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Introduction

Two generic situations are usually considered:

e the dimensions orthogonal to the brane are compact
in order to recover 4-dimensional gravity in the effective

low energy theory.

e.g. RS-I, Randall-Lykken, ....

Often the branes are at the end of space
e.g. Hofava, Witten

e 4-dimensional gravity is itself localized on the brane
Rubakov, Shaposhnikov; Randall, Sundrum;..

A extra dimension(s)
i

3-bra

4-dim gravity 5-dim gravity
massless graviton graviton Kaluza-Klein modes

Because of the attractiveness of the brane scenario,
many have been tempted to push it beyond the strict
string framework where it was defined, and to generalize
it to topological defects on which matter is localized.

Since brane universes are new set ups, they may provide
new twists to old problems (hierarchy problem, baryo-
genesis, dark matter, late acceleration of the universe

or cosmological constant).
ADD...
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Toy models

Take the simplest 5-dimensional model (codimension 1)

A
D, p B

tensi ag

5-dimensional Einstein equation 4 Israel junction con-
ditions on the brane

— generalized Friedmann equation on the brane:

1 1 1 1 C ok
H2 — A 2 2 ~ _
evg T 3eme” T1eme T aems” Tt 2

P.B., Deffayet, Ellwanger, Langlois; Csaki, Graesser, Kolda,
Terning; Cline, Grojean, Servant ;...

with 87Gs = M3, ap cosmic scale factor on the brane,

to be compared with the standard Friedmann equation
A 1 k

e 4-d cosmological constant A receives contributions
both from the bulk vacuum energy Ap and from the
string tension o2

e Comparing the linear terms in p allows a cosmological
determination of the 4-dimensional Planck scale Mp
Mg =6—
=
e new contribution in p?. This shows that the cosmology

of a 4-dimensional brane universe is generically different
from the cosmology of a 4-dimensional universe

< notion of extrinsic curvature i.e. the way the brane
is curved within the higher-dimensional spacetime:. the
presence of localized energy induces extrinsic curvature.

importance of the non-conventional p? term increases
as one goes back in time — possible role in the early
universe (inflation models)

» the dark radiation term C/a] represents the effect of
the gas of bulk gravitons on the cosmological evolu-
tion of the brane.The brane does not represent a closed
system.
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In general relativity, Birkhoff's theorem: a spherically
symmetric gravitational field in empty space must be
static, with a metric given by the Schwarzschild solution:
DM 2\t
ds? = — (1 — —) dt? + (1 — —) dr? 4 r2dQ?
T

r

Generalization of Birkhoff's thecorem wvalid for this set
up: the general solution for the bulk metric is static with
metric given by the the AdS-Schwarzschild solution:
1
—h(y) dt* + ——
h(y)

C 2
k_y_2+e_2 )

‘= 6M3
|AB|

is the AdSs curvature radius. Thus ¢ may be inter-
preted as the mass of the 5-dimensional black hole that
is formed in the bulk because of graviton radiation from
the brane.

ds® = dy’ +y* d¥}

h(y) =

where

In this set up, time dependence i.e. cosmological evo-
lution only comes from the motion of the brane in the

bulk.
Kraus

4-

A

R(t) is the cosmic scale factor on the brane:

2 — _ 1 @ 2 2 2 452
ds?|, , = [h(??,) —h(R)<dt)]dt + R%dx;

—dr? + R*(7)dL;
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When should one recover the 4-dimensional picture?
When the physics on the brane is 4-dimensional, i.e.

e if the extra dimension is compact and its radius is
stabilized

e.g. Horava-Witten theory
L ukas, Ovrut, Waldram

e if the extra dimension is noncompact but the 4-dim.

graviton is localized
Rubakov, Shaposhnikov;, Akama,; Gogberashvili; Randall, Sundrum

e.g. in Randall-Sundrum (RS-II) case, warped geometry
in the extra dimension i.e. the cosmic scale factor has
a y dependence:

Wi/, g2 — OM3 -
a(y) =e W5 7 = m AdSs curvature radius
B
Minkowski (M) constraint: 3\ = g1=/\p + 5g0° = 0

Planck scale : M2 = M3 [T e=2Wl/idy = M3¢

Agrees with the cosmological evaluation:

M6 M3 1/2
m2="2 5 = M2 OM; = Mt
o | Az

Models with codimension > 1
Gherghetta, Shaposhnikov,; Cline, Descheneau, Giovannini, Vinet;

Schwindt, Wetterich,...
Situation is very different because of
e different ultraviolet behavior

e more interdependence between brane and bulk

e.g.
ds® = a(p)guda’da’ 4+~ (p)d6” + dp”

As p —+ 0, v(p) = (1 — A/2m)* p?
deficit angle A

A bulk particle identifies the singularity by circling it
(circumference at radius p : (27 — A)p).
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Searching for unstable configurations

Many of the possible brane configurations are unstable.

