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Initial Condition of Our Universe

quantum origin of cosmic structures
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Cosmic Inflation: a natural laboratory for high energy physics

Inflation Scale

possibly the highest energy
scale accessible in nature

< 103GeV

Electroweak Scale

par-ti’cle' 66Iliders




Fantastic New Physics and Where to Find Them

Scattering Amplitudes

Xt X

Contact diagram Exchange diagram

¢ ¢ ¢

the end of inflation

Time

< 101 GeV



Cosmological Correlation Matters
a unique probe for the beginning of our Universe and extremely high energy physics
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Plan of the Talk

-~ Boundary Correlators in de Sitter

o Cosmological Bootstrap:

Correlators from Symmetries, Unitarity & Locality

< Phenomenology:

Primordial Non-Gaussianity & Observations

- Gosmological Wavefunction

< Field-Theoretic Wavefunction

<~ On the IR Divergences in de Sitter

Classical Loops & Stochastic Formalism



Cosmological Bootstrap



The conventional approach of theoretical cosmology

Model Building:
-V (a Lagrangian)

a brilliant idea

Cosmological |
Perturbation Theory |

predictions for

} Primordial GWs  PBHs Features ......
observations:



The traditional approach towards cosmological correlators

the in-in formalism (or Schwinger-Keldysh)

T

Interactions various Time

based on models interactions

Inflation
bulk of (quasi-)dS



The traditional approach towards cosmological correlators
Correlators are expectation values of field operators at an equal-time slice
(O(t)) = (QO(#)|2)
Im(t)

|in) _ C.

— Re(t)

O(t.)

(O(#)) = (0] Te! J? oot At Hine (') O(t) Te—iffoo— dt’ Hing () 0)

© Quite general;

o Usually model-dependent;

D o Hard to compute.



Quantum Field Theory in Curved Spacetime is HARD

Scattering Amplitudes in Flat Spacetime

1
s — m?

any QFT textbooks

s-channel Exchange

Four-Point Exchange Correlator in de Sitter Spacetime




The Bootstrap Philosophy

fundamental observable
principles predictions
Symmetries Scattering amplitudes
Unitarity Cosmological correlators
Locality
X “Bootstrap”
Successful examples: XU  pan

1) S-matrix bootstrap

HOAF
SE) &

2) conformal bootstrap




Cosmological Bootstrap:

Correlators from Symmetries, Locality & Unitarity

A new trend in theoretical cosmology since 2018:
Daniel Baumann, Enrico Pajer, Gui Pimentel, Austin Joyce, Nima Arkani-Hamed, Juan Maldacena, ...

n=0

End of inflation
(future boundary of dS)

Time”)

Forget about iteractions , , cite on final observables
based on models various

o Concep interactions

Sitter space;
the emergence of time, dS holography, etc
< Practical: A model-independent & systematical approach;

A powerful computational tool.



Bootstrap from (Spacetime) Symmetries

<~ De Sitter Bootstrap

Bootstrap from Unitarity and Locality
- Unitarity:
Cosmological Optical Theorem & Cutting Rules:

-~ Manifest Locality:

Manifestly Local Test



De Sitter Bootstrap

Arkani-Hamed, Baumann, Lee, Pimentel 2018
Baumann, Duaso Pueyo, Joyce, Lee, Pimentel 2019, 2020
DGW, Pimentel, Achucarro 2022

: . 1
Symmetries of dS spacetime:  ds® = 2 (—dn? + dx?)

spatial translation & — ) ") kinematics variables

> _ k1 + k| _ ks +ky|
U = V=

spatial rotation Jij = %0 — x;0; k| + [kl [ks| + [k

dS dilation D = —nd, — 10, scale invariance

dS boosts K; = 2x;n0, + (2:07 x; + (772 — 332)5:3 ) 0;

Conformal Ward identities on (¢*) ~ F(u,v)

the de Sitter boundary (17->0)

(Ay + M?) F = C,,
(Av+M?) F =Gy, Bulk
Interactions

Fully fix the analytical solutions of correlators




De Sitter Bootstrap as an example

Arkani-Hamed, Baumann, Lee, Pimentel 2018
Baumann, Duaso Pueyo, Joyce, Lee, Pimentel 2019, 2020

Boundary Differential Equations (from Conformal Ward Identities)

uv
<904> ~ F(u,v) Clu,v) ~ U+ v
5 S
(A, + M7) —
\44/
kq + ko _ ks + k4l
2 2\ 02 3 = —
Ay = u3(1 —u?)d2 + 2630, "=kl T kel " ks + [kl

a “timeless” description for boundary correlators




Conceptual Picture: The Emergence of Time

S

[Picture Credit: Daniel Baumann]

The pattern of correlators on the boundary traces the dynamics in the bulk.
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Quantum Field Theory in Curved Spacetime is HARD

Scattering Amplitudes in Flat Spacetime

1
s — m?

