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Infiation, in good agreement
with observations:

Predictions (early 80’s) Observations (2011)
® Flainess .. =1
® Near-scale-invariance n.x0.97
® Gaussianity f = 10
® Adiabaticity Po<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- Models with a regime dominated
by quantum diffusion

Predictions can be problematic (Measure problem)
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Eternally inflating multiverse
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Field space
(Landscape of vacua)

Physical space
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Metastable dS vacua

|
| 1
| Etemnally inflating
. i*___ = —
\ L/ ™ | v
Ad. I _F/#_h‘_—h_______ﬂ 2 Fi i z
|
» : - 2 dv. e
H = Hubble expansion rate ~ ¥ { ~3HV, — AHYV,
A= dimensionless decaymate ~ ¢~ < 1 drt
V. = a2 Average volume grows unbounded for 1 <1

) Eternalinflation| /i€ Probability that
transition Is never ComPIEtE

Pirsa: 11070038 Page 7/44



Eternally inflating multiverse

~ield space
(Landscape of vacua)

Physical space
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Metastable dS vacua
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A= dimensionless decayrate — ¢ ° < 1 dt
V. = C el 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

~leld space
(Landscape of vacua)

Physical space
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Tunneling uphill
is also possible
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Entropy difference
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Spacetime structure Minkowski

AdS bubbles bubbles
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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 J/(7) in inflating vacuum of type

Scale factorgauge 7=loga

dv. . ; : . ;
y == 3K +M_V. rate equation for inflating vacua
I— B = o
I .. o
*"'LIU' e O Z)‘?’z’ Ay = TH rf;‘
_— . From bubbles of
Gained from | ggt 1o type " in vacuum °J".

other vacua other vacua
(Including terminal ones)
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To each irreducible landscape” there corresponds a unique
attractor volume distribution.
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P:(f) - V(U) 6(3—4)1‘

I

g<min, » i 0O<g<l
J.G.. Schwartz-Perilov. Vilenkin & Winitzki (2005)

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

(Self-similar fractal)

Page 14734

MULTIVERSE



Global time cutoff measures:

Count events that happened before some time ¢.

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

Fiducial

nypersurface

I > =mp gitractor distribution.

The distribution does not depend on the choice of 25
=Rdt.gdepends on what we use as t (e.g. proper time vs scale factor fjmeg).



To each irreducible landscape” there corresponds a unique
attractor volume distribution.
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J.G., Schwartz-Periov, Vilenkin & Winitzki (2005)
., | In this sense, initial conditions
o . Fh do not play a role.
5 4 (Self-similar fractal)
1
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Global time cutoff measures:

Count events that happened before some time ¢.
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' | & Linde (1994): Vilenkin (1995)
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I >0 =mp gtiractor distribution.

The distribution does not depend on the choice of 2
=Rdt.depends on what we use as t (e.g. proper time vs scale factor {jng).



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

results for the dominant eigenvalue T/?:G:] ()
\ = , s 2] Scale factor cut-off
L \_/ Proper time cut-off
1

The regularized probability distributions will be different
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Youngness Q Dependence |Boltzmann
paradox catastrophe | on initial state |Brain Parado

Proper time
cutoff

- Scale factor e

cutoff

Pocket-based @ @
measure

F.
=1iC
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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.
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The wave function and its dual interpretation

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

CF T effective action
with prescribed sources

® Gravitons in de Sitter

® Bubble fluctuations

Wi Bl Talal o e
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1- Linearized tensor modes in de Sitter

lita] — / d%k

ds® = a*| r;}i—rf?}j + nfxif*

Gaussian wave functional

a(n) =—1/Hn
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Im[WW] determines the power spectrum.

(W[ x exp [— /{[J‘k (q—H%AJ‘) \hk\f}

(hphy) = (8H?/7k*)o(K — k)

There is also

=

Re(W] =

16

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

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

with effective cutoff sale = mode freezing scale

v

(f(k)f’(k')) ~ck'Ink*  (Asin Gub

L1~ - E Vands
er Klebanov. Poly

[AKOV

n=all

O
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Im[WW] determines the power spectrum.

|2 ~x exp [— / Ik (#AJ‘) \hkFJ

(hphy) = (SH:{,.?" k)oK — k)

There is also

=

Re[W] =

6

/ d'k K*In(k*/p*) |he|* + analvtic.

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

with effective cutoff sale = mode freezing scale

H=all

(T(k)f*(k')) ~ ¢ 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

| @y = Cy / \/g II_-}I[—L.]" = Ca \

(Weyl invariant)
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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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The coefficient of the logarithmically divergent term in
the effective action is the trace anomaly

(1o = / \/U ‘.I_Ef'f—'c.r — Co \

(Weyl invariant)
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Hartle-Hawking wave function from analytic
continuation of Euclidean AdS partition function
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Im[WW] determines the power spectrum.

