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2 also:
1e Volume of the Universe after Inflation and de Sitter Entropy

1¢ Phase Transition to Eternal Inflation with S. Dubovsky and G. Villadoro

th P. Creminelli, S. Dubovsky, A. Nicolis and M. Zaldariaga JHEP 0904:118 2009.
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Outline

* The Landscape and de Sitter

* Slow Roll Eternal Inflation

* Bacteria Model

* Probability Distribution of the Volume
* A Bound on the Number ot e-toldings

» Educated Speculations on dS Entropy and Holography
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de Sitter and us

* Quasi dS phase in our present and in our past

e Possibly both are eternal

* Landscape in String Theory

=

e Weinberg’s solution to CC (and to other parameters)

e Eternal Inflation has become extremely important

e [t is also just beautiful (even better than Black Hole evaporation!)
» Dafficult task

e Puzzles with de Sitter Entropy and Holography

* This motivates improved studies:
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What i1s Eternal Inflation?

* What is Inflation? | ‘_\.\H\
a ~ EHt '1\
.V e k..
O~ — | |
H

e What 1s Eternal Inflation?
Classical Motion Vs  Quantum Motion

Aocy ~ O H 1 Vs Q{‘DQ ~ H
Reproduction of space
Quantum dominates for % fi 1 =—> Slow Roll Eternal Inflation

* Make Eternal Inflation sharp? Calculable?

e No Semiclassical
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Perturbativity of the system

) L]

@~ \-\“1\
* Close to de-Sitter ‘= Vo) et %
e Sull unperturbed before reheating: dg ~ / E%
Mpy ]
e No big interactions: 5 - H
S -J.»fp]

e« —> Study the volume of the Reheating surface © = 0,

Standard Infi. Eternal Infl.

I a I A
o
= FRW ’ >
'ﬂf\*‘———\\_,/ OT’ C}?‘
=45

~dS
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A random walk

Smoothing the field: A < H
» At > H ' for reheating
> . [00k.00_,] — 0

L

Inflaton ~ Classical stochastic system with Gaussian statistics

Probability distribution follows a diffusion equation see Starobinsky

&

| ‘

= | _(2—0—at)" Dy
Plo.o.t) ~e€ H3t F
] . & ' LN
I ..I"]
e Ay i - |
_.-; !il"
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Bacteria Model: a discretization

....... @ O O O O |
i+1 i i-1 1 0 \
— .=~
* Reproduction N — Y > New Hubble volumes
e Number of dead bacteria = Reheated Volume
e (lassical motion f:) — p— l
9
- _ 9 t =
J=— n=—
Ao FAY
e Continuum Limit: P(j.n+1)=(1—p)P(j —1.n)+p P(j +1.n)
&2 P(¥),07) = 41;; ({l — 31)1% + t:"}) Dy P(v.o%) + %;_ _\_;_ D P(w.a7)
* Identifications: 7 9 Ao - I A ; " o
L —ff._\f—_ BB Ar N =1+ L
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I'he Extinction Probability p P

* il i
------- -—0—©0 o—6
: < ; i+l i i-1 1 0
Generating function:
=l T2) ; . - I'nj __.IIrJ{I ,'I'-'L
f._f' r\‘h"JJ = p'e':k{;....fff_'bf:! R 0 e S; 7t ]_
B, iy B o
— Recursion: Frz+l B Fl{--Fn) FI(FDL) : F"C
. . o A {
F . is only a function of 59 F¥ "
= -
1 s 1 s
(n) . \ _ § : (n) ko kL () Zx :
3 jf_ (x'j.)' ) - p.:::k[].,.k[‘bn o 'b_."‘_-. #‘ .f;lezﬁn) — pjli‘ -Sg
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Concentrating on F, : P " i _
i+l i i-1 1 0
+ F.. is only a function of So
Fis) 4
F |

1 s
. F]_(F:\C) = F’JC »
.igl-:l[-'rrj--,..-fr_,] = So0- (*)(g = 8
s | i fﬂ (E’ﬂ} - 'L-’ﬂ T
1 (So,.--.5z.) = ((L—p)sa+pse) "

: ' N,
), | = ((1 —p)F53 (s0) ~)
1";-‘?11--—---“-‘1' = ((L —p)siz1 +PSi-1) FY i f (%0) (( P) i1 (50) sz 70

= -\ )

