
Pole	skipping	and	related	probes	
away	from	maximal	chaos	

Márk	Mezei	(SCGP,	Stony	Brook)	
	

In	collaboration	with:	Choi,	Sárosi,	Stanford,	van	der	Schee,	Virrueta	
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Phenomena	and	signatures	associated	with	chaotic	dynamics:	
	
	
	
	
	
	

	Transport	 	 	 	 			Thermalization 	 	 	 								Butterfly	effect	
	
	
	
	
	
	
						Pole	skipping 	 	 	 		Complexity	growth	 	 	 	Eigenvalue	statistics	
	
Ultimate	goal:	describe	these	phenomena	in	a	unified	theory	
	

Quantum	chaotic	dynamics	

Nielsen’s Geodesic Complexity

Geodesic complexity of an operator U is defined as the
minimal geodesic distance between the identity operator and U .

1

e�iHt

In general, the geodesic complexity lower bounds the circuit
complexity with

�
ei✏T↵

 
chosen as allowed gates [Dowling, Nielsen ’07].

When µ is taken to be exponentially large, then geodesic
complexity has been argued to be polynomially equivalent to the
circuit complexity [Nielsen, Dowling, Gu, Doherty ’06].
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The density correlator
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We can compute the density-density correlator using D-branes:

h⇢(E )⇢(E 0)i ⇠ e
2S � 1

2(⇡(E � E 0))2
(1 � cos(2⇡eS(E � E

0))).

The 1/(E � E
0)2 term comes from the double trumpet.

The cos(eS(E � E
0)) ⇠ Re e

ie
S

term is a D-brane e↵ect. Not small,
but rapidly oscillating.

The oscillations are a clear signal of discreteness, in an averaged
system.
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Phenomena	and	signatures	associated	with	chaotic	dynamics:	
	
	
	
	
	
	

	Transport	 	 	 	 			Thermalization 	 	 	 								Butterfly	effect	
	
	
	
	
	
	
						Pole	skipping 	 	 	 		Complexity	growth	 	 	 	Eigenvalue	statistics	
	
Ultimate	goal:	describe	these	phenomena	in	a	unified	theory	
	
Goal	of	talk:		
•  Develop	EFTs	at	long	distances	and	at	late	times	for	some	of	these	processes	
•  Study	their	interplay	and	relation	to	gravity	through	AdS/CFT	
•  Go	away	from	infinite	coupling/maximal	chaos	
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Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  At	finite	temperature	most	excitations	relax	in		

Dynamics	of	conserved	densities									is	slow	for		
	

Hydrodynamics		

Tab
<latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit>

<latexit sha1_base64="Qu8WMAGUaz3wtdrmPGPfpbPfREA=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBU0mKoseCF48V7Ac0IWy203bpJht2J2IJBf+KFw+KePV3ePPfuG1z0NYHA4/3ZpiZF6WCa3Tdb2tldW19Y7O0Vd7e2d3btw8OW1pmikGTSSFVJ6IaBE+giRwFdFIFNI4EtKPRzdRvP4DSXCb3OE4hiOkg4X3OKBoptI8x9BEeMReSTXzNYz8CpKFdcavuDM4y8QpSIQUaof3l9yTLYkiQCap113NTDHKqkDMBk7KfaUgpG9EBdA1NaAw6yGfnT5wzo/ScvlSmEnRm6u+JnMZaj+PIdMYUh3rRm4r/ed0M+9dBzpM0Q0jYfFE/Ew5KZ5qF0+MKGIqxIZQpbm512JAqytAkVjYheIsvL5NWrepdVt27i0q9VsRRIifklJwTj1yROrklDdIkjOTkmbySN+vJerHerY9564pVzByRP7A+fwAv8ZY4</latexit>

tloc ⇠ �
<latexit sha1_base64="nzbLPPeXNoaGpNwXrUmRppo4kog=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIHqQkRdFjwYvHCvYDmhA22227dLMJuxOxxB78K148KOLVv+HNf+OmzUFbHww83pthZl6YCK7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pOFWUNWksYtUJiWaCS9YEDoJ1EsVIFArWDkfXud++Z0rzWN7BOGF+RAaS9zklYKTAPky8MwyBB+wBMhHTiScEdsuBXXGqzhR4kbgFqaACjcD+8noxTSMmgQqiddd1EvAzooBTwSZlL9UsIXREBqxrqCQR0342vX+CT4zSw/1YmZKAp+rviYxEWo+j0HRGBIZ63svF/7xuCv0rP+MySYFJOlvUTwWGGOdh4B5XjIIYG0Ko4uZWTIdEEQomsjwEd/7lRdKqVd2LqnN7XqnXijhK6Agdo1PkoktURzeogZqIokf0jF7Rm/VkvVjv1sesdckqZg7QH1ifP91NlUw=</latexit>

p tloc ⌧ 1



Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  At	finite	temperature	most	excitations	relax	in		

Dynamics	of	conserved	densities									is	slow	for		
	

•  Relativistic	hydro	from	hep-th	POV	is	an	EFT	based	on	systematic	
long	distance,	late	time	expansion.	Fluid	variables:	
	
	
Dynamics	from	conservation	of	
	

Hydrodynamics		
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p tloc ⌧ 1

<latexit sha1_base64="lJdUY1g1AkEWVO8zWVQDXY42kJQ=">AAACHnicbVBNS8NAFNz4bf2qevSyWASlUhJR9CIUvHiM0GqhKeFl+1oXN5uwuxFK6B/x5E/xJCiIBy/6b9zGHrR1YGGYmcfbN1EquDau++XMzM7NLywuLZdWVtfWN8qbW9c6yRTDJktEoloRaBRcYtNwI7CVKoQ4EngT3V2M/Jt7VJonsmEGKXZi6Eve4wyMlcLycSPMIRqe7wf3oDDVXCSy6h9kIdAsjKp+cEgDNFCEqoHPCxKWK27NLUCniTcmFTKGH5Y/gm7CshilYQK0bntuajo5KMOZwGEpyDSmwO6gj21LJcSoO3lx3ZDuWaVLe4myTxpaqL8ncoi1HsSRTcZgbvWkNxL/89qZ6Z11ci7TzKBkP4t6maAmoaOqaJcrZEYMLAGmuP0rZbeggBlbaKlkW/Amb54m10c176TmXh1X6kfjPpbIDtkl+8Qjp6ROLolPmoSRB/JEXsir8+g8O2/O+090xhnPbJM/cD6/AQM7oYU=</latexit>

Tab = ("+ P )uaub + P ⌘ab +⇧ab



Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  At	finite	temperature	most	excitations	relax	in		

Dynamics	of	conserved	densities									is	slow	for		
	

•  Relativistic	hydro	from	hep-th	POV	is	an	EFT	based	on	systematic	
long	distance,	late	time	expansion.	Fluid	variables:	
	
	
Dynamics	from	conservation	of	
	

•  Correlation	functions	
	
	
	

Hydrodynamics		

Tab
<latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit>

<latexit sha1_base64="Qu8WMAGUaz3wtdrmPGPfpbPfREA=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBU0mKoseCF48V7Ac0IWy203bpJht2J2IJBf+KFw+KePV3ePPfuG1z0NYHA4/3ZpiZF6WCa3Tdb2tldW19Y7O0Vd7e2d3btw8OW1pmikGTSSFVJ6IaBE+giRwFdFIFNI4EtKPRzdRvP4DSXCb3OE4hiOkg4X3OKBoptI8x9BEeMReSTXzNYz8CpKFdcavuDM4y8QpSIQUaof3l9yTLYkiQCap113NTDHKqkDMBk7KfaUgpG9EBdA1NaAw6yGfnT5wzo/ScvlSmEnRm6u+JnMZaj+PIdMYUh3rRm4r/ed0M+9dBzpM0Q0jYfFE/Ew5KZ5qF0+MKGIqxIZQpbm512JAqytAkVjYheIsvL5NWrepdVt27i0q9VsRRIifklJwTj1yROrklDdIkjOTkmbySN+vJerHerY9564pVzByRP7A+fwAv8ZY4</latexit>

tloc ⇠ �

Tab
<latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit>

<latexit sha1_base64="2Ysq58WclE3CCVf1uJqzAEOTKko="></latexit>

GR
""(!, p) =

s

�

p2

c2sp
2 � !2 � i�sp2!

+ . . .

