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1. INTRODUCTION :
— OVERVIEW OF HIGHER

DIMENSIONAL COSMOLOGY



1. Difficulties (or Mysteries) in Ordinary 4D cosmology

Inflation

Initial Singularity
Creation of the Universe

Dark Energy
HIGHER-DIMENSIONS ?

2. Fundamental Unified Theory predicts higher—-dimensions

Supergravity

Superstring/M-theory 10D or 11D

How 1o find our present 4D universe ?



KEY A brane: an interesting object in string theory

D3 brane : could be our universe

Some interesting cosmological senarios

-
<l

Brane world

Ekpyrotic (or cyclic) universe

Brane inflation (Dvali-Tye , Rolling Tachyon , KKLMMT, « - )



OVERVIEW OF HIGHER DIMENSIONAL COSMOLOGY

KALUZA-KLEIN COSMOLOGY

B Cosmological dimensional reduction

5D Kasner solution A. Chodos & S. Detweiler (1980)

dst = —dt® + a?(t)dx? + b2(t)dy?
alt) x t1/2  b(t) oc t71/2

3 space : expanding, 5t space : contracting

n==> dynamically explain the large 3 space
B supergravity (11D; N=1,10D) P.G.O. Freund (1982)

EIAW,O a(t) xt b(t) x (17 k3 <0, kr=0

a(t) oc cosat  b(t) =constant ks <0, k7 >0
(AdS [anti de Sitter])



E Kaluza-Klein inflation D. Sahdev (1983)

perfect fluid in D-dimensions P = wp

ks =0, k7 >0

RADIATION DOMINATED UNIVERSE
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However,
this point is a singularity
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b (volume modulus) : time dependent = +ime dependent G,

observational constraint

N

< (=0.06 +£0.2) x 10" ttyears—!  binary pulsar (1996)

=) Stabilization of volume modulus



N=2, D=6 Kaluza-Klein supergravity

KM & Nishino 1985
compactification M, x S? ——internal space
T
our world Size b(t) : small & “stabilize”

scale factor: a(t) large & inflation
scalar field in 4D spacetime ¢=Inb

(2)2 T2 SZG [ * + V(@] effective potential

y 3
dw Viw)
dt

.,J phase ppace _ _
ol inflation a: extremely large

o |z
. (k o b: small & static A=0
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transient inflation to standard Big Bang

Our universe is obtained as an attractor !



BRANE WORLD %ng
Dp brane p-dimensional (soliton like) object g G
! <N\
Polchinsky (95) |
/acl%g

Matter field (gauge field) is confined on Dp brane. gravity

R < 0.lmm

extra dimensions could be large 'd <1077 cm

Gravity: Kaluza-Klein type



Simple toy models [5D Einstein gravity +A(<0)]

ﬁr universe
Randall-Sundrum model | | [\ 19 0
0 vd] oy
two-brane model / Bl

ositive negative
Eensmn Ee 10N

hierarchy problem rane  brane

r universe
A(<0)

Randall-Sundrum model |l

nA

bulk

one-brane model B

brane

non-compact compactification

massless gravitons are confined in a brane /ﬁ\

1

4D gravity is modified _ :
s a volcand potential




BRANE COSMOLOGY

5D spacetime (codimension one)

<+ FIVE-DIMENSIONAL APPROACH P. Binetruy et al (00), C. Csaki et al (99)
J. Clineet al (99), E. Flanaganet al (00)

5D Einstein egs. with Israel’s junction condition

+ EFFECTIVE FOUR-DIMENSIONAL APPROACH
T.Shiromizu-KM-M.Sasaki (00)

4D effective Einstein egs. By use of Gauss-Codacci egs.
<+ DOMAIN WALL APPROACH

A domain wall motion in 5D Schwarzschild-AdS P. Kraus
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» dark radiation (p/a”4)

» brane quintessence
» inflation

» dark energy
» singularity avoidance U(1) or Non-abelian field

» creation of the universe

» density perturbation

€ codimension two (or higher)
€ induced gravity on the brane (GDP)

—> Cosmology based on more fundamental physics



MORE "REALISTIC” MODELS
= HORAVA-WITTEN (1996)

11-D M theory “3d. |110-D EgXEg heterotic string
compactified on S'/Z,/) '

mm==)  M4X S/Z,X(Calabi-Yau)®

HW model -> effective 5D theory
R Lukas, B. Ovrut, K. Stelle, D. Waldram (39) pane © brane




Cosmological solution

dsg = b~ () HY/?(y) (—dt2 + a.z(t)dxg)—I—bz(t)Hz(-y)dyz

4D Einstein frame
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New idea: A brane collision

v Ekpyrotic or cyclic universe

The alternative to inflation ?

v collision of D brane & D brane

Brane inflation

e

o]

J. Khoury, P.Steinhardt, N.Turok

e

<
<
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+

Dvali-Tye , Rolling Tachyon , KKLMMT, - -

+ test branes

«(\

KKLT : stable Calabi-Yau space by flux

Effective 4D theory

inflaton (~distance) L) expansion of the Universe



4D Effective Theories with Warped Compactification
1B, HW model H. Kodama, K. Uzawa (06)

