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SVETY PEsIC questlon about the world'is
vvr Ae seem to experience three spatial
rn ensmns

J-*L Sthiree dimensions special?

“"*We I"address this question in a higher-
: dimensional universe

e Show that not only Is it possible to mimic
three dimensions, might even be likely!
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o Lois of Attention of jate paid to the
Jarescapeldea

J ~some scenarios (string theory, Inflation)

ere are many possible vacua
"We live in one of them
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~—® That part of the story is very likely true
Plysics | <

&

- o




IR —

rJO\\ BVer, often comblned Withranthrepic
C|ple

BEfore making predictions based on

OWﬂ VelCla

"-*'*Want to determine as many possibilities as
~Wwe can

e Perhaps qualitatively new phenomena Iin
vacua we haven't yet discovered
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= Ihe Vacua most strlng theorlsts stuady’ are
orw- eI cured-up dimensions

ES entlally all such work assumes Six

: 1men5|ons compactlfled

Calabi-Yau Compactlflcatlon




possi

- I oCZliZation=—WhEere gravity Is concentrated In a finite
UL(‘ EVenithoughs extra dimensions are Infinite-- can
Or‘f. 285 helpr exploit new selection principles for finding
_l\[ 2re we live

er all; mtial evelution would be quite different

= # Want 10, ask —guite generally--could there be a
- dynamlcal explanation for more observable aspects of
the universe?

®' And does localized gravity help us understand such
phenomena?
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- '6sal' he Relaxation Principle
> =R r ernverse naturally evolves into the favored

SaclUm: the one with maximum filling fraction
'*::!:'ﬂsmologlcal evolution determines which of

e

= many possible vacua are favored
~» Shinjil Mukohyama and | applied this idea

(with partial success) to the cosmological constant
problem




SNOCElIZE gIraVvIty gIvVes ar mew: Scenario I Which
WOREPplyAthe relaxation: principle
- ‘ntially address difficult guestions such as

e Why are there three dimensions of space that we
:‘::?*r EXperence?

et i

= Why do forces act in three spatial dimensions?
— Why should three dimensions be special at all??




REview llocalized! Gravity,
REViEW old ideas for explaining 3
flt IENSIONS Of space

SN e ideas
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f—” S Pptential relevance of localized gravity to
-~ explaining relevance of there spatial
dimensions

e Conclude
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cligf] _~ f S|onal space

;__-"--' 2 =?'B fferentlate space on

= L-and orthogonal to brane

-~ * Can confine particles and
~ forces on their surface




PARCIEsTcan be confined 1o BIranes
EVEIINInG but gravity. on) a. brane
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New

SMAETE confined to branes, only problematic
el Jc 26t of dimensions is gravity

ISOBWEVEr, energetic branes in an energetic bulk
—— n distort space

— e
el LS
-
_F'

{'So much so that an infinite extra dimension is
poessible

e Gravitational field (and graviton) get localized
near a brane—







S——
Fin_ L

i W B

> Lowe ~dimensional graV|ty SUrVIVes in this
WEIPECIS[9aCE

.~ ds *i e (dxw dxv . )
= j AIf9ed metric: overall scale factor
SEENE 1t exponentially decreases

'Consequence IS that the zero mode In a KK
reduction, e, is normalizable

~® Eind you get a four-dimensional graviton

® Even though space is fundamentally five-
dimensional




art file name:gae_gravbrane5thdim3.eps
proof file name: gae_gravbrane5sthdim3.pdf




gleitational Field NeamBrane ™
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\/\/m Should you need 10 know about
ce fialt [rom the brane?

-~ W ~Karch, an example based on AdS

~= We find four-dimensional gravity
(mediated by massive graviton) near the
brane!




AUSS/ACSA

No gravity localization

Unless another brane

In, graviton
gets localized near
brane
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Locally




isysshiould yourneed' to
mgv 22EUIL Space far
iFthE Brane?

= er I dlmenS|onaI gravity
imediated by massive

N
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| ::-.'i_; g‘rawton) near the brane

~ e But nigher-dimensional
elsewhere

® Copernican revolution
continues!
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NS concelvable that space 1oeks three-
rIJr ensmnal even though the world Is truly.
m,, gher-dimensional

Bt is there a reason to single out three
dlmensmns’?

