Cosmological Correlators

Theory and Phenomenology

Guilherme L. Pimentel

Scuola Normale Superiore and INFN

% P t e T Yot
SCUOLA
N O NORMALE e
O ) |
Funded by European Research Council

th E p Established by the European Commission




Cosmological Correlators

Theory and Phenomenology

Guilherme L. Pimentel

Scuola Normale Superiore and INFN

% P t e T Yot
SCUOLA
N O NORMALE e
O ) |
Funded by European Research Council

th E p Established by the European Commission




Collaborators

Ana Achucarro, Nima Arkani-Hamed, Mattia Arundine,
Daniel Baumann, Matteo Biagetti, Bruno Bucciotti,
Mariana Carrillo-Gonzalez, Wei-Ming Chen, William Coulton,
Craig Clark, Carlos Duaso Pueyo, Laura Engelbrecht,
Ipak Fadakar, Claudia Fevola, Felipe Figueroa, Garrett Goon,
Daniel Green, Aaron Hillman, Sumer Jaitly, Austin Joyce,
Alba Kalaja, Emine Seyma Kutluk, Hayden Lee, Juan Maldacena,
Daan Meerburg, Gregoire Mathys, Scott Melville,
Nadine Nussbaumer, Enrico Pajer, Alexander Polyakov,
Facundo Rost, Anna-Laura Sattelberger, Leonardo Senatore,
Rajat Sharma, John Stout, Zimo Sun, Grigory Tarnopolsky,
Massimo Taronna, Kamran Salehi Vaziri, Charlotte Sleight,
Dong-Gang Wang, Jaap van Wijck, Tom Westerdijk,
Benjamin Wallisch, Kimmy Wu, Chen Yang, Matias Zaldarriaga




Disclaimer

No references!

“ do not give many references in this book (...). The reason is that
although to study the history of physics and to distribute credits is an
Interesting enterprise, | am not yet prepared for it.” Polyakov 87

But for now...

Overview: Joy of Cosmological Correlators
Lectures: LACES 2024
Snowmass: Inflation, Cosmological Bootstrap



https://online.kitp.ucsb.edu/online/particles25/pimentel/
https://online.kitp.ucsb.edu/online/particles25/pimentel2/
https://www.youtube.com/watch?v=LUhvpQ4ad-M&list=PLbcx3dKCUhgakyuJ8HppLjwe_oMIUkLeo
https://arxiv.org/pdf/2203.08128
https://arxiv.org/pdf/2203.08121

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 is a collider
experiment run at enormous energies.

Cosmological correlators are the scattering
amplitudes of this experiment.

Many novel methods to compute and decode
cosmological correlators are under development
right now, drawing from other areas of physics.

These methods are practically useful,
and conceptually necessary.

Speculation: there is a timeless description of the
correlators within their kinematic space.
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Primordial Fluctuations
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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)!

The early universe acts as a particle accelerator!
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What collides? How?

What — large two-point functions!
How — Higher-point functions!
The dynamics is encoded in those correlations.
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Cosmologlcal Correlators

Scattering amplitudes in the sky!




How big is the signal?

1077 1075 103 1 (PP0)
| | | |
| | | : 1 | ><¢¢>3/2
gravitational 21 cm (?) : CMB ruled out by non-perturbative

floor . LSS Planck

We need precise measurements
& precise theoretical predictions!

20




—

Take Away

4"
.

Fossils from the early universe
can be used as a unique particle detector.

These particles produce cosmological correlators
which encode the dynamics of the early universe.
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What are the
possible correlators?

What do we learn
about inflation?




Under the Microscope

%‘ Inflation (NLSM)

= =
Ny e

Weakly Coupled (EW) Strongly Coupled (QCD)
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Structure of Correlator

time

density / \

fluctuations

decay

decay

particle
production

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




Particles as Tracers

time

T~

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




Kinematics

//W/

TV W

Particle Production Contact Interaction




Singularities

The S-matrix is contained in the

analytic structure of Cosmological Correlators!
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Contact Dynamics

SYMMETRY +
ONLY E

SYMMETRY +
E, E/, Er
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Exchange Dynamics

(A, + M*)F = F,

Contact correlator

\— Mass of exchanged particle
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Cosmological Collider Physics

TV

Equilateral
(EFT)

Four-point funtion

Momentum ratio
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Cosmological Collider Physics
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(particle production) |
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Momentum ratio
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Particle Production

In the collapsed limit, dependence in spatial momenta
Is the same as time evolution of a harmonic oscillator

d2 2' - e =
M = —
dt? | / 2 cosh(%t) f = (uw)"V2F

e XY
~ O
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Concrete Answer
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General Result
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operator limit
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Unparticles

M=0

'E

+H

Strong Coupling

Organize by mass gap (very roughly)

M~H M>>H
RS with RS with
“fried IR brane” Hard wall
Mo —24—=H |
Maap—|—
| H
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Take Away

. = : - (@,
A v.v
Small menu of cosmological correlators! Amazingly,
highly constrained by locality, unitarity and symmetry.

The shapes are computed using new methods!

This will have profound implications for understanding

fundamental physics and the universe at the earliest times.
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Emergent Time




time

Time without Time
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Hypothesis

Time evolution emerges from
static differential equations



Cosmology & Holography
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In quantum gravity, boundary observables are well-defined.
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time

Kinematic Flow
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Kinematic Flow
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time

Kinematic Flow
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Kinematic Flow

dp = | —F) Gw— + Feme + (= F) o=@ + F 69

AF = ¢[F G + (F-2) @ + 7 9

AF = ¢[F ot + (F—2) o + Z 59

dZ = 2c Z (e—x—o)
(&+— = dlog(X1+Y), (=9~ = dlog(X1-Y),
—x+fe) = dlog(X2+Y), 6—e) = dlog(X2—Y),
(e——e) = dlog(X; + Xo).
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Important Omissions
“there’s no time to kill today”




Unitarity
From AdS to dS
Stochastic Inflation
Loops
Soft Theorems
Graviton correlators
Twistors
Positive Geometries
Parity Violation
Stringy correlator?
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Entanglement
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Neither thermal, nor like flat space vacuum.
| don’t know how to probe it experimentally...



Near Future




Observatlonal Landsca
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Number of modes

108

107

Observational Landscape
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Observational Landscape
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Targets

(¢99)
>(00)3/?

non-perturbative

ruled out by
Planck

CMB 1086
LSS 108
21 cm, ground 109

21 cm, moon 1012

53




Scales
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Charting Possibilities

[~ [~
/w//w/

Loops

AXIions

Sl RW | Unparticles
| Compositeness
Spin Holography
Twistors Stochastic Inflation

Strings?
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Cosmological correlators probe particle collisions
In the sky at ultra high energies!

Time evolution is encoded in spatial patterns.

We might be seeing glimpses of a timeless
description of cosmology.

Progress is fast and exciting,
from theory and observations!




