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[Leonardo Senatore
(Stanford)

On Slow-Roll Eternal Inflation
and the Universal Bound

with S. Dubovsky and G. Villadoro
in progress

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

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

i P Creminelli. S. Dabovsky, A. Nicolis and M. Zaldarriaga JHEP 0904:118 2009.
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Outline

* The Landscape and de Sitter

* Slow Roll Eternal Inflation

* Bacteria Model

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

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

Esmaar-Soam

* Quasi dS phase in our present and in our past

e Possibly both are eternal

e Landscape in String Theory

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

e Eternal Inflation has become extremely important

» [t 1s also just beautiful (even better than Black Hole evaporation!)
» Dafficult task

e Puzzles with de Sitter Entropy and Holography

e This motivates improved studies:
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What 1s Eternal Inflation?

* What is Inflation? | ‘—‘.\\F\

a ~ et \

.V __ — e
grirst == |
H

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

Aocy ~ (D H—l Vs iQQ ~ H
Reproduction of space
Quantum dominates for % 5 1 =—> Slow Roll Eternal Inflation

 Make Eternal Inflation sharp? Calculable?

* No Semiclassical
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¢
* Close to de-Sitter . Vo) s
; . . . o= bl
e Sull unperturbed before reheating: dg ~ /¢ T
Mpy
* No big interactions: g Y H
e E——
S Mpy
e —> Study the volume of the Reheating surface ©
Standard Infi.
[ a i
9
= FRW ’
i
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Perturbativity of the system
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X
= Op L .
Eternal Infl.
>
O
=ds
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A random walk

Smoothing the field: A < H
» At > H ' for reheating
» . [ijk.{j;’ﬂ_ﬁ_} — ()

Inflaton ~ Classical stochastic system with Gaussian statistics

Probability distribution follows a diffusion equation see Starobinsky
&
3 ‘ N
- _ (B—a—dt)™ Dy
P(0.0f} ~ € H3t
E : .__._,-,, v
LY
e iy pr -
- !r'
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Bacteria Model: a discretization

< N/ N
....... O O O © O '.
i+1 1 i—l 1 0 1'1
______ . S
* Reproduction —> ~ ¢° New Hubble volumes
e Number of dead bacteria — Reheated Volume
e (lassical motion u — p— 1
9
- _ ( T =
§== n= —
A0, Nt
e Continuum Limait: Pi.n+1) =1 —p)P(j —1.n)+p P(j +1.n)
~ 3 i } A. : T ) 9 1 —_I::-T_rr A{JJ B 3
D.2P(v. o) = 73 ({l e jp'}T(: - r_-'_:-) Oy Plw.o”)+ E 7R EJ,_".P{' 1o )
* Identifications: 19 Ao - 2 Ao® L 5 A
—_ | e =) - == | — 3
P A I Az 4 SRR SRS
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I'he Extinction Probability T

------- 06— @
3 = : i+l i i—-1 1
Generating function:
{R) ¢\ __ (re) Ko Ri
-j-r' (hJJ = 2 : pé:ﬂ!,;...ﬁri ) s L'BL 0 < SI. '(: 1

kit

— Recursion: F. .3 = F(FE) X FlF,) = F,

Fis) % a3

F . is only a function of Sg

«(r2) ¢ {r) Ko -'EK'L ]
8. ¥ == 0. o 5 | ; ik
i TUsy) E Piky..k; %0 - -+ 5L =% f}.x’(,_g,_]) = E Pik S
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Concentratingon F,.: - e PR
i+l i i—-1 1 0
+ F. is only a function of Sg
Fis) 4
1
r s
yFi(Fx) = Fix
ML}, —= g =) -
Ul[-‘:-r}..,..-"}:‘ —  aH)s " 1'%" '(5”} = 3.