= s \We know three dimensions is possible but
IS It likely?
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> Mosi popular Brandenberger -V/afa proposal
- rne assiime compactified dimensions

- ( does everyone else who tries to ask this

s

Sguestion)

..--:-.._-E--- —

::A*Thelr idea Is that only a few dimensions grow
large—

® Those for which there isn't an opposing force
due to wrapped strings




—
Br_ o[

> |p] .eral, there willl be Wrapped: strings
2 UNH SSithe strings can meet and annihilate
- rLr Wever, strings won't meet If there are more

fian four-dimensions in spacetime (2+2=4)

_.__J*But I there are four or fewer dimensions, the
dimensions will grow larger

® Conclude: 4 (or fewer) dimensions will be large

I __ -l'
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2 Jec SNds on initiall conditions

SNSERENCS on pooerly understood dynamics—
erythlng IS happening at the Planck scale

___,_epends on moduli stabilization (what ultimately
= determines size and shape) and assumes simple
toreidal compatification

® Neglects nonstring objects in “string”’theory—
pranes
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Mru! opp03|te assumptions from BV

SNACsime the number of large dimensions of
BPACE IS fixed (by string theory?)

-:A Instead which branes (that is which

= — dimensionalities of branes) survive

~ = |1 3-branes survive, possible candidates for a
~ four-dimensional universe

® |t 3-branes have the biggest filling fraction, they
are the most likely candidate
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~ Copls der | ten dlmen3|onal URIVErse

> Anie) et it evolve according to conventional FRW.
e\/c [btion

- A Ssume universe starts with an equal number of
ramnes and antibranes (generic initial
— conditions; branes at random orientations)

= Of all dimensions

_,...
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e | et the energy of the branes determine the
eguation of state that enters the FRW evolution




- Jf uAe Universe’s evoelution, some
gieRestwill dilute more than others
#—J ter some time, we'll be left with a

.-l--"-..'.‘l-_lﬂl— -
e

—_‘" =(niverse in which certain types of branes
will be much more numerous

® Those are likely to be the ones on which
we live

- ard
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Vith “energy conservation
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H = —X _ — '
a {zr.!—l_]“’liJI - Pl




Rsslifetherequation of State 1S dominated Py a single
gomr gHERt (Single W)

1f RetRitally true, will be the stable attractor of
volutlon
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Wea el eNnterested in a brane dominated
IRIVEISE

(\/\/P“ SEE that’'s What happens if we mix branes
ZERAUSt and radiation In any case)

B IEt's consider the argument for strings and
::’f_generallze

= & String has p=-p like a cc, but only one
component of p Is honzero

® S0 with strings in random directions in N=3, p=-
n/3




- UJJp 0 exactly the same logic

- kO ,ca d=hrane with a d+1-dimensional
\ﬁ rld Velume

S _zn nispatial dimensions
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e e S
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s \W=-d/n
s From this, we conclude
O a~t(n-d)/2
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SNSIEnes are non- mteractlng we know how they:
JQ"J“ :

SREVERWitheut knowing the FRW: evolution
=" a.&(:lsely

== j’le Volume of the branes goes like ad

-l--'_
—1 .-‘I-'-
-.—1'_ _—

= = \Whereas the volume of space goes like a"

- & So the density of d-branes (here d is merely

dimension)
® ad—n

=
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2 Clee y iithis were aII that Were going on, the
Jzirefe Stibranes would dominate the energy
cle ity after enough time has elapsed

= it this is not the case

__—f_fif—Jn a 10-dimensional universe, 9-branes and anti-
s 9-branes overlap everywhere

e S0 they will instantaneously annihilate
® And cannot dominate the energy density




SranEs are tricky

T _;%Iways everlapi over most coordinates and possibly
iiihilate

Al OAlat metric, 8-branes cannot be very far apart

S ithispace becoming singular

‘_”Fmally, if we have 1B and a complex tachyon, we don't
- .-_ =~ expect 8-branes to form

s Upshot: 8-branes potentially a problem, but many
reasons to think they aren'’t there

e ((As with domain walls in four-dimensional universe)




SIS ETEISWVNEYTE thIngS BECOmME Interesting
SWAIUNETsee! that 3=branes are special
SSioherdimensional branes must always intersect

el world volumes are such that

-._.. . g
—

f-:' 2(d+1)>10 (=n+1 for what we are interested in)
® S0 for us, rather than 2+2=4, use 4+4<10!
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N enS|ty of pranes withi more than 3+1
rImr IS less than you would think

