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Thermalization & Chaos

Wanted: universal features, fundamental constraints, interconnections
Via holography: all related to black holes & quantum gravity
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Many different manifestations on different scales:
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 black hole fluctuations  
& relaxation to equilibrium

AdS/CFT 
duality

[Bhattacharyya/Hubeny/Minwalla/Rangamani ’07]

hydrodynamics of  
strongly coupled QFT

Hydrodynamics: paradigm for EFT capturing thermal physics in a 
universal way

Physics of ‘slow’ relaxation of conserved quantities via transport
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Exp. growth of 
perturbation in 
strongly interacting 
quantum systems 
(“operator growth”)

time
s 1

s 2
3...

s

Related to momentum increase of a probe falling into a black hole, 
shockwave scattering, …
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AdS/CFT relates spectral correlations to spacetime wormholes, …
random matrix eigenvalues

# eigenvalues per bin

RMT        statistics of energy level spacings of chaotic quantum systems
[Wigner ’56] …

[Saad/Shenker/Stanford ’18]
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Different manifestations of chaos, all related to gravity & black holes

Effective field theory: framework to capture universal aspects

EFT of classical and fluctuating hydrodynamics: a lot of progress 
on identifying symmetries and effective actions
[FH/Loganayagam/Rangamani] [Crossley/Glorioso/Liu] [Jensen/Pinzani-Fokeeva/Yarom]

This talk: EFT of quantum chaos



EFT for quantum chaos

Hydrodynamics:

EFT for correlators of   
Degrees of freedom: embedding maps 
of fluid elements into spacetime 
(“Lagrangian description”) 
Systematic long wavelength expansion 

local 
equilibrium

uµ
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Quantum chaos:
What correlators?  
What effective degrees of freedom? 
Expansion in what?



• Introduction 

• Quantum butterfly effect & EFT of chaos 

• Sub-maximal chaos in large q SYK 

• Large q SYK chain 

• Conclusion

Outline



Quantum Butterfly Effect



• Classical butterfly effect:                         
exponential sensitivity to initial condition

Quantum Butterflies

x(t)
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• Quantum butterfly effect: 
X(t) = eiHtX e�iHt
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• To quantify this, compare the following states:

• Classical butterfly effect:                         
exponential sensitivity to initial condition
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e�t

<latexit sha1_base64="7ceECDRaOix8bI8ZRoKExBadQpY=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4jmAcka5id7U2GzD6cmQ2EJd/hxYMiXv0Yb/6Nk2QPmlgwUFRV0z3lJYIrbdvfVmFtfWNzq7hd2tnd2z8oHx61VJxKhk0Wi1h2PKpQ8AibmmuBnUQiDT2BbW90O/PbY5SKx9GDniTohnQQ8YAzqo3k4mPWEybtU6Kn/XLFrtpzkFXi5KQCORr98lfPj1kaYqSZoEp1HTvRbkal5kzgtNRLFSaUjegAu4ZGNETlZvOjp+TMKD4JYmlepMlc/T2R0VCpSeiZZEj1UC17M/E/r5vq4NrNeJSkGiO2WBSkguiYzBogPpfItJgYQpnk5lbChlRSpk1PJVOCs/zlVdK6qDq16uV9rVK/yesowgmcwjk4cAV1uIMGNIHBEzzDK7xZY+vFerc+FtGClc8cwx9Ynz+zkpIQ</latexit>

X(t)Y(0)
|X(t)Y (0)i :

<latexit sha1_base64="gl+O3CBUluMVYmdkVPFDxWexoOE="></latexit>

|Y (0)X(t)i :

<latexit sha1_base64="kMhOK/bH1CgQ+kCtc2hmmk0CA9I="></latexit>

X(t)Y(0)

• Quantum butterfly effect: 
X(t) = eiHtX e�iHt

<latexit sha1_base64="E7imslBAajv6uWdikkEnxjj236g=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhgoZdiWgjBG1SRjDJQrKG2ckkDpl9MHNXCEsaG3/FxkIRW//Bzr9xNtlCEw8MnHvOvdy5x4sEV2BZ30ZuYXFpeSW/Wlhb39jcMrd3miqMJWUNGopQOh5RTPCANYCDYE4kGfE9wVre8Dr1Ww9MKh4GtzCKmOuTQcD7nBLQUtfcd0pwhC8xu0t4DcbYwZ3jtDhJq65ZtMrWBHie2Bkpogz1rvnV6YU09lkAVBCl2rYVgZsQCZwKNi50YsUiQodkwNqaBsRnyk0mV4zxoVZ6uB9K/QLAE/X3REJ8pUa+pzt9Avdq1kvF/7x2DP0LN+FBFAML6HRRPxYYQpxGgntcMgpipAmhkuu/YnpPJKGggyvoEOzZk+dJ87RsV8pnN5Vi9SqLI4/20AEqIRudoyqqoTpqIIoe0TN6RW/Gk/FivBsf09ackc3soj8wPn8AUSOWkg==</latexit>

is ‘complicated’ even if       was ‘simple’X

<latexit sha1_base64="9ad5iLbbEpYqkPCt+/1dIGu5KEg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuFGM5A==</latexit>

Quantum Butterflies
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<latexit sha1_base64="8fFFNWejhnyv97e+QEC19BpAkWA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkongqePHYgq2FNpTNdtOu3WzC7kQoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+C8e3Mf3ji2ohY3eMk4X5Eh0qEglG0UhP75Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzQ+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsazIQmjOUE0so08LeStiIasrQZlOyIXjLL6+S9kXVq1Uvm7VK/SaPowgncArn4MEV1OEOGtACBhye4RXenEfnxXl3PhatBSefOYY/cD5/AOBZjPg=</latexit>

⇠ 1� c0
N

e�t

<latexit sha1_base64="UAVD7xiNc/PpwApQTiirhcWDbSA="></latexit>

hX†Y †XY i
hX†XihY †Y i

<latexit sha1_base64="HgqUvNZAgrLXCoUn7Z3DzMs1/B0=">AAACT3icbZHNS8MwGMbT+bXNr6pHL8EheBqtTPQ49OJxgts61jrSLO3C0rQkqTDK/kMvevPf8OJBEbNaNt18IfDjed43H0/8hFGpLOvVKK2tb2xulSvV7Z3dvX3z4LAj41Rg0sYxi4XjI0kY5aStqGLESQRBkc9I1x/fzPzuIxGSxvxeTRLiRSjkNKAYKS0NzMANBMKZyxAPGYHOgztEYUgE7M3J6UFX5PY0g6uNTmHOrcXkYnBg1qy6lRdcBbuAGiiqNTBf3GGM04hwhRmSsm9bifIyJBTFer+qm0qSIDxGIelr5Cgi0svyPKbwVCtDGMRCL65grv6eyFAk5STydWeE1EguezPxP6+fquDKyyhPUkU4/jkoSBlUMZyFC4dUEKzYRAPCguq7QjxCOmClv6CqQ7CXn7wKnfO63ahf3DVqzesijjI4BifgDNjgEjTBLWiBNsDgCbyBD/BpPBvvxlepaC0ZBRyBP1WqfAOfA7Q5</latexit>

Y(0)

X(t)

X(t)

Y(0)

• Overlap of                   and                  :

Out-of-time-order correlation function (OTOC)

—> Lyapunov exponent     : measure of quantum chaos 
[Larkin/Ovchinnikov ’68] [Kitaev ’14] [Shenker/Stanford ’14]

�

<latexit sha1_base64="87p802AjPb7Cs/EP/Opj7RaGDGU=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7l/Wrh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P12PhQ==</latexit>

hX†(t)Y †(0)|X(t)Y (0)i ⇠ hX†XihY †Y i
⇣
1� c0

N
e�t + . . .

⌘

<latexit sha1_base64="8bZEas0fX0ATFq7HktfMJWDyGdY="></latexit>

hX†(t)Y †(0)|X(t)Y (0)i

<latexit sha1_base64="AWeiSDquPD7dbPRqL09IPNziEOQ="></latexit>

|Y (0)X(t)i

<latexit sha1_base64="1seNtNrXNTACKwP6iWZ5uqpTBwg="></latexit>

|X(t)Y (0)i

<latexit sha1_base64="f6our95GJBhdIJjr4Y6dq5A0cPM="></latexit>

�

<latexit sha1_base64="GmQ8gpHDbR/zaLrYtPjo00gqMnw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHuX9auHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGbo6s</latexit>



• Overlap of                   and                  :

Out-of-time-order correlation function (OTOC)

—> Lyapunov exponent     : measure of quantum chaos 
[Larkin/Ovchinnikov ’68] [Kitaev ’14] [Shenker/Stanford ’14]

�

<latexit sha1_base64="87p802AjPb7Cs/EP/Opj7RaGDGU=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4A2lJvJpB06mYSZiVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVAzwSVrGW4E66aKYRwI1gnGdzO/88SU5ol8NJOU+TEOJY84RWOlTl/YaIiDas2tu3OQVeIVpAYFmoPqVz9MaBYzaahArXuemxo/R2U4FWxa6WeapUjHOGQ9SyXGTPv5fN0pObNKSKJE2ScNmau/J3KMtZ7EgU3GaEZ62ZuJ/3m9zEQ3fs5lmhkm6eKjKBPEJGR2Owm5YtSIiSVIFbe7EjpChdTYhiq2BG/55FXSvqh7l/Wrh8ta47aoowwncArn4ME1NOAemtACCmN4hld4c1LnxXl3PhbRklPMHMMfOJ8/P12PhQ==</latexit>

hX†(t)Y †(0)|X(t)Y (0)i ⇠ hX†XihY †Y i
⇣
1� c0

N
e�t + . . .

⌘

<latexit sha1_base64="8bZEas0fX0ATFq7HktfMJWDyGdY="></latexit>
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<latexit sha1_base64="8fFFNWejhnyv97e+QEC19BpAkWA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkongqePHYgq2FNpTNdtOu3WzC7kQoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+C8e3Mf3ji2ohY3eMk4X5Eh0qEglG0UhP75Ypbdecgq8TLSQVyNPrlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzQ+dkjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsazIQmjOUE0so08LeStiIasrQZlOyIXjLL6+S9kXVq1Uvm7VK/SaPowgncArn4MEV1OEOGtACBhye4RXenEfnxXl3PhatBSefOYY/cD5/AOBZjPg=</latexit>

⇠ 1� c0
N

e�t

<latexit sha1_base64="UAVD7xiNc/PpwApQTiirhcWDbSA="></latexit>

hX†Y †XY i
hX†XihY †Y i

<latexit sha1_base64="HgqUvNZAgrLXCoUn7Z3DzMs1/B0=">AAACT3icbZHNS8MwGMbT+bXNr6pHL8EheBqtTPQ49OJxgts61jrSLO3C0rQkqTDK/kMvevPf8OJBEbNaNt18IfDjed43H0/8hFGpLOvVKK2tb2xulSvV7Z3dvX3z4LAj41Rg0sYxi4XjI0kY5aStqGLESQRBkc9I1x/fzPzuIxGSxvxeTRLiRSjkNKAYKS0NzMANBMKZyxAPGYHOgztEYUgE7M3J6UFX5PY0g6uNTmHOrcXkYnBg1qy6lRdcBbuAGiiqNTBf3GGM04hwhRmSsm9bifIyJBTFer+qm0qSIDxGIelr5Cgi0svyPKbwVCtDGMRCL65grv6eyFAk5STydWeE1EguezPxP6+fquDKyyhPUkU4/jkoSBlUMZyFC4dUEKzYRAPCguq7QjxCOmClv6CqQ7CXn7wKnfO63ahf3DVqzesijjI4BifgDNjgEjTBLWiBNsDgCbyBD/BpPBvvxlepaC0ZBRyBP1WqfAOfA7Q5</latexit>

hX†(t)Y †(0)|X(t)Y (0)i

<latexit sha1_base64="AWeiSDquPD7dbPRqL09IPNziEOQ="></latexit>

|Y (0)X(t)i

<latexit sha1_base64="1seNtNrXNTACKwP6iWZ5uqpTBwg="></latexit>

|X(t)Y (0)i

<latexit sha1_base64="f6our95GJBhdIJjr4Y6dq5A0cPM="></latexit>

• Large butterfly effect at 
scrambling time:

t⇤ ⇠ 1

�
logN

<latexit sha1_base64="c3AJU3PnnAe4I47e7OH36k7/y2c=">AAACDXicbVDLSgMxFM3UV62vUZduglUQkTJTBV0W3biSCvYBnWHIZDJtaJIZkoxQhvkBN/6KGxeKuHXvzr8xfSy0eiBwOOcebu4JU0aVdpwvq7SwuLS8Ul6trK1vbG7Z2zttlWQSkxZOWCK7IVKEUUFammpGuqkkiIeMdMLh1djv3BOpaCLu9CglPkd9QWOKkTZSYB/o4Bh6inLoxRLh3C1yj5l4hAronUCPJX14E9hVp+ZMAP8Sd0aqYIZmYH96UYIzToTGDCnVc51U+zmSmmJGioqXKZIiPER90jNUIE6Un0+uKeChUSIYJ9I8oeFE/ZnIEVdqxEMzyZEeqHlvLP7n9TIdX/g5FWmmicDTRXHGoE7guBoYUUmwZiNDEJbU/BXiATKtaFNgxZTgzp/8l7TrNfe0Vr89qzYuZ3WUwR7YB0fABeegAa5BE7QABg/gCbyAV+vRerberPfpaMmaZXbBL1gf36EFmqM=</latexit>

<latexit sha1_base64="knpdeacfYWszIuHLbh8Dl+1B3aQ="></latexit>✓
1

N
e�t

◆k

⇠ O(1)

“Ruelle”

• Chaos bound:

[Maldacena/Shenker/Stanford ’16]

�  2⇡T

<latexit sha1_base64="fN0tCwQ0K7tG+J3HJt1icGf+7lQ="></latexit>

�

<latexit sha1_base64="GmQ8gpHDbR/zaLrYtPjo00gqMnw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHuX9auHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGbo6s</latexit>



EFT for maximal 
chaos



            :              is approximately               invariant:                

The saddle point solution breaks                                : 

‘Mean field’ description at large N  in 
terms of bilocal 2-point function

di↵(S1) ! SL(2,R)

<latexit sha1_base64="klAMPpE/qQu+DFrqcIdFsSVz6Vs=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiAkoGEmRPQY9OLBQzRmgUwMPZ2epEnPQneNGoZ8hRd/xYsHRbyKN//GznLQxAcFj/eqqKrnhIIrMM1vI7GwuLS8klxNra1vbG6lt3dqKogkZVUaiEA2HKKY4D6rAgfBGqFkxHMEqzv985Ffv2NS8cC/gUHIWh7p+tzllICW2ukjG9gDxB3uusNs5dbKYVvybg+IlME9rlxmC4e2R6DnOPH1MNdOZ8y8OQaeJ9aUZNAU5Xb6y+4ENPKYD1QQpZqWGUIrJhI4FWyYsiPFQkL7pMuamvrEY6oVj98a4gOtdLAbSF0+4LH6eyImnlIDz9GdoxPVrDcS//OaEbinrZj7YQTMp5NFbiQwBHiUEe5wySiIgSaESq5vxbRHJKGgk0zpEKzZl+dJrZC3ivnjq2KmdDaNI4n20D7KIgudoBK6QGVURRQ9omf0it6MJ+PFeDc+Jq0JYzqzi/7A+PwB/fyeoQ==</latexit>

SYK model

j
 

 

 

 

N  Majorana fermions with random, 
Gaussian couplings 

Solvable for 

[Sachdev/Ye ’93] [Kitaev ’15]

[Maldacena/Stanford ’16] …

H = �
NX

ijkl

jijkl  i j k l

G(⌧, ⌧ 0) =
1

N

NX

i=1

h i(⌧) i(⌧
0)i

<latexit sha1_base64="Gu8cAbnhMmQTiDJy2ejKROqAYqo="></latexit>

di↵(S1)

