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Braneworlds

» [ntuitevely: Our 4D spacetime is a timelike
hypersurface in a 5D spacetime. The matter is confined
to our spacetime My
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» More precisely: p—brane is a p—dim spacelike surface in
D—dim spacetime Mp, D > p+1
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M otivation

o N

» According to string theory, end points of open string are
attached to p dim surfaces. They represent physical
fields
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M otivation

o N

» According to string theory, end points of open string are

attached to p dim surfaces. They represent physical
fields

® Closed string can move through the bulk, their spectrun
contains gravitons
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Recent history
B -

» Akrani-Hamed, Dimopoulose and Dvali braneworld —
4 + d-dim flat bulk with d dim compactified (torus
geometry)
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Recent history

f’ Akrani—-Hamed, Dimopoulose and Dvali braneworld —

4 + d-dim flat bulk with d dim compactified (torus
geometry)

» Randall-Sundrum (RS) braneworld — a flat braneworld
embedded into 5D AdS
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Action

o | N

» Analogical to 4D case

/d5 T/ — <— + A5) + SHelds ;

with x5 and Ay bulk gravitational and cosmological
constants
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Action
| | -

®» Analogical to 4D case

/d5 T/ — <— + A5) + SHelds ;

with x5 and A5 bulk gravitational and cosmological
constants

» 5D Einstein equation

1
Gap = Rgp — §gabR = — k2T op + Gaps
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Major typesof bulk metrics

-

» A static SO(3,1) symmetric metric

ds? = e2A(Z)77Wdat“da:” — dz?
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Major typesof bulk metrics
-

» A static SO(3,1) symmetric metric

ds? = ezA(Z)ana:“dx” — dz?

» An expanding braneworld

dr?
1 — Kr?

ds?® = a?b?*(dt*—dZ%)—a* ( + r2d#? + r? sin? «9dgb2>
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Major typesof bulk metrics
-

» A static SO(3,1) symmetric metric

ds? = eQA(Z)ana;“dx” — dz?

» An expanding braneworld

dr?
1 — Kr?

ds? = a?b*(dt*—dZ%)—a* ( + r2d#? 4 r* sin? 9dgb2>

» Embedding of FRW braneworld
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covariant description of braneworld gravi
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» Consider a 3+1 timelike hypersurface M in 5D bulk
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covariant description of braneworld gravi

o N

» Consider a 3+1 timelike hypersurface M in 5D bulk
» Metricinducedon Mish=g—-n®n
® Define jump of a function f by

f]= lim [f(Z+e) = f(Z o).
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covariant description of braneworld gravi

o N

» Consider a 3+1 timelike hypersurface M in 5D bulk

» Metricinducedon Mish=g—-n®n

N

1
[Kab] — _/ig (Tab - ghabT)
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covariant description of braneworld gravi

o N

» Consider a 3+1 timelike hypersurface M in 5D bulk

» Metricinducedon Mish=g—-n®n
N _

1
[Ka ] — —/ﬁ:% (Tab — ghabT)

® Decompose stress—energy as Ty, = Tgp — 0hap
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covariant description of braneworld gravi

B

f.. Consider a 3+1 timelike hypersurface M in 5D bulk
» Metricinducedon Mish=g—-n®n
N _

1
[Ka ] — —lig (Tab — ghabT)

Decompose stress—energy as T, = 7, — 0hgp

9
®» Projected Einstein braneworld equations are

4
ng) = 81 Gty — Aghygy + ligﬂ'ab — Egp
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Einstein braneworld equations

o N

» Are given by

4
Géb) — SWGTab - A4hab T ’{gﬂab — Fap
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Einstein braneworld equations

o N

» Are given by

4
Géb) — SWGTGJJ - A4hab T ’igﬂ-ab — Fap

where

1 1 1 1
Tab = ETTab — ZTachc - éhachdTCd - ﬂ7_2hab

and £, is electric Weyl tensor Ep = C,pgnn
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Einstein braneworld equations
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» Are given by
GW = 87Gr — Ahyy + Kingy — E
ab TG Tab 4Mgh T K5Tah ab

» Main didifferences:



Einstein braneworld equations

o | N

» Are given by
Géb) = 811Gy — Aghgp + ’igﬂ-ab — by,

» Main didifferences:
» Higher energy corrections due to g
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Einstein braneworld equations

o N

» Are given by
G = 871G ey — Aahay + Kimap —
ab — TG Tab 4Ngp T K5Tah Eap

» Main didifferences:
» Higher energy corrections due to g

® The gravitational bulk influence due to E
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Einstein braneworld equations

o N

» Are given by
G = 871G ey — Aahay + Kimap —
ab — TG Tab 4Ngp T K5Tah Eap

» Main didifferences:
» Higher energy corrections due to g

® The gravitational bulk influence due to E
$ Bianchi identity implies kVary, = V4Ey

o |

Basic principles April 15, 2004 — p.8/17



RS static braneworld of typell
-

» Embedding of Minkowski braneworld into 5D AdS
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RS static braneworld of typell

Embedding of Minkowski braneworld into 5D AdS

® The bulk is vacuum with a negative cosmological

constant As

» The physical source of the metric is brane at Z = 0 with

a brane tension o
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o o bbT

RS static braneworld of typell

Embedding of Minkowski braneworld into 5D AdS

The bulk is vacuum with a negative cosmological
constant As

The physical source of the metric is brane at Z = 0 with
a brane tension ¢

Metric Is

ds? = e_%'Z'anx“dx” —dz? .

