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Outline
On Loops 1n Inflation

* Introduction
—Learning to compute quantum corrections in Inflation
—Some have IR divergencies

—FEternal Inflation

* IR effects in Single Field Inflation
— Log running log(H/p)
— No effect from  log(kL)
— ( 1s time in-dependent in standard slow roll
— One true physical IR effect (already resumed)

e IR effects in multifield inflation



Who cares? v

e Tiny Effect \
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 We have more interacting theories (large non-Gaussianities! but still small)
e Weinberg cares: understand prediction of your theory S.Weinberg 2005
—These are the quantum corrections to the predictions of Inflation.
—This has been followed by lots of “amplitude’, "bootstrap’ activity.
e For ultra slow roll, recent claims suggest the effect is large.
e dS 1s a puzzling spacetime (again, amplitudehidron, etc.), and inflation 1s a regularization

e [ et us elaborate on this...



e Tiny Effect
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Who cares? v

* One Loop in Quantum Gravity
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What 1s Eternal Inflation?

with P. Creminelli, S. Dubovsky,

, . A. Nicolis, M. Zaldarriaga,
e What i1s Inflation? Vv JHEP 2008
It —_ with S. Dubovsky and G. Villadoro
a ~ € JEHP 2009
. V / 11.2011 [hep-th]
~N) —
¢ H ¢r ¢

e What is Eternal Inflation?

Classical Motion Vs Quantum Motion

A¢Cl ~ ¢ H1 Vs A¢Q ~ H
Reproduction of space

Quantum dominates for % < 1 => Slow Roll Eternal Inflation
H Y



Eternal Inflation

With Creminelli, Dubovsky, Nicolis and
=4 Zaldarriaga JHEP 2008

With Gorbenko 2019

e With this you can prove that slow roll eternal inflation exists

Standard Infl.
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~ H?log(a) ~ H3t + const.

Eternal Infl.
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e Sharp phase transition:
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Eternal Inflation: the Universal Volume Bound

. . With Dubovsky and Villadoro
e With quite more work: JHEP 2009. JHEP 2012

generalization of
Sds Arkani-Hamed et al.
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* A consistency check for Holography, a possible xerox paradox
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Eternal Inflation

o All of this fails if 5052 H? H?
< ¢k>1—100P ™~ L3 A]\41:2)1

« [log(k) or log(a(t)) Dr

<5¢2 (ZE, t)>1—loop ~ t2

-~ e
e
Standard Infl. Eternal Infl.
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Predictivity of Inflation

o [f H4 h
<Clg>1—100p ™~ <C13>treem log (a(?)) WaEH k/la < H

length A

—if  ( is time in-dependent: ok
Horizon —

Naive Horizon

—
/

ten'd thow time

—1f C 1s time-dependent, we need to know the history.

—this 1s a weakly coupled version of what could happen at other epochs

claims by Woodard ef al.
Phys. Lett. B (2010)
several recent authors



What does 1t mean to compute
Loop Corrections?



Inflationary density fluctuations

v
Expand fluctuations and choose gauge

ds®’ = —N2dt* + 52'3'&(15)26% (dxi + Nidt) (da:'j + det) : \j

5 =0

.
: H M?
ACtlon S B /d4x a’3 H2P1 (aC)z _|_ S Angular Scale
Quantize ¢ = Calk, D)ax + Ca, (K, 1)"ay g™
Solve equations (CoCor) ~ 6O (K + k,)k?) — Geh ;}M .
R bl

Multipole moment 1

Non-linear terms = Non-Gaussianities

= Loop corrections




Rule of Thumb

 Single Field Slow-Roll Inflation V

. 2V ~ H? h ~ H(ty . —~
<6¢k> }th'c' e a(th.c) ( 8 ) \

1/2 o ¢
()2~ Hoty ~ B2 ~ ( A )
0 H M,
th.c
e Only horizon-crossing time matters.
e [s this true at quantum level?
C//”X XC
S LS n S UCX NE I
G

e .. Yes, but with care...