<latexit sha1_base64="1SBiYF9AR8JxOC0Nb1WseCP2PzI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0mkoseiF48V7Qe0sWw2m3bpZhN2J8US+k+8eFDEq//Em//GbZuDtj4YeLw3w8w8PxFcg+N8Wyura+sbm4Wt4vbO7t6+fXDY1HGqKGvQWMSq7RPNBJesARwEayeKkcgXrOUPb6Z+a8SU5rF8gHHCvIj0JQ85JWCknm13gT1BFvAwnJTvH92znl1yKs4MeJm4OSmhHPWe/dUNYppGTAIVROuO6yTgZUQBp4JNit1Us4TQIemzjqGSREx72ezyCT41SoDDWJmSgGfq74mMRFqPI990RgQGetGbiv95nRTCKy/jMkmBSTpfFKYCQ4ynMeCAK0ZBjA0hVHFzK6YDoggFE1bRhOAuvrxMmucVt1q5uKuWatd5HAV0jE5QGbnoEtXQLaqjBqJohJ7RK3qzMuvFerc+5q0rVj5zhP7A+vwB9eSTOA==</latexit>

G(⌧, ⌧ 0) �! Gc(⌧ � ⌧ 0) / 1

(⌧ � ⌧ 0)2/q

<latexit sha1_base64="oCQVMlHZrdErIvfJAk/20fOgzZ4="></latexit>

⌧ ! f(⌧)Se↵[G]
<latexit sha1_base64="FZ5kJIQLSSO1D++iGaMryX7DO6Y=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWpgh6LHvRY0X5AG8JmO2mXbj7YnYg19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5fiK4Qtv+Ngorq2vrG8XN0tb2zm7Z3NtvqTiVDJosFrHs+FSB4BE0kaOATiKBhr6Atj+6mvrtB5CKx9E9jhNwQzqIeMAZRS15ZvnO6yE8YgZBMOleu55Zsav2DNYycXJSITkanvnV68csDSFCJqhSXcdO0M2oRM4ETEq9VEFC2YgOoKtpRENQbjY7fGIda6VvBbHUFaE1U39PZDRUahz6ujOkOFSL3lT8z+umGFy4GY+SFCFi80VBKiyMrWkKVp9LYCjGmlAmub7VYkMqKUOdVUmH4Cy+vExatapzWq3dnlXql3kcRXJIjsgJccg5qZMb0iBNwkhKnskreTOejBfj3fiYtxaMfOaA/IHx+QPp05NA</latexit>

jijkl = 0 , j2ijkl = J2/N3

<latexit sha1_base64="Y2AXUHSowjThIx1abQVp2XkM23k=">AAACJ3icbVDLSgMxFM34rPVVdekmWAQXpc7UioIoRTfiQirYB3SmJZOmbdrMZEgyQhn6N278FTeCiujSPzFtB6ytNwQO50FyjxswKpVpfhlz8wuLS8uJleTq2vrGZmpruyx5KDApYc64qLpIEkZ9UlJUMVINBEGey0jF7V0N9coDEZJy/171A+J4qO3TFsVIaaqRurC5lofpqNuIaLfHBgN4Dk1oZzL2mT6/cj03Ybip5w5v60eNVNrMmqOBs8CKQRrEU2ykXu0mx6FHfIUZkrJmmYFyIiQUxYwMknYoSYBwD7VJTUMfeUQ60WjPAdzXTBO2uNDXV3DETiYi5EnZ91zt9JDqyGltSP6n1ULVOnUi6gehIj4eP9QKGVQcDkuDTSoIVqyvAcKC6r9C3EECYaWrTeoSrOmVZ0E5l7Xy2eO7fLpwGdeRALtgDxwAC5yAArgGRVACGDyCZ/AG3o0n48X4MD7H1jkjzuyAP2N8/wB+1aUJ</latexit>

N � �J � 1

<latexit sha1_base64="WUPspzn8AWJaZyPQuSIymp4rfXw="></latexit>

�J � 1

<latexit sha1_base64="SELUGMzHM3+QUv0MLDSjuuJVwrc=">AAACH3icbZDLSsNAFIYnXmu9VV26GSyCCwmJprXuim7EVQV7gSSUyXSSDp1cmJkIJeRN3PgqblwoIu76Nk7TLrT1wMDH/58zc+b3EkaFNIyJtrK6tr6xWdoqb+/s7u1XDg47Ik45Jm0cs5j3PCQIoxFpSyoZ6SWcoNBjpOuNbqd+94lwQePoUY4T4oYoiKhPMZJK6lfqmVNcYvPAczNDtyzLvK6dG7ph1huNywKUYOSORySC99AJAmjm/UpVOUXBZTDnUAXzavUr384gxmlIIokZEsI2jUS6GeKSYkbyspMKkiA8QgGxFUYoJMLNitVyeKqUAfRjrk4kYaH+nshQKMQ49FRniORQLHpT8T/PTqXfcDMaJakkEZ495KcMyhhOw4IDygmWbKwAYU7VrhAPEUdYqkjLKgRz8cvL0LnQTUuvPVjV5 s08jhI4BifgDJjgCjTBHWiBNsDgGbyCd/ChvWhv2qf2NWtd0eYzR+BPaZMfdqGeQQ==</latexit>



This action also describes the boundary degree of freedom 
associated with dilaton gravity in AdS2 

[Maldacena/Stanford/Yang ’16]

The pseudo-Goldstone associated with reparametrizations                                     
s. ssssssshas a ‘Schwarzian’ effective action: ⌧ ! f(⌧)

The Schwarzian mode describes a universal & enhanced contribution 
to the OTOC:

[Almheiri/Polchinski ’14]

OTOC = h i(t) j(0)| i(t) j(0)i
<latexit sha1_base64="dHrYweSyadGsGy0QxEdeUKZ7Hgg=">AAACM3icbVDLSgMxFM34tr6qLt0Ei1BByowKuhHEbsRNK7QqdErJpLdtNJMZkjtiGftPbvwRF4K4UMSt/2D6WKj1QOBwzj3c3BPEUhh03RdnYnJqemZ2bj6zsLi0vJJdXbswUaI5VHkkI30VMANSKKiiQAlXsQYWBhIug5ti37+8BW1EpCrYjaEesrYSLcEZWqmRPfMR7jAtVUrFHvV36BH1JVNtCdSPjWiIPG4P2XXe3ab3/6q+HiQa2ZxbcAeg48QbkRwZodzIPvnNiCchKOSSGVPz3BjrKdMouIRexk8MxIzfsDbULFUsBFNPBzf36JZVmrQVafsU0oH6M5Gy0JhuGNjJkGHH/PX64n9eLcHWYT0VKk4QFB8uaiWSYkT7BdKm0MBRdi1hXAv7V8o7TDOOtuaMLcH7e/I4udgteHuF3fP93PHJqI45skE2SZ545IAck1NSJlXCyQN5Jm/k3Xl0Xp0P53M4OuGMMuvkF5yvbyy5qDQ=</latexit>

⇠ a0 �
a1
N

e
2⇡
� t

<latexit sha1_base64="XmQVr5LCOuSF1dOHe9zC8In0kY8=">AAACIHicbVDJSgNBEO1xjXGLevTSGAQPGmZE0aPoxZNEMCpk4lDTqdHGnoXuGiEM8yle/BUvHhTRm36NneXg9qDg8V4VVfXCTElDrvvhjI1PTE5NV2aqs3PzC4u1peVzk+ZaYEukKtWXIRhUMsEWSVJ4mWmEOFR4Ed4e9f2LO9RGpskZ9TLsxHCdyEgKICsFtT3fyJhD4PIt7kcaRAGBVxYnJfc3OV4VQ23bz2RZ+CESDAwqg1rdbbgD8L/EG5E6G6EZ1N79biryGBMSCoxpe25GnQI0SaGwrPq5wQzELVxj29IEYjSdYvBgydet0uVRqm0lxAfq94kCYmN6cWg7Y6Ab89vri/957Zyi/U4hkywnTMRwUZQrTinvp8W7UqMg1bMEhJb2Vi5uwEZCNtOqDcH7/fJfcr7d8HYau6c79YPDURwVtsrW2Abz2B47YMesyVpMsHv2yJ7Zi/PgPDmvztuwdcwZzaywH3A+vwDEmqIo</latexit>

SSchw. = �C

Z
d⌧ {f(⌧), ⌧} (C / N/J )

<latexit sha1_base64="gw799WZUDXAz0RGeM2Yy69ncD84="></latexit>



Schwarzian contribution to the OTOC
Reparametrizations                  couple universally to operators:⌧ ! f(⌧)

This coupling gives universal contribution to 4-point functions:

V

<latexit sha1_base64="iSk+b0x8n1h2srzezqhJ/J5AhNU=">AAACFHicbZBNS8MwGMdTX+d8q3r0EhyCoIzWTbfdhl48TnAv0JWRZtkWlqYlSYVR+iG8+FW8eFDEqwdvfhuzroJuPhD48f8/T/Lk74WMSmVZX8bS8srq2npuI7+5tb2za+7tt2QQCUyaOGCB6HhIEkY5aSqqGOmEgiDfY6Ttja+nfvueCEkDfqcmIXF9NOR0QDFSWuqZp3E3vcQRQ8+NraJVtmulypmGtDRUL2sVq5S0EtgzCz86XAQ7gwLIqtEzP7v9AEc+4QozJKVjW6FyYyQUxYwk+W4kSYjwGA2Jo5Ejn0g3TvdJ4LFW+nAQCH24gqn6eyJGvpQT39OdPlIjOe9Nxf88J1KDqhtTHkaKcDx7aBAxqAI4TQj2qSBYsYkGhAXVu0I8QgJhpXPM6xDs+S8vQuu8aJeLF7flQv0qiyMHDsEROAE2qIA6uAEN0AQYPIAn8AJejUfj2Xgz3metS0Y2cwD+lPHxDdkNmkA=</latexit>

V

<latexit sha1_base64="iSk+b0x8n1h2srzezqhJ/J5AhNU=">AAACFHicbZBNS8MwGMdTX+d8q3r0EhyCoIzWTbfdhl48TnAv0JWRZtkWlqYlSYVR+iG8+FW8eFDEqwdvfhuzroJuPhD48f8/T/Lk74WMSmVZX8bS8srq2npuI7+5tb2za+7tt2QQCUyaOGCB6HhIEkY5aSqqGOmEgiDfY6Ttja+nfvueCEkDfqcmIXF9NOR0QDFSWuqZp3E3vcQRQ8+NraJVtmulypmGtDRUL2sVq5S0EtgzCz86XAQ7gwLIqtEzP7v9AEc+4QozJKVjW6FyYyQUxYwk+W4kSYjwGA2Jo5Ejn0g3TvdJ4LFW+nAQCH24gqn6eyJGvpQT39OdPlIjOe9Nxf88J1KDqhtTHkaKcDx7aBAxqAI4TQj2qSBYsYkGhAXVu0I8QgJhpXPM6xDs+S8vQuu8aJeLF7flQv0qiyMHDsEROAE2qIA6uAEN0AQYPIAn8AJejUfj2Xgz3metS0Y2cwD+lPHxDdkNmkA=</latexit>

W

<latexit sha1_base64="IdSFltSTkWteDVihRsSyMOlABRQ=">AAACFHicbZBNS8MwGMdTX+d8q3r0EhyCoIzWTbfdhl48TnAv0JWRZtkWlqYlSYVR+iG8+FW8eFDEqwdvfhuzroJuPhD48f8/T/Lk74WMSmVZX8bS8srq2npuI7+5tb2za+7tt2QQCUyaOGCB6HhIEkY5aSqqGOmEgiDfY6Ttja+nfvueCEkDfqcmIXF9NOR0QDFSWuqZp3E3vcQRQ8+NraJVtmulypmGtDRUL2sVq5S0E9gzCz86XAQ7gwLIqtEzP7v9AEc+4QozJKVjW6FyYyQUxYwk+W4kSYjwGA2Jo5Ejn0g3TvdJ4LFW+nAQCH24gqn6eyJGvpQT39OdPlIjOe9Nxf88J1KDqhtTHkaKcDx7aBAxqAI4TQj2qSBYsYkGhAXVu0I8QgJhpXPM6xDs+S8vQuu8aJeLF7flQv0qiyMHDsEROAE2qIA6uAEN0AQYPIAn8AJejUfj2Xgz3metS0Y2cwD+lPHxDdqTmkE=</latexit>

W

<latexit sha1_base64="IdSFltSTkWteDVihRsSyMOlABRQ=">AAACFHicbZBNS8MwGMdTX+d8q3r0EhyCoIzWTbfdhl48TnAv0JWRZtkWlqYlSYVR+iG8+FW8eFDEqwdvfhuzroJuPhD48f8/T/Lk74WMSmVZX8bS8srq2npuI7+5tb2za+7tt2QQCUyaOGCB6HhIEkY5aSqqGOmEgiDfY6Ttja+nfvueCEkDfqcmIXF9NOR0QDFSWuqZp3E3vcQRQ8+NraJVtmulypmGtDRUL2sVq5S0E9gzCz86XAQ7gwLIqtEzP7v9AEc+4QozJKVjW6FyYyQUxYwk+W4kSYjwGA2Jo5Ejn0g3TvdJ4LFW+nAQCH24gqn6eyJGvpQT39OdPlIjOe9Nxf88J1KDqhtTHkaKcDx7aBAxqAI4TQj2qSBYsYkGhAXVu0I8QgJhpXPM6xDs+S8vQuu8aJeLF7flQv0qiyMHDsEROAE2qIA6uAEN0AQYPIAn8AJejUfj2Xgz3metS0Y2cwD+lPHxDdqTmkE=</latexit>

f

<latexit sha1_base64="ZqyA9tNvwmuwti7ZNjjzYSMTsek=">AAACFHicbZBNS8MwGMdTX+d8q3r0EhyCoIzWTbfdhl48TnAvsJWRZukWlqYlSYVR+iG8+FW8eFDEqwdvfhuzroJuPhD48f8/T/Lk74aMSmVZX8bS8srq2npuI7+5tb2za+7tt2QQCUyaOGCB6LhIEkY5aSqqGOmEgiDfZaTtjq+nfvueCEkDfqcmIXF8NOTUoxgpLfXN07iXXtIVQ9eJraJVtmulypmGtDRUL2sVq5R4CeybhR8dLoKdQQFk1eibn71BgCOfcIUZkrJrW6FyYiQUxYwk+V4kSYjwGA1JVyNHPpFOnO6TwGOtDKAXCH24gqn6eyJGvpQT39WdPlIjOe9Nxf+8bqS8qhNTHkaKcDx7yIsYVAGcJgQHVBCs2EQDwoLqXSEeIYGw0jnmdQj2/JcXoXVetMvFi9tyoX6VxZEDh+AInAAbVEAd3IAGaAIMHsATeAGvxqPxbLwZ77PWJSObOQB/yvj4BvFtmlA=</latexit>

hV (⌧1)V (⌧2)i =
1

⌧212
�!


f 0(⌧1)f 0(⌧2)

(f(⌧1)� f(⌧2))2

��
⌘ B(f)

� (⌧1, ⌧2)

<latexit sha1_base64="i48Nmkk508dV9uyEiwZHDvfFAeY="></latexit>

hV (⌧1)V (⌧2)W (⌧3)W (⌧4)i =
Z

Df e�SSchw.[f ] B(f)
�V

(⌧1, ⌧2)B(f)
�W

(⌧3, ⌧4) + other

<latexit sha1_base64="PEi2Qtm+vpXiQCVHUySfF9TCq+o="></latexit>

Linearized:

hV (⌧1)V (⌧2)W (⌧3)W (⌧4)i = hB(✏)
�V

(⌧1, ⌧2)B(✏)
�W

(⌧3, ⌧4)i+ higher order + other

<latexit sha1_base64="9Z5vLcwAlu3OtUgKon6KoAE6cQc="></latexit>

f(⌧) = ⌧ + ✏(⌧) ! SSchw. = �C

2

Z
d⌧ ✏ (@2

⌧ + @4
⌧ )✏+ . . .

