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Cosmological Correlations

Spatial correlations are the fundamental observables in cosmology:

These correlations encode the history of the universe.



Back to the Future

All correlations can be traced back to the beginning of the hot Big Bang. If
inflation is correct, then this is the boundary of an approximate dS spacetime:

t =20

Can we bootstrap the allowed boundary correlators?

e Conceptual advantage: focus directly on observables.
e Practical advantage: simplify calculations.



Outline

1. Singularities of correlators

e Cosmological wavefunction
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e Constraints from local evolution
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e Exchange of massive particles
e Spinning correlators

4. Open problems



Cosmological Wavefunction

Fluctuations on the boundary can be described by a wavefunctional:
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Boundary correlators are given by
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Cosmological Wavefunction

In perturbation theory, the wavefunction is

U[¢] = exp (Z/d%l By Un(z1,. .., zN) o(z1). ..¢(;EN))

L wavefunction coefficient

The wavefunction coefficients can be computed in a Feynman-Witten diagram
expansion:
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Feynman Rules

The Feynman rules are

K = eikt
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In inflation, the propagators will satisfy de Sitter symmetry, but the vertex
factors may include symmetry breaking.



Massless Scalars in Flat Space

For massless scalars in flat space, we find
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Correlators are singular when energy is conserved.



Total Energy Singularity

Every correlator has a singularity at vanishing total energy:
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The residue of the total energy singularity is the corresponding amplitude.

Raju [2012]
Maldacena and Pimentel [2011]



Partial Energy Singularities

Exchange diagrams lead to additional singularities:
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Shifted correlator: Vg = (\P(k34 — k1) — U(ksy + kz))



Bootstrapping Correlators

Use these energy singularities as an input:

e Three-point correlators can be constructed from the amplitudes.
e Symmetries are encoded in the residues of the energy singularities.

Pajer, Stefanyszyn and Supel [2020]
Pajer [2020]

In simple examples, the correlators are completely fixed by their singularities.

In general, we need a way to connect the singular limits.

Arkani-Hamed, DB, Lee and Pimentel [2018]



Time Without Time

!

(O — M?)G(t,t") =id(t —t')

[(p2—1)8§—|—2p8p—M2} \114204 pEklg/k[

The solutions to these differential equations can be systematically classified.

Arkani-Hamed, DB, Lee and Pimentel [2018]



Seed Correlators

The differential equation is simplest for conformally coupled scalars
exchanging a scalar.

* More complicated correlators can be generated by shifting the
weights (masses and spins) of the external and internal fields:

U, =D

e Symmetry-breaking interactions can be captured by transmuting
de Sitter-invariant seeds:
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Spinning Correlators

At tree level, the correlators of massless particles with spin are rational
functions. The results are highly constrained by their singularities.

e Three-point correlators can be constructed directly from amplitudes.
e |n flat space, we have

_ B o /(12y(13)\° 1
(5 60) = \J/ = (%) &

1
(12) —

o 238\ 1
s I Ts) = E\;ff = (wim)

DB, Duaso Pueyo, Joyce, Lee and Pimentel [2020]

s g 9)

<




Spinning Correlators

Using the relation between the mode functions
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these results can be uplifted to de Sitter space:
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DB, Duaso Pueyo, Joyce, Lee and Pimentel [2020]



Spinning Correlators

Four-point correlators are constrained by consistent factorization.
For example, the s-channel of the gravitational Compton correlator is

fixed by partial energy singularities
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energy singularity

Fixing the subleading poles requires additional input.

DB, Duaso Pueyo, Joyce, Lee and Pimentel [2020]



Constraints from Unitarity

Unitarity in the bulk =

Bulk-to-bulk propagator:
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Melzer and Sivaramakrishnan [2020]
Goodhew, Jazayeri and Pajer [2020]
Cespedes, Davis and Melville [2020]

The unitarity cut requires consistent factorization away from the energy poles.
This fixes the subleading singularities up to contact terms.



From Flat Space to de Sitter

The correlator can also be obtained by uplifting the flat space result to
de Sitter:
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The physics is controlled by the leading-order poles. The subleading poles
are linked to them by symmetry.




Summary

e Singularities control much of the
structure of cosmological correlators.

\:[f e Simple building blocks are connected
by unitarity and local evolution.

e Simple seeds can be transmuted into
more complex correlators.

We now have a large amount of theoretical data to analyze.
Are there hidden structures to be discovered?



Open Problems

* The bootstrap is still channel by channel.
Can we go beyond Feynman diagrams?

 Most explicit results are for dS-invariant correlators.
Can we classify boost-breaking correlators?

e Can we go beyond perturbation theory?
What are the nonperturbative bootstrap constraints?

 \What are the extra constraints imposed by
ultraviolet completion?
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