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Initial Condition of Our Universe

Time

Cosmic Inflation

(quasi-de Sitter)

CMB

LSS

us in Jinan today

—  quantum origin of cosmic structures

quantum 
fluctuations
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Cosmic Inflation: a natural laboratory for high energy physics
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MPl

Electroweak Scale

Planck Scale

particle colliders

1019GeV

102GeV

LHC@CERN

Energy 

Inflation Scale
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telescopes
possibly the highest energy 
scale accessible in nature 

CEPC@IHEP



Fantastic New Physics and Where to Find Them
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Scattering Amplitudes

Contact diagram Exchange diagram
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New 
Physics

Time

the end of inflation
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Cosmological Correlation Matters

Time

CMB

LSS

us in Jinan today

a unique probe for the beginning of our Universe and extremely high energy physics

quantum 
fluctuations
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Cosmic Inflation

(quasi-de Sitter space)

a(t) ⇠ eHt
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Plan of the Talk
Boundary Correlators in de Sitter 

Cosmological Wavefunction

Cosmological Bootstrap: 
Correlators from Symmetries, Unitarity & Locality 

Phenomenology:  
Primordial Non-Gaussianity & Observations

Field-Theoretic Wavefunction 

On the IR Divergences in de Sitter  
Classical Loops & Stochastic Formalism



Cosmological Bootstrap

Correlators from Symmetry, Unitarity & Locality



The conventional approach of theoretical cosmology 

Model Building:  
(a Lagrangian)

Cosmological 
Perturbation Theory

predictions for 
observations: Primordial GWs PBHs Features ……

a brilliant idea



η = 0
End of inflation


(future boundary of dS)

interactions      
based on models

various 
interactions

Time

The traditional approach towards cosmological correlators
the in-in formalism (or Schwinger-Keldysh)

Inflation

bulk of (quasi-)dS



The traditional approach towards cosmological correlators
Correlators are expectation values of field operators at an equal-time slice

Quite general;

Usually model-dependent;

Hard to compute.

| in⟩

⟨in |



Quantum Field Theory in Curved Spacetime is HARD

Scattering Amplitudes in Flat Spacetime

s-channel Exchange

Four-Point Exchange Correlator in de Sitter Spacetime
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“Bootstrap”

“⾃举/⾃展”

The Bootstrap Philosophy

fundamental 
principles

observable 
predictions

model 
buildingX

Symmetries

Unitarity

Locality

Scattering amplitudes

Cosmological correlators

Successful examples:  

1) S-matrix bootstrap 

2) conformal bootstrap



Cosmological Bootstrap: 
Correlators from Symmetries, Locality & Unitarity

The boundary perspective (“Time Without Time”)


Forget about the time evolution during inflation, and just meditate on final observables 

η = 0
End of inflation


(future boundary of dS)

A new trend in theoretical cosmology since 2018:  
Daniel Baumann, Enrico Pajer, Gui Pimentel, Austin Joyce, Nima Arkani-Hamed, Juan Maldacena, …

interactions      
based on models various 

interactionsConceptual: new understandings for quantum de Sitter space;

the emergence of time, dS holography, etc 

Practical:  A model-independent & systematical approach;

   A powerful computational tool.



Bootstrap from (Spacetime) Symmetries 

De Sitter Bootstrap 

Boostless Bootstrap

Bootstrap from Unitarity and Locality 
Unitarity:


Cosmological Optical Theorem & Cutting Rules:


Manifest Locality: 


Manifestly Local Test



De Sitter Bootstrap

Symmetries of dS spacetime:

spatial translation


spatial rotation


dS dilation


dS boosts

}

Fully fix the analytical solutions of correlators

Conformal Ward identities on 
the de Sitter boundary ( ->0)η

Bulk 
interactions

η = 0

<latexit sha1_base64="AUrWERW1vDScVu9cUBO7EN6DPtg=">AAACDnicbVDLSgMxFM3UV62vUZdugqVQQcqMFHVZFMRlBfuAzlgyaaYNTTJDkimUoV/gxl9x40IRt67d+Tem7Sy09cCFwzn3cu89Qcyo0o7zbeVWVtfWN/Kbha3tnd09e/+gqaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvJ76rRGRikbiXo9j4nPUFzSkGGkjde2Sx5DoMwK9EZLxgD5UoSczRVEOb8rJ6eikaxedijMDXCZuRoogQ71rf3m9CCecCI0ZUqrjOrH2UyQ1xYxMCl6iSIzwEPVJx1CBOFF+OntnAktG6cEwkqaEhjP190SKuFJjHphOjvRALXpT8T+vk+jw0k+piBNNBJ4vChMGdQSn2cAelQRrNjYEYUnNrRAPkERYmwQLJgR38eVl0jyruOeV6l21WLvK4siDI3AMysAFF6AGbkEdNAAGj+AZvII368l6sd6tj3lrzspmDsEfWJ8/c6ubFQ==</latexit>

h'4i ⇠ F (u, v)

Arkani-Hamed, Baumann, Lee, Pimentel 2018 
Baumann, Duaso Pueyo, Joyce, Lee, Pimentel 2019, 2020 

DGW, Pimentel, Achucarro 2022

scale invariance

kinematics variables
<latexit sha1_base64="NCG3cwX0zB7u7Ym0mR1dYKyNjIg=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCUChJKepGKLpxWcFeoAlhMp20QycXZyaFkuRp3PgqblxURNz5KE7bCLX1wMDH/5/DmfO7EaNCGsaXtra+sbm1Xdgp7u7tHxzqR8ctEcYckyYOWcg7LhKE0YA0JZWMdCJOkO8y0naHd1O/PSJc0DB4lOOI2D7qB9SjGEklOfpNbJGnmI6g5XGEkzSxXA8OM8cs/1I1zRbktJwuGI5eMirGrOAqmDmUQF4NR59YvRDHPgkkZkiIrmlE0k4QlxQzkhWtWJAI4SHqk67CAPlE2MnszAyeK6UHvZCrF0g4UxcnEuQLMfZd1ekjORDL3lT8z+vG0ru2ExpEsSQBni/yYgZlCKeZwR7lBEs2VoAwp+qvEA+QykuqZIsqBHP55FVoVSvmZaX2UCvVb/M4CuAUnIELYIIrUAf3oAGaAINn8Aom4F170d60D+1z3rqm5TMn4E9p3z8tG6Y1</latexit>

u ⌘ |k1 + k2|
|k1|+ |k2|

<latexit sha1_base64="+liqiRjhtJHLQ0vY61VI2fc/3h0=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCUCiJFnUjFN24rGAv0IQwmU7aoZOLM5NCSfI0bnwVNy4qIu58FKdthNp6YODj/8/hzPndiFEhDeNLW1ldW9/YLGwVt3d29/b1g8OmCGOOSQOHLORtFwnCaEAakkpG2hEnyHcZabmDu4nfGhIuaBg8ylFEbB/1AupRjKSSHP1maJGnmA6h5XGEkzSxXA8OMuei/EvVNJuT03I6Zzh6yagY04LLYOZQAnnVHX1sdUMc+ySQmCEhOqYRSTtBXFLMSFa0YkEihAeoRzoKA+QTYSfTMzN4qpQu9EKuXiDhVJ2fSJAvxMh3VaePZF8sehPxP68TS+/aTmgQxZIEeLbIixmUIZxkBruUEyzZSAHCnKq/QtxHKi+pki2qEMzFk5eheV4xLyvVh2qpdpvHUQDH4AScARNcgRq4B3XQABg8g1cwBu/ai/amfWifs9YVLZ85An9K+/4BO5umPg==</latexit>

v ⌘ |k3 + k4|
|k3|+ |k4|



De Sitter Bootstrap as an example

Boundary Differential Equations (from Conformal Ward Identities) 

a “timeless” description for boundary correlators

Arkani-Hamed, Baumann, Lee, Pimentel 2018 
Baumann, Duaso Pueyo, Joyce, Lee, Pimentel 2019, 2020

<latexit sha1_base64="P1qY4lsYdJk1Too9VcvedKrR0SM=">AAACGXicbVDLSgMxFM3UV62vUZdugkWoiGWmFnUjFHXhsoJ9QDsdMmnahmYyQx5CGfobbvwVNy4Ucakr/8b0AWrrgYSTc+5Nck8QMyqV43xZqYXFpeWV9GpmbX1jc8ve3qnKSAtMKjhikagHSBJGOakoqhipx4KgMGCkFvSvRn7tnghJI36nBjHxQtTltEMxUkbybad5TZhCvr7QrULOPTb7YTNGQlHEfHOAR7CgWyc/km9nnbwzBpwn7pRkwRRl3/5otiOsQ8IVZkjKhuvEyktG92FGhpmmliRGuI+6pGEoRyGRXjKebAgPjNKGnUiYxRUcq787EhRKOQgDUxki1ZOz3kj8z2to1Tn3EspjrQjHk4c6mkEVwVFMsE0FwYoNDEFYUPNXiHtIIKxMmBkTgjs78jypFvLuab54W8yWLqdxpMEe2Ac54IIzUAI3oAwqAIMH8ARewKv1aD1bb9b7pDRlTXt2wR9Yn9/5mZ8R</latexit>