<latexit sha1_base64="FryGoRM+41NaqGtBX4jaX91xQIQ="></latexit>

Analytic continuation to OTOC  => ⇠ � 1

N
e

2⇡
� t

<latexit sha1_base64="oyn+ORnAyUnnGvOOtx7wtKWJ6q8="></latexit>



A Lorentzian approach
So far: only first order in 1/N 
Also cheated a bit: didn’t do an actual real-time calculation

Among the fluctuations around the thermal saddle                            , 
there are certain soft modes.  

They live on the OTO contour.  
They can mess up the large-N expansion for large times.

f(t) = tanh (t/2)

<latexit sha1_base64="eMc82COTWcSHLPOYD7ujw0KMsGw="></latexit>

Re(t)
<latexit sha1_base64="B3cSgYo7Hxb8p9QJKEXzffoJ/eU=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWpgp6k4MVjFVsLTSib7aRdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwsrq2vlHcLG1t7+zulfcP2jpOFYMWi0WsOgHVILiEFnIU0EkU0CgQ8BCMrqf+wyMozWN5j+ME/IgOJA85o2gkz0N4wuwOJlU87ZUrTs2ZwV4mbk4qJEezV/7y+jFLI5DIBNW66zoJ+hlVyJmASclLNSSUjegAuoZKGoH2s9nNE/vEKH07jJUpifZM/T2R0UjrcRSYzojiUC96U/E/r5tieOlnXCYpgmTzRWEqbIztaQB2nytgKMaGUKa4udVmQ6ooQxNTyYTgLr68TNr1mntWq9+eVxpXeRxFckSOSZW45II0yA1pkhZhJCHP5JW8Wan1Yr1bH/PWgpXPHJI/sD5/ANQ5kYc=</latexit>

Im(t)
<latexit sha1_base64="8SsBIC4wehu91MCvUnXmhnkGH7c=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnqSghe9VbC10F1KNs22oUl2SWbFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oG3iVFPWorGIdSckhgmuWAs4CNZJNCMyFOwhHF1P/YdHpg2P1T2MExZIMlA84pSAlXwf2BNkt3JShdNeueLW3BnwMvFyUkE5mr3yl9+PaSqZAiqIMV3PTSDIiAZOBZuU/NSwhNARGbCupYpIZoJsdvMEn1ilj6NY21KAZ+rviYxIY8YytJ2SwNAselPxP6+bQnQZZFwlKTBF54uiVGCI8TQA3OeaURBjSwjV3N6K6ZBoQsHGVLIheIsvL5N2vead1ep355XGVR5HER2hY1RFHrpADXSDmqiFKErQM3pFb07qvDjvzse8teDkM4foD5zPH9KokYY=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

�i�
<latexit sha1_base64="BkE+gFOIFAzENehH38WmT0Qhk+I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgp6k4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortS94L0BD++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbRqVe+yWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf0TI9O</latexit>

s = 0
<latexit sha1_base64="/1IG9tSXGUeDRwjwyjRXraifkUc=">AAACHnicbVBLS8NAGNz4rPUV9eglWAQPUpI+c1EKXjxWsA9IQtlsN+3SzYPdjVBCfokX/4oXD4oInvTfuElz0NaBhWFmvt1vx40o4ULXv5W19Y3Nre3STnl3b//gUD067vMwZgj3UEhDNnQhx5QEuCeIoHgYMQx9l+KBO7vJ/MEDZpyEwb2YR9jx4SQgHkFQSGmkNhM7v8RiE9dJ9KputvV681KvtoxWrdaQpGG22mY9tX0opq6X8PRKT0dqRUZzaKvEKEgFFOiO1E97HKLYx4FAFHJuGXoknAQyQRDFadmOOY4gmsEJtiQNoI+5k+Sbpdq5VMaaFzJ5AqHl6u+JBPqcz31XJrMl+bKXif95Viw800lIEMUCB2jxkBdTTYRa1pU2JgwjQeeSQMSI3FVDU8ggErLRsizBWP7yKunXqka9WrtrVDrXRR0lcArOwAUwQBt0wC3ogh5A4BE8g1fwpjwpL8q78rGIrinFzAn4A+XrB1YunuM=</latexit>

s = 4T+�
<latexit sha1_base64="qTLNa42k1Ah28wsLZW2PDLcYKKU="></latexit>

I = 1
<latexit sha1_base64="EjxPYfkJTQ9LHWpz6RW8bN3csmU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9KwIveIpoHJEuYnXSSIbOzy8ysEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6GbqN59QaR7JRzOO0Q/pQPI+Z9RY6eHuyusWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TRqXsnZUr9+el6nUWRx6O4BhOwYMLqMIt1KAODAbwDK/w5gjnxXl3PuatOSebOYQ/cD5/AJB3jU8=</latexit>

I = 2
<latexit sha1_base64="O9I6bexJfKaE46wmR3EyY6XEc3Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9KwIveIpoHJCHMTnqTIbOzy8ysEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13lx8Lro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1fKpRsEl1g03AluxQhr6Apv+6GbqN59QaR7JRzOOsRvSgeQBZ9RY6eHuqtIrltyyOwNZJl5GSpCh1it+dfoRS0KUhgmqddtzY9NNqTKcCZwUOonGmLIRHWDbUklD1N10duqEnFilT4JI2ZKGzNTfEykNtR6Hvu0MqRnqRW8q/ue1ExNcdlMu48SgZPNFQSKIicj0b9LnCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjUrZOytX7s9L1essjjwcwTGcggcXUIVbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AJH7jVA=</latexit>

I = 3
<latexit sha1_base64="gXQWuofKChHkyGuPJVkzJq2om40=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4SQRslYKNdRGMCyRH2NnvJkr29Y3dOCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfju5ldW19Y38ZmFre2d3r7h/8GjiVDPeYLGMdSughkuheAMFSt5KNKdRIHkzGF5P/eYT10bE6gFHCfcj2lciFIyile5vL6vdYsktuzOQZeJlpAQZ6t3iV6cXszTiCpmkxrQ9N0F/TDUKJvmk0EkNTygb0j5vW6poxI0/np06ISdW6ZEw1rYUkpn6e2JMI2NGUWA7I4oDs+hNxf+8dorhhT8WKkmRKzZfFKaSYEymf5Oe0JyhHFlCmRb2VsIGVFOGNp2CDcFbfHmZPFbKXrVcuTsr1a6yOPJwBMdwCh6cQw1uoA4NYNCHZ3iFN0c6L8678zFvzTnZzCH8gfP5A5N/jVE=</latexit>

I = 4
<latexit sha1_base64="km4+PESwnBfXuUaffHm/mUXeNCU=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0Y0IsS8KK3iOYByRJmJ73JkNnZZWZWCCGf4MWDIl79Im/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDP1m0+oNI/loxkl6Ee0L3nIGTVWeri7qnQLRbfkzkCWiZeRImSodQtfnV7M0gilYYJq3fbcxPhjqgxnAif5TqoxoWxI+9i2VNIItT+enTohp1bpkTBWtqQhM/X3xJhGWo+iwHZG1Az0ojcV//PaqQkv/TGXSWpQsvmiMBXExGT6N+lxhcyIkSWUKW5vJWxAFWXGppO3IXiLLy+TRrnknZfK95Vi9TqLIwfHcAJn4MEFVOEWalAHBn14hld4c4Tz4rw7H/PWFSebOYI/cD5/AJUDjVI=</latexit>

I = 5
<latexit sha1_base64="4ZfiZEP9JYydmap3XtcFVV5IQrA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6EUJeNFbRPOAZAmzk95kyOzsMjMrhCWf4MWDIl79Im/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rF8NMME/Yj2JA85o8ZKD3dX551C0S25E5BF4s1IEWaodgpf7W7M0gilYYJq3fLcxPgZVYYzgaN8O9WYUDagPWxZKmmE2s8mp47IsVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGln3GZpAYlmy4KU0FMTMZ/ky5XyIwYWkKZ4vZWwvpUUWZsOnkbgjf/8iKpl0veaal8f1asXM/iyMEhHMEJeHABFbiFKtSAQQ+e4RXeHOG8OO/Ox7R1yZnNHMAfOJ8/loeNUw==</latexit>

S = �C

Z

contour
ds {f(s), s}�

t ⌘ t(s)
�

<latexit sha1_base64="m/tp2YK+JArwDpLO9i+SqGpLnK0=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovQbkoiFV0W3bisYB/QhDKZTtqhk4czN4USiht/xY0LRdz6Fe78GydtFtp64MLhnHu59x4vFlyBZX0bK6tr6xubha3i9s7u3r55cNhSUSIpa9JIRLLjEcUED1kTOAjWiSUjgSdY2xvdZH57zKTiUXgPk5i5ARmE3OeUgJZ65rHj8UEZA3bYQ8LHGMqqgjOt0jNLVtWaAS8TOycllKPRM7+cfkSTgIVABVGqa1sxuCmRwKlg06KTKBYTOiID1tU0JAFTbjp7YYrPtNLHfiR1hYBn6u+JlARKTQJPdwYEhmrRy8T/vG4C/pWb8jBOgIV0vshPBIYIZ3ngPpeMgphoQqjk+lZMh0QSCjq1og7BXnx5mbTOq3atenFXK9Wv8zgK6ASdojKy0SWqo1vUQE1E0SN6Rq/ozXgyXox342PeumLkM0foD4zPH9bllcw=</latexit>

SSchw. = �C

Z

contour
dt {f(t), t}

<latexit sha1_base64="vte+0j+Sm9mtylJfI/oay94loa0="></latexit>

Consider Schwarzian action on OTO contour:



For large    :  path integral 
dominated by certain 
‘scramblon’ modes 
parametrized by 

F(t1, t2; t3, t4) =

Z
Df eiSSchw.[f ] B(f)

�V
(t1, t2)B(f)

�W
(t3, t4)

<latexit sha1_base64="C5lNNJDFW9IOVXU3c6jKqs2OXU0="></latexit>

Re(t)
<latexit sha1_base64="B3cSgYo7Hxb8p9QJKEXzffoJ/eU=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWpgp6k4MVjFVsLTSib7aRdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwsrq2vlHcLG1t7+zulfcP2jpOFYMWi0WsOgHVILiEFnIU0EkU0CgQ8BCMrqf+wyMozWN5j+ME/IgOJA85o2gkz0N4wuwOJlU87ZUrTs2ZwV4mbk4qJEezV/7y+jFLI5DIBNW66zoJ+hlVyJmASclLNSSUjegAuoZKGoH2s9nNE/vEKH07jJUpifZM/T2R0UjrcRSYzojiUC96U/E/r5tieOlnXCYpgmTzRWEqbIztaQB2nytgKMaGUKa4udVmQ6ooQxNTyYTgLr68TNr1mntWq9+eVxpXeRxFckSOSZW45II0yA1pkhZhJCHP5JW8Wan1Yr1bH/PWgpXPHJI/sD5/ANQ5kYc=</latexit>

Im(t)
<latexit sha1_base64="8SsBIC4wehu91MCvUnXmhnkGH7c=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnqSghe9VbC10F1KNs22oUl2SWbFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oG3iVFPWorGIdSckhgmuWAs4CNZJNCMyFOwhHF1P/YdHpg2P1T2MExZIMlA84pSAlXwf2BNkt3JShdNeueLW3BnwMvFyUkE5mr3yl9+PaSqZAiqIMV3PTSDIiAZOBZuU/NSwhNARGbCupYpIZoJsdvMEn1ilj6NY21KAZ+rviYxIY8YytJ2SwNAselPxP6+bQnQZZFwlKTBF54uiVGCI8TQA3OeaURBjSwjV3N6K6ZBoQsHGVLIheIsvL5N2vead1ep355XGVR5HER2hY1RFHrpADXSDmqiFKErQM3pFb07qvDjvzse8teDkM4foD5zPH9KokYY=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

�i�
<latexit sha1_base64="BkE+gFOIFAzENehH38WmT0Qhk+I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgp6k4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortS94L0BD++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbRqVe+yWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf0TI9O</latexit>

s = 0
<latexit sha1_base64="/1IG9tSXGUeDRwjwyjRXraifkUc=">AAACHnicbVBLS8NAGNz4rPUV9eglWAQPUpI+c1EKXjxWsA9IQtlsN+3SzYPdjVBCfokX/4oXD4oInvTfuElz0NaBhWFmvt1vx40o4ULXv5W19Y3Nre3STnl3b//gUD067vMwZgj3UEhDNnQhx5QEuCeIoHgYMQx9l+KBO7vJ/MEDZpyEwb2YR9jx4SQgHkFQSGmkNhM7v8RiE9dJ9KputvV681KvtoxWrdaQpGG22mY9tX0opq6X8PRKT0dqRUZzaKvEKEgFFOiO1E97HKLYx4FAFHJuGXoknAQyQRDFadmOOY4gmsEJtiQNoI+5k+Sbpdq5VMaaFzJ5AqHl6u+JBPqcz31XJrMl+bKXif95Viw800lIEMUCB2jxkBdTTYRa1pU2JgwjQeeSQMSI3FVDU8ggErLRsizBWP7yKunXqka9WrtrVDrXRR0lcArOwAUwQBt0wC3ogh5A4BE8g1fwpjwpL8q78rGIrinFzAn4A+XrB1YunuM=</latexit>

s = 4T+�
<latexit sha1_base64="qTLNa42k1Ah28wsLZW2PDLcYKKU="></latexit>

I = 1
<latexit sha1_base64="EjxPYfkJTQ9LHWpz6RW8bN3csmU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9KwIveIpoHJEuYnXSSIbOzy8ysEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13VxALro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1QqoRsEl1g03AluxQhoGApvB6GbqN59QaR7JRzOO0Q/pQPI+Z9RY6eHuyusWS27ZnYEsEy8jJchQ6xa/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/OTp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPQv/ZTLODEo2XxRPxHERGT6N+lxhcyIsSWUKW5vJWxIFWXGplOwIXiLLy+TRqXsnZUr9+el6nUWRx6O4BhOwYMLqMIt1KAODAbwDK/w5gjnxXl3PuatOSebOYQ/cD5/AJB3jU8=</latexit>

I = 2
<latexit sha1_base64="O9I6bexJfKaE46wmR3EyY6XEc3Q=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexGQS9KwIveIpoHJCHMTnqTIbOzy8ysEJZ8ghcPinj1i7z5N06SPWhiQUNR1U13lx8Lro3rfju5ldW19Y38ZmFre2d3r7h/0NBRohjWWSQi1fKpRsEl1g03AluxQhr6Apv+6GbqN59QaR7JRzOOsRvSgeQBZ9RY6eHuqtIrltyyOwNZJl5GSpCh1it+dfoRS0KUhgmqddtzY9NNqTKcCZwUOonGmLIRHWDbUklD1N10duqEnFilT4JI2ZKGzNTfEykNtR6Hvu0MqRnqRW8q/ue1ExNcdlMu48SgZPNFQSKIicj0b9LnCpkRY0soU9zeStiQKsqMTadgQ/AWX14mjUrZOytX7s9L1essjjwcwTGcggcXUIVbqEEdGAzgGV7hzRHOi/PufMxbc042cwh/4Hz+AJH7jVA=</latexit>

I = 3
<latexit sha1_base64="gXQWuofKChHkyGuPJVkzJq2om40=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4SQRslYKNdRGMCyRH2NnvJkr29Y3dOCCE/wcZCEVt/kZ3/xk1yhSY+GHi8N8PMvCCRwqDrfju5ldW19Y38ZmFre2d3r7h/8GjiVDPeYLGMdSughkuheAMFSt5KNKdRIHkzGF5P/eYT10bE6gFHCfcj2lciFIyile5vL6vdYsktuzOQZeJlpAQZ6t3iV6cXszTiCpmkxrQ9N0F/TDUKJvmk0EkNTygb0j5vW6poxI0/np06ISdW6ZEw1rYUkpn6e2JMI2NGUWA7I4oDs+hNxf+8dorhhT8WKkmRKzZfFKaSYEymf5Oe0JyhHFlCmRb2VsIGVFOGNp2CDcFbfHmZPFbKXrVcuTsr1a6yOPJwBMdwCh6cQw1uoA4NYNCHZ3iFN0c6L8678zFvzTnZzCH8gfP5A5N/jVE=</latexit>

