
On the  
cosmological bootstrap

Guilherme L. Pimentel

1



Nima Arkani-Hamed 
Daniel Baumann 
Wei-Ming Chen 

Carlos Duaso Pueyo  
Austin Joyce 
Hayden Lee 

Juan Maldacena  

2

Based on work with



P. Benincasa, X. Chen, A. Hillman, K. Hinterbichler, M. Trodden, J. Bonifacio,  
R. Rosen, C. Sleight, M. Taronna, J. Farrow, A. Lipstein, P. McFadden, G. Cabass, 

A. Bzowski, K. Skenderis, H. Goodhew, S. Jazayeri, A. McLeod, C. Vergu,  
E. Silverstein, L. Senatore, V. Gorbenko, R. Sundrum, S. Kumar, S. Kharel,  

Y. Urakawa, D. Meltzer, P. Creminelli, Y. Wang, E. McDonough, T. Grall, S. Melville,  
G. Shiu, L. Bordin, T. Noumi, S. Zhou, K. Takeuchi, S. Kim, S. Albayrak, S. Kharel,  

H. Isono, H. Liu, D. Stefanyszyn, J. Supel, A.-C. Davis, S. Céspedes,  
A. Sivaramakrishnan, S. Jain, D. Green, T. Cohen, R. R. John, V. Malvimat,  
D. Ponomarev, Y. Neiman, R. Porto, A. Premkumar, C. Dvorkin, B. Nagaraj,  

P. Mazur, E. Mottola, I. Antoniadis, S. Raju, A. Riotto, A. Kehagias,  
G. Franciolini, M. Shiraishi, V. De Luca, T. Anous, D. Anninos, S. Alexander,  

G. Palma, S. Sypsas, R. Bravo, L. Jenks, Z-Z. Xianyu, L. Hui, S. Wong, T. Hartman, 
… 

3

Related work by



4

What is the origin  
of structure in the universe? 
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Cosmological Correlators

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



I 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. 
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Inflaton ?

?



Inflationary Microscopy

11

axion

string excitation

Higgs

brane vibration

SUSY



Inflation as a Collider
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Arkani-Hamed, Maldacena, 2015 
Chen, Wang, 2009 
Baumann, Green, 2010 
Noumi, Yamaguchi, Yokoyama, 2012

Lee, Baumann, GLP, 2016 
Baumann, Goon, Lee, GLP, 2017 
Arkani-Hamed, Baumann, Lee, GLP, 2018 

The early universe acts as a particle accelerator!

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

ATLAS Experiment



What collides? How?
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What — large two-point functions!

How — Higher-point functions!


The dynamics is encoded in those correlations.
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The S-matrix is contained in the 

analytic structure of Cosmological Correlators!

Cosmology & Scattering
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Maldacena, GLP, 2011 

Raju, 2012 
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What are all the possible 
correlators?
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Structure of Correlator
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particle

production

decay
decay

density 

fluctuations

Inferring which particles are created 

will tell us about the microphysics of inflation.



Particles as Tracers
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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.

time
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Easy to Calculate?
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No! We need new tools to do it.

Z
dt dt0 ei(k1+k2)tei(k3+k4)t

0
G(|k1 + k2|, t, t0)

<latexit sha1_base64="KdXMq4/YNo00hD+QPXxCuiS4bsc="></latexit>

External 

Mode Functions

Lots of special 

(Hankel) functions

time
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Bootstrap
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Lagrangian


equations of motion


spacetime evolution


Feynman diagrams

Physical Principles 
(Symmetry, Locality, Unitarity)

Observables

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

contact 
interactions 

A(s, t) =
X

anmsntm +
g2

s�M2
PS

✓
1 +

2t

M2

◆
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interactions 

M,S

<latexit sha1_base64="gbpDAGsOJ2I1BNdy4XH7+dOwbSc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MWLUNF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfgm89tPVGkWyUcziakv8FCykBFsMunuDD30yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Ort1ik6sMkBhpGxJg2bq74kUC60nIrCdApuRXvQy8T+vm5jwyk+ZjBNDJZkvChOOTISyx9GAKUoMn1iCiWL2VkRGWGFibDwlG4K3+PIyaZ1XvVr14r5WqV/ncRThCI7hFDy4hDrcQgOaQGAEz/AKb45wXpx352PeWnDymUP4A+fzBwjQjZY=</latexit>

No Lagrangian or Feynman diagrams.