<latexit sha1_base64="nzbLPPeXNoaGpNwXrUmRppo4kog=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIHqQkRdFjwYvHCvYDmhA22227dLMJuxOxxB78K148KOLVv+HNf+OmzUFbHww83pthZl6YCK7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pOFWUNWksYtUJiWaCS9YEDoJ1EsVIFArWDkfXud++Z0rzWN7BOGF+RAaS9zklYKTAPky8MwyBB+wBMhHTiScEdsuBXXGqzhR4kbgFqaACjcD+8noxTSMmgQqiddd1EvAzooBTwSZlL9UsIXREBqxrqCQR0342vX+CT4zSw/1YmZKAp+rviYxEWo+j0HRGBIZ63svF/7xuCv0rP+MySYFJOlvUTwWGGOdh4B5XjIIYG0Ko4uZWTIdEEQomsjwEd/7lRdKqVd2LqnN7XqnXijhK6Agdo1PkoktURzeogZqIokf0jF7Rm/VkvVjv1sesdckqZg7QH1ifP91NlUw=</latexit>

p tloc ⌧ 1

<latexit sha1_base64="lJdUY1g1AkEWVO8zWVQDXY42kJQ=">AAACHnicbVBNS8NAFNz4bf2qevSyWASlUhJR9CIUvHiM0GqhKeFl+1oXN5uwuxFK6B/x5E/xJCiIBy/6b9zGHrR1YGGYmcfbN1EquDau++XMzM7NLywuLZdWVtfWN8qbW9c6yRTDJktEoloRaBRcYtNwI7CVKoQ4EngT3V2M/Jt7VJonsmEGKXZi6Eve4wyMlcLycSPMIRqe7wf3oDDVXCSy6h9kIdAsjKp+cEgDNFCEqoHPCxKWK27NLUCniTcmFTKGH5Y/gm7CshilYQK0bntuajo5KMOZwGEpyDSmwO6gj21LJcSoO3lx3ZDuWaVLe4myTxpaqL8ncoi1HsSRTcZgbvWkNxL/89qZ6Z11ci7TzKBkP4t6maAmoaOqaJcrZEYMLAGmuP0rZbeggBlbaKlkW/Amb54m10c176TmXh1X6kfjPpbIDtkl+8Qjp6ROLolPmoSRB/JEXsir8+g8O2/O+090xhnPbJM/cD6/AQM7oYU=</latexit>

Tab = ("+ P )uaub + P ⌘ab +⇧ab



Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  At	finite	temperature	most	excitations	relax	in		

Dynamics	of	conserved	densities									is	slow	for		
	

•  Relativistic	hydro	from	hep-th	POV	is	an	EFT	based	on	systematic	
long	distance,	late	time	expansion.	Fluid	variables:	
	
	
Dynamics	from	conservation	of	
	

•  Correlation	functions	
	
	
	

•  Can	write	any	operator	of	the	microscopic	theory	as	
Correlation	functions	 	 	 	 			can	be	computed	from	this	
			

Hydrodynamics		

Tab
<latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit>

<latexit sha1_base64="Q7kb1mloXscb1SLdFvK7vDLEY/4=">AAACMXicdVBdS8MwFE3n15xfVR99CQ5BEEY7FH0c+LI3J+wL1lLSLN3CkrYkqTDK/pIv/hPxZQ+K+OqfMO0q6KYXAueec0+Se/yYUaksa26U1tY3NrfK25Wd3b39A/PwqCujRGDSwRGLRN9HkjAako6iipF+LAjiPiM9f3Kb6b0HIiSNwraaxsTlaBTSgGKkNOWZzdTBiMG7mecQxhxJOXRiJBRFzBlGSn43sH3R/k/Ie8+sWjUrL7gK7AJUQVEtz3zWPpxwEirMkJQD24qVm2a3YkZmFSeRJEZ4gkZkoGGIOJFumm88g2eaGcIgEvqECubsT0eKuJRT7utJjtRYLmsZ+Zc2SFRw46Y0jBNFQrx4KEgYVBHM4oNDKghWbKoBwoLqv0I8RgJhpUOu6BDs5ZVXQbdes69q1v1ltVEv4iiDE3AKzoENrkEDNEELdAAGj+AFvII348mYG+/Gx2K0ZBSeY/CrjM8vvnmrFw==</latexit>

O` ⇠ @ . . . @T + T@ . . . @T + . . .

<latexit sha1_base64="Qu8WMAGUaz3wtdrmPGPfpbPfREA=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBU0mKoseCF48V7Ac0IWy203bpJht2J2IJBf+KFw+KePV3ePPfuG1z0NYHA4/3ZpiZF6WCa3Tdb2tldW19Y7O0Vd7e2d3btw8OW1pmikGTSSFVJ6IaBE+giRwFdFIFNI4EtKPRzdRvP4DSXCb3OE4hiOkg4X3OKBoptI8x9BEeMReSTXzNYz8CpKFdcavuDM4y8QpSIQUaof3l9yTLYkiQCap113NTDHKqkDMBk7KfaUgpG9EBdA1NaAw6yGfnT5wzo/ScvlSmEnRm6u+JnMZaj+PIdMYUh3rRm4r/ed0M+9dBzpM0Q0jYfFE/Ew5KZ5qF0+MKGIqxIZQpbm512JAqytAkVjYheIsvL5NWrepdVt27i0q9VsRRIifklJwTj1yROrklDdIkjOTkmbySN+vJerHerY9564pVzByRP7A+fwAv8ZY4</latexit>

tloc ⇠ �

Tab
<latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit>

<latexit sha1_base64="2Ysq58WclE3CCVf1uJqzAEOTKko="></latexit>

GR
""(!, p) =

s

�

p2

c2sp
2 � !2 � i�sp2!

+ . . .

<latexit sha1_base64="nzbLPPeXNoaGpNwXrUmRppo4kog=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIHqQkRdFjwYvHCvYDmhA22227dLMJuxOxxB78K148KOLVv+HNf+OmzUFbHww83pthZl6YCK7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pOFWUNWksYtUJiWaCS9YEDoJ1EsVIFArWDkfXud++Z0rzWN7BOGF+RAaS9zklYKTAPky8MwyBB+wBMhHTiScEdsuBXXGqzhR4kbgFqaACjcD+8noxTSMmgQqiddd1EvAzooBTwSZlL9UsIXREBqxrqCQR0342vX+CT4zSw/1YmZKAp+rviYxEWo+j0HRGBIZ63svF/7xuCv0rP+MySYFJOlvUTwWGGOdh4B5XjIIYG0Ko4uZWTIdEEQomsjwEd/7lRdKqVd2LqnN7XqnXijhK6Agdo1PkoktURzeogZqIokf0jF7Rm/VkvVjv1sesdckqZg7QH1ifP91NlUw=</latexit>

p tloc ⌧ 1

<latexit sha1_base64="5IUg+tDHjODZY5JixCW1STI6OVY=">AAACI3icbVDLSgNBEJz1bXxFPXoZDEICIewGRfEkePFmBKNCNiy9k04yODu7zPSKYcm/ePFXvHhQghcP/oubmIOvgoGiqpqerjBR0pLrvjszs3PzC4tLy4WV1bX1jeLm1pWNUyOwKWIVm5sQLCqpsUmSFN4kBiEKFV6Ht6dj//oOjZWxvqRBgu0Ielp2pQDKpaB47CvQPYWZL0Dx82Hgo1Jlqt5Xfipu1a34ZhIN/BAJeCEoltyaOwH/S7wpKbEpGkFx5HdikUaoSSiwtuW5CbUzMCSFwmHBTy0mIG6hh62caojQtrPJjUO+lysd3o1N/jTxifp9IoPI2kEU5skIqG9/e2PxP6+VUveonUmdpIRafC3qpopTzMeF8Y40KEgNcgLCyPyvXPTBgKC81nEJ3u+T/5Kres07qLkX+6WT+rSOJbbDdlmZeeyQnbAz1mBNJtgDe2Iv7NV5dJ6dkfP2FZ1xpjPb7Aecj0/64qMk</latexit>

hO`(t, x)O`(0, 0)i�

<latexit sha1_base64="lJdUY1g1AkEWVO8zWVQDXY42kJQ=">AAACHnicbVBNS8NAFNz4bf2qevSyWASlUhJR9CIUvHiM0GqhKeFl+1oXN5uwuxFK6B/x5E/xJCiIBy/6b9zGHrR1YGGYmcfbN1EquDau++XMzM7NLywuLZdWVtfWN8qbW9c6yRTDJktEoloRaBRcYtNwI7CVKoQ4EngT3V2M/Jt7VJonsmEGKXZi6Eve4wyMlcLycSPMIRqe7wf3oDDVXCSy6h9kIdAsjKp+cEgDNFCEqoHPCxKWK27NLUCniTcmFTKGH5Y/gm7CshilYQK0bntuajo5KMOZwGEpyDSmwO6gj21LJcSoO3lx3ZDuWaVLe4myTxpaqL8ncoi1HsSRTcZgbvWkNxL/89qZ6Z11ci7TzKBkP4t6maAmoaOqaJcrZEYMLAGmuP0rZbeggBlbaKlkW/Amb54m10c176TmXh1X6kfjPpbIDtkl+8Qjp6ROLolPmoSRB/JEXsir8+g8O2/O+090xhnPbJM/cD6/AQM7oYU=</latexit>

