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• Dynamics of spacetime geometry in extreme situations: quantum 
effects can be important or dominant
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Black hole interior?                                                   

Curvature singularity?                                                                                            

The beginning of the universe…?

Cosmology Black holes

Thermodynamic properties?



• Black holes look like thermodynamic systems with 
energy, entropy, temperature 

• Emit Hawking radiation and eventually evaporate 

• Hawking radiation is thermal (“scrambled”)               
—> information seems to be destroyed

The information problem

[Bekenstein ’72] [Hawking ’74]

Tension between unitary quantum evolution and  
thermodynamic properties of the horizon (general 
relativity + Hawking radiation).

• Essence of the information paradox:

[Hawking ’76] … [Almheiri/Marolf/Polchinski/Sully ’12] …
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Tension between unitary quantum evolution and  
thermodynamic properties of the horizon (general 
relativity + Hawking radiation).

The information problem
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• Enormous progress…  

• …and still many confusions

• Core theme:  thermodynamic, statistical, and 
quantum information theoretic properties of black 
holes

[Penington ’19] [Almheiri/Engelhardt/Marolf/Maxfield ’19]
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Black Holes Excel at Information Theoretic Tasks

The “fastest information scramblers”:                                   
take the shortest time to make information 
inaccessible to local measurements                

The “densest hard drives”:                                                     
maximum entropy, given mass and size 

(…)

[Bekenstein ’81]

[Sekino/Susskind ’08]

The “most ideal fluids”:                                                     
saturate shear viscosity bound 
[Kovtun/Son/Starinets ’04]



Holographic duality
Quantum gravity in       
asymp. AdS Conformal QFT

[Maldacena ’97] [Witten ’98][Gubser/Klebanov/Polyakov ’98]

d+1 d

black holes thermal states 

class. & qu. gravity strongly coupled CFT

entanglement,  
quantum information

geometry, locality, 
unitarity issues 

grav. dynamics
entropy,  

hydrodynamics,  
chaos



• Use AdS/CFT to learn about the fate of an infalling 
observer, black hole interior, and the singularity 

• Setup: asymptotically AdS black hole

Geometry and Entanglement

CFT CFTRL

[Maldacena ’01]
[Van Raamsdonk ’10]
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highly entangled CFT state
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•                            .

“entanglement wedge”

tim
e

⇢A = TrAc(⇢)

SvN(⇢A) =
area( eA)

4GN
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SvN(⇢) = �Tr(⇢ ln ⇢)

[Ryu/Takayanagi ’06]:

eA
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[Hubeny/Rangamani/Takayanagi ’07]

Entanglement of the dual CFT state is believed to be crucial 
for having a connected geometry.

•                                   .[Maldacena/Susskind ’13]:

Einstein-Rosen bridge entangled qubits
ER             =             EPR

• Perturbing        constrains                                                                    
=> can derive local Einstein equations from entanglement 
[Faulkner/Guica/Hartman/Myers/Van Raamsdonk ’13]
[Faulkner/FH/Hijano/Parrikar/Rabideau/Van Raamsdonk ’17]
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• Quantum corrections: SvN(⇢A) =
area( eA)

4GN
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[Faulkner/Lewkowycz/Maldacena ’13]
[Engelhardt/Wall ’14] (crucial for info. paradox!)



ER = EPR ….. Can we test this??
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[Olena Shmahalo/Quanta Magazine]
• Represent by EPR pairs (qubits):

…
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• To model time evolution we perform operations on the qubits 
—> construct a quantum circuit 
• 2-qubit quantum gates:

U
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either side alone: act 
with          on R or L U�1
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• To model time evolution we perform operations on the qubits 
—> construct a quantum circuit 

ER = EPR ….. Can we test this??
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• Model for black hole time evolution: random unitary all-to-all circuit
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CFTL

• Information spreads exponentially fast through the circuit:

CFTR

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

[Hayden/Preskill ’07]

[Hartman/Maldacena ’13]
[Swingle ’12]

“fast scrambling”



• Model for black hole time evolution: random unitary all-to-all circuit

CFTRCFTL

tL

<latexit sha1_base64="Ojme/gG8b3ZgnqckZjsbgJuA3Bo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopQfs3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDMRyNvw==</latexit>

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

Any gate could be implemented by either side 
Evolution in       can be undone by inverse evolution in tL

<latexit sha1_base64="Ojme/gG8b3ZgnqckZjsbgJuA3Bo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopQfs3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDMRyNvw==</latexit>

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

Depth of circuit is 
Large depth means: the state of                            has a      
high computational complexity

Note: the state of either CFT alone is always thermal 
Depth keeps increasing long after thermalisation

[Susskind ’14]

tR � tL

<latexit sha1_base64="rzjFQA9y/Rr56mvgIqc8o7cAC9U=">AAAB8HicbVA9SwNBEN3zM8avqKXNYhBsDHcS0TJoY2ERxXxIchx7m71kye7esTsnhCO/wsZCEVt/jp3/xk1yhSY+GHi8N8PMvDAR3IDrfjtLyyura+uFjeLm1vbObmlvv2niVFPWoLGIdTskhgmuWAM4CNZONCMyFKwVDq8nfuuJacNj9QCjhPmS9BWPOCVgpUcI7vEphuA2KJXdijsFXiReTsooRz0ofXV7MU0lU0AFMabjuQn4GdHAqWDjYjc1LCF0SPqsY6kikhk/mx48xsdW6eEo1rYU4Kn6eyIj0piRDG2nJDAw895E/M/rpBBd+hlXSQpM0dmiKBUYYjz5Hve4ZhTEyBJCNbe3YjogmlCwGRVtCN78y4ukeVbxqpXzu2q5dpXHUUCH6AidIA9doBq6QXXUQBRJ9Ixe0ZujnRfn3fmYtS45+cwB+gPn8wd5+I+N</latexit>

CFTL [ CFTR

<latexit sha1_base64="ycX2P8ptpplHMWo66D7KBp8Zr/Q=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxA8hRmJ6DEYEA8eomSDzDD0dHqSJj0L3TViGHLz4q948aCIV3/Bm39jZznExAcFj/eqqKrnJ4IrsKwfY2l5ZXVtPbeR39za3tk19/YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/r9yshvPjCpeBzVYJAwNyTdiAecEtCSZx45wB4hq1zXht4tdmia4Bnl3jMLVtEaAy8Se0oKaIqqZ347nZimIYuACqJU27YScDMigVPBhnknVSwhtE+6rK1pREKm3Gz8xxCfaKWDg1jqigCP1dmJjIRKDUJfd4YEemreG4n/ee0Ugks341GSAovoZFGQCgwxHoWCO1wyCmKgCaGS61sx7RFJKOjo8joEe/7lRdI4K9ql4vldqVC+msaRQ4foGJ0iG12gMrpBVVRHFD2hF/SG3o1n49X4MD4nrUvGdOYA/YHx9QtxLJkL</latexit>



HL

<latexit sha1_base64="FIvdJbirI2QK5DhPXscy9f1PKnc=">AAACFXicdVDNS8MwHE3n15xfU49egkPwMEqrnc7b0MsOHia4D+hKSbNsC0vTkqTCKPsnvPivePGgiFfBm/+NWbeBij4IPN57v+SXF8SMSmVZn0ZuaXlldS2/XtjY3NreKe7utWSUCEyaOGKR6ARIEkY5aSqqGOnEgqAwYKQdjK6mfvuOCEkjfqvGMfFCNOC0TzFSWvKL5bSbXeKKQeClluk4jn1RKVumZZ9Vq6cZ0YI1qfvXE79YWiTgIgEXCWibVoYSmKPhFz+6vQgnIeEKMySla1ux8lIkFMWMTArdRJIY4REaEFdTjkIivTRbaAKPtNKD/UjowxXM1O8TKQqlHIeBToZIDeVvbyr+5bmJ6le9lPI4UYTj2UP9hEEVwWlFsEcFwYqNNUFYUL0rxEMkEFa6yIIuYfFT+D9pnZi2Y1ZunFLtcl5HHhyAQ3AMbHAOaqAOGqAJMLgHj+AZvBgPxpPxarzNojljPrMPfsB4/wI/N5sY</latexit>

HR

<latexit sha1_base64="o1WPsRSVu/NshtvF4IBrpyxXm14=">AAACFXicbVC7TsMwFHXKq5RXgJElokJiqKIEUihbBUvHguhDSqPIcZ3WqvOQ7SBVUX6ChV9hYQAhViQ2/gY3zQAtR7J0fM6919fHiynhwjC+ldLK6tr6RnmzsrW9s7un7h90eZQwhDsoohHre5BjSkLcEURQ3I8ZhoFHcc+b3Mz83gNmnEThvZjG2AngKCQ+QVBIyVVr6SAfYrOR56SGblmWeVWvGbphXjQa5zmRgpG13LvMVavynkNbJmZBqqBA21W/BsMIJQEOBaKQc9s0YuGkkAmCKM4qg4TjGKIJHGFb0hAGmDtpvlCmnUhlqPkRkycUWq7+7khhwPk08GRlAMWYL3oz8T/PToTfcFISxonAIZo/5CdUE5E2i0gbEoaRoFNJIGJE7qqhMWQQCRlkRYZgLn55mXTPdNPS67dWtXldxFEGR+AYnAITXIImaIE26AAEHsEzeAVvypPyorwrH/PSklL0HII/UD5/AOQsmtk=</latexit>

eit(HR�HL)|TFDiLR = |TFDiLR

<latexit sha1_base64="ou9x8bCzvif0se9kE5//r+s+zs0="></latexit>

• Similar features in the TFD and black hole:

HL

<latexit sha1_base64="FIvdJbirI2QK5DhPXscy9f1PKnc=">AAACFXicdVDNS8MwHE3n15xfU49egkPwMEqrnc7b0MsOHia4D+hKSbNsC0vTkqTCKPsnvPivePGgiFfBm/+NWbeBij4IPN57v+SXF8SMSmVZn0ZuaXlldS2/XtjY3NreKe7utWSUCEyaOGKR6ARIEkY5aSqqGOnEgqAwYKQdjK6mfvuOCEkjfqvGMfFCNOC0TzFSWvKL5bSbXeKKQeClluk4jn1RKVumZZ9Vq6cZ0YI1qfvXE79YWiTgIgEXCWibVoYSmKPhFz+6vQgnIeEKMySla1ux8lIkFMWMTArdRJIY4REaEFdTjkIivTRbaAKPtNKD/UjowxXM1O8TKQqlHIeBToZIDeVvbyr+5bmJ6le9lPI4UYTj2UP9hEEVwWlFsEcFwYqNNUFYUL0rxEMkEFa6yIIuYfFT+D9pnZi2Y1ZunFLtcl5HHhyAQ3AMbHAOaqAOGqAJMLgHj+AZvBgPxpPxarzNojljPrMPfsB4/wI/N5sY</latexit>

HR

<latexit sha1_base64="o1WPsRSVu/NshtvF4IBrpyxXm14=">AAACFXicbVC7TsMwFHXKq5RXgJElokJiqKIEUihbBUvHguhDSqPIcZ3WqvOQ7SBVUX6ChV9hYQAhViQ2/gY3zQAtR7J0fM6919fHiynhwjC+ldLK6tr6RnmzsrW9s7un7h90eZQwhDsoohHre5BjSkLcEURQ3I8ZhoFHcc+b3Mz83gNmnEThvZjG2AngKCQ+QVBIyVVr6SAfYrOR56SGblmWeVWvGbphXjQa5zmRgpG13LvMVavynkNbJmZBqqBA21W/BsMIJQEOBaKQc9s0YuGkkAmCKM4qg4TjGKIJHGFb0hAGmDtpvlCmnUhlqPkRkycUWq7+7khhwPk08GRlAMWYL3oz8T/PToTfcFISxonAIZo/5CdUE5E2i0gbEoaRoFNJIGJE7qqhMWQQCRlkRYZgLn55mXTPdNPS67dWtXldxFEGR+AYnAITXIImaIE26AAEHsEzeAVvypPyorwrH/PSklL0HII/UD5/AOQsmtk=</latexit>

|TFD(t)i = eit
HR+HL

2 |TFDi =
X

k

e�(
�

2 �it)Ek |EkiL ⌦ |EkiR

<latexit sha1_base64="fl8ZiZjKZSPnkUZEgS3AOvy4gtI="></latexit>

TrL (|TFD(t)ihTFD(t)|) = e��HR

<latexit sha1_base64="IiHkNofxTIgxhGZz68ABqq/twi4="></latexit>

but still:

• Evolving TFD with                   explores more of the interior 
• This is invisible from the point of view of either CFT alone. 

