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Dark Energy in a nutshell

e Friedmann equation

3H?2=p
e Cosmological constant problem

Pvac/ PA = 10°°

e How to modify this equation
e Add exotic matter (Dark Energy)

3H% = p + poe
¢ Modify the spacetime reaction (Modified gravity)

3H +H=0p
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Local bounds
e Laboratory Bounds
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e Problem?
Solar System and lab experiments rule out any long range
gravitationally coupled fifth force.
So the challenge is to modify gravity only at large (cosmisjahces,
while keeping it unaltered at short (Solar System) distance

e How to modify the theory of gravity?
Weinberg’s theorem: A Lorentz-invariant theory of a masslgpin-two
field must be equivalent to GR in the low-energy limit.
Low-energy modifications of gravity therefore necessaniplve
introducing new degrees of freedom, such as a scalar.
Giving the graviton a small mass width turns out to introdacsealar.
Theories that invoke a Lorentz violating massive gravitiso énvolve a
scalar.
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Three ways to hide

v _%zw(o;)amam —V(g) + A($)T

e The scalar field is weakly coupled to matter

e Quintessence 1
L= 59" 0u00,0 V() + T

e The scalar field is massive in vicinity of matter

e Chameleon (Khoury and Weltman: 2004)
e Symmetron (Olive and Pospelov: 2008)

1
£ = _Eglwau¢8u¢ - V((b) + A(¢)T

e The scalar field is weakly coupled in vicinity of matter
e Vainshtein (1972)

L = —%z“”(ab)é‘,tqbam +A(9)T
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Chameleon

s= [ dx/g (R - 200y - V(@) Sl A(6)g)

e Equation of motion
Do =V, +Agp
e Dynamics governed by effective potential:

O¢ = Vetr,o
Veit(9) = V(9) +Al¢)p
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Dynamics governed by effective potential
O¢ = Vetr,4, With Verr(¢) = V(¢) + A(o)p

Vert(#) Vert(#)




CHAMELEON

Solution for a compact object

Peo

Me,pc

The boundary conditions specify that the solution be nangar at the

do

origini — =0atr =0
And that the force on a test particle vanishes at infinity:> ¢., asr — oo
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e Field reaches effective minimum almost everywhere in thaybo
o All field variations confined to small region near body suefac

e This regionis called athin-she% <1
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Fifth Force on Body with Thin-Shell

A test masdvl; in a static chameleon field experiences a forc§¢
?¢ - ?Qﬁ

= ¢ is the potential for the chameleon force.
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My (6
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e deviations from Newton’s law are given by= 65°—— R
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CHAMELEON

e Thin Shell
deviations from Newton’s law are given lby—= 6
with

2ARe
BRC

AR; N 1
R. _ Newton's potential

for large objects (sun, earth, moon) , Newton'’s potentiédiige and a
thin shell is always present

= Planetary motion unaffected by the chameleon field

e Example (Earth)
Modeled as a sphere of radiRs = 6000Km and density
Pec = 109/crr?.
Far away the matter density is approximately that of barygas and
dark matter;,, = 10~ 2*g/cn?
AR;
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Gravity Test
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Symmetron

O = Verg: With Ven(6) = V(6) + A(6)p

1 1
V() = =516 + 320"
¢2
AG) =1+ 55

Ven(6) = 5 (05 — 1) 67 + A°
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Symmetron
1 1
Veit(¢) = E(% - Mz) ¢ + Z)\¢4
Vesr(¢) Vesr(¢)
¢ ¢
Large density Low density
2

Coupling to matter- Mz’

Fluctuationg§¢) around the local backgrourigy) ~ 4

M—°25¢p

VAINSHTEIN
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Conclusion

e Strengthens:

o Useful for many modelst (R, G)
o Fifth force is suppressed locally
¢ Interesting cosmological consequences

e \Weaknesses

e Singularity problem ?
e We do not solve the cosmological constant problem:

my < 103V
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Vainshtein

L _%Z’“’(gb)apgbauﬁb — V() +A()T

_ L ¢
B A vl

Zyw ~ G+ 3 a 0y + — (a ay¢>)

o Atlow energyZ,, =~ Q..
e At high energyZ,,, > 1

Nl

1., 17,2
—52"(0)0,00,0 = —5(99) . &
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Vainshtein

L— _%zww)amam —V(¢) + A($)T
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o Atlow energyZ,,, =~ Q..
o At high energyZ,, > 1
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Vainshtein

1
L =—52"(#)0u00.6 — V(¢) + A®)T
— 1 v ¢
= —52"(@)0:80,6+ =T

Zuw & G + 8 006+ — (8”81,(;5)

o Atlow energyZ,,, =~ Q..
o At high energyZ,, > 1

1., 182§

32" @0u00,0=-3(00), b=
b ¢
Mp|T_ﬁMp|T<<1

e The field is strongly coupled to itself and becomes weaklypbedito
external sources
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DGP

e Dvali, Gabadadze, Porrati (2000).

e The 3-brane is embedded in a Minkowski bulk spacetime withitely
large 8" extra dimensions:

(5)/d5x\/ GR+ M7 /d“x\/_RjLsm

e Boundary effective action (Luty,Porrati,Rattazzi: 2003)
e ADM decomposition(g,., N, N,)

e Gun = nmn + hwn
e We focus on the scalar mode)(

s— [ dx|-3002 - Loseep+ 221, a- M
= [ dx[-3002 - 500 +2-T]. A= 52

Zw = Qv [6 + %Dﬂ
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Decoupling limit
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e The effective action is local

e The equation of motion remain second order in derivative

T

306+ 5 (06 ~ @,006) = —1-
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Decoupling limit

1 ¢
Ly = —3(9¢)? — —0¢(9¢)* + 2—T
o = =300)° = 50000 + 25
o The effective action is local
e The equation of motion remain second order in derivative

T

1
3|:|¢ + F ((D¢)2 — (8H8u¢)2) = —M_pl

e The equations of motion are invariant under shift and Gatilglobal
transformationg — ¢ + ¢ + v, x*
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Decoupling limit
Lo = —3(00)% - —5006(06)? + 22T
¢ A3 Mo

o The effective action is local
e The equation of motion remain second order in derivative

T

1 2 2\ _
300+ 35 (00 = 0u0,0)°) = -

e The equations of motion are invariant under shift and Gatilglobal
transformation® — ¢ + ¢+ v, x*

= Galileon models
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Fifth force

1 2 2y T
306+ 35 ((00) = 0u00)%) = -
Fy/Fy=1
3 Fy/F,~(r/r,)**«1
Fd,:grﬁ(—lﬂ/u:—;), o/ Fg=(r/ry)
o _8M
v OMpA3 ry

= The fifth force is suppressed locally
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