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(Standard matter fields live on the boundary.)

| Compactity extra 6D



(0 > 07 or o <07)

bulk's lightcone




§2. Randall-Sundrum (RS) Brane World
PRL 83, 3370 (1999) [RS1]: 83, 4690 (1999) [RS2]
e 5D-AdS bounded by 2 branes: R* x (S*/Z,)

ds? = dy2 + e_2|y|/€nwd:c“d:c” (—r. <y <)

0% = —/% : brane tension: o4 = i47rz5€
(b(y) = e~ 1/* is called the warp factor)
b(y)
negative tension positive tension negative tension
~ —
> Y




e Possible solution to the Mass hierarchy problem in particle physics
if we live on the negative tension brane

* T 18 arbitrary = Existence of Radion mode

Brans-Dicke type gravity on the branes

unless Jstabilization mechanism.
wpp < 0 on the negative tension brane (Garriga & Tanaka, '99)

e [f we live on the positive tension brane, the negative tension brane may
be absent (r. — oo in RS1)

.- - 5th dimension can be non-compact

 Gravity confined within ¢ ~ |A5|~'/2 from the brane

+ No “radion” modes

Einstein gravity is recovered on scales > /¢

GsM GsM _ GyM

PNewton = ~ r2 ;>>£ Cr r

The positive tension brane seems cosmologically favored.




§3. Brane Cosmology in AdSs-Schwarzschild Bulk

Kraus (799); Ida (00); - - -

e HD AdS-Schwarzschild in Static Chart:
dR>

ds? = —A(R)dT? R2d0O2
R? a? 5
A(R) = K + 5~ (K =+1,0, o =2GsM)

x Fora* =0 (K = 1),
ds® = dr® + (H0)*sinh®(r/0)[—dt® + cosh®(Ht)dQ2, |

Any r =const. timelike hypersurface is 4D de Sitter space.
- Pure de Sitter brane at r = rg (with Zs symmetry):

3 3

— th(rg/l) = — —
Ir Gy /D) = e sinh’(ro/)
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x Deviates from de Sitter if 7, is non-trivial:

T

A n T

\/
/ brane trajectory :
— R = R(r)
/ { T ="T(T)
/
/ R

\ >

Ilbulk n

: R2
2 2
ds”|p rane = (—A(R)T2 A ( R>> dr? + R*(1)dQ3
- Choose 7 to be Proper time on the Brane:
RQ
A(R)

—A(R)T? + = ]




= AAR)T? = R? + A(R)

- Junction condition under Zs-symmetry:

(K|t =2K,,(+0) = —87G5[T,, — (1/3)Tg,.]
1

K,U,V:§£nq,w/; na:<R7 —T,0,0,0>
quv - -+ Induced metric on the brane
3
T'uu:d. — /M, Vs Y, — c(suy; c —
iag(—p,p,p,p) — 0 0= iy
A(R) . 47Gs AnGs 1
= — T = c) = —
B 3 (p+ o) AN,
Gy =G5/l
2 /2 o
| A(R) =K+ RY -




e [riedmann equation on the brane:
N\ 2
RY | K _8tGy  ,(47Gy 2+a2
R] "R "3 " 3 ) TR

x presence of o< p* and o/ R* terms.

. p>-term dominates in the early universe:

2t2 1/4
Forpoc R* K=0>=0; R (t+7>

-reduces to standard Friedmann equation for /*?G4p < 1.

BBN constraint: o, > (100 MeV)* (< £ < 106 cm)
-/ R*-term: “dark radiation”
(IQ _ _E%t.
R* 37
Hawking radiation from BH? - .- AdS/CFT
(T. Tanaka, gr-qc/0203082)

5)

A a, b
IEHV'_'(juaule7l



(O(5, 1)-symmetric)

(with Zy-symmetry)

X = 7/2: totally geodesic 4-surface



(RS flat brane is recovered in the limit ry — 00)
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§5. 4D Graviton and Kaluza-Klein Excitations

e Gravitational perturbation of de Sitter brane universe:
ds® = dr® + (H{)*sinh®(r/0)ds3g, + hadz’dz’
= b°(n) (dn® + H?ds3s,) + hadz"dz’
(conformal radial coordinate):

14

b(r) = Lsinh(r/f) = b(n) = b (] + 7o)

- (generalized) Randall-Sundrum gauge:
hss = hs, = h*, = D,h"" =0

Du - 4D covariant derivative



e Perturbation equations:
i ) (b3/2>” m2
R = b2 0(n) S Y TR YT Y

* “Volcano” potential for ¢:

<b3/2>// 15 9
Vin) = — + — — 3cothnyd
(77> bg/z 481nh2<‘77| 4+ 770) 4 7o <77>
V(M)
9
V(M) — v
for M - + oo
9

7! .

* 4D graviton L o x b = By o< b?

* KK excitations . V—>(9/4) = m> (3/2)H
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- Zero mode is confined just like the case of the RS flat brane.
When quantized, however, the normalization (amplitude) is non-trivial:

P(k)k®  (H\’
o (K) ~ (—) F(HY) (Langlois, Maartens & Wands (’00))

2T
)1

Gy

1 ++vV14+ 22

X

(\/1+x2—aj21n

- X

3
— large enhancement at H¢ > 1: F' ~ iH l.
- Mass gap in KK spectrum: Am = (3/2)H

— The same is true for any bulk scalar field with m < H.
— No ‘zero-mode’ (bound state mode) for m > H.



