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In cosmology
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Experiment non-repeatable

Spatial averages

Accelerated expansion

Universe ∞ large

Universe wavefunction
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The wavefunction of the universe Ψ[φ] encodes these correlations
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Observables and boundary data

In cosmology: Wavefunction of the universe
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−→p 1
−→p 2

−→p 3
−→p 4

−→p 5

Ψ[φ] =
∫

Dϕ eiS[φ0+ϕ]


φ0 = free solution

ϕ(η = 0) = 0

Which are the invariant properties of Ψ making it consis-
tent with a unitary evolution in cosmological space-times?



The wavefunction of the universe: In this talk

How can Ψ be represented without
any reference to time evolution?

Perturbative structure of Ψ

Combinatorics and geometry of Ψ

Ψ and the S-matrix



The wavefunction of the universe: Bulk representation
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λk(η) =
∫ +∞

0
dε eiεηλ̃k(ε)
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The wavefunction of the universe: Bulk representation

Path integration =⇒ Feynman Rules

η

η = 0

η = −∞

−→p 1
−→p 2

−→p 3
−→p 4

−→p 5

x1 x2 x3
y12 y23

η̄

∼ 1
y12 + x2 + x3

Factorization: ψ ⊗ A

What have we learnt?

Explicit time flow:
{

3ne terms
spurious poles yjk

Physical poles: sum of the energies



The wavefunction of the universe: Bulk representation

Path integration =⇒ Feynman Rules
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Combinatorial rules Physical poles only

Recursive structure
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ỹa

ỹb
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ỹa

ỹb
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Each subgraph ⇐⇒ Vertex in the space Y = (x ′s, y ′s)
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Cosmological Polytopes & Wavefunction: A dictionary

Cosmological Polytope P Universe Wavefunction Ψ

Canonical form Ψ

Triangulations Representations for Ψ

Boundaries Residues of Ψ

Volume preserving
transformations

Symmetries of Ψ
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Cosmological Polytopes: The Face Structure
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Scattering Facet: Emergent Unitarity

x1

x2 x3 x4

x5

x6x7

7∑
j=1

xj −→ 0

g

y23 + y37 + y56 +
5∑

j=3
xj −→ 0

ḡ

=⇒Energy flow!

Ω =

∏
e∈/E

1
2ye

A[g]×A[ḡ]

cutting rules!
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dcj(
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2
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Scattering Facet: Emergent Lorentz Invariance

Ω ∼
∫ L∏

j=1

dcj(
cj −

yej
2

)2
−
( yej

2 − iεj
)2 ne−L∏

s=1

1(∑
r σrs cr − ys

2
)2 − ( ys

2 − iεs
)2

I ∼
∫ L∏

j=1
d
−→
l (j)dl (j)0

1
(l (j)0 )2 − (|

−→
l (j)| − iεj)2

ne−L∏
s=1

1(∑
r σrs l

(j)
0 − ps

)2
−
(
|
−→
P s | − iεs

)2

Lorentz invariant
loop integrand!

cj ∼ l0,
Ω− iε ∼ Feynman− iε



Conclusion

Cosmological polytope has an intrinsic definition and capture
the singularity structure of the wavefunction.

Triangulations of P and P̃ return representations of Ψ:
Feynman, OPFT, and many others.

Face structure ⇐⇒ Singularity structure.

It contains the flat-space S-matrix.

Rules for Ψ which do not refer to Lorentz invariance &
unitarity but contains a Lorentz-invariant & unitary object.

Conceptually transparent understanding of the cutting rules
for any QFT without relying on the largest time equation.



Conclusion

Cosmolgical
Polytopes

Flat-space
S-matrix

Wavefunction
of the universe

Late-time
correlators


