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critical density

m € =0y/0. H=a/la

fraction in baryons

energy density in baryons over critical
energy density



Q. = 0.045

Q, = 0.225

Q. = 0.73



~60,000 of
>300,000
galaxies




. Abell 2255 Cluster

' ~300-Mpc






Q, =0.045

from nucleosynthests,
cosmic background radiation



m Om = 0.27 total “matter”
=
m So far tested only through gravity

m Hvery local mass concentration ==
oravitational potential

m Orbits and velocities of stars and galaxies =)
measurement of gravitational potential

and therefore of local matter distribution






Shear estimate
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DEFLECTION OF LIGHT RAYS CROSSING THE UNIVERSE, EMITTED BY DISTANT GALAXIES
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Ranges for Q_, Q, from WMAPext, SNIa and Cosmic Shear
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Q =1

tot

m theory (inflationary universe )

(2 . =1.0000.......... X
m observation ( WMAP )

Q. . =1.02 (0.02)



picture of the big bang
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Q +X=1
Qm . 30%
Qh . 700/0

h : homogenous , often 2, instead of €2,



Dark Energy :

homogeneously
distributed



prediction:
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Entire High-Z SN la Data Set
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Supernova Ia Hubble-diagram
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Structure formation

Structures in the Universe grow from tiny

fluctuations in density distribution

stars , galaxies, clusters

One
all
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Structure formation :

fluctuation spectrum

Wavelength A [h-! Mpc]
1000 100

# Cluster abundance
® Weak lensing

4 Lyman Alpha Forest

0.01 0.1
Wavenumber k [h/Mpc]

CMB agrees with
galaxy distribution
Lyman — o forest
and

oravitational lensing
effect !






Q. = 0.045 clumping

Q. =0.225 invisible clumping

Q. =0.73 invisible homogeneous
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What 1s Dark Enerc



Cosmological Constant




Cosm. Const. Quintessence

static dynamical




m [nergy density B Reduced Planck mass
M=2.44%10'"GeV
P~ (24%10 > eV ) * m Newton’s constant
GN=(8TTM?)

homogeneous dark energy: p,/M*=6.5 107"

matter: p./M4= 3.5 107"



t2 matter dominated universe

mp, /M~ ~ » . .
t73/2 radiation dominated universe

mp. /M~ 2% ~ t2 radiation dominated universe

Huge age = small ratio

Same explanation for small dark energy?



Dynamical dark energy ,

generated by scalar

(cosmon)

C.Wetterich,Nucl.Phys. B302(1988)668, 24.9.87
P.J.E.Peebles,B Ratra,Ap].Lett.325(1988)L.17, 20.10.87



Cosmon

B Scalar freld changes its value even. in the
cosy0logieal eposh

B Pofential wnd kinetic energy of cosmon
contribute to the energy denstty of the Unzverse

B [ 77 - variable dark energy. :

0,(?) decreases with time.!



Cosmon

B |71y m1ass

my ~ H

4

B New long - range interaction



“Fundamental” Interactions

Strong, electromagnetic, weak _
interactions On astronomical

length scales:

s

gravitation =~ cosmodynamics



Evolution of cosmon field

Field equation

Potential V() determines details of the model
e.g. V(o) =M* exp( - o/ M)

for increasing ¢ the potential decreases towards zeto
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Solutions independent of
initial conditions

typically V~t 2
¢ ~1n(t)
(2, ~ const.

details depend on V(y)

or kinetic term

30

log,,a=-10g,,(1+2)




Cosmon @ : scalar singlet field

Lagrange density L. =V + Y2 k(@) 0p 0@

(units: reduced Planck mass M=1)
Potential : V=exp[-0]
“Natural initial value” in Planck era ¢=0

today: =276



Quintessence models

k(®)

m k(@) = k=const. Exponential Q.

m k(@)= exp (¢p-—9)/0) Inverse power law Q.
= K*(@)=“1/CE(@,—®))”  Crossover Q.

k(@=0)/ k(®,,q4,,) : not tiny or huge |

- else: explanation needed -



Crossover Quintessence Evolution




kinetic energy

_ 1=V

W= =TV

Depends on specific evolution of the scalar field
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Crossover Quintessence Evolution







" QA
o QQ (LKT)

h = 3Q,(1=2,)dIn(1+=2)