§6. Brane-world Inflation Driven by a Bulk Scalar Field

15

Himemoto & MS (’00), Himemoto, Sago & MS (’01), - - -

* Randall-Sundrum’s “default” parameters:

1/2
brane tension: o, = 0 (= 9
. . 4’/TG5€ 7 /\5
If |[o| > o, then inflation occurs on the brane:
1 1 1 |A 3
H2:———:——‘—5|; o=
S A £ 6 A Gsly
If |o| = o, but |Ascrf| < |As|, inflation also occurs on the brane:
H2 — A5 — A5,€ff‘
6
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cf. Hawking, Hertog & Reall (’01), Nojiri, Odintsov & Osetrin ('01), -



e Toy Model

L r—Lowa,00,6 — Us)

L p—
° T 161G 2

If ¢ varies very slowly,

[Aserr] = |As + 8nG5U(9)] :

_ 47TG5U(¢) » 87TG4
. 3 3

(¢ is arbitrary here.)

H’ Uy;

As +8TGsU(9)

A
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DO |
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e ['riedmann equation in the presence of a bulk scalar:

-\ 2
K K 8rG 1
<g> ‘|‘—EH2+?: 4,5¢—|——Ett,

a a2 3 3

From Bianchi Ids. on the brane and ¢ equation in the bulk,

4 E Y
g, = 255 / a‘ PP + =) dt
a a
., C 1
2 :
= 27TG5¢ + g 5 lf 5

B, 1. 1 C
eff — 0 =0 = . -~ —

x 5D scalar ¢ behaves like a 4D scalar @ = /£ ¢ with
14
Uenr(®) = ; U(®/V0)

When and in what situations will this be true?
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1
e “Zero mode” and KK modes (U 5 )
* For de Sitter brane at r = ry,
S (r, x") = up(r)do(z") +/ dA uy(r)pr(a")
3/2
Q) “zero mode” (bound state mode)
¢y :  Kaluza-Klein modes

Effective 4d mass of zero mode when M? < H?:
M2:{M2/2 for H*(* < 1
. 3M?/5 for H*? > 1
x No bound state when M? > H?.
(But there is a quasi-normal mode with My = M/+/2 — iI)

- Zero-mode dominance <> consistent with the effective potential picture.

- KK modes are important when H/ > 1
(< gravity zero-mode is non-trivial when H¢ > 1).

Quantum fluctuations of KK modes need be evaluated.
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e Case of a scalar coupled to brane tension Langlois and MS, in prep.

S [ @ay=g (g - 5992 - Vo)) - [ dov=ialo)

* Friedmann equation on the brane:

8rGs (1., 1 837G 1 /oc\*\ E°
H2: 2 —V 2 - =77 — VU
3 <4¢'+2 T ¢ 16<8¢) >'% 3
( TGy 1.
H? = ﬂé4[§®2+¥@ﬁ®%+p4 :

: 1 STl 1 /9o\?
e +4Hpe = JO: Vg = ~Vs 2ot —— =) ,
\ pe + 4 pe : =5Vt 50— ¢ ( >

where G4 = G5/¢ and E% = 81Gy <pg + —<1>2>.

Does this hold whenever H?¢* < 1?7 AdS/CFT?



§7. Large-scale Cosmological Perturbations on the Brane
- General formalism = Kodama et al., Langlois, Mukohyama, - - -
- Essentially a 5-dimensional, PDE problem.

- However, some simplifications on super-horizon scales.
Langlois, Maartens, MS & Wands (01)

e Basic equations

G/w + Ay Quv — Gy T,LW - E/w
— 87TG4 TtOt

%

—FE,,)" ||Weyl fluid || (or “dark radiation”)
FOF T/ﬂ/ — ,O/U/quy -+ P h’uy -+ 7""“” ( )
uw'D'E,, = O(€)

Weyl fluid is decoupled on superhorizon scales.

standard 4-d theory is applicable
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(Sachs-Wolfe) (Integrated Sachs-Wolfe)

curvature perturbation on

Newton potential

curvature perturbation in Newton gauge

Last Scattering Surface

\/




For a dust-dominated universe at decoupling,

1 2 8 Pr
+O=—2¢ -2 -
C 5C D 3,0d
160Gy [°
—87TG4CL2 57Tt0t -+ 7;-/24/ 57Ttot CL7/2CZCL
a 0

8 Pr 16mGy [
377@ = —877 g% + 87TG4CL2 57Ttot — C;—/Z - /O 57Ttot &7/2d&]

where (. is the

)

_ 0pg pe Op
" dpe 3pp+ P)
_0pa 30p
Cpa Ap
5Ty = (1— p+3P> 5 + Ore
20
OTe

0me cannot be determined within this 4-d approach
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§8. Summary

Brane-world gives a new picture of the universe

Can we find cosmological evidence?

e Quantum brane cosmology

* Spatially compact 5D Universe created from nothing

- Well-posed

x 4D Universe created in de Sitter (inflationary) phase
- Non-trivial quantum fluctuations if
- Effects of KK modes need to be investigated.

x Inflation without inflaton on the brane
- Inflation as a result of

*x Mass gap (Am = (3/2)H) in the KK spectrum
- [solation of the zero mode < of the brane world
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e Evolution of a brane universe

* Presence of p” term in Friedmann equation
- Modified evolution when

x Weyl fluid term (dark radiation) in Friedmann equation
- Effect of

* Large scale perturbation can be solved without 5D equations.
- oD effect is encoded in CMB through

e Some issues on brane-world cosmology

x Search for a natural brane-world inflation model

* Quantitative analysis of cosmological perturbations

.o

(poster by Minamitsuji)
* Analysis of the two-brane cosmological model (radion dynamics)

(talk by Kanno)

Need a good approximation method,
e.g., Kanno-Soda’s (Shiromizu-Koyama’s) approach
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