FT textbook
s-channel Exchange any QFT textbooks

Four-Point Exchange Correlator in de Sitter Spacetime

Hypergeometric Functions
+ Power Series

Arkani-Hamed, Maldacena 2015
Arkani-Hamed, Baumann, Lee, Pimentel 2018
DGW, Pimentel, Achucarro 2022



De Sitter Bootstrap

Arkani-Hamed, Baumann, Lee, Pimentel 2018
Baumann, Duaso Pueyo, Joyce, Lee, Pimentel 2019, 2020

Four-point scalar seed: F

conformally coupled scalar 0 ’ ’ 0 dS Boosts =>
2\ I _

m2 — 92 (Ay+ M%) F = Cy,
(A
\0-/ A set of 2nd order ODEs

Weight-Shifting m>0.5 =0

?
& Spin-Raising
Inflaton four-point function Inflaton Bispectra (~ slow-rol)




Pajer 2020
Jazayeri, Pajer, Stefanyszyn 2021

Boostless theories: Bonifacio, Pajer, DGW 2021
Cabass, Pajer, Stefanyszyn, Supel 2021

~ translation, rotations, and dilation are still respected;

- dS boosts are broken;

~ Examples: P(X) theory, EFT of inflation QAS Qb(@z§b)2 &4 Q.52 (afi¢)2

Bootstrap Rules for single field inflation:

scalar three-point function
(inflaton bispectrum) as an example <¢k1 ¢k2 ¢k3 >

Vs
EyETE:

Bose symmetry

T ekt ket ks

( ) es = k1ko + koks + k1ks
¢3 — €3 = klkgkg

p
/ kT
tree level in dS \

Bunch Davies vacuum



Total-Energy Poles

the only allowed singularity in contact correlators

kT=k1+k2++kn—)O

- The leading total-energy poles
n-particle
amplitudes

n=20 n

k1 k.,

( Pk, Py - Py )

Maldacena, Pimentel 2011
Raju 2012

- The sub-leading total-energy poles

fixed by the requirement of “manifest locality” of contact interactions

akil wn‘klz() —

Jazayeri, Pajer, Stefanyszyn 2021



Boostless Bootstrap

Pajer 2020; Jazayeri, Pajer, Stefanyszyn 2021;
Contact Bonifacio, Pajer, DGW 2021; ....

Single Field Inflation

captures models such as P(X),

o bt 9(0:9)? DB, and all single field EFT of
inflation with small sound speed
de Sitter boosts are broken & derivative couplings

< write an ansatz for correlators of
a single massless scalar

POIYp+3 (kT) €2, 63)
Fikokak?.

Seq(kla k27 k3) —

© keep imposing constraints from
unbroken symmetries, locality,
unitarity, ...

Equilateral-type
non-Gaussianity

22



De Sitter Bootstrap  V.S.

in analog with slow-roll inflation in analog with P(X), DBI inflation
with small sound speed

»° Bt 9(0;0)

Pros Pros

dS symmetries are nicely manifested; Large signals are possible;

Fully analytical control for correlators; A complete set of single-field correlators.
Cons Cons

Non-Gaussianity signals are very small; Only for correlators from single

Need 4-pt first, before computing 3-pt. massless field interactions



Signals are boosted in strong boost-breaking scenarios

BCCB dS Bootstrap

o

% %
Cubic & quadratic

interactions from
the EFT of inflation The EFT of Cosmo Collider

Baumann, Lee, Pimentel 2016
Bordin, Creminelli, et al 2018 2
Pimentel, DGW 2022 (Ck1 CkzCks) ™ S(kl’ ka2, k3)PC

size G

far, < O(10)

9 l



Phenomenology



Triangles in the Sky

a.k.a primordial non-Gaussianity

End of inflation LSS: 10billion yrs

(0rm 0mOm)

primordial bispectrum: the Fourier transf. of the 3pt correlation function

(Gl ~ Ire S, o, k) FE

How easy/hard; Size % Y Lots of information;
JEO_ be detected Shape | Main focus of this talk
Major target of CMB, LSS, 21cm..