Basic principles (symmetry, locality, unitarity)


allow only a small menu of possibilities.

Weakly coupled four-particle amplitude:
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Arkani-Hamed, Baumann, Lee, GLP, 2018 
Baumann, Duaso Pueyo, Joyce, Lee, GLP, 2019 
Baumann, Duaso Pueyo, Joyce, Lee, GLP, 2020 

The Cosmological Bootstrap

Symmetries & Singularities



Symmetries
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Key feature: conformal 
symmetry of fluctuations. 


Spatial momentum 
conserved.


Rotations + Dilations + 
Boosts — very constraining!



Singularities 
“time without time”
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Result — simple, solvable differential equation
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Equation Appetizer
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Contact InteractionParticle Production
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v

<latexit sha1_base64="+4Kh8WD8FCvHxpi0LPn65qHDtOw=">AAACE3icdVDLSgMxFM34rPVVdekmWAQRGTK1r9kV3bisYB/QDiWTpm1o5kGSKZSh/+DGX3HjQhG3btz5N2amFarogcDhnHNvLscNOZMKoU9jZXVtfWMzs5Xd3tnd288dHDZlEAlCGyTggWi7WFLOfNpQTHHaDgXFnstpyx1fJ35rQoVkgX+npiF1PDz02YARrLTUy53H3XRJRwxdJ0ambaOiVb5AZgmhQtnWBF0WquXybDLr5fKWiVLAJGjbleKC2Bb8tvJggXov99HtByTyqK8Ix1J2LBQqJ8ZCMcLpLNuNJA0xGeMh7WjqY49KJ07PmcFTrfThIBD6+Qqm6vJEjD0pp56rkx5WI/nbS8S/vE6kBlUnZn4YKeqT+UeDiEMVwKQg2GeCEsWnmmAimL4VkhEWmChdY3a5hP9Js2BaRbN0W8zXrhZ1ZMAxOAFnwAIVUAM3oA4agIB78AiewYvxYDwZr8bbPLpiLGaOwA8Y719M/5qn</latexit>
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M
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(�u +M2)

<latexit sha1_base64="VVnAQpDQA0jNso6wEm8K12fPHdc=">AAACIHicdZDLSgMxFIYz9VbrbdSlm2ARKkqZKS11WdSFG6GCvcB0HDJppg3NXEgyQhn6KG58FTcuFNGdPo2ZtiMqeiDw8/3nJCe/GzEqpGG8a7mFxaXllfxqYW19Y3NL395pizDmmLRwyELedZEgjAakJalkpBtxgnyXkY47Okv9zi3hgobBtRxHxPbRIKAexUgq5Oj1pDe9xOID106Mcs1I69goG5mYkUmpd06YRE58dHlTOZw4ejGzYNYMv4g5J0Uwr6ajv/X6IY59EkjMkBCWaUTSThCXFDMyKfRiQSKER2hALCUD5BNhJ9PdJvBAkT70Qq5OIOGUfp9IkC/E2HdVp4/kUPz2UviXZ8XSO7ETGkSxJAGePeTFDMoQpmnBPuUESzZWAmFO1a4QDxFHWKpMCyqE7Kfwf9GulM1quXZVLTZO53HkwR7YByVggjpogAvQBC2AwR14AE/gWbvXHrUX7XXWmtPmM7vgR2kfnwz4npA=</latexit>

(�v +M2)

<latexit sha1_base64="Dfa0lnYmtDFjl0tmWagymGkM+ZA="></latexit>

Contact correlator

Mass of exchanged particle

(�u +M2)F = Fc

<latexit sha1_base64="QepqEDGtY0Ta4oK4ztdt1Ox9XM0="></latexit>

=

<latexit sha1_base64="NULZghUWQqgwnPkqe2W3Rk9z3bU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUL+uVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP49ljMk=</latexit>