Need                            to probe into the interior

HL +HR

<latexit sha1_base64="PY02iJIq2Qn4XFR+vrzfu6IsCGY=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXInoMesnBQxTzkGRZZiezyZCZ2WVmVghLvsKLB0W8+jne/Bsnj4MmFjQUVd10d4UJZ9q47reTW1ldW9/Ibxa2tnd294r7B00dp4rQBol5rNoh1pQzSRuGGU7biaJYhJy2wuHNxG89UaVZLB/MKKG+wH3JIkawsdJjLbhFZ6gW3AfFklt2p0DLxJuTEsxRD4pf3V5MUkGlIRxr3fHcxPgZVoYRTseFbqppgskQ92nHUokF1X42PXiMTqzSQ1GsbEmDpurviQwLrUcitJ0Cm4Fe9Cbif14nNdGVnzGZpIZKMlsUpRyZGE2+Rz2mKDF8ZAkmitlbERlghYmxGRVsCN7iy8ukeV72KuWLu0qpej2PIw9HcAyn4MElVKEGdWgAAQHP8ApvjnJenHfnY9aac+Yzh/AHzucP752PMw==</latexit>

CFTL [ CFTR

<latexit sha1_base64="ycX2P8ptpplHMWo66D7KBp8Zr/Q=">AAACB3icbVDJSgNBEO1xjXEb9ShIYxA8hRmJ6DEYEA8eomSDzDD0dHqSJj0L3TViGHLz4q948aCIV3/Bm39jZznExAcFj/eqqKrnJ4IrsKwfY2l5ZXVtPbeR39za3tk19/YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/r9yshvPjCpeBzVYJAwNyTdiAecEtCSZx45wB4hq1zXht4tdmia4Bnl3jMLVtEaAy8Se0oKaIqqZ347nZimIYuACqJU27YScDMigVPBhnknVSwhtE+6rK1pREKm3Gz8xxCfaKWDg1jqigCP1dmJjIRKDUJfd4YEemreG4n/ee0Ugks341GSAovoZFGQCgwxHoWCO1wyCmKgCaGS61sx7RFJKOjo8joEe/7lRdI4K9ql4vldqVC+msaRQ4foGJ0iG12gMrpBVVRHFD2hF/SG3o1n49X4MD4nrUvGdOYA/YHx9QtxLJkL</latexit>



• N.b.: (1) is a ‘quantum info’ description of time evolution along the Schwinger-
Keldysh contour:

Circuit / black hole connection

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t
<latexit sha1_base64="LrXzrn5AagC4og+/ncMRtwLyYqc="></latexit>

U [JR]

<latexit sha1_base64="F+OnQqsCEsEvMH8G/9QQhkoGDxM="></latexit>

U†[JL]

• Proposal:                                                                                 
(1) quantum circuit represents evolution  
…  of black hole interior                            
(2) Depth of circuit (#gates) is                  
… proportional to spatial volume of interior 

tL

<latexit sha1_base64="Ojme/gG8b3ZgnqckZjsbgJuA3Bo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopQfs3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDMRyNvw==</latexit>

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

<latexit sha1_base64="4CjtrbqGj2zhnK3+ueri3SAvspU="></latexit>

Z[JR, JL] = tr
⇣
U [JR] ⇢

1
2
� U†[JL] ⇢

1
2
�

⌘

[Hayden/Preskill ’07][Susskind ’14]



�tw
<latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit> <latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit> <latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit> <latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit>

tL
<latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit> <latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit> <latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit> <latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit>

…unless we change the state on one side (add a perturbation)!
Evolution in       can be undone by inverse evolution in      …tL

<latexit sha1_base64="Ojme/gG8b3ZgnqckZjsbgJuA3Bo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopQfs3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDMRyNvw==</latexit>

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

Quantum butterfly effect

R’s  p.o.v.:                                                                                                                                      
go back in time —> insert tiny perturbation —> evolve forward —> get very different state

Epidemic model for “operator growth”

Quantum butterfly effect:                                                      
small perturbation has exponential effect on the future system 

[Susskind/Zhao ’14] 
[Roberts/Stanford/Streicher ’18]…

<latexit sha1_base64="sj/sMvtQei6rrqbsOzByyehMGlk=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAINoZdCWojBG1SpIhgHpBdl9nJ3WTI7IOZWSEs2/grNhaK2PoZdv6Nk0ehiQcuHM65l3vv8RPOpLKsb2NpeWV1bb2wUdzc2t7ZNff2WzJOBYUmjXksOj6RwFkETcUUh04igIQ+h7Y/vB377UcQksXRvRol4IakH7GAUaK05JmHjhjEXh1fY3jIzhwfFME1r557ZskqWxPgRWLPSAnN0PDML6cX0zSESFFOpOzaVqLcjAjFKIe86KQSEkKHpA9dTSMSgnSzyQM5PtFKDwex0BUpPFF/T2QklHIU+rozJGog572x+J/XTVVw5WYsSlIFEZ0uClKOVYzHaeAeE0AVH2lCqGD6VkwHRBCqdGZFHYI9//IiaZ2X7Yty5a5Sqt7M4iigI3SMTpGNLlEV1VADNRFFOXpGr+jNeDJejHfjY9q6ZMxmDtAfGJ8/7omVWg==</latexit>

⇢L = e��HL

<latexit sha1_base64="bInl2jCOWd55Turd27QLvg7WJls="></latexit>

⇢R = O(twR) e
��HR

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

<latexit sha1_base64="3js133a9G26qtXV7/WTw43ohsqI=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zsndertxWStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPazI9T</latexit>

twR



�tw
<latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit> <latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit> <latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit> <latexit sha1_base64="7NlbcLnd0rQeNSLc7jMoRKSC9OM=">AAACCXicbZDLSsNAFIZP6q3WW9Wlm8EiuLEkIuiy4MZlBXuBNpTJdNIOnVyYOVFC6BMIbvU13Ilbn8K38BGctFnY1gMDH/9/Dvzze7EUGm372yqtrW9sbpW3Kzu7e/sH1cOjto4SxXiLRTJSXY9qLkXIWyhQ8m6sOA08yTve5Db3O49caRGFD5jG3A3oKBS+YBRz6QIHT4Nqza7bsyGr4BRQg2Kag+pPfxixJOAhMkm17jl2jG5GFQom+bTSTzSPKZvQEe8ZDGnAtZvNsk7JmVGGxI+UeSGSmfr3IqOB1mngmc2A4lgve7n4rxePUy2YNl5BiznQv3EzEcYJ8pDNY/iJJBiRvBYyFIozlKkBypQwPyFsTBVlaMqrmIqc5UJWoX1Zd+y6c39Va9hFWWU4gVM4BweuoQF30IQWMBjDC7zCm/VsvVsf1ud8tWQVN8ewMNbXL1E9mn0=</latexit>

tL
<latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit> <latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit> <latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit> <latexit sha1_base64="oN+wDfzQQo10Tjbak/RKRRoBXa4=">AAACCHicbZDNSsNAFIVv6l+tf1WXbgaL4KokIuiy4MaFi4r2B9pQJtNpO3QyCTM3Qgh9AcGtvoY7cetb+BY+gtM2C9t6YeDjnHvhzAliKQy67rdTWFvf2Nwqbpd2dvf2D8qHR00TJZrxBotkpNsBNVwKxRsoUPJ2rDkNA8lbwfhm6reeuDYiUo+YxtwP6VCJgWAUrfSAvbteueJW3dmQVfByqEA+9V75p9uPWBJyhUxSYzqeG6OfUY2CST4pdRPDY8rGdMg7FhUNufGzWdQJObNKnwwibZ9CMlP/XmQ0NCYNA7sZUhyZZW8q/uvFo9QIZqyX02IOHFz7mVBxglyxeYxBIglGZNoK6QvNGcrUAmVa2J8QNqKaMrTdlWxF3nIhq9C8qHpu1bu/rNTcvKwinMApnIMHV1CDW6hDAxgM4QVe4c15dt6dD+dzvlpw8ptjWBjn6xeb8Zob</latexit>

…unless we change the state on one side (add a perturbation)!
Evolution in       can be undone by inverse evolution in      …tL

<latexit sha1_base64="Ojme/gG8b3ZgnqckZjsbgJuA3Bo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopQfs3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDMRyNvw==</latexit>

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

Quantum butterfly effect

Epidemic model for “operator growth”

<latexit sha1_base64="sj/sMvtQei6rrqbsOzByyehMGlk=">AAACAHicbVC7SgNBFJ31GeNr1cLCZjAINoZdCWojBG1SpIhgHpBdl9nJ3WTI7IOZWSEs2/grNhaK2PoZdv6Nk0ehiQcuHM65l3vv8RPOpLKsb2NpeWV1bb2wUdzc2t7ZNff2WzJOBYUmjXksOj6RwFkETcUUh04igIQ+h7Y/vB377UcQksXRvRol4IakH7GAUaK05JmHjhjEXh1fY3jIzhwfFME1r557ZskqWxPgRWLPSAnN0PDML6cX0zSESFFOpOzaVqLcjAjFKIe86KQSEkKHpA9dTSMSgnSzyQM5PtFKDwex0BUpPFF/T2QklHIU+rozJGog572x+J/XTVVw5WYsSlIFEZ0uClKOVYzHaeAeE0AVH2lCqGD6VkwHRBCqdGZFHYI9//IiaZ2X7Yty5a5Sqt7M4iigI3SMTpGNLlEV1VADNRFFOXpGr+jNeDJejHfjY9q6ZMxmDtAfGJ8/7omVWg==</latexit>

⇢L = e��HL

<latexit sha1_base64="bInl2jCOWd55Turd27QLvg7WJls="></latexit>

⇢R = O(twR) e
��HR

<latexit sha1_base64="Vd2Fo1za6Cd0MgritYn2Eem5cew="></latexit>

nperturbed(tR)

ntot
⇠ 1

1 + e�(tR�twR�t⇤)
⇡ ⇥(tR � twR � t⇤)

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

<latexit sha1_base64="3js133a9G26qtXV7/WTw43ohsqI=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zsndertxWStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPazI9T</latexit>

twR

<latexit sha1_base64="0O6LiCQkiwemzsIKM0J5OgYfAOM="></latexit>

t⇤ =
�

2⇡
log

✓
S

�S

◆

“scrambling time”



In gravity: send a signal from one side into the black hole

Shockwave geometry

Result is a    
shockwave 
geometry:

<latexit sha1_base64="uv5oFlUhovhoJcC/Ai61pmrr8Vs=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48R3CSQLGF2MpsMmccyMyuEJd/gxYMiXv0gb/6Nk2QPmljQUFR1090Vp5wZ6/vfXmltfWNzq7xd2dnd2z+oHh61jMo0oSFRXOlOjA3lTNLQMstpJ9UUi5jTdjy+m/ntJ6oNU/LRTlIaCTyULGEEWyeFPaLksF+t+XV/DrRKgoLUoECzX/3qDRTJBJWWcGxMN/BTG+VYW0Y4nVZ6maEpJmM8pF1HJRbURPn82Ck6c8oAJUq7khbN1d8TORbGTETsOgW2I7PszcT/vG5mk5soZzLNLJVksSjJOLIKzT5HA6YpsXziCCaauVsRGWGNiXX5VFwIwfLLq6R1UQ+u6pcPl7XGbRFHGU7gFM4hgGtowD00IQQCDJ7hFd486b14797HorXkFTPH8Afe5w/XgY64</latexit>⇠=

[Dray/’t Hooft ’85]…[Shenker/Stanford ’13] 
[Stanford/Susskind ’14]

Proposal:                                                                                       
(3) Gates affected by perturbation 
represent the part of the interior 
geometry accessible by              only.

tL

<latexit sha1_base64="Ojme/gG8b3ZgnqckZjsbgJuA3Bo=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0TJoY2ER0XxAcoS9zV6yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpBIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6o4VIo3kCBkrcTzWkUSN4KRjdTv/XEtRGxesRxwv2IDpQIBaNopQfs3fXKFbfqzkCWiZeTCuSo98pf3X7M0ogrZJIa0/HcBP2MahRM8kmpmxqeUDaiA96xVNGIGz+bnTohJ1bpkzDWthSSmfp7IqORMeMosJ0RxaFZ9Kbif14nxfDKz4RKUuSKzReFqSQYk+nfpC80ZyjHllCmhb2VsCHVlKFNp2RD8BZfXibNs6p3Xr24P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzovzrvzMW8tOPnMIfyB8/kDMRyNvw==</latexit>

tR

<latexit sha1_base64="MvkeJBmhvTSgcbwn9kUy4fL6DNA=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegF4/xkQckS5idzCZDZmeXmV4hLPkELx4U8eoXefNvnCR70MSChqKqm+6uIJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1iOOE+xEdKBEKRtFKD9i775UrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOpohE3fjY7dUJOrNInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tOyYbgLb68TJpnVe+8enF3Xqld53EU4QiO4RQ8uIQa3EIdGsBgAM/wCm+OdF6cd+dj3lpw8plD+APn8wc6NI3F</latexit>

<latexit sha1_base64="1zthGR04tsic26uMko4VTa3Pwow=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GOxIB6r9AuaUDbbbbt0swm7E7GE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMviAXX6DjfVm5tfWNzK79d2Nnd2z8oHh61dJQoypo0EpHqBEQzwSVrIkfBOrFiJAwEawfj2sxvPzKleSQbOImZH5Kh5ANOCRrJ85A9YVq7bUx7D71iySk7c9irxM1ICTLUe8Uvrx/RJGQSqSBad10nRj8lCjkVbFrwEs1iQsdkyLqGShIy7afzm6f2mVH69iBSpiTac/X3REpCrSdhYDpDgiO97M3E/7xugoNrP+UyTpBJulg0SISNkT0LwO5zxSiKiSGEKm5utemIKELRxFQwIbjLL6+S1kXZvSxX7iul6k0WRx5O4BTOwYUrqMId1KEJFGJ4hld4sxLrxXq3PhatOSubOYY/sD5/APGokaI=</latexit>

CFTR

<latexit sha1_base64="/i1beGi5IsnGYBsxKTibWV97n6o="></latexit>

| i = OR(twR)|TFDi



Collisions in the interior



�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Send too late: no collision
Send earlier: collision in the interior
Send very early: highly boosted, expect strong backreaction

Collision in the interior

Correspondingly, overlapping perturbations in circuit:

Puzzle: two signals sent into black 
hole can meet, even though the dual 
CFTs don’t interact.



�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Send too late: no collision
Send earlier: collision in the interior
Send very early: highly boosted, expect strong backreaction

Collision in the interior

Correspondingly, overlapping perturbations in circuit:

Puzzle: two signals sent into black 
hole can meet, even though the dual 
CFTs don’t interact.

[Zhao ’20]



�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Send too late: no collision
Send earlier: collision in the interior
Send very early: highly boosted, expect strong backreaction

Collision in the interior

Correspondingly, overlapping perturbations in circuit:

Puzzle: two signals sent into black 
hole can meet, even though the dual 
CFTs don’t interact.

[Zhao ’20]



�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Send too late: no collision
Send earlier: collision in the interior
Send very early: highly boosted, expect strong backreaction

Collision in the interior

Correspondingly, overlapping perturbations in circuit:

Puzzle: two signals sent into black 
hole can meet, even though the dual 
CFTs don’t interact.

[Zhao ’20]



�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Send too late: no collision
Send earlier: collision in the interior
Send very early: highly boosted, expect strong backreaction

Collision in the interior

Correspondingly, overlapping perturbations in circuit:

Puzzle: two signals sent into black 
hole can meet, even though the dual 
CFTs don’t interact.

[Zhao ’20]



�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Send too late: no collision
Send earlier: collision in the interior
Send very early: highly boosted, expect strong backreaction

Collision in the interior

Correspondingly, overlapping perturbations in circuit:

Proposal:                                                                                       
(4) Overlap in circuit 
describes gravitational 
interaction. It represents 
post-collision spacetime.
#(healthy gates) / Vol(post-coll.)

<latexit sha1_base64="pSuzQUWUXCu+8jpzAA5oFWSvn5Y=">AAACIHicbVDLSgMxFM34tr6qLt0Ei9AuLDNSqcuiG5cKtgqdUjLpbRvMTEJyRyxDP8WNv+LGhSK6068xfSzUeiBwOOdebs6JtBQWff/Tm5tfWFxaXlnNra1vbG7lt3caVqWGQ50rqcxNxCxIkUAdBUq40QZYHEm4jm7PRv71HRgrVHKFAw2tmPUS0RWcoZPa+WpYKIYI95j1gUnsD2iPIdhhiYbaKI2KTtyGkkWtLB66k7JcGrbzBb/sj0FnSTAlBTLFRTv/EXYUT2NIkEtmbTPwNbYyZlBwCcNcmFrQjN+yHjQdTVgMtpWNAw7pgVM6tKuMewnSsfpzI2OxtYM4cpMxw779643E/7xmit2TViYSnSIkfHKom0rqco/aoh1hgKMcOMK4Ee6vlPeZYRxdpzlXQvA38ixpHJWDSvn4slKonU7rWCF7ZJ8USUCqpEbOyQWpE04eyBN5Ia/eo/fsvXnvk9E5b7qzS37B+/oGEYujiw==</latexit>

Puzzle: two signals sent into black 
hole can meet, even though the dual 
CFTs don’t interact.

[Zhao ’20]



�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

�t
<latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit>

<latexit sha1_base64="/6A9xZ90J5sGiTjGoTwcqFXdlQU=">AAACFnicbVDLSgNBEJyNrxhfUS+Cl8EgeAq7vo8BL54kgnlAEsLspJMdMvtgpldclvgdfoBX/QRv4tWrX+BvOEn2oIkFDUVVN0WXG0mh0ba/rNzC4tLySn61sLa+sblV3N6p6zBWHGo8lKFqukyDFAHUUKCEZqSA+a6Ehju8GvuNe1BahMEdJhF0fDYIRF9whkbqFvduumkb4QFTD5hELxmN2lr41O4WS3bZnoDOEycjJZKh2i1+t3shj30IkEumdcuxI+ykTKHgEkaFdqwhYnzIBtAyNGA+6E46+WBED43So/1QmQmQTtTfFynztU5812z6DD09643Ff73IS7TgeiYe+5edVARRjBDwaXo/lhRDOu6I9oQCjjIxhHElzAOUe0wxjqbJgmnGme1hntSPy855+eT2tFQ5yzrKk31yQI6IQy5IhVyTKqkRTh7JM3khr9aT9Wa9Wx/T1ZyV3eySP7A+fwDN4qAw</latexit>

Nhealthy ⇠ 0

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

<latexit sha1_base64="qyp+xrQdu4BQZ4CMdEzZRTlIZ0o="></latexit>

Nhealthy ⇠ ST (t⇤1 + t⇤2 ��t)

�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

�t
<latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit>

<latexit sha1_base64="MRs5+Cpe5ydD4+7ljOoSb1E3IRo=">AAACFHicbVDLSsNAFJ3UV62vqODGzWARRLEkVdRlURcuK9gHtKFMplM7dPJg5kYIMb/hB7jVT3Anbt37Bf6GkzYLbT1wuYdz7uXOHDcUXIFlfRmFufmFxaXicmlldW19w9zcaqogkpQ1aCAC2XaJYoL7rAEcBGuHkhHPFazljq4yv/XApOKBfwdxyByP3Pt8wCkBLfXMHeglh3Z6lLVqety9ZgIIhp5ZtirWGHiW2Dkpoxz1nvnd7Qc08pgPVBClOrYVgpMQCZwKlpa6kWIhoSNyzzqa+sRjyknG70/xvlb6eBBIXT7gsfp7IyGeUrHn6kmPwFBNe5n4rxcOY8WpmjoPgwsn4X4YAfPp5PogEhgCnCWE+1wyCiLWhFDJ9QcwHRJJKOgcSzoZezqHWdKsVuyzysntabl2mWdURLtoDx0gG52jGrpBddRAFD2iZ/SCXo0n4814Nz4mowUj39lGf2B8/gD5hZ4G</latexit>

t⇤1 + t⇤2 ��t

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

<latexit sha1_base64="1NkApdqpdG8OUWPdZYNrF30iXxw=">AAACHnicbVDLSsNAFJ34tr6iLt0MFkFclMT3suDGlShaLTQlTKa3zeDkwcyNGEK2focf4FY/wZ241S/wN5zWLrT1wIXDOfdyuCdIpdDoOJ/WxOTU9Mzs3HxlYXFpecVeXbvWSaY4NHgiE9UMmAYpYmigQAnNVAGLAgk3we1J37+5A6VFEl9hnkI7Yr1YdAVnaCTfpmd+4SHcYxECkxjmZelpEdHLK4p+sbNb+nbVqTkD0HHiDkmVDHHu219eJ+FZBDFyybRuuU6K7YIpFFxCWfEyDSnjt6wHLUNjFoFuF4NPSrpllA7tJspMjHSg/r4oWKR1HgVmM2IY6lGvL/7rpWGuBdcj8dg9bhciTjOEmP+kdzNJMaH9rmhHKOAoc0MYV8I8QHnIFONoGq2YZtzRHsbJ9W7NPaztXexX6wfDjubIBtkk28QlR6ROTsk5aRBOHsgTeSYv1qP1ar1Z7z+rE9bwZp38gfXxDbEdoz4=</latexit>

Nhealthy ⇠ STt⇤2

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

�t
<latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit>

<latexit sha1_base64="WE6jKdxBaQZZrzdPRrEuk6G5bP8=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoMgHsKuinoMevEYwTwgWcLsZDYZM/tgpldYltz8AK/6Cd7Eqz/iF/gbTpI9aGJBQ1HVTXeXF0uh0ba/rMLS8srqWnG9tLG5tb1T3t1r6ihRjDdYJCPV9qjmUoS8gQIlb8eK08CTvOWNbiZ+65ErLaLwHtOYuwEdhMIXjKKRmtjLTk7HvXLFrtpTkEXi5KQCOeq98ne3H7Ek4CEySbXuOHaMbkYVCib5uNRNNI8pG9EB7xga0oBrN5teOyZHRukTP1KmQiRT9fdERgOt08AznQHFoZ73JuK/XjxMtWB6bj36V24mwjhBHrLZdj+RBCMyyYP0heIMZWoIZUqYBwgbUkUZmtRKJhlnPodF0jytOhfVs7vzSu06z6gIB3AIx+DAJdTgFurQAAYP8Awv8Go9WW/Wu/Uxay1Y+cw+/IH1+QNZqpfd</latexit>

t⇤2

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

�t
<latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit><latexit sha1_base64="TDDwnfYGd2tlTd+JkLh+kLDY8i4=">AAACDXicbZDNSsNAFIUn9a/Wv6pLN4NFcFUSEXRZ0IXLCvYH2lAm05t26GQSZm6EEPoMglt9DXfi1mfwLXwEp20Wtnph4OOce+HMCRIpDLrul1NaW9/Y3CpvV3Z29/YPqodHbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTm5nfeQRtRKweMEvAj9hIiVBwhlbq9m9BIqM4qNbcujsf+he8AmqkmOag+t0fxjyNQCGXzJie5ybo50yj4BKmlX5qIGF8wkbQs6hYBMbP53mn9MwqQxrG2j6FdK7+vshZZEwWBXYzYjg2q95M/NdLxpkR3FivoOUcGF77uVBJiqD4IkaYSooxnVVDh0IDR5lZYFwL+xPKx0wzjrbAiq3IWy3kL7Qv6p5b9+4vaw23KKtMTsgpOSceuSINckeapEU4keSZvJBX58l5c96dj8VqySlujsnSOJ8/MXGcCA==</latexit>

<latexit sha1_base64="HeuGtFsq5Sn8dXlv33p326eWqHg=">AAACH3icbVDJSgNBFOxxjXGLevTSGgRPYcb9GNCDJ4mYDZwQejovmSY9C91vxGHI2e/wA7zqJ3gTr/kCf8POctBowYOi6j2KV14shUbbHlpz8wuLS8u5lfzq2vrGZmFru66jRHGo8UhGqukxDVKEUEOBEpqxAhZ4Ehpe/3LkNx5AaRGFVUxjaAWsF4qu4AyN1C7s3bQzF+ERMx+YRD8dDFwtAnpXda9AIqPYLhTtkj0G/UucKSmSKSrtwpfbiXgSQIhcMq3vHTvGVsYUCi5hkHcTDTHjfdaDe0NDFoBuZeNXBvTAKB3ajZSZEOlY/XmRsUDrNPDMZsDQ17PeSPzXi/1UC65n4rF70cpEGCcIIZ+kdxNJMaKjsmhHKOAoU0MYV8I8QLnPFONoKs2bZpzZHv6S+lHJOSsd354Uy6fTjnJkl+yTQ+KQc1Im16RCaoSTJ/JCXsmb9Wy9Wx/W52R1zpre7JBfsIbfzwKj2w==</latexit>

Nhealthy ⇠ ST�t
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Circuit model predicts: 
post-collision volume 
becomes exponentially 
small after high-energy 
collision
[FH/Zhao ’22]



Simplest check: spherically symmetric shocks in BTZ

Checks 

ds2 = � 4`2

(1 + uv)2
dudv + r2

H

(1� uv)2

(1 + uv)2
d�2

<latexit sha1_base64="dtgYSJL0Y8UqzUrjkoL4MhFdmQM="></latexit>

Post-collision geometry remains locally AdS3

Glue BTZ patches along shock [Dray/’t Hooft ’85]…[Shenker/Stanford ‘13]
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Very good match:



More non-trivial checks: localized shocks (and higher dimensions)

<latexit sha1_base64="d6kO39hFwRJ5b5B2vRauPi+sMf4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVl047IF+4A2lMn0ph06mYSZiRhC8QPc6ie4E7d+i1/gbzhts9DWAxcO59zLvff4MWdKO86XVVhZXVvfKG6WtrZ3dvfK+wctFSWSYpNGPJIdnyjkTGBTM82xE0skoc+x7Y9vp377AaVikbjXaYxeSIaCBYwSbaTGY79ccarODPYycXNSgRz1fvm7N4hoEqLQlBOluq4Tay8jUjPKcVLqJQpjQsdkiF1DBQlRedns0Il9YpSBHUTSlND2TP09kZFQqTT0TWdI9EgtelPxXy8epYpRtbBeB9dexkScaBR0vj1IuK0jexqFPWASqeapIYRKZh6w6YhIQrUJrGSScRdzWCats6p7WT1vXFRqN3lGRTiCYzgFF66gBndQhyZQQHiGF3i1nqw36936mLcWrHzmEP7A+vwB6i+V/A==</latexit>x