Physical Organization
of Diagrams



What we compute

* We want

(QIC)CB)) = (O0|Uine (t, —004) T Cr(E)Cr (1) Uine (8, —004)[0)

. rt
e with []in.t(t«, _OC‘_|_) - ‘l'(:., f—oc-+ t( ) ..

e At one loop:

QUS| = 2 Re/_t dty /_tl dtz([Hs(t2), [ Hs(t1), Ge(t)]] Gr(1))

+2 Re( [z /too dt1 Hy(t1), cj(t)} k Ce(1))

—{ [/; dt, HS(tl)aCk(t)} {/t dty Hs(t2), Ce(t)|)

— 00



What we compute

* We want

(QUCHCB)192) = (O[Uina(t, —004) ¢ (#)Cr(8) Uine (8, —004)[0)

. rt
. —1 dt, Hz'.n t,

e At one loop

+2 RG |: / dt1H4 tl

—{ [/; dt, H3(t1)7ﬁk(t)} [/t dts HS(t2)aCk(t)]>

— 00



What we compute

<<(3)<(1)>

* At one loop: j

+2 Re |: / dt1H4 tl

—{ [/; dt, H3(t1)7Ck(t)] [/; dts HS(t2)aCk(t)]>



What we compute

Cut In the Side = CIS = <<(3)C(1)>

e At one loop: j
Q|C |Q = —2 Re/ dt1/ ditf Hg t2 Hg tl Ck Ck

+2 Re |: / dt1H4 tl

—{ [/; dt, HS(tl)aﬁk(t)} [/; dts HS(t2)aCk(t)]>



What we compute

Cut In the Side = CIS = <<(3)C(1)>

* At one loop:

(QC(T)C()]€2) = —2 Re /_t dty /_tl dta([Hs(to), [ H3(t1), Ge(t)]] Cu(t))




What we compute

Cut In the Middle = CIM = (¢}

e At one loop:

QUS| = 2 Re/_t dty /_tl dts([Hs(t2), [Hs(t1), Ge(t)]] G (1))

+2 Re([z’ / t dt Hy(t), COU Gu(t))

k

Qemeollf v



Diagrammatic Representation

o=+ O+ = C(z)(’f)’“/G(t—t')C(l)(t’)2
X X
e Green’s Function C CS CS C
: L ! | L
G?(a:, ') =if(t —t) [C(a?), C(gz:')] 7

« At one loop: Green’s functlon /
2) C(Z

Correlation funct1on

/

Qemeollf v



Diagrammatic Representation

AN G S G = (D)~ /G(t — )W ()2

e Green’s Function

R / . / / C'L | \\\ ————————— >< >< __________
Gz, ')y =i0(t —t') [¢(x). ()] to \jl

« At one loop: Green’s funct1on /

Correlation function C (3) C (1)

e

"2 Re / i, / i {[Hs(t2), [ Hs(t1), Go(D)]] Ge(8))

— 00




|1-point Function
Tadpole Diagrams



. Tadpole Diagrams

s
a’/’ '/// ><
q; X

dCs

with Zaldarriaga 0912:2734 [hep-th]

* You need to renormalize the history

e and define C accordingly
ds* = —dt* + a(t)pe** dx?

e Add counterterms:

Stad = / /=g [\/?ggoo (Ml?)lH + 5M4) —J/—gM?, ((3H2 + H) + 5A)}

Based on EFT of Inflation
4 ) . with C. Cheung, P. Creminelli,
5M ™~ <C > _|_ Tt 5A ~J <C2> —|— <(azC)2> —I— “ .. L. Fitzpatrick, J. Kaplan
JHEP 2008
 Tadpole cancellation: 9Cs
£z Il// >< -+ X =O
GL X (L

e Define C here. 5(5



2-Point Function



Log Running



LLog Running

* Weinberg’s result <<‘£> 1 loop ~ <<]3 > e log (k/lu) S.Weinberg PRD2005

and others thereafter

e Gives you all these troubles (Eternal Inflation, Predictivity of Inflation)
e But problem with gauge symmetry a— Aa , r — X / A k— Ak

e Study simplest possible theory

S = / d*r o’ [—HJ[F%I (»-9 - —2(02.77)2) +§C3M4 (‘27’734—37%4 —3 ‘:%2(02-:‘-)2”

o

a a=

. .. . o Based on EFT of Inflation
* Technical problem in implementing the regularization with C. Cheung, P. Creminelli,

L. Fitzpatrick, J. Kaplan

. <C£>1—100p X H6 log (H/,LL) JHEP 2008

with Zaldarriaga JHEP 2010

e Effect in the IR much larger than in Minkowski space

(k) 1-100p O K log (K /p1)

e Analogy with particle physics: small logs for — © ~ H



IR logs: just projection effects



Effects of shorter modes:
no induced ¢ time dependence




Summary part I

e Short modes in the loop do not lead to a time-dependence for standard slow roll
e Subtle cancellations

— Renormalization of the background

* Cancellation between quartic and non-1PI
KK XX

/ N
\
/ \ 4
/ A / |
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—Consistency condition (as inflation 1s an attractor)

—Locally a long-wavelength inflaton mode i1s unobservable

0 /
a—C<T0,C;W(k>t ) —0 as kn—0

¢=0
* Huge, but quite physical, calculation



Effect of longer modes:
log(kL) IR logs




Large IR logs 1og(kL)

 Single Field Slow-Roll Inflation (assumption on dynamics)

() ~ — where

QbQ a(th.c)

e Possible Infrared Effects:

~ H(th.c.>

V

\

r ¢

—Modes emitted earlier can change the position on the potential at horizon crossing

<5¢(f> t)2> ™~ Hgt ™~ Hszeginning

—But this 1s all of its effect on the dynamics as:
ds® = —dt* + a(t)*e*Pdx”
| ]

(C(Z1,1)C(To, ) p = (C(e™B T, t)( (e P, t))o  —

—By Taylor expanding

(Cr)B = <C§;>aa l[fgéli];z] = ®2Nbeginning ((ns — 1)2 +

<C2> 1071 Nieginning ~ log(kL)

— Very big effect Giddings and Sloth 2010,11, Hebecker 2010

a) ()’

=FRW




log(kL) How to check for this effect?

—Solve perturb. equations:
periin- < RCChCr... = (D)~ / Gt — )¢ ()
—Cut-In-the-Middle diagrams: Each mode interacts once
2 2 . -X XL
<<( ¢! )>1—100p Cr” (T
CS | ‘. CS
(2) __ A1) (N2 .
CO(t) = [ Gle—)ce) b t/

CS TN CS

* This gives the tilt squared  (p, — 1)?

—Cut-In-the-Side diagrams: One mode interacts twice

<C(3)C(1)>1—loop ////
CS U __________ NG
) t
(O (1) = / G(t — #)CO () (¢

This o : /2 0 [k3<§%>] R o 1\2 2
e This gives the running  (y  (G)s = (C3) Tlog(h)? () Nbeginning ((ns — 1)* + ) (C)




Large IR logs log(kL) =0 physwally

 Single Field Slow-Roll Inflation: no dynamical effect

H* k T
(G ~ E where altne) H(th.c.) 4\ j
o ¢

2 0 [k3<gl§>] et 2 2
— (Ce)B = (CB) Olog(k)? (¢) Nbeginning ((ns — 1)+ a) (Ck)

A
= FRW
~ S
e et us concentrate on what an observer measures: T ———
, e >,

—measures a distance Ar(tm) e ~ dS
—ask when mode came out of the horizon: //\/
X

 Since a background mode is equal to a rescaling of scale factor

ds® = —dt* + a(t)?*e* P dx?