with &k = /5 As
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RS static braneworld of typell

o N




RS static braneworld of typell
- -
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® Coordinate singularities at Z = +o0c
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RS static braneworld of typell
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® Intrinsic singularity at Z = 0
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RS braneworld of typel
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» Extra dim Z compactified

» The physical source is constitued by two branes at
Z =0and Z = nr,

®» Intrinsic singularity on the branes

.



e o0

RS braneworld of typel

—TTe 0 mre

Extra dim Z compactified

The physical source Is constitued by two branes at
Z =0and Z = nr,

Intrinsic singularity on the branes

Opposite brane tensions
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e o0

RS braneworld of typel

Extra dim Z compactified

The physical source Is constitued by two branes at
Z =0and Z = nr,

Intrinsic singularity on the branes

Vanishing effective cosmological constants on the
branes

|

Basic principles April 15, 2004 — p.11/17



Newtonian gravity from RS ||
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» Small fluctuations due to a point mass added on brane
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Newtonian gravity from RS ||

o N

» Small fluctuations due to a point mass added on brane

® The perturbed metric
ds* = [e_%'Z'nw/ + h(z, Z)]|datds” — dZ?

® Equation for &, admits separation of variables,
huw (2P, Z) = (Z)P(x”) with

0"0,®(z") = —m*®(2”)
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Newtonian gravity from RS ||

o N

» Small fluctuations due to a point mass added on brane

® The perturbed metric
ds* = [e_%'Z'nW + h(z, Z)]|datds” — dZ?

» [n cylindrically symmetric case in zero—mass mode

o |

Basic principles April 15, 2004 — p.12/17



Newtonian gravity from RS ||

o N

» Small fluctuations due to a point mass added on brane

® The perturbed metric
ds* = [e_%'Z'nw/ + h(z, Z)]|datds” — dZ?

» [n cylindrically symmetric case in zero—mass mode

» Kaluza—Klein non—zero modes give »—3 corrections
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Gauge hierarchy from RS|
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» Gauge hierarchy problem
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» Gauge hierarc

Gauge

® FElectrowea
energy sca

hierarchy from RS |

Ny problem
K spontaneous symmetry breaking at

es Mpw ~ 10° GeV

® Stringy effects at scales Mpjapck ~ 1019 GeV

-

|

Basic principles April 15, 2004 — p.13/17



-

Gauge hierarchy from RS|

» Gauge hierarchy problem

® Electroweak spontaneous symmetry breaking at
energy scales Mgw ~ 10° GeV

® Stringy effects at scales Mpjapck ~ 1019 GeV

-

® A huge gap between Mpjy,.x and Mgy, 16 orders (1)
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Gauge hierarchy from RS|
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» Gauge hierarchy problem
» RS | explanation



Gauge hierarchy from RS|
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» Gauge hierarchy problem

» RS | explanation

® Relation between a physical mass m (observed on
the 3-brane) and its corresponding bulk mass my

_kﬂ-,rc

m — € mo
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Gauge hierarchy from RS|
- -

» Gauge hierarchy problem

» RS | explanation

® Relation between a physical mass m (observed on
the 3-brane) and its corresponding bulk mass my

_kﬂ-,rc

m — € mo

® itis sufficient kr. =~ 50 in order to obtain the hierarchy
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FRW braneworld
=

» Embedding of FRW braneworld into 5D AdS

¢ A
k :

V[ | | FRW brénovy svét
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FRW braneworld
- -

» Embedding of FRW braneworld into 5D AdS

¢ A
Wik

. ‘ FRW branovy svét
1

\
[ ]

\ P
\ /”{ ______ ( _\_1_( ~kZ)
----------- z
1
® The metric is
2 2727 142 2 2 dr? 2 112 2 . 2 2
ds* = a”b*(dt"—dZ")—a 1 K2—|—7“d«9 + r“ sin“ fd¢
— Kr
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FRW branewor|d cosmology

831G 2 A
H2 - L[pM+p_M]+ 44_%

a
dH p}

dr o

» ), is mass density



FRW branewor|d cosmology

81 p> ANy
o2 = = Pm| 24
3 [pM+20]+3+a4

dH

» ,,, is mass density

®» Braneworld versions of Friedmann and Raychaudhuri
equations

Basic princi 2004 — p.16/17



FRW branewor|d cosmology

Branewofld versions of Friedmann and Raychaudhuri
equatigns

Dark radiation term



-
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FRW branewor|d cosmology

81 ANy
H? = == S
dH

oy 1S Mass densjy

Braneworld yersions of Friedmann and Raychaudhuri
equation

Dark radjation term
Quadratic term p;;
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FRW branewor|d cosmology

equations

Dark radiafion term
For pyy>>c itis H ~ pyy
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FRW branewor|d cosmology

o?* =

dH
dr

For ppy<<o itis H ~ /pps — classical scenario

|

Basic principles April 15, 2004 — p.16/17



FRW branewor|d cosmology

o N

» According to classical cosmology, the FRW universe
expands into “nothing”



FRW branewor|d cosmology

o N

» According to braneworld scenario, the FRW brane
expands into 5D AdS spacetime
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