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Infiation, in good agreement
with observations:

Predictions (early 80’s) Observations (2011)
® Flatness Q,,, ~1
® Near-scale-invariance n.=0.97
® Gaussianity f ux 10°
® Adiabaticity P =10%E

® Tensor modes (?) r<0.24
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Simple models match all observations:
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Inflation is generically eternal (to the future)

1- Models with metastable dS vacua

2- Modeils with a regime dominated
by quantum diffusion

Predictions can be probiematic (Measure problem)
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Eternally inflating multiverse

~ield space
(Landscape of vacua)

Physical space
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Metastable dS vacua

| ! 1
j ' Eternally inflating
- - @4 B
\ 1/ g2} v )
2 2
" - _ 2 dv ,.
H = Hubble expansion rate ~ ¥ L =3HV, — AHV,
A= dimensionless decayrate ~ e 2 < 1 dt
V. =C e’ P& Average volume grows unbounded for i <1

‘ Eternal inflation | | '1'/te probability that
transition is never complete
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Eternally inflating multiverse
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Metastable dS vacua

! 1
Etemally inflating

S

s ; ~ g2 av. .
H = Hubble expansion rate ~ ¥ L SEV— AEV
A= dimensionless decayrate — ¢ < 1 dt

=Cel’ MH& Average volume grows unbounded for /1 <1
Finite probability that
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transition is never complete
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Eternally inflating multiverse

~ield space

(Landscape of vacua)

Physical space
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Tunneling uphiil
is also possible

T v —S(2)+S5(1 \ / \
r /r & {,) 1(' ) \1_,»’ b & f
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Spacetime structure Minkowski

AdS bubbles bubbies
W v VW v v AVe

dS bubbles.

“‘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 I/;(r) in inflating vacuum of type

Scale factorgauge 7=1loga

dv. . ; : . }
c;T = 3V.+M. I/J,. rate equation for inflating vacua
t '
T oy
.Ll”:[ij- — /‘I.-'E-J_- B OE-J_- Z };—F_Z- ){.7 J _H r
) Fraom bubbles of
Gained from | 5gt 1o type " in vacuum °J".

other vacua other vacua
(Including terminai ones)
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To each irreducible landscape” there corresponds a unique
attractor volume distribution.

Vv (f) 3 V_(ﬂ) 8(3—1&')1‘

qimiﬂjzijg 0‘(9"@1

THEORY _ Sz = _
J.G.. Schwartz-Periov. Vilenkin & Winitzki (2005)
In this sense, initial conditions
Y v N do not play a role.
e Yl A
2 4 (Self-similar fractal)
!E
[
|
| 1
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Global time cutoff measures:

Count events that happened before some time ¢.

b "v -
T
|
>
[ = Garcia-Bellido. Linde
& Linde (1984): Vilenkin (1295}
Fiducial

nypersurface

I > ==p gtiractor distribution.

The distribution does not depend on the choice of 2,
=Hdt.gdepends on what we use as t (e.g. proper time vs scale factor f[jneg).



To each irreducible 'landscape” there corresponds a unique
attractor volume distribution.

V(> VO &£

g<min, » i 0O<g<l

THEORY : | : . == =
J.G.. Schwartz-Perlov, Vilenkin & Winitzki (2005)
In this sense, initial conditions
!J el / XA do not play a role.
2 4 (Self-similar fractal)
E
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Global time cutoff measures:

Count events that happened before some time ¢.

Garcia-Bellido. Linde
& Linde (1994): Vilenkin (1995}

I > =p gitractor distribution.

The distribution does not depend on the choice of .28
=Rdt.depends on what we use as t (e.g. proper time vs scale factor fjng).



Different choices of time variable dt=H%dr
give rise to diferent

results for the dominant eigenvalue T/?m (cr)
2 1 Z 1/ " 3 > -
> . / e . A Scale factor cut-off
i = \_2/ . Proper time cut-off
1

The regularized probability distributions will be different
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In the causal diagram, the problem
Is reminiscent of a UV problem in field theory:

-The number of events diverges as we approach the future boundary

- The divergence is due to the smaller “UV” bubbles (i.e. later bubbles)

-The relative number of events is regulator dependent

Proposal:

The dynamics of eternal inflation may admit a
holographic description in terms of a more
fundamental theory at the future boundary.

irsa: 11070038 Page 20/44



The wave function and its dual interpretation

P[h.p]=e"""
\ Related to
CFT effective action

with prescribed sources

® Gravitons in de Sitter

® Bubble fluctuations
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1- Linearized tensor modes in de Sitter

