983). Previous works aimed at distinguishing be-
tweenthe dark matter and alternativ e gravity hypothe-
sesin galaxies(Buote et al. 2002; Hoekstra et al. 2004)
or galaxy clusters (Gavazzi 2002; Pointecouteau & Silk
2005) have used objects in which the visible baryonic
and hypothesized dark matter are spatially coincidert,
asin most of the Universe. These works favor the dark
matter hypothesis, but their conclusionswere necessar-
ily basedon non-trivial assumptionssuc as symmetry,
the location of the certer of massof the system, and/or
hydrostatic equilibrium, which left room for counterar-
gumerts. The actual existenceof dark matter can only
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be conrmed either by a laboratory detection or, in an
astronomical context, by the discovery of a system in
which the obsened baryons and the inferred dark mat-
ter are spatially segregated. An ongoing galaxy cluster
merger is such a system.

Given sucient time, galaxies (whose stellar com-
ponert makes up 1 2% of the mass (Kochanek
et al. 2003) under the assumption of Newtonian grav-
ity), plasma( 5 15% of the mass(Allen et al. 2002;
Vikhlinin et al. 2006)), and any dark matter in a typical
cluster acquire similar, certrally-symmetric spatial dis-
tributions tracing the common gravitational potential.
Howewer, during a merger of two clusters, galaxies be-
have as collisionlessparticles, while the uid-lik e X-ray
emitting intracluster plasma experiencesram pressure.
Therefore, in the course of a cluster collision, galaxies
spatially decouplefrom the plasma. We clearly seethis
e ect in the unique cluster 1E0657 558 (Tucker et al.
1998).

The cluster hastwo primary galaxy concerrations sep-
arated by 0.72Mpconthe sky, alessmassive (T 6 keV)
western subcluster and a more massiwe (T 14 keV)
easternmain cluster (Mark evitch et al. 2002). Both con-
certrations have assaiated X-ray emitting plasma o -
set from the galaxiestoward the certer of the system.
The X-ray image also shaws a prominent bow shock on
the western side of the western plasma cloud, indicat-
ing that the subcluster is currently moving away from
the main clusterat 4700km/s. As the line-of-sight ve-
locity di erence betweenthe componerts is only 600
km/s (Barrena et al. 2002), the merger must be occur-
ring nearly in the plane of the sky and the corespassed
through ead other 100 Myr ago.

Two galaxy concerrations that correspnd to the
main cluster and the smaller subcluster have moved
ahead of their respective plasma clouds that have been
slowed by ram pressure. This phenomenonprovides an
excellert setup for our simple test. In the absenceof
dark matter, the gravitational potential will trace the
dominant visible matter componert, which is the X-ray
plasma. If, on the other hand, the massis indeed domi-



Fig. 1.

Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657 558, with the white bar

indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours

in both panels are the weak lensing
contours show the errors on the positions of the

reconstruction with the outer contour level at

= 0.16 and increasing in steps of 0.07. The white

peaks and correspond to 68:3%, 95:5%, and 99:7% con dence levels. The blue +s show

the location of the centers used to measure the massesof the plasma clouds in Table 2.

nated by collisionlessdark matter, the potential will trace
the distribution of that componert, which is expected
to be spatially coincidert with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate betweenthese possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image setswhich allows us to increasethe
signi cance of the weak lensing results by more than a
factor of 3.

In this paper, we measuredistancesat the redshift of
the cluster, z = 0:296, by assumingan , = 0:3; =
0:7; Hp = 70km=s=Mp ¢ cosmologywhich results in 4:413
kpc/ “plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmologywill result in a change of the distancesand
absolute massesmeasured, but the relative massesof
the various structures in eadh measuremeh remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational potential us-
ing weak gravitational lensing(Mellier 1999;Bartelmann
& Schneider2001), which measureghe distortions of im-
agesof badkground galaxies causedby the gravitational
de ection of light by the cluster's mass. This de ection
stretches the image of the galaxy preferertially in the
direction perpendicular to that of the cluster's certer of
mass. The imparted ellipticit y is typically comparable
to or smaller than that intrinsic to the galaxy, and thus
the distortion is only measurablestatistically with large
numbers of badkground galaxies. To do this measure-
mernt, we detect faint galaxieson deepoptical imagesand
calculate an ellipticit y from the secondmomert of their
surface brightness distribution, correcting the ellipticit y
for smearing by the point spread function (corrections
for both anisotropies and smearing are obtained using
an implementation of the KSB technique (Kaiser et al.
1995) discussedin Clowe et al. (2006)). The corrected
ellipticities are a direct, but noisy, measuremen of the
reducedshearg= ~=(1 ). The shear~ is the amourt
of anisotropic stretching of the galaxy image. The con-
vergence is the shape-independert increasein the size
of the galaxy image. In Newtonian gravity, is equalto

the surface mass density of the lens divided by a scal-
ing constart. In non-standard gravity models, is no
longer linearly related to the surface density but is in-
stead a non-local function that scalesasthe massraised
to a power lessthan one for a planar lens, reaching the
limit of one half for constart acceleration (Mortlo ck &
Turner 2001;Zhao et al. 2006). While one can no longer
directly obtain a map of the surface massdensity using
the distribution of in non-standard gravity models, the
locations of the  peaks,after adjusting for the extended
wings, correspond to the locations of the surface mass
density peaks.

