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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 is a collider 
experiment run at enormous energies.


Cosmological correlators are the scattering 
amplitudes of this experiment.
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Density Correlations
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Temperature Correlations
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Superhorizon Fluctuations
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How did fluctuations become correlated  
over superhorizon distances?

Planck Collaboration
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Inflation
time
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time
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Inflaton ?

?



Inflationary Microscopy
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axion

string excitation

Higgs

brane vibration

SUSY



Inflation as a Collider
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The early universe acts as a particle accelerator!

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



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

How — Higher-point functions!


The dynamics is encoded in those correlations.



17

Cosmological Correlators

Scattering amplitudes in the sky!
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How big is the signal?

non-perturbativegravitational

floor

110�7

ruled out by 
Planck

10�5 10�3

CMB

 LSS21 cm (?)

h���i
h��i3/2

<latexit sha1_base64="tsAhc5o9Fz/PdfgqWIcwC3bW6Fo=">AAACLnicbVDLSgMxFL3js9bXqEs3wSK4qjO1osuiCC4r2Ad0asmkmTY0kxmSjFCGfpEbf0UXgoq49TNM21nU1gMJh3Pu5d57/JgzpR3n3VpaXlldW89t5De3tnd27b39uooSSWiNRDySTR8rypmgNc00p81YUhz6nDb8wfXYbzxSqVgk7vUwpu0Q9wQLGMHaSB37xgskJqnHsehxiry4z2Y/OZFHi37mPKRnp6XRqGMXnKIzAVokbkYKkKHasV+9bkSSkApNOFaq5TqxbqdYakbMvLyXKBpjMsA92jJU4JCqdjo5d4SOjdJFQSTNExpN1NmOFIdKDUPfVIZY99W8Nxb/81qJDi7bKRNxoqkg00FBwpGO0Dg71GWSEs2HhmAimdkVkT42+WmTcN6E4M6fvEjqpaJbLp7flQuVqyyOHBzCEZyACxdQgVuoQg0IPMELfMCn9Wy9WV/W97R0ycp6DuAPrJ9fUEipUA==</latexit>

We need precise measurements

& precise theoretical predictions!



Take Away
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Fossils from the early universe 

can be used as a unique particle detector.


These particles produce cosmological correlators

which encode the dynamics of the early universe.
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Interlude
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Neither thermal, nor like flat space vacuum. 

I don’t know how to probe it experimentally…

Entanglement



Olena Shmahalo (Quanta magazine)

The Cosmological 
Bootstrap
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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.
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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)
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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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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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Time without Time
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Contact InteractionParticle Production
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Collapsed 
(particle production)
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Particle Production
In the collapsed limit, dependence in spatial momenta

is the same as time evolution of a harmonic oscillator

u
eiM�t
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General Result
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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>

ladder 
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>



Take Away

35

Small menu of cosmological correlators! Amazingly,

highly constrained by locality, unitarity and symmetry. 


The shapes are computed using new methods! 


This will have profound implications for understanding

fundamental physics and the universe at the earliest times.


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>



Emergent Time
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Time without Time
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>
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Time evolution emerges from 
static differential equations 

Hypothesis



Cosmology & Holography

39

In quantum gravity, boundary observables are well-defined.


