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Metastable dS vacua

\ ¥ :
II'\ f - Eternally inflating
\ ,/* ffl “
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A= dimensionless decay rate ~ ¢~ <« 1 7:315’[1 — LV
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Average volume grows unbounded forA <1,

M) Etemnal inflation | /nite probability that
transition is never compiete
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The eternally inflating fractal (vilenkin 87,
Winitzki 02,05)

3 ; =
b=¢  branchmg factor

p =e " survival prob.
".;\'.-F

=
L |

m miating regions

= Hr number of steps

- thermalized regions

Sierpinsky carpet <T}) = H_3ilbp imgr@ws for bp=>1

' = Probability that a Hubble sized region contains eternal points

E g ( = Yp)b Forbp <1 (12 A < 3)only tnvial solution ' =90,
' ' but for bp > 1. nontnvial solution 0= X = L

E = Set of eternal points (non-empty with finite probability for /i - 3)

dmE=—5 4

Pirsa: 09070017 Page 4/54




Eternally inflating multiverse

Fleld space
(Landscape of vacua)

e Physical space
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Spacetime structure Minkowski
_bubbles

AdS butbie:
] Y/Yv v s o

dS bubtles

“Parent” inflating vacuum

Bubbles nucleate and expand at nearly the speed of light.

dS (Inflating) 3
AdS ) ,
Minkowski J_i} (Terminal bubbles)
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Spacetime structure Minkowski

a b bles
AdS bubbles _ bubbles

e e e
v x \
—="

dS bubbles.

A

“Parent” inflating vacuum

© Bubbles nucleate and expand at nearly the speed of light.

dS (Inflating)
AdS ,
Minkowski j (Terminal bubbles)
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Attractor behaviour of volume distribution:

Fraction of volume | (7) in inflating vacuum of type

Scale factorgauge r=loga

d¥ _ 3 ”
—— 5f £ b rate equation
dt =
« Em___;
M, =i, — ”ZAH & B E
_— From bubbles of
Gained fmm Lost to type "7 in vacuum .

other vacua other vacua
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To each irreducible
attractor volume distribution.

landscape” there corresponds a unique

K(f}—} K_(ﬂl 3(3—@)3 O<g<l

In this sense, initial conditions do not play a role.

THEORY

LAYV
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J.G., Schwartz-Perlov,
Vilenkin & Winitzki (2005)

(Self-similar fractal)

Page 9/54

MULTIVERSE




Proposal:

The dynamics of the multiverse admits a
holographic description in terms of a CFT
at the future boundary.

(With AIE?:-: Vilenkin )
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Simple model: dS bubbles separated by thin walls

® [\ested bubbles
plus linearized fluctuations

® Inflating part of spacetime

can be foliated by flat surfaces.
—q (They are very close
to constant-a surfaces.)

“*—Ina - scale factor time

E [ =gonst
\\ | //’"//
XJ*—{} _}U}j_IJ:Hr—-’ i ) / XET}3_13=H—3
| 7
f__\ . ds® = —H °dt” + e“dx’
\k.‘
/ g




Formal definition of the future boundary
fremns

What is a "paint” P atthe
future boundary?

It is the past of an inextendible
timelike curve.

Hawking & Ellis (1973)

Curves having the same past define the same point P

Points in the eternal set £ are the "endpoints of eternally inflating curves.
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The auxiliary surface X . and the discrete boundary theory

F P
*ﬁTl- ,I _E-_:; H——IE—I‘ _&

l-:,.

?'_

Each point P € &£ is represented on > asa‘blob” P of co-moving size H_le_.

[ [

This gives a representation of £ with position dependent resolution ZS ~H _1(1‘ )é:’_f

Z ; is a “fishnet” of “points”

Each pointcarries N, ;, ~ S~ H ~(x) degrees of freedom (discrete theory)
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Representation of the eternal set £ at finite resolution <

Resolution scale
(Wilsonian cutoff)

Terminal bubble
(hole bounded by
surface T )

® Each bubble becomes a fractal “sponge’ in the limit = 50 .
@ Terminal bubbles correspond to holes (with 2D CFTs on their boundaries).