* We have €C(x’t)a(t> alt) !
Ar(t) = Ar(ty,) = eS@=¢(@tm) Ar(tm) ~ H
T( ) €§(az,trh)a(trh) 7“( h) ‘ a(trh) r( h)
* Longer modes cancel exactly. C(x,tn) / d°k Cp(ten)
Lylpp) = E\lrh

* In every realization (no average needed).



Second projection etfect:
a Physical IR one



A Physical IR effect

l A
e If we do not see the gradients of C B, we do not observe CB
774 = FRW
(C2) ~ — where H(ty..) H™'(now)
. a(tr.c) C e
o i k X
Since  jus

Pty ) ) P
k

e
. |:a<t7“6h.)€CB(treh'):| AU H(thc)

a(th.c.)QCB(th.c.) X
e Let us massage the new time of horizon-crossing A Kphys (tren.) ™
. . .
a(((t hy) NN~ 60 classical expansion
a(ty .. <« .
h.c.) — enhanced expansion
<€CB(treh.)_<B(th.c.)> ~ 1+ <C(5’3)2>§fh ~ 1+ <C2>Nc
o >
< C2> ~ 10710 N.. Nouantum Time of horizon crossing
e We have < >
5 — N(C?)

Lo oNe(1+(C%) H(th.c.) —~ SN ~ <C2>Nc

e True IR (tiny) effect:
4

(2~ L

1+ (ns — 1) Nc@ Different tilt and N dependence
2

le



First 1ssue

N

e Why did we took the average of the enhanced expansion? (ON) ~ (C)YN,
. R
—Small variance: : phys\reh.
—1/2
2 1/2 2
<ANquantum> ™~ <<: > ANguantum
>
[ A N, Nguantum Time of horizon crossing
- —
Ne(¢?)
=FRW
- B

A

Independent jumps
avarage effect

First jump
determines
variance

:

=V



Second 1ssue

—_ N——

5Nquantum ™~ Nc <CQ>
< C2> ! (Close to Eternal Inflation)? or very large N. 9

* Enhanced expansion

—What happens for

* Non-perturbative treatment necessary

A kphys (treh. > -

_ Already done! in  With Dubovsky and Villadoro
JHEP2009, JHEP2011
with Gorbenko 2019
2 AN,
(V) = (%) o T
a2 19 _ ) > .
i} 2 [, 1 / < C2> N, Nouantum Time of horizon crossing
— Y
Q=" PR
3 H N(C2)
_ : . max ~ A
Maximum enhancement: Nquan o 2 N P

o®
oo®

. . —1/2
Small variance N2 U2 (B

cut
power—law

—Probability distribution known (even within eternal inflation)

saddle point | ,°
° cut

p(V, 1) ~

, 2
Ve ® Y (1+4/1-F ) -3N. |

exp tail

<
S
<




Effects of shorter modes:
no induced ¢ time dependence




Two kinds of diagrams: CIM (COC@Y, o
Femce = e oo

e Modes shorter than ours

(L Y-
t1 ‘\\ /,’tll
Gs S s

e CIM cut-in-the-middle: (g vacuum fluctuations sourcing

ds* = —dt* + a(t)?e* dx?

(~oH

* The (¢ have a derivative acting on them

e Get uncorrelated on distances larger than Hubble

k
e Source only for — 2> H

a(t)
e They shut down as k/a(t) 0




Two kinds of diagrams: CIS @y, |
(O = [ G- )@

e Modes shorter than ours C g . C g

e CIS cut-in-the-side: C 7, affecting C g Intidal way and this affecting C 7, back

e Since the freely evolved initial C becomes constant and unobservable out of the horizon

ds® = —dt* + a(t)’e* dx?

— g <T0,C;MV<k7 t/)>

9C —0 as kn—20

(=0

* No time dependence of C I Only ¢ hoo counts for dynamics.