M
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

(s�M2)

<latexit sha1_base64="GuTm8wC43ToGlOhoHw0/mmN5Wi8=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQYmHYDREtgzY2QgTzgGQNs5ObZMjsg5lZIaxb+Cs2ForY+ht2/o2TzRaaeODC4Zx75849bsiZVJb1beSWlldW1/LrhY3Nre0dc3evKYNIUGjQgAei7RIJnPnQUExxaIcCiOdyaLnjq6nfegAhWeDfqUkIjkeGPhswSpSWeuZB3E0fiV0eQYJL8vTmvnKS9MyiVbZS4EViZ6SIMtR75le3H9DIA19RTqTs2FaonJgIxSiHpNCNJISEjskQOpr6xAPpxOnqBB9rpY8HgdDlK5yqvydi4kk58Vzd6RE1kvPeVPzP60RqcOHEzA8jBT6dLRpEHKsAT8PAfSaAKj7RhFDB9F8xHRFBqNKRFXQI9vzJi6RZKdvV8tlttVi7zOLIo0N0hErIRueohq5RHTUQRY/oGb2iN+PJeDHejY9Za87IZvbRHxifPzIrlZA=</latexit>

=

<latexit sha1_base64="NULZghUWQqgwnPkqe2W3Rk9z3bU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUL+uVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP49ljMk=</latexit>
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u
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

v
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

1.Smooth in “folded” limit

2.Factorizes in “early times” limit

x

<latexit sha1_base64="8OtEXMtmdteUkxyETb023eOfO9Q=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIsgCGVGirosunFZwT6gHUomvdOGZjJDkhHK0I9w40IRt36PO//GtJ2Fth4IHM65l9xzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mkmCfkSHkoecUWOldtozMbnw+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxso+achc/b2R0UjrSRTYyYiakV72ZuJ/Xjc14Y2fcZmkBiVbfBSmgtiMs+xkwBUyIyaWUKa4vZWwEVWUGdtQyZbgLUdeJa3LqndVdR9qlfptXkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsRgtOvnMMf+B8/gBog471</latexit>

u ! +1

<latexit sha1_base64="IBFax88OrWBT16TYJfNPXc/SK38=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgxjIjRV0W3bisYB/QDiWT3mlDM5khyQhl6Ee4caGIW7/HnX9j2s5CWw8EDufcS+45QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLFSO+2ZmFx4/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/m5U3JmlQEJY2WfNGSu/t7IaKT1JArsZETNSC97M/E/r5ua8MbPuExSg5ItPgpTQWzGWXYy4AqZERNLKFPc3krYiCrKjG2oZEvwliOvktZl1buqug+1Sv02r6MIJ3AK5+DBNdThHhrQBAZjeIZXeHMS58V5dz4WowUn3zmGP3A+fwBrjY73</latexit>

u ! �1
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eiM�t

<latexit sha1_base64="Jv8/rqtdzcngk3otenRfRa1w5LI=">AAACCHicbVC7SgNBFJ31GeMramnhYBCswq5EtAxqYSNEMA/IrmF2cpMMmX0wc1cIy5Y2/oqNhSK2foKdf+PkUWjigQuHc+6dO/f4sRQabfvbWlhcWl5Zza3l1zc2t7YLO7t1HSWKQ41HMlJNn2mQIoQaCpTQjBWwwJfQ8AeXI7/xAEqLKLzDYQxewHqh6ArO0EjtwgHcp4Le0NQdv5X6MoGMulcgkVHMsnahaJfsMeg8caakSKaotgtfbifiSQAhcsm0bjl2jF7KFAouIcu7iYaY8QHrQcvQkAWgvXS8PKNHRunQbqRMhUjH6u+JlAVaDwPfdAYM+3rWG4n/ea0Eu+deKsI4QQj5ZFE3kRQjOkqFdoQCjnJoCONKmL9S3meKcTTZ5U0IzuzJ86R+UnLKpdPbcrFyMY0jR/bJITkmDjkjFXJNqqRGOHkkz+SVvFlP1ov1bn1MWhes6cwe+QPr8wd8x5mn</latexit>

Solution

Centre-of-mass energy (GeV)

Cr
os

s s
ec

tio
n 

(n
b)

EFT

resonance

EFT

particle
production

Momentum ratio

Fo
ur

-p
oi

nt
 fu

nt
io

n

The result is general! (thanks to symmetry)
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Parametrized by mass, spin, & coupling. 