Classification of Primordial Non-Gaussianity

Contact Massive Exchange Massless Exchange

¢ \/
m ~ H m =20

single field inflation cosmological collider multi-field inflation

m > H

H m<< H
mass

integrate-out

iIsocurvature
=>EFT

modes

equilateral

1w Assuming:

10.0

| 8.0

N 1) (nearly) scale-invariant

«
1 4.0

2) weakly coupled (tree-level
leading order)

2.0

00

2
v » folded 0.4 0.
0.5 0 0.6 o



Classification of Primordial Non-Gaussianity

Massive Exchange

Cosmological Colliders

o ] . . Arkani-Hamed, Maldacena 2015

Squeezed limit of the inflationary bispectrum Chen, Wang 2009
Baumann, Green 2010

Noumi et al 2012

o
Z I contains information of heavy particles in
l the high energy environment of inflation
. ki \ 2 m ki
hmkl—>0<<k1<ksgks> X (k) COS ﬁ In k_ + 0 Ps(kl . ks)

F oo o

oscillation measures mass, angular dependence measures spin



Boostless Cosmological Collider Bootstrap

¢ Qb ¢ Pimentel, DGW 2022

All possible ¢¢o m >0,s >0 All possible ¢o

cubic interactions Co quadratic interactions
QBQU, (@'gb)%a 52520,--- scalar exchange éa, 82¢a, éa,...

&@'j..q.ﬁ(fij.., spinning exchange 8z-j,,¢ﬁoij,_,

One Formula to Find Them All:

Weight- Spin- Scalar
shifting raising ~ Seeds



Collider Signals in the Bispectrum

[ Oscillations in the squeezed limit (massive scalar exchange)

@ Angular dependence from spinning exchange

col.

Spin-2 Template | S%"7°(ky, ks, ks) = Ps(ks - ka)ks k3 ®* Wi, D3y [k:si(s)] + 5 perms.

S-1 1
0.8
ky/ks
) 0.6
1 0.75 0.5 025 0 I 0.75 0.5 0.25 6
ko [ks ks [k3
(a) p=2 (b) p=3

0.8 -2k
ki/ks

| | !
I | L |
! 0.75 0.5 0.25 0 1 0.75 0.5 025 0
ka k3 ka/ks

(c) p=4 d)p=5



Collider Signals in the Bispectrum

4 Oscillations in the squeezed limit (massive scalar exchange)
M Angular dependence from spinning exchange

A ew pheno from nontrivilou spee

For a special case ¢, < cg: Collider signals outside of squeezed limit.

The Equilateral Collider Shape

Se9-0l(ky ko, k3) = ik ks . cos | i log Coks + 4| + perms.
. (k'l + k2)2 k1 + ko ZCs(k‘l + k‘2)

cs = 10c, cs = 20¢,

05

0.5
ko /k3 ko /k3



Sohn, DGW, Fergusson, Shellard
arXiv:2404.07302




The First Observational Test of Collider Signals

— Oscillations in the squeezed limit — massive scalar exchange

100 20 CL
1
50 I lo CL.
— Best Fit

—50 —‘—— _ maximum fNL = —91=+40
| : ) > significance o= 2.3 for = 213

f scalar — II
NL

(adjusted significance 0 = 1.8 )

For comparison: We have improved the constraints.

Planck constraint on the Stay Tuned!

orthogonal shape
Suman, DGW, Sohn, Fergusson, Shellard

ortho
Nﬁ = —38t24 2508. xxXxXXX
o=1.34

33



Bootstrapped, and Tested in Real Datal!

M single field inflation

Contact

self-interaction of
the inflaton

Boostless Bootstrap

Pajer 2020; Bonifacio,
Pajer, DGW 2021

M cosmological colliders

Massive Exchange

M multi-field inflation

Massless Exchange

o/

iIntermediate massive
particles

Boostless Cosmological

Collider Bootstrap
Pimentel, DGW 2022

m =0

additional light scalars

multi-field Bootstrap

DGW, Pimentel, Achucarro
2022



The Field-Theoretic Wavefunction



The Wave Function of the Universe

Wheeler, De Witt
Hartle, Hawking
Vilenkin

\Il[hija Qb] — <h’ij7 ¢|Q>

)
= /Dgu,,DCD exp (ﬁS[gW,‘I’D

Initial State
| €2)

extensively studied in quantum cosmology, no-boundary proposal,
Euclidean quantum gravity, holography, etc.