I = 4
<latexit sha1_base64="km4+PESwnBfXuUaffHm/mUXeNCU=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0Y0IsS8KK3iOYByRJmJ73JkNnZZWZWCCGf4MWDIl79Im/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOg4VQzrLBaxagVUo+AS64Ybga1EIY0Cgc1geDP1m0+oNI/loxkl6Ee0L3nIGTVWeri7qnQLRbfkzkCWiZeRImSodQtfnV7M0gilYYJq3fbcxPhjqgxnAif5TqoxoWxI+9i2VNIItT+enTohp1bpkTBWtqQhM/X3xJhGWo+iwHZG1Az0ojcV//PaqQkv/TGXSWpQsvmiMBXExGT6N+lxhcyIkSWUKW5vJWxAFWXGppO3IXiLLy+TRrnknZfK95Vi9TqLIwfHcAJn4MEFVOEWalAHBn14hld4c4Tz4rw7H/PWFSebOYI/cD5/AJUDjVI=</latexit>

I = 5
<latexit sha1_base64="4ZfiZEP9JYydmap3XtcFVV5IQrA=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd2o6EUJeNFbRPOAZAmzk95kyOzsMjMrhCWf4MWDIl79Im/+jZPHQRMLGoqqbrq7gkRwbVz321laXlldW89t5De3tnd2C3v7dR2nimGNxSJWzYBqFFxizXAjsJkopFEgsBEMbsZ+4wmV5rF8NMME/Yj2JA85o8ZKD3dX551C0S25E5BF4s1IEWaodgpf7W7M0gilYYJq3fLcxPgZVYYzgaN8O9WYUDagPWxZKmmE2s8mp47IsVW6JIyVLWnIRP09kdFI62EU2M6Imr6e98bif14rNeGln3GZpAYlmy4KU0FMTMZ/ky5XyIwYWkKZ4vZWwvpUUWZsOnkbgjf/8iKpl0veaal8f1asXM/iyMEhHMEJeHABFbiFKtSAQQ+e4RXeHOG8OO/Ox7R1yZnNHMAfOJ8/loeNUw==</latexit>

t3 = t4 = T

<latexit sha1_base64="0xxExYmn4IFXD4GH9XwYzXlbcAw="></latexit>

t1 = t2 = 0

<latexit sha1_base64="dNMO909fXPkKK9Ln2FWAHzqSbSk="></latexit>

F(t1, t2; t3, t4) ⇡
Z

DX+DX� eiSeikonal[X
+,X�] B(X+)

�V
(t1, t2)B(X�)

�W
(t3, t4)

<latexit sha1_base64="JvPHkYu03w1xSDYMr7Zpsm3HuC0="></latexit>

For                   :  treat integral over         exactlyX±

<latexit sha1_base64="gXqbfixvAeYwMOAwpR2ryfgnYnM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+d3HfiIG1Zpbd3OgVeIVpAYFWoPqV38Yk1RQaQjHWvc8NzFBhpVhhNNZpZ9qmmAywSPas1RiQXWQ5cfO0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UhNdBxmTSWqoJItFUcqRidH8czRkihLDp5Zgopi9FZExVpgYm0/FhuAtv7xK2hd1r1G/vG/UmjdFHGU4gVM4Bw+uoAl30AIfCDB4hld4c6Tz4rw7H4vWklPMHMMfOJ8/uJiOow==</latexit>

T & logC

<latexit sha1_base64="cdflNH3UDKmD4w+sMhCwae5Xiqw=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRKp6LLYjcsKfUETymQ6SYfOI8xMCiX0T9y4UMStf+LOv3HaZqGtBy4czrmXe++JUka18bxvp7S1vbO7V96vHBweHZ+4p2ddLTOFSQdLJlU/QpowKkjHUMNIP1UE8YiRXjRpLvzelChNpWibWUpCjhJBY4qRsdLQddswSIz1OQyYTGBz6Fa9mrcE3CR+QaqgQGvofgUjiTNOhMEMaT3wvdSEOVKGYkbmlSDTJEV4ghIysFQgTnSYLy+fwyurjGAslS1h4FL9PZEjrvWMR7aTIzPW695C/M8bZCa+D3Mq0swQgVeL4oxBI+EiBjiiimDDZpYgrKi9FeIxUggbG1bFhuCvv7xJujc1v167fapXGw9FHGVwAS7BNfDBHWiAR9ACHYDBFDyDV/Dm5M6L8+58rFpLTjFzDv7A+fwBYJWS2g==</latexit>

T

<latexit sha1_base64="kp1Z2oiHvXrvHtSj9WKUFqOtehA=">AAACE3icdZDLSgMxFIYzXmu9VV26CRZBRIZM7dCZXdGNywq9wXQomTRtQzMXkoxQhr6DG1/FjQtF3Lpx59uY3kBFDwR+/u+c5OQPEs6kQujTWFldW9/YzG3lt3d29/YLB4dNGaeC0AaJeSzaAZaUs4g2FFOcthNBcRhw2gpG11PeuqNCsjiqq3FC/RAPItZnBCttdQvnWWd2iScGgZ8hE1WQY19eINO2kVtytHBd17FKk/qkWyguOVxyuOTQMtGsimBRtW7ho9OLSRrSSBGOpfQslCg/w0Ixwukk30klTTAZ4QH1tIxwSKWfzdaZwFPt9GA/FvpECs7c7xMZDqUch4HuDLEayt9sav7FvFT1HT9jUZIqGpH5Q/2UQxXDaUCwxwQlio+1wEQwvSskQywwUTrGvA5h+VP4v2iWTKts2rflYvVqEUcOHIMTcAYsUAFVcANqoAEIuAeP4Bm8GA/Gk/FqvM1bV4zFzBH4Ucb7Fyn+mo8=</latexit>

X±

<latexit sha1_base64="gXqbfixvAeYwMOAwpR2ryfgnYnM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48VTFtoY9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N2zQHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3M79zhNVmsXywUwTGgg8kixiBBsr+d3HfiIG1Zpbd3OgVeIVpAYFWoPqV38Yk1RQaQjHWvc8NzFBhpVhhNNZpZ9qmmAywSPas1RiQXWQ5cfO0JlVhiiKlS1pUK7+nsiw0HoqQtspsBnrZW8u/uf1UhNdBxmTSWqoJItFUcqRidH8czRkihLDp5Zgopi9FZExVpgYm0/FhuAtv7xK2hd1r1G/vG/UmjdFHGU4gVM4Bw+uoAl30AIfCDB4hld4c6Tz4rw7H4vWklPMHMMfOJ8/uJiOow==</latexit>

Seikonal / C e�T X+X� + . . .

<latexit sha1_base64="qv/i838SQoRBhDhErjKiaCkDBwY=">AAACIXicbZBNSwMxEIazftb6VfXoJVgEobbsiqLHohePilYL3bZk06mGZpMlmRXL0r/ixb/ixYMi3sQ/Y1p70OoLAw/vzJDMGyVSWPT9D29qemZ2bj63kF9cWl5ZLaytX1mdGg41rqU29YhZkEJBDQVKqCcGWBxJuI56J8P+9R0YK7S6xH4CzZjdKNEVnKGz2oWji3aIcI8ZiJ5WTA5omBidoKYnNNyl0MrKl4Mh1VslV2VaoqHsaLTtQtGv+CPRvxCMoUjGOmsX3sOO5mkMCrlk1jYCP8FmxgwKLmGQD1MLCeM9dgMNh4rFYJvZ6MIB3XZOh3a1caWQjtyfGxmLre3HkZuMGd7ayd7Q/K/XSLF71MyESlIExb8f6qaSugCGcdGOMMBR9h0wboT7K+W3zDCOLtS8CyGYPPkvXO1Vgv3Kwfl+sXo8jiNHNskW2SEBOSRVckrOSI1w8kCeyAt59R69Z+/Ne/8enfLGOxvkl7zPL1VkobE=</latexit>



The ‘scramblon’ modes
Zero modes of quadratic action (related to the SL(2,R) 
symmetry of the Schwarzian):

soft modes:

The modes                  can 
be excited exponentially 
softly but grow large 
towards the past (future). 

In the OTOC, these modes 
interact —> butterfly effect

iSquad =
iC

2

Z

contour
dt �✏I(@

4
t � @2

t )�✏I

<latexit sha1_base64="cpg9/EHCe05XxtJaEWLVr9PZ+t0="></latexit>

(
�+✏I = X+e�t

��✏I = X�et�T

<latexit sha1_base64="Zhs2qubJoZXBaHkVtwvStEu/Hwo="></latexit>

�+✏ (��✏)

<latexit sha1_base64="Bezpf5FmKuCXPrRIOYJI7P9zaJs="></latexit>

Re(t)
<latexit sha1_base64="B3cSgYo7Hxb8p9QJKEXzffoJ/eU=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWpgp6k4MVjFVsLTSib7aRdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwsrq2vlHcLG1t7+zulfcP2jpOFYMWi0WsOgHVILiEFnIU0EkU0CgQ8BCMrqf+wyMozWN5j+ME/IgOJA85o2gkz0N4wuwOJlU87ZUrTs2ZwV4mbk4qJEezV/7y+jFLI5DIBNW66zoJ+hlVyJmASclLNSSUjegAuoZKGoH2s9nNE/vEKH07jJUpifZM/T2R0UjrcRSYzojiUC96U/E/r5tieOlnXCYpgmTzRWEqbIztaQB2nytgKMaGUKa4udVmQ6ooQxNTyYTgLr68TNr1mntWq9+eVxpXeRxFckSOSZW45II0yA1pkhZhJCHP5JW8Wan1Yr1bH/PWgpXPHJI/sD5/ANQ5kYc=</latexit>

Im(t)
<latexit sha1_base64="8SsBIC4wehu91MCvUnXmhnkGH7c=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnqSghe9VbC10F1KNs22oUl2SWbFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oG3iVFPWorGIdSckhgmuWAs4CNZJNCMyFOwhHF1P/YdHpg2P1T2MExZIMlA84pSAlXwf2BNkt3JShdNeueLW3BnwMvFyUkE5mr3yl9+PaSqZAiqIMV3PTSDIiAZOBZuU/NSwhNARGbCupYpIZoJsdvMEn1ilj6NY21KAZ+rviYxIY8YytJ2SwNAselPxP6+bQnQZZFwlKTBF54uiVGCI8TQA3OeaURBjSwjV3N6K6ZBoQsHGVLIheIsvL5N2vead1ep355XGVR5HER2hY1RFHrpADXSDmqiFKErQM3pFb07qvDjvzse8teDkM4foD5zPH9KokYY=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

�i�
<latexit sha1_base64="BkE+gFOIFAzENehH38WmT0Qhk+I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgp6k4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortS94L0BD++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbRqVe+yWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf0TI9O</latexit>

5
<latexit sha1_base64="ZSUs1TdpT3FtQB0aD3LCfwFrArk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGRU8S8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6le9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4DHjLk=</latexit>

2
<latexit sha1_base64="7Bvb0YsYuaFKXOPEaoATshClBgc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWatb65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AXw7jLY=</latexit>

1
<latexit sha1_base64="wgpxXQpFv13GprAyPmN8frnZEPI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHq3jLU=</latexit>

X+
<latexit sha1_base64="18HRF+q+bGuw4TTD5JE6hP5UIfA="></latexit>

X�
<latexit sha1_base64="ge7xEC5SsB1TAG6WElzzkOZ/xbc="></latexit>

4
<latexit sha1_base64="hLedzxjBtb8tEZtMTLN9RN62mmM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSqNaqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB39DjLg=</latexit>

3
<latexit sha1_base64="udqvG3ySf3aYpOYytPGiabxfPYw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9VypXFVqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB32/jLc=</latexit>



Path integral computation of the OTOC: 

                   gets excited by operators in the future (past)

Re(t)
<latexit sha1_base64="B3cSgYo7Hxb8p9QJKEXzffoJ/eU=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWpgp6k4MVjFVsLTSib7aRdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwsrq2vlHcLG1t7+zulfcP2jpOFYMWi0WsOgHVILiEFnIU0EkU0CgQ8BCMrqf+wyMozWN5j+ME/IgOJA85o2gkz0N4wuwOJlU87ZUrTs2ZwV4mbk4qJEezV/7y+jFLI5DIBNW66zoJ+hlVyJmASclLNSSUjegAuoZKGoH2s9nNE/vEKH07jJUpifZM/T2R0UjrcRSYzojiUC96U/E/r5tieOlnXCYpgmTzRWEqbIztaQB2nytgKMaGUKa4udVmQ6ooQxNTyYTgLr68TNr1mntWq9+eVxpXeRxFckSOSZW45II0yA1pkhZhJCHP5JW8Wan1Yr1bH/PWgpXPHJI/sD5/ANQ5kYc=</latexit>

Im(t)
<latexit sha1_base64="8SsBIC4wehu91MCvUnXmhnkGH7c=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnqSghe9VbC10F1KNs22oUl2SWbFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oG3iVFPWorGIdSckhgmuWAs4CNZJNCMyFOwhHF1P/YdHpg2P1T2MExZIMlA84pSAlXwf2BNkt3JShdNeueLW3BnwMvFyUkE5mr3yl9+PaSqZAiqIMV3PTSDIiAZOBZuU/NSwhNARGbCupYpIZoJsdvMEn1ilj6NY21KAZ+rviYxIY8YytJ2SwNAselPxP6+bQnQZZFwlKTBF54uiVGCI8TQA3OeaURBjSwjV3N6K6ZBoQsHGVLIheIsvL5N2vead1ep355XGVR5HER2hY1RFHrpADXSDmqiFKErQM3pFb07qvDjvzse8teDkM4foD5zPH9KokYY=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

�i�
<latexit sha1_base64="BkE+gFOIFAzENehH38WmT0Qhk+I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgp6k4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortS94L0BD++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbRqVe+yWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf0TI9O</latexit>

5
<latexit sha1_base64="ZSUs1TdpT3FtQB0aD3LCfwFrArk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGRU8S8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6le9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4DHjLk=</latexit>

2
<latexit sha1_base64="7Bvb0YsYuaFKXOPEaoATshClBgc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWatb65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AXw7jLY=</latexit>

1
<latexit sha1_base64="wgpxXQpFv13GprAyPmN8frnZEPI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHq3jLU=</latexit>

X+
<latexit sha1_base64="18HRF+q+bGuw4TTD5JE6hP5UIfA="></latexit>

X�
<latexit sha1_base64="ge7xEC5SsB1TAG6WElzzkOZ/xbc="></latexit>

4
<latexit sha1_base64="hLedzxjBtb8tEZtMTLN9RN62mmM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSqNaqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB39DjLg=</latexit>

3
<latexit sha1_base64="udqvG3ySf3aYpOYytPGiabxfPYw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9VypXFVqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB32/jLc=</latexit>

�+✏I (��✏I)

<latexit sha1_base64="i01YuQHnFv62XPdJbcnso3i+Mcg=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARKmqZkYqCm6Ib3VWwF+gMJZOe1tBMZkgyQil9CTe+ihsXirgV3Pk2pu0sausPgZ/vnMPJ+YOYM6Ud58fKLCwuLa9kV3Nr6xubW/b2Tk1FiaRQpRGPZCMgCjgTUNVMc2jEEkgYcKgHvetRvf4IUrFI3Ot+DH5IuoJ1GCXaoJZ97LWBa9I6wh7EinHDbrF3iQspP5nihy077xSdsfC8cVOTR6kqLfvba0c0CUFoyolSTdeJtT8gUjPKYZjzEgUxoT3ShaaxgoSg/MH4qiE+MKSNO5E0T2g8ptMTAxIq1Q8D0xkS/aBmayP4X62Z6M6FP2AiTjQIOlnUSTjWER5FhNtMAtW8bwyhkpm/YvpAJKHaBJkzIbizJ8+b2mnRLRXP7kr58lUaRxbtoX1UQC46R2V0gyqoiih6Qi/oDb1bz9ar9WF9TlozVjqzi/7I+voFWwCdsQ==</latexit>