- \/\/f use the same (now standard) argument that

used for strings to establish their dilution rate
'ig“.rStrmgs that intersect spawn loops

p—

— .'_

~ ® Jlaese leops radiate energy away through
gravitational waves

e We'lllassume similar dynamics for branes
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- Asa decay. pro'cesses nappen at the
meximums efficiency allowed by causality
SAE network at all times looks the same

Shen viewed on the scale “t”, the horizon

® |_ength of string Is some number times t
e \/olume of d-brane some number times t°



True for any branes that can find each
other and interact and trigger decay that’s
limited only by causality




SlsjIOSE SErianes dominate
vv—. | /2

/87 branes: t(©7) : 3-branes: a3
/ ranes and 3- branes dominate

T

ﬁ _enS|ty for both decreases as t?

= SH|['other branes dilute more guickly
== (Possible concern about 8-branes

* But no worse than domain walls for cosmic-
string dominated scenarios)
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SEN nIy stable evolutlon nas 3-branes and 7-
o)l E__es gominating

- NF Set of branes can consistently
i@mlnate the energy density

--':I-._-u-—-—

"*ﬁ —Remarkable result

~ ® 3:-branes and 7-branes appear in particle
physics and cosmology

e Used only generic assumptions and evolution
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- 3- b nes WIRRING mrght seem best but

| ranes and 7-branes are both needed to
erviable gauge theory with matter

Furthermore 3-branes and 7-branes can
generate an inflationary scenario




2 J/-r Off Sl Intersecting 7-branes
N (0/1,2,3,4,5,6,7,8,9)
J(M,xxxxxxﬁo

| #ﬂ&.‘g(_x X, XX, X, ==X, X,)

00X X 5, X, X, X, X)

— & Generically the 3 branes intersect over a four-
dimensional world volume

® Find gravity gets localized on the intersection
® New geometries and cosmological scenarios
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SVVER ant to show that we have localized
Jra |ty ab that Intersection

To 'do so, we combing (and generalize)

v0|deas

' Gherghetta Shaposhnikov-codimension-2
localizaiotn

e Arkani-Hamed, Dimopoulos, Kaloper-
Intersecting codimension-1 branes




SIIEY 2SSUme: a String-
jRerdefect in AJS6

2 f ) i i 3 ! ;
ds” = o(p)gudz"dr” — dp™ — (g




' Asymptotic
Interior AdS

FIG, 1 Geometrv of the twansverse domenssons of the oodi-
menEeon 2 brane m asviptoteealy AdS spaces,
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2 ldea 8 thatt it we can get localization from
el s J0ler codimension-1 brane

- neratlng gravity on one lower

— 1men5|ona volume
i" = We should be able to get (d+1)-
~— dimensional gravity if we have n-(d+1)

pranes




1] -
_ MHE od(z")diag({1,1,1, 1,0, ..., 1, 1]

= p— VT

S () -
Mﬁj_ﬂ a(z" )diag({1,1,1, 1,1, 1,....0),




Our Se

WERCOmbINE these two ideas

VIgieing is a little tricker because we have two
penuEvialimetric components

r\nc SWernentrivial tensions

— Key [Sito treat the additional curled-up dimension as an
= caditionaliflat dimension

= **“I'ake Ater account the fact that the metric components
= change at the brane

-~ » Also show you can use Stoke’s Theorem to get an exact
result

* Also account for inner contribution from string-like
singularity
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A utS|de (swtable warping) anad
e efore a noermalizable zero mode

Cg |t|ons on varlousﬂ;ensmn components
VL

:_ 'e complicated because not just delta-

ce—

functlon singularities

Nonetheless, gravity localized at the
Intersection




eGSRl graVity
Boranes, 7. branes,

_gf.-,- these 3+1-d intersections
= =Gt gauge forces and gravity too
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@5 to have com(:ldent 3-branes and
7-¢ ﬁ__anes

JEVEn better—slightly mismatched

B gEnerates hierarchy!

' Cbsmology Interesting: linking different
rizon-sized regions

® Brane inflation possible—3-brane
annihilations




SRNEVAWaY Of thinking about cosmology.
SRVERyAnEW and interesting| questions
SNVOraspECts of our discussion

SRSt fairly robust and remarkable

e JV' 1_'9 ULt IR very: little but 3-branes and 7-branes special
;"* 1oW uprall‘over the place in string-theory

—
—
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= & 351-dimensions really is special
_ ®=Second part: new cosmologies with localized gravity
® Ripe for further exploration

e Dynamical relaxation principle very satisfying-merits
further study




