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a fifth force from variation of
the fundamental scale
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Dark Energy
dominates the Universe

Energy - density in the Universe

Matter + Dark Energy

25% + 75 %
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Dark Energy

Q +X=1
C : 25%
(2 : 75%  Dark Energy

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



Space between clumps
1S not empty :

Dark Energy !



Dark Energy density is
the same at every point of space

“ homogeneous

2,



Predictions for dark energy cosmologies

The excpansion of the Universe

accelerates today !

Supernovae 1a Hubble diagram

Riess et al. 2004



What 1s Dark Energy ?



Cosmological Constant
- Einstein -

m Constant A compatible with all symmetries

m No time variation in contribution to energy

density

= Why so small ? A/ M4 = 107120

m Why important just today ?



Cosm. Const. Quintessence

static dynamical




Quintessence and solution of
cosmological constant
problem should be related !



Cosmological mass scales

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

Only ratios of mass scales are observable !
homogeneous dark energy: p,/M*=6.5 107"

matter: p./M4= 3.5 1072



Time evolution

t2 matter dominated universe

P, /M~ ~ » | |
t73/2  radiation dominated universe

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

Huge age = small ratio

Same explanation for small dark energy 2



Time dependent Dark Energy :
Quintessence

What changes in time ?

Only dimensionless ratios of mass scales
are obsetrvable !

V : potential energy of scalar field or cosmological constant
V/M?* is observable

Imagine the Planck mass M increases ...



Quintessence
from time evolution of
fundamental mass scale



Fundamental mass scale

m Unification fixes parameters with dimensions

m Special relativity : ¢

® Quantum theory : h

m Unification with gravity :
fundamental mass scale

( Planck mass , string tension , ...)



Fundamental mass scale




Cosmon and
fundamental mass scale

B Assume all mass parameters are proportional to

scalar field y (GUTs, supetstrings,...)
. MpN X > mprotonN X > AQCDN X o> MWN X >0

B v may evolve with time : COSIMon

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

Only ratios of mass scales are observable



Example :

Field y denotes scale of transition

from higher dimensional physics

to effective four dimensional description

in theory without fundamental mass parameter

(except for running of dimensionless couplings. ..



m [agrange density:

— \/§(—§X2R + 5(5 — 6)0Mx0),

+V (x) + hxyy)

m Dilatation symmetry for

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

m Conformal symmetry for 6=0



Dilatation anomaly

m Quantum fluctuations responsible for

dilatation anomaly

B Running couplings: hypothesis

dIiny =—-AX, 00/0Iny = Eo°

m Renormalization scale p: ( momentum scale )

m (/)

m I > 0: crossover Quintessence



Dilatation anomaly and
quantum fluctuations

m Computation of running couplings ( beta
functions ) needs unified theory !

B Dominant contribution from modes with
momenta ~y |

m No prejudice on “natural value “ of anomalous
dimension should be inferred from tiny
contributions at QCD- momentum scale !



Cosmology

Cosmology : y increases with time !

(due to coupling of y to curvature scalar )

for large v the ratio V//M" decreases to zeto

>

BEtfective cosmological constant vanishes

asymptotically for large t |



Asymptotically vanishing effective
“cosmological constant”

m Effective cosmological constant ~ V/M*

m )~ (/)
V= (/)

.M:X

V/M* ~(y /) =



Weyl scaling : g, — (M/y)*g,,
p/M =1ln (3 */V(0)

= @(—§M2R + 5%%@6%%

+V (¢) + m(9)vy)

Exponential potential : V = M* exp(-¢/M)



Without dilatation — anomaly :
V= const.
Massless (Goldstone boson = dilaton

Dilatation — anomaly :

V(p)

Scalar with tiny time dependent mass :
cosmon



Crossover Quintessence

AN R  (lic QCD gauge coupling)

critical ¥ where © grows large
critical @ where k grows large kK*(@ )=0(x)/4

k*(@ )= "1/(2E(@. — @)/M)’

ifp .= 276/M (tuning!'):

this will be responsible for relative increase of dark
energy in present cosmological epoch



Realistic cosmology

Hypothesis on running couplings
yeelds realistic cosmiology

for suitable values of A , E , ¢,







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



Prediction :

homogeneous dark energy

influences recent cosmology

- of same order as dark matter -

Original models do not fit the present observations
.... Modifications (1.e. E > 0)



Quintessence

Cosmon — Field ©(x,y,z,t)

Homogeneous und isotropic Universe : ©(X,y,2,t)=(t)

Potential und kinetic energy of the cosmon -field

contribute to a dynamical energy density of the Universe !



