
Large Deviations in the EarlyUniverse

Tim Cohen
V(q)

ICERN/EPEL/Oregona
with

Dan Green
Akhil Premkumar

LERN

September 4, 2023



Inflation Fluctuations

iis
9

->I Preheat

(A9) classical (AG)noise
Small 54 -universal end to inflation



=>ternal Inflation

P(9,t)

↳i
9

->I Preheat

(A9) classical (AG)noise
Some patches never reheat!



EFT ofInflation

↳ aussian

StvYH

(19)- g/H =fiyi
11G)noise - H

Eternal Inflation
Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore =>fieH

arXiv:0790,0293



EFT ofInflation
Non-Gaussian tails

StvYH

(19)2G/H -f/i
119)tail fi
Eternal Inflation

=>fi? H
Energyscale associated with fail:

19) tai, eH(19) tail if



EFT of Inflation: f,(A

ferf/
Currentconstraint;

fi8 =- 26147
NL

=>Af* allowed

Onlyneed ACH
for EFT consistency

Energyscale associated with fail: Can we reliably
compute fail19) tai, eH(19) tailif in these models??



Starobinsky'sStochastic Inflation
Massless scalar field in dS

V(g)-

#re
=>Fokker - Planck equation?

P19,t) =19,1+(v19)Pla,]



Starobinsky'sStochastic Inflation
V(g)- Gowbenhot Senatore

Mirbabay;
Baumgardt - Sandrum#re

see also

Gaussian noise

Tree-level potential

Systematic corrections?



Leading Order

Probabilitydistribution P(9,t)

P19,t) =P(9,+(V19)Pla,]-
noise drift

H:Hubble and v = E
Fixed pointsolution (OP/t=0)

Page exp(-8TU/3H4)



Beyond Leading Order

Assume "Markovian"fluctuations (no memory)

P(9,t) =(dy'[P(y,t) w(919)
1

-

->b-,(-p->
W
/

W1919) is transition rate G-9



Beyond Leading Order
Perform Kramers - Moyal "local" expansion

Pla,t) =nMn(a)P(a,t)
w/ -n19) =(deq(-1)"w(q +sy/sy)



Beyond Leading Order

P(9,t) =nn(a)P(a,t)
n
- 1

2n19) has polynomial expansion

2n19) -inm
LO Stochastic Inflation

v =g =r,=s4m +(r!=



Beyond Leading Order

Generic structure

P19,t) = it (innGmsq,t,
I
Higher order noise

+ [V'19)P19,t]



Soft de Sitter Effective theory
UV modes

H
I⑳↑

SdSET tq
- 1

*H Kphysicalt



Softde Sitter Effective Theory



SdSET Fields

Two IR degrees of freedom

· "Growing"mode G+2 test
· "Decaying"mode 4-

w/bs =H((aH)
- *

G++(aH)-q-)

Time dependence factorizes



Defining SSET

· DOF9+ and G-

· Power counting - Er w/ Auv =alt

IK "space time"
· Symmetries

(2) "reparametrization"

· Initial conditions

*Veryclose analogyof Heavy Quark EFT



Light Scalars in dS

Composite operators

O =4-(4aH)" -0(1)

RG mixing expected

Contractany two legs

10...)> 0......(2) (ies



Light Scalars in dS

Sheisalessand

Isolate UV divergence
p
=p +kE

10....)XO...... 4(2)(- U-lg)



Dynamical RG E) Stocastic Inflation

Resum time dependentlogs!

(On...)=-,*XO, Om ...

+2 On-z...)
(Starobinshy; Starobinsky, Yokoyamal

Is equivalentto a Fokker-Planck eg

Cfor p(9,) w//q2 =(dp p(9,t)4
M (Bangthe



Stochastic Inflation for Inflation

Workwith scalar metric fluctuation

3 =H(t - 9/fi)
Has non-linearlyrealized shiftsymmetry

P(3,t =(-1)" (3,t)
H =1

Determine Un bycomputing operator mixing

(34) =Vn()<3U-n)



Non-Gaussian Corrections

U,:(52Y = (,)):2Vlog
(2i)"8(5-2)

Ireg

Us: (33) =(desh)T(n)

Two contributions
+

V =((1 - i)(9 +x) +() 32!36"



Non-Gaussian Corrections

2 P(7,t) =P(7,t)-EP(3,t)
Assuming P is nearlyGaussian:

(77) - As
~

E
~091

Wa-I Us
1 Cs !

