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Based on work with 



Cosmological structures are not distributed randomly, but are correlated 
over very large distances:

Correlations

in galaxies

Correlations

in the CMB

Correlations on 

reheating surface

??
The correlations can be traced back to the beginning of the hot Big Bang.



?

t = 0
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If inflation is correct, then the reheating surface is the future boundary 
of an approximate de Sitter spacetime:

Can we bootstrap these boundary correlators directly?

• Conceptual advantage: focus directly on observables.

• Practical advantage: simplify calculations.

end of inflation

hot big bang



The bootstrap perspective has been very influential for scattering 
amplitudes:

?

In that case, the rules of quantum mechanics and relativity are very 
constraining.



?

Does a similar rigidity exist for cosmological correlators?

Goal: Develop an understanding of cosmological correlators that 
parallels our understanding of flat-space scattering amplitudes.



The connection to scattering amplitudes is also relevant because the 
early universe was like a giant cosmological collider:

Chen and Wang [2009]
DB and Green [2011]

Noumi, Yamaguchi and  Yokoyama [2013] 
Arkani-Hamed and Maldacena [2015]

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

particle 
creation

particle 
decay

time

space

During inflation, the rapid expansion can produce very massive 
particles (～1014 GeV) whose decays lead to nontrivial correlations.



10 billion yrs

<< 1 sec

Goal: Develop a systematic way to predict these signals.

At late times, these correlations would leave an imprint in the distribution 
of galaxies.
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Basics of the 
BootstrapI.



S-matrix Bootstrap

The fundamental observables in particle physics are scattering amplitudes:

S
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Recently, there has be enormous progress in bypassing Feynman diagram 
expansions to write down on-shell amplitudes directly. [see Yu-tin’s book]

 

+
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S-matrix Bootstrap

Much of the physics of scattering amplitudes is controlled by singularities:

• Amplitudes factorize when intermediate particles go on-shell (     unitarity).


• Consistent factorization is very constraining for massless spinning particles:

p2I ! m2
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fixed by Lorentz

and locality

Benincasa and Cachazo [2007]

McGady and Rodina [2010]

spin 2 = GR spin 1 = YM 



Cosmological Correlations

The fundamental observables in cosmology are correlation functions:

Much of the physics of these correlators is also controlled by singularities.

�(t, x)
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Total Energy Singularity

Every correlator has a singularity at vanishing total energy:

• This singularity arises because energy is not conserved in cosmology.

• The residue of the singularity is the corresponding amplitude.

Raju [2012]

Maldacena and Pimentel [2011]

F ⌘
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• This factorisation limit is an important constraint on physical correlators.

• It encodes the signature of new particles.

AL ⇥ FR

Eq
L

+ · · ·
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Partial Energy Singularities

Exchange diagrams lead to additional singularities:

lim
EL!0
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EL = k1 + k2 + kI

<latexit sha1_base64="XCujZacEWfWyhQ7UldjnaYDXd8E=">AAAB+nicbVDLSgNBEOyNrxhfGz16GQyCIITdEFEEISCCgocI5gHJssxOJsmwsw9mZpWw5lO8eFDEq1/izb9xkuxBEwsaiqpuuru8mDOpLOvbyC0tr6yu5dcLG5tb2ztmcbcpo0QQ2iARj0Tbw5JyFtKGYorTdiwoDjxOW55/OfFbD1RIFoX3ahRTJ8CDkPUZwUpLrlm8cm/RBfJd+9h3K7puXLNkla0p0CKxM1KCDHXX/Or2IpIENFSEYyk7thUrJ8VCMcLpuNBNJI0x8fGAdjQNcUClk05PH6NDrfRQPxK6QoWm6u+JFAdSjgJPdwZYDeW8NxH/8zqJ6p85KQvjRNGQzBb1E45UhCY5oB4TlCg+0gQTwfStiAyxwETptAo6BHv+5UXSrJTtavnkrlqqnWdx5GEfDuAIbDiFGlxDHRpA4BGe4RXejCfjxXg3PmatOSOb2YM/MD5/AGPwkiI=</latexit>