Interaction causes saddle 
point approximation to 
break down:

Squad. = 2C e�T X+X�

<latexit sha1_base64="EUyFC5NNZcLmHIupGLKVVzZFH+c="></latexit>

| {z }
⇠O(1)

<latexit sha1_base64="mO+0CWmcQ/Sdr773i+VIjFT5kG4=">AAACFHicbVDLSgMxFM34rPVVdekmWISKUGakosuiG3dWsA/olJLJ3Lahmcw0yQhlmI9w46+4caGIWxfu/BszbRfaeuBeDufcS3KPF3GmtG1/W0vLK6tr67mN/ObW9s5uYW+/ocJYUqjTkIey5REFnAmoa6Y5tCIJJPA4NL3hdeY3H0AqFop7PY6gE5C+YD1GiTZSt3DqxsIH6UlCIXFHo5j4btbSbuIqFuDEpYTj27TknKTdQtEu2xPgReLMSBHNUOsWvlw/pHEAQlNOlGo7dqQ7CZGaUQ5p3o0VRIQOSR/ahgoSgOokk6NSfGwUH/dCaUpoPFF/byQkUGoceGYyIHqg5r1M/M9rx7p32UmYiGINgk4f6sUc6xBnCWGfSaCajw0hVDLzV0wHxASkTY55E4Izf/IiaZyVnUr5/K5SrF7N4sihQ3SESshBF6iKblAN1RFFj+gZvaI368l6sd6tj+nokjXbOUB/YH3+ADJWnuA=</latexit>

c.f. [Maldacena/Stanford/Yang ’16]

Extend to finite SL(2,R) transformations:

fotoc
I (s) = fI(s) + (�I2 + �I3)

(1� fI(s))2X+

2 + (1� fI(s))X+
� (�I3 + �I4)

(1 + fI(s))2 e�TX�

2 + (1 + fI(s)) e�TX�

<latexit sha1_base64="0KpDerzYkncmkvUDLq9rGDACO1I="></latexit>

fI(s) = tanh
t(s)

2

<latexit sha1_base64="IexGDWqyfnR4FceGzryLG3YurYI=">AAACBnicbVBNS8NAEN34WetX1KMIi0Wol5KUil6Eohe9VbAf0JSy2W7apZtN2J0IJfTkxb/ixYMiXv0N3vw3btsctPXBwOO9GWbm+bHgGhzn21paXlldW89t5De3tnd27b39ho4SRVmdRiJSLZ9oJrhkdeAgWCtWjIS+YE1/eD3xmw9MaR7JexjFrBOSvuQBpwSM1LWPgu5tUZ/iS+wBkQPsBYrQFIw0Tsvjrl1wSs4UeJG4GSmgDLWu/eX1IpqETAIVROu268TQSYkCTgUb571Es5jQIemztqGShEx30ukbY3xilB4OImVKAp6qvydSEmo9Cn3TGRIY6HlvIv7ntRMILjopl3ECTNLZoiARGCI8yQT3uGIUxMgQQhU3t2I6ICYIMMnlTQju/MuLpFEuuZXS2V2lUL3K4sihQ3SMishF56iKblAN1RFFj+gZvaI368l6sd6tj1nrkpXNHKA/sD5/AAz5l50=</latexit>

�✏otocI (s) = (�I2 + �I3) �+✏I + (�I3 + �I4) ��✏I

<latexit sha1_base64="beVB6pjIy8Is4/I5tNVbXN94TSw="></latexit>



Bilocal              =  two-point function fully backreacted in the 
presence of a source for                                       

Soft modes also couple to matter in the same universal way as 
before: via (finite) SL(2,R) reparametrizations

Tr
�
W (0)V (T )W (0)V (T ) e��H

 
=

Z
DX+DX� e2iC e

�T
X

+
X

�
B(fotoc)
�V

(3T, T )B(fotoc)
�W

(4T, 2T )

<latexit sha1_base64="k9jDKDwsVBVYN9Z/ApZBXbEGJrQ="></latexit>

Re(t)
<latexit sha1_base64="B3cSgYo7Hxb8p9QJKEXzffoJ/eU=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyWpgp6k4MVjFVsLTSib7aRdutmE3YlYQv+GFw+KePXPePPfuG1z0NYHA4/3ZpiZFySCa3Scb6uwsrq2vlHcLG1t7+zulfcP2jpOFYMWi0WsOgHVILiEFnIU0EkU0CgQ8BCMrqf+wyMozWN5j+ME/IgOJA85o2gkz0N4wuwOJlU87ZUrTs2ZwV4mbk4qJEezV/7y+jFLI5DIBNW66zoJ+hlVyJmASclLNSSUjegAuoZKGoH2s9nNE/vEKH07jJUpifZM/T2R0UjrcRSYzojiUC96U/E/r5tieOlnXCYpgmTzRWEqbIztaQB2nytgKMaGUKa4udVmQ6ooQxNTyYTgLr68TNr1mntWq9+eVxpXeRxFckSOSZW45II0yA1pkhZhJCHP5JW8Wan1Yr1bH/PWgpXPHJI/sD5/ANQ5kYc=</latexit>

Im(t)
<latexit sha1_base64="8SsBIC4wehu91MCvUnXmhnkGH7c=">AAAB83icbVBNSwMxEM3Wr1q/qh69BItQL2W3CnqSghe9VbC10F1KNs22oUl2SWbFsvRvePGgiFf/jDf/jWm7B219MPB4b4aZeWEiuAHX/XYKK6tr6xvFzdLW9s7uXnn/oG3iVFPWorGIdSckhgmuWAs4CNZJNCMyFOwhHF1P/YdHpg2P1T2MExZIMlA84pSAlXwf2BNkt3JShdNeueLW3BnwMvFyUkE5mr3yl9+PaSqZAiqIMV3PTSDIiAZOBZuU/NSwhNARGbCupYpIZoJsdvMEn1ilj6NY21KAZ+rviYxIY8YytJ2SwNAselPxP6+bQnQZZFwlKTBF54uiVGCI8TQA3OeaURBjSwjV3N6K6ZBoQsHGVLIheIsvL5N2vead1ep355XGVR5HER2hY1RFHrpADXSDmqiFKErQM3pFb07qvDjvzse8teDkM4foD5zPH9KokYY=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

�i�
<latexit sha1_base64="BkE+gFOIFAzENehH38WmT0Qhk+I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgp6k4MVjBfsBbSib7aRdutmE3Y1QQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBortS94L0BD++WKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/Nzp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms9/JgCtkRkwsoUxxeythI6ooMzahkg3BW355lbRqVe+yWnu4qtRv8ziKcAKncA4eXEMd7qEBTWAwhmd4hTcncV6cd+dj0Vpw8plj+APn8wf0TI9O</latexit>

5
<latexit sha1_base64="ZSUs1TdpT3FtQB0aD3LCfwFrArk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGRU8S8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c381hMqzWP5YMYJ+hEdSB5yRo2V6le9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCG3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3N4sjDCZzCOXhwDVW4hxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD4DHjLk=</latexit>

2
<latexit sha1_base64="7Bvb0YsYuaFKXOPEaoATshClBgc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWatb65Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV76Jaa15W6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8AXw7jLY=</latexit>

1
<latexit sha1_base64="wgpxXQpFv13GprAyPmN8frnZEPI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWanr9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AHq3jLU=</latexit>

X+
<latexit sha1_base64="18HRF+q+bGuw4TTD5JE6hP5UIfA="></latexit>

X�
<latexit sha1_base64="ge7xEC5SsB1TAG6WElzzkOZ/xbc="></latexit>

4
<latexit sha1_base64="hLedzxjBtb8tEZtMTLN9RN62mmM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe1flSqNaqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB39DjLg=</latexit>

3
<latexit sha1_base64="udqvG3ySf3aYpOYytPGiabxfPYw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9VypXFVqt1mceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB32/jLc=</latexit>

B(fotoc)
�V

<latexit sha1_base64="AqCifS2WRmwdLKSZznCMBHkC0w4=">AAACDnicbVC5TsNAEF1zE64AJc2KCCk0kY1AUCKgoAwSOaQ4WOvNOKxYe63dMSKy/AU0/AoNBQjRUtPxN2yOgutJIz29N6OZeWEqhUHX/XSmpmdm5+YXFktLyyura+X1jaZRmebQ4Eoq3Q6ZASkSaKBACe1UA4tDCa3w5nTot25BG6GSSxyk0I1ZPxGR4AytFJR3cp8zSU+KIPfPQCILmsVVXo2ufIQ7zBUqXuwWQbni1twR6F/iTUiFTFAPyh9+T/EshgS5ZMZ0PDfFbs40Ci6hKPmZgZTxG9aHjqUJi8F089E7Bd2xSo9GSttKkI7U7xM5i40ZxKHtjBlem9/eUPzP62QYHXVzkaQZQsLHi6JMUlR0mA3tCQ0c5cASxrWwt1J+zTTjaBMs2RC83y//Jc29mrdfO7jYrxyfTOJYIFtkm1SJRw7JMTknddIgnNyTR/JMXpwH58l5dd7GrVPOZGaT/IDz/gXFA5yW</latexit>

X�

<latexit sha1_base64="YWtAyyvoljNh9+e5kajfx2FovlQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgxbArET0GvXiMaB6QrGF2MkmGzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY3Uz95hPXRkTqAccx90M6UKIvGEUr3bcez7rFklt2ZyDLxMtICTLUusWvTi9iScgVMkmNaXtujH5KNQom+aTQSQyPKRvRAW9bqmjIjZ/OTp2QE6v0SD/SthSSmfp7IqWhMeMwsJ0hxaFZ9Kbif147wf6VnwoVJ8gVmy/qJ5JgRKZ/k57QnKEcW0KZFvZWwoZUU4Y2nYINwVt8eZk0zstepXxxVylVr7M48nAEx3AKHlxCFW6hBnVgMIBneIU3RzovzrvzMW/NOdnMIfyB8/kD1eSNgw==</latexit>

= hV V ihWW i ⇥ z�2� U(2�, 1, z�1)

<latexit sha1_base64="vZE6Tux/NwF3kFeQI0jEWQgJokw="></latexit>

z / eT

C

<latexit sha1_base64="ICm7u2UshDnIMk0XWox8+ObEacw=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJUZqeiy2I3LCn1BZyyZNNOGZpKQZIQ6zMZfceNCEbd+hjv/xvSx0NYDgcM593JzTiQZ1cbzvp2V1bX1jc3CVnF7Z3dv3z04bGmRKkyaWDChOhHShFFOmoYaRjpSEZREjLSjUW3itx+I0lTwhhlLEiZowGlMMTJW6rnHjzCQSkgjYBArhDNy38izWt5zS17ZmwIuE39OSmCOes/9CvoCpwnhBjOkddf3pAkzpAzFjOTFINVEIjxCA9K1lKOE6DCbBsjhmVX6MBbKPm7gVP29kaFE63ES2ckEmaFe9Cbif143NfF1mFEuU0M4nh2KUwZt3EkbsE8VwYaNLUFYUftXiIfI9mBsZ0Vbgr8YeZm0Lsp+pXx5VylVb+Z1FMAJOAXnwAdXoApuQR00AQY5eAav4M15cl6cd+djNrrizHeOwB84nz/YqJaV</latexit>
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T

<latexit sha1_base64="EeSR9iKwJ8XGZ643PlyqybQdhaM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRI9BLx4TyAuSJcxOepMxs7PLzKwQQr7AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8P/fbT6g0j2XDTBL0IzqUPOSMGivVG/1iyS27C5B14mWkBBlq/eJXbxCzNEJpmKBadz03Mf6UKsOZwFmhl2pMKBvTIXYtlTRC7U8Xh87IhVUGJIyVLWnIQv09MaWR1pMosJ0RNSO96s3F/7xuasJbf8plkhqUbLkoTAUxMZl/TQZcITNiYgllittbCRtRRZmx2RRsCN7qy+ukdVX2KuXreqVUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPskGM4A==</latexit>



Generalization to CFTs
• The Virasoro identity conformal block plays a similar role in 2d 

CFTs as the Schwarzian mode exchanges

V

<latexit sha1_base64="pfzaLRa2n0XI2AG73t0H3+ajtrM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftUmM4g==</latexit>

V

<latexit sha1_base64="pfzaLRa2n0XI2AG73t0H3+ajtrM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftUmM4g==</latexit>

W

<latexit sha1_base64="g8V6XbFHuocDKOAGzKHCNtotxUU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y+pV47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPts2M4w==</latexit>

W

<latexit sha1_base64="g8V6XbFHuocDKOAGzKHCNtotxUU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPfLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9y+pV47JSu83jKMIJnMI5eHANNbiHOjSBAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPts2M4w==</latexit>

1 + T + @T
<latexit sha1_base64="gREdNBXSVvkGRk6Saux6ZneHZCA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEoVCSKuiy6MZlhb6gDWUynbRDJ5MwMxFq6Je4caGIWz/FnX/jpM1CWw9cOJxz78y9x485U9pxvq3CxubW9k5xt7S3f3BYto+OOypKJKFtEvFI9nysKGeCtjXTnPZiSXHoc9r1p3eZ332kUrFItPQspl6Ix4IFjGBtpKFddqut6iDGUjPMUQsN7YpTcxZA68TNSQVyNIf212AUkSSkQhOOleq7Tqy9NHuQcDovDRJFY0ymeEz7hgocUuWli8Xn6NwoIxRE0pTQaKH+nkhxqNQs9E1niPVErXqZ+J/XT3Rw46VMxImmgiw/ChKOdISyFNCISUo0nxmCiWRmV0QmWGKiTVYlE4K7evI66dRr7mWt/nBVadzmcRThFM7gAly4hgbcQxPaQCCBZ3iFN+vJerHerY9la8HKZ07gD6zPH/Zmkf0=</latexit>

+T 2 + . . .
<latexit sha1_base64="j7t1vjqpydjN8yubAviPPfeMP7w=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIhbJbBT0WvXis0C9o15LNZtvQbLIm2UIp/R1ePCji1R/jzX9j2u5BWx8MPN6bYWZekHCmjet+O2vrG5tb27md/O7e/sFh4ei4qWWqCG0QyaVqB1hTzgRtGGY4bSeK4jjgtBUM72Z+a0SVZlLUzTihfoz7gkWMYGMlv1R/rKAS6vJQGt0rFN2yOwdaJV5GipCh1it8dUNJ0pgKQzjWuuO5ifEnWBlGOJ3mu6mmCSZD3KcdSwWOqfYn86On6NwqIYqksiUMmqu/JyY41nocB7Yzxmagl72Z+J/XSU1040+YSFJDBVksilKOjESzBFDIFCWGjy3BRDF7KyIDrDAxNqe8DcFbfnmVNCtl77JcebgqVm+zOHJwCmdwAR5cQxXuoQYNIPAEz/AKb87IeXHenY9F65qTzZzAHzifPws4kPw=</latexit>

hV (z1)V (z2)W (z3)W (z4)i =
1

x�V
12 x�W

34

2

4V1 (z, z̄) +
X

O 6=1

COV V COWW VO(z, z̄)

3

5

<latexit sha1_base64="+ZeMmzCmmokxQH3Yf2aD6zb0ntY="></latexit>

z =
z12z34
z13z24

<latexit sha1_base64="c9qbFMPSbfoQW4rapHASve3bB5s=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCCmKkkrwYJUwcJYJPqQ2ihyXKe16jiR7SC1Uf6AhV9hYQAhVlY2/gY3zQAtV7LvuefcK/seP2ZUKsv6NlZW19Y3Nktb5e2d3b198+CwLaNEYNLCEYtE10eSMMpJS1HFSDcWBIU+Ix1/fDPTOw9ESBrxezWJiRuiIacBxUhpyjPPpvAK9gOBcDr1UtvJoE61epblZS3Tt6Mrz6xYVSsPuAzsAlRAEU3P/OoPIpyEhCvMkJQ924qVmyKhKGYkK/cTSWKEx2hIehpyFBLppvk+GTzVzAAGkdCHK5izvydSFEo5CX3dGSI1kovajPxP6yUquHRTyuNEEY7nDwUJgyqCM3PggAqCFZtogLCg+q8Qj5A2R2kLy9oEe3HlZdB2qnat6tzVK43rwo4SOAYn4BzY4AI0wC1oghbA4BE8g1fwZjwZL8a78TFvXTGKmSPwJ4zPH/mgnAI=</latexit>