W2 x exp [— /d*k (q;m“) \hk\f}

(hphy ) = {qu k)o(K — k)
There is also

H-B L __
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RelWW| =

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

with effective cutoff sale = mode freezing scale
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1- Linearized tensor modes in de Sitter

. tkx
ds* = a*(n)[—dn* + dx7]. a(n) =—-—1/Hn h(ix) = /fffdk E T S

{-_]—}ri'_._
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Gaussian wave functional
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g - 'k
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Bunch-Davies vacuum: v(n) = ——a""*H, ) (kn)

1L (a+1=5) J

= | —h=a” k* 5 red 9 5
Wih(x)| =3 / sf*k( q; YE In(k*/H?a®) Him 2] + ()fu"h) |h|” + ...

——
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The coefficient of the logarithmically divergent term in
the effective action is the trace anomaly

| | R 7 =
(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

Z~e? Mald.

Classical action of gravity with prescribed boundary metric
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(d+1=4)

- 1 5. f —F% 5 ;
Wih{x)| = - /r_l'jl{ ( i - H i — + (_){r_f_l}> |hel™ + ...

Non-analytic part

Egh{{h Kk’ } = Hj f»_‘_:jr"-;{ k' — k).

C —-'E\J;H_z Number of fields in the CFT
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Simple model: dS bubbles separated by thin walls

s

® Nested bubbles
plus linearized fluctuations.

P —
N ‘V'/' i

® [nflating part of spacetime

can be foliated by flat surfaces.
20 (They are very close
to constant-a surfaces.)
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Ina — scale factor time
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2- Linearized bubble fluctuations

® [he 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

TRy < 1. (Apv)Ry< 1. R2 ~ - P + lj-I- _
7 | {P—l— lHEH-T_—“—I_‘\LfJ-‘.—;—j
! !

I-. s | | | |
TS \_ Intrinsic curvature radius

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

art = T Y35 nt Normal displacement of the worldsheet

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

o ] —i:E)
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Bubble fluctuations

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

TRy <1, (Apy)R:< 1. R? ~ P+ l_j‘T'
N _ (p+ 1)2H2T2 + (Apy)?
~ Bubble wall tension \_ Intrinsic curvature radius

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

At = T_lE nt Normal displacement of the worldsheet

g?ﬁ - Canonical world-sheet scalar field with a tachyonic mass

- ) %)
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ds,, =a° (—di* +dS f’;) + Unperturbed w.s. metric

i@ = Ry/ cosn. Bubble radius

O = Z Or v Yrarl ). Worldsheet normal displacement
LM

lIJ[é] = ef”?[d’] Gaussian wave function

~d1 /
. l ¥ > ,
1 = E ( S L f__lﬁ_‘llfi_—f_i"h]_i'_'L).
L Ur

LM

Bunch-Davies vacuum

21

vr = Ar(cosn)t (PU 145 o(sinn) +
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p=2

_ i RoA/ RBA(A +2) R 1 ) | ;
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Relative displacement at the future boundary OF
_or 1 T 124 _'+/ x“‘“:“
T _T a(t) h ‘_EJ_____“L’
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y ~ 1/(RﬂH) Lorentz factor T )
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Effective action for the deformations
of the defect in the boundary theory

We just saw that bulk calculation leads to:

o TRo~~AA+2 [ [R o1y -
W] = ”Z Sl r[IJJL( *)+2(r{£]+-)+m+2ﬂ|am|“+,,,

= 16 4a? L

N i
for L>1 W~ d [dk klog(k* i) d~ =2 <

What do we expect from the CFT side?

W~a,,nu +..

d ., Az j : g
Q3 /2 = / dXs [flﬂ (I‘quﬁ - 31T‘L“) =+ ﬂ'zﬁﬂ % / dQ IA(A +2)0
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p=2
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Effective action for the deformations
of the defect in the boundary theory

We just saw that bulk calculation leads to:

e TRy AlA4-2) R} L 2 o
W =Yy~ [hl( J)—I—Q(L‘{L]—l——)—F?W—I—Q‘W|ﬁ£_1,f|u—|—,.,

H= e 16 442 L

= 3 X T
For L1 W~ d [dk k'log(k* /i) d~ =2 <c

What do we expect from the CFT side?

W~a,,nu +..

i . e, e | h
a3 /2 = / aXs |:dl (I‘quﬁ ”— 31{'&“) - tf;le X / d€? 0A(A 4+ 2)0
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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
« V2: Co-moving horizon cut-off

Q)

lj] u/
) U

J o <
x h S =
) O O Ww
s O
%)

D

« 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 a 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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