Tab = ("+ P )uaub + P ⌘ab +⇧ab



Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  At	finite	temperature	most	excitations	relax	in		

Dynamics	of	conserved	densities									is	slow	for		
	

•  Relativistic	hydro	from	hep-th	POV	is	an	EFT	based	on	systematic	
long	distance,	late	time	expansion.	Fluid	variables:	
	
	
Dynamics	from	conservation	of	
	

•  Correlation	functions	
	
	
	

•  Can	write	any	operator	of	the	microscopic	theory	as	
Correlation	functions	 	 	 	 			can	be	computed	from	this	
			

•  In	systems	without	momentum	conservation:		
	

Hydrodynamics		

Tab
<latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit>

<latexit sha1_base64="Q7kb1mloXscb1SLdFvK7vDLEY/4=">AAACMXicdVBdS8MwFE3n15xfVR99CQ5BEEY7FH0c+LI3J+wL1lLSLN3CkrYkqTDK/pIv/hPxZQ+K+OqfMO0q6KYXAueec0+Se/yYUaksa26U1tY3NrfK25Wd3b39A/PwqCujRGDSwRGLRN9HkjAako6iipF+LAjiPiM9f3Kb6b0HIiSNwraaxsTlaBTSgGKkNOWZzdTBiMG7mecQxhxJOXRiJBRFzBlGSn43sH3R/k/Ie8+sWjUrL7gK7AJUQVEtz3zWPpxwEirMkJQD24qVm2a3YkZmFSeRJEZ4gkZkoGGIOJFumm88g2eaGcIgEvqECubsT0eKuJRT7utJjtRYLmsZ+Zc2SFRw46Y0jBNFQrx4KEgYVBHM4oNDKghWbKoBwoLqv0I8RgJhpUOu6BDs5ZVXQbdes69q1v1ltVEv4iiDE3AKzoENrkEDNEELdAAGj+AFvII348mYG+/Gx2K0ZBSeY/CrjM8vvnmrFw==</latexit>

O` ⇠ @ . . . @T + T@ . . . @T + . . .

<latexit sha1_base64="Qu8WMAGUaz3wtdrmPGPfpbPfREA=">AAAB/nicbVBNS8NAEN34WetXVDx5CRbBU0mKoseCF48V7Ac0IWy203bpJht2J2IJBf+KFw+KePV3ePPfuG1z0NYHA4/3ZpiZF6WCa3Tdb2tldW19Y7O0Vd7e2d3btw8OW1pmikGTSSFVJ6IaBE+giRwFdFIFNI4EtKPRzdRvP4DSXCb3OE4hiOkg4X3OKBoptI8x9BEeMReSTXzNYz8CpKFdcavuDM4y8QpSIQUaof3l9yTLYkiQCap113NTDHKqkDMBk7KfaUgpG9EBdA1NaAw6yGfnT5wzo/ScvlSmEnRm6u+JnMZaj+PIdMYUh3rRm4r/ed0M+9dBzpM0Q0jYfFE/Ew5KZ5qF0+MKGIqxIZQpbm512JAqytAkVjYheIsvL5NWrepdVt27i0q9VsRRIifklJwTj1yROrklDdIkjOTkmbySN+vJerHerY9564pVzByRP7A+fwAv8ZY4</latexit>

tloc ⇠ �

Tab
<latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit><latexit sha1_base64="YL0eV5OqA5xoGF4AtyIvPHwklEc=">AAAB7nicbZBNS8NAEIYn9avGr6pHL4tF8FSSIuix4MVjhX4IbSib7aRdu9mE3Y1QQv+DJ0FBvPp/PPlv3LY5aOsLCw/vzLAzb5gKro3nfTuljc2t7Z3yrru3f3B4VDk+6egkUwzbLBGJegipRsEltg03Ah9ShTQOBXbDye283n1CpXkiW2aaYhDTkeQRZ9RYq9Ma5DScDSpVr+YtRNbBL6AKhZqDyld/mLAsRmmYoFr3fC81QU6V4UzgzO1nGlPKJnSEPYuSxqiDfLHtjFxYZ0iiRNknDVm4vydyGms9jUPbGVMz1qu1uflfrZeZ6CbIuUwzg5ItP4oyQUxC5qeTIVfIjJhaoExxuythY6ooMzYg17Up+Ks3r0OnXvMt319VG/UijzKcwTlcgg/X0IA7aEIbGDzCM7zCm5M6L86787FsLTnFzCn8kfP5Ax2ojyQ=</latexit>

<latexit sha1_base64="2Ysq58WclE3CCVf1uJqzAEOTKko="></latexit>

GR
""(!, p) =

s

�

p2

c2sp
2 � !2 � i�sp2!

+ . . .

<latexit sha1_base64="9XbgILXz/Xh7g6BIKcRLk8jqr3c="></latexit>

GR
""(!, p) =

s

�

Dp2

�i! +Dp2
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<latexit sha1_base64="nzbLPPeXNoaGpNwXrUmRppo4kog=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIHqQkRdFjwYvHCvYDmhA22227dLMJuxOxxB78K148KOLVv+HNf+OmzUFbHww83pthZl6YCK7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pOFWUNWksYtUJiWaCS9YEDoJ1EsVIFArWDkfXud++Z0rzWN7BOGF+RAaS9zklYKTAPky8MwyBB+wBMhHTiScEdsuBXXGqzhR4kbgFqaACjcD+8noxTSMmgQqiddd1EvAzooBTwSZlL9UsIXREBqxrqCQR0342vX+CT4zSw/1YmZKAp+rviYxEWo+j0HRGBIZ63svF/7xuCv0rP+MySYFJOlvUTwWGGOdh4B5XjIIYG0Ko4uZWTIdEEQomsjwEd/7lRdKqVd2LqnN7XqnXijhK6Agdo1PkoktURzeogZqIokf0jF7Rm/VkvVjv1sesdckqZg7QH1ifP91NlUw=</latexit>

p tloc ⌧ 1

<latexit sha1_base64="5IUg+tDHjODZY5JixCW1STI6OVY=">AAACI3icbVDLSgNBEJz1bXxFPXoZDEICIewGRfEkePFmBKNCNiy9k04yODu7zPSKYcm/ePFXvHhQghcP/oubmIOvgoGiqpqerjBR0pLrvjszs3PzC4tLy4WV1bX1jeLm1pWNUyOwKWIVm5sQLCqpsUmSFN4kBiEKFV6Ht6dj//oOjZWxvqRBgu0Ielp2pQDKpaB47CvQPYWZL0Dx82Hgo1Jlqt5Xfipu1a34ZhIN/BAJeCEoltyaOwH/S7wpKbEpGkFx5HdikUaoSSiwtuW5CbUzMCSFwmHBTy0mIG6hh62caojQtrPJjUO+lysd3o1N/jTxifp9IoPI2kEU5skIqG9/e2PxP6+VUveonUmdpIRafC3qpopTzMeF8Y40KEgNcgLCyPyvXPTBgKC81nEJ3u+T/5Kres07qLkX+6WT+rSOJbbDdlmZeeyQnbAz1mBNJtgDe2Iv7NV5dJ6dkfP2FZ1xpjPb7Aecj0/64qMk</latexit>

hO`(t, x)O`(0, 0)i�

<latexit sha1_base64="lJdUY1g1AkEWVO8zWVQDXY42kJQ=">AAACHnicbVBNS8NAFNz4bf2qevSyWASlUhJR9CIUvHiM0GqhKeFl+1oXN5uwuxFK6B/x5E/xJCiIBy/6b9zGHrR1YGGYmcfbN1EquDau++XMzM7NLywuLZdWVtfWN8qbW9c6yRTDJktEoloRaBRcYtNwI7CVKoQ4EngT3V2M/Jt7VJonsmEGKXZi6Eve4wyMlcLycSPMIRqe7wf3oDDVXCSy6h9kIdAsjKp+cEgDNFCEqoHPCxKWK27NLUCniTcmFTKGH5Y/gm7CshilYQK0bntuajo5KMOZwGEpyDSmwO6gj21LJcSoO3lx3ZDuWaVLe4myTxpaqL8ncoi1HsSRTcZgbvWkNxL/89qZ6Z11ci7TzKBkP4t6maAmoaOqaJcrZEYMLAGmuP0rZbeggBlbaKlkW/Amb54m10c176TmXh1X6kfjPpbIDtkl+8Qjp6ROLolPmoSRB/JEXsir8+g8O2/O+090xhnPbJM/cD6/AQM7oYU=</latexit>

Tab = ("+ P )uaub + P ⌘ab +⇧ab



Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  Hydrodynamic	pole	

	
	
	
	

Hydrodynamics		

!pole(p) =

(
±csp+ . . . (sound)

�iDp2 + . . . (energy di↵usion)



Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  Hydrodynamic	pole	

	
	
	
	

•  Would	be	nice	to	compute 	 				in	a	microscopic	theory.	Could	study	the	fate	of	
the	hydrodynamic	pole	lines	for 	 				,	read	off	(all	order)	transport	coefficients.	
	