�u = u2(1� u2)@2
u + 2u3@u

<latexit sha1_base64="AUrWERW1vDScVu9cUBO7EN6DPtg=">AAACDnicbVDLSgMxFM3UV62vUZdugqVQQcqMFHVZFMRlBfuAzlgyaaYNTTJDkimUoV/gxl9x40IRt67d+Tem7Sy09cCFwzn3cu89Qcyo0o7zbeVWVtfWN/Kbha3tnd09e/+gqaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvJ76rRGRikbiXo9j4nPUFzSkGGkjde2Sx5DoMwK9EZLxgD5UoSczRVEOb8rJ6eikaxedijMDXCZuRoogQ71rf3m9CCecCI0ZUqrjOrH2UyQ1xYxMCl6iSIzwEPVJx1CBOFF+OntnAktG6cEwkqaEhjP190SKuFJjHphOjvRALXpT8T+vk+jw0k+piBNNBJ4vChMGdQSn2cAelQRrNjYEYUnNrRAPkERYmwQLJgR38eVl0jyruOeV6l21WLvK4siDI3AMysAFF6AGbkEdNAAGj+AZvII368l6sd6tj3lrzspmDsEfWJ8/c6ubFQ==</latexit>

h'4i ⇠ F (u, v)

<latexit sha1_base64="ASjT2Yz2xOq/AqQ2C1DRg1v6y+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6f7jNo=</latexit>

M

<latexit sha1_base64="RJdE3QWFeYHzL7LPybyI1PeGufQ=">AAAB+XicbVBNS8NAEN34WetX1KOXxSJUhJKUoh6LevAiVLAf0Maw2W7bpZtN2J0USug/8eJBEa/+E2/+G7dtDtr6YODx3gwz84JYcA2O822trK6tb2zmtvLbO7t7+/bBYUNHiaKsTiMRqVZANBNcsjpwEKwVK0bCQLBmMLyZ+s0RU5pH8hHGMfNC0pe8xykBI/m2XezcMgHET/A5vn8qn/l2wSk5M+Bl4makgDLUfPur041oEjIJVBCt264Tg5cSBZwKNsl3Es1iQoekz9qGShIy7aWzyyf41Chd3IuUKQl4pv6eSEmo9TgMTGdIYKAXvan4n9dOoHflpVzGCTBJ54t6icAQ4WkMuMsVoyDGhhCquLkV0wFRhIIJK29CcBdfXiaNcsm9KFUeKoXqdRZHDh2jE1RELrpEVXSHaqiOKBqhZ/SK3qzUerHerY9564qVzRyhP7A+fwAbZ5IH</latexit>

(�u +M2)
<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

<latexit sha1_base64="E5sM3KF3Ej17GVD3J1RvYNelZU4=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahopREirosduOygn1AE8pkOmmHTh7MI1BCwI2/4saFIm79CXf+jdM2C209cOFwzr3ce48XMyqkZX0bhZXVtfWN4mZpa3tnd8/cP2iLSHFMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxs3pn4nIVzQKHyQk5i4ARqG1KcYSS31zaNGRV0kZ9ARNICOzxFOVZKl6jzJ+mbZqlozwGVi56QMcjT75pcziLAKSCgxQ0L0bCuWboq4pJiRrOQoQWKEx2hIepqGKCDCTWc/ZPBUKwPoR1xXKOFM/T2RokCISeDpzgDJkVj0puJ/Xk9J/8ZNaRgrSUI8X+QrBmUEp4HAAeUESzbRBGFO9a0Qj5AOQurYSjoEe/HlZdK+rNpX1dp9rVy/zeMogmNwAirABtegDu5AE7QABo/gGbyCN+PJeDHejY95a8HIZw7BHxifPxAKlzE=</latexit>

C(u, v) ⇠ uv

u+ v

<latexit sha1_base64="NCG3cwX0zB7u7Ym0mR1dYKyNjIg=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCUChJKepGKLpxWcFeoAlhMp20QycXZyaFkuRp3PgqblxURNz5KE7bCLX1wMDH/5/DmfO7EaNCGsaXtra+sbm1Xdgp7u7tHxzqR8ctEcYckyYOWcg7LhKE0YA0JZWMdCJOkO8y0naHd1O/PSJc0DB4lOOI2D7qB9SjGEklOfpNbJGnmI6g5XGEkzSxXA8OM8cs/1I1zRbktJwuGI5eMirGrOAqmDmUQF4NR59YvRDHPgkkZkiIrmlE0k4QlxQzkhWtWJAI4SHqk67CAPlE2MnszAyeK6UHvZCrF0g4UxcnEuQLMfZd1ekjORDL3lT8z+vG0ru2ExpEsSQBni/yYgZlCKeZwR7lBEs2VoAwp+qvEA+QykuqZIsqBHP55FVoVSvmZaX2UCvVb/M4CuAUnIELYIIrUAf3oAGaAINn8Aom4F170d60D+1z3rqm5TMn4E9p3z8tG6Y1</latexit>

u ⌘ |k1 + k2|
|k1|+ |k2|

<latexit sha1_base64="+liqiRjhtJHLQ0vY61VI2fc/3h0=">AAACJnicbZDLSsNAFIYnXmu9RV26GSyCUCiJFnUjFN24rGAv0IQwmU7aoZOLM5NCSfI0bnwVNy4qIu58FKdthNp6YODj/8/hzPndiFEhDeNLW1ldW9/YLGwVt3d29/b1g8OmCGOOSQOHLORtFwnCaEAakkpG2hEnyHcZabmDu4nfGhIuaBg8ylFEbB/1AupRjKSSHP1maJGnmA6h5XGEkzSxXA8OMuei/EvVNJuT03I6Zzh6yagY04LLYOZQAnnVHX1sdUMc+ySQmCEhOqYRSTtBXFLMSFa0YkEihAeoRzoKA+QTYSfTMzN4qpQu9EKuXiDhVJ2fSJAvxMh3VaePZF8sehPxP68TS+/aTmgQxZIEeLbIixmUIZxkBruUEyzZSAHCnKq/QtxHKi+pki2qEMzFk5eheV4xLyvVh2qpdpvHUQDH4AScARNcgRq4B3XQABg8g1cwBu/ai/amfWifs9YVLZ85An9K+/4BO5umPg==</latexit>

v ⌘ |k3 + k4|
|k3|+ |k4|



Conceptual Picture: The Emergence of Time

The pattern of correlators on the boundary traces the dynamics in the bulk.

[Picture Credit: Daniel Baumann]

科普@“返朴”公众号 
《宇宙⾃展：当时间消失在⼤爆炸》



Quantum Field Theory in Curved Spacetime is HARD

Scattering Amplitudes in Flat Spacetime

s-channel Exchange

Four-Point Exchange Correlator in de Sitter Spacetime

<latexit sha1_base64="bRgyqLH9q6jwKhziyjrSlljThc4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx48RDAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/L4yjCCZzCOQRwBXW4hQY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH6JPjzY=</latexit>�

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

Arkani-Hamed, Maldacena 2015 
Arkani-Hamed, Baumann, Lee, Pimentel 2018 

DGW, Pimentel, Achucarro 2022

any QFT textbooks

Hypergeometric Functions  
+ Power Series=

=
<latexit sha1_base64="Jvbpkyw92VSoqQ5FUV0hiH1p2Zo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIXixJKeqx6MVjBfsBbSyb7aZdupuE3Y1QQ36JFw+KePWnePPfuG1z0NYHA4/3ZpiZ58ecKe0431ZhbX1jc6u4XdrZ3dsv2weHbRUlktAWiXgkuz5WlLOQtjTTnHZjSbHwOe34k5uZ33mkUrEovNfTmHoCj0IWMIK1kQZ2uR9ITFI3S9W5eKhlA7viVJ050Cpxc1KBHM2B/dUfRiQRNNSEY6V6rhNrL8VSM8JpVuonisaYTPCI9gwNsaDKS+eHZ+jUKEMURNJUqNFc/T2RYqHUVPimU2A9VsveTPzP6yU6uPJSFsaJpiFZLAoSjnSEZimgIZOUaD41BBPJzK2IjLFJQpusSiYEd/nlVdKuVd2Lav2uXmlc53EU4RhO4AxcuIQG3EITWkAggWd4hTfryXqx3q2PRWvBymeO4A+szx+BjpMA</latexit>

