AN

¢N ex_Fonen'!)LQ ez ni:MtQM! vﬂ.@tﬁhf
> | ard
“FM"O‘O am@mﬁh mihad Fa«ﬁca\ outsi e

imBal % ‘Qd)"/a»ow
¢2) Q:to{aue tdes outade "Q.Ju‘zﬁ-n.
at o(em«.fg&ng I:m ey af(a v Cauand

Lontrd .

3t Ju%p h exP[am Jogy..

—@uu.,a&m W tpall e
[03%% /!0:6 Pm(o/-.emfo ’Dtn: ‘,

Mhsﬂwﬁ cqalb'- I(a»q
- M:a%a, Tj‘{‘ m prese
e t O»F_pc'{‘&aa d?wfrv'ﬂom



. /Vex‘é C!SSdm_e_ l‘alé-ér fbﬁ f‘-loo S

{n

| CD Lk inhal Pméca; ofmﬂu ot d—

C€'§ 2~ 3x0'02{ a3 O ""‘

1@ At ond of inLlats o

 ly = H”M_-a’bﬁ-_e 190 a0 e 3 X0y

~2y

O w&ﬂ(,g's}ﬁe_ s:—ga, IC\LM\ Paﬁfcﬂ.

%‘Q&‘ﬁ'q , | "7:.»

-z.-; - -z
| = ,_0 - “i X{O
TU 2-'7'23 .

do ’Da"-o@\. ewoluss B FO |ty Laey cbs
5@419, w-cn(_e,QAQ Lo
A ) = cfo.«ao Qr C"l-'z::}g'r

 dihe ‘fx:o 160y i ¥

| ) | : Q;f Icto

|
; Y \{ | *603!')7_7)((0 j,
i fa. g _,gc-.ﬁ f-éo)c “ XLO-ZQ




Howe all 1w nellee e can Ga.Mpn-H
o[ase:w_a nus.ﬁao « ‘:(ng \ﬁ«,‘ﬁa—n o;C

’ﬂ]ced‘g@ﬂ ,(-.._...-LM\

[
cﬂ(-‘w) a ¢xplt o | \

Oulty Fwo*s & 4l >

Tufl)

M’CS

-[:—éa'f)M &JW"L 104.& Mﬂa?‘m_

_3_

2 xete :fﬁ:? Vacuum WW l& OIQ"‘

Recaly (P'-"—-é,ci)z -V
() :::--é ([')7‘ +"U_(¢)

'na m;\\ ol V¥V slow voll f PM&_ (b”z- Z-&l—U‘C@)
U C,U:.,ﬂuodt Coqc '
Pe-VID-. pEtUADP a-p

—\ e F "”R‘-fwwﬂ& T:ﬂ-u_o




bl D PO Dot

é"\‘& 0.1'1; Lo

&
|3

~.



E

lzdbd +dV g p2=
lqbd? "L‘l’d) 1—%#@ ©

| 45[35.-!-\/' + 3P ] =o

[Q‘D f’_BH#'P +V' =0 ]@

Ha 'n . +fo loall PD/Z! Loeon
Py feneicg a7 o
hold §

Coupl,m’ “Tof lanton L wf(ps. +o —P-e,(c&




el [

) - m{ez& atoshs 1t osella xeéﬁan;m/)

opancd minimum 'of PO'lz@u‘ﬁ al o 9

| At
mﬁ)g”’@ ®

-

e Dy e e L et

‘blm FMO‘F m‘lq_;t{\ow OSQ[LQ.I%CM aud i

A Ao Uﬂ-g-t (ﬁ OQQ S‘t{\S eS a
Jonica

| hon Loco- ®J et
COV‘YBc‘{—ccQ p accouat ﬁjéwf.ﬁm

wm (Pt ""—]Pgﬁ
/) +a Y (P ‘(‘.__m) chaucﬁ&

ro KULS%C.
CQWFMMQ@ > ?L(Q[‘g oo reli

On LR E cece

P‘m 4 A H (L) @M)"—":T—]P@
pM +t(a }DM-——’P‘D#;




(M w M;Lej g 7476
() < ’W’ o

- ]
2| Pt ——(Ddo/tr)rﬂa"/z‘r_r) (q,f awe) & 7..