	

•  Landmark	achievement	of	AdS/CFT:	compute	finite	temperature	correlators	at	infinite	
coupling	[Policastro,	Son,	Starinets]	
	

Hydrodynamics		

!pole(p) =

(
±csp+ . . . (sound)

�iDp2 + . . . (energy di↵usion)

<latexit sha1_base64="bWE27QuknvfSskNizCJR0TpLuKk="></latexit>
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Hydrodynamics	describes	transport	universally	in	all	chaotic	systems.	
	
•  Hydrodynamic	pole	

	
	
	
	

•  Would	be	nice	to	compute 	 				in	a	microscopic	theory.	Could	study	the	fate	of	
the	hydrodynamic	pole	lines	for 	 				,	read	off	(all	order)	transport	coefficients.	
	
	

•  Landmark	achievement	of	AdS/CFT:	compute	finite	temperature	correlators	at	infinite	
coupling	[Policastro,	Son,	Starinets]	
	

•  Alternative	history:	string	theorists	discover	hydrodynamics	by	studying	the	fluid/gravity	
correspondence	for	bumpy	AdS	black	holes	[Bhattacharyya	et	al.]	
	

•  Want	to	discover	universal	EFTs	for	other	chaotic	phenomena	following	the	“alternative	
history”	path	

Hydrodynamics		

!pole(p) =

(
±csp+ . . . (sound)

�iDp2 + . . . (energy di↵usion)
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Pole	skipping	



Thermalization	
• 	Entanglement	entropy	as	a	probe	
• 	Membrane	theory	is	the	EFT	

Outline	

Butterfly	effect	
• 	Butterfly	effect,	operator	growth	and	OTOC		
• 	Refinement	of	the	chaos	bound	

Pole	skipping	
• 	Away	from	maximal	chaos	
• 	Explicit	thermal	Green’s	function	

Summary	and	open	questions	



Thermalization	
• 	Entanglement	entropy	as	a	probe	
• 	Membrane	theory	is	the	EFT	

Outline	

Butterfly	effect	
• 	Butterfly	effect,	operator	growth	and	OTOC		
• 	Refinement	of	the	chaos	bound	

Pole	skipping	
• 	Away	from	maximal	chaos	
• 	Explicit	thermal	Green’s	function	

Summary	and	open	questions	



Butterfly	effect	in	many-body	systems:	[Larkin,	Ovchinnikov;	Shenker,	Stanford;	Kitaev]	
	
•  In	classical	physics	butterfly	effect	is	sensitivity	to	initial	data:	

	
	
	
	

•  Quantum	many-body	context:	simple	operators	(few-body)	evolve	into	complex	ones	
(many-body),	one	particle	can	have	effect	later	in	entire	system.	
	
	

Butterfly	effect,	operator	growth	and	OTOC	

�q(t) = �q0 e
�L t
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Butterfly	effect	in	many-body	systems:	[Larkin,	Ovchinnikov;	Shenker,	Stanford;	Kitaev]	
	
•  In	classical	physics	butterfly	effect	is	sensitivity	to	initial	data:	

	
	
	
	

•  Quantum	many-body	context:	simple	operators	(few-body)	evolve	into	complex	ones	
(many-body),	one	particle	can	have	effect	later	in	entire	system.	
	
	

•  Diagnostic	is	OTOC:	
	
	
	
In	its	expansion	both	TO	and	OTO	terms.	

Butterfly	effect,	operator	growth	and	OTOC	

�q(t) = �q0 e
�L t
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Effective	size	of	an	operator	in	a	thermal	state:	
•  Chaotic	time	evolution	makes	simple	local	operators	

complex.	Size	can	be	probed	by	the	OTOC:	
[Roberts,	Susskind,	Stanford]	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	

Chaotic	operator	growth	

C(t, x) = �h[W (t, x), V (0)]2i
hV 2ihW 2i
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Effective	size	of	an	operator	in	a	thermal	state:	
•  Chaotic	time	evolution	makes	simple	local	operators	

complex.	Size	can	be	probed	by	the	OTOC:	
[Roberts,	Susskind,	Stanford]	
	
	
	

•  Can	compute	in	AdS/CFT	in	hydro-like	regime	
[Shenker,	Stanford]	
	
	
	

•  Chaos	bound	[Maldacena,	Shenker,	Stanford]	
	
	
	

Chaotic	operator	growth	

C(t, x) = �h[W (t, x), V (0)]2i
hV 2ihW 2i
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Effective	size	of	an	operator	in	a	thermal	state:	
•  Chaotic	time	evolution	makes	simple	local	operators	

complex.	Size	can	be	probed	by	the	OTOC:	
[Roberts,	Susskind,	Stanford]	
	
	
	

•  Can	compute	in	AdS/CFT	in	hydro-like	regime	
[Shenker,	Stanford]	
	
	
	

•  Chaos	bound	[Maldacena,	Shenker,	Stanford]	
	
	
	

•  Refinement:	[Kemani,	Huse,	Nahum;	Xu,	Swingle;	MM,	Sárosi]	
	
	
	
Generic	velocity	dependence:	even	when	
for	 									get	maximal	chaos.	

Chaotic	operator	growth	

C(t, x) = �h[W (t, x), V (0)]2i
hV 2ihW 2i
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where x labels the lattice sites, and {�j,x}j=1,2,...,N ; x=1,2,...,M are the Majorana fermion op-

erators satisfying anti-commutation relations and periodic boundary condition: {�j,x,�k,y} =

�xy�jk, �j,0 ⌘ �j,M . N is the number of Majorana fermions on each site and M is the num-

ber of the sites, or equivalently, the length of the chain. In this expression, we restrict the

range of indices in the sum such that each term only appears once. The first term describes

the on-site SYK interaction, while the second term is the nearest neighbor random four

fermion coupling. The random couplings {Jjklm,x} and {J 0
jklm,x

} are drawn independently

for each value of x, from a distribution with zero mean and variance defined in the following

way:

Jjklm,x = J 0
jklm,x

= 0,
1

3!
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jklm,x
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0 , N3J 02
jklm,x

= J2
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The normalization, especially the factors ofN , are chosen to make the largeN limit uniform

and ensures the dimension 1 coupling constants J0 and J1 represent the average strength

of the thermal bath seen by each fermion field.

Comparing to the original SYK model, our model clearly has spatial locality. One

can view our model as either M coupled SYK sites, or equivalently as a big SYK site

with NM Majorana fermions but with inhomogeneous coupling strength—the non-local

couplings (between sites |x� y| > 1) are suppressed. As will be discussed in section 6, it is

not essential to have the 2-2 coupling between neighboring sites. Introducing more generic

couplings such as �j,x�k,x+1�l,x+2�m,x+3 is straightforward as long as the coe�cients of

these terms are all independent variables. However, in this section we will focus on the 2-2

coupling case for simplicity.

A first observation of the model is that the Hamiltonian doesn’t contain any quadratic

term, so that the free propagator is diagonal not only in flavor indices but also in spatial
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Effective	size	of	an	operator	in	a	thermal	state: 	 								
[Kitaev;	Maldacena,	Stanford;	Gu,	Qi,	Stanford;	Choi,	MM,	Sárosi]		
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Effective	size	of	an	operator	in	a	thermal	state: 	 								
[Kitaev;	Maldacena,	Stanford;	Gu,	Qi,	Stanford;	Choi,	MM,	Sárosi]		
	
	
	
	
As	we	change				,	interpolates	between	free	theory	and	maximally	chaotic	theory.	
	