1

s�m2



De Sitter Bootstrap
Arkani-Hamed, Baumann, Lee, Pimentel 2018 

Baumann, Duaso Pueyo, Joyce, Lee, Pimentel 2019, 2020

<latexit sha1_base64="9zUlPdwUYZG9fYOR2u5pkRrUwqg=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0IaiMEbFJYRDAfkFzC3mYvWbK7d+7uCeHIn7CxUMTWv2Pnv3GTXKGJDwYe780wMy+IOdPGdb+dtfWNza3t3E5+d2//4LBwdNzUUaIIbZCIR6odYE05k7RhmOG0HSuKRcBpKxjfzvzWE1WaRfLBTGLqCzyULGQEGyu1Ra98U671yv1C0S25c6BV4mWkCBnq/cJXdxCRRFBpCMdadzw3Nn6KlWGE02m+m2gaYzLGQ9qxVGJBtZ/O752ic6sMUBgpW9Kgufp7IsVC64kIbKfAZqSXvZn4n9dJTHjtp0zGiaGSLBaFCUcmQrPn0YApSgyfWIKJYvZWREZYYWJsRHkbgrf88ipplkveZalyXylW77I4cnAKZ3ABHlxBFWpQhwYQ4PAMr/DmPDovzrvzsWhdc7KZE/gD5/MHsJyPIQ==</latexit>

m
2 = 2H2

<latexit sha1_base64="bRgyqLH9q6jwKhziyjrSlljThc4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx48RDAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/L4yjCCZzCOQRwBXW4hQY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH6JPjzY=</latexit>�

<latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>'<latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>' <latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>'<latexit sha1_base64="SalbpPvW9rpMFJfgAalL8DgUNjg=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx48VLAf0C4lm2bb0Gw2JNlCWfojvHhQxKu/x5v/xrTdg7Y+GHi8N8PMvFAJbqznfaPCxubW9k5xt7S3f3B4VD4+aZkk1ZQ1aSIS3QmJYYJL1rTcCtZRmpE4FKwdju/mfnvCtOGJfLJTxYKYDCWPOCXWSe3ehGg14v1yxat6C+B14uekAjka/fJXb5DQNGbSUkGM6fqeskFGtOVUsFmplxqmCB2TIes6KknMTJAtzp3hC6cMcJRoV9Lihfp7IiOxMdM4dJ0xsSOz6s3F/7xuaqPbIONSpZZJulwUpQLbBM9/xwOuGbVi6gihmrtbMR0RTah1CZVcCP7qy+ukdVX1r6u1x1ql/pDHUYQzOIdL8OEG6nAPDWgChTE8wyu8IYVe0Dv6WLYWUD5zCn+APn8AgTqPuQ==</latexit>'

Four-point scalar seed: F

conformally coupled scalar

<latexit sha1_base64="KxJxPae5dNjLDvO132EkzYSm+mE=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBg5RdKdWLUvTisYL9gHYp2TTbhibZNckKZemf8OJBEa/+HW/+G9N2D9r6YODx3gwz84KYM21c99vJrayurW/kNwtb2zu7e8X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bweh26reeqNIskg9mHFNf4IFkISPYWKktrt0zpK/cXrHklt0Z0DLxMlKCDPVe8avbj0giqDSEY607nhsbP8XKMMLppNBNNI0xGeEB7VgqsaDaT2f3TtCJVfoojJQtadBM/T2RYqH1WAS2U2Az1IveVPzP6yQmvPRTJuPEUEnmi8KEIxOh6fOozxQlho8twUQxeysiQ6wwMTaigg3BW3x5mTTPy161XLmvlGo3WRx5OIJjOAUPLqAGd1CHBhDg8Ayv8OY8Oi/Ou/Mxb8052cwh/IHz+QNQF47a</latexit>

m > 0, s = 0

Inflaton Bispectra (~ slow-roll)

<latexit sha1_base64="rLFwVis2kmMYqH+ho6rWaqSRD3M=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgQcquFPUkRS8eK9gP2C4lm862odlkTbJCWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKVlqig0qeRSdUKigTMBTcMMh06igMQhh3Y4up367SdQmknxYMYJBDEZCBYxSoyV/PjaPcO6O4BHt1euuFV3BrxMvJxUUI5Gr/zV7UuaxiAM5URr33MTE2REGUY5TErdVENC6IgMwLdUkBh0kM1OnuATq/RxJJUtYfBM/T2RkVjrcRzazpiYoV70puJ/np+a6CrImEhSA4LOF0Upx0bi6f+4zxRQw8eWEKqYvRXTIVGEGptSyYbgLb68TFrnVe+iWruvVeo3eRxFdISO0Sny0CWqozvUQE1EkUTP6BW9OcZ5cd6dj3lrwclnDtEfOJ8/1vKQVA==</latexit>

m > 0, s � 0

<latexit sha1_base64="bRgyqLH9q6jwKhziyjrSlljThc4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx48RDAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/L4yjCCZzCOQRwBXW4hQY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH6JPjzY=</latexit>�

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="VOijXXCHKSkkhhnG4Rsc1lj5CgM=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkmTY0kxmTO0IZ+hNuXCji1t9x59+YtrPQ1gOBwzn3kHtPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilTm8QYy8ZiX654lbdOcgq8XJSgRyNfvnLRlkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/N9p+TMKgMSxto+hWSu/k5kNDJmEgV2MqI4MsveTPzP66YYXvuZUEmKXLHFR2EqCcZkdjwZCM0ZyokllGlhdyVsRDVlaCsq2RK85ZNXSeui6l1Wa/e1Sv0mr6MIJ3AK5+DBFdThDhrQBAYSnuEV3pxH58V5dz4WowUnzxzDHzifPy46kBM=</latexit>

�̇
<latexit sha1_base64="l18vAG4evzg7KXrHLMfF7AP5fX8=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUBshYGNhEcFLAskZ9jZ7yZLdvWN3TwhHfoONhSK2/iA7/42b5ApNfDDweG+GmXlhwpk2rvvtFNbWNza3itulnd29/YPy4VFLx6ki1Ccxj1UnxJpyJqlvmOG0kyiKRchpOxzfzPz2E1WaxfLBTBIaCDyULGIEGyv54rF27fbLFbfqzoFWiZeTCuRo9stfvUFMUkGlIRxr3fXcxAQZVoYRTqelXqppgskYD2nXUokF1UE2P3aKzqwyQFGsbEmD5urviQwLrScitJ0Cm5Fe9mbif143NdFVkDGZpIZKslgUpRyZGM0+RwOmKDF8YgkmitlbERlhhYmx+ZRsCN7yy6ukVat6F9X6fb3SuMvjKMIJnMI5eHAJDbiFJvhAgMEzvMKbI50X5935WLQWnHzmGP7A+fwB8hqOKQ==</latexit>

m2 = 0

massless scalar

<latexit sha1_base64="rLFwVis2kmMYqH+ho6rWaqSRD3M=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgQcquFPUkRS8eK9gP2C4lm862odlkTbJCWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKVlqig0qeRSdUKigTMBTcMMh06igMQhh3Y4up367SdQmknxYMYJBDEZCBYxSoyV/PjaPcO6O4BHt1euuFV3BrxMvJxUUI5Gr/zV7UuaxiAM5URr33MTE2REGUY5TErdVENC6IgMwLdUkBh0kM1OnuATq/RxJJUtYfBM/T2RkVjrcRzazpiYoV70puJ/np+a6CrImEhSA4LOF0Upx0bi6f+4zxRQw8eWEKqYvRXTIVGEGptSyYbgLb68TFrnVe+iWruvVeo3eRxFdISO0Sny0CWqozvUQE1EkUTP6BW9OcZ5cd6dj3lrwclnDtEfOJ8/1vKQVA==</latexit>

m > 0, s � 0

<latexit sha1_base64="bRgyqLH9q6jwKhziyjrSlljThc4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx48RDAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/L4yjCCZzCOQRwBXW4hQY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH6JPjzY=</latexit>�

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

Inflaton four-point function

Weight-Shifting
& Spin-Raising

dS Boosts =>

A set of 2nd order ODEs



Boostless Bootstrap

20

Pajer 2020 
Jazayeri, Pajer, Stefanyszyn 2021 

Bonifacio, Pajer, DGW 2021 
Cabass, Pajer, Stefanyszyn, Supel 2021

Boostless theories:  

translation, rotations, and dilation are still respected;


dS boosts are broken;


Examples: P(X) theory, EFT of inflation
<latexit sha1_base64="wfLfpViM5BrzbvT+z/ETeJ6S+tk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUVdScOOygn1gO5ZMmrahmcyQ3BHK0L9w40IRt/6NO//GtJ2Fth4IHM65h9x7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupn6zSeujYjUPY5j7od0oERfMIpWeuj0IuzEQ/F43i2W3LI7A1kmXkZKkKHWLX7ZMEtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dLbxhJxYpUf6kbZPIZmpvxMpDY0Zh4GdDCkOzaI3Ff/z2gn2r/xUqDhBrtj8o34iCUZkej7pCc0ZyrEllGlhdyVsSDVlaEsq2BK8xZOXSeOs7F2UK3eVUvU6qyMPR3AMp+DBJVThFmpQBwYKnuEV3hzjvDjvzsd8NOdkmUP4A+fzB1mdkLQ=</latexit>