@..Bubbles correspond to boundary surfaces in the 3D theory on & rueus



Statement of the duality: similar to: Maldacena (2002)
Larsen, McNees (2003)

5 S Effective action for the boundary

e
.0 F Spael @l _  Werr [P
PP =] Dp et =™
L) _0
theory with sources @(x).
Wave function of the
universe

For any fixed Wilsonian cutoff £ the continuum limit is achieved as f = =

T
—r_sa

Short-distance physics at late time’ surface

on the initial state on z

should not depend
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dS/CFT correspondence Strominger (2001)

Is the 4D theory describing an asymptotically de Sitter space
equivalent to a 3D Euclidean CFT at future infinity i, 2

I

ds* = —dr* + H™ cosh* (Ht) dQ:

Future infinity is  §, : ¢ — o0

Some potential problems:
1- Scaling dimensions are complex for bulk fields with
m' > | —| H (these fields oscillate in time)

2- In String Theory, dS space is metastable, so there is no
Pirsa: 09070017 Page 16/54

such thing as asymptotically dS space.
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The wave function and
conformal invariance

Y[7] — o' Werrl?]

® Linearized tensor modes in de Sitter

® Linearized bubble fluctuations

Maldacena 02
J.G., Vilenkin 08,09
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The wave function and
conformal invariance

Y[7] = o' Verrl?]

® Linearized tensor modes in de Sitter

® Linearized bubble fluctuations

Maldacena 02
J.G., Vilenkin 08,09



1- Linearized tensor modes in de Sitter

ds* = a*(n)[—dn* + dx*]. a(n) =—1/Hn

Gaussian wave functional

A 3 !.rf—E o .
Yikl—™" } I Z/r_ffk (’T 2+ iln [-k>

» ; ErT-_a"kx
h(x) = / A"y

b * - —d
Rt — Uy = i6

Choice of vacuum (for m=0)

1

i

V(1) = — a_”ff’f?‘H:‘-f},;(A.”r;)

@ (d+1=5)

mzs o R —k=a® jt 5
Wih(x)] = - / rf”‘k( SH + ﬂHR[ln{f;‘";

I
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Bunch-Davies

i 3

2y 4

2]+ f_)fu_:'}) :hk|j + ...
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| x exp [— /d*k (8;{3#4) |hk\2]

(hihy) = (8H? /mk*)o(k' — k)

Imaginary part of J}°  determines the amplitude of
cosmological perturbations.

But there Is also the non-local part

Rep] = 2

/ d*k k* In(k*/p*) |he|? + analytic.

16

e = " Expected formina CFT
(T(k)T (k )) ~ c kK*Ink”
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(As in Gubser, Klebanov, Polyakov 98]



1- Linearized tensor modes in de Sitter

ds® = rzj(_r}}[—rhf - n’xj]. a(n)

Gaussian wave functional

—=—Kk/fig

|

. |
¥R ] | - - ( -
Plh]=e ‘ = [ (_} i

Choice of vacuum (for m=0)

e 1.

k(1) = I . _(IE‘HH)(;'U)

@ (d+1=5)

o

ey | 1 r _A.zn_z #“4 )
Wih(x)] = > /rr’lk( Vi — ‘NHZ"LlH{L*
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| -f E!kx
X)) = '/Ef{k{j a7 s .

VRt — UkUE = da °
Bunch-Davies
L7 1% P " L ;
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[P|* x exp [— /(ﬁk (8;[3;#) |hk\2]

(highie) = (SH/mk*)5(K —K)

iImaginary part of J}°  determines the amplitude of
cosmological perturbations.

But there Is also the non-local part

H—S-

RE‘ [IITI — 16

/ d*k k* In(k?/p*) |he|? + analytic.

b 2 ) Expected formina CFT
<T(k)T (k _)) ~ c kK*Ink?
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(As in Gubser, Klebanov, Polyakov 9?:?)