kI

<latexit sha1_base64="P6U8U2/h3ceok4mNKhUUPGWEJ5o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUTwVvOitov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9DDq3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDHHKNqw==</latexit>

k1

<latexit sha1_base64="y0KOUiXiwGB4tr9NAd7ODtZGCVM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkongqePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+O+1y9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1UfVq1cv7WqV+k8dRhBM4hXPw4ArqcAcNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/4A42T</latexit>

k2

<latexit sha1_base64="p7np5j49iMhnWHB8MA2/v9OyNI8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRfFU8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00v24X+uXK27VnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEratapXr17c1SuN6zyOIpzAKZyDB5fQgFtoQgsYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4A+YeNlA==</latexit>

=

<latexit sha1_base64="rgA1W1K6Rq650giRUon9qw7KlBM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9KwIvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUL+uVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44xjMU=</latexit>

Arkani-Hamed, Benincasa and Postnikov [2017]

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



Folded Singularities

Vacuum initial conditions demand regularity in the folded limit:

regular

Flauger, Green and Porto [2013]

Arkani-Hamed and Maldacena [2015]

Green and Porto [2020]

• The absence of folded singularities is a nontrivial constraint.

• It encodes the quantum origin of the correlations.

kI

<latexit sha1_base64="P6U8U2/h3ceok4mNKhUUPGWEJ5o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUTwVvOitov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Gbqt564NiJWjzhOuB/RgRKhYBSt9DDq3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDHHKNqw==</latexit>

k1

<latexit sha1_base64="y0KOUiXiwGB4tr9NAd7ODtZGCVM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkongqePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD+O+1y9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1UfVq1cv7WqV+k8dRhBM4hXPw4ArqcAcNaAKDITzDK7w5wnlx3p2PRWvByWeO4Q+czx/4A42T</latexit>

k2

<latexit sha1_base64="p7np5j49iMhnWHB8MA2/v9OyNI8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRfFU8OKxoq2FNpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00v24X+uXK27VnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEratapXr17c1SuN6zyOIpzAKZyDB5fQgFtoQgsYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4A+YeNlA==</latexit>

lim
k12!kI

<latexit sha1_base64="SK/P1nK0S4+1M5/xbljYumYzs+8=">AAAB/nicdVDLSsNAFJ3UV62vqrhyM1gEVyGpbdNupOBGdxXsA9oSJtNJO2QmCTMToYSAv+LGhSJu/Q53/o3Th6CiBy4czrmXe+/xYkalsqwPI7eyura+kd8sbG3v7O4V9w86MkoEJm0csUj0PCQJoyFpK6oY6cWCIO4x0vWCy5nfvSNC0ii8VdOYDDkah9SnGCktucWjAaPcTQM3tcsZHKgIBu515hZLlumUG1a9Ci3TqjUc25mRc6dWa0DbtOYogSVabvF9MIpwwkmoMENS9m0rVsMUCUUxI1lhkEgSIxygMelrGiJO5DCdn5/BU62MoB8JXaGCc/X7RIq4lFPu6U6O1ET+9mbiX14/UX59mNIwThQJ8WKRnzCov5xlAUdUEKzYVBOEBdW3QjxBAmGlEyvoEL4+hf+TTtm0K2b1plJqXizjyINjcALOgA0c0ARXoAXaAIMUPIAn8GzcG4/Gi/G6aM0Zy5lD8APG2ycDJ5WJ</latexit>