�̇3
<latexit sha1_base64="QIucmjux8ifg225NFBEZo0Nwg3k=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahbspMKepKCm5cVrAP6IxDJk3b0EwmJBmhDAU3/oobF4q49Sfc+Tdm2llo64HAyTn33uSeUDCqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqziRmLRwzGLZDZEijHLS0lQz0hWSoChkpBOOrzO/80CkojG/0xNB/AgNOR1QjLSRAvvI68faEyNa8QSSmiIW0Ox6dl8L7LJTdWaAy8TNSRnkaAb2lxmGk4hwjRlSquc6QvtpNhYzMi15iSIC4TEakp6hHEVE+elshyk8NUofDmJpDtdwpv7uSFGk1CQKTWWE9Egtepn4n9dL9ODSTykXiSYczx8aJAzqGGaBwD6VBGs2MQRhSc1fIR4hibA2sZVMCO7iysukXau659X6bb3cuMrjKIJjcAIqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2PeWnBynsOwR9Ynz+lmJeD</latexit>

�̇(@i�)
2

<latexit sha1_base64="D59ESCBsTkLqlLFSLhze93TJ7UE=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6koKblxWsA9sx5JJM21oJjMkd4Qy9C/cuFDErX/jzr8xbWehrQcCh3PuIfeeIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqHscJ9yM6UCIUjKKVHrr9GLvJUDxWe6WyW3FnIMvEy0kZctR7pS8bZmnEFTJJjel4boJ+RjUKJvmk2E0NTygb0QHvWKpoxI2fzTaekFOr9EkYa/sUkpn6O5HRyJhxFNjJiOLQLHpT8T+vk2J45WdCJSlyxeYfhakkGJPp+aQvNGcox5ZQpoXdlbAh1ZShLaloS/AWT14mzfOKd1Gp3lXLteu8jgIcwwmcgQeXUINbqEMDGCh4hld4c4zz4rw7H/PRFSfPHMEfOJ8/WyGQtQ==</latexit>

�̇4
<latexit sha1_base64="5w6foUektJP8me15ySexl/Ag/mk=">AAACBXicbVDLSgMxFM34rPU16lIXwSLUTZkpRV1JwY3LCvYBnemQSTNtaCYTkoxQSjdu/BU3LhRx6z+482/MtLPQ1gOBwzn3kXtCwajSjvNtrayurW9sFraK2zu7e/v2wWFLJanEpIkTlshOiBRhlJOmppqRjpAExSEj7XB0k/ntByIVTfi9Hgvix2jAaUQx0kYK7BOvn2hPDGmvWvYEkpoiFtBMOO9VA7vkVJwZ4DJxc1ICORqB/WXG4TQmXGOGlOq6jtD+JBuLGZkWvVQRgfAIDUjXUI5iovzJ7IopPDNKH0aJNI9rOFN/d0xQrNQ4Dk1ljPRQLXqZ+J/XTXV05U8oF6kmHM8XRSmDOoFZJLBPJcGajQ1BWFLzV4iHSCKsTXBFE4K7ePIyaVUr7kWldlcr1a/zOArgGJyCMnDBJaiDW9AATYDBI3gGr+DNerJerHfrY166YuU9R+APrM8f21GYJw==</latexit>

�̇2(@i�)
2

Bootstrap Rules for single field inflation:
<latexit sha1_base64="AkE9EIsTf+V+9giZrusa8g9amw0="></latexit>

h�k1�k2�k3i ⇠
 3

k31k
3
2k

3
3

scalar three-point function 

(inflaton bispectrum) as an example



Total-Energy Poles

21

The leading total-energy poles

 kT = k1 + k2 + . . . + kn → 0
the only allowed singularity in contact correlators

n-point contact correlators 

η = 0 …<latexit sha1_base64="VtZHfGUnD6OuAGffO/Qa+2mF3BA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MO57/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH6wY2c</latexit>

k1
<latexit sha1_base64="zndUtPAwqng7QMuij+LaUo5VHTk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD5NBbVCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophjd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmnXqt5VtX5frzQaeRxFOINzuAQPrqEBd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AH7q42b</latexit>

k2
<latexit sha1_base64="0paasjFNAcy4YC2HE6he62m8To0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VI8FLx4rWltoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHj0aOJUM95isYx1J6CGS6F4CwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7sf9y3654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq+TxourVq7W7WqVRz+Mowgmcwjl4cAUNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/6LY2S</latexit>

k3
<latexit sha1_base64="2WRBwWhdObbFZFIfgLGcNHmFGN0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD5OBGpQrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9erd3XKo16HkcRzuAcLsGDa2jAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwBTqI3N</latexit>

kn =
n-particle 

amplitudes
…

<latexit sha1_base64="VtZHfGUnD6OuAGffO/Qa+2mF3BA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MO57/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH6wY2c</latexit>

k1
<latexit sha1_base64="zndUtPAwqng7QMuij+LaUo5VHTk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD5NBbVCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophjd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmnXqt5VtX5frzQaeRxFOINzuAQPrqEBd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AH7q42b</latexit>

k2 <latexit sha1_base64="0paasjFNAcy4YC2HE6he62m8To0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0VI8FLx4rWltoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHj0aOJUM95isYx1J6CGS6F4CwVK3kk0p1EgeTsY38z89hPXRsTqAScJ9yM6VCIUjKKV7sf9y3654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq+TxourVq7W7WqVRz+Mowgmcwjl4cAUNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/6LY2S</latexit>

k3
<latexit sha1_base64="2WRBwWhdObbFZFIfgLGcNHmFGN0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD5OBGpQrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9erd3XKo16HkcRzuAcLsGDa2jAHTShBQxG8Ayv8OZI58V5dz6WrQUnnzmFP3A+fwBTqI3N</latexit>

kn

<latexit sha1_base64="XBGVKdjTRMlukzx/UcA437vIg04=">AAACHnicbVDLSgMxFM34rPVVdekmWARXw0ypj5UU3LisYB/QDkMmvdOGZjJDkhHK0C9x46+4caGI4Er/xrQdirYeCJyccy7JPUHCmdKO822trK6tb2wWtorbO7t7+6WDw6aKU0mhQWMey3ZAFHAmoKGZ5tBOJJAo4NAKhjcTv/UAUrFY3OtRAl5E+oKFjBJtJL903uVE9Dlg3E0GzM+Gvjue08rYtu35TRhDzsJ+qezYzhR4mbg5KaMcdb/02e3FNI1AaMqJUh3XSbSXEakZ5TAudlMFCaFD0oeOoYJEoLxsut4Ynxqlh8NYmiM0nqq/JzISKTWKApOMiB6oRW8i/ud1Uh1eeRkTSapB0NlDYcqxjvGkK9xjEqjmI0MIlcz8FdMBkYRq02jRlOAurrxMmhXbvbCrd9Vy7Tqvo4CO0Qk6Qy66RDV0i+qogSh6RM/oFb1ZT9aL9W59zKIrVj5zhP7A+voB6Xahuw==</latexit>

h�k1�k2 ...�kni Maldacena, Pimentel 2011 
Raju 2012

<latexit sha1_base64="Ydk2KhgPgCrdYqYtYkfXSZ90MUg=">AAAB/3icbVDLSsNAFJ34rPUVFdy4CRbBVUmkqCspuHFZoS9oY5hMb9uhkwczN2KJXfgrblwo4tbfcOffOE2z0NYDFw7n3Dt37vFjwRXa9rextLyyurZe2Chubm3v7Jp7+00VJZJBg0Uikm2fKhA8hAZyFNCOJdDAF9DyR9dTv3UPUvEorOM4Bjegg5D3OaOoJc887CI8YPZOKqE3SUdefXIXe2bJLtsZrEXi5KREctQ886vbi1gSQIhMUKU6jh2jm1KJnAmYFLuJgpiyER1AR9OQBqDcNNs7sU600rP6kdQVopWpvydSGig1DnzdGVAcqnlvKv7ndRLsX7opD+MEIWSzRf1EWBhZ0zCsHpfAUIw1oUxy/VeLDamkDHVkRR2CM3/yImmelZ3zcuW2Uqpe5XEUyBE5JqfEIRekSm5IjTQII4/kmbySN+PJeDHejY9Z65KRzxyQPzA+fwA+VJbj</latexit>

kT
p

<latexit sha1_base64="1uY0O23UwGsriTXBouM5W0IieHs=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JNUvHisaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGt1O/9YRK81g+mnGCfkQHkoecUWOlh5ue7JUrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZATq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwis/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/HlZdI8q3oX1fP780rtOo+jCEdwDKfgwSXU4A7q0AAGA3iGV3hzhPPivDsf89aCk88cwh84nz8WFI2r</latexit>