Our goalis thusto obtain amap of . Onecancombine
derivativesof g to obtain (Schneider 1995; Kaiser 1995)

)= 1 1+ @ Ou1t+ U2

1 ¢ o 2 1 o o1 12
which is integrated over the data eld and converted into
a two-dimensional map of The obsenationally un-
constrained constart of integration, typically referred to
as the \mass-sheet degeneracy' is e ectiv ely the true
meanofIn(1 ) at the edgeof the reconstruction. This
method does, however, systematically underestimate
in the coresof massiwe clusters. This results in a slight
increaseto the certroiding errors of the peaks,and our
measuremets of in the peaksof the componerts are
only lower bounds.

For 1E0657 558, we have accunulated an exception-
ally rich optical dataset, which we will usehereto mea-
sure g. It consists of the four sets of optical images
shown in Table 1 and the VLT image set usedin Clowe
et al. (2004); the additional imagessigni cantly increase
the maximum resolution obtainable in the reconstruc-
tions due to the increasednumber of badkground galax-
ies, particularly in the areacovered by the ACS images,
with which we measurethe reduced shear. We reduce
ead image set independertly and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measurecolors from the Magellan images.
Becauseit is not feasible to measure redshifts for all
galaxiesin the eld, we selectlikely badkground galax-
ies using magnitude and color cuts (mgy4 > 22 and not
in the rhombus de ned by 0:5 < mggg Mgy < 1.5,

r In(1



Table 1. Optical

Imaging Sets

Instrumen t Date of Obs. FoV Passband texp (S) Mjm ng (° 2) seeing
2.2m ESO/MPG 01=2004 340 340 R 14100 239 15 0°%B
Wide Field Imager 01=2004 B 6580 199

01=2004 \% 5640 0%
6.5m Magellan 01=15=2004  8°radius R 10800 25:1 35 0°G
IMA CS 01=15=2004 B 2700 09

01=15=2004 \Y 2400 0°®
HST ACS 10=21=2004 3% 305  F814W 4944 276 87 0°%%12
subcluster 10=21=2004 F435W 2420 092
10=21=2004 F606W 2336 0°92
main cluster 10=21=2004 3% 3%  FE06W 2336 261 54 0%12

Note . |

Limiting magnitudes for completion are given for galaxies and measuredby where the number counts depart from

a power law. All image sets had objects detected in the reddest passband available.

Ma3s  Meos > 15 (Meos Mg1a) 0:25, and myzs
Megos < 1:6 (Mgos Mg14)+ 0:4 for the ACSimages;sim-
ilar for the other image sets) that were calibrated with
photometric redshifts from the HDF-S (Fontana et al.
1999). Each galaxy has a statistical weight basedon its
signi cance of detection in the image set (Clowe et al.
2006), and the weights are normalized among catalogs
by comparing the rms reduced shear measuredin a re-
gion away from the coresof the cluster commonto all v e
data sets. To combine the catalogs,we adopt a weighted
average of the reduced shear measuremets and appro-
priately increasethe statistical weight of galaxies that
occur in more than one catalog.

3. ANAL YSIS

We use the combined catalog to create a two-
dimensional  reconstruction, the certral portion of
which is shown in Fig. 1. Two major peaksare clearly
visible in the reconstruction, one certered 794 east and
6°5 north of the subcluster's brightest cluster galaxy
(BCG) and detectedat 8 signi cance (as comparedto
3 in (Clowe et al. 2004)), and one certered 26 east
and 1196 south of the northern BCG in the main clus-
ter (21°2 west and 17°% north of the southern BCG)
detected at 12 . We estimate certroid uncertainties by
repeating bootstrap samplingsof the badkground galaxy
catalog, performing a  reconstruction with the resam-
pled catalogs, and measuringthe certroid of eat peak.
Both peaksare o set from their respective BCG by 2
but are within 1 of the luminosity certroid of the re-
spective componert's galaxies (both BCGs are slightly
o set from the certer of galaxy concerrations). Both
peaksare alsooset at 8 from the certer of massof
their respective plasma clouds. They are skewed toward
the plasmaclouds, which is expected becausethe plasma
cortributes about 1/10th of the total cluster mass(Allen
et al. 2002; Vikhlinin et al. 2006) (and a higher fraction
in non-standard gravity models without dark matter).
The skewin eadh peaktoward the X-ray plasmais sig-
ni cant even after correcting for the overlapping wings
of the other peak, and the degreeof skewnessis consis-

; TR +16%
tent with the X-ray plasmacortributing 14%, of the

obsened in the main cluster and 10%", in the sub-
cluster (see Table 2). Becauseof the large size of the

reconstruction (34° or 9 Mpc on a side), the changein

due to the mass-sheetlegeneracyshould be lessthan 1%
and any systematic e ects on the certroid and skewness
of the peaksare much smaller than the measurederror
bars.