<latexit sha1_base64="CQ1SUWF4ZVdO7dChwIwUr//3YJ0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegFw8eIpoHJEuYncwmQ2YfzPQKy5KDH+BVP8GbePVT/AJ/w0myB00saCiquunu8mIpNNr2l1VYWl5ZXSuulzY2t7Z3yrt7TR0livEGi2Sk2h7VXIqQN1Cg5O1YcRp4kre80fXEbz1ypUUUPmAaczegg1D4glE00j32bnvlil21pyCLxMlJBXLUe+Xvbj9iScBDZJJq3XHsGN2MKhRM8nGpm2geUzaiA94xNKQB1242PXVMjozSJ36kTIVIpurviYwGWqeBZzoDikM9703Ef714mGrB9Nx69C/dTIRxgjxks+1+IglGZBIG6QvFGcrUEMqUMA8QNqSKMjSRlUwyznwOi6R5UnXOq6d3Z5XaVZ5REQ7gEI7BgQuowQ3UoQEMBvAML/BqPVlv1rv1MWstWPnMPvyB9fkDQFeWtw==</latexit>

tL
<latexit sha1_base64="YfAtfRJFaUP/JtsMZDJdUbyFIwQ=">AAAB/3icbVDJSgNBEK2JW4xb1KOXxiB4CjMq6jHoxWNcskAyhJ5OT9KkZ6G7RhiGHPwAr/oJ3sSrn+IX+Bt2kjlo4oOCx3tVVNXzYik02vaXVVhaXlldK66XNja3tnfKu3tNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR9cRvPXKlRRQ+YBpzN6CDUPiCUTTSPfbueuWKXbWnIIvEyUkFctR75e9uP2JJwENkkmrdcewY3YwqFEzycambaB5TNqID3jE0pAHXbjY9dUyOjNInfqRMhUim6u+JjAZap4FnOgOKQz3vTcR/vXiYasH03Hr0L91MhHGCPGSz7X4iCUZkEgbpC8UZytQQypQwDxA2pIoyNJGVTDLOfA6LpHlSdc6rp7dnldpVnlERDuAQjsGBC6jBDdShAQwG8Awv8Go9WW/Wu/Uxay1Y+cw+/IH1+QNJ7Za9</latexit>

tR

�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

xwL
<latexit sha1_base64="mr5bkc9lKPqiaGv/GnI5/1KkT7w=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5iQMugjYVFBPMByRH2NnvJmr3dY3dPDUf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGF1N/dYDVZpJcWfGMfUjPBAsZAQbKzWfeunjzaRXLLlldwa0TLyMlCBDvVf86vYlSSIqDOFY647nxsZPsTKMcDopdBNNY0xGeEA7lgocUe2ns2sn6MQqfRRKZUsYNFN/T6Q40nocBbYzwmaoF72p+J/XSUx44adMxImhgswXhQlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCCDcFbfHmZNCtl76xcua2WapdZHHk4gmM4BQ/OoQbXUIcGELiHZ3iFN0c6L8678zFvzTnZzCH8gfP5A9Yyj0w=</latexit>

xwR
<latexit sha1_base64="3Mqyt9s685npwot/qJ+k8fBtPJw=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiiR6JXjyikY8ENqRbulDptpu2q5IN/8GLB43x6v/x5r+xwB4UfMkkL+/NZGZeEHOmjet+O7mV1bX1jfxmYWt7Z3evuH/Q1DJRhDaI5FK1A6wpZ4I2DDOctmNFcRRw2gpGV1O/9UCVZlLcmXFM/QgPBAsZwcZKzade+ng76RVLbtmdAS0TLyMlyFDvFb+6fUmSiApDONa647mx8VOsDCOcTgrdRNMYkxEe0I6lAkdU++ns2gk6sUofhVLZEgbN1N8TKY60HkeB7YywGepFbyr+53USE174KRNxYqgg80VhwpGRaPo66jNFieFjSzBRzN6KyBArTIwNqGBD8BZfXibNStk7K1duqqXaZRZHHo7gGE7Bg3OowTXUoQEE7uEZXuHNkc6L8+58zFtzTjZzCH/gfP4A31CPUg==</latexit>

<latexit sha1_base64="9DWMYVNDeJXt+HTKr3+uqlCbaCQ=">AAACBXicbVDLSgNBEJz1GeMr6tHLYBCih7Croh6DXjxGMA9JljA7mU2GzMwuM71iWHL2A7zqJ3gTr36HX+BvOEn2oIkFDUVVN91dQSy4Adf9chYWl5ZXVnNr+fWNza3tws5u3USJpqxGIxHpZkAME1yxGnAQrBlrRmQgWCMYXI/9xgPThkfqDoYx8yXpKR5ySsBK99BJj71R6fGoUyi6ZXcCPE+8jBRRhmqn8N3uRjSRTAEVxJiW58bgp0QDp4KN8u3EsJjQAemxlqWKSGb8dHLwCB9apYvDSNtSgCfq74mUSGOGMrCdkkDfzHpj8V8v7g8Np2ZmPYSXfspVnABTdLo9TASGCI8jwV2uGQUxtIRQze0DmPaJJhRscHmbjDebwzypn5S98/Lp7VmxcpVllEP76ACVkIcuUAXdoCqqIYokekYv6NV5ct6cd+dj2rrgZDN76A+czx8PmJjD</latexit>

t⇤1(x)
<latexit sha1_base64="U7oHo65IQzX2Pl5F6wOoxM2HvJk=">AAACBXicbVDLTsJAFL3FF+ILdemmkZigC9KiUZdENy4xkYeBhkyHKUyYmTYzU2PTsPYD3OonuDNu/Q6/wN9wgC4UPMlNTs65N/fe40eMKu04X1ZuaXlldS2/XtjY3NreKe7uNVUYS0waOGShbPtIEUYFaWiqGWlHkiDuM9LyR9cTv/VApKKhuNNJRDyOBoIGFCNtpHvdS0+q4/Ljca9YcirOFPYicTNSggz1XvG72w9xzInQmCGlOq4TaS9FUlPMyLjQjRWJEB6hAekYKhAnykunB4/tI6P07SCUpoS2p+rviRRxpRLum06O9FDNexPxXy8aJopiNbdeB5deSkUUayLwbHsQM1uH9iQSu08lwZolhiAsqXnAxkMkEdYmuIJJxp3PYZE0qxX3vHJ6e1aqXWUZ5eEADqEMLlxADW6gDg3AwOEZXuDVerLerHfrY9aas7KZffgD6/MHETWYxA==</latexit>

t⇤2(x)

Add spatial direction(s) to the quantum circuit:

�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

each spatial slice:

causal cone: 
slope=1 butterfly cone: 

slope≤1 [Roberts/Stanford/Susskind ‘13]
[FH/Zhao ’22]

Quantum chaos spreads ballistically with butterfly velocity vB

<latexit sha1_base64="jik9kbDRxiMFxhdV9k7ShIV8RPM=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo8ELx4xyiOBDZkdGpgwO7uZmSUhGz7BiweN8eoXefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJU0eJYthgkYhUO6AaBZfYMNwIbMcKaRgIbAXju7nfmqDSPJJPZhqjH9Kh5APOqLHS46RX6xVLbtldgKwTLyMlyFDvFb+6/YglIUrDBNW647mx8VOqDGcCZ4VuojGmbEyH2LFU0hC1ny5OnZELq/TJIFK2pCEL9fdESkOtp2FgO0NqRnrVm4v/eZ3EDG79lMs4MSjZctEgEcREZP436XOFzIipJZQpbm8lbEQVZcamU7AheKsvr5PmVdmrlK8fKqVqLYsjD2dwDpfgwQ1U4R7q0AAGQ3iGV3hzhPPivDsfy9ack82cwh84nz8lAI23</latexit>



We have the same 4 regimes as before:

<latexit sha1_base64="U7oHo65IQzX2Pl5F6wOoxM2HvJk=">AAACBXicbVDLTsJAFL3FF+ILdemmkZigC9KiUZdENy4xkYeBhkyHKUyYmTYzU2PTsPYD3OonuDNu/Q6/wN9wgC4UPMlNTs65N/fe40eMKu04X1ZuaXlldS2/XtjY3NreKe7uNVUYS0waOGShbPtIEUYFaWiqGWlHkiDuM9LyR9cTv/VApKKhuNNJRDyOBoIGFCNtpHvdS0+q4/Ljca9YcirOFPYicTNSggz1XvG72w9xzInQmCGlOq4TaS9FUlPMyLjQjRWJEB6hAekYKhAnykunB4/tI6P07SCUpoS2p+rviRRxpRLum06O9FDNexPxXy8aJopiNbdeB5deSkUUayLwbHsQM1uH9iQSu08lwZolhiAsqXnAxkMkEdYmuIJJxp3PYZE0qxX3vHJ6e1aqXWUZ5eEADqEMLlxADW6gDg3AwOEZXuDVerLerHfrY9aas7KZffgD6/MHETWYxA==</latexit>

t⇤2(x) x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

<latexit sha1_base64="15FkTvVaX4jiCVPu0H9buPd/QDg=">AAACB3icbVBLSgNBEO2Jvxh/UZduGoMQN2FGRV0GdeEygvlAMoSeTk/SpKd76K4Rw5ADeAC3egR34tZjeAKvYSeZhSY+KHi8V0VVvSAW3IDrfjm5peWV1bX8emFjc2t7p7i71zAq0ZTVqRJKtwJimOCS1YGDYK1YMxIFgjWD4fXEbz4wbbiS9zCKmR+RvuQhpwSs1O7cMAEEQ/nxuFssuRV3CrxIvIyUUIZat/jd6SmaREwCFcSYtufG4KdEA6eCjQudxLCY0CHps7alkkTM+On05DE+skoPh0rbkoCn6u+JlETGjKLAdkYEBmbem4j/evFgZDg1c+shvPRTLuMEmKSz7WEiMCg8CQX3uGYUxMgSQjW3D2A6IJpQsNEVbDLefA6LpHFS8c4rp3dnpepVllEeHaBDVEYeukBVdItqqI4oUugZvaBX58l5c96dj1lrzslm9tEfOJ8/f7iZiw==</latexit>

�t(x)

<latexit sha1_base64="0kMQPDnTGhzt9JZW0hxHne9bcSo=">AAACHXicbZBLSgNBEIZ74ivG16hLFzYGISqGmSjqMqgLlxHMA5IQejqdpEnPg+4acRiy9BwewK0ewZ24FU/gNexJZqGJPxR8/FVFUb8TCK7Asr6MzNz8wuJSdjm3srq2vmFubtWUH0rKqtQXvmw4RDHBPVYFDoI1AsmI6whWd4ZXSb9+z6TivncHUcDaLul7vMcpAW11zF3oxIf2qPBwcJRQKaHj1jUTQDBo7ph5q2iNhWfBTiGPUlU65ner69PQZR5QQZRq2lYA7ZhI4FSwUa4VKhYQOiR91tToEZepdjx+ZIT3tdPFPV/q8gCP3d8bMXGVilxHT7oEBmq6l5j/9oJBpDhVU+ehd9GOuReEwDw6ud4LBQYfJ1HhLpeMgog0ECq5fgDTAZGEgg40p5Oxp3OYhVqpaJ8VT25P8+XLNKMs2kF7qIBsdI7K6AZVUBVR9Iie0Qt6NZ6MN+Pd+JiMZox0Zxv9kfH5A1Q9oLs=</latexit>

t⇤1(x) + t⇤2(x)��t(x)1

2

3

4

linear 
growth

constant

linear 
decrease

≈ vanishing



Prediction
(head-on, d=2)

xwL = xwR = 0 , twL = �50
<latexit sha1_base64="aDseCUhM5FSGqB8OFuTp0yBzw4k=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCi1qSqihIoejGhYsq9gJNCJPptB06uTAzUUvoC7jxVdy4UMSte3e+jZM0C209MPDx/+dw5vxuyKiQhvGtzczOzS8s5pbyyyura+v6xmZDBBHHpI4DFvCWiwRh1Cd1SSUjrZAT5LmMNN3BReI37wgXNPBv5TAktod6Pu1SjKSSHH33wYnvr0awAhO4ScCAVrFonUGZOpWDY8PRC0bJSAtOg5lBAWRVc/QvqxPgyCO+xAwJ0TaNUNox4pJiRkZ5KxIkRHiAeqSt0EceEXacXjOCe0rpwG7A1fMlTNXfEzHyhBh6rur0kOyLSS8R//Pakeye2jH1w0gSH48XdSMGZQCTaGCHcoIlGypAmFP1V4j7iCMsVYB5FYI5efI0NMol87BUvj4qVM+zOHJgG+yAfWCCE1AFl6AG6gCDR/AMXsGb9qS9aO/ax7h1RstmtsCf0j5/AJTHmVM=</latexit>