Some solutions are not allowed in Higher dimensions

10D 4520 = Y 2(a, y)ds3(x) + h1/2(z, y)ds2(y)
h(x,y) = hg(x) + h1(y)
Rpu($) =0 Rup(y) = Aggp(y)

Dy Dyhy = Aguu(x) Ayhy = —%[53 - G3)y

4D effective theory
Ruy(x) = H Y [DyDyH — Mg ()]

AH = 4\ H = ho(x) + V6_1 v dQ6h1(y)
6

|:> Careful analysis when extra dimension is time dependent



Dynamics of intersecting branes and cosmology




TIME DEPENDENT INTERSECTING BRANES

Higher dimensional cosmology with branes

E microscopic description of BH by branes 3. R. Das (96),
M. Cvetic and C. M. Hull ('88)

branes in some dimensions — gravitational sources

dAB
9B BHs (Black objects) in 4 or 5 dim
<Z§ # branes ~ charges
qA / 1r

area of horizon (BH entropy)

m—> cosmology ?



D-dimensional effective action

1 1
S = —/dDX\ﬁ— R— =(V¢)2 — 140 72
212 9|5 Ve) %:Q-nAle na

¢ : dilaton Fn 4 :n,form fields

A: type of branes (2-brane, 5-brane etc)

Ansatz:
Source: Several types of branes in p-dim space

(D-1)-space Interesecting dimensions

dAB
B

p-space

\%ii




D=I1, supergravity
4-form

dual: T-form

intersection rule

M2NAM2 —gpn=0 M2NM5 —gos=1 M5NM5 — gss = 3

=2
;=9

M2 brane

M5 brane

5 dimensional black hole

M21 M5

v

gB

B

A

N

dAB

W

Y1 Y2 Y3 Ya Ys Ye
M2 M2
M5 | Mb | Mb | M5 | M5




Compactification to 3D

A;da’
2

2
d5g = —=2 (dt — ) + ="1ds2,

=(2) = [Ha(2)Hs(z) (1 + f(2))] /3

ds%4(z) = uij(z)dzidzj : Ricci flat

The solution is given by simple harmonics

O’Hy,=0 O*Hs=0 0°f=0

ajfij 4 f) fij = 87;./4]' — 8jAz-



Hyperspherical coordinates
T1 +1T2 =T COS gew, T3 + ix4 = 7sin fe'?

dsgs = dr® + r%df* + r* cos® d¢? + r* sin® Ody)?

general solution

00 00 (A)
f = z_: 2(£+1)Pg(COS 2(9) HA 1+ EZ 2(£+1)P€(COS 29)

00 b(w)
Ap = > F(nnlcos 6)
n=— 17“
00 b(cb)
A¢=Z F(mmlSln 0)
m:1r

F(a, B,7,z) : hypergeometric function



The lowest order: 5D supersymmetric rotating BH

BMPV BH J.C. Breckenridge, R. C. Myers, A. W. Peet and C.Vafa, Phys. Lett. B391 (1993) 93.
_ 1 2
4% = —=2 |dt + 5 (Agdd + Aydy)
"_1Oﬁ“-+72d924—r cos2 0dd? + r2 sin? Oda )

= = [HyHs(1 4 )] 1/3

ol
Hy=1+—73 (A=2,5),
T
_ <o
f - ’1“2 9
JpCOS? 6 Jy Sin? 6
Agp = 2 Ay = 2

T (2) (5) 2 J2
Maom = 46 (Q+ Qi + Qi) S:;GS\/Q 0P -



P. Binetruy, M. Sasaki , K. Uzawa (07)

D-dimensional effective action KM, N. Ohta, K. Uzawa, arXiv:0903.5483

S = i fdﬂxvfg R— %(?@)2 - %: > .ngaﬁf?ﬁ&
¢ : dilaton Fn 4 :n,form fields
A: type of branes (2-brane, 5-brane etc)
Ansatz:
Source: Several types of branes in p-dim space
(D-1)-space Interesecting dimensions

dAB
B

p-space

\%ii




branes

time dependence )\
D—q —3 ﬂ
Hfu D=2 (t,2)dt*+ Z HhD E(f ) (dz®)2(X)
a=—1 A
ga+1

+[1h 172 (t 2)uij(Z)dzld=

Forms

Flgat2) = d(h3") A Q(X4)

One brane (A) can be time dependent
hi — At ‘|‘ B —|— H:— ‘&Zh_{ — 0
ha=H, (A#£ A) Ayhy=0
R;;(Z) =0



To find our 4D universe, we need compactification

Our universe : isotropic and homogeneous 3D space

Two intersecting branes

O|1,2(3|4 5|6|7|8|]9]10
MB | o|o|o|o]| o] o
M5 | o|o|o| o o| o
'l
X
0O/1/2/3|4|5|6,7|8|9]|10
M2 | o | o] o
M5 | o | o olo| o]l o
| ]
|
X

M2
M2 ol| o

O
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O




ds® = (hshg) ™1/ [nuudat'dz” + hsyay(Y2)dydy®
—I—hgsmn(YQ’)dymdy” + h5h5uij(23)dzidzj]
hgz‘—lf—FB—FHEl:E} hgs = Hg(z)