“Fundamental” Interactions

Strong, electromagnetic, weak _
interactions On astronomical

length scales:

graviton

-+

cosmon

gravitation =~ cosmodynamics



Dynamics of quintessence

Cosmon @ : scalar singlet field

Lagrange density L =V + Y2 k() 00 0@

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

today: (=276



Quintessence models

m Kinetic function k() : parameterizes the
details of the model - “kinetial”

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

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

m possible naturalness criterion:

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

- else: explanation needed -



Cosmon

B Scalar field changes ifs value even i the
present cosyological eposh

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

B [ 77 - variable dark energy. :

0,(?) decreases with tipe. !



Cosmon

B |71y m1ass

my ~ H

4

B New long - range interaction



cosmon mass changes with time !

for standard kinetic term

mm-=V”’

for standard exponential potential, k = const.
mm = V’/k*=V/(k*M*)
= 3Q, (1-w,)H*/(2k*)



Cosmological equations

2 G It l«‘tl 7,L,'CV




Solutions independent
of initial conditions

typically V~t 2
¢ ~1n(t)
(2, ~ const.

details depend on V(y)

or kinetic term




Crossover Quintessence Evolution




P Y pressurc kinetic energy

o=T+V energy density

_ 1=V

W= =TIV

Depends on specific evolution of the scalar field



Negative pressute

Ew <0 Qh increases (with decreasing z)
late universe with . 1 082y,
small radiation component : L 302, (1—2;)0In(142)
mw<-1/3  expansion of the Universe is
accelerating

mEw=-1 cosmological constant



Crossover Quintessence Evolution

No reason why w should
be constant in time !

IIIIIII ] 1 *llllll ]
3

10° 10°
1+z




How can quintessence be
distinguished from a
cosmological constant ?



" §2A
s M 0 (LKT)

I — __ 1 082y,
h = 3Qh(1_Qh)a|n(]—+z)

le+09 le+10 le+ll

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

M.Doran,...



fraction in dark energy has substantially
increased since end of structure formation

>

expansion of universe accelerates in present

epoch
1 52

— 3Q,(1-2,)0In(1+2)



Early dark energy

A few percent in the early Universe

Not possible for a cosmological constant



A few percent Early Dark Energy

If linear power spectrum fixed today ( oy ) :

More Structure at high z !

Bartelmann Doran,...



Early Dark Energy

A few percent in the
early Universe

Not possible for a

cosmological 1o and 20 limits

constant
Doran ,Karwan,..



Q)
— Q,(LKT)

Measure £2, (z) !

Structure CMB

100 1000 10000 1e+05 le4+09 le+10 le+l1
7z+1




How to distinguish Q from A ?

A) Measurtement Q. (z) <= H(z)

i) €, (z) at the time of
structure formation , CMB - emission
or nucleosynthesis

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

B) Time variation of fundamental “constants”

C) Apparent violation of equivalence principle



Quintessence and time variation of
fundamental constants

: Strong, electromagnetic, weak
Generlc interactions
prediction
Strength
unknown
C.Wetterich , gravitation  cosmodynamics

Nucl.Phys.B302,645(1988)



Time varying constants

m [t is not difficult to obtain quintessence
potentials from higher dimensional or string
theories

m HExponential form rather generic
(after Weyl scaling)

m But most models show too strong time
dependence of constants !



Quintessence from
higher dimensions

work with J. Schwindt

hep-th/0501049



An instructive example:

Warning : not scale - free !
Dilatation anomaly replaced by explicit mass scales.



Ansatz with particular metric ( not most general | )

which 1s consistent with
d=4 homogeneous and isotropic Universe

and internal U(1) x Z, isometry

P(t)

“ ) {—df? + a¥(t)dZdF)

) Tg{dpz + B%sin? o dQE}

B # 1: football shaped internal geometry



m : monopole number ( integer)

cosmology with scalar

and potential V :



. t
H=2"' ¢=2MIn—

"v 10M E'I: \ E: 1/2




Naturalness

m No tuning of parameters or integration
constants

m Radiation and matter can be implemented

m Asymptotic solution depends on details of
model, e.g. solutions with constant 2, # 1



Dproblen :

time variation of fundamental constants



Are fundamental ¢“constants”
time dependent ?

