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QOutline of the talk:

* The dark energy problem

* Modified gravity and “self acceleration”

* The CGP model

* Linearised vacuum perturbations and asymptotic stability

« Cosmological behaviour



The Dark Energy Problem

Gravity 15 well described by four-dimensional General Relativity
1 i
Rop — 3RGgap = 81GT
on the following scale
0.1 mm < r < 10%% em

Ve hawve also observed that the universe is currently accelerating!

Canwe account for this acceleration in 40 GR?

Yes, but we need to include some exotic contribution to I,
eg: a cosmological constant A
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To agree with observation, we need A ~v 10713 (eV)*

But., what 1z the natural scale for A7

For a field theory cut-off at the Planck scale, my,,

wa would expect that A ~ m;.
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Any theory of modified gravity must pass each of the following tests

1. Naturalness

2. Agreement with experiment

3. Theoretical consistency

B
Brans-Dicke gravity: 11z OK, 2 fails unless wgp > 40000, and 3 13 OK

DGEF model: 113 OK, 213 debatable, and 3 definitely failsl
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Modified gravity and self acceleration

Suppose we have no vacuum energy (pee. = 0), then in 4D GR, the Fried-
mann equation 13 given by
= ﬁmiiHQ

In a moedified theory of gravity this 13 replaced by a modified Friedmann
aquation:
p = F(H?)

In 4D GR, the vacuum solution has to be f lat (H = 0).

In modified gravity, we can have self aceelerating vacua, with H = H; > 0.

This happens if thers exists Hy > 0, satisfying F(Hy) =0



The DGP model: an example of self acceleration

We live ona single 3-brane embedded in an infinite empty space

Curvature can be “induced” on the brane by loop corrections to brane stress-energy,
or by finite width corrections
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The DGF modelis described by the following action

S = 2oM3 v —gR(g) +4M® V—gK

bulk brane

+ V=g (m p;'R(q) + £ natter )

brane

A theory of gravity, modified in the infra-red, with two cosmological branches:

F(H?) = 6m2, H*+12M3H

The minus branch 1z self accelerating since there exists

Hy = 2M° /m2, with F(Hg) =0
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Remember the 3 tests:

1. Naturalnhess?

2. Agreement with experiment?

3. Theoretical consistency?

Lineal tensor theory
50 S50la . L fail.

Eut can't really
on solar system S

earised theory
L S0

Ferturbations about the self-accelerating solution contain a ghost

=hostisinthe scalar sector

It has negative kinetic energy and if it couples to ordinary fields, will
destabilise the solution by continually transferring energy into those fields

See hep-th/OB04086 (Gregory, Charmousis, Kaloper, A F)
hep-th/0512097 (Gorbunoy, koyama, Sibiryakoy)
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Will self acceleration generically lead to ghosts?

Mo proof, but | suspect the answer is"Yes”

Thisis because perturbations about self accelerating solutions will typically hawve
an ultra-light graviton propagating on a ds background.

It is well known that if the mass of the graviton

0« m? < DH?

then the scalar (helicity-0) component will be a ghost



A possible alternative to self-acceleration

Vacuum is flat rather than de Sitter but can still
get acceleration due to modification of grawity at some stage in cosmic evolution

The CGP model




our action is given by

DI IRC CORTSER Y Ve S

=102 A

+ v—g(m ptR(fi’) — 0 + L natter)

brane

Note that we can have Ay # Ay and even My £ M,

Equations of motion in M, are just Finstein equations
By = Gaplg) + Mg, =0
Brane equations of motion are the continuity equation
Ague =1

and the Izrael equations

o 1
O = A (Ko = Kol +75:0,0(0) + e = 3T



Background solution

Wa take a Polncare slicing of AdS in sach region of the bulk
ds® = a’(y)(dy” + mpoda’da)

where

)
T 1 fky’

Fach region corresponds to 0 < ¢ < ¥4,.,, Where

=4 A = —Bk2

aly)

2

W .l/k fored=T1 (AdS boundary)
i o ford = -1 (AdS horizon)

The brane 1z at ¢ = 0, and the boundary conditions there give

This fine tuning guarantees

A 3
o = —12(M°8k) a Minkowski wvacuum



Linearised vacuum perbhmwbations and asympbotic stability

Asinthe DGR model, we need to consider perturbations
in order to checlk the stability of the wacuum solution