•  For 	 	 			,	evaluate	using	saddle	point:	[Gu,	Kitaev;	Xu,	Swingle]		

	
	
	
	
	
	
	
For														,											is	the	 	 	 	 	 	For															“stress	tensor”		
		Legendre	tf.	of										.	 	 	 	 			dominates,	and	chaos	is	maximal.	
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� ⌧ t ⌧ tscr
<latexit sha1_base64="wqKDxpbprYMqISljLpWayzlJZig=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAbBKuxGQcuAjWUE84DsssxObpIhsw9m7ophSWPjr9hYKGLrP9j5N04ehSYemOFwzr3MnBOmUmh0nG+rsLK6tr5R3Cxtbe/s7tn7B02dZIpDgycyUe2QaZAihgYKlNBOFbAolNAKh9cTv3UPSoskvsNRCn7E+rHoCc7QSIF9TL0QkFFPSorTK/AQHjDXXI0Du+xUnCnoMnHnpEzmqAf2l9dNeBZBjFwyrTuuk6KfM4WCSxiXvExDyviQ9aFjaMwi0H4+TTGmp0bp0l6izImRTtXfGzmLtB5FoZmMGA70ojcR//M6Gfau/FzEaYYQ89lDvcxETeikEtoVCjjKkSGMK2H+SvmAKcbRFFcyJbiLkZdJs1pxzyvV24tyrTqvo0iOyAk5Iy65JDVyQ+qkQTh5JM/klbxZT9aL9W59zEYL1nznkPyB9fkDB76YPw==</latexit>

Rindler chaos in CFT
f ∼ ∫ dνg (ν)e[ j(ν)−1−(iν+ d/2−1)v]T

g (ν) ⊃ 1
sin πj(ν)

2

Pole at j = 2 or ν = − i
d
2

(place of the stress tensor)

v < v⇤
<latexit sha1_base64="V24TLWEQ16FpI6zw8i4E3VgCNmg=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAZBLMJdFLSwCNhYRjAfkBxhb7OXrNnbPXb3AuHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPG876dwtr6xuZWcbu0s7u3f+AeHjW1TBWhDSK5VO0Qa8qZoA3DDKftRFEch5y2wtHdzG+NqdJMikczSWgQ44FgESPYWKk5vh33LlDPLXsVbw60SvyclCFHved+dfuSpDEVhnCsdcf3EhNkWBlGOJ2WuqmmCSYjPKAdSwWOqQ6y+bVTdGaVPoqksiUMmqu/JzIcaz2JQ9sZYzPUy95M/M/rpCa6CTImktRQQRaLopQjI9HsddRnihLDJ5Zgopi9FZEhVpgYG1DJhuAvv7xKmtWKf1mpPlyVa9U8jiKcwCmcgw/XUIN7qEMDCDzBM7zCmyOdF+fd+Vi0Fpx85hj+wPn8AavYjns=</latexit>

�(v)
<latexit sha1_base64="rb8n8d+MY9PUA6ZPOlI5N/XXUq8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmCrosuHFZwT6wHUomk2lDM8mQZApl6F+4caGIW//GnX9j2s5CWw8EDuecS+49QcKZNq777RQ2Nre2d4q7pb39g8Oj8vFJW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3839zoQqzaR4NNOE+jEeChYxgo2VnvrcRkNcnVwOyhW35i6A1omXkwrkaA7KX/1QkjSmwhCOte55bmL8DCvDCKezUj/VNMFkjIe0Z6nAMdV+tth4hi6sEqJIKvuEQQv190SGY62ncWCTMTYjverNxf+8XmqiWz9jIkkNFWT5UZRyZCSan49CpigxfGoJJorZXREZYYWJsSWVbAne6snrpF2veVe1+sN1pVHP6yjCGZxDFTy4gQbcQxNaQEDAM7zCm6OdF+fd+VhGC04+cwp/4Hz+AN7BkFY=</latexit>

v � v⇤
<latexit sha1_base64="eNBme0P8hK4mufhuAY0BYv71NKg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQY8OIxgnlgsoTZSW8yZHZ2nZkNhJC/8OJBEa/+jTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3s785giV5rF8MOME/Yj2JQ85o8ZKj6NOH5/IqHtBusWSW3bnIKvEy0gJMtS6xa9OL2ZphNIwQbVue25i/AlVhjOB00In1ZhQNqR9bFsqaYTan8wvnpIzq/RIGCtb0pC5+ntiQiOtx1FgOyNqBnrZm4n/ee3UhDf+hMskNSjZYlGYCmJiMnuf9LhCZsTYEsoUt7cSNqCKMmNDKtgQvOWXV0mjUvYuy5X7q1K1ksWRhxM4hXPw4BqqcAc1qAMDCc/wCm+Odl6cd+dj0Zpzsplj+APn8weM6ZAg</latexit>

�(p)

<latexit sha1_base64="waZSWjh82Q9jtq8DLYJzl+CZR3I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHRZcOOygn1gO5RMJtOGZjIhyQhl6F+4caGIW//GnX9j2s5CWw8EDuecS+49geRMG9f9dgobm1vbO8Xd0t7+weFR+fiko5NUEdomCU9UL8CaciZo2zDDaU8qiuOA024wuZ373SeqNEvEg5lK6sd4JFjECDZWehxwGw1xVV4OyxW35i6A1omXkwrkaA3LX4MwIWlMhSEca933XGn8DCvDCKez0iDVVGIywSPat1TgmGo/W2w8QxdWCVGUKPuEQQv190SGY62ncWCTMTZjverNxf+8fmqiGz9jQqaGCrL8KEo5Mgman49CpigxfGoJJorZXREZY4WJsSWVbAne6snrpFOveY3a1X2j0qzndRThDM6hCh5cQxPuoAVtICDgGV7hzdHOi/PufCyjBSefOYU/cD5/ANbtkFQ=</latexit>

Rindler chaos in CFT
f ∼ ∫ dνg (ν)e[ j(ν)−1−(iν+ d/2−1)v]T

g (ν) ⊃ 1
sin πj(ν)

2

Pole at j = 2 or ν = − i
d
2

(place of the stress tensor)

<latexit sha1_base64="xBAU0daeHOqxTeSjtX3613If6M4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORqUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSrlW966rbvKrUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByPeM3w==</latexit>g



•  For														,											is	the	Legendre	transform	of										.	
For																“stress	tensor”	dominates,	and	chaos	is	maximal.	
	
	
	
	
	
	
	
	
	
	

SYK	chain	
v < v⇤

<latexit sha1_base64="V24TLWEQ16FpI6zw8i4E3VgCNmg=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAZBLMJdFLSwCNhYRjAfkBxhb7OXrNnbPXb3AuHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPG876dwtr6xuZWcbu0s7u3f+AeHjW1TBWhDSK5VO0Qa8qZoA3DDKftRFEch5y2wtHdzG+NqdJMikczSWgQ44FgESPYWKk5vh33LlDPLXsVbw60SvyclCFHved+dfuSpDEVhnCsdcf3EhNkWBlGOJ2WuqmmCSYjPKAdSwWOqQ6y+bVTdGaVPoqksiUMmqu/JzIcaz2JQ9sZYzPUy95M/M/rpCa6CTImktRQQRaLopQjI9HsddRnihLDJ5Zgopi9FZEhVpgYG1DJhuAvv7xKmtWKf1mpPlyVa9U8jiKcwCmcgw/XUIN7qEMDCDzBM7zCmyOdF+fd+Vi0Fpx85hj+wPn8AavYjns=</latexit>

�(v)
<latexit sha1_base64="rb8n8d+MY9PUA6ZPOlI5N/XXUq8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmCrosuHFZwT6wHUomk2lDM8mQZApl6F+4caGIW//GnX9j2s5CWw8EDuecS+49QcKZNq777RQ2Nre2d4q7pb39g8Oj8vFJW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3839zoQqzaR4NNOE+jEeChYxgo2VnvrcRkNcnVwOyhW35i6A1omXkwrkaA7KX/1QkjSmwhCOte55bmL8DCvDCKezUj/VNMFkjIe0Z6nAMdV+tth4hi6sEqJIKvuEQQv190SGY62ncWCTMTYjverNxf+8XmqiWz9jIkkNFWT5UZRyZCSan49CpigxfGoJJorZXREZYYWJsSWVbAne6snrpF2veVe1+sN1pVHP6yjCGZxDFTy4gQbcQxNaQEDAM7zCm6OdF+fd+VhGC04+cwp/4Hz+AN7BkFY=</latexit>

v � v⇤
<latexit sha1_base64="eNBme0P8hK4mufhuAY0BYv71NKg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQY8OIxgnlgsoTZSW8yZHZ2nZkNhJC/8OJBEa/+jTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3s785giV5rF8MOME/Yj2JQ85o8ZKj6NOH5/IqHtBusWSW3bnIKvEy0gJMtS6xa9OL2ZphNIwQbVue25i/AlVhjOB00In1ZhQNqR9bFsqaYTan8wvnpIzq/RIGCtb0pC5+ntiQiOtx1FgOyNqBnrZm4n/ee3UhDf+hMskNSjZYlGYCmJiMnuf9LhCZsTYEsoUt7cSNqCKMmNDKtgQvOWXV0mjUvYuy5X7q1K1ksWRhxM4hXPw4BqqcAc1qAMDCc/wCm+Odl6cd+dj0Zpzsplj+APn8weM6ZAg</latexit>

�(p)