Field-Theoretic Wavefunction (G, — 0)

Quantum field theory in a fixed spacetime background

o —dn?® 4+ dx?
ds® = g datda” = o
out  |¢(to,x))
[ to — 0
b A T
\P[¢(X)7 tO] E )|Q
time
- / D® exp (%S[(I)])
®(to) =¢ =
®(—00) =0 ti > —00

Wavefunction Coefficients

U[¢] =exp E - ¢2(k1,k2) DKy Pxy + Z /k Un(K1, s kn) Gk, - - - P,

Free Interaction




Field-Theoretic Wavefunction: perturbation theory

- Classical Way:

— Saddle-point approximation
1

vig) = exp (5[]

On-shell condition
bulk-to-boundary

1 5S t i 5Sint
O0—m2)d = — In Ba(n, k) = ¢ K (K, +—/d’Gk;,’
(0 — m?) =5 50 1, k) = K (k,n) + - [ dn (\ Ui 77)5(I)k(77/) .
bulk-to-bulk

All the tree-level wavefunction coefficients:

¢5 wn h~ 1

V3 Py
(semi-)classical
ooe0 wavefunction
coefficients




Field-Theoretic Wavefunction: perturbation theory

Cespedes, Davis, DGW 2023

< Quantum Way:

_ Functional Quantization / D‘I’GXP< q>]>
‘P(to)

— Propagators

[ Pramatn e (i)

/ch exp (%So[cb])

(T (110) @1 () = 20K () (27) 61 (k + k')

(B (1) Prer (1)) = = G(k,n,7")(2m)36® (k + k)

Both tree-level & loop-level wavefunction coefficients:

o"w 2h '
nllrs k) = gr | = [ DO ()., () exp ( 55T )
1 n l¢=0
quantum
10 10 - wavefunction

coefficients



From Wavefunction to Correlators

Born rule: [ D6 b+ 1916, m)?
(P " Pk,) = X
[ Ps 1916, ml
Tree-level examples:
) 1
<¢k¢—k> — 2Re¢’2(k) )
I Rewé(k1)k27k3)
Pk Pk Phs)” = = IRt (k) R (kz) Reiy(ks)
/I Rewil(kl?k27k3?k4) . 1 Rewé(klvk2vS)Re¢é(_Sak37k4)
(Pl P Plcs Pia)” = 8II:_,Reh(ka)  SIIi_, Rew(ka) Ret(s) '
Analogy to Flat Spacetime
Wavefunction Coefficients Scattering Amplitudes

Cosmological Correlators Cross Section



A simpler object to look at..

1 =1
U[¢] =exp {5 - tak ko) b1y + ) /k - tnk k) G e,
1,182 n=3 ' 1y--38n
_ dS/CFT

Maldacena 2002
Harlow, Stanford 2011

W, < (0Ou ...0,) (3dEuclidean CFT Correlators)

— Unitarity: Cosmological Optical Theorem & Cutting Rules

Goodhew, Jazayeri, Pajer 2020
Melville, Pajer 2021

— Kinematic Flow / Differential Equation
Arkani-Hamed, Baumann, Joyce, Lee, Pimentel 2023

— Parity: Cosmological Reality & CPT Theorem

Goodhew, Thavengsan, Wall 2024
Stefanyszyn, Tong, Zhu 2023, 2024

— Infrared Divergences in de Sitter
Gorbenko, Senatore 2019

Cespedes, Davis, DGW 2023



IR Divergences in de Sitter Space

Case study: massless @ interaction in perturbation theory

massless modes freeze after horizon-exit

cumulative interactions => logarithmic secular growth

. mo q . ' . i
<¢k1¢k2¢k3>’ ~ z/_ 77_2 [(1 —ik1n)(1 — tkon)(1 — iksn)e ko c.c.] + perm.

k31313 (k3 + k5 + k3) (ve — 1+ log(—ksno)) + 4e3 — eaky]
1FoK3

<¢k1 ¢k2>/1—loop ~ log(kL) 10g(—2’f770)2

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



IR Divergences & the Wavefunction of the Universe

P =|Uf

T

Stochastic Formalism Cosmological Bootstrap
oP 0 (Vg o® (0P =1 /
— P v — — nk7°°'7kn 17 n
! (%(SH )+8W2(6¢2) d=e |30 [ wala ) oo
. Fokker-Planck eaq. _ related to correlators
_ non-perturbative > perturbative
— equilibrium behaviour _  secular growth