¢ good for a cosmological scenario

e.g. brane inflation
V

@ important to identify the few stable configurations

Dvali, Tye

d .
%

Ex.1 graviton instability for negative tension branes at

an orbifold fixed point
C. Charmousis, J.F. Dufaux; P.B.

Modify the RS-I set up (2 branes of opposite tensions
localized at Z, orbifold fixed points y = 0 and y = v.)
by adding a Gauss-Bonnet term

Leg = R? — 4R R® 4+ R R g

M3
Spuk = /d%v { 5R AB+_05-CGB}
Sbrane = —/ d4$\/—g40'1 —/ d4af:\/—g4a'2
y=0 =Y.

RS-type solution :

1 4 Ap
ds? = e My dePde’+dy? , k= | — 1
8 e Nudrtdz’+dy ™ + aM3

with the condition : o1 = —gp = 2kM3(3—4ak?).
This set up has a graviton tachyonic mode:
ds? = e~ 2k¥ ( h(m)(a:)wm(y)) dztdx” 4 dy?

with hﬁf) transverse and traceless and thﬂf) (z) = mthﬂ})(a

= —u? < 0.
5_

There exists a solution ), (y) with m?
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Ex.2 radion instability with de Sitter branes
Martin, Fe!der, FrOIOV, PefOSO, Kofman

ds dSa y

1 I il
\/\ radion stabilized /
e

Strong tachyonic instability in the radion mode :

ds? = a(y)? [(1-|—2d>) dy? 4+ (1+2w) (—dt2 + eQthXQ)]

Einstein egns = WV = -&/2

S (zh,y) = (@) ¢ (y)
with A () = m2dmi ()

Solution ¢,,(y) with m? < 0 (m? = —4H?*+ ...)

Meeting observation : predictions for CMB

e Perturbations: computing the CMB spectrum
Kodama, Ishibashi, Seto; Maartens; Langlois; van de Bruck,

Dorca, Brandenberger, 1 ukas;, Kovama, Soda; Deruelle, Dolezel,
Katz; Langlois, Maartens, Sasaki, Wands; Deffayet; Riazuelo,

Vernizzi, Steer, Durrer...

To this day no complete evaluation from the higher-
dimensional point of view of the C distribution for the
cosmic microwave background.

problems already arise in the simplest case of the Randall-
Sundrum model because the Kaluza-Klein modes do not
decouple, even to linear order: this is a reflection of the
fact that the brane is not a closed system.

In the two-brane case, need to define precisely which
brane fluctuation modes are allowed (dynamical brane,
orbifold fixed point, orientifold...) and, if needed, to
properly stabilize the radion field.
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Does the brane picture shed new light on the

cosmological constant problem?

Braneworld set up

p.p

tensiegh o

Cosmological constant on the brane:
1 1
= N 2
omg "t 1o °
Ms 5-dimensional Planck scale

A

5 requires fine-tuning between string tension and bulk
vacuum energy (Randall-Sundrum condition)

EB decouples the cosmological constant from the brane
vacuum energy i.e. the tension o

Is there an adjustment mechanism, i.e. a way of evading
Weiberg’'s no-go theorem?

Brane universes and self—tunin/gk »” 0D !
rKkani-Hamea, LIimopouios,

Kaloper,Sundrum; Kachru,Schultz, Silverstein

SELF TUNING: introduce a bulk scalar field ¢ which
couples conformally to matter on the brane

¢

1
S = Su+Spr= Msafdsw | gs| {5 R(S)—g 0" Omep — 3V

+ d*z+/|ga| f2(¢) (—0),

brane
One finds static spatially flat solutions to the classical

equations of motion for any value of the brane tension
f2(¢) = CeF?
Warped background ds? = e24Wly,, deidz” + dy?

1
_|n( _M)
2 Ye

¢(y) = ¢o=xIn (1_M)
Ye

Naked singularity at |y| =y. >0

e.g. V(o)=0 |,

A(y)




PierreBinetruy, LPTHE, Univ Paris XI (KITP Superstring Cosmology 10-23-03) Aspect of Brane Worlds

Page 9

e Fine tuning associated with the presence of the singu-
larity: one may cure the singularity by adding a second
brane but the content of the second brane is then fine-

tuned.
Forste, L alak,l avignac, Nilles

¢ Include one-loop corrections to gravity (Gauss-Bonnet)

in the bulk
P.B.,C. Charmousis, 5. Davis, J.-F. Dufaux

There exist solutions with no naked singularity at finite
distance from the brane

