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Cosmological Correlations

Spatial correlations are the fundamental observables in cosmology:

These correlations encode the history of the universe.

= h�⇢(~x1)�⇢(~x2) · · · �⇢(~xN )i



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:

Can we bootstrap the allowed boundary correlators?

• Conceptual advantage: focus directly on observables.

• Practical advantage: simplify calculations.

?

t = 0
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Outline

2. Bootstrapping correlators

3. Applications

4. Open problems

• Constraints from local evolution

• Constraints from bulk unitarity

• Weight-shifting of scalar seeds

• From flat space to de Sitter

• Exchange of massive particles

• Spinning correlators

1. Singularities of correlators
• Cosmological wavefunction

• Total energy singularity

• Partial energy singularities
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Cosmological Wavefunction

Fluctuations on the boundary can be described by a wavefunctional:

Boundary correlators are given by

�(t, x)
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Cosmological Wavefunction

In perturbation theory, the wavefunction is

 [�] = exp

 
�
X

N

Z
d3x1 . . . d

3xN  N (x1, . . . , xN ) �(x1) . . .�(xN )

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

wavefunction coefficient

. . .
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Feynman Rules

(flat space)

<latexit sha1_base64="I9p16TsI9jd6lzhI9Oy0Cg3pj74=">AAAB/HicbVDLTgJBEJzFF+IL5ehlIjHBC9k1GDmSePGIiTwS2JDZoRcmzD4y02skG/wVLx40xqsf4s2/cYA9KFhJJ5Wq7pnu8mIpNNr2t5Xb2Nza3snvFvb2Dw6PiscnbR0likOLRzJSXY9pkCKEFgqU0I0VsMCT0PEmN3O/8wBKiyi8x2kMbsBGofAFZ2ikQbHUR3jEtOJLhlTHjMPFbFAs21V7AbpOnIyUSYbmoPjVH0Y8CSBELpnWPceO0U2ZQsElzAr9RIN5esJG0DM0ZAFoN10sP6PnRhlSP1KmQqQL9fdEygKtp4FnOgOGY73qzcX/vF6Cft1NRRgnCCFffuQnkmJE50nQoVDAUU4NYVwJsyvlY6YYR5NXwYTgrJ68TtqXVadWvbqrlRv1LI48OSVnpEIcck0a5JY0SYtwMiXP5JW8WU/Wi/VufSxbc1Y2UyJ/YH3+AH2glKQ=</latexit>

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

The Feynman rules are

G(t1, t2) = GF (t1, t2)�
1

2kI
eikI(t1+t2)
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lim
t!0

�(t, x) = �(x)
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Massless Scalars in Flat Space

For massless scalars in flat space, we find

Correlators are singular when energy is conserved.

= �
Z 0

�1
dt1dt2 e

ik12t1 GkI (t1, t2) e
ik34t2
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k34 ⌘ k3 + k4
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E ⌘ k1 + k2 + k3
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Total Energy Singularity

Every correlator has a singularity at vanishing total energy:

The residue of the total energy singularity is the corresponding amplitude.
Raju [2012]


Maldacena and Pimentel [2011]



 ̃R ⌘ 1

2kI

⇣
 (k34 � kI)� (k34 + kI)

⌘
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Partial Energy Singularities

Exchange diagrams lead to additional singularities:

=
AL ⇥  ̃R

Eq
L

+ · · ·

<latexit sha1_base64="ui767LOzg6a5sA01A2OYAVEYoKk="></latexit>

GkI (tL, tR)
tL!�1�������! eikItL

2kI

⇣
e�ikItR � e+ikItR

⌘
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Shifted correlator:

Bulk-to-bulk 
propagator:

lim
EL!0
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Bootstrapping Correlators

Use these energy singularities as an input:

• Three-point correlators can be constructed from the amplitudes.

• Symmetries are encoded in the residues of the energy singularities.

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]

Pajer, Stefanyszyn and Supel [2020]

Pajer [2020]



Time Without Time

Time evolution in the bulk = momentum scaling on the boundary:

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

The solutions to these differential equations can be systematically classified.