1=fis



Gaussian Distribution

Solve EPG(3,t)= Pal3,t)
with boundarycondition

P,(3,5,it=0) =S(9-3i) and Pa(9r[3]) =0
=>P>(9[3]<0,7:;t)
-t(el-EilY(zart_ e-ilzare-15+si)ot

o=2Vz
=2,



Onset of Eternal Inflation

Probabilityof reheating at timet:

PR,(t)
=

- It (d9P519;t)-et/202
Volume of reheating surface:

SV)G =L" ). dte* Pr,g/t)-(3)8t ett - (at)

Eternal
=>(U)g

tx when a
=

)!= inflation

Arkani-Hamed, Dubovsky,Nicolis,Trincherini, Villadoro ofoy. 1814



Non-Gaussian Distribution

Solve Prg(3,t)=(-Vee) Pra,t

Boundaryconditions:Pra(3,7;;t=0) =815-5i)

Prs(9r(337 =0

Solution:Pay
=exp(-) Ps+images



Non-Gaussian Onset of Eternal Inflation

Probabilityofreheating at timet:

PR,us(t)- exp(--/ia- ,do)]
Volume of reheating surface:

-

(U)r=L") dtetpr,rs(t)

[V]rg -> 0 when it -s
=>I

- 48(( -1(9 +32) +x)



Interpretation

=-)- 1)(9 +3(3) +33)
2

Gaussian non-Gaussian

correction
is out

ofcontral

I E
1x Afi



Implications
certurbative

! 'unitarity

- - Plauch
constraints

-

-
-- eternal

inflation

!!!



Do these models Or is there

EditGe,??eternal inflation!! breakdown of

0
0

8
0

d





Random Walks and RC

Toy models offluctuating fields

Independentand identically
distributed random variable X.

1) Gaussian Pg(x)
= exp)- x42)

2) Fixed step f(x) ==8(1x-1)

(x) =0 and (2) - (x)=1



Same Coarse Grained Predictions



Compute Displacement
How far does walker move in N steps!

*=xi =I(X)=(,4,dx,p(xi)f(E-x)
-

(e-ik(* - dxi)

=>P(E)=(e-
in

einein



Large Step Limit

1) Gaussian: <eikx =e
- 44

=>I,(E)=(2IN)
-

exp)-x42)

2) Fixed step: f(*),)!)!
Combinatories

Stirling's =>f(x) =exp)-*Yew - *Yzust...)
approx

Gaussians!



Central Limittheorem

Assume expansion log (eikxy=h(x)
!

connectedw(x) =(x),(x2)
=(x2) - (x), . . . correlators
=

&(E) =(e- iexp(ikr-Nh"+4x)

If integral supportdominated byGaussian:

↳ /wor



Central Limittheorem

Gaussian support:I/wor

0( "

(E)-e-
inexpiresin...

Rescale (coarse grain). 4 - Yo,A+NE

=>I(E)-(exp(in(0x)-1)-4" +0()
*exp(-* - rxx))"/z2



Central Limittheorem is RG

"UV insensitive"

In N= 20 limit!

(x):relevant

5:marginal

(x2),w/n>2: irrelevant



Large Deviation Principle

Consider probability of finding random

walker distance beyond N after N steps:

P(E(u)=!

ExpectRV dependence:
Fixed step walker:If (*(N) =0

Gaussian walker: Ig(*<N) FO



Large Deviation Principle

Compute (e**) w/ 0 > 0

Naivelyexpect (et*) -g0d(v)

But JeGE)=(e0x
N
=eNOY

Central limittheorem fails!



Large Deviation Principle

4 !

LLT LDP



Large Deviation Principle

Define "sample mean"=*/r

Adistribution satisfies the LDPif

P(E)=exp(-NI(E))

where I() is the "rate function"

Ig(E)=E4z

If() =[[(1 -E)(n(1-E)+(1+E)(n(1+E)]



Comparing Tails

rate
zfunctions



Cramer's Theorem

Distribution ofsatisfies LDP w/

I(E) =Syp[0E-x(0)] o/ NE):In (e0

Proof: Assume LDP holds (E)= e-NICES

Ten [e0*) =(eNOE)=(dev(0-1())

- Vs[GE-I(E)]
Saddleene



Cramer's Theorem

So we have (e**(=eN[OE-I(E)]
Also [eGE) =(e0x) =eVioS

=>x(0) =[OE-I(E)]

Legendre transform:I(I)=SYP(GE- X(0)]

LDP = New saddle!



From LDP -> CLT

IfI(E) is convex and has

single global minimum o

=>I(E)= exp(- INI"(Er)(y-Eo))

Good approximation for small deviations

=>Central LimitTheorem



Eternal Inflation and the LPD

Fokher-Planch for Gaussian theory
=>Pexp(-5"/zort)

=>Typical fluctuations [U

Eternal inflation dominated by set



Eternal Inflation and the LPD

Eternal inflation dominated by set

General solution to F-P eg:

I=exp(...)Is
Write I =Sde-insb(k)

w/p(k) =(exp)-n2=t +(ik)")
=(exp(i45))



Eternal Inflation and the LPD

When I:xt for some constantX

as t ->0 steepestdescents -

I =exp(- tI(x)

w/I(x) =(- ixkx(X) - h(a)

+ E! (ik()")
n >2

Cramer's
and (id' (ik,(a)(i)- 4, o2 =ix Thm!



Eternal Inflation is UV Sensitive

Phase transition to eternal inflation

probes the tail ofthe distribution

Sensitive to new saddle of the

pat integral

Breakdown of EFTofInflation

a f,> -

A



Outlook

Fluctuations of fields in dS governed
byRG in SdSET

Typical fluctuations governed by
course grained RG => [LT

Rare fluctuations governed by LDP

=>UV sensitive