The Role of the Quartics (DY, o

<
/></\\\
7

Hy D —L4 ¢ :\ :'C

e It does not represent a tidal effect

e And it gives IR effects (C°) ~ Ht



The Role of the Quartics (DY, o

>(_\’<\

-~ N/ N ~
< N
/

H4 D) —[,4 C ’/ :'C

e It does not represent a tidal effect
e And it gives IR effects (C°) ~ Ht

* We need to compute everything

/>< ><\
, \
/ \
¢ <

| \
\ |
\ !

\ /




The Role of the Quartics

H, > —L, G

>(—\’<\

-~ N/ N ~
< N
/

e It does not represent a tidal effect
e And it gives IR effects (C°) ~ Ht

* We need to compute everything

XX
Va N
7/ AN

<C(3)C(1) > 1—loop

S SR S
XX
(\><)<<2>
¢
C S



The Role of the Quartics (DY, o

V4
/></\\\
7

H, D> —L, G ! 1S

e It does not represent a tidal effect
e And it gives IR effects (C°) ~ Ht
* We need to compute everything

e What is left?

Stad = / /=g [\/ngOO (Mf)lH + 5M4) — /=g M2, ((3H2 + H) + 5A)]

 Induced quadratic terms from tadpoles (diff. invariace)




Example from EFT of Inflation (.®:my

1—loop

e | et us consider

S = /d4x\/jg {\/?9(1 + i+ (O)?) (Mglﬁ oMMt + w)) —J=gM2, ((3}12 + H) + 5A) +
My (t + 7T)7'r3]

° Dangerous term: 0S = /d4$\/jg {3M§17T7‘T<7’T2>}

 Tadpole cancellation:

0S8 Tad, Mz = /d“x\/—TJ BMz(t+m)og((69"))] = SM(t+m)* = =3M3(t + 7){(6g")?)

e Quadratic term from tadpole

Spot > / I"g [~V g - 8g™3MA(t + 1) {(69%)?)]

- / d'zy/—g [~73M5(t + m)(7%)] O / d'z/—g [—#3M§(t)ﬂ<7f2>}




Example from EFT of Inflation (.®:m

1—loop

e | et us consider

S = /d‘lx\/fg {\/?9(1 + i+ (O)?) (MIEIH oMMt + w)) —J=gM2, ((3H2 + H) + 5A) +

* Dangerous term:

 Tadpole cancellation:

0S8 T ad vy = / dizy/—g [3Mi(t + 1)5g%((5°)%)] = (t 4+ m)* = —3M3(t +7){((6g™)?)

e Quadratic term from tadpole

Spot > / I"g [~V g - 8g™3MA(t + 1) {(69%)?)]

= / d'zy/—g [—73My(t 4 ) (7))




The Role of the Additional Quartics ((®

SN
- N 7N ~
< ~

H4 D) —£4 C (: :IC




The Role of the Additional Quartics (c®

SN
- N 7N ~
< ~

C {// \)C
H4 D) —£4 \

C \\\\ :::/_/ _____ <_= R O 4
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00;C
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e Master Formula:

t

(CkCl) CIS+CTIM+Quartics ™ / dt; Green(t,t1) x (0Cs0CsCr)(t1)

— OO




The Role of the Additional Quartics

e Master Formula:

t
(CeCk) CIS+CIM+Quartics ™ / dt; Green(t,t1) x (9¢s0(sCr)(t1)
! 1 ! 3 3
~ / dny (E) (7" = n7) {9¢sCsCh(m))
. 3 1 a[¢*Hacsacs] )
e Maldacena Consistency condition (0Cs0CsCr(m)) — [ 8logsq S}q (Co(t1)?)
- sy 1 O(®T0Cs0Cs] ) 1 O(|¢*M°0C¢s9Cs] )
— /d 240G 0CsGulm)) :/d ' q>+e dlog q TP 0log q g=k -
n 1 4+4 1 8< [q3+5aCSaCS}q> ,
) i () = /nkm dm <a) (n° — ) prEE D102 q ~ (Ce(t)") — 0