• Contribution to the OTOC matches the black hole result:     
fast scrambling, maximal Lyapunov exponent

[Roberts/Stanford ’14] … [FH/Reeves/Rozali ’19]

• Graviton excitations in AdS



Generalization to CFTs
• 2d reparametrizations                             are broken by the 

vacuum to SL(2,R) x SL(2,R) 

• They acquire an action, which realizes this structure non-
linearly 

• Shortcut: consider generating functional for T-correlators:

(z, z̄) ! (f(z), f̄(z̄))

(z, z̄) ! (z + ✏, z̄ + ✏̄) SCFT �! SCFT +

Z
d2z

�
@̄✏ T (z) + @✏̄ T̄ (z̄)

 

e�W [✏]+
R
d2z @̄✏T✏(z) =

1

Z0

Z
[d�] e�SCFT�

R
d2z @̄✏T (z)

<latexit sha1_base64="Sns8UX/6f3AiJOIV/uyWDMp1iLI="></latexit>

[Polyakov ’87] [Alekseev/Shatashvili ’89] [Cotler/Jensen ’18]

quadratic action:
[FH/Rozali ’18] [FH/Reeves/Rozali ’19] [Nguyen ’21]

W2[✏] =
c

24⇡

Z
dtd�

⇥
@̄✏ (@3

t � @t)✏+ anti-holo.
⇤

<latexit sha1_base64="yF7XRejuLMOpjoirU6FD95dyWoE="></latexit>



Generalization to CFTs
W2[✏] =

c

24⇡

Z
dtd�

⇥
@̄✏ (@3

t � @t)✏+ anti-holo.
⇤

<latexit sha1_base64="yF7XRejuLMOpjoirU6FD95dyWoE="></latexit>

• Zero modes                  and  
 

X�(�)et�T

<latexit sha1_base64="DAzMc65sfe/eok6/x0ggXEbLVcM="></latexit>

X+(�)e�t

<latexit sha1_base64="DWqChiGnYDnQ/qzwTI/cXAIfJZk="></latexit>

OTOC = z�2h0
U

✓
2h0, 1 + 2h0 � 2h,

1

z

◆

<latexit sha1_base64="yrt8JMDMlKosHun7mVuo+KKxh4I="></latexit>

z ⌘ �12⇡i

c
⇥(�0 � �) eT+(���0)

<latexit sha1_base64="/efJbLUU4OLEBfiBHJka2fKnEFU="></latexit>

     => eikonal action, OTOC etc. as before

Mechanism quite general for theories with SL(2,R) symmetry 
EFT of maximal chaos based on symmetry
What about less constrained cases, sub-maximal chaos?

[Blake/Lee/Liu ’18]

c.f. [Chen/Fitzpatrick/Kaplan/Li/Wang ’16]



Sub-maximal chaos in 
SYK at large q

[Choi/FH/Mezei/Sarosi  2301.05698]



Integrate out fermions and disorder (using self-averaging property) 

Obtain non-local effective action in terms of   

Large q limit:

Leading order: bi-local ‘Liouville’ action:

Large q SYK model
Consider SYK with

H = i
q
2

X

1i1<...<iqN

ji1···iq  i1 · · · iq hj2i1···iq i =
2q�1J 2(q � 1)!

qNq�1

<latexit sha1_base64="Vyzj3s6nixxX+1lER6ZslP9Fins="></latexit>

<latexit sha1_base64="63G6bij3kvl/s1RW/q10s7x8Wzk="></latexit>

G(⌧1, ⌧2) = Gfree(⌧12)


1 +

1

q
g(⌧1, ⌧2) +O(q�2)

�

<latexit sha1_base64="o4It0O/0RXcxMZ12toGIMcINLgI="></latexit>

S[g] =
N

4q2

Z
d⌧1d⌧2


1

4
@⌧1g @⌧2g � J 2 eg

�

[Maldacena/Stanford ‘16] [Cotler et al. ’17] 

<latexit sha1_base64="LQrv0s42jpiFuZgRW+OZWYrcOZQ="></latexit>

N � q2 � 1 , J 2 = fix

G,⌃

<latexit sha1_base64="YCHdU6Vdur0yRp41npevhgQkprQ=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBg5RdadFj0YMeK9oPaJeSTbNtaJJdk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjK6nfuuJKs0i+WDGMfUFHkgWMoKNldo3Z917NhC4Vyy5ZXcGtEy8jJQgQ71X/Or2I5IIKg3hWOuO58bGT7EyjHA6KXQTTWNMRnhAO5ZKLKj209m9E3RilT4KI2VLGjRTf0+kWGg9FoHtFNgM9aI3Ff/zOokJL/2UyTgxVJL5ojDhyERo+jzqM0WJ4WNLMFHM3orIECtMjI2oYEPwFl9eJs3zslcpV+8qpdpVFkcejuAYTsGDC6jBLdShAQQ4PMMrvDmPzovz7nzMW3NONnMIf+B8/gBpKY+S</latexit>



The leading connected OTOC is known at any coupling:
<latexit sha1_base64="hgMMPz7xX1G1xsDDvtkRTMV3xy0="></latexit>

1

N2

NX

i,j=1

hTC{ i(t1) i(t2) j(t3) j(t4)}i� ⌘ G(t12)G(t34) +
1

N
F(t1, t2, t3, t4) +O

✓
1

N2

◆

<latexit sha1_base64="O8QSleGIt8ySUEFAHqYsbU5cGhw="></latexit>

FOTOC(0, 0, T, T ) = �2 sec
⇣v⇡

2

⌘3

cosh
⇣v
2
(i⇡ � 2T )

⌘
+

2 tan
�
⇡v
2

�

⇡v
2

+ cot
�
⇡v
2

�
⇣
1 +

⇡v

2
tan

⇣⇡v
2

⌘⌘2
<latexit sha1_base64="zsrXwYRzPG49KI2M5hi8lV4KNcM="></latexit>

+tan
⇣⇡v

2

⌘3
iv(i⇡ � 2T )

[Streicher ’19]

<latexit sha1_base64="mJ5eWtryqAEqpq/J2vl4XH2od7c="></latexit>

= ↵ evT +O
�
(evT )0

�

[Choi/Mezei/Sarosi ’19]

<latexit sha1_base64="dL6yfCrwEJbnU/iADi+GzgboKLI="></latexit>

�J = ⇡v sec
⇣⇡v

2

⌘

<latexit sha1_base64="z9pRqgJfdpjCLXcerbd9dl2dpYU=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7Iroh6LXjxWsB/QLiWbTtvQbHZNsoWy9J948aCIV/+JN/+NabsHbX0wzOO9GTJ5YSK4Np737RTW1jc2t4rbpZ3dvf0D9/CooeNUMayzWMSqFVKNgkusG24EthKFNAoFNsPR3cxvjlFpHstHM0kwiOhA8j5n1Fip67oe6Qh8IuNF80nXLXsVbw6ySvyclCFHret+dXoxSyOUhgmqddv3EhNkVBnOBE5LnVRjQtmIDrBtqaQR6iCbXz4lZ1bpkX6sbElD5urvjYxGWk+i0E5G1Az1sjcT//PaqenfBBmXSWpQssVD/VQQE5NZDKTHFTIjJpZQpri9lbAhVZQZG1bJhuAvf3mVNC4q/lXl8uGyXL3N4yjCCZzCOfhwDVW4hxrUgcEYnuEV3pzMeXHenY/FaMHJd47hD5zPHxmEkgc=</latexit>

0  v  1

How to get this from a ‘scramblon' EFT?  

Extend to higher orders in 1/N



Place the bi-local Liouville theory on the OTO contour:

1

2
@1@2gIJ(s1, s2)± J 2 egIJ (s1,s2) = 0

<latexit sha1_base64="GuRg87iPBdPDIm/qv3AjLmsFOVI="></latexit>

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

⇥

<latexit sha1_base64="DFN4sfNhBNG+B7awRb3y/Saos6c=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPuMOPPA==</latexit>

                           : theories dominated by ladder diagrams (including 
large-q SYK) have eikonal action giving sub-maximal chaos
[Gu/Kitaev/Zhang ’21]

We will instead use path integral approach, developed for a simpler 
model (‘Brownian SYK’) in                               .[Stanford/Yang/Yao ’21]

                                                : 

General solution:

<latexit sha1_base64="f5imCd8J3FKFCmwdUKGX7rMu6JQ="></latexit>

FIJ(s) �! aFIJ(s) + b

c FIJ(s) + d
, GIJ(s) �! aGIJ(s) + b

cGIJ(s) + d

di↵(S1)⇥ di↵(S1) ! SL(2, R)diag

<latexit sha1_base64="Jog7lJjQ0dOQ1s/Gfoslnxl4+70="></latexit>

egIJ (s1,s2) = ± 1

J 2

F 0
IJ(s1)G

0
IJ(s2)

(FIJ(s1)�GIJ(s2))2

<latexit sha1_base64="aZ6FAyp50nUnai8057llgsS0lXE="></latexit>



Saddle: FIJ(s) = tanh

✓
vt(s) + 2⇡vi

2
+ cIJ

◆
, GIJ(s) = tanh

✓
vt(s) + ⇡(1 + v)i

2
+ cIJ

◆

<latexit sha1_base64="xHemgT7Hc6HKu6JXgYBiREmf2sU="></latexit>

Again, the bilocal quadratic action of fluctuations has nearly-zero 
modes. They are generated by                    :<latexit sha1_base64="uBPGq8Bwo5kULz+GZnh7d9bb8bU=">AAAB/HicbVDLSsNAFJ34rPUV7dJNsAgVpCSlqMuiGxcu6qMPaEOYTCbt0MmDmRsxhPorblwo4tYPceffOG2z0NYDFw7n3Mu997gxZxJM81tbWl5ZXVsvbBQ3t7Z3dvW9/baMEkFoi0Q8El0XS8pZSFvAgNNuLCgOXE477uhy4nceqJAsCu8hjakd4EHIfEYwKMnRS3fXldrJ7bHTB/oImcfwYOzoZbNqTmEsEisnZZSj6ehffS8iSUBDIBxL2bPMGOwMC2CE03Gxn0gaYzLCA9pTNMQBlXY2PX5sHCnFM/xIqArBmKq/JzIcSJkGruoMMAzlvDcR//N6CfjndsbCOAEaktkiP+EGRMYkCcNjghLgqSKYCKZuNcgQC0xA5VVUIVjzLy+Sdq1qnVbrN/Vy4yKPo4AO0CGqIAudoQa6Qk3UQgSl6Bm9ojftSXvR3rWPWeuSls+U0B9onz+Xu5Qf</latexit>

SL(2, R)diag

F̃+
IJ =

X+(1� FIJ)2

2 +X+(1� FIJ)

<latexit sha1_base64="AjrpSAU0A5vZx4fNK1l6wfo46Es="></latexit>

etc.

Gotoc
IJ (s2) = GIJ + (�I2 + �I3)G̃

+
IJ + (�I3 + �I4)G̃

�
IJ

<latexit sha1_base64="gITiXOWEio42VQS1a76mqpbdG70="></latexit>

F otoc
IJ (s1) = FIJ + (�I2 + �I3)F̃

+
IJ + (�I3 + �I4)F̃

�
IJ

<latexit sha1_base64="ehEaioqVpqWaHb3brikPFFc6POo="></latexit>

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

F̃+
IJ(s1)

<latexit sha1_base64="1zbhThkblAkT3/jCtR1NGYEfzAc="></latexit>

G̃
+ I
J
(s

2
)

<latexit sha1_base64="ap0POtfnN9cZlig4IvSEd1uTBq4="></latexit>

G̃
� I
J
(s

2
)

<latexit sha1_base64="RqhtEoF5Vr70QBE5wexNoSXbN0g="></latexit>

F̃�
IJ(s1)

<latexit sha1_base64="jfsoUuVHVVRx2Yygi92fmBw1bkw="></latexit>

Can fix         
such that 
fluctuations   s      
satisfy KMS (!)

cIJ

<latexit sha1_base64="b2W3l5E+SubNl8TzMnzBG275YXE=">AAAB7XicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrFT0WvainCvYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsrq2vlHcLG1t7+zuufsHTS1TRWiDSC5VO8SaciZowzDDaTtRFMchp61wdD31W09UaSbFgxknNIjxQLCIEWys1CS97PZu0nPLXsWbAS0TPydlyFHvuV/dviRpTIUhHGvd8b3EBBlWhhFOJ6VuqmmCyQgPaMdSgWOqg2x27QSdWKWPIqlsCYNm6u+JDMdaj+PQdsbYDPWiNxX/8zqpiS6DjIkkNVSQ+aIo5chINH0d9ZmixPCxJZgoZm9FZIgVJsYGVLIh+IsvL5PmWcWvVs7vq+XaVR5HEY7gGE7BhwuowQ3UoQEEHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4AbiGPCw==</latexit>



The eikonal action is obtained by evaluating                             

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

�g+
<latexit sha1_base64="yk3bZlazUlLeBY1tqyrQIYU7eUg="></latexit>

�g�
<latexit sha1_base64="k10ICoCTq0z4pewiGmMh7zB6M98="></latexit>

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

Squad.[�+g, ��g]

<latexit sha1_base64="E7WU4yd+/hOn4uoTYV2UvV7IrhA=">AAACDnicbZA9SwNBEIb34nf8OrW0WQyCoIY7iWgZtLFUNEZIjmNvbxIX9z7cnRPDkV9g41+xsVDE1trOf+MmXqGJLyw8vDPD7LxBKoVGx/myShOTU9Mzs3Pl+YXFpWV7ZfVSJ5ni0OCJTNRVwDRIEUMDBUq4ShWwKJDQDG6OB/XmHSgtkvgCeyl4EevGoiM4Q2P59ua530a4x/w2Y2G132qHIJH5292dgnZp16O+XXGqzlB0HNwCKqTQqW9/tsOEZxHEyCXTuuU6KXo5Uyi4hH65nWlIGb9hXWgZjFkE2suH5/TppnFC2kmUeTHSoft7ImeR1r0oMJ0Rw2s9WhuY/9VaGXYOvVzEaYYQ859FnUxSTOggGxoKBRxlzwDjSpi/Un7NFONoEiybENzRk8fhcq/q1qr7Z7VK/aiIY5askw2yRVxyQOrkhJySBuHkgTyRF/JqPVrP1pv1/tNasoqZNfJH1sc3T7WbnQ==</latexit>

Seikonal =
N

2q2
cos

⇣⇡v
2

⌘
e

i⇡v
2 �vT X+X�

<latexit sha1_base64="1YersjiZikqYUKfs/YWa1ESQ1HI="></latexit>

Effective action for chaos with �L =
2⇡v

�
(0 < v < 1)

<latexit sha1_base64="QIYJWMpwx7CcI22IPmn/s9GSlDg=">AAACGnicbVC7SgNBFJ2Nrxhfq5Y2g0GITdgNES0iBG0sLCKYB2RDuDs7mwyZfTgzGwhLvsPGX7GxUMRObPwbJ49CEw8MHM45lzv3uDFnUlnWt5FZWV1b38hu5ra2d3b3zP2DhowSQWidRDwSLRck5SykdcUUp61YUAhcTpvu4HriN4dUSBaF92oU004AvZD5jIDSUte0Ha7DHnRv8SV2fAEkLTkxw8Nx6rhUwRg7Dwl4uGBV8BBXsH3aNfNW0ZoCLxN7TvJojlrX/HS8iCQBDRXhIGXbtmLVSUEoRjgd55xE0hjIAHq0rWkIAZWddHraGJ9oxcN+JPQLFZ6qvydSCKQcBa5OBqD6ctGbiP957UT5F52UhXGiaEhmi/yEYxXhSU/YY4ISxUeaABFM/xWTPuh+lG4zp0uwF09eJo1S0S4Xz+7K+erVvI4sOkLHqIBsdI6q6AbVUB0R9Iie0St6M56MF+Pd+JhFM8Z85hD9gfH1A5AinqY=</latexit>