The projected cluster galaxy stellar massand plasma
mass within 100 kpc apertures certered on the BCGs
and X-ray plasma peaks are shavn in Table 2. This
aperture size was chosen as smaller apertures had sig-
ni cantly higher kappa measuremen errors and larger
apertures resulted in signi cant overlap of the apertures.
Plasmamassesvere computed from a multicomp onert 3-
dimensionalcluster model t to the Chandra X-ray image
(details of this t will be given elsewhere).The emission
in the Chandra energyband (mostly optically-thin ther-
mal bremsstrahlung) is proportional to the squareof the
plasma density, with a small correction for the plasma
temperature (also measured from the X-ray spectra),
which gives the plasma mass. Becauseof the simplic-
ity of this cluster's geometry, especially at the location
of the subcluster, this massestimate is quite robust (to
a 10% accuracy).

Stellar massesare calculated from the | -band lumi-
nosity of all galaxiesequalin brightness or fainter than
the componert BCG. The luminosities were corverted
into massassuming(Kau mann et al. 2003)M=L, = 2.
The assumedmass-to-light ratio is highly uncertain (can
vary between 0.5 and 3) and dependson the history of
recert star formation of the galaxiesin the apertures;
howewver evenin the caseof an extreme deviation, the X-
ray plasmais still the dominant baryonic componert in
all of the apertures. The quoted errors are only the errors
on measuringthe luminosity and do not include the un-
certainty in the assumedmass-to-ligh ratio. Becausewe
did not apply a color selectionto the galaxies,thesemea-
suremeris are an upper limit on the stellar massasthey
include contributions from galaxiesnot a liated with the
cluster.

The mean at ead BCG was calculated by tting a
two peak model, eat peak circularly symmetric, to the
reconstruction and subtracting the cortribution of the
other peakat that distance. The mean for ead plasma
cloud is the excess after subtracting o the valuesfor
both peaks.

The total of the two visible mass componerts of the
subcluster is greater by a factor of 2 at the plasma peak



Table 2. Component Masses

Component RA (J2000)  Dec (J2000) Mx(102M ) M (1012M )
Main cluster BCG 06:58: 353 55:56:56:3 55 06 0:54 0:08 0:36 0:06
Main cluster plasma 06 : 58: 30:2 55:56: 359 6:6 07 0:23 0:02 0:05 0:06
Subcluster BCG 06:58:16:.0 55:56: 35:1 2.7 03 0:58 0:09 0:20 0:05
Subcluster plasma 06:58:21:2 55:56:30:0 5:8 06 0:12 0:01 0:02 0:06

Note . |
blue +s for the certers of the plasma clouds in Fig 1).

All values are calculated by averaging over an aperture of 100 kpc radius around the given position (marked with
measuremerts for the plasma clouds are the residual left over after

subtraction of circularly symmetric pro les centered on the BCGs.

than at the BCG; howeer, the certer of the lensingmass
is located near the BCG. The di erence of the baryonic
masshetweenthesetwo positions would be even greater
if we excluded a cortribution of the non-peaked plasma
componert betweenthe shock front and the subcluster.
For the main cluster, we seethe samee ect, although
the baryonic massdi erence is smaller. Note that both
the plasma mass and the stellar mass are determined
directly from the X-ray and optical images,respectively,
independertly of any gravity or dark matter models.

4. DISCUSSION

A key limitation of the gravitational lensing method-
ology is that it only producesa two-dimensionalmap of

, and henceraisesthe possibility that structures seenin
the map are causedby physically unrelated massesalong
the line-of-sight. Becausethe background galaxiesreside
atameanz 1, structures capableof providing a signi -
canceamournt of mustlieatz. 0:8. By comparingthe
measuredshear for galaxiesdivided into crude redshift
bins using photometric redshifts (Wittman et al. 2003),
we further limit the redshift of the lensing objects to
0:18 < z < 0:39. This range s consisteri with the clus-
ter redshift, but correspondsto a large volume in which
a structure unassaiated with the cluster could exist and
be projected onto the lensing map. Howewer, the num-
ber density of structures with theselensing strengths in
blank eld surveysis 10 2 arcmin 2 for the subcluster
(Wittman et al. 2006), and an order of magnitude less
for the main cluster, resulting in a 10 ' probability of
having two structures within a square arcminute of the
obsened cluster cores. Further, all sud lensesobsened
in these cosmic shear surveys are clusters with enough
plasma and galaxiesto be easily obsenable. There is
no evidence,however, in our deepimaging for additional
cluster sizedconcerrations of galaxiesor of plasmahot-
ter than T  0:5 keV (the lower bound of the Chandra
energy band) near the obsened lensing structures.