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



= kt log kt
<latexit sha1_base64="J4Vcy+f2Gpo6k3XzgagUinWBLNY=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGA/oI1ls922SzebsDtRSuj/8OJBEa/+F2/+GzdtDtr6wsLDOzPM7BvEUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omSjTjDRbJSLcDargUijdQoOTtWHMaBpK3gvFNVm89cm1EpO5xEnM/pEMlBoJRtNbDFRn3kHRlNMygV664VXcmsgxeDhXIVe+Vv7r9iCUhV8gkNabjuTH6KdUomOTTUjcxPKZsTIe8Y1HRkBs/nV09JSfW6ZNBpO1TSGbu74mUhsZMwsB2hhRHZrGWmf/VOgkOLv1UqDhBrth80SCRBCOSRUD6QnOGcmKBMi3srYSNqKYMbVAlG4K3+OVlaJ5VPbfq3Z1Xatd5HEU4gmM4BQ8uoAa3UIcGMNDwDK/w5jw5L8678zFvLTj5zCH8kfP5A1LQkb0=</latexit><latexit sha1_base64="J4Vcy+f2Gpo6k3XzgagUinWBLNY=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGA/oI1ls922SzebsDtRSuj/8OJBEa/+F2/+GzdtDtr6wsLDOzPM7BvEUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omSjTjDRbJSLcDargUijdQoOTtWHMaBpK3gvFNVm89cm1EpO5xEnM/pEMlBoJRtNbDFRn3kHRlNMygV664VXcmsgxeDhXIVe+Vv7r9iCUhV8gkNabjuTH6KdUomOTTUjcxPKZsTIe8Y1HRkBs/nV09JSfW6ZNBpO1TSGbu74mUhsZMwsB2hhRHZrGWmf/VOgkOLv1UqDhBrth80SCRBCOSRUD6QnOGcmKBMi3srYSNqKYMbVAlG4K3+OVlaJ5VPbfq3Z1Xatd5HEU4gmM4BQ8uoAa3UIcGMNDwDK/w5jw5L8678zFvLTj5zCH8kfP5A1LQkb0=</latexit><latexit sha1_base64="J4Vcy+f2Gpo6k3XzgagUinWBLNY=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGA/oI1ls922SzebsDtRSuj/8OJBEa/+F2/+GzdtDtr6wsLDOzPM7BvEUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omSjTjDRbJSLcDargUijdQoOTtWHMaBpK3gvFNVm89cm1EpO5xEnM/pEMlBoJRtNbDFRn3kHRlNMygV664VXcmsgxeDhXIVe+Vv7r9iCUhV8gkNabjuTH6KdUomOTTUjcxPKZsTIe8Y1HRkBs/nV09JSfW6ZNBpO1TSGbu74mUhsZMwsB2hhRHZrGWmf/VOgkOLv1UqDhBrth80SCRBCOSRUD6QnOGcmKBMi3srYSNqKYMbVAlG4K3+OVlaJ5VPbfq3Z1Xatd5HEU4gmM4BQ8uoAa3UIcGMNDwDK/w5jw5L8678zFvLTj5zCH8kfP5A1LQkb0=</latexit><latexit sha1_base64="J4Vcy+f2Gpo6k3XzgagUinWBLNY=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfQiFL14rGA/oI1ls922SzebsDtRSuj/8OJBEa/+F2/+GzdtDtr6wsLDOzPM7BvEUhh03W+nsLK6tr5R3Cxtbe/s7pX3D5omSjTjDRbJSLcDargUijdQoOTtWHMaBpK3gvFNVm89cm1EpO5xEnM/pEMlBoJRtNbDFRn3kHRlNMygV664VXcmsgxeDhXIVe+Vv7r9iCUhV8gkNabjuTH6KdUomOTTUjcxPKZsTIe8Y1HRkBs/nV09JSfW6ZNBpO1TSGbu74mUhsZMwsB2hhRHZrGWmf/VOgkOLv1UqDhBrth80SCRBCOSRUD6QnOGcmKBMi3srYSNqKYMbVAlG4K3+OVlaJ5VPbfq3Z1Xatd5HEU4gmM4BQ8uoAa3UIcGMNDwDK/w5jw5L8678zFvLTj5zCH8kfP5A1LQkb0=</latexit>

The S-matrix is contained in the 

analytic structure of Cosmological Correlators!

Cosmology & Scattering

40

lim
E!0

<latexit sha1_base64="sFGOHPPZN1WtDme0fEiPzxCd/Zc=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LInisYD+gu5Rsmm1Dk+yaZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrW9sbhW3Szu7e/sH5cOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh6Hbmt8dUaRbLRzNJaCDwQLKIEWysFPiciV5255sYudNeueJW3TnQKvFyUoEcjV75y+/HJBVUGsKx1l3PTUyQYWUY4XRa8lNNE0xGeEC7lkosqA6y+dFTdGaVPopiZUsaNFd/T2RYaD0Roe0U2Az1sjcT//O6qYmug4zJJDVUksWiKOXI/jhLAPWZosTwiSWYKGZvRWSIFSbG5lSyIXjLL6+S1kXVq1UvH2qV+k0eRxFO4BTOwYMrqMM9NKAJBJ7gGV7hzRk7L86787FoLTj5zDH8gfP5A01/kc0=</latexit>

“Total Energy” 