<latexit sha1_base64="waZSWjh82Q9jtq8DLYJzl+CZR3I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHRZcOOygn1gO5RMJtOGZjIhyQhl6F+4caGIW//GnX9j2s5CWw8EDuecS+49geRMG9f9dgobm1vbO8Xd0t7+weFR+fiko5NUEdomCU9UL8CaciZo2zDDaU8qiuOA024wuZ373SeqNEvEg5lK6sd4JFjECDZWehxwGw1xVV4OyxW35i6A1omXkwrkaA3LX4MwIWlMhSEca933XGn8DCvDCKez0iDVVGIywSPat1TgmGo/W2w8QxdWCVGUKPuEQQv190SGY62ncWCTMTZjverNxf+8fmqiGz9jQqaGCrL8KEo5Mgman49CpigxfGoJJorZXREZY4WJsSWVbAne6snrpFOveY3a1X2j0qzndRThDM6hCh5cQxPuoAVtICDgGV7hzdHOi/PufCyjBSefOYU/cD5/ANbtkFQ=</latexit>
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g = 0.95

<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>

g = 0.3

<latexit sha1_base64="BYPL5f7dEu9M/MXyahRA4o6x8ok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Ckmt6EUoePFYwbSFNpTNdtMu3eyG3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6WcaeN5387a+sbm1nZpp7y7t39wWDk6bmmZKUIDIrlUnQhrypmggWGG006qKE4iTtvR+G7mt5+o0kyKRzNJaZjgoWAxI9hYKRjeeu5lv1L1XG8OtEr8glShQLNf+eoNJMkSKgzhWOuu76UmzLEyjHA6LfcyTVNMxnhIu5YKnFAd5vNjp+jcKgMUS2VLGDRXf0/kONF6kkS2M8FmpJe9mfif181MfBPmTKSZoYIsFsUZR0ai2edowBQlhk8swUQxeysiI6wwMTafsg3BX355lbRqrl93rx7q1UatiKMEp3AGF+DDNTTgHpoQAAEGz/AKb45wXpx352PRuuYUMyfwB87nD5kQjdk=</latexit>

v⇤

<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

vB 6= v(T )
B

<latexit sha1_base64="Sj9WTA0D30kPxVvYfQu3g1jd4ps=">AAAB+nicbVDLTgIxFO34RHwNunTTSExwQ2YIRpdENy4x4ZXASDrlAg2dzth2MGTkU9y40Bi3fok7/8YCs1DwJDf35Jx709vjR5wp7Tjf1tr6xubWdmYnu7u3f3Bo544aKowlhToNeShbPlHAmYC6ZppDK5JAAp9D0x/dzPzmGKRioajpSQReQAaC9Rkl2khdOzfuXncEPGDT75NC7XzatfNO0ZkDrxI3JXmUotq1vzq9kMYBCE05UartOpH2EiI1oxym2U6sICJ0RAbQNlSQAJSXzE+f4jOj9HA/lKaExnP190ZCAqUmgW8mA6KHatmbif957Vj3r7yEiSjWIOjioX7MsQ7xLAfcYxKo5hNDCJXM3IrpkEhCtUkra0Jwl7+8ShqlolsuXtyV85VSGkcGnaBTVEAuukQVdIuqqI4oekTP6BW9WU/Wi/VufSxG16x05xj9gfX5Axw+kzY=</latexit>



•  For														,											is	the	Legendre	transform	of										.	
For																“stress	tensor”	dominates,	and	chaos	is	maximal.	
	
	
	
	
	
	
	
	
	
	

•  Similar	results	in	CFT	on																								(including	2d	CFT	at	finite	T)	
Role	of											played	by	leading	Regge	trajectory	(pomeron)										,	known	in															SYM	
[Costa	et	al.;	Gromov	et	al.]		
Implies	that 	 							for 	 				,	and 	 	 	for	smaller	coupling.		
(Only	for		 	 			we	get 	 	 		.)	
	

SYK	chain	
v < v⇤

<latexit sha1_base64="V24TLWEQ16FpI6zw8i4E3VgCNmg=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAZBLMJdFLSwCNhYRjAfkBxhb7OXrNnbPXb3AuHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPG876dwtr6xuZWcbu0s7u3f+AeHjW1TBWhDSK5VO0Qa8qZoA3DDKftRFEch5y2wtHdzG+NqdJMikczSWgQ44FgESPYWKk5vh33LlDPLXsVbw60SvyclCFHved+dfuSpDEVhnCsdcf3EhNkWBlGOJ2WuqmmCSYjPKAdSwWOqQ6y+bVTdGaVPoqksiUMmqu/JzIcaz2JQ9sZYzPUy95M/M/rpCa6CTImktRQQRaLopQjI9HsddRnihLDJ5Zgopi9FZEhVpgYG1DJhuAvv7xKmtWKf1mpPlyVa9U8jiKcwCmcgw/XUIN7qEMDCDzBM7zCmyOdF+fd+Vi0Fpx85hj+wPn8AavYjns=</latexit>

�(v)
<latexit sha1_base64="rb8n8d+MY9PUA6ZPOlI5N/XXUq8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmCrosuHFZwT6wHUomk2lDM8mQZApl6F+4caGIW//GnX9j2s5CWw8EDuecS+49QcKZNq777RQ2Nre2d4q7pb39g8Oj8vFJW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3839zoQqzaR4NNOE+jEeChYxgo2VnvrcRkNcnVwOyhW35i6A1omXkwrkaA7KX/1QkjSmwhCOte55bmL8DCvDCKezUj/VNMFkjIe0Z6nAMdV+tth4hi6sEqJIKvuEQQv190SGY62ncWCTMTYjverNxf+8XmqiWz9jIkkNFWT5UZRyZCSan49CpigxfGoJJorZXREZYYWJsSWVbAne6snrpF2veVe1+sN1pVHP6yjCGZxDFTy4gQbcQxNaQEDAM7zCm6OdF+fd+VhGC04+cwp/4Hz+AN7BkFY=</latexit>

v � v⇤
<latexit sha1_base64="eNBme0P8hK4mufhuAY0BYv71NKg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQY8OIxgnlgsoTZSW8yZHZ2nZkNhJC/8OJBEa/+jTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3s785giV5rF8MOME/Yj2JQ85o8ZKj6NOH5/IqHtBusWSW3bnIKvEy0gJMtS6xa9OL2ZphNIwQbVue25i/AlVhjOB00In1ZhQNqR9bFsqaYTan8wvnpIzq/RIGCtb0pC5+ntiQiOtx1FgOyNqBnrZm4n/ee3UhDf+hMskNSjZYlGYCmJiMnuf9LhCZsTYEsoUt7cSNqCKMmNDKtgQvOWXV0mjUvYuy5X7q1K1ksWRhxM4hXPw4BqqcAc1qAMDCc/wCm+Odl6cd+dj0Zpzsplj+APn8weM6ZAg</latexit>

�(p)

<latexit sha1_base64="waZSWjh82Q9jtq8DLYJzl+CZR3I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHRZcOOygn1gO5RMJtOGZjIhyQhl6F+4caGIW//GnX9j2s5CWw8EDuecS+49geRMG9f9dgobm1vbO8Xd0t7+weFR+fiko5NUEdomCU9UL8CaciZo2zDDaU8qiuOA024wuZ373SeqNEvEg5lK6sd4JFjECDZWehxwGw1xVV4OyxW35i6A1omXkwrkaA3LX4MwIWlMhSEca933XGn8DCvDCKez0iDVVGIywSPat1TgmGo/W2w8QxdWCVGUKPuEQQv190SGY62ncWCTMTZjverNxf+8fmqiGz9jQqaGCrL8KEo5Mgman49CpigxfGoJJorZXREZY4WJsSWVbAne6snrpFOveY3a1X2j0qzndRThDM6hCh5cQxPuoAVtICDgGV7hzdHOi/PufCyjBSefOYU/cD5/ANbtkFQ=</latexit>
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<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>

g = 0.3

<latexit sha1_base64="BYPL5f7dEu9M/MXyahRA4o6x8ok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Ckmt6EUoePFYwbSFNpTNdtMu3eyG3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6WcaeN5387a+sbm1nZpp7y7t39wWDk6bmmZKUIDIrlUnQhrypmggWGG006qKE4iTtvR+G7mt5+o0kyKRzNJaZjgoWAxI9hYKRjeeu5lv1L1XG8OtEr8glShQLNf+eoNJMkSKgzhWOuu76UmzLEyjHA6LfcyTVNMxnhIu5YKnFAd5vNjp+jcKgMUS2VLGDRXf0/kONF6kkS2M8FmpJe9mfif181MfBPmTKSZoYIsFsUZR0ai2edowBQlhk8swUQxeysiI6wwMTafsg3BX355lbRqrl93rx7q1UatiKMEp3AGF+DDNTTgHpoQAAEGz/AKb45wXpx352PRuuYUMyfwB87nD5kQjdk=</latexit>

v⇤

<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

vB 6= v(T )
B

<latexit sha1_base64="Sj9WTA0D30kPxVvYfQu3g1jd4ps=">AAAB+nicbVDLTgIxFO34RHwNunTTSExwQ2YIRpdENy4x4ZXASDrlAg2dzth2MGTkU9y40Bi3fok7/8YCs1DwJDf35Jx709vjR5wp7Tjf1tr6xubWdmYnu7u3f3Bo544aKowlhToNeShbPlHAmYC6ZppDK5JAAp9D0x/dzPzmGKRioajpSQReQAaC9Rkl2khdOzfuXncEPGDT75NC7XzatfNO0ZkDrxI3JXmUotq1vzq9kMYBCE05UartOpH2EiI1oxym2U6sICJ0RAbQNlSQAJSXzE+f4jOj9HA/lKaExnP190ZCAqUmgW8mA6KHatmbif957Vj3r7yEiSjWIOjioX7MsQ7xLAfcYxKo5hNDCJXM3IrpkEhCtUkra0Jwl7+8ShqlolsuXtyV85VSGkcGnaBTVEAuukQVdIuqqI4oekTP6BW9WU/Wi/VufSxG16x05xj9gfX5Axw+kzY=</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

