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•
N

on-interacting fluids: EoS determ
ines dilution:

     (W
rad =1/3, W

M =0, W
K =-1/3, W

vac =-1, …
)

     In general (D
EC): |W

|≤1 if r>0, and W
=-1 if r<0

•
If tw

o W
io ’s = O

(1) fi
 coincidence(s)!

        W
i  /W
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i-W

j)

•
A
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M
0  /W

X
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C
M

B
 and U

niverse G
eom

etry: W
K

0



                 lpeak = 216±6 
(from

 B
oom

erang astro-ph/0212229

C
M

B
 update O

ct 2002
 (from

 T
egm

ark)

l
peak ≈ v

s  tdec          J
peak ≈ z

dec  l
peak  /d(z

dec ) 

fi
 lpeak (=180

o/ J
peak ) ≈ 220/(1- W

K
0 ) 1/2

-0.09≤ W
K

0  ≤0.02  Flat U
niverse



W
eighing the (D

ark) M
atter: W

M
0

N
G

C
 720 (From

 C
handra)

(From
 R

O
SA

T
)



R
ich C

lusters of G
alaxies: r ≈ few

 M
pc, M

≈ 10
15 M

sun

(1 M
pc = 3.3 10

6 light years)

W
hite et al. (‘93): fb ≡ M

b /M
 ≈ W

b0 / W
M

0

1) take W
b0 from

 B
B

N
 theory, 

W
M

0 = W
b0  / fb

0.018 ≤ W
b0 h

2 ≤0.022 (B
urles et al.)

[0.006 ≤ W
b0 h

2 ≤0.017 (C
yburt et al.)]

2) M
easure fb (see below

)  

†
 

h
≡

H
0 /(100

Km
s

-1M
pc

-1)=
0.67

±
0.07



M
ost of the cluster baryons are in hot (T

~10 K
eV

) gas  

G
as m

ass determ
ined via

G
as m

ass determ
ined via: :

1) X
-ray flux (~ r

gas 2)

2) Sunyaev-Z
el’dovich effect (scattering of electrons from

 the gas 
on C

M
B

 photons)                          distortions in the C
M

B
 (~ r

gas  T
e )

T
otal cluster m

ass determ
ined via

T
otal cluster m

ass determ
ined via:

1)
M

otions of cluster galaxies + virial theorem

2)
Pressure of the gas + hydrostatic equilibrium

3)
G

ravitational lensing



fgas =(0.075±
0.002) h

-3/2 (X
-ray)

fgas =(0.081±
0.001) h

-1 (SZ
)

W
M

0 = W
b0  / fb =0.25±0.05

         (C
arlstrom

 et al. 2001)

SZ
 (G

rego et al.)



Further determ
inations of W

M
0

¸
 C

luster abundance vs. redshift

¸
 M

atter Pow
er Spectrum

 
(l

break ~ 50 W
M

0 -1 h
-2 M

pc)

¸
 Peculiar velocities and lensing

¸
 C

M
B

 anisotropies

¸
 M

/L
 ratio

¸
…

0.15 ≤ W
M

0 ≤ 0.4



Su
m

m
a

r
y: h~0.7

,  |W
K

0 |< 0.1, W
M

0 ~ 0.3,

1) W
X

0 =1- W
K

0 - W
M

0  ~ 0.7
70%

 of the energy density of the U
niverse is 

sm
oothly distributed on scales < O

(100 M
pc):

     2) W
X

0 = ? determ
ine the E

oS via its effects
on expansion, distance m

easurem
ents, galaxy

counts, lensing, grow
th of perturbations, C

M
B

, …

D
A

R
K
 EN

ER
G

Y



Test 1: A
ge of the U

niverse

Lookback tim
e:
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[
] 1/2

W
K

0 =0

0.72< H
0  t 0 <1.17  (95 %

 C.L.)

11 G
yr < t 0 < 17 G

yr
W

M
0 =1

t0 = tG
C +0.8 G

yr  (K
rauss et al.)



A
ge + Flatness fi

 W
X

0 ~ 0.7, W
X

0 < -0.2

H
0 = 70 K

m
 s -1 M

pc  -1 



H
0 = 63 K

m
 s -1 M

pc  -1 

A
ge + Flatness fi

 W
X

0 ~ 0.7, W
X

0 < -0.2



Test 2: Supernovae Ia

Lum
inosity distance:

†
 

d
L

≡
L4pF

L
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inosity
F=m

easured flux

L
ight travels on geodesics (ds

2=0):

SN
 of lum

inosity L
 at (rz , tz ):
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If all SN
e have the sam

e L

d
L =d

L (z; H
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M
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K
0 , W

X
0 , W

X
0 )



 for m
oderate z’s…

 H
0 d

L (z) = z + (1-q
0 )/2 z

2 +…
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D
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eter

W
M

0  + W
X

0  =1,       68%
 c.l.



SN
eIa are turned into

`standard candles’

System
atics (evolution,

dust, …)?

Look for very distant
SN

e (z>1) (H
ubble, SN

A
P)



Test 3: Growth of structures
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E
stim

ator of structure grow
th:

s
8

 = rm
s m

ass fluctuation in spheres of radius 8 h
-1 M

pc (~clusters)
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W
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Test 4: N
um

ber Counts

The volum
e of space back to a specified redshift depends

on cosm
ology:

†
 

dV
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=
r

2

1
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Kr
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=

r
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H
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(z)
W
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Find a population of objects
`independent’ on history,
and count the apparent density
of  them

.
E

x: G
alaxies (ex. D

E
E

P
survey),
G

ravitational lenses (C
L

A
SS),

…



Gravitational lensing
Probability
O

f being lensed
For a source at z=2
(norm

alized to Ω
M

=1)

C
hae et al. (C

L
A

SS): 13 lensed radio sources (out of ~ 9000)



Test 5: Future Tests

-Cluster N
um

ber
  vs. redshift

-A
lcock-Paczynsky: D

J vs. Dz

†
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Conclusions (part I)
1) Solid evidence for W

K0 ~ 0 (CM
BR), 0.15 < W

M
0 < 0.4

                               SIZA
BLE com

ponent of the energy
    density of the present U

niverse (W
X

0 ~ 1- W
M

0 ) is sm
ooth

2) Strong evidence for a negative W
X

0 , (A
ge+Flatness, s

8 ),
    m

aybe even accelerating (W
X

0 <-1/3, m
ainly from

 
    SneÆ

 SN
A

P: ~ 4000 Sne Ia up to z~1.8))

4) O
pen the Pandora’s box of D

ark Energy (L, equivalence 
    principle, Susy, D

a/a, naturalness, axions, … ) Æ
 Part II

3) It is true that we have entered the E.P.C. (Era of Precision
    Cosm

ology) … but the results are frightening!! 
    95%

 of the U
niverse is m

ade up of unknown particles and
    m

isterious `fluids’….