Unique differential operator that 
kills partial energy singularities.

contact interaction:

can include symmetry breaking

(⇤�M2)G(t, t0) = i�(t� t0)

<latexit sha1_base64="CXTMdJmjsgYZsRTT1aTctU6GcnM=">AAACC3icbVBNS0JBFJ1nX2ZfVss2gxIppLwnRm0KqUVtAoP8ADWZN446OO+Dmfsiebhv019p06KItv2Bdv2bRn2L0g5cOJxzL/feY/uCKzDNbyO2sLi0vBJfTaytb2xuJbd3qsoLJGUV6glP1m2imOAuqwAHweq+ZMSxBavZg4uxX7tnUnHPvYWhz1oO6bm8yykBLbWTqUzz3HvIXd8VspcZOISDLD7FHDc7TADJQE4L7WTazJsT4HliRSSNIpTbya9mx6OBw1yggijVsEwfWiGRwKlgo0QzUMwndEB6rKGpSxymWuHklxHe10oHdz2pywU8UX9PhMRRaujYutMh0Fez3lj8z2sE0D1phdz1A2AunS7qBgKDh8fB4A6XjIIYakKo5PpWTPtEEgo6voQOwZp9eZ5UC3mrmD+6KaZLZ1EccbSHUiiDLHSMSugKlVEFUfSIntErejOejBfj3fiYtsaMaGYX/YHx+QO5GZev</latexit>

p ⌘ k12/kI

<latexit sha1_base64="Cn2J+A/0UHnzXsSoewvjpv+mHnQ=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVU1KRVdScKO7CvYBbQiT6aQdOnk4MymEUH/FjQtF3Poh7vwbp20W2nrgwuGce7n3Hi/mTCrL+jYKa+sbm1vF7dLO7t7+gXl41JZRIghtkYhHouthSTkLaUsxxWk3FhQHHqcdb3wz8zsTKiSLwgeVxtQJ8DBkPiNYack1yzHq08eETdDYzeza9Hzs3rlmxapac6BVYuekAjmarvnVH0QkCWioCMdS9mwrVk6GhWKE02mpn0gaYzLGQ9rTNMQBlU42P36KTrUyQH4kdIUKzdXfExkOpEwDT3cGWI3ksjcT//N6ifKvnIyFcaJoSBaL/IQjFaFZEmjABCWKp5pgIpi+FZERFpgonVdJh2Avv7xK2rWqXa9e3Ncrjes8jiIcwwmcgQ2X0IBbaEILCKTwDK/wZjwZL8a78bFoLRj5TBn+wPj8AYbVlAo=</latexit>

⇥
(p2 � 1)@2

p + 2p@p �M2
⇤
 4 = C4
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4
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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:

seed solution

weight-shifting 
operators

• Symmetry-breaking interactions can be captured by transmuting 
de Sitter-invariant seeds: 

 4 = @2
p@

2
q  

dS
4
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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.

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

• Three-point correlators can be constructed directly from amplitudes.

• In flat space, we have
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Spinning Correlators

�dS = (1� ikt)eikt = (1� k@k)�
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these results can be uplifted to de Sitter space:
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Using the relation between the mode functions

transmutation

DB, Duaso Pueyo, Joyce, Lee and Pimentel [2020]
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fixed by partial energy singularities

fixed by total 

energy singularity unfixed

Fixing the subleading poles requires additional input.

Spinning Correlators

Four-point correlators are constrained by consistent factorization.

For example, the s-channel of the gravitational Compton correlator is

1

ELER

✓
2k1k3
E3

+
k13
E2

+
1

E

◆�

<latexit sha1_base64="+zFwzQXXQMKxTL8+AcanKBDZmDU="></latexit>

 

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



Constraints from Unitarity

Melzer and Sivaramakrishnan [2020]

Goodhew, Jazayeri and Pajer [2020]

Cespedes, Davis and Melville [2020]

Unitarity in the bulk = factorization on the boundary:

Re[Gk(t1, t2)] = � 1
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Cutting rule:

Bulk-to-bulk propagator:

(flat space)
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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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seed

transmutation

The physics is controlled by the leading-order poles. The subleading poles 
are linked to them by symmetry.

= (~⇠1 · ~k2)2(~⇠3 · ~k4)2


1

E2
LE

2
R

✓
2kIk1k3

E2
+

2k1k3 + ELk3 + ERk1
E

◆

1

ELER

✓
2k1k3
E3

+
k13
E2

+
1

E

◆�

<latexit sha1_base64="UWdhq/EzCljezG5o3MIM1UXqTYI="></latexit>



Summary

• Singularities control much of the 
structure of cosmological correlators.

• Simple building blocks are connected 
by unitarity and local evolution.

• 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?
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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?

• 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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