—_

: ik
2 3ot T fae gy 6
ds= = a~(n)|—dn~ + dx=]. a(n) =—1/Hy h(x) —'/ d kur},f_.zhkv
Gaussian wave functional
iwh] - d a’=t v 3 . i i
Ylh]=¢e W= Jdk 5 E|hk|‘ + iy Up U — Ukl =ia
| l
1 ~1/2 1 .
Bunch-Davies vacuum: vie(n) = ——a~ " H, ,(kn) ‘

1l (a+1=5) ,.‘

i ]. ’ ‘—Al _-’ !{ni FaTr T 39 ; : 9 3]
Wih(x)] == / rf*k( q; I In(k?/H?a®) Hir §2+] + f)m—*a) |Ak|™ + ...
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Im[WW] determines the power spectrum.

|2 x exp {— / d*k (q;;':-’. A'J‘) \hk\j}

(hthy) = (8H3/nkY)o(k — k)

There is also

R

Re[W] = — / d'k K*In(k*/p*) |hel* 4+ analvtic.

16

which has the form of an effective action in a 4D CFT.

with effective cutoff sale = mode freezing scale |y =aH
<T(Ir)f*(k')> ~¢ k'Ink®  (As in Gubser, Klebanov, Polyakov 98)
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Im[IV] determines the power spectrum.

B[2 ~ exp |i_ /,«Hk (3; ) ‘hk‘i}

(hihy) = (SH?/7k*)o(kK — k)

There is also

—3

Re[WW] =

f[*kk In(k*/u?) |hi|* + analvtic.

&

which has the form of an effective action in a 4D CFT,

with effective cutoff sale = mode freezing scale

u=at

<T(k)f(k‘)> ~c¢ k' Ink>  (As in Gubser, Klebanov, Polyakov 98)
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The coefficient of the logarithmically divergent term in
the effective action is the trace anomaly

| B9 = €3 j \/ﬁ H-jff_'l.'f" + g X ~ H_B / r'fJ'/{ A‘J' |/?;}.|2

g S

(Weyl invariant)

Number of fields in the CFT
(central charge)
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Hartle-Hawking wave function from analytic
continuation of Euclidean AdS partition function
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Classical action of gravity with prescribed boundary metric
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The coefficient of the logarithmically divergent term in
the effective action is the trace anomaly

P / VIWidrteay | o~ B [tk B (B

¢, ~H™

(Weyl invariant)

Number of fields in the CFT
(central charge)
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Hartle-Hawking wave function from analytic
continuation of Euclidean AdS partition function
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Classical action of gravity with prescribed boundary metric
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Im[IV] determines the power spectrum.

|1p;2 — [_ /{'['Lk (ggg'{"J‘) ‘hk‘z}

(hihy) = (8H?/7k*)é(k’ — k)

There is also

—3

Rell'| = / d*k K*In(k* /7)) |he|* + analvtic.

6 .

which has the form of an effective action in a 4D CFT,

with effective cutoff sale = mode freezing scale

u=aH

(T(OT"(k)) ~ ¢ K*Ink>  (As in Gubser, Klebanov, Polyakov
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1- Linearized tensor modes in de Sitter

: ikex
ds® = a*(n)[—dn* + dx*]. a(n) =—1/Hn h(x) = / d'k— 773 ke

{ 275}

Gaussian wave functional

lP[h] — efﬁT[}I]

d—1 !
. } a & : 5 ", I
I = /’s_f"fk ( s —k|r".=_k|'J ~— iln t'k) ULt — UREE = i

L . E'

Bunch-Davies vacuum: vk(n) = ——a""*H, ) (kn)

s - l [ ‘—.r{-'j '.:’ ﬁ-'_L ‘ = 0 : . 3 9
Wihix)| == / r!"k( e - In(k*/H*a®) Hir f 27] + [')fu_'i) | |” + ...
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The coefficient of the logarithmically divergent term in
the effective action is the trace anomaly

| | Y < =
(Weyl invariant)

Number of fields in the CFT
(central charge)
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Hartle-Hawking wave function from analytic
continuation of Euclidean AdS partition function
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(d+1=4)

”f[f_?.{:}{}] —

i 3 —A'EH _6[1'3 T | 9
d°k = +;H2+(_){u ) ) b + e

o] =

Non-analytic part

;3-../1;15%' = H2E35(K — k).

g

i ~ﬂJ;H_2 Number of fields in the CFT
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Simple model: dS bubbles separated by thin walls
,“-\ o

® Nested bubbles
plus linearized fluctuations.

H ® [nflating part of spacetime
| can be foliated by fiat surfaces.
Zﬂ (They are very close

to constant-a surfaces.)