An

Jazayeri, Pajer, Stefanyszyn 2021 

The sub-leading total-energy poles

fixed by the requirement of “manifest locality” of contact interactions

<latexit sha1_base64="VHp9AdR2/etXQ0q7mBWHVvRwa9g=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkEVsBRVYmEsEn1ITRQ5rtNadZzIdpCqkJmFX2FhACFWvoCNv8FJM0DLkSyde869ur7HjxmVyrK+jaXlldW19cpGdXNre2fX3NvvyigRmHRwxCLR95EkjHLSUVQx0o8FQaHPSM+fXOd+754ISSN+p6YxcUM04jSgGCkteeaREyOhKGJeOvHszIkl9fhDUTStDDah5Zk1q24VgIvELkkNlGh75pczjHASEq4wQ1IObCtWbpqvwYxkVSeRJEZ4gkZkoClHIZFuWpySwROtDGEQCf24goX6eyJFoZTT0NedIVJjOe/l4n/eIFHBpZtSHieKcDxbFCQMqgjmucAhFQQrNtUEYUH1XyEeI4Gw0ulVdQj2/MmLpHtWt8/rjdtGrXVVxlEBh+AYnAIbXIAWuAFt0AEYPIJn8ArejCfjxXg3PmatS0Y5cwD+wPj8AUNEmfI=</latexit>

@k1 n|k1=0 = 0
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Boostless Bootstrap
Pajer 2020; Jazayeri, Pajer, Stefanyszyn 2021;  

Bonifacio, Pajer, DGW 2021; ….

…<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="wfLfpViM5BrzbvT+z/ETeJ6S+tk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUVdScOOygn1gO5ZMmrahmcyQ3BHK0L9w40IRt/6NO//GtJ2Fth4IHM65h9x7glgKg6777eRWVtfWN/Kbha3tnd294v5Bw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupn6zSeujYjUPY5j7od0oERfMIpWeuj0IuzEQ/F43i2W3LI7A1kmXkZKkKHWLX7ZMEtCrpBJakzbc2P0U6pRMMknhU5ieEzZiA5421JFQ278dLbxhJxYpUf6kbZPIZmpvxMpDY0Zh4GdDCkOzaI3Ff/z2gn2r/xUqDhBrtj8o34iCUZkej7pCc0ZyrEllGlhdyVsSDVlaEsq2BK8xZOXSeOs7F2UK3eVUvU6qyMPR3AMp+DBJVThFmpQBwYKnuEV3hzjvDjvzsd8NOdkmUP4A+fzB1mdkLQ=</latexit>

�̇3
<latexit sha1_base64="D59ESCBsTkLqlLFSLhze93TJ7UE=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRkp6koKblxWsA9sx5JJM21oJjMkd4Qy9C/cuFDErX/jzr8xbWehrQcCh3PuIfeeIJHCoOt+Oyura+sbm4Wt4vbO7t5+6eCwaeJUM95gsYx1O6CGS6F4AwVK3k40p1EgeSsY3Uz91hPXRsTqHscJ9yM6UCIUjKKVHrr9GLvJUDxWe6WyW3FnIMvEy0kZctR7pS8bZmnEFTJJjel4boJ+RjUKJvmk2E0NTygb0QHvWKpoxI2fzTaekFOr9EkYa/sUkpn6O5HRyJhxFNjJiOLQLHpT8T+vk2J45WdCJSlyxeYfhakkGJPp+aQvNGcox5ZQpoXdlbAh1ZShLaloS/AWT14mzfOKd1Gp3lXLteu8jgIcwwmcgQeXUINbqEMDGCh4hld4c4zz4rw7H/PRFSfPHMEfOJ8/WyGQtQ==</latexit>

�̇4

de Sitter boosts are broken

write an ansatz for correlators of 
a single massless scalar 


keep imposing constraints from 
unbroken symmetries, locality, 
unitarity, …

<latexit sha1_base64="QIucmjux8ifg225NFBEZo0Nwg3k=">AAACA3icbVDLSgMxFM3UV62vUXe6CRahbspMKepKCm5cVrAP6IxDJk3b0EwmJBmhDAU3/oobF4q49Sfc+Tdm2llo64HAyTn33uSeUDCqtON8W4WV1bX1jeJmaWt7Z3fP3j9oqziRmLRwzGLZDZEijHLS0lQz0hWSoChkpBOOrzO/80CkojG/0xNB/AgNOR1QjLSRAvvI68faEyNa8QSSmiIW0Ox6dl8L7LJTdWaAy8TNSRnkaAb2lxmGk4hwjRlSquc6QvtpNhYzMi15iSIC4TEakp6hHEVE+elshyk8NUofDmJpDtdwpv7uSFGk1CQKTWWE9Egtepn4n9dL9ODSTykXiSYczx8aJAzqGGaBwD6VBGs2MQRhSc1fIR4hibA2sZVMCO7iysukXau659X6bb3cuMrjKIJjcAIqwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2PeWnBynsOwR9Ynz+lmJeD</latexit>

�̇(@i�)
2

Equilateral-type  
non-Gaussianity

Single Field Inflation 

<latexit sha1_base64="F1ngprQ1sC7Zk7qsj8sovX+EH+U=">AAACFnicbVDLSsNAFJ3UV62vqEs3wSJU0JLUoi6LblxWtA9oQphMJ+3QyYOZG6GEfIUbf8WNC0Xcijv/xmkbQasHZjj3nHuZuceLOZNgmp9aYWFxaXmluFpaW9/Y3NK3d9oySgShLRLxSHQ9LClnIW0BA067saA48DjteKPLid+5o0KyKLyFcUydAA9C5jOCQUmufnxjc+pDxfYFJunItTJ1nWRH33VtVtuCDYZw6Opls2pOYfwlVk7KKEfT1T/sfkSSgIZAOJayZ5kxOCkWwAinWclOJI0xGeEB7Ska4oBKJ52ulRkHSukbfiTUCcGYqj8nUhxIOQ481RlgGMp5byL+5/US8M+dlIVxAjQks4f8hBsQGZOMjD4TlAAfK4KJYOqvBhliFQioJEsqBGt+5b+kXatap9X6db3cuMjjKKI9tI8qyEJnqIGuUBO1EEH36BE9oxftQXvSXrW3WWtBy2d20S9o719lVZ+I</latexit>

S

✓
k1
k3

,
k2
k3

◆

Contact

captures models such as P(X), 
DBI, and all single field EFT of 

inflation with small sound speed 
& derivative couplings



De Sitter Bootstrap
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Boostless Bootstrapv.s.

dS symmetries are nicely manifested;

Fully analytical control for correlators;

Non-Gaussianity signals are very small;

Need 4-pt first, before computing 3-pt.

Pros Pros

Cons Cons

Large signals are possible;

A complete set of single-field correlators.

Only for correlators from single 
massless field interactions

…
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in analog with slow-roll inflation in analog with P(X), DBI inflation 

with small sound speed
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Signals are boosted in strong boost-breaking scenarios
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BCCB dS Bootstrap

Cubic & quadratic 
interactions from 
the EFT of inflation

Baumann, Lee, Pimentel 2016 
Bordin, Creminelli, et al 2018 

Pimentel, DGW 2022

The EFT of Cosmo Collider

B(k1, k2, k3) ⇠ fNLS(k1, k2, k3)P
2
⇣
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fNL . O(10)

size shape



Phenomenology

Primordial Non-Gaussianity & Observations



Triangles in the Sky
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a.k.a primordial non-Gaussianity

CMB: 380000yrsEnd of inflation LSS: 10billion yrs

primordial bispectrum: the Fourier transf. of the 3pt correlation function

B(k1, k2, k3) ⇠ fNLS(k1, k2, k3)P
2
⇣

size
shape

How easy/hard 
to be detected

Lots of information;

Main focus of this talk 

Major target of CMB, LSS, 21cm..