M

<latexit sha1_base64="wisC0sped9PiAfVwMHC4Axl1Wyk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUL+uVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6eljNk=</latexit>

M,S

<latexit sha1_base64="gbpDAGsOJ2I1BNdy4XH7+dOwbSc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MWLUNF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfgm89tPVGkWyUcziakv8FCykBFsMunuDD30yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Ort1ik6sMkBhpGxJg2bq74kUC60nIrCdApuRXvQy8T+vm5jwyk+ZjBNDJZkvChOOTISyx9GAKUoMn1iCiWL2VkRGWGFibDwlG4K3+PIyaZ1XvVr14r5WqV/ncRThCI7hFDy4hDrcQgOaQGAEz/AKb45wXpx352PeWnDymUP4A+fzBwjQjZY=</latexit>

M,S

<latexit sha1_base64="gbpDAGsOJ2I1BNdy4XH7+dOwbSc=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBg5Rdqeix6MWLUNF+QLuUbJptQ5PskmSFsvQvePGgiFf/kDf/jdl2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g5aOEkVok0Q8Up0Aa8qZpE3DDKedWFEsAk7bwfgm89tPVGkWyUcziakv8FCykBFsMunuDD30yxW36s6AlomXkwrkaPTLX71BRBJBpSEca9313Nj4KVaGEU6npV6iaYzJGA9p11KJBdV+Ort1ik6sMkBhpGxJg2bq74kUC60nIrCdApuRXvQy8T+vm5jwyk+ZjBNDJZkvChOOTISyx9GAKUoMn1iCiWL2VkRGWGFibDwlG4K3+PIyaZ1XvVr14r5WqV/ncRThCI7hFDy4hDrcQgOaQGAEz/AKb45wXpx352PeWnDymUP4A+fzBwjQjZY=</latexit>

weight-shifting 
operator

soft
limit

FM,S,g = g2 S(S)FM,0

<latexit sha1_base64="D0aiXelVJtNuqX+DtLOf50o50wo="></latexit>

S(S)

<latexit sha1_base64="glLndtb9vPK0jHDg5zOv/QeJtbI=">AAACIHicbZDLSsNAFIYnXmu9RV26GSxCBQlJqdZl0Y3LSu0F0lgm02k7dHJhZiKUkEdx46u4caGI7vRpnKQRtPWHgW/+cw5z5ndDRoU0zU9taXlldW29sFHc3Nre2dX39tsiiDgmLRywgHddJAijPmlJKhnphpwgz2Wk406u0nrnnnBBA/9WTkPieGjk0yHFSCqrr9fiHkYMNpO7uKww7bf5yHVi0zg3U52aRvUHKhkkzeQk6esl08iuJlwEK4cSyNXo6x+9QYAjj/gSMySEbZmhdGLEJcWMJMVeJEiI8ASNiK3QRx4RTpwtlMBj5QzgMODq+BJm7u+JGHlCTD1XdXpIjsV8LTX/q9mRHF44MfXDSBIfzx4aRgzKAKZpwQHlBEs2VYAwp2pXiMeIIyxVpkUVgjX/5UVoVwyrapzdVEv1yzyOAjgER6AMLFADdXANGqAFMHgAT+AFvGqP2rP2pr3PWpe0fOYA/JH29Q3teJ8G</latexit>



Gravitons in the Sky
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+ +=

(or, how to bootstrap the equivalence principle)