1- Linearized tensor modes in de Sitter

e,

ds* = a*(n)[—dn* + dx*]. a(n) =—1/Hn

Gaussian wave functional

d—1

| - |
: ' . " - ' FN\d /2 :
Ylh]= g e ‘ W = / dk (ﬂ l—k?hkiz + ¢ ln l'k) - (27)
z 2 Yk o = . F—df

Choice of vacuum (for m=0)

V(1)) = a ™ ‘)ijj}(fl 1) Bunch-Davies

@ (d+1=5)

- =¥ —k2a? i _ e RET
Wihi(x)] = = /rf‘lk( S - -\HELIH{L H-a) Him 27] + Ola *_}) |h|™ + ...
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| x exp [— /d*k (8;13 : ) |f?k\2]

{.’h:l:hk’} = (SHSI;IFAA }(i(kf — k}

Imaginary part of J}J°  determines the amplitude of
cosmological perturbations.

But there is also the non-local part
- 3

Re[lW] = T

/Hkk*ln[ 2/u?) |hie|? + analytic.

" = = Expected formina CFT
(TUNT (k")) = ¢ k' Ink’
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For a weakly coupled CFT (Vilkovisky et al.)

Wig;] = /d*.r Vi [{‘IRIHED; ;f.EI'R + R, In El_..-"’,uj IRY + 3R, lll{D.-”;i.j]R”;’r“f] + analvtic.

In general, the coefficient of the logarithmically divergent term is
the trace anomaly

: — ) e
1y ~ /{-fi_'.{'\r.-’y [(-‘[Rh S {‘ER.&JREJ _+_ ":‘;jRUA-fRth] :

Fer

W~ @, In ﬂl =B e [d*k K In(k2 /1) |h|? + analvtic.

wmwmon ¢ ~H T Number of fields in the CFT (central charge)..,. .-
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[P|* x exp [— /(ﬂk (8;13#4) If?k‘i]

"‘hf;hk"} = (SHSF-’KWLHIJ(‘;(!{! —— k}

iImaginary part of J}J°  determines the amplitude of
cosmological perturbations.

But there Is also the non-local part

H3

Re[W] = 1

/ d*k k* In(k*/4*) |he|* + analytic.

: o = , Expected formina CFT
(T(k)T (k )) ~ck Ink-
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1- Linearized tensor modes in de Sitter

ds® = a*(n)[—dn* + dx*]. a(n)

Gaussian wave functional

= —1/Hy

E 3 A1
iwla] | - = & Uk 3

|
|
|
|

Choice of vacuum (for m=0)
12

k() = - ‘)H{m(ﬂq)

@ (d+1=5)

—Fa’ =

o

e 1 i J 2 S
W Th(x) = = /,,uk( —— + ——In(k*/ H??) 4 iz
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X = ./”{{3 }“”hk'

i S . R
Uty Ukl = 1@

Bunch-Davies

9

- 2] + O(a™ )mk] + ...
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g —— 4 B 4 2
| xazxp[ '/d k(SH:iﬁ )|hk\ ]

(hyhye) = (SH?/xk*)o(K — k)

Imaginary part of }J}°  determines the amplitude of
cosmological perturbations.

But there Is also the non-local part

Refii] = 2

£

/ d'k k* In(k*/p?) |he|* + analytic.

5 3 . Expected formina CFT
(T(k)T (1:')) ~ ekt Ink?
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For a weakly coupled CFT (Vilkovisky et al.)

Wleg;l = / d*.r\,"f; [ﬁRin{ O/u*)R + R, In(00/u)RY + N 2 2 In(C1/p?) R’*"’r‘”’] + analyvtic.

In general, the coefficient of the logarithmically divergent term is
the trace anomaly

y . - 2 : el
sy ~ /r.f xry/g [{‘1R + R RY + ey R RY ] :

Fen

W _~a /2 In ,u: Ef — € / d*k A In(k2/p?) |hi|? + analvtic.

T e 7 | —  Number of fields in the CFT (central charge).... ...



(d+1=4)

Wh(x)] =

o | =

: _AJ AJ _ -
/d‘gk( H” + EH? + O(_a—l}) 1% s

Non-analytic part

(hphw) = H*k—35(k' — k).

¢ ~ H > Number of fields in the CFT
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(d+1=4)
Wh(x)] =

. — k2 k> 5
/;;"314( H” — in - (_'){fu_l]) hi|* + ...