�S1 = 1 , �S2 =
p
S

<latexit sha1_base64="jECPDVzf4nZJP5I5RgmruXRner8=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARREqZqYKCCEU3Liu1F+gMJZOmbWjmYnJGKEPfwY2v4saFIm7duPNtTNtBtPWHwM93zuHk/F4kuALL+jIyC4tLyyvZ1dza+sbmlrm9U1dhLCmr0VCEsukRxQQPWA04CNaMJCO+J1jDG1yN6417JhUPg1sYRsz1SS/gXU4JaNQ2j5wOE0BwtW3jC2xjp1BwzvEPLGnoqDsJSXXUNvNW0ZoIzxs7NXmUqtI2P51OSGOfBUAFUaplWxG4CZHAqWCjnBMrFhE6ID3W0jYgPlNuMrlphA806eBuKPULAE/o74mE+EoNfU93+gT6arY2hv/VWjF0z9yEB1EMLKDTRd1YYAjxOCDc4ZJREENtCJVc/xXTPpGEgo4xp0OwZ0+eN/VS0T4ulm5O8uXLNI4s2kP76BDZ6BSV0TWqoBqi6AE9oRf0ajwaz8ab8T5tzRjpzC76I+PjG0W5m00=</latexit>

<latexit sha1_base64="d6kO39hFwRJ5b5B2vRauPi+sMf4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVl047IF+4A2lMn0ph06mYSZiRhC8QPc6ie4E7d+i1/gbzhts9DWAxcO59zLvff4MWdKO86XVVhZXVvfKG6WtrZ3dvfK+wctFSWSYpNGPJIdnyjkTGBTM82xE0skoc+x7Y9vp377AaVikbjXaYxeSIaCBYwSbaTGY79ccarODPYycXNSgRz1fvm7N4hoEqLQlBOluq4Tay8jUjPKcVLqJQpjQsdkiF1DBQlRedns0Il9YpSBHUTSlND2TP09kZFQqTT0TWdI9EgtelPxXy8epYpRtbBeB9dexkScaBR0vj1IuK0jexqFPWASqeapIYRKZh6w6YhIQrUJrGSScRdzWCats6p7WT1vXFRqN3lGRTiCYzgFF66gBndQhyZQQHiGF3i1nqw36936mLcWrHzmEP7A+vwB6i+V/A==</latexit>x

<latexit sha1_base64="CQ1SUWF4ZVdO7dChwIwUr//3YJ0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegFw8eIpoHJEuYncwmQ2YfzPQKy5KDH+BVP8GbePVT/AJ/w0myB00saCiquunu8mIpNNr2l1VYWl5ZXSuulzY2t7Z3yrt7TR0livEGi2Sk2h7VXIqQN1Cg5O1YcRp4kre80fXEbz1ypUUUPmAaczegg1D4glE00j32bnvlil21pyCLxMlJBXLUe+Xvbj9iScBDZJJq3XHsGN2MKhRM8nGpm2geUzaiA94xNKQB1242PXVMjozSJ36kTIVIpurviYwGWqeBZzoDikM9703Ef714mGrB9Nx69C/dTIRxgjxks+1+IglGZBIG6QvFGcrUEMqUMA8QNqSKMjSRlUwyznwOi6R5UnXOq6d3Z5XaVZ5REQ7gEI7BgQuowQ3UoQEMBvAML/BqPVlv1rv1MWstWPnMPvyB9fkDQFeWtw==</latexit>

tL
<latexit sha1_base64="YfAtfRJFaUP/JtsMZDJdUbyFIwQ=">AAAB/3icbVDJSgNBEK2JW4xb1KOXxiB4CjMq6jHoxWNcskAyhJ5OT9KkZ6G7RhiGHPwAr/oJ3sSrn+IX+Bt2kjlo4oOCx3tVVNXzYik02vaXVVhaXlldK66XNja3tnfKu3tNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR9cRvPXKlRRQ+YBpzN6CDUPiCUTTSPfbueuWKXbWnIIvEyUkFctR75e9uP2JJwENkkmrdcewY3YwqFEzycambaB5TNqID3jE0pAHXbjY9dUyOjNInfqRMhUim6u+JjAZap4FnOgOKQz3vTcR/vXiYasH03Hr0L91MhHGCPGSz7X4iCUZkEgbpC8UZytQQypQwDxA2pIoyNJGVTDLOfA6LpHlSdc6rp7dnldpVnlERDuAQjsGBC6jBDdShAQwG8Awv8Go9WW/Wu/Uxay1Y+cw+/IH1+QNJ7Za9</latexit>

tR

�twL

<latexit sha1_base64="w9Nxo/Vb8RbVkx6an2RLbXP8EvI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgY7iTiJZBGwuLCOYDkhD2NnvJkr29Y3dOCUd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeX4shUHX/XZyK6tr6xv5zcLW9s7uXnH/oGGiRDNeZ5GMdMunhkuheB0FSt6KNaehL3nTH91M/eYj10ZE6gHHMe+GdKBEIBhFKzXPsJc+3U16xZJbdmcgy8TLSAky1HrFr04/YknIFTJJjWl7bozdlGoUTPJJoZMYHlM2ogPetlTRkJtuOjt3Qk6s0idBpG0pJDP190RKQ2PGoW87Q4pDs+hNxf+8doLBVTcVKk6QKzZfFCSSYESmv5O+0JyhHFtCmRb2VsKGVFOGNqGCDcFbfHmZNM7LXqV8cV8pVa+zOPJwBMdwCh5cQhVuoQZ1YDCCZ3iFNyd2Xpx352PemnOymUP4A+fzBzuXj4M=</latexit>

twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

xwL
<latexit sha1_base64="mr5bkc9lKPqiaGv/GnI5/1KkT7w=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5iQMugjYVFBPMByRH2NnvJmr3dY3dPDUf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeUHMmTau++3kVlbX1jfym4Wt7Z3dveL+QVPLRBHaIJJL1Q6wppwJ2jDMcNqOFcVRwGkrGF1N/dYDVZpJcWfGMfUjPBAsZAQbKzWfeunjzaRXLLlldwa0TLyMlCBDvVf86vYlSSIqDOFY647nxsZPsTKMcDopdBNNY0xGeEA7lgocUe2ns2sn6MQqfRRKZUsYNFN/T6Q40nocBbYzwmaoF72p+J/XSUx44adMxImhgswXhQlHRqLp66jPFCWGjy3BRDF7KyJDrDAxNqCCDcFbfHmZNCtl76xcua2WapdZHHk4gmM4BQ/OoQbXUIcGELiHZ3iFN0c6L8678zFvzTnZzCH8gfP5A9Yyj0w=</latexit>

<latexit sha1_base64="rLQJcij9d/8IS0Asvj0+pwa9XLc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6MVjFPOAZAmzk0kyZHZ2melVw5KP8OJBEa9+jzf/xkmyB00saCiquunuCmIpDLrut5NbWl5ZXcuvFzY2t7Z3irt7dRMlmvEai2SkmwE1XArFayhQ8masOQ0DyRvB8HriNx64NiJS9ziKuR/SvhI9wShaqXH51Ekf78adYsktu1OQReJlpAQZqp3iV7sbsSTkCpmkxrQ8N0Y/pRoFk3xcaCeGx5QNaZ+3LFU05MZPp+eOyZFVuqQXaVsKyVT9PZHS0JhRGNjOkOLAzHsT8T+vlWDvwk+FihPkis0W9RJJMCKT30lXaM5QjiyhTAt7K2EDqilDm1DBhuDNv7xI6idl76x8entaqlxlceThAA7hGDw4hwrcQBVqwGAIz/AKb07svDjvzsesNedkM/vwB87nD2PPj54=</latexit>= xwR

<latexit sha1_base64="LllqQiobcnIEfOqbQ5F3jsRmKhw=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSRS1GPRiyepYD+gDWGznbRLNx/sTooh9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5fiK4Qtv+Nkpr6xubW+Xtys7u3v6BeXjUVnEqGbRYLGLZ9akCwSNoIUcB3UQCDX0BHX98O/M7E5CKx9EjZgm4IR1GPOCMopY807z3+ghPmI+AChxlU8+s2jV7DmuVOAWpkgJNz/zqD2KWhhAhE1SpnmMn6OZUImcCppV+qiChbEyH0NM0oiEoN59fPrXOtDKwgljqitCaq78nchoqlYW+7gwpjtSyNxP/83opBtduzqMkRYjYYlGQCgtjaxaDNeASGIpME8ok17dabEQlZajDqugQnOWXV0n7ouZc1uoP9WrjpoijTE7IKTknDrkiDXJHmqRFGJmQZ/JK3ozceDHejY9Fa8koZo7JHxifPzCjlAk=</latexit>

Nhealthy

Small      : checked linear growth of Vol(x) numerically for localised 
shocks in planar/hyperbolic black holes 
Large      :  ?

<latexit sha1_base64="rCnIw/5zX0wzgn+ePYs3cJj+QIc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1gOOE+xEdKBEKRtFK7e4tl0gJ9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5vdOyEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6fOkLzRnKMeWUKaFvZWwIdWUoY2oZEPwFl9eJs2zqndRPb8/r9Su8ziKcATHcAoeXEIN7qAODWAg4Rle4c15dF6cd+dj3lpw8plD+APn8weSY4+t</latexit>

�t

<latexit sha1_base64="rCnIw/5zX0wzgn+ePYs3cJj+QIc=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsN+3SzSbuToQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbqZ+64lrI2L1gOOE+xEdKBEKRtFK7e4tl0gJ9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5vdOyEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6fOkLzRnKMeWUKaFvZWwIdWUoY2oZEPwFl9eJs2zqndRPb8/r9Su8ziKcATHcAoeXEIN7qAODWAg4Rle4c15dF6cd+dj3lpw8plD+APn8weSY4+t</latexit>

�t



h(x)

L
<latexit sha1_base64="QE9oDXOSeRcavWmZZHNQHB2S4vk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCk14zU</latexit>

V a
<latexit sha1_base64="TaPNlvoqtEbcaoU3Hlg4jNuI1oc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvvlIe6WyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gAgbY2x</latexit>

At late times: derive upper bound on volume using Raychaudhuri eq.

Late time regime in gravity

• Single shock:

ds2 = � 4`2

(1 + uv̄)2
dudv + r2

H

✓
1� uv̄

1 + uv̄

◆2

d~x2

<latexit sha1_base64="Hk2VWbvWi/ffHDNCMOF6GFLF+hs="></latexit>

v̄ = v +⇥(u)h(x)

<latexit sha1_base64="2rpp15OvKeTbTgtL6K81tp8nqQU="></latexit>

h(x) ⇠ �S1

S
e�twL� 1

vB
|x�xwL|

<latexit sha1_base64="/lMErLe6wjTWPRfbUxO5FgLPscc="></latexit>

✓̇ = � ✓2

d� 1
� �2 + !2 �RabK

aKb + K̇a
;a

<latexit sha1_base64="lT5/7nxz9qcW5Uo+YWskyYgrKmU="></latexit>

Raychaudhuri:

across shock: 

after shock: ✓̇  � ✓2

d� 1

<latexit sha1_base64="aujffKKiDO7CsciaKu0wM3f9m/8=">AAACEXicbVC7SgNBFJ31bXxFLW0Gg2CTsBsiWoo2lhHMA7IxzE7uJkNmH87cFcKyv2Djr9hYKGJrZ+ffOEm20OiBC4dz7p2593ixFBpt+8taWFxaXlldWy9sbG5t7xR395o6ShSHBo9kpNoe0yBFCA0UKKEdK2CBJ6HljS4nfuselBZReIPjGLoBG4TCF5yhkXrFY7cfYeriEJBl1JVwR8vU9RXjuXhbzdJ+2cl6xZJdsaegf4mTkxLJUe8VP83TPAkgRC6Z1h3HjrGbMoWCS8gKbqIhZnzEBtAxNGQB6G46vSijR0bpUz9SpkKkU/XnRMoCrceBZzoDhkM9703E/7xOgv5ZNxVhnCCEfPaRn0iKEZ3EQ/tCAUc5NoRxJcyulA+ZiQNNiAUTgjN/8l/SrFacWuXkulY6v8jjWCMH5JAcE4ecknNyReqkQTh5IE/khbxaj9az9Wa9z1oXrHxmn/yC9fENDaadJw==</latexit>

Tuu ⇠ �(u)h(x)

<latexit sha1_base64="wVeSLt3DltrTsUtD42QrybnCbk8="></latexit>

) �✓ ⇠ �h(x)

<latexit sha1_base64="N2Sbxp5U/tH228cYvsEt5z9sOck="></latexit>

) L  �d� 1

✓
⇠ 1

h(x)

<latexit sha1_base64="WUwCnOClE8wCC6gBlDVrtv18YSA="></latexit>



L1
<latexit sha1_base64="vVJZumWKo0QoKJ2h/djGgmIRvgQ=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvM5cs2ds7dveEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/loxkn6Ed0IHnIGTVWerjreb1S2a24M5Bl4uWkDDnqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZqRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjlZ1wmqUHJ5ovCVBATk+nfpM8VMiPGllCmuL2VsCFVlBmbTtGG4C2+vEya1Yp3XqneX5Rr13kcBTiGEzgDDy6hBrdQhwYwGMAzvMKbI5wX5935mLeuOPnMEfyB8/kDyeeNeA==</latexit>