N,
L 3%y S = L=P)SL+PS1) L i) = OI*Mf (S0) P&mm“)



laking the continuum limit: P . e
+ Inthesites: ; = ¢ o & a2 = =
» A differential equation:
s L Nr
o d:50) = (( (1 — p) N+ Ag; 50) + 1 (0 — Ad; So)) —
L& . o 2m/BQ @ 1272 . -
anzf' (@: s0) — % .-:]of[ (0: 50) + 2 f 7 (o:s0) log [ﬁ (d:50)] =0 _.
QEELQ_
3 H*
+ with boundary conditions: f{>)(s = (), s5() 3 ;_ff <)(ps0)| = 0
o i
+ For the quantity: f l'm ZP}R s = £ (0:50) :/ dVp(o.V) sy
0

k=0

+ i.e. for the Laplace transform of p(¢. V")

1 i e .
p(o. V) = .}_3-/ d (—log(sn)) ™ (@: s)e™" o8l
P ~ —ia
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- e ; ¥l Y g
Studying the difterentialeq. . G0
it Eq. - ) _
f(r;2) =2V Qf(1;2) + f(ms2) log [f(752)] =0
- ‘)TE )2
where 7T ox ¢ o< V., > = —log(sg) . = P
. | 3 H:
boundary conditions: "
FilEz)=g5—2

:z) € [0, 1]

~—
e
o |

Mechanical Problem: Anti-friction and potential

Barrier at infinity:
Ui
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I'he Phase Transition f(r:z) = 2VQf(m:2) + f(r:2) log | flrczl =0

Lifi 4

' P = [ aVolV.7) = 7 0)
()

i 1 = .‘1,:,_: 0 = E
So—1 = z—0 08\ so) \—/

+ —> Linearized solution:
f-2/0f+f-1=0, — it (VT R
. : ] )2 {5}2
+ Different behaviors for Q=21 Q="
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The Phase Transition B, ;/ AN == (72 0)

Different behaviors for O ;{% 1 i

frez b Q-1 \_/

Total Extinction
2= 1
— Q<1 Phase transition:
T e .?'1‘1'. t-j =
No Extinction ' e o
S . gy
ool () = 1 2
Q<1 3
with P. Cremuneili. S. Dubovsky
A. Nicolis. M. Zaldarmaga._
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An Equation for the Average

Take diff equation j{ T 2) — ﬁx/ﬁf{_r: z2)+ flmz)log [ f(752)] =0
Derivative wrt z:

f Tl 8 f + 1+ flog f=0
Sincefor =0 f=1 .and f)=f(7:0)=—(V)

f

Solvewith f1(0) = —1.  fi(m) =0 - fo=Ae"T 4 BesT
and find lLIIl {*I,"} . (__u-.:_'a' _ FI:_}-;\.-_,: 1+hm
T, —C _ _
Ve~ete for O>1. Ve~e®Y for Q~1

A huge quantum effect

Analogous for the Variance
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An Equation for the Average

Take diff equation f(r:2) —=2VQf(r:2) + f(7: 2) log [f(7: 2)] =0

Derivative wrt z:

f=2VQf' + '+ f'log f =0

-

Sscefor 2=0 Ff=1.md J;=7(70=—-YV)

S fol0) = —1, fo(m) =0 fo = Ae*t" + Be
and find o (V) — T — g 3Ne MI—T

A huge quantum effect

Analogous for the Variance
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Single Field Summary

Q>1 L=l
o A o 4
saddle point _" .-'i& saddle point [
& B power—ilaw tail /
T i — = T
v v v
Gaussian behavior V <« V.
B Tt} o N—N.—Ht)? e (N N2 1 ~ .
o o.t) ~ € B3t~ Ht = poc e SN for NN, .
Exponential N > V. Vieyh
' 9
p X (:—f:l_\rji__'t X E"_CEN

Super-Exponential: Eternal Inflation

3N

=
Pirj_;) 110%3 p I Page 17730+




— 151
4] ‘ p ‘ :
.', - ; E ciaf
saddle point & saddle point ,” . power—{aw
| power—law rail 3 cul :
L sy
. — — == T et -~
v v v V. v
dS entropy and classical number of e-foldings V2
) - : ) Sag =1 - I,:l generalizanon ot
By _ a2 B o & oo ) N. Arkani-Hamed et al.
dN, P! Hdt H* Rl JHEP 0705:055 2007
In every finite volume realization
y S4s s i Singularity
P(Wsezr)<eg ™
_ Sgs : j . * e 2wl ¥ a
VEiite Realization < € 2 Ea— : e
-~ P Reheatine h =1 _
Check for de Sitter entropy
Friend & Observer Fri =
= riend i Observe:
Page:18/30
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Exploring The Bound in Any Dimensions