Non-analytic part

b | =

¢ —~ H " Number of fields in the CFT

Numerology: At maximum resolution, when the Wilsonian cutoff
is comparable to the “fishnet” spacing

E~1 ~H (x)e™

there should be as many degrees of freedom per fishnet point as
the number of CFT fields in the boundary.
N g H

*Y boundary

This is in agreement with the bulk estimate:
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2- Linearized bubble fluctuations

® The boundary effective action should depend on the shape
of the surfaces which separate regions with different central
Pirsa: 09070017 c‘ha‘-ge' Page 32/54



(d+1=4)

. —A'j.' A,S
/d%;( HH + EH‘-} + Ofa ) | |” +

Non-analytic part

Wih(x)] =

o | =

hphw = H?E35(K — k).

¢ ~ H > Number of fields in the CFT
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For a weakly coupled CFT (Vilkovisky et al.)

Wlg;] = [ &'z /g [r-IR In(0)/ u®)R + e R, Inf 0/ )RY + 4R, kel In(C1/ p?) R";’r"f] + analytic.

In general, the coefficient of the logarithmically divergent term is
the trace anomaly

l.f_?‘ e / ff i;[‘ v;';j [{-. i R“: + {*_, R.EJ R-ﬂj + €3 R;Jﬁ,’ Ri_.i' J-E.Iil -

Fe

W~ a,; In ,Hl ol == € /rfik K In(k2 /1) |h|? + analvtic.

wmmmon ¢ ~H T Number of fields in the CFT (central charge)..,...s



(d+1=4)

. —A'j.' LJ | -
/dﬂ(( H” = (;)(u—l)) g + ...

Non-analytic part

Wh(x)] =

o | =

(h e} = H*E38(K — k).

¢ ~ H = Number of fields in the CFT
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(d+1=4)
Wh(x)] =

. —k2¢ k> 4
/ij( H” ~ }-HQ - (_'){n_l]) | |® + -

Non-analytic part

by | =

L~ H_: Number of fields in the CFT

Numerology: At maximum resolution, when the Wilsonian cutoff
is comparable to the “fishnet” spacing

= Sy =
E~L ~H (x)e"

there should be as many degrees of freedom per fishnet point as
the number of CFT fields in the boundary.
N e

~¥ baundary

This is in agreement with the bulk estimate:
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2- Linearized bubble fluctuations

of the surfaces which separate regions with different central
Pirsa: 09070017 c‘ha'.ge‘ Page 37/54



Bubble fluctuations

Restrict attention to the case where gravity of the bubble is
unimportant

T Hg <€ 1, [A;){' }Rﬁ < 1 Rﬁ ~ E;jp -: l.;}"f' —.
' (p+ 1)2H=T= + (Apy )~
- Bubble wall tension \_ Intrinsic curvature radius
of the worldsheet of bubble
wall (which is a p+1 dS space)
drtt = T‘l-”wﬁg g Normal displacement of the worldsheet
(ff’ - Canonical world-sheet scalar field with a tachyonic mass

||||| 09070017 17 3@ — _( []. + l ] R” ) Page 38/54



ds:, = a> (—di” + d?) .

] Sy

a = Ry/ cosn,

oraYra(€2).
LM

P[] ="

~ 1 b
(1 {f.
2 Ur

[

II“:Z

EM

Bunch-Davies vacuum

Unperturbed w.s. metric

Bubble radius

Worldsheet normal displacement

Gaussian wave function

oy )
Orarl T 1 In f'lr_) )

, 21
nasd D) " o R S /o
vy = Aj(cos 7 (PE“1+{J_,3(_H111 )+ == E_H_p_.g{:"lﬂ ﬂ”) =L
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p:

3 - Ry A Rﬁ_\f A -—_j [ ' H{E ; L : \ i
W= E s & =1+ 2| L) +— -2y | o]
( Eir?qj '-.L . S 11] ﬁ’i [lu (—Lf}j ) ( [I L 1 L ! I R

LM

e e

|

0 (a— =)