1 (50:----52) = ((L—p)sa+pso)
E ( } b 5
I - — 1 o {oC 5 *-1 j)
‘:lllllh_u--....ﬁj[l — I”. — P)Sie1 T P Si- ]_ R i f ‘j” (( pJff 1 U p‘t ‘ .

a1 o | N - P [ N;
;'li. (\ Sgecvandp) = (=08 + P81 _3) E f[ﬁ”} = (f:]_—-pjf}. }{Sl}}_ﬂp‘zageiokgﬂﬂ})
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[—p [

laking the continuum limit: . P
» Inthe sites: | = o = = 2 £ B
+ A differential equation:

)7 e ¢ e _ . sy _ iy

f' '!l{'D: S{}) = ((l—p)f{ }(G-PADI -.‘j[}) +pf{ }({J—AQZS{]}) é
L& . C2m/eQ a 1272 ., = =
35@21 ) (0:50) — =5 f (61 50) + £ (61 50) log [£*(65.50)] =0

0= =

: e gloalra ey N o '
» with boundary conditions: =10, 55) = 85 > I)_.fr.x.-{c': -
o

L

+ For the quantity: jj ) (59) = Z Dj.k s = Feildzse) = / dVp(o.V) sy
Jo

fe—%)

+ i.e. for the Laplace transform of p(¢. 1)

27T .
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Studying the difterential eq. {}1 S Ol 0
Diff. Eq. :
f(r:2) —2VQf(T:2) + f(r:2) log [f(7:2)] = 0
B -),,i_“_ I"E
where T x o x N., > = —log(sg) , ) = < L.
- 3 o
boundary conditions: -
filkz)= g5 =2 ,

J‘"(_ ) =0,
f(r:z) € [0.1]
Mechanical Problem: Anti-friction and potential

Barrier at infinity:
Ui 4
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I'he Phase Transition F(r:2) =2V Qf (2 2) + f(r:2) log | f(=2)] =0

LTifi 4

.
P Py = / dVplV,7) = f(1:0)

= —lomlss) O =
sa-sl =% z-—sD & “\ku//

—> Linearized solution:

j — luﬁf + =1 =0. :> e (_{E“'m" + BE_”“'H")

+ Different behaviors for Q=1 QO =
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Ihe Phase TranSltlon J!I'-::._-.:f_ — .[l r.”;.f'li I flr

Different behaviors for 0 % 1 e

frro t Q>1 \;/

Total Extinction
0>1

. . gy 8 Q<1 Phase transition:
No Extinction i 5 5
T @
i () = — <1
i 3 H-

{2 <1

with P. Cremaneili. S. Dubovsky
A Nicolis. M. Zaldarmaga.
JHEP 0809:036 2008
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An Equation for the Average

Take diff equation flriz) —2VQf (7 2) + Flr:2)log[f(Ti2)] =0

Derivative wrt z:

F—2VQf +f+Fflogf=0

Sxefor 2 =0 f=1 .8 f5=F{0==YV)
Solve with - 3(0) =—1.  fo(m) =0 - fo = Ae*7 + Be T
and find im (V) = ¢4 — St
—00 "
Ve~e for O>1, Vae®™e for Q~1

A huge quantum eftect

Analogous for the Variance
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An Equation for the Average

Of

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

Derivative wrt z:

f—2VQf + '+ f'log f =0

-

Sincefor =0 f=1 ,and fi= f'(7:0) = —(V)

Solve with fl; [ 0) - —1. f{; ('a'_b ) = U . f‘{; s ‘_lEI,_A_:_|_1' 4+ BE'H;_T
and find Bin (VS — e — g oir ¥ =y
Tp—2oC

A huge quantum effect

Analogous for the Variance
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Single Field Summary

o,
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Gaussian behavior V « 1\,

g 3 .
o ——at § _\_—_\_;:—Hf'._l

No.0.t) ~e 8% R Ht = poxe ° N—Nej™ for N N, .
Exponential N > —
|
p X E—r_‘.i_\c}j;-”t x 2N

Super-Exponential: Eternal Inflation

3N

]
PirQllO;g&ia p = Page 17130
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e
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saddle potnt "

cul

T
Vv Vv

/ ‘-" ..... exp bad
ey

dS entropy and classical number of e-foldings

".E:".‘.,-j& - ,_IfH_—‘ I'_-_I_-I ,_ _;:r”.-‘
- = “'_-1‘{13'—7 = T — == N :': SR
d.N, ‘ Hdt H 5

In every finite volume realization

- :-‘I"': - ke
P(V > et < g5
s
g 2

VEinite Realization << €

Check for de Sitter entropy

( AxavdXerox Paradox).