Another alternate explanation of the lensing signal is
related to the fact that clustersform at the intersections
of matter laments (Bond et al. 1996). In principle, one
could imagine two line-of-sight laments of intergalactic
gas (too cool to be visible with Chandra and too dif-
fuseto have cooledinto stars) extending from the cluster
at the locations of the weak lensing peaks. To explain
the measuredsurfacemassdensity, sucdh laments would
have to be sewral Megaparsecslong, very narrow, and
oriented exactly along the line of sight. The probability
of such an orientation for two such laments in the eld

is 10 6. Further, becausethe two cluster componerts
are moving at a relative transversevelocity of 4700km/s

comparedto the typical peculiar velocities in the CMB

frame of a few hundred km/s, the laments could coin-
cide so exactly with ead of the BCGs only by chance.
This is an additional factor of 10 ° reduction in prob-
ability. While such projections becomemore important

in non-standard gravity models becausein such models
the thin lens approximation breaks down (Mortlo ck &

Turner 2001) and structures with a given surface den-
sity produce a greater amount of lensing the more they
are extendedalong the line-of-sight, two such projections
would still havea 10 @ probability. Finally, we men-
tion that two other merging clusters, MS1054 03 (Jee
et al. 2005) and A520 (in preparation), exhibit similar

o sets between the peaks of the lensing and baryonic
mass, although based on lensing reconstructions with

lower spatial resolution and lessclear-cut cluster geome-
try.

A nal possibility is that somealternativ e gravity mod-
els may be able to suppressthe lensing potential of the
certral peakin a multiple-p eak system,asin Angus et al.
(2006). That work useda model of a gasdisk located be-
tween two symmetric mass concerirations represerning
the galaxy subclusters. In their map, derived in the
TeVeS framework (Bekenstein 2004), the relative signal
from this disk may be suppressedput would still be eas-
ily visible with the noiselevelsof our reconstruction. Our

map, however, has no evidenceof any massconcerira-
tion betweenthe two galaxy subclusters other than the
small perturbations consistent with the gasmasscortri-
bution in Newtonian gravity. Furthermore, such a sup-
pressionhasalsoonly beenshown to work for symmetric
systems which have the certral peak directly between
the two outer peaks. In 1E0657 558, howewer, the X-
ray plasma, which would provide the certral peak, lies
north of the line connectingthe two peaks. Further, the
absolute levels of the peaksobsened in 1E0657 558
are in good agreemen with thosein systemswith similar
velocity dispersionsand X-ray temperatures (e.g. Clowe
& Schneider 2002) which have the gasand the galaxies
coincidert. The -to-light ratios are also consistert with
thosein normal clusterswith coincidert gasand galaxies.
Therefore one would needto not only suppressthe inner
peakin the map relative to the two outer peaksin this
system, but also enhancethe strength of the outer peaks
to make up for the missing plasma mass.

Any non-standard gravitational force that scaleswith
baryonic masswill fail to reproduce these obsenations.



The lensing peaksrequire unseenmatter concerrations
that are more massiwe than and o set from the plasma.
While the existenceof dark matter removesthe primary
motivation for alternative gravity models, it does not
preclude non-standard gravity. The scaling relation be-
tween and surface massdensity, howewer, has impor-
tant consequence$or modelsthat mix dark matter with
non-Newtonian gravity: to achieve the 7 : 1 ratio
in betweenthe dark matter + galaxy componert and
the plasma componert (Table 2), the true ratio of mass
would be even higher (as high as49:1for a constart accel-
eration model; although MOND (Milgrom 1983) would
not reach this ratio as the dark matter density would
becomehigh enough to shift the acceleration into the
guasi-Newtonianregime), making the needfor dark mat-
ter even more acute. Such high concerrations of dark
matter, howewer, are extremely unlikely based on the
measuredX-ray plasmatemperatures (Mark evitch et al.
2002) and cluster galaxy velocity dispersions (Barrena
et al. 2002).

The spatial separation of the dominant baryonic com-
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ponert in a galaxy cluster from the hypothesized dark
matter produced during a cluster merger has enabled
us to directly compare the dark matter hypothesis to
onewith only visible matter but a modi ed law of grav-
ity. The obsened displacemen betweenthe bulk of the
baryons and the gravitational potential provesthe pres-
ence of dark matter for the most general assumptions
regarding the behavior of gravity.
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