Structure

le+09 le+10 le+ll

cosmological constant : , ~ t* ~ (1+z)3



Early dark energy

A few percent in the early Universe

Not possible for a cosmological constant
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Fluctuation spectrum

— Early quintessence, n=0.99
--- Early quintessence, n=1.05
—- ACDM WMAP only
-+ ACDM WMAPext + 2dFGRS
A Lyman-o

o 2dFGRS

| | | | 1 | | | | |
10~ 107

k/h [Mpc ]
Caldwell, Doran Muller,Schafer,...
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Anisotropy of cosmic background
radiation

CGarly quintessence, n=0.94
Early yuinleesence, n=1.05
ACTDM, WATAPext + 2dT GRS
ACIM, WAAP only
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———  Euwly quinlessencee, n=1.053
ACDM WhAPexo + 2ATGRS
WHIADP

T, (1+1)C, /(27) [PK ]

Caldwell,Doran ,Muller,Schafer,. ..



How to distinguish Q from A ?

o g

i1) equation of state w; (today) > -1



Are fundamental “constants”

Fine structure constant o (electric chatge)
@)

1D it I~ 7 l = . Y oQ T | A "‘ QY Qg

Ratio nucleon mass to Planck mass




Quintessence and
Time dependence of
“fundamental constants”

B Fine structure constant depends on value of
cosmon field : ()

m =

Observation of (molecular absorption lines

in the light of quasars )
z=2-3: Ad/a=-0.610" !

Webb et al



Fractional look—back time
0.6 0.8

2 3

Redshift Webb et al



Three independent data sets from Keck/HIRES

Ao/o = -0.54 (12) 10°

Murphy, Webb,Flammbaum, june 2003



Crossover quintessence and
time variation of fundamental
“constants”

B Oklo natural reactor  Aa/o < 10 7 7z=0.13
m Meteorites ( Re-decay ) Ao/a <3107  2=0.45



Fractional look—back time
0.6 0.8

2 3

Redshift Webb et al



Time evolution of fundamental couplings
traces time evolution of quintessence



Time variation of coupling constants
1S tiny —

would be of very high significance !
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Cosmon mediates new long-range interaction

Range : size of the Universe — horizon

Strength : weaker than gravity

photon electrodynamics
oraviton gravity
cosmon cosmodynamics

Small correction to Newton’s law



Difterent couplings of
cosmon to proton and
neutron

Differential acceleration

Violation of equivalence
principle

coSmon

p,1



1+
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Why becomes Quintessence dominant in the
present cosmological epoch ¢

Are dark energy and dark matter related 7

Can Quintessence be explained in a fundamental
unified theoty ?
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B Matter dominated universe with Q

P.Ferreira,M.Joyce

B Dark energy slows down structure formation
== () < 10% during structure formation
B Substantial of Q. (1) since structure has formed!

—

B Question “why now” 1s back (in mild form )



m Mediated by scalar field

R.Peccei,].Sola,C.Wetterich, Phys.Lett. B195,183(1987)

( nontenormalizable interactions ~ M~ )

>
m Quintessence: connected to time variation of

fundamental couplings
C.Wetterich , Nucl.Phys.B302,645(1988)



Cosmon and
fundamental mass scales

m Assume all mass parameters are proportional tO

scalar field y (GUTs, superstrings,...)
= MpN X s mprotonN X > AQCDN X > MWN JAPTER
B y may evolve with time

m m_/M: (almost ) constant - observation !

Only ratios of massi scales are observable



m [agrange density:

[ = \/§(—§X2R + 5(5 — 6)0Mx0),

+V (x) 4+ hxyy)

m Dilatation symmetry for

V = Xx*, A = const.,d = const., h = const.

m Conformal symmetry for 6=0



B QU A ONS-CS OIS CHO:
dilatationranenaly;

| ieieiaiteior eojuiplliios:

o AA ~
m Vet t MOG)~ X
mV/ Mp4 ~ v o decreases for increasing y

B >0 : crossovet quintessence



Weyl scaling : g, — (M/%)°g,,
o/M =1n (3 */V(x)

L = \/_(——MQR + k2aﬂ¢au¢







W 94 GHz
Dipole Removed







Anisotropy of CMB

Angle

amplitude of

fluctuations



209 SN Ia and medians
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