L2
<latexit sha1_base64="kEvLwC5MMnbljZ6h7r7xAkLNFGE=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtAzaWFhENB+QHGFvs5cs2ds7dueEcOQn2FgoYusvsvPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeI44X5EB0qEglG00sNdr9orld2KOwNZJl5OypCj3it9dfsxSyOukElqTMdzE/QzqlEwySfFbmp4QtmIDnjHUkUjbvxsduqEnFqlT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKZ/k77QnKEcW0KZFvZWwoZUU4Y2naINwVt8eZk0qxXvvFK9vyjXrvM4CnAMJ3AGHlxCDW6hDg1gMIBneIU3RzovzrvzMW9dcfKZI/gD5/MHy2uNeQ==</latexit>

twR
<latexit sha1_base64="q2y0O0e04y1nIH8PFLk/Sv/yiZU=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo1K2TsrV27PS9WrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPZLI9O</latexit>

twL
<latexit sha1_base64="fI9izHGrAtM67qq9weraffsA9hU=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwalbJ3Vq7cnZeqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0A6PSA==</latexit>

h1
<latexit sha1_base64="yiZQYYYwO+F5pP+nrgz81eCgwJQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOp7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8Slq1qndRrd1fVuo3eRxFOIFTOAcPrqAOd9CAJjAYwjO8wpsjnBfn3flYtBacfOYY/sD5/AH0j42U</latexit>

h2
<latexit sha1_base64="bp6t7iIR0UjPyg0dB3e9yeQtzcI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0MOrX+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbRqVe+iWru/rNRv8jiKcAKncA4eXEEd7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QP2E42V</latexit>

Ka
1

<latexit sha1_base64="6FAYQhOVA/1IQTgLOer4tpG6bnc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYNpCG8tmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsctPXBwOO9GWbmhang2rjut7Oyura+sVnYKm7v7O7tlw4OGzrJFEOfJSJRrZBqFFyib7gR2EoV0jgU2AyHN1O/+YRK80Q+mFGKQUz7kkecUWMl/+6Rdr1uqexW3BnIMvFyUoYc9W7pq9NLWBajNExQrduem5pgTJXhTOCk2Mk0ppQNaR/blkoaow7Gs2Mn5NQqPRIlypY0ZKb+nhjTWOtRHNrOmJqBXvSm4n9eOzPRVTDmMs0MSjZfFGWCmIRMPyc9rpAZMbKEMsXtrYQNqKLM2HyKNgRv8eVl0qhWvPNK9f6iXLvO4yjAMZzAGXhwCTW4hTr4wIDDM7zCmyOdF+fd+Zi3rjj5zBH8gfP5AzY/jko=</latexit>

Ka
2

<latexit sha1_base64="Dh9Wb4M7d3MMSWYx9dpbDF3E+30=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj0InipYNpCG8tmu22XbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYkUBl3321lZXVvf2CxsFbd3dvf2SweHDROnmnGfxTLWrZAaLoXiPgqUvJVoTqNQ8mY4upn6zSeujYjVA44THkR0oERfMIpW8u8eabfaLZXdijsDWSZeTsqQo94tfXV6MUsjrpBJakzbcxMMMqpRMMknxU5qeELZiA5421JFI26CbHbshJxapUf6sbalkMzU3xMZjYwZR6HtjCgOzaI3Ff/z2in2r4JMqCRFrth8UT+VBGMy/Zz0hOYM5dgSyrSwtxI2pJoytPkUbQje4svLpFGteOeV6v1FuXadx1GAYziBM/DgEmpwC3XwgYGAZ3iFN0c5L8678zFvXXHymSP4A+fzBzfDjks=</latexit>

At late times: derive upper bound on volume using Raychaudhuri eq.

Late time regime in gravity

• Two shocks, ansatz:

ds2post-coll. ⇡ � 4`2

(1 + uv)2
dudv + r̃2

H
(x)

✓
1� uv

1 + uv

◆2

d~x2

<latexit sha1_base64="xReTFazG2EYN/Vgn2hpd2OQTCh0="></latexit>

h1(x)h2(x) ⇠
�S1 �S2

S2
e�t(x)

<latexit sha1_base64="RX/wZAUxvL7ZvBVBcjgeWfPaXMA="></latexit>

strength of collision:

Raychaudhuri  => L1L2  `2

h1(x)h2(x)

<latexit sha1_base64="fmGnmAGF/zl5ce6sb1rxmoNtFY4="></latexit>

=> analytical upper bound on Vol(post-collision)



<latexit sha1_base64="d6kO39hFwRJ5b5B2vRauPi+sMf4=">AAAB/XicbVDLSsNAFL2pr1pfVZdugkVwVRIVdVl047IF+4A2lMn0ph06mYSZiRhC8QPc6ie4E7d+i1/gbzhts9DWAxcO59zLvff4MWdKO86XVVhZXVvfKG6WtrZ3dvfK+wctFSWSYpNGPJIdnyjkTGBTM82xE0skoc+x7Y9vp377AaVikbjXaYxeSIaCBYwSbaTGY79ccarODPYycXNSgRz1fvm7N4hoEqLQlBOluq4Tay8jUjPKcVLqJQpjQsdkiF1DBQlRedns0Il9YpSBHUTSlND2TP09kZFQqTT0TWdI9EgtelPxXy8epYpRtbBeB9dexkScaBR0vj1IuK0jexqFPWASqeapIYRKZh6w6YhIQrUJrGSScRdzWCats6p7WT1vXFRqN3lGRTiCYzgFF66gBndQhyZQQHiGF3i1nqw36936mLcWrHzmEP7A+vwB6i+V/A==</latexit>x

<latexit sha1_base64="CQ1SUWF4ZVdO7dChwIwUr//3YJ0=">AAAB/3icbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegFw8eIpoHJEuYncwmQ2YfzPQKy5KDH+BVP8GbePVT/AJ/w0myB00saCiquunu8mIpNNr2l1VYWl5ZXSuulzY2t7Z3yrt7TR0livEGi2Sk2h7VXIqQN1Cg5O1YcRp4kre80fXEbz1ypUUUPmAaczegg1D4glE00j32bnvlil21pyCLxMlJBXLUe+Xvbj9iScBDZJJq3XHsGN2MKhRM8nGpm2geUzaiA94xNKQB1242PXVMjozSJ36kTIVIpurviYwGWqeBZzoDikM9703Ef714mGrB9Nx69C/dTIRxgjxks+1+IglGZBIG6QvFGcrUEMqUMA8QNqSKMjSRlUwyznwOi6R5UnXOq6d3Z5XaVZ5REQ7gEI7BgQuowQ3UoQEMBvAML/BqPVlv1rv1MWstWPnMPvyB9fkDQFeWtw==</latexit>

tL
<latexit sha1_base64="YfAtfRJFaUP/JtsMZDJdUbyFIwQ=">AAAB/3icbVDJSgNBEK2JW4xb1KOXxiB4CjMq6jHoxWNcskAyhJ5OT9KkZ6G7RhiGHPwAr/oJ3sSrn+IX+Bt2kjlo4oOCx3tVVNXzYik02vaXVVhaXlldK66XNja3tnfKu3tNHSWK8QaLZKTaHtVcipA3UKDk7VhxGniSt7zR9cRvPXKlRRQ+YBpzN6CDUPiCUTTSPfbueuWKXbWnIIvEyUkFctR75e9uP2JJwENkkmrdcewY3YwqFEzycambaB5TNqID3jE0pAHXbjY9dUyOjNInfqRMhUim6u+JjAZap4FnOgOKQz3vTcR/vXiYasH03Hr0L91MhHGCPGSz7X4iCUZkEgbpC8UZytQQypQwDxA2pIoyNJGVTDLOfA6LpHlSdc6rp7dnldpVnlERDuAQjsGBC6jBDdShAQwG8Awv8Go9WW/Wu/Uxay1Y+cw+/IH1+QNJ7Za9</latexit>

tR
<latexit sha1_base64="ZSgqTBAcbrLksfh32/MWSFaHVo4=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBDiJeyqqMegF48RzQOSJcxOZpMhszPLzKywLDn4AV71E7yJVz/FL/A3nCR70MSChqKqm+6uIOZMG9f9cpaWV1bX1gsbxc2t7Z3d0t5+U8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY3Uz81iNVmknxYNKY+hEeCBYygo2V7iv4pFcqu1V3CrRIvJyUIUe9V/ru9iVJIioM4VjrjufGxs+wMoxwOi52E01jTEZ4QDuWChxR7WfTU8fo2Cp9FEplSxg0VX9PZDjSOo0C2xlhM9Tz3kT814uHqWZEz6034ZWfMREnhgoy2x4mHBmJJmGgPlOUGJ5agoli9gFEhlhhYmxkRZuMN5/DImmeVr2L6tndebl2nWdUgEM4ggp4cAk1uIU6NIDAAJ7hBV6dJ+fNeXc+Zq1LTj5zAH/gfP4AkY2WSg==</latexit>

(a)
<latexit sha1_base64="/yQvpbsCD4q1va+n3qYabTNwrA4=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYBDiJeyqqMegF48RzQOSJcxOZpMhszPLzKywLDn4AV71E7yJVz/FL/A3nCR70MSChqKqm+6uIOZMG9f9cpaWV1bX1gsbxc2t7Z3d0t5+U8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY3Uz81iNVmknxYNKY+hEeCBYygo2V7ivBSa9UdqvuFGiReDkpQ456r/Td7UuSRFQYwrHWHc+NjZ9hZRjhdFzsJprGmIzwgHYsFTii2s+mp47RsVX6KJTKljBoqv6eyHCkdRoFtjPCZqjnvYn4rxcPU82Inltvwis/YyJODBVktj1MODISTcJAfaYoMTy1BBPF7AOIDLHCxNjIijYZbz6HRdI8rXoX1bO783LtOs+oAIdwBBXw4BJqcAt1aACBATzDC7w6T86b8+58zFqXnHzmAP7A+fwBkyeWSw==</latexit>

(b)

xwL = xwR = 0
<latexit sha1_base64="qYJFHXY0aSVlgAplTg5H8nP8VTQ=">AAAB+HicbVDLSsNAFL3xWeujUZdugkVwVZIq6KZQdOPCRRX7gDaEyXTSDp1MwsxErSFf4saFIm79FHf+jdM2C209cLmHc+5l7hw/ZlQq2/42lpZXVtfWCxvFza3tnZK5u9eSUSIwaeKIRaLjI0kY5aSpqGKkEwuCQp+Rtj+6nPjteyIkjfidGsfEDdGA04BipLTkmaVHL324zmqTdpvVbM8s2xV7CmuRODkpQ46GZ371+hFOQsIVZkjKrmPHyk2RUBQzkhV7iSQxwiM0IF1NOQqJdNPp4Zl1pJW+FURCF1fWVP29kaJQynHo68kQqaGc9ybif143UcG5m1IeJ4pwPHsoSJilImuSgtWngmDFxpogLKi+1cJDJBBWOquiDsGZ//IiaVUrzkmlenNarl/kcRTgAA7hGBw4gzpcQQOagCGBZ3iFN+PJeDHejY/Z6JKR7+zDHxifP6/6kxk=</latexit>

xwL = 0, xwR = 20
<latexit sha1_base64="Qi/G5EGplxhnB6raJ9PoF2aUm20=">AAAB/nicbZDLSsNAFIYnXmu9RcWVm8EiuJCSVEFBCkU3LlxUsRdoQ5hMJ+3QySTMTNQSAr6KGxeKuPU53Pk2TtostPWHgY//nMM583sRo1JZ1rcxN7+wuLRcWCmurq1vbJpb200ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecPLrN66J0LSkN+pUUScAPU59SlGSluuufvoJg/XadU66p7DjG/TasVyzZJVtsaCs2DnUAK56q751e2FOA4IV5ghKTu2FSknQUJRzEha7MaSRAgPUZ90NHIUEOkk4/NTeKCdHvRDoR9XcOz+nkhQIOUo8HRngNRATtcy879aJ1b+mZNQHsWKcDxZ5McMqhBmWcAeFQQrNtKAsKD6VogHSCCsdGJFHYI9/eVZaFbK9nG5cnNSql3kcRTAHtgHh8AGp6AGrkAdNAAGCXgGr+DNeDJejHfjY9I6Z+QzO+CPjM8fm1aUmg==</latexit>

xwL = xwR = 0
<latexit sha1_base64="qYJFHXY0aSVlgAplTg5H8nP8VTQ=">AAAB+HicbVDLSsNAFL3xWeujUZdugkVwVZIq6KZQdOPCRRX7gDaEyXTSDp1MwsxErSFf4saFIm79FHf+jdM2C209cLmHc+5l7hw/ZlQq2/42lpZXVtfWCxvFza3tnZK5u9eSUSIwaeKIRaLjI0kY5aSpqGKkEwuCQp+Rtj+6nPjteyIkjfidGsfEDdGA04BipLTkmaVHL324zmqTdpvVbM8s2xV7CmuRODkpQ46GZ371+hFOQsIVZkjKrmPHyk2RUBQzkhV7iSQxwiM0IF1NOQqJdNPp4Zl1pJW+FURCF1fWVP29kaJQynHo68kQqaGc9ybif143UcG5m1IeJ4pwPHsoSJilImuSgtWngmDFxpogLKi+1cJDJBBWOquiDsGZ//IiaVUrzkmlenNarl/kcRTgAA7hGBw4gzpcQQOagCGBZ3iFN+PJeDHejY/Z6JKR7+zDHxifP6/6kxk=</latexit>

xwL = 0, xwR = 20
<latexit sha1_base64="Qi/G5EGplxhnB6raJ9PoF2aUm20=">AAAB/nicbZDLSsNAFIYnXmu9RcWVm8EiuJCSVEFBCkU3LlxUsRdoQ5hMJ+3QySTMTNQSAr6KGxeKuPU53Pk2TtostPWHgY//nMM583sRo1JZ1rcxN7+wuLRcWCmurq1vbJpb200ZxgKTBg5ZKNoekoRRThqKKkbakSAo8BhpecPLrN66J0LSkN+pUUScAPU59SlGSluuufvoJg/XadU66p7DjG/TasVyzZJVtsaCs2DnUAK56q751e2FOA4IV5ghKTu2FSknQUJRzEha7MaSRAgPUZ90NHIUEOkk4/NTeKCdHvRDoR9XcOz+nkhQIOUo8HRngNRATtcy879aJ1b+mZNQHsWKcDxZ5McMqhBmWcAeFQQrNtKAsKD6VogHSCCsdGJFHYI9/eVZaFbK9nG5cnNSql3kcRTAHtgHh8AGp6AGrkAdNAAGCXgGr+DNeDJejHfjY9I6Z+QzO+CPjM8fm1aUmg==</latexit>