1

E#

<latexit sha1_base64="Yx4LQFxn3f+q2w8tGFU4kGHUQOU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LAbBU0lE0WNRBI8V7Ac0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8y8IOFMacf5tkorq2vrG+XNytb2zu5edf+gpeJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1gfDP1249UKhaLBz1JqB/hoWAhI1gbqeeFEpPMzbPbnmfn/art1JwZ0DJxC2JDgUa/+uUNYpJGVGjCsVJd10m0n2GpGeE0r3ipogkmYzykXUMFjqjys9nVOToxygCFsTQlNJqpvycyHCk1iQLTGWE9UoveVPzP66Y6vPIzJpJUU0Hmi8KUIx2jaQRowCQlmk8MwUQycysiI2yC0CaoignBXXx5mbTOau557eL+3K5fF3GU4QiO4RRcuIQ63EEDmkBAwjO8wpv1ZL1Y79bHvLVkFTOH8AfW5w8kT5JJ</latexit>

<latexit sha1_base64="dDvRatKvZNOPix6TZdirMgsoBcY=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPQ8+YxOQW9OIxolkgGUJPpydp0rPQ3SOEIZ/gxYMiXv0ib/6NnUVQ0QcFj/eqqKrnJ4IrjfGHtbK6tr6xmdvKb+/s7u0XDg5bKk4lZU0ai1h2fKKY4BFraq4F6ySSkdAXrO2Pr2Z++55JxePoTk8S5oVkGPGAU6KNdNvpu/1CEdu1Gi45NYTtMsZutWIIPner5TJybDxHEZZo9AvvvUFM05BFmgqiVNfBifYyIjWngk3zvVSxhNAxGbKuoREJmfKy+alTdGqUAQpiaSrSaK5+n8hIqNQk9E1nSPRI/fZm4l9eN9VB1ct4lKSaRXSxKEgF0jGa/Y0GXDKqxcQQQiU3tyI6IpJQbdLJmxC+PkX/k5ZrOxW7dFMq1i+XceTgGE7gDBy4gDpcQwOaQGEID/AEz5awHq0X63XRumItZ47gB6y3T02ZjdY=</latexit>

X2
<latexit sha1_base64="VtzE6ZEvw9U82NwHEowOyJeJUJA=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgasiUVl0W3bisaB/QDiWTZtrQTGZIMkIp/QQ3LhRx6xe582/MtCOo6IGQwzn3cu89QSK4Nhh/OIWV1bX1jeJmaWt7Z3evvH/Q1nGqKGvRWMSqGxDNBJesZbgRrJsoRqJAsE4wucr8zj1TmsfyzkwT5kdkJHnIKTFWuu0OvEG5gt06tqgi7GZ/rY5ypY68hYJxBXI0B+X3/jCmacSkoYJo3fNwYvwZUYZTwealfqpZQuiEjFjPUkkipv3ZYtU5OrHKEIWxsk8atFC/d8xIpPU0CmxlRMxY//Yy8S+vl5rwwp9xmaSGSbocFKYCmRhld6MhV4waMbWEUMXtroiOiSLU2HRKNoSvS9H/pF11vTO3dlOrNC7zOIpwBMdwCh6cQwOuoQktoDCCB3iCZ0c4j86L87osLTh5zyH8gPP2CQNZjaM=</latexit>

X1
<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+
<latexit sha1_base64="6tEnpreKyHHrEdrVLcvAYu9BU4Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9CUASPEc0DkiXMTjrJkNnZZWZWCEs+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdDP1m0+oNI/koxnH6Id0IHmfM2qs9HBFbrvFklt2ZyDLxMtICTLUusWvTi9iSYjSMEG1bntubPyUKsOZwEmhk2iMKRvRAbYtlTRE7aezUyfkxCo90o+ULWnITP09kdJQ63EY2M6QmqFe9Kbif147Mf1LP+UyTgxKNl/UTwQxEZn+TXpcITNibAllittbCRtSRZmx6RRsCN7iy8ukcVb2zsuV+0qpep3FkYcjOIZT8OACqnAHNagDgwE8wyu8OcJ5cd6dj3lrzslmDuEPnM8fc0KNQw==</latexit>

= E



Kinematic Flow
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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>

<latexit sha1_base64="qC0qfI/yHI+ITxUj4KJhCViJFT0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPSUDbbTbt0sxt2J4VS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3ImKY4JI1kaNgnVQzkkSCtaPR/dxvj5k2XMknnKQsTMhA8phTglYKumOiWWq4ULJXrnhVbwF3nfg5qUCORq/81e0rmiVMIhXEmMD3UgynRCOngs1K3cywlNARGbDAUkkSZsLp4uSZe2GVvhsrbUuiu1B/T0xJYswkiWxnQnBoVr25+J8XZBjfhlMu0wyZpMtFcSZcVO78f7fPNaMoJpYQqrm91aVDoglFm1LJhuCvvrxOWldV/7pae6xV6nd5HEU4g3O4BB9uoA4P0IAmUFDwDK/w5qDz4rw7H8vWgpPPnMIfOJ8/vL2RkA==</latexit>"