- Pﬁ%—)
a."(e)/)m{@ = df!aqﬁ )Fgﬁbﬁa)

ate> ) )




K<

- DR T
Atart)e _?_ e’ @)j‘d-l-a/ ki

ﬁ~

'\./*)

Q“i
‘e

i@m'éa ’“‘6 Pm's  uzald) s Jvsdte T

 da=da,y -—Jﬁe""__'_{

_;. E’ 0 (_ __.._ Pi-)] -

Lif

Q).

\n

| 2 ¢ ¥ A =7 e e &) L e e i
= 5 ~alt)e , +alkx)e _# +\e ¢ da gl o/
. |

_ Qw S# ") attdat!

Pt
7 dv=&" at U= H(L—’)a({")

ooat
::"r..f.c.pt.._:_ d CHa)

Qo = [Hmaze)( L j Sﬂem!@

[ H(éja/-é)e Pt + 1 )a(é,’)e F’/é ):( 7,%

Sty
—

L
A

01 ¢ 1) /J/Ha/é+ﬂ #,
Q P% a/{—)e méc)a / ___[ /t‘f)a’ ﬁj%

|




6% {@
Em ) :&-GJ o’lrl ” x[ ak)e P,f-*:r)-f—d/‘&t)

- Yle n ©
~%Hdl8 S p/g?ﬁ?ng»

-g— m—
Ied

:-# [—-er)afé)é' i:[%) + At 0/'@;{ Ao

-

AAA;,.;

ml€) = @H‘;) a> ) ;; a/-é.«_) + aQlt)

e

5

a’lt) J 4
v [£) -.:@)(f‘,) att )\ Hed) , oL -
Z1%) [+ 7
fniixtﬂo%n-a Aadu.éﬁ"/'-

{Dm jumfa.s :mmm@,q{e{& > V"Dé‘-d-ftb ('é'_l‘) Creol |

demo oo tn wercel g ¥ cfn
ﬁ_ﬁqﬁouﬁ'c /90\.,1(0@24. .. “ -f' ‘(g‘d

A MO_-Q’.«W md e Ton (4 Q{%
Mﬂﬁ 14 64 i‘ﬁfu% onﬁc%,jmdewu—ucﬁ.ﬁlm.

Viswel SummaNy =




e n20.5 and DphnO oz __,"_ e

o™

s et e o Jorm @’mlfmﬂﬁ

/%/)vwssm, % C!uuzu_Q ﬁn_&%

-A»U?o—wa wﬂ‘;fm%j

ﬁaﬁ&.ﬁm LoD Kies "‘Tu‘&
5'/»*—-.@, /s v:ég&ﬁs,hf 74& 0?4[_«/%?5:/

,Ut P'ﬂ.(g{/u—o/&’é]:

F\;:p

= 3 ce. donacty wh S e 1.o<e>cp@nft-)

A/Wk ob B«.t mu!a {l-ecf mass
/";A,,H 2 Canngt dccount-
- Leod ; . _ph_ U?ﬁ_



Re [i

T J
_ . ﬂwas.ﬁom.gnﬁf /uexsuy
cs  (wimPs. " weall, mletachngy

S

T 1

1 ‘ C{)f: Y
R g8

74_ AN pen o :é)/u.um Ul oa tv—
o

ﬁ-ﬁﬁi%-&qa Loty ( audl

feloo e o
rvidnyla fom w o Llo i - Lo,
el mwuﬁw«,mhm.
el abundance o auts welou

RT 2my gt Cme o WiMP mm)




57 56

+

~5558

24"

DIRECT EMPIRICAL PROOF OF EXISTENCE OF DARK MATTER
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Fic. 1.~ Left panel: Color image from the Magellan images of the merging cluster 1E 0657 ~ 558, with the white bar indicating 200 kpe at the distunce of the
cluster. Right panet: 500 ks Chandra umage of the cluster. Shown in green contours in both panels are the weak-lensing « reconstructions, with the outer centour
levels at ¢k = 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of the « peaks and cormespond to 68.3%, 95.5%, and
99.7% conlfidence levels. The blue plus signs show the focations of the centers used to measure the masses of the plasma clouds in Table 2.

