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I. Trees: Contact

Three-Point Contact

<90k1 Pko ¢7€3 > ~ k1 k2 ks

? ¢ is massive

Conformal Ward
|dentities

P ¢ is massless IR-divergent correlator

Anomalous Conformal B 6]
Ward Identities Ay — 2] I(u,n0) = —=

1o
™~ I(uv 770)
k3
e k1 + ko

Arkani-Hamed, Maldacena 2015

with A, = v?(1 — u?)0? — 2u®0,

Bzowski, McFadden, Skenderis

2013, 2015, 2018

Pajer, Pimentel, Van Wijck 2016
DGW, Pimentel, Achucarro 2022



I. Trees: Exchange

Three-Point Scalar Seed

- ’ 710
<90k1 Pko ¢k3> ~ M v s ~ f(u, o)
Pl o Ao uzk’ik
2 o is massive IR-finite correlator Arkani-Hamed, Baumann,

Lee, Pimentel 2018
Pimentel, DGW 2022

Conformal Ward m?\ - U ,
Identities ( + H2> Y with A, = v (1 — u*)0;, — 2u”0,
2 o is massless IR-divergent correlator DGW. Pimentel. Achucarro 2022
Anomalous Conformal - U 6 - " an extra source term
Ward |Identities ( J2(¥,70) 1+ wu u (ko) rcaused by the IR cutoff:



Application: Bootstrapping multi-field inflation

p p ¢ ¢ ¢ %
Weight-Shifting
Wia .
~~... o —__,‘ (({9ﬂ¢)20"“ ........ - qu'
massless exchange:
Here is the full shape: logarithmic kt-pole: the minimal setup for
from the cubic vertex multi-field inflation

1
kyksks

+ (k3 + k3) log(—2k1mo) + (k5 + k) log(—2kamo) + (K -+ k3) log(—2kso)]

N \J £

logarithmic kn-pole: from the linear mixing

S(kla k27 k3) X

[(’YE — 3 —log(—ksmo)) (k3 + k5 + k3) + kiea — des

For comparison:

Glocal _ k3 + ks + k3 these poles were missed in the previous ON formalism
I =0 0




Massless Exchange in Boost-Breaking Scenarios

Class I: IR divergence

@éQUa (ai¢)20 Co géo'
%0, ...

local-type non-Gaussianity

with more complicated
analytical structures

shapes with ¢y, = 1

shapes from ¢?c
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IR-finite

Class II: Linear mixing with higher derivatives ¢o, ¢0; 0, etc. correlators




Multi-Speed Non-Gaussianity
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I. Trees: Summary

» IR divergent correlator: logarithmic secular growth

limno —0 <¢n> X 10%(4?770)”

with local-type shape function

Are they really divergent? Do we need to worry about loops?

~ IR finite correlator: multi-speed non-G




- Wavefunction: Classical v.s. Quantum

I1. Loops

o Classical Loops and IR divergences

Cespedes, Davis, DGW
work in progress
comments are welcomel



The Wavefunction of the Universe

P =|Uf

1

Fokker-Planck Equation Cosmological Bootstrap
OP 0 [V, H® (0P =1
— P Vg = — n(ki, k) dx, -
ot~ 9o (SH >+ 372 <a¢2> 9= exp n;n! /k ..... o, Pniis o ka) O
stochastic effects _ related to correlators
non-perturbative g perturbative
equilibrium behaviour ~  secular growth

- Pk,

Gorbenko, Senatore 2019



The Wavefunction Method: perturbation theory

- Classical Way:

~ Saddle-point approximation
()

vig) = exp (5[]

On-shell condition
bulk-to-boundary

1 0Sint 0 0 Sint
[0—m2)d = — mn d.(n, k) = oK (k, +—/d’Gk;,’
(0 — m?) =5 50 (0, k) = ¢k (k,n) + - [ dn (\ U 77)5<I>k(n’) .
NS
bulk-to-bulk