Cespedes, Davis, DGW 2023
Cespedes, DGW, Phys. Rep. 202x



Classical Loops: leading IR logs in correlators

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

%—loop ¢4
g° log(—2kno) & log(kL) log(—2kno)
~ ok3 ~ 8K3 1872 0
/“‘7
/1—loo
- e || 1 /Rewg(kl,kg,p, 19
tPRell-loop T oReq) (k1) Reth(k2) — 8Rewh (k1) Retph(ke) S Re s (p) Classical
i Rev(k1, p, —p — ki1)Re¢(ke, —p, p + k1)
- : / , , Loops
8Re v (k1) Reh(k2) Jo Res(p)Revs(|p + ki)

Rev5(ky, ke, —k; — ko)Re5(k; + ko, p, — D)
Res (p)Reyy (k1 + ke|)

l

g 1

2
Vs X Y3 = g 3.2 los(kL)log(—2ki)




IR Loops: Wavefunction is IR safe

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

%f:—loop ~ /dm...dnma(n1)4...a(nm)4K(k1,nl)...K(kn,nm)

.....

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

Momentum integration from loops:

1 1 A I IR-finite ) n <3
/—n — 3/ dr0 = 1
pP (2m)° Ji/L s log(kL) , 09 .
T

only secular divergence from time integrals,

no IR divergences from loop integrals




Classical Loops: leading IR logs in correlators

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

—1)—loo 1—loo
(@™) L—100p ~ ! Re ¢L_1°°p+/ Rewf(i;) o + +/ Re¢n+2(lf)—1)
TP (Rey)m " o Reva(p1) 7 Joro . (Rewa(pr)--Reta(pr_1))
1 Rep’or—1Re 93 (Re v3)V )
+ Retyyor + + ot
/pl ,,,,, o1 Reva(p1)...Reya(pr) ( Yntor Re 15 (Re 1bg)3V —2L—n

o A\ log(kLr)" log(—kno)"

in agreement with
Baumgart, Sundrum 2019

IR-divergent correlators are always dominated by Classical loops

Superhorizon Semi-classical

IR divergence physics effect



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

d n nP(¢7 t) n n—1 n(n o 1)H3 n—2
67 = [dooPlo)  Gon = [aor PG < g v« M gy
a set of diff. egs. i<¢2> _ _ﬂ<¢4> H°
that can be solved — dt 9H 47r23
perturbatively gy 2X 6 3H o
< —(9") = o= (¢%) + T (97)
i n\ __ _ﬂ n+2 n(n_l)H3 n—2
L (8 = e ) ()
H? ik A2 HY
2y _ _ 3
(%) = g 1080~ 144708 + gg55mslosF + O (ogd))
Free theory one-loop two-loop ...
{ |
i
Gaussian classical loops from tree-level quantum loops

variance wavefunction coefficients are absent



Beyond perturbation theory

. . .. ) Cespedes, Davis, DGW 2023
Coarse-grained probability distribution

Prlo,t] = |Ualo, t]|? = e Wolol+Wr[¢)]

A QA(k) WindOW
L function
free part Wy = | Re va(R)5(K) oo
k
interacting W; = Z %/ 2Re wﬁ(kl, ko O
part b & A(t) .

oA

d 0  d
%PA[QS, = aPAMa t] + Ao2-Pa|6,1]

Schrodinger Eq.

N\, RG flow?

0

drift term 5 (3HPA)




Fokker-Planck = Schrodinger + Polchinski
Cespedes, Davis, DGW 2023
The probability conservation should be unaffected by varying the artificial cutoft

dWO WI d@WI WO .
dlnA/% Falé, 1] /ng [dlnA dlnA] - =

Polchinski’s equation of Exact RG (modified version for semi-classical wavefunction)

6 dGWI 1/‘ dQA 1 (52 eWI eWO - 2i €WO 5€WI
dlnA 4 k dln A Rewg 5¢k5¢—k 5¢k 5qb_k

diffusion . 0 H3 §2Py

term A(’)A Fale,t] = 8m2 6¢p?

Fokker-Planck d4FPr _ 0 (V/ PA) H?® 9%Py
equation dt 0P

. 812 O0p?

drift: time flow diffusion: RG flow



Bridge the Gap!

High Energy
Physics

> scattering
amplitudes

> holography

> CFT

> positivity

> Non-pert. QFT
> strings > Bootstrap

> > \WWavefunctional

New theoretical

methods

Primordial

Cosmolo
A Lot to be dowe. 9y

, > Physics of Inflation
We just get sta rted... » Observational tests of

new physics

o1



