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Breakthrough Online

For an expanded version
of this section, with refer-
ences and links; see www.
sciencemag.org/oontent/
wol 302/ issue 5653 #special
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A lonely satellite spinning slowly through the
void has captured the very essence of the umi-
verse, [n February, the Wilkinson Microwmve
Anisotropy Probe (WMAP) produced an im-
age of the infant cosmos, of all of creation
when it was less than 400,000 vears old The
brightly colored picture marks a tumimg point
in the field of cosmology: Along with & hand-
ful of other observations revealed this vear, it
ends a decades-long argument about the na-
ture of the universe and confirms that our cos-
mas s much, much strenger
than we ever imagined.

Five years ago, Science’s
cover sported the visage of
Albert Einstein looking
shocked by 1998% Break-
through of the Year: the ac-
celerating universe. Two
teams of astronomers had
seen the faint imprint of a
ghostly force in the death
rattles of dying stars, The
apparent brightness of a cer-
tain type of supermnova gave
cosmalogists & way o mea-
sure the expansion of the
universe at different times in
its history. The scientists
were surprised to find that
the universe was expanding
ever faster, rather than
decelerating, as general
relativity—and common
sense—had led astrophysi-
cists to believe, This was the first sign of the
mystericus “dark energy,” an unknown force
that counteracts the effects of gravity and
flings galaxies away from each other,

Although the supemova data were com-
pelling, many cosmologists hesitated o em-
brace the bizame idea of dark enerpy. Teams
of astronomers across the world rashed o est
the existence of this irresistible force in inde-
pendent ways. That quest ended this year, No
longer are scientists trying to confiem the ex-
istence of dark enengy; now they are mying to
find out what it made of, and what 1t tells us
about the birth and evolution of the universe.

Lingering doubts about the existence of

19 DECEMBER 2003 VOL 302

Portraits of the earliest universe and the lacy pattern of galaxies in today's sky
confirm that the universe is made up largely of mysterious dark energy and dark
matter. They also give the universe a firm age and a precise speed of expansion.

Illuminating the Dark Universe

dark energy and the composition of the uni-
verse dissolved when the WMAP satellite
taok the most detailed picture ever of the
cosmic microwave background (CMB), The
CMRB is the most ancient light in the uni-
verse, the radiation that streamed from the
newborn universe when it was stll a glow-
ing ball of plasma.
This famnt microwave
glow surrounds us
like a distant wall of

fire. The writing
on the wall—tiny
fluctuations in the
temperature {and
other properties)
of the ancient light—reveals what the uni-
verse is made of,

Long before there were stars and palax-
ies, the universe was made of a hot, glowing
plasma that rolled ender the competing in-
fluences of gravity and light. The big bang
had set the entire cosmos nnging like a bell,
and pressure waves rattled through the plas-
ma, compressing and expanding and com-
pressing clouds of matter. Hot spots i the
background radiation are the images of
compressed, dense plasma in the cooling
universe, and cold spots are the signature of
rarefied regions of gas.

Just as the tone of a bell depends on its

Through a glass, darkly. Microwave
data observed by the WMAP satellite
(vpper left), supernovae (lower left),
and galaxy clusters (abave) all reveal 2
unlverse dominated by dark energy.

shape and the matenal it made of, so does
the “sound™ of the early universe—the rela-
tive abundances and sizes of the hot and cold
spots in the microwave background—depend
on the composition of the universe and its
shape, WMAP is the instrument that finally
allowed scientists to hear the celestial musio
and Ngure out what sort of
INStrument our cosmos is.

The answer was disturh-
ing and comforting at the
same time. The WMAP
data confirmed the incred-
ibly strange picture of the
universe that other obser-
vations had been painting.
The universe is only 4%
ardinary matter, the stuff
of stars and trees and peo-
ple. Twenty-three percent
1% exotic. matter: dark
mass that astrophysicists
believe is made up of an
as-yet-undetected particle.
And the remainder, 73%,
i= dark energy.

The tone of the cosmic
bell also reveals the age of
the cosmos and the rate at
which it is expanding, and
WMAP has nearly perfect pitch. A year ago,
a cosmologist would hkely have said that
the universe i between 12 billion and 15
billion years old, Mow the estimate 15 13.7
billion years, plus or minus a few hundred
thousand, Similar calculations based on
WMAF data have also pinned down the mte
of the universes expansion—71 kilometers
per second per megaparsee, plus or minus a
few hundredihs—and the universe's
“shape™: slate flat. All the arguments of the
last few decades about the basic properties
of the universe—its age, its expansion rate,
its composition, its density—have been set-
{led 1 one fell swoop.