Classification of Primordial Non-Gaussianity
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Contact Massive Exchange Massless Exchange

Assuming:  

1) (nearly) scale-invariant 

2) weakly coupled (tree-level 
leading order)
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m = 0

single field inflation cosmological collider multi-field inflation
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integrate-out 

=>EFT

equilateral

<latexit sha1_base64="GvET7SUAtlpWbjb7GqmWQcxOTGI=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BLzlGMDGQLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jUo1oS2iuNKdCBvKmaQtyyynnURTLCJOH6Lx7cx/eKLaMCXv7SShocBDyWJGsHVSW/Q4R41+ueJX/TnQKglyUoEczX75qzdQJBVUWsKxMd3AT2yYYW0Z4XRa6qWGJpiM8ZB2HZVYUBNm82un6MwpAxQr7UpaNFd/T2RYGDMRkesU2I7MsjcT//O6qY2vw4zJJLVUksWiOOXIKjR7HQ2YpsTyiSOYaOZuRWSENSbWBVRyIQTLL6+S9kU1uKzW7mqV+k0eRxFO4BTOIYArqEMDmtACAo/wDK/w5invxXv3PhatBS+fOYY/8D5/AAd8jsg=</latexit>
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isocurvature 
modes

local



Classification of Primordial Non-Gaussianity
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Contact Massive Exchange Massless Exchange

Arkani-Hamed, Maldacena 2015 
Chen, Wang 2009  

Baumann, Green 2010  
Noumi et al 2012 

……

oscillation measures mass, angular dependence measures spin

ks
kl

Squeezed limit of the inflationary bispectrum

contains information of heavy particles in 
the high energy environment of inflation
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m ⇠ H

Cosmological Colliders



Boostless Cosmological Collider Bootstrap

29

η = 0

Pimentel, DGW 2022

<latexit sha1_base64="ibGkdZ+LetBpch+BA6cb2giTXpM="></latexit>

h�k1�k2�k3i ⇠ Ps(cos ✓) W · U · Î(n)One Formula ! Find "em A#:

Weight-
shifting

Spin-
raising

Scalar 
Seeds

<latexit sha1_base64="rLFwVis2kmMYqH+ho6rWaqSRD3M=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgQcquFPUkRS8eK9gP2C4lm862odlkTbJCWfozvHhQxKu/xpv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKVlqig0qeRSdUKigTMBTcMMh06igMQhh3Y4up367SdQmknxYMYJBDEZCBYxSoyV/PjaPcO6O4BHt1euuFV3BrxMvJxUUI5Gr/zV7UuaxiAM5URr33MTE2REGUY5TErdVENC6IgMwLdUkBh0kM1OnuATq/RxJJUtYfBM/T2RkVjrcRzazpiYoV70puJ/np+a6CrImEhSA4LOF0Upx0bi6f+4zxRQw8eWEKqYvRXTIVGEGptSyYbgLb68TFrnVe+iWruvVeo3eRxFdISO0Sny0CWqozvUQE1EkUTP6BW9OcZ5cd6dj3lrwclnDtEfOJ8/1vKQVA==</latexit>

m > 0, s � 0

<latexit sha1_base64="bRgyqLH9q6jwKhziyjrSlljThc4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx48RDAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDPz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBpfV2n2tUr/L4yjCCZzCOQRwBXW4hQY0gcAjPMMrvHnKe/HevY9Fa8HLZ47hD7zPH6JPjzY=</latexit>�

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�
<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

All possible  
quadratic interactions

ϕσAll possible 
cubic interactions

ϕϕσ

<latexit sha1_base64="uDlDzx+3OGkzv5+aPnoWRTm/CYQ=">AAACKnicbVDLSsNAFJ34rPUVdekmWIQKEpJS1JVU3LisYB/QxDCZTNqhM0mYmQgl1N9x46+46UIpbv0QJ21AbT0wcDjnXs7c4yeUCGlZU21ldW19Y7O0Vd7e2d3b1w8O2yJOOcItFNOYd30oMCURbkkiKe4mHEPmU9zxh7e533nCXJA4epCjBLsM9iMSEgSlkjz9xgli6SQD8lhzBOkzeP5cdRLIJYHUI7lx9uM4weKwaZqeXrFMawZjmdgFqYACTU+fqEyUMhxJRKEQPdtKpJvlmYjicdlJBU4gGsI+7ikaQYaFm81OHRunSgmMMObqRdKYqb83MsiEGDFfTTIoB2LRy8X/vF4qwys3I1GSShyheVCYUkPGRt6bERCOkaQjRSDiRP3VQAPIIZKq3bIqwV48eZm0a6Z9Ydbv65XGdVFHCRyDE1AFNrgEDXAHmqAFEHgBb+AdfGiv2kSbap/z0RWt2DkCf6B9fQNFWace</latexit>

�̇2�, (@i�)
2�, �̈2�, ...

<latexit sha1_base64="98faTnzPtWO0HnwnvqQOZSXtRZQ=">AAACInicbVDLSsNAFJ34rPUVdelmsAguJCSl+NhIwY3LCvYBTSyTyaQdOkmGmYlQQv0VN/6KGxeKuhL8GCdtFrb1wMDhnHs5c4/PGZXKtr+NpeWV1bX10kZ5c2t7Z9fc22/JJBWYNHHCEtHxkSSMxqSpqGKkwwVBkc9I2x9e5377gQhJk/hOjTjxItSPaUgxUlrqmZdukCiXD6graT9Cp48uR0JRxO6rM2owO2ZZVs+s2JY9AVwkTkEqoECjZ37qLJxGJFaYISm7js2Vl+VxmJFx2U0l4QgPUZ90NY1RRKSXTU4cw2OtBDBMhH6xghP170aGIilHka8nI6QGct7Lxf+8bqrCCy+jMU8VifE0KEwZVAnM+4IBFQQrNtIEYUH1XyEeIIGw0q2WdQnO/MmLpFW1nDOrdlur1K+KOkrgEByBE+CAc1AHN6ABmgCDJ/AC3sC78Wy8Gh/G13R0ySh2DsAMjJ9fG4qklQ==</latexit>

�̇�, @2��, �̈�, ...scalar exchange

spinning exchange
<latexit sha1_base64="Qyuc2nePF/FRf5434ZyCUqPByYM=">AAACGXicbVBNS8MwGE7n15xfVY9eikPwIKWVoZ5k4MXjBPcBWylplm5xSRqSVBhlf8OLf8WLB0U86sl/Y7oV0c0HAg/P837kfSJBidKe92WVlpZXVtfK65WNza3tHXt3r6WSVCLcRAlNZCeCClPCcVMTTXFHSAxZRHE7Gl3lfvseS0USfqvHAgcMDjiJCYLaSKHt9fqJ7okh6QkoNYE0zMid605+ZEUGDBbiieu6oV31XG8KZ5H4BamCAo3Q/jCzUMow14hCpbq+J3SQ5dsQxZNKL1VYQDSCA9w1lEOGVZBNL5s4R0bpO3EizePamaq/OzLIlBqzyFQyqIdq3svF/7xuquOLICNcpBpzNFsUp9TRiZPH5PSJxEjTsSEQSWL+6qAhlBBpE2bFhODPn7xIWqeuf+bWbmrV+mURRxkcgENwDHxwDurgGjRAEyDwAJ7AC3i1Hq1n6816n5WWrKJnH/yB9fkNeUqgiA==</latexit>

�̇@ij..�̇�ij.., ...
<latexit sha1_base64="Bx83BaECS9oFsAeH7eJCnG4yxeE=">AAACEXicbVBNS8MwGE7n15xfVY9eikPYQUIrQz3JwIvHCe4D1lLSLNvi0jQkqTDK/oIX/4oXD4p49ebNf2O69aCbDwQenuf9yPtEglGlXffbKq2srq1vlDcrW9s7u3v2/kFbJanEpIUTlshuhBRhlJOWppqRrpAExREjnWh8nfudByIVTfidnggSxGjI6YBipI0U2jVfIKkpYmFG7yGc+v1E+2JEfUWHMSrEUwhhaFdd6M7gLBOvIFVQoBnaX2YWTmPCNWZIqZ7nCh1k+TbMyLTip4oIhMdoSHqGchQTFWSzi6bOiVH6ziCR5nHtzNTfHRmKlZrEkamMkR6pRS8X//N6qR5cBhnlItWE4/miQcocnTh5PE6fSoI1mxiCsKTmrw4eIYmwNiFWTAje4snLpH0GvXNYv61XG1dFHGVwBI5BDXjgAjTADWiCFsDgETyDV/BmPVkv1rv1MS8tWUXPIfgD6/MH0+6c+A==</latexit>

@ij..�̇�ij.., ...

<latexit sha1_base64="hpnySaJh+/CAhHti5mNvHw101yA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1mvfHQqLVuizjKcAbncAkeXEML7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEWdo5I</latexit>

�

<latexit sha1_base64="BomSTM2n6Ydj7JQxo5zLnJPYxsk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5REinopFL14rGA/oA1hs920SzebsLsplFB/iRcPinj1n3jz37htc9DWBwOP92aYmRcknCntON9WYW19Y3OruF3a2d3bP7APj1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkZ3M789plKxWDzqSUK9CA8ECxnB2ki+bRNf1YjfU2wQ4Zr7dOHbZafizIFWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip9NSL1U0wWSEB7RrqMARVV42v3yKzozSR2EsTQmN5urviQxHSk2iwHRGWA/VsjcT//O6qQ5vvIyJJNVUkMWiMOVIx2gWA+ozSYnmE0MwkczcisgQS0y0CatkQnCXX14lrcuKe1WpPlTL9ds8jiKcwCmcgwvXUId7aEATCIzhGV7hzcqsF+vd+li0Fqx85hj+wPr8Aa9Ukw0=</latexit>

cs = c� = 1 ,

<latexit sha1_base64="BomSTM2n6Ydj7JQxo5zLnJPYxsk=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBg5REinopFL14rGA/oA1hs920SzebsLsplFB/iRcPinj1n3jz37htc9DWBwOP92aYmRcknCntON9WYW19Y3OruF3a2d3bP7APj1oqTiWhTRLzWHYCrChngjY105x2EklxFHDaDkZ3M789plKxWDzqSUK9CA8ECxnB2ki+bRNf1YjfU2wQ4Zr7dOHbZafizIFWiZuTMuRo+PZXrx+TNKJCE46V6rpOor0MS80Ip9NSL1U0wWSEB7RrqMARVV42v3yKzozSR2EsTQmN5urviQxHSk2iwHRGWA/VsjcT//O6qQ5vvIyJJNVUkMWiMOVIx2gWA+ozSYnmE0MwkczcisgQS0y0CatkQnCXX14lrcuKe1WpPlTL9ds8jiKcwCmcgwvXUId7aEATCIzhGV7hzcqsF+vd+li0Fqx85hj+wPr8Aa9Ukw0=</latexit>

cs = c� = 1 ,



Collider Signals in the Bispectrum

30

Spin-2 Template

Oscillations in the squeezed limit (massive scalar exchange)