<latexit sha1_base64="EwD0tz/PnVkcQhr70p0Ki0bTAZc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh07f65crbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHdz42J</latexit>

X1

<latexit sha1_base64="WJePRISR2/d2BKomVhi4F99FYic=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3Xf6tX654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/fU42K</latexit>

X2

<latexit sha1_base64="MraM+jpCPP4HGlcH2eQRu0HxPFE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptL/abhg2rNq3tz4FXiF6QGBZqD6ld/GNNUMmWpIMb0fC+xQUa05VSwWaWfGpYQOiEj1nNUEclMkM1vneEzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdPxYXgL7+8StoXdf+qfvlwWWvcFnGU4QRO4Rx8uIYG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH/ZejjM=</latexit>

 
<latexit sha1_base64="soymPTnW3CMo+0/1t4ca43xTqwE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkYeBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALorjOY=</latexit>

Y
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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>

<latexit sha1_base64="qC0qfI/yHI+ITxUj4KJhCViJFT0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPSUDbbTbt0sxt2J4VS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3ImKY4JI1kaNgnVQzkkSCtaPR/dxvj5k2XMknnKQsTMhA8phTglYKumOiWWq4ULJXrnhVbwF3nfg5qUCORq/81e0rmiVMIhXEmMD3UgynRCOngs1K3cywlNARGbDAUkkSZsLp4uSZe2GVvhsrbUuiu1B/T0xJYswkiWxnQnBoVr25+J8XZBjfhlMu0wyZpMtFcSZcVO78f7fPNaMoJpYQqrm91aVDoglFm1LJhuCvvrxOWldV/7pae6xV6nd5HEU4g3O4BB9uoA4P0IAmUFDwDK/w5qDz4rw7H8vWgpPPnMIfOJ8/vL2RkA==</latexit>"

<latexit sha1_base64="EwD0tz/PnVkcQhr70p0Ki0bTAZc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh07f65crbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHdz42J</latexit>

X1

<latexit sha1_base64="WJePRISR2/d2BKomVhi4F99FYic=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3Xf6tX654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/fU42K</latexit>

X2

<latexit sha1_base64="soymPTnW3CMo+0/1t4ca43xTqwE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkYeBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALorjOY=</latexit>

Y

<latexit sha1_base64="rb2z1y5uWPXQLZWrabOCMEEUjsQ=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUlE1GXRjcsK9gFNCJPppB06mYSZiVhCf8WNC0Xc+iPu/BsnbRbaeuDC4Zx7Z+49YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+7DeVUkmCe2QhCeyH2JFORO0o5nmtJ9KiuOQ0144uS383iOViiXiQU9T6sd4JFjECNZGCuy6l2KpGeZB3g/cmddWLLAbTtOZA60StyQNKNEO7C9vmJAspkITjpUauE6q/bx4l3A6q3mZoikmEzyiA0MFjqny8/nuM3RqlCGKEmlKaDRXf0/kOFZqGoemM8Z6rJa9QvzPG2Q6uvZzJtJMU0EWH0UZRzpBRRBoyCQlmk8NwUQysysiYywx0SaumgnBXT55lXTPm+5l8+L+otG6KeOowjGcwBm4cAUtuIM2dIDAEzzDK7xZM+vFerc+Fq0Vq5w5gj+wPn8AEbqUeA==</latexit>

@X1 
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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>

<latexit sha1_base64="qC0qfI/yHI+ITxUj4KJhCViJFT0=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPSUDbbTbt0sxt2J4VS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBXcoOd9O4WNza3tneJuaW//4PCofHzSMirTlDWpEkp3ImKY4JI1kaNgnVQzkkSCtaPR/dxvj5k2XMknnKQsTMhA8phTglYKumOiWWq4ULJXrnhVbwF3nfg5qUCORq/81e0rmiVMIhXEmMD3UgynRCOngs1K3cywlNARGbDAUkkSZsLp4uSZe2GVvhsrbUuiu1B/T0xJYswkiWxnQnBoVr25+J8XZBjfhlMu0wyZpMtFcSZcVO78f7fPNaMoJpYQqrm91aVDoglFm1LJhuCvvrxOWldV/7pae6xV6nd5HEU4g3O4BB9uoA4P0IAmUFDwDK/w5qDz4rw7H8vWgpPPnMIfOJ8/vL2RkA==</latexit>"