WWe need to eliminate those solutions that contain a perturbative ghost
The bulk metric becomes
ds® = a*(y) [ Nas + Ras (2, 3)] dz®da®

In M, the brane position becomes y = filx)

Yye can decompose perturbation into tensors, wvectors and scalar
witt the A0 diffecmorphism group (Poincare) .

huw = Ry, +280,F)+20,8,B4+2A1,,
T .
hyw = 2¢

F, and B, are Lorentz-gaugevectors, hEE 13 a transverse-tracefres tensor
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Now consider vacuum f luctuations 8E, =0, 88,, =0

Assume tensors, vectors and scalars Do WNOT MK,
Treat EOM independently

zhosts typically appear in scalar sector, so lets focus on that. .

The bulk equations of motion give EE’:;““ = 0, whers

a.f a.l'
B = [0,0, 4 nud] (X 41430, |8, 435 | (X - 5Y)
1 ,_d
BEorler = —38, (}c: - EY)
. 5 a.f a.l'
SE = 39X + 10— (x’ — EY)

[a(B - B)]

Tl o
L) L)



These equations are sasily solved on each side of the brane to give
Ulz)
az

oU ()

e — 2

where 82U =0,

We have 4 scalar degrees of freedom

Yx radion: ¥ and U5, 2x brane bending: fi and fs

and two boundary conditions (continuity of metric +Israel junction conditions). ..
Sso should be left with two scalars.

Fasy to see why two scalars if one introduces regulator branes at

Y= U {: Ymau

LHemaining d.o.f are f luctuations in the proper distance between the branes
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In Gauszian Normal coordinates, with the brane fixed at ¥ = 0, we have

fuy = Byy = 0, Puv = hgﬁ:} + hﬁ}
where This mode behaves

like a massless tensaor.
1 /

REY = —(1-a"49,8,U Mo mixing with tensors if
i 25:21 s bulk is infinite
rla) = i —a 98,8, 4+ 24
4 = U-kr

The continuity condition, and the Israel equations now require that

M
3

AA =0, < (U—A}+m§iﬂ>:0

The f luctuation in proper distance to the regulator brane 13 given by

Y — % [Ua(y*:l_g = A]



4D Effective Action

We can calculate the 4D effective action by integrating out the region
between the branes and the regulators

S —6/d4:r<Ma 63*32U(m)>

We can remove the regulator branes by taking 4 — ¥ma. . then

—Afk whenever 8k > 0
Dy —+
o0 whenever 8k <0

This 1implies that when #% < 0, mode 7 13 non-normalizable.
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Having removed the regulators, and imposed the boundary conditions,
we find the following:

1. If we have the AdS horizon in bofh sides of the bulk, then all scalars decouple.

(this has a finite wolume bulk, so no IR modification of gravity-less interesting)

2. If we hawve a Minkowski bulk on either side, then all scalars decouple.

3. Otherwize, (onlj.r:l one acalar d o f survives and the effective action 1z

S =6 [mgi _< >} / iz (9A)?

M9
k



easures the strength of the coupling to the trace of the
energy momentum tensor, since schematically we have

—x&zfl R

v — oo limit: the radion completely decouples.

This corresponds to the case where k1ks =0
g0 at least one side of the bulk 18 Minkowalki

v — 0 limit: the strong coupling or conformal limit

Cannot support non-conformal matter source (T == D:I
to linear order 1n perturbation theory

Linearised theory breaks down due to strong coupling,
gaometry responds non-linearlyl
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Can think of conformal limit az a limit of enhanced symmetry.
Linearized fisld equations in bulk and on brane become invariant under
Pray — Boy + R4S

where
R = (1-a 28,8, f —2%*F n,,, R =rD =0

pure gauge in the bulk, but not on the brane . beyond the uzual diffecs
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Summary

To get IR modification of gravity, need infinite volume bull,
then we can treat scalars independently

At most one scalar d.o f survives
This corresponds to fluctuations in the brane's centre of mass motion

Scalarisa ghostif f =0, and then vacuum solution is unstable

Scalar decouples it either side of the bulk is Minkowski { ¥ o)