Relative displacement at the future boundary or

s 1T-Y2 7 =
== ¥ F \ /
Iu {7 \:‘ af f'] \ """‘U"—-—-—-nr

/
v~ 1/ R{}H) Lorentz factor \ASZ

= TRy A(A + 2) R2 1 _ R
pet - b 21, ~ o i D b F e
Pirsa:-[0307g_(;37] = HE Z ]_{J' |:I'I1 ( —_Lf-} 2 ) = 3 (t { L } | j: ) + o | 2 : } l )L:”- | Pagle 4(;/;3;.
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Effective action for the deformations
of the separation surface in the boundary theory

We just saw that bulk calculation leads to:

- TRH AI‘_\ j = : 1 i 2 3

H*- 16 142 i)
LAI

TR,
L ¢
H'_.

For [.>1 W~ d J.dzk K log( k - g7 )

What do we expect from the CFT side? W... ~a,, Ingu* + .

y/2 = [ffE_g [({1 (I\.—{Ibﬂ-ab — %"I&Fj) +* II‘_QR:| xJ / d€? (i__\(_& - 2){"; !
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p=2

i a* Rg\, R{?{_\l_\—i—;"J I ﬁﬁ P~ e 1 i O5E rews s 12
= Z (ER_! i 4 \'+_, 164 i_ln —l{ff) W (F‘ (L) + a4 L iy |loLa| "

LM

0 (a—x)

Relative displacement at the future boundary Or

v~ 1/ R{} H) Lorentz factor r\&ﬁ,_/j

I

Qo i P o =y R2 1 _ i
W[d] = | S V20wl —F o2t el .
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Effective action for the deformations
of the separation surface in the boundary theory

We just saw that bulk calculation leads to:

— Al{A+2 'R 1 =
Wo —— 3 vt {]Jl( 5'?) +2 (HLH——) +m+"31.1 el

H*= 16 1a? L
LM

d- =2
H‘-

&=

For L>1 T~ d [dk K'log(k* 1)

What do we expect from the CFT side? W... ~a,, Ing* + .

Q3/2 = /dzz [dl (I‘L—abffﬂb — _%“HE) + E'f;zR} ¢ / d€) OA(A + 2)0. !
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Conformal invariance of
the boundary theory

D (T T} correlator has the form expected ina CFT.

@® Distribution of nested bubbles is invariant under the
Euclidean conformal group in the UV (as Alex just showed)

@® Correlator of bubble fluctuations also has the form
expected in CFT.
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ds> = a” (—di + di’!f,_) . Unperturbed w.s. metric
a = Ry/ cosn. Bubble radius
= Z orarYrar(€)). Worldsheet normal displacement
LM
iWle i i
‘P[g’f’] — 18] Gaussian wave function

a1 o
W — L) 2 ] ,
= 5 ' Orarl THIRU} .

2 {
LA L

Bunch-Davies vacuum

_ 9
[ ~\piD "y + ~e) i . Ty L 12 9
vy = Ap(cos )P~ (PE-H-EJALE(HH ) + —CQp_1ipp(s fﬂ) o= S rJ =
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(d+1=4)
Wh(x)] =

b | =

[:f'ﬂk( H” R P-Hf + (_')(u_l]) [0

Non-analytic part

¢ —~ H = Number of fields in the CFT

Numerology: At maximum resolution, when the Wilsonian cutoff
is comparable to the “fishnet” spacing

E~1 ~H (x)e™

there should be as many degrees of freedom per fishnet point as
the number of CFT fields in the boundary.
N = S H =

- :bma:ﬁry :

This is in agreement with the bulk estimate:
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For a weakly coupled CFT (Vilkovisky et al.)

Wlg;]l = / c'f*.rvﬁ [r-IR In(; ;:-:]'R + R, ln[[l_..-"’;.f.: IRY 4+ 3R, ik 111{_'13,-”;1.2'1 RV “] + analvtic.

In general, the coefficient of the logarithmically divergent term is
the trace anomaly

@y ~ /‘fifv"g [{.IR;&' 3 ij-.:'JRU 'S {‘311?_”“1?&;;‘:.{] }

e

o~ &5 In ﬂl el == € /rfik 5 111(;(*2.,.-*'?;:2} ]hkij + analvtic.

oy C ~H ™ Number of fields in the CFT (central charge)......