� � 37.7

<latexit sha1_base64="KNQD+Pi/1sWgOxVPRFl6EQB/yUA=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaRW6rLgxmUF+4AmlMlk0g6dTOLMpFBC/8SNC0Xc+ifu/BunbRbaemDgcM653DsnSDlT2nG+rY3Nre2d3dJeef/g8OjYPjntqCSThLZJwhPZC7CinAna1kxz2kslxXHAaTcY38397oRKxRLxqKcp9WM8FCxiBGsjDWzb4yYcYm9In9B1o9oY2BWn6iyA1olbkAoUaA3sLy9MSBZToQnHSvVdJ9V+jqVmhNNZ2csUTTEZ4yHtGypwTJWfLy6foUujhChKpHlCo4X6eyLHsVLTODDJGOuRWvXm4n9eP9PRrZ8zkWaaCrJcFGUc6QTNa0Ahk5RoPjUEE8nMrYiMsMREm7LKpgR39cvrpFOruvXqzUO90qwVdZTgHC7gClxoQBPuoQVtIDCBZ3iFNyu3Xqx362MZ3bCKmTP4A+vzB/oikog=</latexit>

vB < v(T )
B

<latexit sha1_base64="eBeiyGdVAArBerrYH0WPfaGY1no=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwRiBYWRBtLTPhK4CR7yx5s2Ns7d/dIyIXfYWOhMbb+GDv/jQtcoeBLJnl5byYz87yIM6Vt+9vKbGxube9kd3N7+weHR/njk5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfHd3G9PqFQsFA09jagb4KFgPiNYG8md9G9vTD0mxcblrJ8v2CV7AbROnJQUIEW9n//qDUISB1RowrFSXceOtJtgqRnhdJbrxYpGmIzxkHYNFTigyk0WR8/QhVEGyA+lKaHRQv09keBAqWngmc4A65Fa9ebif1431v61mzARxZoKslzkxxzpEM0TQAMmKdF8aggmkplbERlhiYk2OeVMCM7qy+ukVS45lVL1oVKoldM4snAG51AEB66gBvdQhyYQeIJneIU3a2K9WO/Wx7I1Y6Uzp/AH1ucPrg6RWQ==</latexit>

� ! 1

<latexit sha1_base64="7tODmmHHaa7Z3ojB46OxGIaNyrk=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZJS0WXBjcsK9gFNKJPJpB06mYSZm0II/RM3LhRx65+482+ctllo64GBwznncu+cIBVcg+N8W5Wt7Z3dvep+7eDw6PjEPj3r6SRTlHVpIhI1CIhmgkvWBQ6CDVLFSBwI1g+m9wu/P2NK80Q+QZ4yPyZjySNOCRhpZNueMOGQeJB4XEaQj+y603CWwJvELUkdleiM7C8vTGgWMwlUEK2HrpOCXxAFnAo2r3mZZimhUzJmQ0MliZn2i+Xlc3xllBBHiTJPAl6qvycKEmudx4FJxgQmet1biP95wwyiO7/gMs2ASbpaFGUCQ4IXNeCQK0ZB5IYQqri5FdMJUYSCKatmSnDXv7xJes2G22rcPLbq7WZZRxVdoEt0jVx0i9roAXVQF1E0Q8/oFb1ZhfVivVsfq2jFKmfO0R9Ynz/dW5PF</latexit>

j(⌫)
<latexit sha1_base64="0BU5SxO1ghb2GtlzG6GrU/Ib1RY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeCF48V7Ae0oWy2m3btZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFKbfJY6an0ol8qu1V3DrJKvJyUIUejX/rqDWKWRlwhk9SYrucm6GdUo2CST4u91PCEsjEd8q6likbc+Nn83Ck5t8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CRRuCt/zyKmnVqt5ltXZ/Va7X8jgKcApnUAEPrqEOd9CAJjAYwzO8wpuTOC/Ou/OxaF1z8pkT+APn8wc/yI7O</latexit>

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

�(p)

<latexit sha1_base64="waZSWjh82Q9jtq8DLYJzl+CZR3I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHRZcOOygn1gO5RMJtOGZjIhyQhl6F+4caGIW//GnX9j2s5CWw8EDuecS+49geRMG9f9dgobm1vbO8Xd0t7+weFR+fiko5NUEdomCU9UL8CaciZo2zDDaU8qiuOA024wuZ373SeqNEvEg5lK6sd4JFjECDZWehxwGw1xVV4OyxW35i6A1omXkwrkaA3LX4MwIWlMhSEca933XGn8DCvDCKez0iDVVGIywSPat1TgmGo/W2w8QxdWCVGUKPuEQQv190SGY62ncWCTMTZjverNxf+8fmqiGz9jQqaGCrL8KEo5Mgman49CpigxfGoJJorZXREZY4WJsSWVbAne6snrpFOveY3a1X2j0qzndRThDM6hCh5cQxPuoAVtICDgGV7hzdHOi/PufCyjBSefOYU/cD5/ANbtkFQ=</latexit>

<latexit sha1_base64="7FtxQmgF9T89mYbs3V5/BCduZrw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkKLoRCm5cuKhgH9CEMJlM2qGTBzM3Qgl146+4caGIW//CnX/jtM1CWw8MHM45lzv3+KngCizr2ygtLa+srpXXKxubW9s75u5eWyWZpKxFE5HIrk8UEzxmLeAgWDeVjES+YB1/eD3xOw9MKp7E9zBKmRuRfsxDTgloyTMPHKHDAfFur/K6k3J8ih2fARl7ZtWqWVPgRWIXpIoKND3zywkSmkUsBiqIUj3bSsHNiQROBRtXnEyxlNAh6bOepjGJmHLz6QVjfKyVAIeJ1C8GPFV/T+QkUmoU+ToZERioeW8i/uf1Mggv3ZzHaQYsprNFYSYwJHhSBw64ZBTESBNCJdd/xXRAJKGgS6voEuz5kxdJu16zz2vW3Vm1US/qKKNDdIROkI0uUAPdoCZqIYoe0TN6RW/Gk/FivBsfs2jJKGb20R8Ynz8dN5X6</latexit>

�L = 2⇡/�

N = 4

<latexit sha1_base64="ko+6eOfAD13LZQ+kNuA5zcuDu5o=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGiF6EgBdPEsE8MFnC7GSSDJmdXWZ6hbDkL7x4UMSrf+PNv3GS7EETCxqKqm66u4JYCoOu++3k1tY3Nrfy24Wd3b39g+LhUdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6Z+a0nro2I1ANOYu6HdKjEQDCKVnpMu4xKcje9rvaKJbfszkFWiZeREmSo94pf3X7EkpArZJIa0/HcGP2UahRM8mmhmxgeUzamQ96xVNGQGz+dXzwlZ1bpk0GkbSkkc/X3REpDYyZhYDtDiiOz7M3E/7xOgoMrPxUqTpArtlg0SCTBiMzeJ32hOUM5sYQyLeythI2opgxtSAUbgrf88ippVspetXxxXy3VKlkceTiBUzgHDy6hBrdQhwYwUPAMr/DmGOfFeXc+Fq05J5s5hj9wPn8Arb6QOQ==</latexit>



•  For														,											is	the	Legendre	transform	of										.	
For																“stress	tensor”	dominates,	and	chaos	is	maximal.	
	