Angular dependence from spinning exchange



Collider Signals in the Bispectrum

31

Oscillations in the squeezed limit (massive scalar exchange)


Angular dependence from spinning exchange


New pheno from nontrivial sound speeds

Collider signals outside of squeezed limit.For a special case                 :<latexit sha1_base64="J2MaTjwOUpy8KzW3CygEsBnd8qM=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0mkqMeiF48V7Ac0IWy223bp7ibsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5ccqZNp737ZQ2Nre2d8q7lb39g8Mj9/ikrZNMEdoiCU9UN8aaciZpyzDDaTdVFIuY0048vp/7nQlVmiXyyUxTGgo8lGzACDZWilyXRIFmQ4FRwDkikY7cqlfzFkDrxC9IFQo0I/cr6CckE1QawrHWPd9LTZhjZRjhdFYJMk1TTMZ4SHuWSiyoDvPF5TN0YZU+GiTKljRoof6eyLHQeipi2ymwGelVby7+5/UyM7gNcybTzFBJlosGGUcmQfMYUJ8pSgyfWoKJYvZWREZYYWJsWBUbgr/68jppX9X861r9sV5t3BVxlOEMzuESfLiBBjxAE1pAYALP8ApvTu68OO/Ox7K15BQzp/AHzucP3hyTLA==</latexit>

c� ⌧ cs

The Equilateral Collider Shape

<latexit sha1_base64="QnzO97sOeG26UeL1jBrun13fCfs=">AAAB+nicbVBNSwMxEJ2tX7V+bfXoJVgET2VXRL0IRS8eK9gPaJclm2bb0CS7JFml1P4ULx4U8eov8ea/MW33oK0PBh7vzTAzL0o508bzvp3Cyura+kZxs7S1vbO755b3mzrJFKENkvBEtSOsKWeSNgwznLZTRbGIOG1Fw5up33qgSrNE3ptRSgOB+5LFjGBjpdAtk1CjK+R7iIRdzfoCh27Fq3ozoGXi56QCOeqh+9XtJSQTVBrCsdYd30tNMMbKMMLppNTNNE0xGeI+7VgqsaA6GM9On6Bjq/RQnChb0qCZ+ntijIXWIxHZToHNQC96U/E/r5OZ+DIYM5lmhkoyXxRnHJkETXNAPaYoMXxkCSaK2VsRGWCFibFplWwI/uLLy6R5WvXPq2d3Z5XadR5HEQ7hCE7AhwuowS3UoQEEHuEZXuHNeXJenHfnY95acPKZA/gD5/MHSxWSwA==</latexit>

cs = 10c�
<latexit sha1_base64="j1GHUle5RXhwHYBUmN/qpDQSJ2o=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KUol6EohePFewHtCFstpt26WYTdjdKif0pXjwo4tVf4s1/47bNQVsfDDzem2FmXpBwprTjfFuFtfWNza3idmlnd2//wC4ftlWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9mfueBSsVica8nCfUiPBQsZARrI/l2mfgKXaGag4jfV2wYYd+uOFVnDrRK3JxUIEfTt7/6g5ikERWacKxUz3US7WVYakY4nZb6qaIJJmM8pD1DBY6o8rL56VN0apQBCmNpSmg0V39PZDhSahIFpjPCeqSWvZn4n9dLdXjpZUwkqaaCLBaFKUc6RrMc0IBJSjSfGIKJZOZWREZYYqJNWiUTgrv88ipp16ruebV+V680rvM4inAMJ3AGLlxAA26hCS0g8AjP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/TKOSwQ==</latexit>

cs = 20c�



Searching for Cosmological Collider  
in the Planck CMB data

Sohn, DGW, Fergusson, Shellard

arXiv:2404.07302



The First Observational Test of Collider Signals

33

Oscillations in the squeezed limit — massive scalar exchange

maximum 
significance <latexit sha1_base64="U9X0Y3gUQK6BCoLQOkP8YR6LaOE=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwFZK2qJtC0Y3LCvYBTSiT6aQdOpOEmYlQQrt046+4caGIW//AnX/jpM1CWw9cOJxzL/fe48eMSmXb30ZhbX1jc6u4XdrZ3ds/MA+P2jJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9LxxzeZ33kgQtIovFeTmHgcDUMaUIyUlvomdCUdcgTrsGJVZ6krOAwiMZ1Blyf1iuVU+2bZtuw54CpxclIGOZp988sdRDjhJFSYISl7jh0rL0VCUczItOQmksQIj9GQ9DQNESfSS+efTOGZVgbZBbpCBefq74kUcSkn3NedHKmRXPYy8T+vl6jgyktpGCeKhHixKEgYVBHMYoEDKghWbKIJwoLqWyEeIYGw0uGVdAjO8surpK3zurBqd7Vy4zqPowhOwCk4Bw64BA1wC5qgBTB4BM/gFbwZT8aL8W58LFoLRj5zDP7A+PwBpZuYZg==</latexit>

� = 2.3 for µ = 2.13

<latexit sha1_base64="DDJQ0J/XGb75VWV59LzvCaUZp/E=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwY0mk+FgIRTcuRCrYBzQhTKaTdujMJMxMhBqKv+LGhSJu/Q93/o3TNgttPXDhcM693HtPmDCqtON8W3PzC4tLy4WV4ura+samvbXdUHEqManjmMWyFSJFGBWkrqlmpJVIgnjISDPsX4385gORisbiXg8S4nPUFTSiGGkjBfZuFGSe5PD2ZnhxdO56CYcVJ7BLTtkZA84SNyclkKMW2F9eJ8YpJ0JjhpRqu06i/QxJTTEjw6KXKpIg3Edd0jZUIE6Un42vH8IDo3RgFEtTQsOx+nsiQ1ypAQ9NJ0e6p6a9kfif1051dOZnVCSpJgJPFkUpgzqGoyhgh0qCNRsYgrCk5laIe0girE1gRROCO/3yLGkcl92TcuWuUqpe5nEUwB7YB4fABaegCq5BDdQBBo/gGbyCN+vJerHerY9J65yVz+yAP7A+fwAp7pO/</latexit>

fNL = �91± 40

(adjusted significance                   )
<latexit sha1_base64="O1foVP9slxO8sAF+BV56nScGrDA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEtBeh6MVjBfsBaSib7aZdupsNuxOhhP4MLx4U8eqv8ea/cdvmoK0PBh7vzTAzL0oFN+B5305pbX1jc6u8XdnZ3ds/qB4etY3KNGUtqoTS3YgYJnjCWsBBsG6qGZGRYJ1ofDfzO09MG66SR5ikLJRkmPCYUwJWCnqGDyXBN75b71drnuvNgVeJX5AaKtDsV796A0UzyRKgghgT+F4KYU40cCrYtNLLDEsJHZMhCyxNiGQmzOcnT/GZVQY4VtpWAniu/p7IiTRmIiPbKQmMzLI3E//zggziepjzJM2AJXSxKM4EBoVn/+MB14yCmFhCqOb2VkxHRBMKNqWKDcFffnmVtC9c/8q9fLisNW6LOMroBJ2ic+Sja9RA96iJWogihZ7RK3pzwHlx3p2PRWvJKWaO0R84nz/X3ZBS</latexit>

� = 1.8

For comparison:

Planck constraint on the 
orthogonal shape

<latexit sha1_base64="30nRHLa1Pwq4NcN8oHpoa+/UBPo="></latexit>

fortho
NL = �38± 24

� = 1.34

We have improved the constraints. 
Stay Tuned! 

Suman, DGW, Sohn, Fergusson, Shellard

2508.xxxxx



Bootstrapped, and Tested in Real Data!

34Dong-Gang Wang                      University of Cambridge       



The Field-Theoretic Wavefunction

Scattering Amplitudes in de Sitter



The Wave Function of the Universe

36

Wheeler, De Witt 
Hartle, Hawking 

Vilenkin 
…

Initial State 
|Ω⟩

|hij, ϕ(x)⟩

extensively studied in quantum cosmology, no-boundary proposal, 
Euclidean quantum gravity, holography, etc.



