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What is the origin
of structure in the universe?




Cosmologlcal Correlators

All of the information about the origin of structure and the dynamics of
the early universe is encoded in cosmological correlations!




| will show that the early universe can be thought
of as a collider experiment run at high energies.

Cosmological correlators are the scattering
amplitudes of this experiment.

Cosmological correlators contain scattering
amplitudes in a precise sense.

We can use new tools to bootstrap and decode
the physics of cosmological correlators.




Primordial Fluctuations
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Inflation
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time

Time without Time
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Inflaton ?
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Inflationary Microscopy

string excitation

SUSY
axion

Higgs

brane vibration
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Inflation as a Collider

Inflation is most energetic event in nature, perhaps (LHC x billions)!

Arkani-Hamed, Maldacena, 2015

Chen, Wang, 2009 Lee, Baumann, GLP, 2016

Baumann, Green, 2010 Baumann, Goon, Lee, GLP, 2017

Noumi, Yamaguchi, Yokoyama, 2012 Arkani-Hamed, Baumann, Lee, GLP, 2018 12




What collides? How?

What — large two-point functions!
How — Higher-point functions!
The dynamics is encoded in those correlations.
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Cosmology & Scattering

‘kl‘ -+ ‘k2| —+ |k3‘ —+ ‘k4| = F “Total Energy”
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The S-matrix is contained in the
analytic structure of Cosmological Correlators!

Maldacena, GLP, 2011
Raju, 2012 14




What are all the possible
correlators?




Structure of Correlator
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particle
production

Inferring which particles are created
will tell us about the microphysics of inflation.




Particles as Tracers

time
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The particle propagates in the inflationary
background, tracing and imprinting it in the
correlator, as we change the shape in the sky.




Easy to Calculate?

time No! We need new tools to do it.

[~ 7

/dtdt’ et(k1tka)t gilks tka)t” (1 ke 4 kol £, t)

External Lots of special
Mode Functions (Hankel) functions
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Bootstrap

Lagrangian

Physical Principles __

. o —> Observables
(Symmetry, Locality, Unitarity)

Bootstrap
e Scattering amplitudes,
e Conformal field theories,
e Cosmological correlators?
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The S-matrix Bootstrap

Weakly coupled four-particle amplitude:

nam -2t
A1) = 3 as™t™ + P <1 . M2>

X<

contact exchange
interactions Interactions

No Lagrangian or Feynman diagrams.
Basic principles (symmetry, locality, unitarity)
allow only a small menu of possibilities.
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The Cosmological Bootstrap

Symmetries & Singularities

Arkani-Hamed, Baumann, Lee, GLP, 2018
Baumann, Duaso Pueyo, Joyce, Lee, GLP, 2019
Olena Shmahalo (Quanta magazine) Baumann, Duaso Pueyo, Joyce, Lee, GLP, 2020 21



Symmetries

Key feature: conformal mG o
symmetry of fluctuations. \/ U —

Spatial momentum
conserved.

Rotations + Dilations +
Boosts — very constraining!
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time

Singularities

“time without time”

Result — simple, solvable differential equation
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Equation Appetizer
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Particle Production Contact Interaction




Exchange Dynamics

(A, + M*)F = F,

Contact correlator

\— Mass of exchanged particle
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Boundary Conditions

1.Smooth in “folded” limit ‘N
u — +1

2.Factorizes in “early times” limit
u— —1

X

VN

20




Solution
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Momentum ratio

The result is general! (thanks to symmetry)
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General Result

S9)
s e
weight-shifting Soit
operator limit

M M, S

FM,S,g — 92 S(S)FMﬁ

Parametrized by mass, spin, &
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Gravitons in the Sky

(or, how to bootstrap the equivalence principle)

Baumann, Duaso Pueyo, Joyce, Lee, GLP, 2020
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Cutting, Gluing, Lifting

A new strategy for bootstrapping cosmological correlators

Olena Shmahalo (Quanta magazine) Baumann, Chen, Duaso Pueyo, Joyce, Lee, GLP, 2021 4,



Cutting

- -7V

Follows from
locality (structure of propagator)
+
unitarity (real Hamiltonian)

Goodhew, Jazayeri, Pajer, 2020
Céspedes, Davis, Melville, 2020
Meltzer, Sivaramakrishnan, 2020
Jazayeri, Pajer, Stefanyszyn, 2021
Melville, Pajer, 2021

Goodhew, Jazayeri, Lee, Pajer, 2021

Baumann, Chen, Duaso Pueyo, Joyce, Lee, GLP, 2021
31

% complex conjugation + “energy” flips




Arkani-Hamed, Benincasa, Postnikov, 2017
Jazayeri, Pajer, Stefanyszyn, 2021

Baumann, Chen, Duaso Pueyo, Joyce, Lee, GLP, 2021
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Lifting

[V

de Sitter

(dS)
k

= (1= ko)) [

Benincasa, 2019

Baumann, Chen, Duaso Pueyo, Joyce, Lee, GLP, 2021
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Future




Detection
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\4&"‘ U/\&V
Symmetrles & Singularities
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UV Completion

time

Known IR
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energy

Unknown UV

How does unitarity and causality constrain space of theories?
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Cosmology & Holography
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Understanding

Pressing in Cosmology — Big Bang Singularity!
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Primordial fluctuations probe particle collisions in
the sky at ultra high energies!

Bootstrap gives new perspective on cosmological
correlators.

Time evolution is encoded in spatial patterns.

Bootstrap is a new toolbox to decode
primordial non-Gaussianity.