(finite impact parameter, AdS5)

(head-on, AdS3) (finite impact parameter, AdS3)

(head-on, AdS5)

Gravity upper bound vs. circuit prediction



Operator size



Spread of perturbation through circuit: “growth” of an operator 
Make this more precise

Operator size

Toy model: Sachdev-Ye-Kitaev quantum mechanics

• N  Majorana fermions with random, 
Gaussian all-to-all couplings H = �

NX

ijkl

jijkl  i j k l

jijkl = 0 , j2ijkl = J2/N3

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

j
 

 

 

 

[Sachdev/Ye ’93] [Kitaev ’15]

[Maldacena/Stanford ’16] …

• Emergent conformal symmetry (time 
reparametrizations               ) in the IR 

• Symmetry is spontaneously & explicitly 
broken. Effective action for Goldstone:

⌧ ! f(⌧)

Ie↵.[f ] / �N

J

Z
d⌧ Schw(f(⌧), ⌧)

<latexit sha1_base64="5U2jQ9ZpP+P5/GHyRpcXDr8/p1A="></latexit>

• Same action describes AdS2 dilaton 
gravity



Spread of perturbation through circuit: “growth” of an operator 
Make this more precise

Operator size

Toy model: Sachdev-Ye-Kitaev quantum mechanics

• N  Majorana fermions with random, 
Gaussian all-to-all couplings H = �

NX

ijkl

jijkl  i j k l

jijkl = 0 , j2ijkl = J2/N3

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

[Sachdev/Ye ’93] [Kitaev ’15]

[Maldacena/Stanford ’16] …

• Emergent conformal symmetry (time 
reparametrizations               ) in the IR 

• Symmetry is spontaneously & explicitly 
broken. Effective action for Goldstone:

⌧ ! f(⌧)

Ie↵.[f ] / �N

J

Z
d⌧ Schw(f(⌧), ⌧)

<latexit sha1_base64="5U2jQ9ZpP+P5/GHyRpcXDr8/p1A="></latexit>

• Same action describes AdS2 dilaton 
gravity



Spread of perturbation through circuit: “growth” of an operator 
Make this more precise

Operator size

Toy model: Sachdev-Ye-Kitaev quantum mechanics

• N  Majorana fermions with random, 
Gaussian all-to-all couplings H = �

NX

ijkl

jijkl  i j k l

jijkl = 0 , j2ijkl = J2/N3

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

Z
d⌧ Schw(f(⌧), ⌧)

<latexit sha1_base64="5U2jQ9ZpP+P5/GHyRpcXDr8/p1A="></latexit>
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<latexit sha1_base64="Y2AXUHSowjThIx1abQVp2XkM23k=">AAACJ3icbVDLSgMxFM34rPVVdekmWAQXpc7UioIoRTfiQirYB3SmJZOmbdrMZEgyQhn6N278FTeCiujSPzFtB6ytNwQO50FyjxswKpVpfhlz8wuLS8uJleTq2vrGZmpruyx5KDApYc64qLpIEkZ9UlJUMVINBEGey0jF7V0N9coDEZJy/171A+J4qO3TFsVIaaqRurC5lofpqNuIaLfHBgN4Dk1oZzL2mT6/cj03Ybip5w5v60eNVNrMmqOBs8CKQRrEU2ykXu0mx6FHfIUZkrJmmYFyIiQUxYwMknYoSYBwD7VJTUMfeUQ60WjPAdzXTBO2uNDXV3DETiYi5EnZ91zt9JDqyGltSP6n1ULVOnUi6gehIj4eP9QKGVQcDkuDTSoIVqyvAcKC6r9C3EECYaWrTeoSrOmVZ0E5l7Xy2eO7fLpwGdeRALtgDxwAC5yAArgGRVACGDyCZ/AG3o0n48X4MD7H1jkjzuyAP2N8/wB+1aUJ</latexit>
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J

Z
d⌧ Schw(f(⌧), ⌧)

<latexit sha1_base64="5U2jQ9ZpP+P5/GHyRpcXDr8/p1A="></latexit>

• Same action describes AdS2 dilaton 
gravity



Spread of perturbation through circuit: “growth” of an operator 
Make this more precise

Operator size
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NX

ijkl

jijkl  i j k l

jijkl = 0 , j2ijkl = J2/N3
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[Sachdev/Ye ’93] [Kitaev ’15]

[Maldacena/Stanford ’16] …

• Emergent conformal symmetry (time 
reparametrizations               ) in the IR 

• Symmetry is spontaneously & explicitly 
broken. Effective action for Goldstone:

⌧ ! f(⌧)

Ie↵.[f ] / �N

J

Z
d⌧ Schw(f(⌧), ⌧)

<latexit sha1_base64="5U2jQ9ZpP+P5/GHyRpcXDr8/p1A="></latexit>

• Same action describes AdS2 dilaton 
gravity



Operator size in SYK
Orthogonal operator basis: 

Canonically purify the system: 

<latexit sha1_base64="1sEaFYXaXWu2CgYsmV2apwUZfsc="></latexit>

�i1···ik = i
k(k�1)

2  i1 · · · ik (i1 < . . . < ik , { i, j} = 2�ij)

<latexit sha1_base64="Ji3l17jr9lWZJ2kRCfpp+uzMoo4="></latexit>

 i !  R
i ,  

L
i

maximally entangled state:

“qubit” basis:
<latexit sha1_base64="eVRCIf0Lv+J/ZtXzMxlMdKvuNUE="></latexit>

cj =
1

2
( L

j + i R
j ) {cj , ck} = {c†j , c

†
k} = 0 , {cj , c†k} = �jk

<latexit sha1_base64="zIglvr4uqd7yh5rV7YC+VpO4Pa0="></latexit>

cj |0i = 0 8j

…

j=1
j=2

j=N

RL

<latexit sha1_base64="3cmx6KZkXjCUxA6oSk2S53UUuMY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPbUDbbSbt0swm7G6HE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0M/Vbj6g0j+W9GSfoR3QgecgZNVZ6IE9uV1E5ENgrV9yqOwNZJl5OKpCj3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5K3VRjQtmIDrBjqaQRaj+bXTwhJ1bpkzBWtqQhM/X3REYjrcdRYDsjaoZ60ZuK/3md1IRXfsZlkhqUbL4oTAUxMZm+T/pcITNibAllittbCRtSRZmxIZVsCN7iy8ukeVb1Lqrnd+eV2nUeRxGO4BhOwYNLqMEt1KEBDCQ8wyu8Odp5cd6dj3lrwclnDuEPnM8fDrqQiA==</latexit>

|0i

…

j=1
j=2

j=N

RL

<latexit sha1_base64="i1/1SzBmXu/oa4TDUw/eBlB28GU=">AAACLHicbZDLSgMxFIYzXmu9VV26CRbBhZQZKeqy2I0rqWAv0Kklk55OQzOZMckUStsHcuOrCOLCIm59DtN2FG09EPjy/+eQnN+LOFPatsfW0vLK6tp6aiO9ubW9s5vZ26+oMJYUyjTkoax5RAFnAsqaaQ61SAIJPA5Vr1uc+NUeSMVCcaf7ETQC4gvWZpRoIzUzxaFbUsyVRPgcsAsPMeth2ry5d1vE90Eazn+ze2puzo8ztJOxZiZr5+xp4UVwEsiipErNzIvbCmkcgNCUE6Xqjh3pxoBIzSiHUdqNFUSEdokPdYOCBKAag+myI3xslBZuh9IcofFU/T0xIIFS/cAznQHRHTXvTcT/vHqs25eNARNRrEHQ2UPtmGMd4klyuMUkUM37BgiVzPwV0w6RhGqTb9qE4MyvvAiVs5xznsvf5rOFqySOFDpER+gEOegCFdA1KqEyougRPaM3NLaerFfr3fqYtS5ZycwB+lPW5xd9Z6e/</latexit>

| i ⌘ c†Nc†4 c
†
1|0i

<latexit sha1_base64="3/ADNzm5pwuvM+AvKbmZwVam674=">AAACI3icbVDLSgMxFM34tr6qLt0Ei+CqzKioKELRjcsqVoWmlDtppg1mMkNyRylj/8WNv+LGhVLcuPBfTGsXvg4EDuecy809YaqkRd9/98bGJyanpmdmC3PzC4tLxeWVS5tkhosaT1RirkOwQkktaihRievUCIhDJa7Cm5OBf3UrjJWJvsBuKhoxtLWMJAd0UrN4wM5lu4NgTHJH2SFToNtKsKqV95R1AHPdazKpI+zS+4HKzDBAj+h2s1jyy/4Q9C8JRqRERqg2i33WSngWC41cgbX1wE+xkYNByZXoFVhmRQr8Btqi7qiGWNhGPryxRzec0qJRYtzTSIfq94kcYmu7ceiSMWDH/vYG4n9ePcNov5FLnWYoNP9aFGWKYkIHhdGWNIKj6joC3Ej3V8o7YICjq7XgSgh+n/yXXG6Vg93yztlOqXI8qmOGrJF1skkCskcq5JRUSY1w8kCeyAt59R69Z6/vvX1Fx7zRzCr5Ae/jE2PmpLQ=</latexit>

) h |n̂1| i = 3

Similar construction exists in more general models [Gu/Kitaev/Zhang ’21]

“Size operator”:

<latexit sha1_base64="Da3blZ8uEJXJhDyzEYl3zULj2nE="></latexit>

n̂1 ⌘
NX

j=1

c†jcj

<latexit sha1_base64="uFcpt4ordNbr79iAKEAQO9Gs0IQ=">AAACHXicbVDLSgNBEJz1GeMr6tHLYBA8hV0JKogQ9OIxitFANoTeyWwyODu7zPQqYZMf8eKvePGgiAcv4t84eRzUWNBQVHXT3RUkUhh03S9nZnZufmExt5RfXlldWy9sbF6bONWM11gsY10PwHApFK+hQMnrieYQBZLfBLdnQ//mjmsjYnWFvYQ3I+goEQoGaKVWoexfik4XQev4nvrHvgTVkdztU78LmKlByxcqxB7tu74eWfSEuq1C0S25I9Bp4k1IkUxQbRU+/HbM0ogrZBKMaXhugs0MNAom+SDvp4YnwG6hwxuWKoi4aWaj7wZ01yptGsbalkI6Un9OZBAZ04sC2xkBds1fbyj+5zVSDI+amVBJilyx8aIwlRRjOoyKtoXmDGXPEmBa2Fsp64IGhjbQvA3B+/vyNLneL3kHpfJFuVg5ncSRI9tkh+wRjxySCjknVVIjjDyQJ/JCXp1H59l5c97HrTPOZGaL/ILz+Q3mGKHF</latexit>

) h0|n̂1|0i = 0

<latexit sha1_base64="G6OqxRxKoZ7CCzY01m6EnYnge+c="></latexit>

hO|n̂1|Oi = #flavors contained in O

[Qi/Streicher ’18]



Explicit evaluation shows:

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

<latexit sha1_base64="3sCIJmzN1ZQ5Ej95LOSQBZKSS9s="></latexit>

O
†(t0)

<latexit sha1_base64="SylTscoBW58vo6FFb1MDefs/Hyw=">AAACIXicbVBLSwMxGMz6rPW16tFLsAgVpGSXpe2x6MWbFewD2qVk02wbmn2QZIWy7F/x4l/x4kGR3sQ/Y7btQVsHAsPMfMmX8WLOpELoy9jY3Nre2S3sFfcPDo+OzZPTtowSQWiLRDwSXQ9LyllIW4opTruxoDjwOO14k9vc7zxRIVkUPqppTN0Aj0LmM4KVlgZmHab9+S09MfLcFFUcx6rW7GtUQZZj1eo5sRFy7EznMIf3WVkN0BXMBmZJW3PAdWItSQks0RyYs/4wIklAQ0U4lrJnoVi5KRaKEU6zYj+RNMZkgke0p2mIAyrddL5bBi+1MoR+JPQJFZyrvydSHEg5DTydDLAay1UvF//zeony627KwjhRNCSLh/yEQxXBvC44ZIISxaeaYCKY3hWSMRaYKF1qUZdgrX55nbTtilWtOA9OqXGzrKMAzsEFKAML1EAD3IEmaAECnsEreAcfxovxZnwas0V0w1jOnIE/ML5/AJHZntA=</latexit>