<latexit sha1_base64="EwD0tz/PnVkcQhr70p0Ki0bTAZc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh07f65crbtWdg6wSLycVyNHol796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUrOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb+8SloXVe+yWruvVeo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnRfn3flYtBacfOYY/sD5/AHdz42J</latexit>

X1

<latexit sha1_base64="WJePRISR2/d2BKomVhi4F99FYic=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY9FLx4r2lpoQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3Xf6tX654lbdOcgq8XJSgRzNfvmrN4hZGnGFTFJjup6boJ9RjYJJPi31UsMTysZ0yLuWKhpx42fzU6fkzCoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF75mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTplGwI3vLLq6Rdq3oX1fpdvdK4zuMowgmcwjl4cAkNuIUmtIDBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/fU42K</latexit>

X2

<latexit sha1_base64="soymPTnW3CMo+0/1t4ca43xTqwE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkYeBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALorjOY=</latexit>

Y

<latexit sha1_base64="g238g0JObb8cQ3lVdrZZPtAcTF8=">AAAB/XicbVDLSsNAFL2pr1pf8bFzEyyCq5KUoi6LblxWsA9oYphMJ+3QySTMTIQair/ixoUibv0Pd/6NkzYLbT1w4XDOvTP3niBhVCrb/jZKK6tr6xvlzcrW9s7unrl/0JFxKjBp45jFohcgSRjlpK2oYqSXCIKigJFuML7O/e4DEZLG/E5NEuJFaMhpSDFSWvLNIzdBQlHE7ut+1vOdqduS1Derds2ewVomTkGqUKDlm1/uIMZpRLjCDEnZd+xEeVn+MmZkWnFTSRKEx2hI+ppyFBHpZbPtp9apVgZWGAtdXFkz9fdEhiIpJ1GgOyOkRnLRy8X/vH6qwksvozxJFeF4/lGYMkvFVh6FNaCCYMUmmiAsqN7VwiMkEFY6sIoOwVk8eZl06jXnvNa4bVSbV0UcZTiGEzgDBy6gCTfQgjZgeIRneIU348l4Md6Nj3lryShmDuEPjM8fQuWVHA==</latexit>

@2
X1
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Future
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Observational Landscape

46Planck Collaboration

CMB 21cm LSS GW 
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non-perturbativegravitational

floor

110�7

ruled out by 
Planck

10�5 10�3

CMB

 LSS21 cm (?)

h���i
h��i3/2

<latexit sha1_base64="tsAhc5o9Fz/PdfgqWIcwC3bW6Fo=">AAACLnicbVDLSgMxFL3js9bXqEs3wSK4qjO1osuiCC4r2Ad0asmkmTY0kxmSjFCGfpEbf0UXgoq49TNM21nU1gMJh3Pu5d57/JgzpR3n3VpaXlldW89t5De3tnd27b39uooSSWiNRDySTR8rypmgNc00p81YUhz6nDb8wfXYbzxSqVgk7vUwpu0Q9wQLGMHaSB37xgskJqnHsehxiry4z2Y/OZFHi37mPKRnp6XRqGMXnKIzAVokbkYKkKHasV+9bkSSkApNOFaq5TqxbqdYakbMvLyXKBpjMsA92jJU4JCqdjo5d4SOjdJFQSTNExpN1NmOFIdKDUPfVIZY99W8Nxb/81qJDi7bKRNxoqkg00FBwpGO0Dg71GWSEs2HhmAimdkVkT42+WmTcN6E4M6fvEjqpaJbLp7flQuVqyyOHBzCEZyACxdQgVuoQg0IPMELfMCn9Wy9WV/W97R0ycp6DuAPrJ9fUEipUA==</latexit>

Targets

Probe Modes

CMB 106

LSS 108

21 cm, ground 109

21 cm, moon 1012
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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>

A detailed theoretical understanding of microscopic

dynamics constrains possible observations



Cosmological correlators probe particle collisions 
in the sky at ultra high energies!


Bootstrap gives new perspective on cosmological 
correlators. 


Time evolution is encoded in spatial patterns.


Differential equations decode these patterns.


We might be seeing glimpses of a timeless 
description of cosmology.
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