FFine structure constant o (electric charge)
Ratio electron to proton mass

Ratio nucleon mass to Planck mass



Quintessence and
Time dependence of
“fundamental constants”

m Fine structure constant depends on value of
cosmon field : a(Q)

(similar in standard model: couplings depend on
value of Higgs scalar field)

B Time evolution of ¢ ==
Time evolution of O

Jordan,...



Standard — Model of
electroweak interactions :

Higgs - mechanism

® The masses of all fermions and gauge bosons are
proportional to the ( vacuum expectation ) value of a

scalar field @y ( Higgs scalar )

m For electron, quarks , W- and Z- bosons :

melectron - helectron & cPH ste.



Restoration of symmetry
at high temperature
in the early Universe

Low T ngh T high T :
SSB SYM less order
<P >=0,* 0 <py>=0 more symmetry

example:
magnets




In the hot plasma
of the early Universe :

No difference 1in mass for
electron and muon !



Quintessence :
Couplings are still varying

Strong bounds on
the variation of couplings -
interesting perspectives for
observation !



Where to look for time variation of
fundamental couplings ?

® Nucleosynthesis

m Molecular absorption lines in the light of
distant Quasars

B Oklo natural reactor

B Atomic clocks

mC
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Abundancies of
primordial

light elements
from
nucleosynthesis
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A.Coc



Allowed values for variation of
fine structure constant :

Ao/o (z=10") = -1.0110° GUT 1
Ao/or (z=10") = 2.7 10 GUT 2

C.Mueller,G.Schaefet,. ..



Time variation of coupling constants
must be tiny —

would be of very high significance !



Violation of equivalence principle

Ditterent couplings of
cosmon to proton and
neutron

Differential acceleration

“Violation of
equivalence principle™

only apparent : new “fifth force” !

cosmon

22



Apparent violation of equivalence principle
and
tne. variation of fundamental couplings
measure both the

cosmon — coupling to ordinary matter



=-1.75 10 2ARZ(%—)QthL@

(1+wp)

Q : time dependence of other parameters



Link between time variation of o
and violation of equivalence principle
typically : n = 10!

if time variation of o near Oklo upper bound

to be tested by MICROSCOPE



Summary

o) Qh = 0.75

o Q/A : dynamical und static dark energy
will be distinguishable

o Q : time varying fundamental coupling “constants’

violation of equivalence principle



000000000000 00000000007¢

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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Cosmodynamics

Cosmon mediates new long-range interaction

Range : size of the Universe — horizon

Strength : weaker than gravity

photon clectrodynamics
oraviton gravity
cosmon cosmodynamics

Small correction to Newton’s law



Time evolution of fundamental
couplings traces time evolution of
quintessence

today w, close to -1:

Very small A«x/o for low z !



Crossover quintessence and
time variation of fundamental
“constants”

Upper bounds for relative variation of the

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

m Crossover Quintessence compatible with QSO

and upper bounds !



Atomic clocks and OKLO

¥  Atomic clocks:

e e e T s e s g P

-

- 40
=-54 A0 doem (o)
CC S, ’

Obsetvation : |Aa/o | <2 *10 5 / yr

Munich group



Fractional look—back time .
X 038 Three independent data sets from

Keck/HIRES

: Ao/o = -0.54 (12) 107
Murphy, Webb,Flammbaum, june
2003
VLT

Ao/o = - 0.06 (6) 10

Srianand,Chand,Petitjean, Aracil,
feb.2004

7 =~ 2

Redshift




m small coupling of cosmon to matter due to fixed
points behavior

W= fixeo poind  reached {or v = 2

VUMm’n? oy (X) :

J oLy
Qﬁn?(

, 2
= 4, &, -6, x,

6., 4, = o




1 : __
Rap — -Rgap = Mg * (T + T4y — Xegas),

da(v/—gF*%) = 0.




1 | |
Rap — 539445 = Mg (T35 F) TJL‘UJ — A6gAB),

d4(v/—gF4B) = 0.




Free integration constants

M, B, ®(t=0), (dD/dt)(t=0) : continuous

m : discrete



deficit angle A =2m(l — B)

singularities can be included with

energy momentum tensor on brane

bulk point ot view : describe everything in terms of bulk
geometry ( no modes on brane without tail in bulk )



F{. 1)
1)
o jals (1)
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12)
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Realistic model :
Crossover Quintessence

0d/01In X — Eo 2 (like QCD gauge coupling)

critical x where & grows large
critical @ where k grows large k?(p )=0(x)/4

k*(@ )= "1/(2E(9. — @)/M)’

if @ .= 276/M (tuning !')

Relative increase of dark energy in present
cosmological epoch
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