Scalar is eliminated by an extra symmetry in conformal limit (% =0)
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Cosmological behaviour

As s well known in braneworld gravity, cosmological branes correspond
to branes mowving through the bulk

Exact solutions can be easily found by
qluing bulk solutions together across the moving brane

Without going Into too much detail. ..
Fut some matter on the brane, with equation of state p = wp,
gatisfying the SHC,
pzU, p+ap =0

We get conservation of energy, and a medified Friedmann equation

p=—3H(p+n), p=FH)
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fn our modef
F(H?) = 6m%H? — 12 <M39 (\/HE TRk >

Note that (0} = 0, as expectad since
Minkowskl space should be a vacuum solution

Want a consistent cosmology that approaches
the Minkowsk: vacuumas p — 0

Wea therefors need to assume

FH* >0, FH)>0 for0<H< Hy,y

Cosmology must also pass through a standard 412 phase.

(Guaranteed 1f .. 13 large enough, as then p ~ GmiiHE for H ro Hpax
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afing
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Note that we certainly need F'(0) =6y =0

But remember if % > 0, we have a radion ghost!!!!

This surprising resuff can be fraced fo
the absence of a fensor zero mode



Mo tensor zero mode, so large distance/late time behawviour

dominated by radion {if it exists)

We can use the Gauss-Codazzi equations to find the projection
of the Einstein tensor on the brane. After linearising we obtain... ..

8(Ruw - ¥Ray) = HTee

This EOM would follows from an effective action of form S, g = /.J—T:; (xR 4 Lmatter)

so ¥ is really the effective 4D Planck scale.
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Therefore, the only cosmological solutions we may consider are:

Those for which the radion decotipies
ie if either side of the bulk is Minkowski

ar

Those for which radion is eliminated by an extra symmetry
ie the conformal limit , y=0
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VWhat do we need for acceleration?

Strictly speaking we need the effective equation of state parameter

< L
it - =
Sff 3

although from obaervation we would like to push 1t cloger 1o — 1

The effective equation of state parameter 13 given by

Gops = —L+CED(L+0), C(HY) = %

Assuming that the matter satisfies the SEC (1 4 3w > 0),

then acceleration can be achieved if C(H?) falls below one.
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Acceleration with a decoupled radion

Assume we have a Minkowksi bulk on one side,
and an AdS bulk on the other

A



PPT to PDF 1.4

in this case
F(H?) = 6m2H® — 6M; (ﬁ/HE + & — kl) +6MSH

If My < Mg, then C(H?) > 1forall H >0 {qw Planck scale means graviton

can propagate easily away from
NO ACCELERATION AdS boundary, fowards brane

If My > My, then can get C(I—IE) < 1 over some rangs of H
COSMIC ACCELER ATTIONI

For large H,
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F({H?) increases monatonically if

If this is not satisfied, If this is satisfied, can get acceleration,
can't get acceleration Get most when close to equality

Boundls a necaessarny, buf not sufficient condition for accelaration

Numerical checks suggest we can get C(H?) down to about 0.43

For pressureless matter (w = 0), this gives w.p; ~ —0.57
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Feqgion of maximum acceleration




Evolution of comoving Hubble radius in time

T
|'_";Ilf-|' o l':-l'ﬂl 11

Significant period of acceleration More like "coasting”

Model naturally explains why acceleration can only occur after matter domination
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Acceleration in the conformal limit
3
= - (152) =0

(areatest acceleration occurs at late times (small H:I Taylor expanding
F({H?*) near H =0, we gat

= 3]
o =HR(0) + - F'(0) + S F(0) + O (B°)

where

For small H, p cc H* and 30 al) ~ 30157 and C(H?) ~ 1 + O(H?)

Can fins tune so that p oc H® Then alt) ~tT% and C(H?) ~  + O(H?)
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Summary

Can get power law acceleration at late times due to modification of grawity

Acceleration only occurs when matter is present. Yacuum brane is Minkowskil

This is achieved withoutf introducing ghosts, unlike self accelerating models

zhost are avolded because radion either decouples,
or is eliminated by an extra symmetry kicking in.

Can increase amount of acceleration by introducing
zauss-Bonnet correction in the bulk, but lose naturalness