Both peaks are offset from their respective BCGs by ~2 o but are
within 1 a of the luminosity centroid of the respective component's
galaxies (both BCGs are shghtly offset from the center of galaxy
concentrations). Both peaks are also offset at ~8 o from the center
of mass of their respective plasma clouds. They are skewed toward
the plasma clouds, and this is expected because the plasma con-
tributes about one-tenth of the total cluster mass {Allen et al. 2002,
Vikhlinin et al. 2006) and a higher fraction in nonstandard gravity
models without dark matter. The skew in each « peak toward the
X-ray plasma is significant even after correcting for the overlap-
ping wings of the other peak, and the degree of skewness is
consistent with the X-ray plasma contributing §4% s of the ob-
served x in the muin cluster and 10%7)7% in the subcluster {see
Table 2). Because of the large size of the reconstruction (34” or
9 Mpc on a side), the change in x dug to the mass-sheet degeneracy
should be less than 1%, and any systematic effects on the centroid
and skewness of the peaks arc much smaller than the measured
error bars.

The projected cluster galaxy stellar mass and plasma mass
within 00 kpc apertures centered on the BCGs and X-ray
piasma peaks are shown in Table 2. This aperture size was
chosen because smaller apertures had significantly higher «
measurement errors and because larger apertures resulted in a
significant overlap of the apertures. Plasma masses were com-
puted from a multicomponent three-dimensional cluster modet
fit to the Chandra X-ray image (details of this fit wil} be given
elsewhere). The emission in the Chandra energy band {mostly
optically thin thermal bremsstrahlung) is properttional to the
square of the plasma density, with a small correction for the

plasma temperature {also measured from the X-ray spectra),
which gives the ptasma mass. Because of the simplicity of this
cluster’s geometry, especially at the location of the subcluster,
this mass estimate is quite robust (to a 10% accuracy).

Stellar masses are calculated from the Fhand luminosity of
all galaxies equal in brightness or fainter than the component
BCG. The luminosities were converted into mass by assuming
(Kauffmann et al. 2003} M/L, = 2. The assumed mass-to-light
ratio is highly uncertain {and can vary between (1.5 and 3} and
depends on the history of the recent star formation of the gal-
axjes in the apertures; however, even in the case of an extreme
deviation, the X-ray plasma is still the dominant baryonic com-
ponent in all of the apertures. The guoted errors are only the
errors on measuring the luminosity and do not include the
uncertainty in the assumed mass-to-light ratio. Because we did
not apply a colar selection to the galaxies, these measurements
are an upper limit on the stellar mass since they include con-
tributions from galaxies not affiliated with the cluster.

The mean x at each BCG was calculated by fitting a two-
peak model, each peak circularly symmetric, to the reconstruc-
tion and subtracting the contribution of the other peak at that
distance. The mean « for each plusma cloud is the excess
after subtracting off the values for both peaks.

The total of the two visible mass components of the sub-
cluster is greater by a factor of 2 at the plasma peak than at
the BCG; hawever, the center of the lensing mass is located
near the BCG. The difference in the baryonic mass between
these two positions would be even greater if we excluded the
contribution of the nonpeaked plasma compenent between the

TABLE 2
COMPOKENT Masses
R.A. Drecl. M, M,
Component (J2000) (320007 (10" M) (10" M) x
Main cluster BCG ... ... 06 58 353 —S5556563 S5 +06 0354 +008 036 x006
Main cluster plasma ..., 06 58 302 5556359 66 £ 07 023 +002 005 * 006
Subcluster BCG ... ... 06 58 160 =5556351 2703 058 x 009 020 = 005
Subcluster plasma ... ... 0658212 —55%56300 5806 012 001 001 =006

NoTEs. — Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds, All values are caleulated by averaging over an aperture of 100 kpe radius
around the given position (marked with blue plus signs for the centers of the plasma clouds in Fig. 1)
% measurements for the plasma clouds are the residuals left over after the subtraction of the circularly

symmetric profiles centered on the BCGs,
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