Aly) = Ao+wln(1+M)
Ye

o(y) = ¢0_2|n(1+M)
C Ye

Planck mass finite for « < —1/2

but fine tuning reappears.

e Replace the bulk scalar field by a black hole configu-
ration in the bulk

— Flat branes in black hole backgrounds
Csaki,Erlich, Grojean

Possible to find flat brane solutions without naked sin-
gularities, with enough parameters to avoid fine tuning
of the theory

matter RN black hole

3Hbrare ‘ ‘ M,Q

In the case of AdS-Reissner-Nordstrom black hole, enough
parameters (M, )) so that they can be tuned to take
into account variations of the brane vacuum energy
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Brane cosmology and an alternative to dark energy :

modification of gravity at cosmological distances

Take the simplest 5-dimensional model (single extra di-
mension)

b, 0 BULK

B

5-dimensional Einstein equation + Israel junction con-
ditions on the brane — generalized Friedmann equation

on the brane:
- 1 2
~ 36M¢ p

with M; higher-dimensional Planck scale,

H2

to be compared with the standard Friedmann equation

2= 2
3”’%1

P

If the two are present, expect an equation of the form

aH? +BH ~p

For example cosmology of induced gravity model
Deffayet; Deffayet, Dvali, Gabadadze

2
P 1 1 k
H? = _
(\/3m%l * 4y2 * 2rc) a2

Hence acceleration at late time, without a need for a
cosmological constant!

Q,, =1/4r2H}
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Modification of gravity at large distance

e Precursor model:GRS model
Gregory, Rubakov, Sibiriakov

where a collection of massive graviton modes contribute
to form a 4-dimensional unstable massless graviton bound-
state on the brane.

— 5-d gravity (r—3) recovered at large distance.

e multi-gravity models
Kogan, Mouslopoulos, Papazoglou, Ross

e.g. bi-gravity: set-up corresponds to two branes, each
localizing gravity: for a finite distance between the branes,
the corresponding graviton zero modes mix, giving a
massless graviton plus a very light graviton whose pres-
ence modifies gravity at large distance.

e induced gravity models
Dwvali, Gabadadze, Porrati

gravity includes 5d gravity plus induced 4d gravity on
the brane:

1 1
S = / dSz /—gM3} 5R(S) + d*z V—hM3, 5R<4>

brane

8-

For distances r larger than a critical distance . given by
_ Mg,
3
2Mf

Te

gravity “leakage’ into the extra dimension: gravitational
force in r—3.

For all these models, the critical distance must be cos-
mological: CMB P.B., J. Silk, weak lensing Bernardeau,Uzan

0.5

0.2
0.1

Pik) 0.05

0.02
0.01

0.0050.01 0.05 0.1 05 1
wavelength, k /™ Mpc)
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All known models either have ghosts or become strong
at distances of a few kilometers.

e.g. DGP model
Rubakov; Luty, Porrati, Rattazzi

There are scalar and vector modes with dim. 5 interac-
tion terms that scale as M2/M2/? : the theory becomes

strong at © = (MQ/M}‘!;)l/s.
String models with codimension larger than 1

Because of their different ultraviolet properties, theories
with codimension n > 1 behave very differently:

e Newton’s law is always 4-dimensional on the (infinitely
thin) brane:
1
q
p? +

Dn(p)
M2 [1 4 rep2D,(p)]

where 7 = M3/M; "

G(p,y =0) = Du(p) = / &

D, (p) divergent for n > 2

e for a brane of width w, there is a critical scale above

which gravity is screened
Kiritsis, Tetradis, Tomaras

E) n/2

w

Rc=w(

Explicit model: type II superstring on Ma x Xg, with X5

non-compact Ricci flat 6-dimensional manifold
Antoniadis, Minasian, Vanhove

M8 M?2 272
S = (271_3)7 / 6_2¢R10—3(47‘i)7 / (24(3)6_2q25 F ?) R*,
M, Mg
vields

— Mg —2¢ ng _ —2¢ ,
S = 2n) /Mme R10+3(4w)7 /M( 2¢(3)e ™ £ 4¢(2)) 7

requires Euler characteristics y < O.
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Conclusions

e Braneworld set-up is not unique. String theory con-
sistency should constrain the number of possibilities.

e Most braneworld backgrounds do not lead to satisfac-
tory late time cosmology (Brans Dicke fields...).

e If a satisfactory braneworld background is found, then
it is in principle possible to compute perturbations: the
fact that the brane is not a closed system imposes to
perform a computation in the higher-dimensional theory
(if one wants to keep intact the brany characteristics)

e Braneworld cosmology may lead to unexpected effects:
violations of Lorentz invariance, modification of gravity
at cosmological distances, late acceleration...

e The braneworld idea has given a new set up to discuss
old problems but has not (yet?) provided striking new
solutions.