[Choi/FH/Mezei/Sarosi  ’23]

OTOC = z�2� U(2�, 1, z�1
)

✓
z =

1

4�2N
sec

⇣⇡v
2

⌘3
e�

i⇡v
2 +vT

◆

<latexit sha1_base64="rk9sK84NA8Dd6utS275glrhENXo="></latexit>

see also: [Gao/Liu ’23]



Comparison with 
stringy effects



Wave function representation: Schwarzian

 1

<latexit sha1_base64="EEzn1sO/KjiCFelDJZLjzSH4qjk=">AAACGHicbZC7TsMwFIYdrqXcCowsERUSAwpxSUnHChbGItGLlEaV4zqtVeci20GqojwGC6/CwgBCrN14G9w0A7QcydKn/z/HPv69mFEhTfNbW1vf2NzaLu2Ud/f2Dw4rR8cdESUckzaOWMR7HhKE0ZC0JZWM9GJOUOAx0vUmd3O/+0S4oFH4KKcxcQM0CqlPMZJKGlSu0n5+icNHnpuaht2oNa5rl6YBYcOC9hxurLplZ/2WoAOYDSpV0zDz0lcBFlAFRbUGlVl/GOEkIKHEDAnhQDOWboq4pJiRrNxPBIkRnqARcRSGKCDCTfOdMv1cKUPdj7g6odRz9fdEigIhpoGnOgMkx2LZm4v/eU4i/Yab0jBOJAnx4iE/YbqM9HlK+pBygiWbKkCYU7WrjseIIyxVlmUVAlz+8ip0aga0jPqDVW3eFnGUwCk4AxcAAhs0wT1ogTbA4Bm8gnfwob1ob9qn9rVoXdOKmRPwp7TZDz3UnCA=</latexit>

 2

<latexit sha1_base64="3TGW8JVPDPBd7irIRpHeCS2OgOU=">AAACGHicbZC7TsMwFIYdrqXcAowsERUSAwpJSEnGChbGItGLlESV47qtVeci20GqojwGC6/CwgBCrN14G9w2A7QcydKn/z/HPv7DlBIuDONbWVvf2NzaruxUd/f2Dw7Vo+M2TzKGcAslNGHdEHJMSYxbggiKuynDMAop7oTju5nfecKMkyR+FJMUBxEcxmRAEBRS6qlXuT+/xGPDMMgN3XEt99q6NHTTdG3TmcGNXbedwm9y0rOKnlozdGNe2iqYJdRAWc2eOvX7CcoiHAtEIeeeaaQiyCETBFFcVP2M4xSiMRxiT2IMI8yDfL5ToZ1Lpa8NEiZPLLS5+nsihxHnkyiUnREUI77szcT/PC8TAzfISZxmAsdo8dAgo5pItFlKWp8wjASdSICIEbmrhkaQQSRkllUZgrn85VVoW7pp6/UHu9a4LeOogFNwBi6ACRzQAPegCVoAgWfwCt7Bh/KivCmfyteidU0pZ07An1KmPz9ZnCE=</latexit>

Write vertex factors using ‘bulk’ wave functions:

 3

<latexit sha1_base64="d8TVlUTiteuGEFfsKfESyl4SYlg=">AAACGHicbZC7TsMwFIadcivlFmBksaiQGFBI0lakWwULY5HoRUqjynHd1qpzke0gVVEeg4VXYWEAIdZuvA1O2wFajmTp0/+fYx//fsyokKb5rRU2Nre2d4q7pb39g8Mj/fikLaKEY9LCEYt410eCMBqSlqSSkW7MCQp8Rjr+5C73O0+ECxqFj3IaEy9Ao5AOKUZSSX39Ou3NL3H5yPdS06g7tlWxr0yjZtt1MwfLsZyqnfWagvYrWV8vm4Y5L7gO1hLKYFnNvj7rDSKcBCSUmCEhXMuMpZciLilmJCv1EkFihCdoRFyFIQqI8NL5Thm8UMoADiOuTijhXP09kaJAiGngq84AybFY9XLxP89N5NDxUhrGiSQhXjw0TBiUEcxTggPKCZZsqgBhTtWuEI8RR1iqLEsqBGv1y+vQtg2ratQequXG7TKOIjgD5+ASWOAGNMA9aIIWwOAZvIJ38KG9aG/ap/a1aC1oy5lT8Ke02Q8xCpwY</latexit>

 4

<latexit sha1_base64="RlE979tUV3Tvv3joJdlsXp0PQf0=">AAACGHicbZC7TsMwFIYdrqXcCowsERUSAwpOaEW7VbAwFolepCSqHNdtrTpOZDtIVdTHYOFVWBhAiLUbb4OTdoCWI1n69P/n2Md/EDMqFYTfxtr6xubWdmGnuLu3f3BYOjpuyygRmLRwxCLRDZAkjHLSUlQx0o0FQWHASCcY32V+54kISSP+qCYx8UM05HRAMVJa6pWuUi+/xBXDwE+hVa859rVzCa2q49RhBnbNrlWcqdeUtFeZ9kplaMG8zFWwF1AGi2r2SjOvH+EkJFxhhqR0bRgrP0VCUczItOglksQIj9GQuBo5Con003ynqXmulb45iIQ+XJm5+nsiRaGUkzDQnSFSI7nsZeJ/npuoQc1PKY8TRTiePzRImKkiM0vJ7FNBsGITDQgLqnc18QgJhJXOsqhDsJe/vAptx7IrVvWhUm7cLuIogFNwBi6ADW5AA9yDJmgBDJ7BK3gHH8aL8WZ8Gl/z1jVjMXMC/pQx+wEyj5wZ</latexit>

q+

<latexit sha1_base64="W43pFsYE7hfJta7IStQeVkHM+2Q=">AAACFXicbZDLSsNAFIYnXmu9VV26GSyCYAlJTU2XRTcuK9gLtCFMppN26OTizEQooS/hxldx40IRt4I738ZJm4W2Hhj4+P9zZs78XsyokIbxra2srq1vbBa2its7u3v7pYPDtogSjkkLRyziXQ8JwmhIWpJKRroxJyjwGOl44+vM7zwQLmgU3slJTJwADUPqU4ykktxSJe3PLunxoeekhm7Xq/WLasXQTbNumXYGl1bNsqf37vnULZUN3ZgVXAYzhzLIq+mWvvqDCCcBCSVmSIieacTSSRGXFDMyLfYTQWKEx2hIegpDFBDhpLOFpvBUKQPoR1ydUMKZ+nsiRYEQk8BTnQGSI7HoZeJ/Xi+Rft1JaRgnkoR4/pCfMCgjmEUEB5QTLNlEAcKcql0hHiGOsFRBFlUI5uKXl6Fd1U1Lr91a5cZVHkcBHIMTcAZMYIMGuAFN0AIYPIJn8AretCftRXvXPuatK1o+cwT+lPb5A/cqmuU=</latexit>

p�

<latexit sha1_base64="faLhgZ8mbQdwP4/I4wxVsUB0iaU=">AAACFXicbZDLSsNAFIYn9VbrLerSTbAILmqYxBbTXdGNywr2Amkok+m0HTq5MDMRSshLuPFV3LhQxK3gzrdx2mahrQcGPv7/nJkzvx8zKiSE31phbX1jc6u4XdrZ3ds/0A+P2iJKOCYtHLGId30kCKMhaUkqGenGnKDAZ6TjT25mfueBcEGj8F5OY+IFaBTSIcVIKqmvV9Le/BKXj3wvhWbdsa1LuwLNmm3X4Qwsx3Kqdhb3L7K+XoYmnJexClYOZZBXs69/9QYRTgISSsyQEK4FY+mliEuKGclKvUSQGOEJGhFXYYgCIrx0vlBmnCllYAwjrk4ojbn6eyJFgRDTwFedAZJjsezNxP88N5FDx0tpGCeShHjx0DBhhoyMWUTGgHKCJZsqQJhTtauBx4gjLFWQJRWCtfzlVWjbplU1a3fVcuM6j6MITsApOAcWuAINcAuaoAUweATP4BW8aU/ai/aufSxaC1o+cwz+lPb5A+j3mtw=</latexit>

F(t1, t2; t3, t4) ⇡
Z

DX+DX� eiSeikonal[X
+,X�] B(X+)

�V
(t1, t2)B(X�)

�W
(t3, t4)

<latexit sha1_base64="JvPHkYu03w1xSDYMr7Zpsm3HuC0="></latexit>

OTOC

<latexit sha1_base64="raLZgZLzcrArHL92XEsIk7MzgOI=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexKRY/FXry1Qr+gXUo2zbah2WRJZsWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5QSy4Adf9dnIbm1vbO/ndwt7+weFR8fikbVSiKWtRJZTuBsQwwSVrAQfBurFmJAoE6wST2tzvPDJtuJJNmMbMj8hI8pBTAlbq9YE9QVpv1muzQbHklt0F8DrxMlJCGRqD4ld/qGgSMQlUEGN6nhuDnxINnAo2K/QTw2JCJ2TEepZKEjHjp4uTZ/jCKkMcKm1LAl6ovydSEhkzjQLbGREYm1VvLv7n9RIIb/2UyzgBJulyUZgIDArP/8dDrhkFMbWEUM3trZiOiSYUbEoFG4K3+vI6aV+VvUr5+qFSqt5lceTRGTpHl8hDN6iK7lEDtRBFCj2jV/TmgPPivDsfy9ack82coj9wPn8AQTeRPg==</latexit>

Seikonal = 2C e�TX+X�

<latexit sha1_base64="W5el1o26POPj2A0xxEu5IyfYsiA=">AAACEXicbVA9SwNBEN2LXzF+RS1tFoMgaMJdiGgjBNNYRjQaSGLY20ySJXt7x+6cGI78BRv/io2FIrZ2dv4bNzGFXw8GHu/NMDPPj6Qw6LofTmpmdm5+Ib2YWVpeWV3Lrm9cmjDWHGo8lKGu+8yAFApqKFBCPdLAAl/ClT+ojP2rG9BGhOoChxG0AtZTois4Qyu1s7vn7SbCLSYgBqFickSPaZFWaHOfwnWSvxjR+vWerXw7m3ML7gT0L/GmJEemqLaz781OyOMAFHLJjGl4boSthGkUXMIo04wNRIwPWA8alioWgGklk49GdMcqHdoNtS2FdKJ+n0hYYMww8G1nwLBvfntj8T+vEWP3qJUIFcUIin8t6saSYkjH8dCO0MBRDi1hXAt7K+V9phlHG2LGhuD9fvkvuSwWvFLh4KyUK59M40iTLbJNdolHDkmZnJIqqRFO7sgDeSLPzr3z6Lw4r1+tKWc6s0l+wHn7BMQLmws=</latexit>

bulk-boundary propagators:  j ⌘ x�
j e

�xj

<latexit sha1_base64="hCEYhDyF48ep+vZ0zZvmNuGRJ48=">AAACCXicbVC5TgMxEPWGK4QrQEljESHREO2iICgjoKAMEjmk7GbldWYTJ94D2xsRrdLS8Cs0FCBEyx/Q8Tc4RwEJTxrp+b0ZeeZ5MWdSmea3kVlaXlldy67nNja3tnfyu3s1GSWCQpVGPBINj0jgLISqYopDIxZAAo9D3etfjf36AIRkUXinhjE4AemEzGeUKC25eWxXJHN7NtwnbIAf3F7LvgauCIZWeqKfIzdfMIvmBHiRWDNSQDNU3PyX3Y5oEkCoKCdSNi0zVk5KhGKUwyhnJxJiQvukA01NQxKAdNLJJSN8pJU29iOhK1R4ov6eSEkg5TDwdGdAVFfOe2PxP6+ZKP/CSVkYJwpCOv3ITzhWER7HgttMAFV8qAmhguldMe0SQajS4eV0CNb8yYukdlq0SsWz21KhfDmLI4sO0CE6RhY6R2V0gyqoiih6RM/oFb0ZT8aL8W58TFszxmxmH/2B8fkDTm2aGA==</latexit>

x1 = �iq+e
t1 , x2 = iq+e

t2

x3 = ip�e
T�t3 , x4 = �ip�e

T�t4

<latexit sha1_base64="yKzTVqjwhe6t3fBuURC8WehD3Tc="></latexit>

B(X+)
�V

(t1, t2) /
Z

dq+


 1(q+) 2(q+)

�q+

�
e�iq+X+

B(X�)
�W

(t3, t4) /
Z

dp�


 3(p�) 4(p�)

�p�

�
e�ip�X�

<latexit sha1_base64="3aKvuxW9d1COsDkCMQjS4JLMTVA="></latexit>

OTOC /
Z 0

�1
dq+dp�


 1(q+) 2(q+)

�q+

�
 3(p�) 4(p�)

�p�

�
ei� , � = � eT

2C
q+p�

<latexit sha1_base64="m5rP/ZxFNKoNnvzlNwyg6kiM6OA="></latexit>

eikonal phase



Similarly, for large q SYK:

Wave function representation: large q

OTOC /
Z 0

�1
dq+dp�


 

s
1(q+) 

s
2(q+)

�q+

�
 

s
3(p�) 

s
4(p�)

�p�

�
ei� , � = �i

2q2

N cos
�
⇡v
2

�
�
�ieT q+p�

�v

<latexit sha1_base64="Y6bskTeTl+jBPuheTb4KaQakblE="></latexit>

 s
j ⌘ xv�

j e�xv
j

<latexit sha1_base64="v39d6U6ofsKsxEaYUEi7uFmtzCo="></latexit>

Compare: Einstein gravity + stringy corrections: 

� ⇠ GN

Z
dd�1p

(2⇡)d�1

eipx

p2 + µ2

�
�ic0 ↵

0eT p+q+
�1�↵0(p2+µ2)/2r20

<latexit sha1_base64="awPyIfYiFq2NNNZq/Z1s13m6HE4="></latexit>

[Stanford/Shenker ’14] [Nezami et al. ’21]

No momentum integral in SYK. Otherwise very similar structure!