Az important as WMAP is, it is not this
years only contribution to cosmaologists” un-
derstanding of the history of the universe.
The Sloan Digital Sky Survey (SDSS) 15
mapping out a million galaxies. By analyz-

SCIENCE wwwiosciencemag.org
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Figure 1: The X-ray intensity measured by HEAO-A1 is correlated with
the microwave sky measured by WMAP at a higher level than would be
expected by chance correlations. Here we plot the cross correlation between the
X-ray intensity fluctuations and the CMB temperature fluctuations along with the
theoretical predictions for the ISW effect in a cosmological constant (2,4 = 0.72), the
best fit WMAP model for scale invariant fluctuations. To give an idea of the level
of accidental correlations, the green curves show the result of correlating the X-ray
map with 100 independent Monte Carlo realized CMB maps with the same power
spectrum as the WMAP data. The variance increases at smaller angular separations,
where there are fewer pairs of pixels contributing to the correlation and one can see
that the signals in neighboring bins are highly correlated for a given realization. Due
to the shape of the expected correlation, the signal to noise is greatest at smaller
angular separations. For # = 0°, 1.3°, and 2.6, the Monte Carlo trials exceed the
amplitude of the actual X-ray/CMB correlation only 0.3%, 0.8%, and 0.3% of the
time respectively. These correspond to 2.4 to 2.8 0. At larger angular separations,
the observed correlations appear to fall faster than predicted by theory. The blue line
shows the theoretical predictions if the quadrupole and octupole modes are suppressed
as suggested by the measured WMAP temperature spectrum. While it seems to fit
the data better, the larger angular separations have very low signal to noise.
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S.C. Vauclair et al.: The XMM-Q project: 1L~ (aSEvo-ph /03110 81)
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Fig. 2. Theoretical number counts in bins of redshift (Az = 0.1) for the different surveys: RDCS, EMSS, SHARC, MACS and
160deg®. Observed numbers are triangles with 95% confidence interval on the density assuming poissonian statistics (arrows
are 95% upper limits). For the 160deg” survey we have also examined the counts for the brightest part {160deg”(high flux)
carresponding to fluxes f, > 2 107" erg/sfem*), in order to show that the excess seen at z ~ 0.5 is not due to luminous clusters,
The upper (red) curves are the predictions in the concordance model (model B). The lower (blue) curves are for model A (see
table 1.). Different M — T are figured: the dashed lines correspond to Tys = 6.5keV (M98 M — T') while the continuous lines
are for T'ys = 4.keV, corresponding to virial mass nearly twice larger, close to BN98 normalization, The dark grey (green) arca
1s the uncertainty range from our estimates on the uncertainty in the evolution of the L — 7" relation while the light grey area
is the uncertainty on number counts due to the dispersion on os. The 3-dotted-dashed lines show the predicted counts in the
concordance model using M — T relation from Eq. 6 violating the standard scaling with redshift.

evolution a1f cluster abundance with TEdSBIfi‘

ihdr’t‘.‘.at'e.s o /713"‘1 densf'&& Un'versée !




“ 'ﬂoe ;*‘Idi.f.-ﬂ.é';ﬁf’i o}f ﬂ/\. %0 fvom 'ﬂ,&
SNQ. 1% Hu,é-b}e @!Iagvam 'S Vﬁg e'nteresé';ng
a,nd im)borﬂ'ahﬁ' 3 but on r'l.‘,'.f;‘ O U r ‘H‘i&
a:",*t.cf‘:;o’ﬂi.:?fm'e IS s'usce,pé:ue, {’o ,s'mﬂff
.f,,":_y,;,‘#?&,mﬂé’;ff e,fﬁe,bfﬁ’: !

N Fukug'ba & Hogan

2
(Pavticle DataGroup ©0)

what has J—.alu}:enea[ Since then 7



(zz9)11c0/yd-9235% )
%:E:ﬁﬁ& X %.»3%33&%0 h,ﬂw_

he- Q> Z J° E‘q%w% “B.ﬂic»\.w
ﬂ.msa\& \%E.@uhmxmuuﬂ Y3 <+

(p=Vg+"“r *f)
S0 F he 0 = E..Cl

. L2 .%:.qs_: sV
JIpur) PATpueIs, 5

r_m.wuu..__.uh.ﬂpﬂm NM& e 32 N..E.N_.“.M nﬁHz,m. .*ﬂ_r..«
.L_.nch v3vp Juacox 03 !4