Friend

B3 :
7 v
V=
i ~¥ip i :
g = T = generalizanon ot
N. Arkani-Hamed et al.
JHEP 0705:055 2007
Singularmty
. b B - . 4_ -
~ Reheatines o
| B Observer Bl e Ot
Page 18/30




Exploring The Bound in Any Dimensions

+ Volume mn any dimensions

HD-1
{f';,lj == i'.'—|—
(@) m©(p_1)
Or — 02 At o ;TG,,D_U (j)g
 2AD-1)HA¢* 2(D—1)HP
—
F / _\tf e
T =0/ | — ' = 2 - ON.
2/ 2(D UHV e (D — 1)VQN,
 Equation (iIn 7 ) the same. so same solution (D—1)N. 2

14++/1—1/2

Vi =e
+ dS Entropy Ne ) i
AS = / 4D —1)QdN, = A(D — 1)QN!
0
’ COI]lblIHﬂg ) < 2 S.ond 1 g
<E'> — E:E‘D_l}hcu— 1-1/Q < p 2 Q1+/1-1/9) < ¢ e
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» Bound holds in any dimensions



Studying Multifield Slow Roll Eternal Inflation

+ Equations trivially generalized

V2i(T.2) —=VQ-Vf(r.2)+ f(1.2) log| f(7.:
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New Questions

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

r Kﬁ&p truck of f: — {Lrl Y }

oV.7) = [dzeT (7.9 ) = e
4
» Generalized Bound

P (/dﬂ Vit > Supr[ ST Z} -V < +oc)

/ i / DV(w)) p(V(1/.7)) S Supg [e™<* 7]
2 Tr) [ 28(Ti=T17)

v ... difficult to check ....

Pirsa: 11070043 Page 21/30



Concentrate on the Average

' Eq. for average 1s linear

VAV(R)) —VQ- V(V(r)) + (V(r)) =0

' Bound for average

der= <I’F(TT')> g S'upr [ELSF{T?‘J';EQ}
L
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New Questions

' Can keep truck of the kind of volume produced

+ Suppose Reheating surface R is discrete

+ Keep truck of ¥ — {E-l o V;]}
o(V.T) :fdzf‘“f’f(ﬁ ) F(Ti2) = e
e
+ Generalized Bound

B ( / dr. V(1) > Supg [¢”™2];V < +fxz) =

/rf"ﬁ/ D‘[,f'(‘r;) P(L-’(T;_T)) = Supl.[ keSSt ]
F“‘Tr'_s-a T 2o )

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

' Eq. for average 1s linear

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

' Bound for average

/d'rr (Vir:)) = Sups [e“("’-}ﬂ}
T
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xample 1: the Watertall -

1
(x,y)
0 9. :
> -5 9 -
N
7’ | \
7 1 ~
7 “
” i \
7 (Oy-x) i0.v) “  (Oy+x) ds
{ ! i FRW
i [ ]
i i i
| i
| |
| O=1+g !
1 =
| 1 Q)
Ty,

y—Xx
' Average overall volume (1) = F:;a_x-,: /1 1/ g
' Away from Eternal Inflation
Y, €r—7 _1:;2
(Vig,)) — e = wvVirad/a for

' At the phase transition

.
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Vyr)) —

\

f{}f

(Q—1)(2* + Ay”) < 1

Transition at 2 =1

(Q —1)(z*+ Ay?) > 1,
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xample 2:
1ie Tilted Watertfall

T £-' &N 0 ¥ '};
—X T
. £2-1 Ll
Average overall volume VY = VO~V —D)a
Average Exit pomt = Transitionas Q. =1 = Q=]
- [q,
\Jr/ Yy — T4/
Vo .—1

Notice that
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xample 2:
1ie Tilted Waterfall

FRW

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

oy
o JE: 2

* A bound of the finite volume produce by Inflation: Vi, .. g iivion < € 2

» Holds in any number of dimensions and for multifiled inflation

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

A

]
\

Col :
power—aw

saddle potmt |,

] . 158 cil
{/ i cxp tail

= |
.-r
-

N T—
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xample 2:
1ie Tilted Watertall

FRW

Phase diagram

Bound holds
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Perturbativity of the system

o
£~ — < 1

* (Close to de-Sitter Vo)

* No big interactions:

e —> Study the volume of the Reheating surface ©
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o H
Mpy

.JI.{:’“J
I |

Standard Infi.

L

» Sull unperturbed before reheating: dg ~ /¢

H
Mpy

Eternal Infl.

I
Z
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