* Only effect comes if there is time dependence of long mode due to absence of attractor

for non perturbative proofs, see
e End of Effects from Short Modes with Zaldarriaga 2013

Baumann and Green 2013



The Role of the Additional Quartics

e Master Formula:
t

(CkCk) CIS+CIM+Quartics N/ dty Green(t,t1) X (0Cs0CsCr)(t1)

— OO

IR Problematic

30O
* Maldacena Consistency condition (0CsO0CsCr(m)) = 31+5 <[q s CS}() (Cr(t1)?)

0logq

1 3<[q3+5aﬁsaCs]q> 1 a([q3+53C53C5}q>
— / {0659 sGulm)) = / T T dlogg @ dloag -

q=k

— 0

77 1\ 1 O([¢*°09¢s0Gs] )
L= () = /nkm dm (a) (n° — ) g D102 q . (Ck(t)?)

* Only effect comes if there is time dependence of long mode due to absence of attractor.

for non perturbative proofs, see
e End of Effects from Short Modes with Zaldarriaga 2013

Baumann and Green 2013



Summary part I

e Short modes in the loop do not lead to a time-dependence for standard slow roll
e Subtle cancellations

— Renormalization of the background

e Cancellation between some quartics and non-1PI
XX KX

/ \ ’
/
/ \
C : \C l \\
!
| 1
\ ! ! ‘ 2
\ !/ ! !
\ / \ !
\ 4 \ 4
N s \ / —
~ 4 —
~ - ~ -
- - + ~__ __-

S S

¢ ¢ . < S ¢

—All other diagrams: consistency condition (as inflation 1s an attractor)

—Locally a long-wavelength inflaton mode i1s unobservable

0 /
a—C<T0,C;W(k>t ) —0 as kn—0

¢=0
* Huge, but quite physical, calculation



Multi-field inflation



with Gorbenko 2019

Muultifield case
e Both

—Massless \ gb4 in dS or multifield inflation
—Slow-Roll eternal inflation
* have IR divergencies and so are non-perturbative phenomena

. 02 ) %
= H? 5 P(O() +

—we show it provides a way to solve for them

e The Stochastic equation % P(¢(Z))
—providing a systematic derivation and proof of accuracy

* We proved that that equation is the leading-order truncation of a generalized equation,

from which we can derive arbitrary accurate results.
— Proving the existence slow-roll eternal inflation

— Solving A Q5 in rigid de Sitter in a systematic expansion



Effective Probability for long modes

—To all orders in  \ & € and leading in § , we obtain the following effective equation. It
1s Fokker-Planck-like, but it has differences

A

19 _ puige 1 Diff. N E

Ot )
, )
Drift = 50, (f) < _Re (

| 5 qbg (f) 5 sz,b /:

—tadpole-diffusion term.

Ty

— Strategy: compute these expatio qralues for the short modes in perturbation theory with
a given background for the long modes in expansion in At ~ A\ log e << 1L,VA<,

and solve this functional Fokker-Planck-like equation containing only long modes in

V<1



with Zaldarriaga, 2009
Summary o

2012

: with Pimentel and Zaldarriaga 2012
On LOOp 5 In Inﬂatlon with Gorbenko 2019

e Log Running

H
—The logarithmic running is of the form log (_)
I

* IR divergency in Single Field Inflation:
* need to take into account projection effects:
—there 1s no time-dependence for standard slow roll

—and no non-trivial scale dependence log(kL)

———~——

—There is a physical enhanced expansion N uunium ~ Ne(C2)
—The predictivity of inflation 1s fine
—Eternal Inflation 1s in better shape

e Multifield Inflation

—Rigorous derivation and systematization of stochastic approach