Large q SYK chain



Large q SYK chain
Similar system with spatial dimension: chain of SYK models

S =
N

4q2

M�1X

x=0

Z
ds1ds2


1

4
@1gx@2gx � J 2

0 rs1rs2e
gx � J 2

1 rs1rs2e
1
2 (gx+gx+1)

�

<latexit sha1_base64="HqDyhkz45/9FOnQfv9KVl6kM3MU="></latexit>

H = i
q
2

M�1X

x=0

2

664
X

1i1<...<iqN

ji1···iq  i1 · · · iq +
X

i1,...,iq/2
j1,...,jq/2

j
0
i1···iq/2j1···jq/2  i1 · · · iq/2 j1 · · · jq/2

3

775

<latexit sha1_base64="+F6H5RfXkV5p0d7WoB6Hxz3aVYg="></latexit>

Large q limit:

[Gu/Qi/Stanford ’16]

[Choi/Mezei/Sarosi ’20]

eg
⇤
IJ (s1,s2) =

1

J 2 rs1rs2

F 0
IJ(s1)G

0
IJ(s2)

(FIJ(s1)�GIJ(s2))2
, s1 2 I, s2 2 J

<latexit sha1_base64="uA9vfNpB91Qgm/gHqyojNXENDnw="></latexit>

Saddle point solution is spatially homogeneous:



Follow same procedure as before (OTO contour, zero modes…)

Find momentum-dependent scramblon action:

iSeik =

Z ⇡

�⇡

dp

2⇡
iCeik(p)X

+(p)X�(�p) ,

iCeik(p)= � N

2q2
e(

i⇡
2 �T)
p
⇡

cos
⇣⇡

2

⌘
cos

⇣⇡
v

⌘
�
⇣
v
+ 1

⌘
�

✓
1

2
� 

v

◆

<latexit sha1_base64="hJgX7PKf2M7lRlRnkkjI+28hXPU="></latexit>

 = v(h� 1) ,
h(h� 1)

2
= 1 +

�

2
[cos p� 1]

<latexit sha1_base64="KtEs5S7TRHuQJqINpLKwjxcTm1Q="></latexit>

Second required ingredient: vertex functions   

To linear order in            : easy, e.g.
<latexit sha1_base64="/s+iB8CTK+3UqjpQtAUpYZaM3ic=">AAAB73icbVBNTwIxEJ31E/EL9eilkZjghewaoh6JXjxiIrAJrKRbutDQdte2a0I2/AkvHjTGq3/Hm//GAntQ8CWTvLw3k5l5YcKZNq777aysrq1vbBa2its7u3v7pYPDlo5TRWiTxDxWfog15UzSpmGGUz9RFIuQ03Y4upn67SeqNIvlvRknNBB4IFnECDZW8v2HbiIqo7NeqexW3RnQMvFyUoYcjV7pq9uPSSqoNIRjrTuem5ggw8owwumk2E01TTAZ4QHtWCqxoDrIZvdO0KlV+iiKlS1p0Ez9PZFhofVYhLZTYDPUi95U/M/rpCa6CjImk9RQSeaLopQjE6Pp86jPFCWGjy3BRDF7KyJDrDAxNqKiDcFbfHmZtM6r3kW1dlcr16/zOApwDCdQAQ8uoQ630IAmEODwDK/w5jw6L8678zFvXXHymSP4A+fzB0tOj34=</latexit>

X±(k)

e� g±
IJ,x(t1,t2)

<latexit sha1_base64="AY7K4yt0fZ7GddFs5WjIOsvMk1A=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiAohDATInoM6kE9RTAxkIlDT+clNulZ6H4jhiEf4MVf8eJBEa9+gDf/xs5ycCtoKKrq8fqVH0uh0bY/rczM7Nz8QnYxt7S8srqWX99o6ChRHOo8kpFq+kyDFCHUUaCEZqyABb6EK79/PPKvbkFpEYWXOIihHbBeKLqCMzSSly/AdeqegERG3SLteenZefFueO3GwS56ThG98t7QpOySPQb9S5wpKZApal7+w+1EPAkgRC6Z1i3HjrGdMoWCSxjm3ERDzHif9aBlaMgC0O10fMyQ7hilQ7uRMi9EOla/T6Qs0HoQ+CYZMLzRv72R+J/XSrB72E5FGCcIIZ8s6iaSYkRHzdCOUMBRDgxhXAnzV8pvmGIcTX85U4Lz++S/pFEuOZXS/kWlUD2a1pElW2Sb7BKHHJAqOSU1Uiec3JNH8kxerAfryXq13ibRjDWd2SQ/YL1/AV/Omew=</latexit>

�+g42,p(t1, t2) =

"
e�

3⇡iv
2

e�v(t1+t2)/2

cos
�
v
2 (⇡ � it12)

�
#h(p)�1

<latexit sha1_base64="6+dvQdgaTcRyfktwJ6YQNp2IbuU="></latexit>

s1
<latexit sha1_base64="1RWc7C0Sumj8AZJqF+H+E/9n5OI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwAFYI2f</latexit>

s2
<latexit sha1_base64="Qbt6d+csUNs49FGehjHzaQjR7/M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0oPu1frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAG5I2g</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

4T
<latexit sha1_base64="VUfJigv2SPBOis8X1bdm8GvYW/I=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKezGgJ4k4MVjlLwgCWF20psMmZ1dZmaFsOQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7/FhwbVz328ltbG5t7+R3C3v7B4dHxeOTlo4SxbDJIhGpjk81Ci6xabgR2IkV0tAX2PYnd3O//YRK80g2zDTGfkhHkgecUWOlx2pjUCy5ZXcBsk68jJQgQ31Q/OoNI5aEKA0TVOuu58amn1JlOBM4K/QSjTFlEzrCrqWShqj76eLSGbmwypAEkbIlDVmovydSGmo9DX3bGVIz1qveXPzP6yYmuOmnXMaJQcmWi4JEEBOR+dtkyBUyI6aWUKa4vZWwMVWUGRtOwYbgrb68TlqVsndVrjxUS7XbLI48nME5XIIH11CDe6hDExgE8Ayv8OZMnBfn3flYtuacbOYU/sD5/AEjuo0W</latexit>

3T
<latexit sha1_base64="TpBNEj+Yv8aGX7HB+Nb0KK+vpyk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewmgp4k4MVjlLwgWcLsZDYZMju7zPQKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkQKg6777eQ2Nre2d/K7hb39g8Oj4vFJy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv77SeujYhVAycJ9yM6VCIUjKKVHquNfrHklt0FyDrxMlKCDPV+8as3iFkacYVMUmO6npugP6UaBZN8VuilhieUjemQdy1VNOLGny4unZELqwxIGGtbCslC/T0xpZExkyiwnRHFkVn15uJ/XjfF8MafCpWkyBVbLgpTSTAm87fJQGjOUE4soUwLeythI6opQxtOwYbgrb68TlqVslctVx6uSrXbLI48nME5XIIH11CDe6hDExiE8Ayv8OaMnRfn3flYtuacbOYU/sD5/AEiNY0V</latexit>

2T
<latexit sha1_base64="iFgx8uW9QqXmd52sqPy2yIfdfv0=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9CQFLx6r9AvaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHsuGmSToR3QoecgZNVZ6rDb6pbJbcecgq8TLSRly1Pulr94gZmmE0jBBte56bmL8jCrDmcBpsZdqTCgb0yF2LZU0Qu1n80un5NwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwxs+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpyiDcFbfnmVtKoV77JSfbgq127zOApwCmdwAR5cQw3uoQ5NYBDCM7zCmzN2Xpx352PRuubkMyfwB87nDyCwjRQ=</latexit>

T
<latexit sha1_base64="8s1GIuYFvGpRvdQRwkZh8iGdmiw=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQU8S8OIxgbwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g2zCRBP6JDyUPOqLFSvdEvltyyuwBZJ15GSpCh1i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1Wu1K9L1bssjjycwTlcggc3UIUHqEETGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AK/DjNg=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>

4T+�
<latexit sha1_base64="Xy3yGy5W5CmopN+d638kZGucOjE=">AAAB83icbVDLSgNBEJyNrxhfUY9eJgZBEMJuDOhJAl48RsgLskuYnXSSIbMPZnqFsOQ3vHhQxKs/482/cZLsQRMLGoqqbrq7/FgKjbb9beU2Nre2d/K7hb39g8Oj4vFJW0eJ4tDikYxU12capAihhQIldGMFLPAldPzJ/dzvPIHSIgqbOI3BC9goFEPBGRrJrTXd0pVbcn1A1i+W7Yq9AF0nTkbKJEOjX/xyBxFPAgiRS6Z1z7Fj9FKmUHAJs4KbaIgZn7AR9AwNWQDaSxc3z+iFUQZ0GClTIdKF+nsiZYHW08A3nQHDsV715uJ/Xi/B4a2XijBOEEK+XDRMJMWIzgOgA6GAo5wawrgS5lbKx0wxjiamggnBWX15nbSrFee6Un2slet3WRx5ckbOySVxyA2pkwfSIC3CSUyeySt5sxLrxXq3PpatOSubOSV/YH3+AF7AkJc=</latexit>



OTOC to leading order in 1/N:

Small         :  saddle point dominates x/T

<latexit sha1_base64="0umdaSVz1hovEuN1MH3KyAnwk8g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe5KRI9BLx4j5gXJEmYnvcmQ2dllZlYMIZ/gxYMiXv0ib/6Nk2QPGi1oKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdzPzWAyrNY1k34wT9iA4kDzmjxkr3j2f1XrHklt05yF/iZaQEGWq94me3H7M0QmmYoFp3PDcx/oQqw5nAaaGbakwoG9EBdiyVNELtT+anTsmJVfokjJUtachc/TkxoZHW4yiwnRE1Q73szcT/vE5qwit/wmWSGpRssShMBTExmf1N+lwhM2JsCWWK21sJG1JFmbHpFGwI3vLLf0nzvOxVyhd3lVL1OosjD0dwDKfgwSVU4RZq0AAGA3iCF3h1hPPsvDnvi9ack80cwi84H9/6VY2b</latexit>
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<latexit sha1_base64="zWuWW9zQ0WW2wKtsptQOByUv9Ds="></latexit>

Large         :  pole                   dominates  x/T

<latexit sha1_base64="0umdaSVz1hovEuN1MH3KyAnwk8g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe5KRI9BLx4j5gXJEmYnvcmQ2dllZlYMIZ/gxYMiXv0ib/6Nk2QPGi1oKKq66e4KEsG1cd0vJ7eyura+kd8sbG3v7O4V9w+aOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjdzPzWAyrNY1k34wT9iA4kDzmjxkr3j2f1XrHklt05yF/iZaQEGWq94me3H7M0QmmYoFp3PDcx/oQqw5nAaaGbakwoG9EBdiyVNELtT+anTsmJVfokjJUtachc/TkxoZHW4yiwnRE1Q73szcT/vE5qwit/wmWSGpRssShMBTExmf1N+lwhM2JsCWWK21sJG1JFmbHpFGwI3vLLf0nzvOxVyhd3lVL1OosjD0dwDKfgwSVU4RZq0AAGA3iCF3h1hPPsvDnvi9ack80cwi84H9/6VY2b</latexit>

d(k) = 0

<latexit sha1_base64="7YlI8jf/+jwSz+jfxc4IbOE8A6g=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9mVil6EohePFewHtEvJZrNtaDZZk6xQlv4JLx4U8erf8ea/MW33oK0PBh7vzTAzL0g408Z1v52V1bX1jc3CVnF7Z3dvv3Rw2NIyVYQ2ieRSdQKsKWeCNg0znHYSRXEccNoORrdTv/1ElWZSPJhxQv0YDwSLGMHGSp2wMjpD18jtl8pu1Z0BLRMvJ2XI0eiXvnqhJGlMhSEca9313MT4GVaGEU4nxV6qaYLJCA9o11KBY6r9bHbvBJ1aJUSRVLaEQTP190SGY63HcWA7Y2yGetGbiv953dREV37GRJIaKsh8UZRyZCSaPo9CpigxfGwJJorZWxEZYoWJsREVbQje4svLpHVe9WrVi/tauX6Tx1GAYziBCnhwCXW4gwY0gQCHZ3iFN+fReXHenY9564qTzxzBHzifP/eZjp8=</latexit>
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<latexit sha1_base64="51BCFsRWXFETuYs+zok6w4652Sg="></latexit>
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<latexit sha1_base64="/uZMJ2Hv7ZrDytNF37oQsbA8QZk="></latexit>

Mechanism as in stringy corrections to gravity eikonal phase!
[Shenker/Stanford ’14] [Mezei/Sarosi ’19] [FH/Choi/Mezei/Sarosi ’23]

h(p = 0) = 2

<latexit sha1_base64="KmKJiYgjhMiMlvjIK6WECki0tY0=">AAAB73icbVBNTwIxEJ3iF+IX6tFLIzHBC9klGL2QEL14xESQBDakW7rQ0O2ubdeEbPgTXjxojFf/jjf/jQX2oOBLJnl5byYz8/xYcG0c5xvl1tY3Nrfy24Wd3b39g+LhUVtHiaKsRSMRqY5PNBNcspbhRrBOrBgJfcEe/PHNzH94YkrzSN6bScy8kAwlDzglxkqdUTmuO+f1ar9YcirOHHiVuBkpQYZmv/jVG0Q0CZk0VBCtu64TGy8lynAq2LTQSzSLCR2TIetaKknItJfO753iM6sMcBApW9Lgufp7IiWh1pPQt50hMSO97M3E/7xuYoIrL+UyTgyTdLEoSAQ2EZ49jwdcMWrExBJCFbe3YjoiilBjIyrYENzll1dJu1pxa5WLu1qpcZ3FkYcTOIUyuHAJDbiFJrSAgoBneIU39Ihe0Dv6WLTmUDZzDH+APn8ATTKO1w==</latexit>
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<latexit sha1_base64="3Nvmka5yVMY6pkisTj7JLVYckUk="></latexit>



Large q chain: higher orders
Vertex functions are no longer generated by any symmetry. We find:

homogeneous saddle momentum-dependent 
coefficients
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<latexit sha1_base64="3s3RgjH1L/8ftTKi57LYFZ6dL64="> 1TG1wAIzTnUiuiMwBgkPN4WkOA+bPkxOPHgBW71fvjr+wc1HcvWe+uD1bZca8/at75bR9axRRtLDbvRa+w2V5pus9/8NDddXKh93ln3TvPwL44vbfg=</latexit>

zero mode of SYK ‘dot’ 
raised to a power     [0,n]2

<latexit sha1_base64="1qo125RVd42UjNxQDdcJGcoEPuo=">AAACFXicbZBNS8MwGMdTX+d8q3r0UhyCh1Fanbrdhl48TnAv0JaRZukWlqYlSYVR+iW8+FW8eFDEq+DNb2PWVdDNPwR+/J/nSZ78/ZgSIS3rS1taXlldWy9tlDe3tnd29b39jogSjnAbRTTiPR8KTAnDbUkkxb2YYxj6FHf98fW03r3HXJCI3clJjL0QDhkJCIJSWX29mrr5JQ4f+l5qmVauqmVeNOrWWUNBLYfMJSzr65WfDmMR7AIqoFCrr3+6gwglIWYSUSiEY1ux9FLIJUEUZ2U3ETiGaAyH2FHIYIiFl+YLZcaxcgZGEHF1mDRy9/dECkMhJqGvOkMoR2K+NjX/qzmJDOpeSlicSMzQ7KEgoYaMjGlExoBwjCSdKICIE7WrgUaQQyRVkGUVgj3/5UXonJp2zTy/rVWaV0UcJXAIjsAJsMElaIIb0AJtgMADeAIv4FV71J61N+191rqkFTMH4I+0j285mpsS</latexit>

complicated! 
only way to simplify  
them is for small p 

or small (v-1)



OTOCeik /
Z 0

�1
dq+dp�


�s

1(q+)�
s
2(q+)

�q+

� 
�s

3(p�)�
s
4(p�)

�p�

�

⇥ exp

⇢Z
dp

2�

1

b2�,p

(�iq+p�eT )�(p)

iC(p)
eip(x�x0)

+

Z
dp1
2�

dp2
2�

2

b2�,p1
b2�,p2

✓
A2

2 �
1

4

◆
(�iq+p�eT )�(p1)+�(p2)

iC(p1) iC(p2)
ei(p1+p2)(x�x0)

+ . . .

�

<latexit sha1_base64="CsefNoy1JY27XJr4gPvDn4paTzg="></latexit>

Large q chain: higher orders
Vertex functions are no longer generated by any symmetry. We find:

e� g+
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<latexit sha1_base64="3s3RgjH1L/8ftTKi57LYFZ6dL64="></latexit>

To do: understand 
the meaning of  
these terms! 

(“multi-string effects”?)  



Outlook



Some questions
EFT of chaos in CFTs:

d=2n CFTs: quadratic action of reparametrization modes derived 
from conformal anomalies                             . Is there a non-linear 
and/or eikonal action?  

Corrections to maximal chaos from conformal Regge theory

[FH/Reeves/Rozali ’19]

Applications: e.g., large q SYK chain

Study spatial propagation of chaos at late times analytically

[Kravchuk/Simmons-Duffin ’19]

Conceptual questions: what’s the role of symmetries? Do they play 
any role in the “stringy” mechanism for sub-maximal chaos? 

Relate to symmetry-based approaches, e.g., [Blake/Lee/Liu ’18]

Multi-string effects?