Sl

G0

F 990

S9PON 1eld

[2/(z)'pH]°"Sor



£0°0 LO0

S0

SUDIpOp -

ID.—.I




(zz9liga] yd-+350)
wyqouewpyy hs@ﬁ:naumfowm

~ 22U
(gubpunqie]) Stz Y2242 93 mmx.:“m_e.m» gvipa WAl U FP »INS 002 P <

: - W
Low 5.0~ g Xowswp Kpsounuwy agmosqu ypim  gho #2071 = U

‘s; (z>2 >H€-0 @ PINS Tb) 27dwvs  37145pot g8y 243 o3 7:4-35°9 4L
SZ-0FS9-0 = FTC! S. N_,\.nwmm¢ oyz ¢ \m\ﬁwmﬁhﬁkmm

Twmhﬂvcu s; ©gep (459> & VINS Zor ) .uk&mwm» moy ByF UdyM™ g

i g

i EC EG
g I g0 0 g1 T g0 0 g1 I 50 0|
N ] i T ¥ T 1 T T L T T T Y T ¥ J I 1 ] J i \J T i T T ¥ T L] T T T L T T T Li T ] T T T ¥ I ' ' ¥ 2 mu.
sjuted zg sjured 201 sjutod 6] «
2>2>%g0 T¥E0 > 2 > 1,0 T &>235 150
EFOF20°T = U G2'0¥69'0 = U $0'0FGED = O
T Z0FEY0 = T go0F0 = .7 T200F100— = o
SI9POW 1914 S1aPOR 1214 s|apoj jeld
i —
=2
- @ -+
- S I
i |




(zz911€0 /yd-04359)
:«ﬁq:viﬂi& 9 baﬂwsa{uﬁum

a Gl I G0

! G0 0

T T T _ T T _ T T T T —fh T T T T —f.h. T T L ._ T 1 0
% t
.rf -
%
> 1@
// 1 o
.r../_ H
./Ix.._ N
1 o
.
B iy
ey sjutod 2@ e syutod zg ] !
GHITE 3B 3980 IT2>z>%80 S
ta et mGD| _ i p| ._”mwnu. = mc_v} rTiagpin: I| )
P m—uu e L
. l iR EEFIEEY —+— " 1
\%ﬁrﬂ GO~ an I

NQHHGETM...N 2r0M %H..Zm,

LmEt..w w
aprspee hy sqebbes
¢ W
sswanium 0= U 7 W squtod gg

o moyre Rpaqeendas o510
- 80 =W

poshyour waycr C PINS | ()
.ﬁfm&&h Mo] puv ¢%:m oYy

|I=.I.J.II.JJI




¢

’q're 'SNIG" a.& F'HB"I Tedsx'llrlft llﬂ'érr'nSJ'Cﬂtgy fdfhf’é‘r

vo.o there is no 'Standard medel’ For the explosion
mechanism (Hillebvandt & Niemeyer, ARAR 00) and

!:'H.'fe. ’'s8 Known aboud‘ ﬁie. Pm?em'éo'rﬁ cLSerth;'nnaf(}

—p SOME evidence thal drskant SNLa avre bluer

}Jf this is inbrinsic, then devived distances too small

T T I F T TR

{B'U}m

| =0-06+0-03

mean =002 0-01

Lot ool i i

A
redshift z

L Ll l J |
01

Figure 2: The observed colors of SNe la as a function of redshift. The data are from
Phillips et al. (1999) for the low-redshift and Riess et al. (1998) for the high-z sample.
The line shows the intrinsic color as defined for the nearby SNe Ia in Phillips et al. (1999).

(Leibundgut, ARAA 2001)
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oo SO wheve do we go fvom heve'_?l

G "That depends a good deal on where you
B:  want to get to,' said the Cat.

"I don't much care where--' said Alice.

"Then it doesn't matter which way you go,'
said the Cat.

*--s0 long as I get somewhere,' Alice added as an explanation.

enough.'

o cw Alice felt that this could not be denied, so she tried another
% question. “What sort of people live about here?'

-. "Oh, you're sure to do that,’ said the Cat, "if you only walk long

... Inthat direction,’ the Cat said, waving its right paw round, "lives
g0 a Hatter: and in that direction,’ waving the other paw, “lives a
March Hare. Visit either you like: they're both mad.’

CGSmc[a?rsfs are af&'en wrong but never in doubt
(Lnndau.)

cer We may be "not ewven wmn?,” (Pauli)
_é.u.t' e aye rmot Ldr'H'lmulf a’cuét“_f

excitin g times ahead