~k1

<latexit sha1_base64="7D0LkWUFm1z8hR8cIDrQXOuE4UY=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0xtO62rghuXFexD2qFk0kwbmmSGJFMoQ7/CjQtF3Po57vwbM20FFT1w4XDOvdx7TxAzqrTjfFhr6xubW9u5nfzu3v7BYeHouK2iRGLSwhGLZDdAijAqSEtTzUg3lgTxgJFOMLnO/M6USEUjcadnMfE5GgkaUoy0ke77U4LTyXzgDgpFx/ZKdadWgY7tVOue62Xk0qtW69C1nQWKYIXmoPDeH0Y44URozJBSPdeJtZ8iqSlmZJ7vJ4rECE/QiPQMFYgT5aeLg+fw3ChDGEbSlNBwoX6fSBFXasYD08mRHqvfXib+5fUSHdb8lIo40UTg5aIwYVBHMPseDqkkWLOZIQhLam6FeIwkwtpklDchfH0K/yftku2W7cptudi4WsWRA6fgDFwAF3igAW5AE7QABhw8gCfwbEnr0XqxXpeta9Zq5gT8gPX2CU3ukL0=</latexit>

~k2

<latexit sha1_base64="k8fEOJEHKUcLVIzJ9ZHg0LO97Ws=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXw0xtO62rghuXFexD2qFk0kwbmmSGJFMoQ7/CjQtF3Po57vwbM20FFT1w4XDOvdx7TxAzqrTjfFhr6xubW9u5nfzu3v7BYeHouK2iRGLSwhGLZDdAijAqSEtTzUg3lgTxgJFOMLnO/M6USEUjcadnMfE5GgkaUoy0ke77U4LTyXxQGhSKju2V6k6tAh3bqdY918vIpVet1qFrOwsUwQrNQeG9P4xwwonQmCGleq4Taz9FUlPMyDzfTxSJEZ6gEekZKhAnyk8XB8/huVGGMIykKaHhQv0+kSKu1IwHppMjPVa/vUz8y+slOqz5KRVxoonAy0VhwqCOYPY9HFJJsGYzQxCW1NwK8RhJhLXJKG9C+PoU/k/aJdst25XbcrFxtYojB07BGbgALvBAA9yAJmgBDDh4AE/g2ZLWo/VivS5b16zVzAn4AevtE09ykL4=</latexit>

=

<latexit sha1_base64="rgA1W1K6Rq650giRUon9qw7KlBM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9KwIvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUL+uVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44xjMU=</latexit>

=

<latexit sha1_base64="rgA1W1K6Rq650giRUon9qw7KlBM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRC9KwIvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUL+uVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP44xjMU=</latexit>



Bootstrapping Correlators

Use these energy singularities as an input (not an output):

• Three-point correlators are fixed by the total energy singularity:

F3 =

<latexit sha1_base64="+2c1iEmDkGrloTwHmDiNHfAC7lo=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4KGVXK3pRCoJ4rGA/pLuUbJq2oUl2SbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvDDmTBvX/XaWlldW19ZzG/nNre2d3cLefkNHiSK0TiIeqVaINeVM0rphhtNWrCgWIafNcHgz8ZtPVGkWyQczimkgcF+yHiPYWOnxtnPml678EuoUim7ZnQItEi8jRchQ6xS+/G5EEkGlIRxr3fbc2AQpVoYRTsd5P9E0xmSI+7RtqcSC6iCdHjxGx1bpol6kbEmDpurviRQLrUcitJ0Cm4Ge9ybif147Mb3LIGUyTgyVZLaol3BkIjT5HnWZosTwkSWYKGZvRWSAFSbGZpS3IXjzLy+SxmnZq5TP7yvF6nUWRw4O4QhOwIMLqMId1KAOBAQ8wyu8Ocp5cd6dj1nrkpPNHMAfOJ8/0/ePHQ==</latexit>