Baumann, Duaso Pueyo, Joyce, Lee, GLP, 2020 



Olena Shmahalo (Quanta magazine) 30Baumann, Chen, Duaso Pueyo, Joyce, Lee, GLP, 2021 

Cutting, Gluing, Lifting

A new strategy for bootstrapping cosmological correlators



Cutting
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+

<latexit sha1_base64="dmlicaAcxmj9bYOvH+Entw+geRA=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXAuot4sVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305ubX1jcyu/XdjZ3ds/KB4eNXWcKoYNFotYtQOqUXCJDcONwHaikEaBwFYwupv5rSdUmsfywYwT9CM6kDzkjBor1S96xZJbducgq8TLSAky1HrFr24/ZmmE0jBBte54bmL8CVWGM4HTQjfVmFA2ogPsWCpphNqfzA+dkjOr9EkYK1vSkLn6e2JCI63HUWA7I2qGetmbif95ndSE1/6EyyQ1KNliUZgKYmIy+5r0uUJmxNgSyhS3txI2pIoyY7Mp2BC85ZdXSfOy7FXKN/VKqXqbxZGHEziFc/DgCqpwDzVoAAOEZ3iFN+fReXHenY9Fa87JZo7hD5zPH3UYjLo=</latexit>

= �

complex conjugation + “energy” flips

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

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

Ep
L

<latexit sha1_base64="xF2+1Dnriudo0aLfowFKMmKS2HQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbVqEeiF4+QyCOBDZkdGhiZnd3MzJrghi/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3H1FpHsl7M47RD+lA8j5n1Fip9tQtltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1k+r12UKjdZHHk4gmM4BQ+uoAJ3UIU6MEB4hld4cx6cF+fd+Zi35pxs5hD+wPn8AevdjQY=</latexit>z

<latexit sha1_base64="jTjt5cRgZ0P/a3VNPEwlH92SOQA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBZBEEqioj0WvHisYD+gDWWz3bRLdzdhdyOE0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBTFn2rjut1NaW9/Y3CpvV3Z29/YPqodHHR0litA2iXikegHWlDNJ24YZTnuxolgEnHaD6V3ud5+o0iySjyaNqS/wWLKQEWxyaTr0LobVmlt350CrxCtIDQq0htWvwSgiiaDSEI617ntubPwMK8MIp7PKINE0xmSKx7RvqcSCaj+b3zpDZ1YZoTBStqRBc/X3RIaF1qkIbKfAZqKXvVz8z+snJmz4GZNxYqgki0VhwpGJUP44GjFFieGpJZgoZm9FZIIVJsbGU7EheMsvr5LOZd27qV89XNeajSKOMpzAKZyDB7fQhHtoQRsITOAZXuHNEc6L8+58LFpLTjFzDH/gfP4AXouNxg==</latexit>

k1+
<latexit sha1_base64="VtE4ryHFhwFW6hNK1twlq1one7Y=">AAAB6HicdZDJSgNBEIZrXGPcoh69NAbB0zBxzTHgxWMCZoFkCD2dmqRNz0J3jxCHPIEXD4p49ZG8+Tb2JBNQ0R8afr6qoqt+LxZcacf5tJaWV1bX1gsbxc2t7Z3d0t5+S0WJZNhkkYhkx6MKBQ+xqbkW2Ikl0sAT2PbG11m9fY9S8Si81ZMY3YAOQ+5zRrVBjYd+qezYF04m4tjOwuSkkpMy5Kr3Sx+9QcSSAEPNBFWqW3Fi7aZUas4ETou9RGFM2ZgOsWtsSANUbjpbdEqODRkQP5LmhZrM6PeJlAZKTQLPdAZUj9TvWgb/qnUT7VfdlIdxojFk84/8RBAdkexqMuASmRYTYyiT3OxK2IhKyrTJpmhCWFxK/jetU7tyaZ81zsu1ah5HAQ7hCE6gAldQgxuoQxMYIDzCM7xYd9aT9Wq9zVuXrHzmAH7Iev8C922NBg==</latexit>z

En



Lifting
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Benincasa, 2019 
Baumann, Chen, Duaso Pueyo, Joyce, Lee, GLP, 2021