Harmonics (g-dim: compactification)
Hg = Zﬂ-if;;|z—zk|q_l (or Z M. In|z—z| for g =1)

_'l

|

d54E|nste|n — (hSh )Q/ nuvdﬂ‘f“dﬂ’f — _dr? + 7o F64x°
g = 0 : Minkowski

qg=2: a o T
0/1(2(3|4/5|/6|7|8|9]10
M5 | o | o o| o _ 5
M5 |o|o]| o] o 0O oq|

1 I ] y4

Y
X compactification



We classify all possible configuration in M theory (11D SG)

The possible cosmological models

scale factor : a — ’J‘B
branes dm(z)| B | g1 |2 | 3G)
M2-M5 4 —-1/5] o0 [1/7]1/4
M5-M5 3 0 1/711/4] —
case 1 M5-M5-M5 1 1/4 — — o
(I =M5) M2-M5-M5 3 0 1/7 | 1/4 | —
M2-M2-M5 3 0 1/711/4] —
M2-M2-M5-M5 3 0 1/7]1/4] —
M2-M5 4 -1/5] o [1/7]1/4
case 2 M2-M5-M5 3 0 1/7 | 1/4 | —
(I =M2) M2-M2-M5 3 0 1/711/4] —
M2-M2-M5-M5 3 0 1/7 [ 1/4] —

The model is too simple

The expansion is too slow No matter field on the brane



Time-dependent black hole ?

M2M2MbM5
o1 23|45 6 7 8 910
t 2l [ 22| 98 |2 | wl | w2 | w3 | 2L | 22| 23
M2 o] o o
M2 | o o) o
M5 | o | o o o) o o
M5 | o o 0 o) o o

compactification
our 3-space



Intersecting spherically symmetric in our space
PAN

ds? = hy/>he/hy>h2> {—hythg thothotdr?
hs thyt [(deh)? + (d2?)? + (da®)?
+h5 ths 1(da™)? + hlhgL(de®)2
+h5 o (de®)? + hy o (daT)?
+dr® + r?dQ°|

t IQQ thZl'QQ,
to r T

(A

ho =




compactification Isotropic coordinates

ds® = — (hohshohs)) ™12 dt?+(hohshoyhg) /2 (dr? + 72d92?)

t_(z r ’
tp 70
YV
— —1/2 —
ds® = — (hahshyhs) 12 42 162 (1) (h2h5h.2:h.5;) (dr + r2d2?)
1/3 i o
T — o}
”:(_) Fo=1+%2  G=(2) @=22
0 i '-. T J a

Time dependent : O
Asymptotically flat : X FRW universe with stiff matter

7=0 : horizon ? BH in the expanding universe ?



static case
ds? = — fdt® 4+ f1 (dr2 + T2d§22)
f = (hohshyhg) 12
ho = hoy = hs = hgy = 1 4

T

-
F=M(1+ —
g ( + M>
ds® = — fdt? + F1dr? + 72d2
_ M\ 2
=
T
Extreme RN spacetime 7 = M (r = 0): horizon



The Einstein equations:
GMV — IQQTIU/

ﬂ The metric (solution) is known

T, = TH (pf) + TH (form) :ansatz
T“V(Df) — (P —|— ‘O)’EL‘UJ’U;;/ —I— P(S’uy P= wp
1 1
TH,(form) = — |FHF,P — 25”L,F2

41

——>
w =1 stiff matter



time evolution to = 0.1 @ = 100

logp . t=1 109 pform|

) i Ll
i t — 1 OOO /r‘ 200 400 600 500 1000 r

it{p < (412
B r

l0g [prorm/P] -

f¥: 1000000




infall 3-velocity (tetrad frame)

—0.00005 ¢

—0.00010

—0.00015

—0.00020

—0.00025

—0.00030 -~

— 1000 T

v x (t/tg) " 1/?

increase in time



:/f‘:m’_/— g 1000

&
b2
7

t = 100000
t = 1000000

t = 1250000

log [P % (t/to)?’/z} 0 109 [pform/ P

k
k

density vanishes !



summary,
The universe is filled by stiff matter
_ _ ; —1/2 —2
p x (t/tg) 3/2 5 a7  prorm o (t/tg) ™"/ < x a

The matter is accreting to BH, but does not get into BH
The form field energy density will dominate fluid density

fluid velocity will approach the speed of light
fluid density will vanish

==) gsingularity ?

We find BH solution in the universe ?



McVittie’'s solution (‘33)

A point mass embedded in flat Friedman universe

1 — M 2 M 4
1 + 2:1‘11’ 2!’1'}"
scalar curvature singularity : R=2M f ?
| = ar | 1+ —
=
2a

Nolan(‘99)




SUMMARY




® We study a time-dependent spacetime
with intersecting branes in M/superstring theory

cosmology
The present models are too simple, although they are exact.

Time-dependent BH

The spacetime is filled by stiff matter and form field.
The singularity may appear

A black hole in the expanding universe ?

Collision of multi black holes ?
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