O(t0)

<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

OTOCs received a lot of attention 
as measures of quantum chaos

They exhibit exponential growth 
when                         , then saturate

<latexit sha1_base64="iBZcvD6K8E5thvfKWm+I9x1zhaI=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEClISKeqy6MaVVLAPaEKYTCft0MmDmRuhhOLGX3HjQhG3foU7/8Zpm4W2HrhwOOde7r3HTwRXYFnfRmFpeWV1rbhe2tjc2t4xd/daKk4lZU0ai1h2fKKY4BFrAgfBOolkJPQFa/vD64nffmBS8Ti6h1HC3JD0Ix5wSkBLnnkAnoUdxUPs+AwIdk6xI+J+5fbEM8tW1ZoCLxI7J2WUo+GZX04vpmnIIqCCKNW1rQTcjEjgVLBxyUkVSwgdkj7rahqRkCk3m74wxsda6eEglroiwFP190RGQqVGoa87QwIDNe9NxP+8bgrBpZvxKEmBRXS2KEgFhhhP8sA9LhkFMdKEUMn1rZgOiCQUdGolHYI9//IiaZ1V7fNq7a5Wrl/lcRTRITpCFWSjC1RHN6iBmoiiR/SMXtGb8WS8GO/Gx6y1YOQz++gPjM8ffkqVkw==</latexit>

t0 ⇠ � log(N)
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N

e�t

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

<latexit sha1_base64="N1bQF1eqDfmDxCplzsJmDBdgCjc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+y7/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifPwcCjaQ=</latexit>

t0

[Larkin/Ovchinnikov ’68] [Kitaev ’14]  
[Shenker/Stanford ’14] … [FH/Rozali ’18] …

<latexit sha1_base64="FWq7Sr+qPd+2kzAIccqGGd9ZN24="></latexit>

hO(t0) jO(t0) ji�

hO†Oi�

“out-of-time-order”
correlation function

Generalize to thermal state: 
<latexit sha1_base64="hR/wyltJ5dYEzRmXjuUcVEKglYk="></latexit>

hO|n̂� |Oi = hTFD|O
† n̂1O|TFDi (up to regularisation)

<latexit sha1_base64="1YAlR2bskH1co6B0BhdjcmXUfCE="></latexit>

hO|n̂� |Oi

hO†Oi�
= nmax

2

41� 1

N

NX

j=1

hO(t0) jO(t0) ji�

hO†Oi�

3

5

“Epidemic” operator growth in 
quantum circuit matches more 
detailed OTOC calculations in 
SYK, Schwarzian, CFTs, …



twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Interior collisions and OTOCs
Apply this formalism to our collision setup:

<latexit sha1_base64="ndAULPONd3i2r/F/pS+GjDFq+o8="></latexit>

| i ⌘  L
1 (twL) 

R
2 (twR)|TFDi

<latexit sha1_base64="QlbF3kp+SThx7LDUQJ9djLYbfeU=">AAACF3icbVDLSgMxFM34tr6qLt0Ei+CqzIiouCq6cVnBqtAp5U562wYzmSG5I5Sxf+HGX3HjQhG3uvNvzLRd+DoQODnnXJJ7olRJS77/6U1Nz8zOzS8slpaWV1bXyusblzbJjMCGSFRiriOwqKTGBklSeJ0ahDhSeBXdnBb+1S0aKxN9QYMUWzH0tOxKAeSkdrlaChXonkIe1q3kdzzsA+V62A4jJCjuhRyacea4Xa74VX8E/pcEE1JhE9Tb5Y+wk4gsRk1CgbXNwE+plYMhKRQOS2FmMQVxAz1sOqohRtvKR3sN+Y5TOrybGHc08ZH6fSKH2NpBHLlkDNS3v71C/M9rZtQ9auVSpxmhFuOHupnilPCiJN6RBgWpgSMgjHR/5aIPBgS5KkuuhOD3yn/J5V41OKjun+9XaieTOhbYFttmuyxgh6zGzlidNZhg9+yRPbMX78F78l69t3F0ypvMbLIf8N6/ABmRnqY=</latexit>

h |n̂� | i :
<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

<latexit sha1_base64="Z8KBnpphvDKckASYUJjQeA8k57E="></latexit>

 1(�twL)
<latexit sha1_base64="Z8KBnpphvDKckASYUJjQeA8k57E="></latexit>

 1(�twL)

<latexit sha1_base64="DGfhXEQ59s9PHdxq4bWmxWrDqvc="></latexit>

 2(twR)
<latexit sha1_base64="DGfhXEQ59s9PHdxq4bWmxWrDqvc="></latexit>

 2(twR)

<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

Proposal: this 6-point OTOC 
computes the “size” of the 
double perturbation. It matches 
the fraction of healthy gates in 
the corresponding circuit. 
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twR + twL

<latexit sha1_base64="ONnSRyi4v5Jg27yAdl/MIB0agHU=">AAAB9HicbVDLSsNAFL3xWeur6tLNYBEEoSRS0WXRjQsXVewD2lAm00k7dDKJM5NKCfkONy4UcevHuPNvnLRZaOuByz2ccy9z53gRZ0rb9re1tLyyurZe2Chubm3v7Jb29psqjCWhDRLyULY9rChngjY005y2I0lx4HHa8kbXmd8aU6lYKB70JKJugAeC+YxgbSRX95Kn+/Q0a7dpr1S2K/YUaJE4OSlDjnqv9NXthyQOqNCEY6U6jh1pN8FSM8JpWuzGikaYjPCAdgwVOKDKTaZHp+jYKH3kh9KU0Giq/t5IcKDUJPDMZID1UM17mfif14m1f+kmTESxpoLMHvJjjnSIsgRQn0lKNJ8Ygolk5lZEhlhiok1ORROCM//lRdI8qzjVyvldtVy7yuMowCEcwQk4cAE1uIE6NIDAIzzDK7xZY+vFerc+ZqNLVr5zAH9gff4AF1mSUQ==</latexit>

[FH/Zhao ’21] [FH/Streicher/Zhao ’21]

weak
collision

collision + backreaction

high energy coll-
ision, exp. close      

to singularity
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h |n̂� | i

<latexit sha1_base64="qF77bjDq73x02PrGTNppiVybrHo=">AAACFHicbVDLSgMxFM34rPVVdekmWARBKDOi6FJ047KCrUKnlDvpbRvMZIbkjlDGfoQbf8WNC0XcunDn35ipXfg6EDg551ySe6JUSUu+/+FNTc/Mzs2XFsqLS8srq5W19aZNMiOwIRKVmKsILCqpsUGSFF6lBiGOFF5G16eFf3mDxspEX9AwxXYMfS17UgA5qVPZDRXovkIe1q3ktzwcAOV61AkjJCjuhRyacaZTqfo1fwz+lwQTUmUT1DuV97CbiCxGTUKBta3AT6mdgyEpFI7KYWYxBXENfWw5qiFG287HS434tlO6vJcYdzTxsfp9IofY2mEcuWQMNLC/vUL8z2tl1Dtq51KnGaEWXw/1MsUp4UVDvCsNClJDR0AY6f7KxQAMCHI9ll0Jwe+V/5LmXi3Yrx2c71ePTyZ1lNgm22I7LGCH7JidsTprMMHu2AN7Ys/evffovXivX9EpbzKzwX7Ae/sE8ByeIw==</latexit>



Summary & Outlook



twR

<latexit sha1_base64="b1SWRtFhdjcYgoeITdihVx7bMFw=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNRo9ELx7RyCOBDZkdBhiZnd3M9GrIhn/w4kFjvPo/3vwbB9iDgpV0UqnqTndXEEth0HW/ndzK6tr6Rn6zsLW9s7tX3D9omCjRjNdZJCPdCqjhUiheR4GSt2LNaRhI3gxG11O/+ci1EZG6x3HM/ZAOlOgLRtFKDeymT3eTbrHklt0ZyDLxMlKCDLVu8avTi1gScoVMUmPanhujn1KNgkk+KXQSw2PKRnTA25YqGnLjp7NrJ+TEKj3Sj7QthWSm/p5IaWjMOAxsZ0hxaBa9qfif106wf+mnQsUJcsXmi/qJJBiR6eukJzRnKMeWUKaFvZWwIdWUoQ2oYEPwFl9eJo2zslcpn99WStWrLI48HMExnIIHF1CFG6hBHRg8wDO8wpsTOS/Ou/Mxb8052cwh/IHz+QPado9S</latexit>

twL

<latexit sha1_base64="aiE3ckon0cx0i6cw6HdGtixyhVg=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIigvmA5Ah7m02yZu/22J1TwpH/YGOhiK3/x85/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aBiVaMbrTEmlWwE1XIqI11Gg5K1YcxoGkjeD0fXUbz5ybYSK7nEccz+kg0j0BaNopQZ206fbSbdYcsvuDGSZeBkpQYZat/jV6SmWhDxCJqkxbc+N0U+pRsEknxQ6ieExZSM64G1LIxpy46ezayfkxCo90lfaVoRkpv6eSGlozDgMbGdIcWgWvan4n9dOsH/ppyKKE+QRmy/qJ5KgItPXSU9ozlCOLaFMC3srYUOqKUMbUMGG4C2+vEwaZ2WvUj6/q5SqV1kceTiCYzgFDy6gCjdQgzoweIBneIU3RzkvzrvzMW/NOdnMIfyB8/kD0ViPTA==</latexit>

Summary

Probe connection between interior geometry and   
L/R entanglement:  

<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

<latexit sha1_base64="peoPUtsJnJ7JGDAYvxKMehpOSnU=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCCxkyZWi7LLpxWcFeoDOUTJppYzMXkoxQhr6GG1/FjQtFXOrKtzHTzkJbDwQ+/v+c5OT3E86kQujbWFvf2NzaLu2Ud/f2Dw7No+OOjFNBaJvEPBY9H0vKWUTbiilOe4mgOPQ57fqT69zvPlAhWRzdqWlCvRCPIhYwgpWWBiaCmTu/pS9Gvpchy3HsWr16iSxkO3a9kUMVIac6cxPJBvezgVnR0rzgKtgFVEBRrYH56Q5jkoY0UoRjKfs2SpSXYaEY4XRWdlNJE0wmeET7GiMcUull851m8FwrQxjEQp9Iwbn6eyLDoZTT0NedIVZjuezl4n9eP1VBw8tYlKSKRmTxUJByqGKYxwSHTFCi+FQDJoLpXSEZY4GJ0mGWdQj28pdXoVO17Jrl3DqV5lURRwmcgjNwAWxQB01wA1qgDQh4BM/gFbwZT8aL8W58LFrXjGLmBPwp4+sH+Jucig==</latexit>

 j

strong collision  => 
• disrupt L/R entanglement 
• decorrelate 
• “remove” interior geometry

<latexit sha1_base64="YORwFyAb07hM2S5sDjAmx7wOPAk="></latexit>

hTFD| L
j  

R
j |TFDi

Quantum circuit model captures non-linear gravity effects, two-
sided correlation functions, operator growth

Entanglement & other information theoretic concepts:          
emergence of local spacetime dynamics in AdS/CFT 



Questions
Quantum circuit is coarse-grained representation of 
geometry (scale          ). Can we refine it? 

Derive local Einstein equations? 

Spacetime volume is an unusual way to characterize a 
scattering process. Make connection with S-matrix? 

Two-sided setup was crucial (TFD, operator size, …).                 
How to deal with one-sided black holes, or pure states? 

How to define operator size in CFTs, QFTs, …?

`AdS

<latexit sha1_base64="lUAwFnuslhNo871s4Ni1buHdrxw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJVgETyWRih6rXjxWtB/QlrLZTNqlm03YnYg19Jd48aCIV3+KN/+N24+Dtj4YeLw3w8w8PxFco+t+W7mV1bX1jfxmYWt7Z7do7+03dJwqBnUWi1i1fKpBcAl15CiglSigkS+g6Q+vJ37zAZTmsbzHUQLdiPYlDzmjaKSeXeyAEL0OwiNml8HduGeX3LI7hbNMvDkpkTlqPfurE8QsjUAiE1Trtucm2M2oQs4EjAudVENC2ZD2oW2opBHobjY9fOwcGyVwwliZkuhM1d8TGY20HkW+6YwoDvSiNxH/89ophhfdjMskRZBstihMhYOxM0nBCbgChmJkCGWKm1sdNqCKMjRZFUwI3uLLy6RxWvYq5bPbSql6NY8jTw7JETkhHjknVXJDaqROGEnJM3klb9aT9WK9Wx+z1pw1nzkgf2B9/gAAPJNS</latexit>