All the tree-level wavefunction coefficients:

¢5 wn h~ 1

V3 Py
(semi-)classical
ooe0 wavefunction
coefficients




The Wavefunction Method: perturbation theory

<~ Quantum Way:
_ Functional Quantization / D‘I’GXP< q>]>
‘P(to)
~ Propagators

[ P2 e (fsole])

/D(I) exp (;so[cp])

(M (110) @1 (n)) = 2ihK (k, 1) (27m)36®) (k + K')

(Puc(m) Paer (1)) = = G(k,n,7)(2m)°6®) (k + k')

Both tree-level & loop-level wavefunction coefficients:

0"V [g]
5¢k1 0Py, b=

quantum
0 0 1 wavefunction
h h h coefficients

z/2h

Vn (K1, ..., kp) =

/ DTy, (10)---Ik, (m0) exp ( ;5@])




II. Loops: Back to IR divergences

From Wavefunction to Correlators: One-Loop Example for %@3

%—loop ¢4
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II. Loops: Wavefunction is IR safe

Gorbenko, Senatore 2019
L-loop n-point wavefunction coefficient:

Vot N /dm---dnma(m)4---a(77m)4K(k1,m)---K(kn,nm)

.....

Bulk-to-bulk propagator at IR:
lim G(p,n,1') = —=H2(n* + ) + O(p)
p—0 6

Momentum integration from loops:

/—n — 3/ drp?>dp 5 ¢
pP (2m)° Ji/L o log(kL) , n— 3.
7y

only secular divergence from time integrals,

no IR divergences from loop integrals




II. Loops: leading IR logs in correlators

L-loop n-point correlator (with V vertices):

. Re wfj s lower-order loop ¥
<¢ > L—loop ™ 1 / ( )
P1;--Pa

(Retbs )" Re 1...Re 15

. / (exchange 1)) . / (contact Re 13)V
o

+ ...
1,..pp BE Y2...Re 9o P1,--,PL (Retpq)3VHn /2

o AV log(kLir )E log(—kno)V

in agreement with
Baumgart, Sundrum 2019

IR-divergent correlators are always dominated by Classical loops

Superhorizon Semi-classical

IR divergence physics effect



II1. Back To Trees



A tempting thought
saddle-point approx. Fokker-Planck equation
= J oP 0 [V, H3 (0?P
vig] = exp ( £5(2a ) P2 (fer) e I (2)

First, screen out the short wavelength modes:

Pléy| = /ng 0 (¢l —/ (;ii];39k¢k) U ()|

Then, let’s check the perturbative regime of /1q§4, where the equilibrium has not
been reached.

~ controllable playground to explicitly
coupling x log? < 1 match two computations

> could be interesting for pheno



Correlators from stochastic formalism

a set of diff. egs. i<¢2> _ E<¢4> H3
that can be solved —  dt 9H 47r23
perturbatively a4, 42X, 6 3HY
< A = S8 + Sy ()
i n\ __ nA n+2 n(n - 1) n—2
2 H? 3
= —1
(™) =" oga + 144 4Qoga)3 + 2880 6Qoga + O(A QogaY)
Free theory one-loop two-loop ...
i |
i
Gaussian classical loops from tree-level quantum loops

variance wavefunction coefficients are absent



Beyond perturbation theory?

saddle-point approx. Fokker-Planck equation

= oP 0 [V, H® (2P
\If[gb] = exXp (hS[(I)Cl]> E — B (3HP> + {72 (8¢2>

Now we believe we can do it! Stay tuned.

20



Summary

I. Trees

o Cosmological Bootstrap with anomalous Ward identities

o a classification of multi-field non-Gaussianities: local & multi-speed shapes

I1. Loops

- Wavefunction: Classical v.s. Quantum

o Classical Loops and IR divergences

III. Back to Trees

o Saddle-point approx. <=> Fokker-Planck Equation