<latexit sha1_base64="RpMoQiRpDnccZcLLcAYSk1lVrNI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix48SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFSvdMrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9T6PowDHcAJn4ME1VOEOatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMB9jPM=</latexit>

[
<latexit sha1_base64="RpMoQiRpDnccZcLLcAYSk1lVrNI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKeix48SQt2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFSvdMrld2KOwNZJl5OypCj1it9dfsxSyOUhgmqdcdzE+NnVBnOBE6K3VRjQtmIDrBjqaQRaj+bHTohp1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IQ3fsZlkhqUbL4oTAUxMZl+TfpcITNibAllittbCRtSRZmx2RRtCN7iy8ukeV7xrioX9cty9T6PowDHcAJn4ME1VOEOatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMB9jPM=</latexit>

[
de Sitter                             Flat

<latexit sha1_base64="YZIISQlabjxZrEX+gj+Vduei+Ho=">AAACGXicbVDLSsNAFJ34rPUVdelmsAjtwpKoqBuh6MZlRfuAJobJdNIOmTyYmQgl5Dfc+CtuXCjiUlf+jZM2iLYeGDiccy537nFjRoU0jC9tbn5hcWm5tFJeXVvf2NS3ttsiSjgmLRyxiHddJAijIWlJKhnpxpygwGWk4/qXud+5J1zQKLyVo5jYARqE1KMYSSU5uuHdpdXU4gHs32S1zPHPq+aBb8WIS4qY49d+fI8hmSf0ilE3xoCzxCxIBRRoOvqH1Y9wEpBQYoaE6JlGLO00X4AZycpWIkiMsI8GpKdoiAIi7HR8WQb3ldKHXsTVCyUcq78nUhQIMQpclQyQHIppLxf/83qJ9M7slIZxIkmIJ4u8hEEZwbwm2KecYMlGiiDMqforxEPEEZaqzLIqwZw+eZa0D+vmSf3o+rjSuCjqKIFdsAeqwASnoAGuQBO0AAYP4Am8gFftUXvW3rT3SXROK2Z2wB9on99Qd5/l</latexit>

f (dS)
k = (1� k@k)f

(flat)

<latexit sha1_base64="7iwMiFO6U64A+asYXuNe0pU46dE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqBchqAePEcwDkyX0TmaTIbOzy8ysEJb8hRcPinj1b7z5N04eB00saCiquunuChLBtXHdbye3tLyyupZfL2xsbm3vFHf36jpOFWU1GotYNQPUTHDJaoYbwZqJYhgFgjWCwc3YbzwxpXksH8wwYX6EPclDTtFY6fGKZG2KgtyOOsWSW3YnIIvEm5ESzFDtFL/a3ZimEZOGCtS65bmJ8TNUhlPBRoV2qlmCdIA91rJUYsS0n00uHpEjq3RJGCtb0pCJ+nsiw0jrYRTYzghNX897Y/E/r5Wa8NLPuExSwySdLgpTQUxMxu+TLleMGjG0BKni9lZC+6iQGhtSwYbgzb+8SOonZe+8fHp/Vqpcz+LIwwEcwjF4cAEVuIMq1ICChGd4hTdHOy/Ou/Mxbc05s5l9+APn8weCFJAr</latexit>

= D



Future
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Detection

35Planck Collaboration

CMB 21cm LSS GW 

Check Alba Kalaja’s talk!
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Symmetries & SingularitiesOth
er

Bro
ken



UV Completion
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Unknown UV

Known IR

time
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

energy

<latexit sha1_base64="lVPqp5I/ZrrDZRH/3cMxzrWyRZs=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9gOaUDbbabt0swm7GyGE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTATXxnW/ndLa+sbmVnm7srO7t39QPTxq6zhVDFssFrHqhlSj4BJbhhuB3UQhjUKBnXByN/M7T6g0j+WjyRIMIjqSfMgZNVbyc19FBCWqUTbtV2tu3Z2DrBKvIDUo0OxXv/xBzNIIpWGCat3z3MQEOVWGM4HTip9qTCib0BH2LJU0Qh3k85un5MwqAzKMlS1pyFz9PZHTSOssCm1nRM1YL3sz8T+vl5rhTZBzmaQGJVssGqaCmJjMAiADrpAZkVlCmeL2VsLGVFFmbEwVG4K3/PIqaV/Uvcv61cNlrXFbxFGGEziFc/DgGhpwD01oAYMEnuEV3pzUeXHenY9Fa8kpZo7hD5zPH0KGkdc=</latexit>

How does unitarity and causality constrain space of theories?