» Volume in any dimensions

HD-1
{02} — - A
TG.D—I.J
" 2AD—-—1HA¢®> 2(D—1)HP"
/
m=0+/2(D — UHV’ jf} = 2(D — 1)VQN,
or-
» Equation (in 7 ) the same. so same solution (D—1\N 2
(VY =e G W 75
» dS Entropy Ne ) i
A — / 4D —1)QdN, =4(D — 1)QN_.
0
» Combining | ) B 4 )
= ] (D—1)N,—2> - Send
<L> — e V112 < p 2 Q1+/1-1/9) < g7 2

» Bound holds in any dimensions



Studying Multifield Slow Roll Eternal Inflation

FRW

» Equations trivially generalized

V2f(T.2) —VQ-Vf(1,2) + f(7.2) log[f(T.2)] =
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New Questions

' Can keep truck of the kind of volume produced
+ Suppose Reheating surface R is discrete

+ Keep truck of V = {1'1 V} T
..... n
(7.7 = [ ase™ 17,9 f(ai,2) = e
c
 Generalized Bound

' & ( / dr. V(1) > Sups [e-‘g('r’"l}*’fﬂ -V < +:x:.) =

/ - f DV(1/) p(V(7, 7)) S Supy [+ ™"]
S(7r) /24 (T.—T+)

v ... difficult to check ....
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Concentrate on the Average

+ Eq. for average 1s linear

VXV(r)) = V- V(V(r])) + (V(7)) =0

' Bound for average

/d*rr (V(7+)) < Supy [e“”‘"”ﬂ
T
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New Questions

+ Can keep truck of the kind of volume produced
+ Suppose Reheating surtace R is discrete

+ Keep truck of vV — {1-1 V}
= = = o® B m n
p(ff) — /dfﬁv":f(']:_f') f(,-_,-; E’) e T
€
 Generalized Bound

7 2 (/ dr V(1) > Supg [77/?];V < ~i-f:><:) -

/d'rr/ DV(t)) p(V(7l.7)) < Supg {E-—k._asm" ]
eS(Tr)/2 NTl—1r)

v ... difficult to check ....
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Concentrate on the Average

' Eq. for average 1s linear

VAV(7)) —VQ-V(V(7)) +(V(7)) =0

' Bound for average

[ dn (V(r) S Supg [
L
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xample 1: the Watertall

Q
r l .
/ \
7 | \
’ I \
/ \
’ i “
7 (0y—x) 10.v) “  (Oy+x) dS
i I ] FRW
| ] |
i ] i
<V(y)> : :
| O=1+c !
) > .
| Osi !
Ty,

y—==x ¥ y+x -vr

— 2
' Average overall volume (7)) = r_..'g'\‘
' Away from Eternal Inflation

VQ—1 Ay

i S T 1+V1+Ay?/x?

(V(yr))
' At the phase transition

i
Pirsa: 11070043 X

(Vi) — — for

T 1+y/1-1/0

— Transition at (2 =1

for

(Q—1)(z2°+ Av®) > 1.
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xample 2:
1e Tilted Waterfall

| S Q, - T '}':
€ Ot TG,
Average overall volume V) — o V., -z
A\ .
Average Exit point = Transitionat Q.=1 = Q>1
{ > — / Qj:
\Ur} — g—x)y] ————=,
. IO —1

- -'-\.L‘-

Notice that

[
|
'—I.

In' o R '-\._
| V(y:)) — o at ¢
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xample 2:

1e Tilted Watertall :
gl

i =

ds ‘_.--"' f"’ i

i (| 1

FRW i 1l i
1 Ll | i

i i

I i

i Li=1+€ - - i

a7 <&

L L

Phase diagram

Bound holds
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Conclusions
Eternal Inflation, the Landscape and Holography: detailed calculations

Volume of the Universe after Slow Roll Inflation

» Detailed study of the volume in Eternal and non-Eternal Inflation

=
Tids
>

* A bound of the finite volume produce by Inflanion: V., .. g .0 < e

* Holds in any number of dimensions and for multifiled inflation

» Educated speculations about de Sitter (and a check tor Holography)

(o
; _="F) -

- i

-

‘_.-F"' ;” i

- - 7 1

3 ds e 2 -
* - el L]
saddle poimt . power—ilaw 1
] - cul 1
- e —— -
T === S :

: vV .

v v I
-
i
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xample 2:
1ie Tilted Waterfall

Phase diagram

Bound holds
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e Sull unperturbed before reheating:

Perturbativity of the system

s

Q
¢ (Close to de-Sitter = V(o) =l

* No big interactions: g,

e —> Study the volume of the Reheating surface ©

_w\/__

11(p1

Standard Infi.
I a
= FRW
’ﬂ’-\‘——_\/’" OT‘

: 1107004

0g ~ \/'E—

H

=

Eternal Infl.

1

ds
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