For a weakly coupled CFT (Vilkovisky et al.)

Wlgl = / d*.r\f.ﬁ [rl}? In(0/u*)R + R, In( O/ u*)RY + ¢ R, kel In(C3/ p?) R**f’r'“'f] + analvtic.

In general, the coefficient of the logarithmically divergent term is
the trace anomaly

[ /\ﬂ_} 11'\”’.-"?; |}‘[R£ o iz {JER@'JRE} + f.‘jREJLIR;JHI] >

e

I~ a, In ﬂ: el = € /r'fik k* 111{,’;2],.-*"';:2} ]hki2 + analvtic.

R 7 | —  Number of fields in the CFT (central charge)........



W|* x exp [— fd“‘k (8;13#4) If’.‘k\j}

{:hiihkf} —_— (r'f':';I{:gfa Fl-.'_l }(i(kf = k)

imaginary part of J}°  determines the amplitude of
cosmological perturbations.

But there Is also the non-local part

Re[W] =

H—S = ‘
16 [ d'k k* In(A? /1) |hi|® + analytic.

_ : - - Expected formina CFT
(T{k)T (1;*)) ~ ¢ kK*Ink”
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For a weakly coupled CFT (Vilkovisky et al.)

Wlgil = /d*.z\_.@ [r-IR In(C)/p)R + o R;; In O0/u*)RY + e Rk In(C1/p°) R*-"-“] + analvtic.

In general, the coefficient of the logarithmically divergent term is
the trace anomaly

l'.-f.j Fa ™ /ffJ_{'v.-'g [([Rg + {_EREJRI_,F _|__ {-‘::LR.E‘F;”REI_;L‘.{] !

FEn

o~ a, In ﬂ: Eal == € /r'f*k ErIn(k2 /1) |h|? + analyvtic.

ERTR | ey | —  Number of fields in the CFT (central charge)........
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[W|* x exp [— /i'ﬁk (8;3#4) Ihk\j]

(hphy) = (SHS;'JT-"&A}"HI{! —k)

Imaginary part of J}°  determines the amplitude of
cosmological perturbations.

But there is also the non-local part

Re[W] =

H— : 9 .
16 /dﬁlk k* In(k* /47y |hi|? + analytic.

_ — 3 = Expected formina CFT
(T{ T (k )) ~ ¢ K Ink”

e 51/54
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y =
ds* = a*(n)[—dn* + dx*].

(Gaussian wave functional

a(n) =—1/Hnp

Linearized tensor modes in de Sitter

!

Plh]= "V | W =

» 1]
o €
/ 2 ( >

Uk

f
U i :
LI + ilnuy

)

Choice of vacuum (for m=0)

o
- : " = fr'f‘-_:.} {1} e
V() = 5@ i Hﬂ,ﬁ(l._.r;)
(d+1=5)
= 1 P S & - :
Wih(x)] = 5 /r;’ik( QHI + I In(k~/H"a
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For a weakly coupled CFT (Vilkovisky et al.)

Wlg;;] = / &'r\/g [qR In(O/u* )R + R, Inf I/ u*)RY + 3R, kel 111{_'1:1.-"’;1.2]R‘*"’r‘f] + analvtic.

In general, the coefficient of the logarithmically divergent term is
the trace anomaly

&~ [‘fi?l'v"’g et R* + &R, ;R + {*;;,R,;J,.MRE;H] _

Fen

W~ a, In ﬂz ] & E /f‘f‘ik k* In(k2/p?) |hy|? + analytic.

o ¢ ~H™ Number offields in the CFT (central charge)........



Summary

® The dynamics of the multiverse may be encoded in its

future boundary, in terms of a theory which is conformal In
the UV.

® The measure can be obtained by imposing
a UV cutoff in the boundary theory (closely related
to the scale factor cutoff).

® The measure may perhaps be formulated even if there is

no dual theory, based on the property of conformal invariance
of the wave function.
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