Field-Theoretic Wavefunction ( )GN → 0

37

Quantum field theory in a fixed spacetime background
<latexit sha1_base64="bpLmVJdUUVd/F2k7EKL6s+z95ic="></latexit>

ds2 = gµ⌫dx
µdx⌫ =

�d⌘2 + dx2

H2⌘2

in

in

out

out

Wavefunction Coefficients

Free Interaction



Field-Theoretic Wavefunction: perturbation theory

38

Classical Way:

Saddle-point approximation


On-shell condition

<latexit sha1_base64="wG36qwi5PX2ACxB4A4Xol06OBMc=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0t6rHoxWMF+wHtUrJpto3NJkuSFcrS/+DFgyJe/T/e/Dem7R609cHA470ZZuaFieDGet43WlldW9/YLGwVt3d29/ZLB4dNo1JNWYMqoXQ7JIYJLlnDcitYO9GMxKFgrXB0O/VbT0wbruSDHScsiMlA8ohTYp3U7CaG9y56pbJX8WbAy8TPSRly1Hulr25f0TRm0lJBjOn4XmKDjGjLqWCTYjc1LCF0RAas46gkMTNBNrt2gk+d0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquhD8xZeXSfO84l9WqvfVcu0mj6MAx3ACZ+DDFdTgDurQAAqP8Ayv8IYUekHv6GPeuoLymSP4A/T5A1IJjvk=</latexit>

 3
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All the tree-level wavefunction coefficients:

bulk-to-boundary

bulk-to-bulk



Field-Theoretic Wavefunction: perturbation theory
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Quantum Way:

Functional Quantization


Propagators

Both tree-level & loop-level wavefunction coefficients:

quantum 
wavefunction 
coefficients
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Cespedes, Davis, DGW  2023 



From Wavefunction to Correlators
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Born rule:

Tree-level examples:

Analogy to Flat Spacetime

Wavefunction Coefficients Scattering Amplitudes

Cosmological Correlators Cross Section

+..



A simpler object to look at..
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dS/CFT


   (3d Euclidean CFT Correlators) 

Unitarity: Cosmological Optical Theorem & Cutting Rules


Kinematic Flow / Differential Equation


Parity: Cosmological Reality & CPT Theorem


Infrared Divergences in de Sitter

ψn ↔ ⟨𝒪Δ1
. . . 𝒪Δn

⟩

Maldacena 2002 
Harlow, Stanford 2011

Goodhew, Jazayeri, Pajer 2020 
Melville, Pajer 2021

Goodhew, Thavengsan, Wall 2024 
Stefanyszyn, Tong, Zhu 2023, 2024

Gorbenko, Senatore 2019 
Cespedes, Davis, DGW  2023

Arkani-Hamed, Baumann, Joyce, Lee, Pimentel 2023



IR Divergences in de Sitter Space
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massless modes freeze after horizon-exit  


cumulative interactions  =>  logarithmic secular growth


Case study: massless  interaction in perturbation theoryΦ3
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Are they really divergent? Do we need to worry about higher loops? 
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IR Divergences & the Wavefunction of the Universe
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Stochastic Formalism
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Fokker-Planck eq. 

non-perturbative 

equilibrium behaviour

Cosmological Bootstrap
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Cespedes, Davis, DGW  2023 
Cespedes, DGW, Phys. Rep. 202x
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From Wavefunction to Correlators: One-Loop Example for g
3! Φ3
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Loops

Classical Loops: leading IR logs in correlators



IR Loops: Wavefunction is IR safe
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Gorbenko, Senatore 2019

only secular divergence from time integrals,  
no IR divergences from loop integrals

L-loop n-point wavefunction coefficient:

Bulk-to-bulk propagator at IR:

Momentum integration from loops:



Classical Loops: leading IR logs in correlators
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IR-divergent correlators are always dominated by Classical loops

IR divergence Superhorizon 
physics

Semi-classical 
effect

L-loop n-point correlator (with V vertices):

in agreement with 
Baumgart, Sundrum 2019 



A tempting thought
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saddle-point approx. Fokker-Planck equation
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First, screen out the short wavelength modes:

Then, let’s check the perturbative regime of , where the equilibrium has not 
been reached.

λϕ4

controllable playground to explicitly 
match two computations 

could be interesting for pheno
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Correlators from stochastic formalism
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a set of diff. eqs. 
that can be solved 
perturbatively 

Free theory one-loop two-loop ……

Gaussian 
variance

classical loops from tree-level 
wavefunction coefficients

quantum loops 
are absent
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<latexit sha1_base64="b4EsnIBEfycSD0ZplrZuU3UU+Yg=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWcNtCu5Rsmm1Ds8mSZIWytH/BiwdFvPqDvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dtfWNza7uwU9zd2z84LB0dN7VMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDfzW09UaSbFoxknNIjxQLCIEWys5Fem0+lFr1R2q+4caJV4OSlDjkav9NXtS5LGVBjCsdYdz01MkGFlGOF0UuymmiaYjPCAdiwVOKY6yObHTtC5VfooksqWMGiu/p7IcKz1OA5tZ4zNUC97M/E/r5Oa6CbImEhSQwVZLIpSjoxEs89RnylKDB9bgoli9lZEhlhhYmw+RRuCt/zyKmleVr2rau2hVq7f5nEU4BTOoAIeXEMd7qEBPhBg8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gCCUI6A</latexit>

( )
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Coarse-grained probability distribution

<latexit sha1_base64="GexiylffZSJ4qUQVTEl8YcOnDts=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQN2VGirosunEhWME+oDMMmUzahiaZIckoZeynuHGhiFu/xJ1/Y9rOQlsPBA7n3MO9OWHCqNKO820VVlbX1jeKm6Wt7Z3dPbu831ZxKjFp4ZjFshsiRRgVpKWpZqSbSIJ4yEgnHF1N/c4DkYrG4l6PE+JzNBC0TzHSRgrssnfLyQAF3o3JRKg6OgnsilNzZoDLxM1JBeRoBvaXF8U45URozJBSPddJtJ8hqSlmZFLyUkUShEdoQHqGCsSJ8rPZ6RN4bJQI9mNpntBwpv5OZIgrNeahmeRID9WiNxX/83qp7l/4GRVJqonA80X9lEEdw2kPMKKSYM3GhiAsqbkV4iGSCGvTVsmU4C5+eZm0T2vuWa1+V680LvM6iuAQHIEqcME5aIBr0AQtgMEjeAav4M16sl6sd+tjPlqw8swB+APr8wdA6JNb</latexit>

⌦⇤(k)

<latexit sha1_base64="22ayNhSfxXcShAAyfExNzJXubLY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f1XOM+A==</latexit>

k

<latexit sha1_base64="3D5tum1SPU1apZ4EhV2OGqrfSGE=">AAAB8XicbVDLSsNAFL3xWeur6tJNsAh1UxIp6rLoxoWLCvaBbSiTyaQdOpmEmRuhhP6FGxeKuPVv3Pk3TtsstPXAwOGcc5l7j58IrtFxvq2V1bX1jc3CVnF7Z3dvv3Rw2NJxqihr0ljEquMTzQSXrIkcBeskipHIF6ztj26mfvuJKc1j+YDjhHkRGUgeckrQSI+9OxMNSAXP+qWyU3VmsJeJm5My5Gj0S1+9IKZpxCRSQbTuuk6CXkYUcirYpNhLNUsIHZEB6xoqScS0l802ntinRgnsMFbmSbRn6u+JjERajyPfJCOCQ73oTcX/vG6K4ZWXcZmkyCSdfxSmwsbYnp5vB1wximJsCKGKm11tOiSKUDQlFU0J7uLJy6R1XnUvqrX7Wrl+nddRgGM4gQq4cAl1uIUGNIGChGd4hTdLWy/Wu/Uxj65Y+cwR/IH1+QOwp5BJ</latexit>

⇤(t)

window 
functionfree part

interacting 
part

Schrodinger Eq.

drift term

RG flow?

?

Cespedes, Davis, DGW 2023 



Fokker-Planck = Schrodinger + Polchinski
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The probability conservation should be unaffected by varying the artificial cutoff

Polchinski’s equation of Exact RG (modified version for semi-classical wavefunction)

diffusion 
term

Fokker-Planck 
equation

diffusion: RG flowdrift: time flow

Cespedes, Davis, DGW 2023 



Bridge the Gap!
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A lot to be done. 
We just get started…

New theoretical 
methods

High Energy  
Physics

Primordial 
Cosmology

‣ scattering 
amplitudes 

‣ holography 
‣ CFT 
‣ positivity 
‣ Non-pert. QFT 
‣ strings 
‣ …

‣ Physics of Inflation 
‣Observational tests of 

new physics

‣ Bootstrap 
‣Wavefunctional