Cosmology & Holography

38

Pressing in Cosmology — Big Bang Singularity! 

?
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

⇤ < 0

<latexit sha1_base64="YsS826HVQgVikdxJ/TvPqqldiP4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRRcuim5cuKhgH9IOJZPJtKFJZkgyQhn6FW5cKOLWz3Hn35i2s9DWA4HDOeeSe0+QcKaN6347hZXVtfWN4mZpa3tnd6+8f9DScaoIbZKYx6oTYE05k7RpmOG0kyiKRcBpOxjdTP32E1WaxfLBjBPqCzyQLGIEGys99u5sNMRXbr9ccavuDGiZeDmpQI5Gv/zVC2OSCioN4Vjrrucmxs+wMoxwOin1Uk0TTEZ4QLuWSiyo9rPZwhN0YpUQRbGyTxo0U39PZFhoPRaBTQpshnrRm4r/ed3URJd+xmSSGirJ/KMo5cjEaHo9CpmixPCxJZgoZndFZIgVJsZ2VLIleIsnL5PWWdWrVc/va5X6dV5HEY7gGE7Bgwuowy00oAkEBDzDK7w5ynlx3p2PebTg5DOH8AfO5w8BVI/l</latexit>

⇤ = 0

<latexit sha1_base64="BZQ7vKQrT22WUFfhxlwsLzxHfMo=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRTdC0Y0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9N2Ftp6IHA451xy7wkSzrRx3W+nsLK6tr5R3Cxtbe/s7pX3D1o6ThWhTRLzWHUCrClnkjYNM5x2EkWxCDhtB6Obqd9+okqzWD6YcUJ9gQeSRYxgY6XH3p2NhvjK7ZcrbtWdAS0TLycVyNHol796YUxSQaUhHGvd9dzE+BlWhhFOJ6VeqmmCyQgPaNdSiQXVfjZbeIJOrBKiKFb2SYNm6u+JDAutxyKwSYHNUC96U/E/r5ua6NLPmExSQyWZfxSlHJkYTa9HIVOUGD62BBPF7K6IDLHCxNiOSrYEb/HkZdI6q3q16vl9rVK/zusowhEcwyl4cAF1uIUGNIGAgGd4hTdHOS/Ou/MxjxacfOYQ/sD5/AEC2Y/m</latexit>

⇤ > 0

<latexit sha1_base64="buTxtxNzDGtHerBwH/FyM15eGpY=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRVdSdOPCRQX7kHYomUymDU0yQ5IRytCvcONCEbd+jjv/xrSdhbYeCBzOOZfce4KEM21c99sprKyurW8UN0tb2zu7e+X9g5aOU0Vok8Q8Vp0Aa8qZpE3DDKedRFEsAk7bwehm6refqNIslg9mnFBf4IFkESPYWOmxd2ejIb5y++WKW3VnQMvEy0kFcjT65a9eGJNUUGkIx1p3PTcxfoaVYYTTSamXappgMsID2rVUYkG1n80WnqATq4QoipV90qCZ+nsiw0LrsQhsUmAz1IveVPzP66YmuvQzJpPUUEnmH0UpRyZG0+tRyBQlho8twUQxuysiQ6wwMbajki3BWzx5mbTOql6ten5fq9Sv8zqKcATHcAoeXEAdbqEBTSAg4Ble4c1Rzovz7nzMowUnnzmEP3A+fwAEXo/n</latexit>

Understanding



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.
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