=
A3

Ep

<latexit sha1_base64="Hdb5ToW1dRxh/9ut0cAx4oAyYHM=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF6UkWtGNUhHBZQX7gCaGyXTSDp1MwsxEKCHgr7hxoYhbv8Odf+O0zUJbD1w4nHMv997jx4xKZVnfRmFhcWl5pbhaWlvf2Nwyt3daMkoEJk0csUh0fCQJo5w0FVWMdGJBUOgz0vaH12O//UiEpBG/V6OYuCHqcxpQjJSWPHPPqVw4FegEAuH0yjvJ0puHOPPMslW1JoDzxM5JGeRoeOaX04twEhKuMENSdm0rVm6KhKKYkazkJJLECA9Rn3Q15Sgk0k0n52fwUCs9GERCF1dwov6eSFEo5Sj0dWeI1EDOemPxP6+bqODcTSmPE0U4ni4KEgZVBMdZwB4VBCs20gRhQfWtEA+QTkLpxEo6BHv25XnSOq7aterpXa1cv8zjKIJ9cACOgA3OQB3cggZoAgxS8AxewZvxZLwY78bHtLVg5DO74A+Mzx/FRZS8</latexit>

• Symmetries are encoded in A3

<latexit sha1_base64="LCt7wEifjVSYrT+v4lsTTZAOCwA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqRE8S8eIxonlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqd+8wmV5pF8NOMY/ZAOJO9zRo2VHm66591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7lfLFfaVUvc7iyMMRHMMpeHAJVbiDGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPvEONbw==</latexit>

:

A3

<latexit sha1_base64="LCt7wEifjVSYrT+v4lsTTZAOCwA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqRE8S8eIxonlAsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqd+8wmV5pF8NOMY/ZAOJO9zRo2VHm66591iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSOCt7lfLFfaVUvc7iyMMRHMMpeHAJVbiDGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPvEONbw==</latexit>

Lorentz invariance of de Sitter invariance of F3

<latexit sha1_base64="KNPXiUPxNoV6zrtfJ4oSJKD5kWE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexqRE8SEMRjRPOAZAmzk04yZHZ2mZkVwpJP8OJBEa9+kTf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95hMqzSP5aMYx+iEdSN7njBorPdx2z7vFklt2ZyDLxMtICTLUusWvTi9iSYjSMEG1bntubPyUKsOZwEmhk2iMKRvRAbYtlTRE7aezUyfkxCo90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf0rP+UyTgxKNl/UTwQxEZn+TXpcITNibAllittbCRtSRZmx6RRsCN7iy8ukcVb2KuWL+0qpep3FkYcjOIZT8OASqnAHNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8fw+GNdA==</latexit>

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



Bootstrapping Correlators

Use these energy singularities as an input:

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

• In simple examples, higher-point correlators are fixed by their partial 
energy singularities (and the absence of folded singularities).

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



Time Without Time

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

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

⇥
(p2 � 1)@2

p + 2p@p �M2
⇤
F4 = C4

<latexit sha1_base64="BFagGS7F12spjKp1enhxT2vYBz4="></latexit>

p ⌘ kI/(k1 + k2)

<latexit sha1_base64="PKD6f3Byo6UbIuORLuSkwsDCGLc=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJNSkVXUnCjuwr2AW0Ik+mkHTKZxJlJocQu/BU3LhRx62+482+ctllo64ELh3Pu5d57vJhRqSzr28gtLa+sruXXCxubW9s75u5eU0aJwKSBIxaJtockYZSThqKKkXYsCAo9RlpecD3xW0MiJI34vRrFxAlRn1OfYqS05JoHMeySh4QOYeDenpUC1z4N3MqJaxatsjUFXCR2RoogQ901v7q9CCch4QozJGXHtmLlpEgoihkZF7qJJDHCAeqTjqYchUQ66fT+MTzWSg/6kdDFFZyqvydSFEo5Cj3dGSI1kPPeRPzP6yTKv3RSyuNEEY5ni/yEQRXBSRiwRwXBio00QVhQfSvEAyQQVjqygg7Bnn95kTQrZbtaPr+rFmtXWRx5cAiOQAnY4ALUwA2ogwbA4BE8g1fwZjwZL8a78TFrzRnZzD74A+PzB34elHY=</latexit>