-

Ina — scale factor time

vl = const
3 2 )
.-'/z-’
| ~ J/"{/
2 - 32 g —2 | ¥ 2 %2 e —2
Y= Y — =5 \ x L+LY--—T-=H
: - 2 = I 2 .,
= ¥ ds® = —H *dt* + e2dx”
[
. "
A o
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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

charge.
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Bubble fluctuations

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

TR <1 [(ApwRE< 1, R? » pre L
" (p+1)-H-1-+ (Apyv)-
| $

— Bubble wall tension \_ Intrinsic curvature radius

of the worldsheet of bubble
wall (which is a p+1 dS space)

ort T_l E nt Normal displacement of the worldsheet

¢ - Canonical world-sheet scalar field with a tachyonic mass
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Bubble fluctuations

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

TR <1 (ApvR2& 1 R ~ o e
) . ' (p+ 1)2H2T2 + (Apy)?
.' 1|k

~ Bubble wall tension \_ Intrinsic curvature radius

of the worldsheet of bubble
wall (which is a p+1 dS space)

y 4 — T—L E nt. Normal displacement of the worldsheet

¢ - Canonical world-sheet scalar field with a tachyonic mass

) ; )
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ds,, =a (—dn” + rff!i) . Unperturbed w.s. metric

a = Ry/ cos 7. Bubble radius

O = T oy Yrar( 1), Worldsheet normal displacement
LM

Yg|= P 4 Gaussian wave function

et s 2 | /
. a 3 . _
W = E ( S 1‘[ oral”+iln "-'L) .
. = UL

LM

Bunch-Davies vacuum

= Ay (e} o ol SIRLY f’ Asin 7)) | Lo (B ap) _pt2
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p=2

H':Z( "

a- RoA,” RA(A+2)
A 28y

"R 1)
s e A b =i
1 ~ 16 [l” (_4,;3_) - —(f- (L) + )

0 (@a—>=x)

Relative displacement at the future boundary

w or
P e P
iy — ;i_r = lI_lﬂ"J :‘_'7“”! rﬁ *J
== r 1 T H[f_} “T 4-____1_1._______/_";{
) Y ll/
f 1/( RGH) Lorentz factor SR
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Effective action for the deformations
of the defect in the boundary theory

We just saw that bulk calculation leads to:

= ‘T A4 2) i 1 _ .
Wlol = - ’ - 2| il — =2y | [0esel” 4= ..
Ul=ZF= ). 35 {m(ia) +2(uD) +p) +ir+ M i

LAS

For L>1 W~ d[dk kKlog(k* /i) d~ 2 <c

What do we expect from the CFT side?

W~a,, nu +..

B = / A%, {Jl (Ixﬂbﬁ 'ﬂ_;fr) +;_-fﬂﬁ} . / dQ SA(A +2)5
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p=2

] a*  RgA é;%-_‘u A42 ) ( R3 ' 1 ) )
W = = S : I — | +2{ (L — | Himi+ 2 Drarl”-
b3 ('ERU 1 16a {H _Jﬂ:fﬁ) ( T ATyl

LM _( 3

0 (a— x)
Relative displacement at the future boundary or
gr 1T Y2 val TR
) == — — — - . |/ 7 1'-*’“
rw (7 alt) \ 1——-_11_.______”1/

v ~1/(RH) Lorentz factor ]
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Effective action for the deformations
of the defect in the boundary theory

We just saw that bulk calculation leads to:

A E 1a?

= THYy A& D) R: _ 1 | —_—
Wo] — Y e [I_L‘L( ) 4.5 (r_'{L] +f) +m+2-l 0™+ -

: . g
For L>1 W~ d[dk kK'log(k* /i) d~ =2 <c

What do we expect from the CFT side?

W~a,,lnu +..

i 5 e B - ’
e — / q'_fi_‘r |:f_1'r]_ (I‘L,_!;jfl i EE_L_‘) -+ ijRl X / d$? o (N 2}
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Possible implications for the measure problem

 Holography may suggest an educated guess for a
global cut-off measure

V1 : Scale factor cut-off JG + Viler
« V2: Co-moving horizon cut-off GsSvw 06

« Virtual BB 7
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Open questions:

® |s the dynamics of the multiverse encoded In its
future boundary (perhaps in terms of a UV complete
theory?).

® Can the "measure” can be obtained by imposing
a Wilsonian UV cutoff in the boundary theory?

® Heuristically, this kind of 2a measure seems to be closely
related to the scale factor cutoff measure. or a CAH cutoff
measure, both of which work well phenomenologically.

® Many open questions: “terminal” vacua, transdimensional
transitions, etc.
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