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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
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Q. . =1.02 (0.02)



picture of the big bang




Wilkinson Microwave Anlsotropy Probe
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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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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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Cosmological Constant
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Friecdman uriverse (A =0)
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asymptotic solution for
cosmological constant (k=0)
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> (lo-wo)e,

Banks
Weinberg
Linde

we  Scmply would not exist y




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 equations

b+ 3Ho = —dV/do

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

for increasing @ the potential decreases

towards zero !



matter

v+ 3H (pyr +pu) =0






Cosmological solutions with scalar field
(cosmon )

1

H? =
[-5.'."") 2 [I.

2M?(6—n) _,

V=

independent of initial conditions a? n

“tracker solution”

9 .

H =241 s P t
| n

. p 1., n
S2( =(V+= 2 Pe = Pof Pe — 5 o
1= (V+56")/pe = pope = 53

fixed fraction in dark energy!

M — "M



asymptotic solution

fort = o0

n

attractor” tor a® > 5

3 M2H?







Solutions independent of
initial conditions

typically V~t 2
¢ ~1n(t)
(2, ~ const.

details depend on V(y)

or kinetic term

early cosmology

-30

-20

log,,a=-10g,,(1+2)
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choose field variable such that
potential has standard units

advantage:
@ acts as dark energy clock in cosmology




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) : not tiny or huge !

- else: explanation needed -



k() increase strongly for ¢ corresponding
to present epoch

GXamplet k(tf:‘} — k‘min+T'H'I]}]({F_@?lj]+1

(with kppin = 0.1, ¢ =276.6)

exponential quintessence:




Crossover Quintessence Evolution




use scale factor a as time variable:

for k(p) =%k (constant)

|_“ﬁ

with potential e




determine kinetial k(¢)
by observation !
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