This implies a differential equation connecting the partial energy singularities:

k1

<latexit sha1_base64="QCObUMaBTDuTw2Xmd509aI79T9g=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kooVFwMYyovmA5Ah7m7lkyd7esbsnhCM/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e3Mbz+h0jyWj2aSoB/RoeQhZ9RY6WHc9/rlilt15yCrxMtJBXI0+uWv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzU6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDaz7hMUoOSLRaFqSAmJrO/yYArZEZMLKFMcXsrYSOqKDM2nZINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD+J2NlQ==</latexit>
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Time Without Time

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

exchange operator:
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contact interaction:
determined by the total energy singularitykills the partial energy singularity
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Time Without Time

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

exchange operator:
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Arkani-Hamed, DB, Lee and Pimentel [2018]
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⇤
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contact interaction:
determined by the total energy singularitykills the partial energy singularity

The solutions to the differential equation are specified by

• Imposing the correct total energy singularity.

• Imposing the correct partial energy singularities.

• Requiring the absence of folded singularities.



Exchange Solutions

There are distinct solutions for distinct microscopic processes during 
inflation (different masses and spin for internal and external particles):

Remarkably, all solutions can be reduced to a unique building block.

M,S = 0

= Dn

weight-shifting

operators

m =
p
2H

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



Seed Solution

Given the allowed singularities, the seed function has a unique solution:

= EFT
particle 


production

• The particle production piece is forced on us by the factorization limit. 

• It dominates in the collapsed limit.

kI
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Cosmological Collider Physics
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The oscillatory feature is the analog of resonances in collider physics:

Arkani-Hamed and Maldacena [2015]



A =
g2

s�M2
PS(cos ✓)

The angular dependence of the signal depends on the spin of the particles.

This is very similar to what 
we do in collider physics:

Particle Spectroscopy

✓
kI / sin[M log kI ]PS(cos ✓)

The frequency of the oscillations depends on the mass of the particles:



Observational Prospects

SphereX

The next generation of galaxy surveys will be sensitive to these signals 
from the early universe.



Spinning 
CorrelatorsII.



So far, we have discussed scalar correlators.

Now, we would like to extend the bootstrap to spinning 
correlators, especially to massless fields with spin.

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

DB, Duaso Pueyo, Joyce, Lee and Pimentel [2019]

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



Massless Particles in Inflation

Spin-0 Spin-2

• Fluctuations of all massless fields are amplified during inflation.

• Every inflationary model has two massless modes:

• Not much is known about tensor correlators beyond 3pt functions.

• Direct computations of spinning correlators are very complicated.

• Bootstrap methods are a necessity, not a luxury.

�
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Inflaton Graviton
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Spinning Correlators

The three-point functions of spinning fields can be constructed directly 
from the corresponding amplitudes.

DB, Duaso Pueyo, Joyce, Lee and Pimentel [2020]
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spin-S amplitude total energy pole

In flat space, we have
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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 functions are constrained by consistent factorization.

For example, the s-channel of the gravitational Compton correlator is
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DB, Duaso Pueyo, Joyce, Lee and Pimentel [2020]
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Constraints from Unitarity

Goodhew, Jazayeri and Pajer [2020]

Melzer and Sivaramakrishnan [2020]

Cespedes, Davis and Melville [2020]

Unitarity in the bulk = factorization on the boundary:

F4(ki) + F ⇤
4 (�ki) = 2k2�I�3

I F̃L
3 ⌦ F̃R

3

<latexit sha1_base64="lIzqsiJEAglvQlS5E3uxiq0Q+p0="></latexit>

cosmological optical theorem

shifted correlator

DB, Chen, Joyce and others [2020]

• Unitarity requires consistent factorization away from the energy poles.

• This fixes the subleading singularities up to contact terms.

• Contact terms are fixed by the Ward-Takahashi identity.



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.
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III. Summary and 
Open Problems



Summary

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

• 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.



Open Problems

• The bootstrap is still performed 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?

?



 

Thank you for your attention!

NTU, Taiwan