	
	
	
	
	
	
	
	
	

•  Similar	results	in	CFT	on																								(including	2d	CFT	at	finite	T)	
Role	of											played	by	leading	Regge	trajectory	(pomeron)										,	known	in															SYM	
[Costa	et	al.;	Gromov	et	al.]		
Implies	that 	 							for 	 				,	and 	 	 	for	smaller	coupling.		
(Only	for		 	 			we	get 	 	 		.)	
	

•  At	low-T	SYK	is	dominated	by	a	time	reparametrization	pseudo-Goldstone	boson,		
the	boundary	graviton	of	the	dual	JT	gravity	[Kitaev;	Maldacena,	Stanford;	Jensen;	…]	
Challenge	is	to	go	away	from	maximal	chaos	[Choi,	Haehl,	MM,	Sárosi,	Streicher	wip]	

SYK	chain	
v < v⇤

<latexit sha1_base64="V24TLWEQ16FpI6zw8i4E3VgCNmg=">AAAB7XicbVA9SwNBEJ2LXzF+nVraLAZBLMJdFLSwCNhYRjAfkBxhb7OXrNnbPXb3AuHIf7CxUMTW/2Pnv3GTXKGJDwYe780wMy9MONPG876dwtr6xuZWcbu0s7u3f+AeHjW1TBWhDSK5VO0Qa8qZoA3DDKftRFEch5y2wtHdzG+NqdJMikczSWgQ44FgESPYWKk5vh33LlDPLXsVbw60SvyclCFHved+dfuSpDEVhnCsdcf3EhNkWBlGOJ2WuqmmCSYjPKAdSwWOqQ6y+bVTdGaVPoqksiUMmqu/JzIcaz2JQ9sZYzPUy95M/M/rpCa6CTImktRQQRaLopQjI9HsddRnihLDJ5Zgopi9FZEhVpgYG1DJhuAvv7xKmtWKf1mpPlyVa9U8jiKcwCmcgw/XUIN7qEMDCDzBM7zCmyOdF+fd+Vi0Fpx85hj+wPn8AavYjns=</latexit>

�(v)
<latexit sha1_base64="rb8n8d+MY9PUA6ZPOlI5N/XXUq8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmCrosuHFZwT6wHUomk2lDM8mQZApl6F+4caGIW//GnX9j2s5CWw8EDuecS+49QcKZNq777RQ2Nre2d4q7pb39g8Oj8vFJW8tUEdoikkvVDbCmnAnaMsxw2k0UxXHAaScY3839zoQqzaR4NNOE+jEeChYxgo2VnvrcRkNcnVwOyhW35i6A1omXkwrkaA7KX/1QkjSmwhCOte55bmL8DCvDCKezUj/VNMFkjIe0Z6nAMdV+tth4hi6sEqJIKvuEQQv190SGY62ncWCTMTYjverNxf+8XmqiWz9jIkkNFWT5UZRyZCSan49CpigxfGoJJorZXREZYYWJsSWVbAne6snrpF2veVe1+sN1pVHP6yjCGZxDFTy4gQbcQxNaQEDAM7zCm6OdF+fd+VhGC04+cwp/4Hz+AN7BkFY=</latexit>

v � v⇤
<latexit sha1_base64="eNBme0P8hK4mufhuAY0BYv71NKg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoMgHsJuFPQY8OIxgnlgsoTZSW8yZHZ2nZkNhJC/8OJBEa/+jTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PGjpOFcM6i0WsWgHVKLjEuuFGYCtRSKNAYDMY3s785giV5rF8MOME/Yj2JQ85o8ZKj6NOH5/IqHtBusWSW3bnIKvEy0gJMtS6xa9OL2ZphNIwQbVue25i/AlVhjOB00In1ZhQNqR9bFsqaYTan8wvnpIzq/RIGCtb0pC5+ntiQiOtx1FgOyNqBnrZm4n/ee3UhDf+hMskNSjZYlGYCmJiMnuf9LhCZsTYEsoUt7cSNqCKMmNDKtgQvOWXV0mjUvYuy5X7q1K1ksWRhxM4hXPw4BqqcAc1qAMDCc/wCm+Odl6cd+dj0Zpzsplj+APn8weM6ZAg</latexit>

�(p)

<latexit sha1_base64="waZSWjh82Q9jtq8DLYJzl+CZR3I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHRZcOOygn1gO5RMJtOGZjIhyQhl6F+4caGIW//GnX9j2s5CWw8EDuecS+49geRMG9f9dgobm1vbO8Xd0t7+weFR+fiko5NUEdomCU9UL8CaciZo2zDDaU8qiuOA024wuZ373SeqNEvEg5lK6sd4JFjECDZWehxwGw1xVV4OyxW35i6A1omXkwrkaA3LX4MwIWlMhSEca933XGn8DCvDCKez0iDVVGIywSPat1TgmGo/W2w8QxdWCVGUKPuEQQv190SGY62ncWCTMTZjverNxf+8fmqiGz9jQqaGCrL8KEo5Mgman49CpigxfGoJJorZXREZY4WJsSWVbAne6snrpFOveY3a1X2j0qzndRThDM6hCh5cQxPuoAVtICDgGV7hzdHOi/PufCyjBSefOYU/cD5/ANbtkFQ=</latexit>
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g = 0.95

<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>

g = 0.3

<latexit sha1_base64="BYPL5f7dEu9M/MXyahRA4o6x8ok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Ckmt6EUoePFYwbSFNpTNdtMu3eyG3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6WcaeN5387a+sbm1nZpp7y7t39wWDk6bmmZKUIDIrlUnQhrypmggWGG006qKE4iTtvR+G7mt5+o0kyKRzNJaZjgoWAxI9hYKRjeeu5lv1L1XG8OtEr8glShQLNf+eoNJMkSKgzhWOuu76UmzLEyjHA6LfcyTVNMxnhIu5YKnFAd5vNjp+jcKgMUS2VLGDRXf0/kONF6kkS2M8FmpJe9mfif181MfBPmTKSZoYIsFsUZR0ai2edowBQlhk8swUQxeysiI6wwMTafsg3BX355lbRqrl93rx7q1UatiKMEp3AGF+DDNTTgHpoQAAEGz/AKb45wXpx352PRuuYUMyfwB87nD5kQjdk=</latexit>

v⇤

<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

vB 6= v(T )
B

<latexit sha1_base64="Sj9WTA0D30kPxVvYfQu3g1jd4ps=">AAAB+nicbVDLTgIxFO34RHwNunTTSExwQ2YIRpdENy4x4ZXASDrlAg2dzth2MGTkU9y40Bi3fok7/8YCs1DwJDf35Jx709vjR5wp7Tjf1tr6xubWdmYnu7u3f3Bo544aKowlhToNeShbPlHAmYC6ZppDK5JAAp9D0x/dzPzmGKRioajpSQReQAaC9Rkl2khdOzfuXncEPGDT75NC7XzatfNO0ZkDrxI3JXmUotq1vzq9kMYBCE05UartOpH2EiI1oxym2U6sICJ0RAbQNlSQAJSXzE+f4jOj9HA/lKaExnP190ZCAqUmgW8mA6KHatmbif957Vj3r7yEiSjWIOjioX7MsQ7xLAfcYxKo5hNDCJXM3IrpkEhCtUkra0Jwl7+8ShqlolsuXtyV85VSGkcGnaBTVEAuukQVdIuqqI4oekTP6BW9WU/Wi/VufSxG16x05xj9gfX5Axw+kzY=</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

� � 37.7

<latexit sha1_base64="KNQD+Pi/1sWgOxVPRFl6EQB/yUA=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaRW6rLgxmUF+4AmlMlk0g6dTOLMpFBC/8SNC0Xc+ifu/BunbRbaemDgcM653DsnSDlT2nG+rY3Nre2d3dJeef/g8OjYPjntqCSThLZJwhPZC7CinAna1kxz2kslxXHAaTcY38397oRKxRLxqKcp9WM8FCxiBGsjDWzb4yYcYm9In9B1o9oY2BWn6iyA1olbkAoUaA3sLy9MSBZToQnHSvVdJ9V+jqVmhNNZ2csUTTEZ4yHtGypwTJWfLy6foUujhChKpHlCo4X6eyLHsVLTODDJGOuRWvXm4n9eP9PRrZ8zkWaaCrJcFGUc6QTNa0Ahk5RoPjUEE8nMrYiMsMREm7LKpgR39cvrpFOruvXqzUO90qwVdZTgHC7gClxoQBPuoQVtIDCBZ3iFNyu3Xqx362MZ3bCKmTP4A+vzB/oikog=</latexit>

vB < v(T )
B

<latexit sha1_base64="eBeiyGdVAArBerrYH0WPfaGY1no=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwRiBYWRBtLTPhK4CR7yx5s2Ns7d/dIyIXfYWOhMbb+GDv/jQtcoeBLJnl5byYz87yIM6Vt+9vKbGxube9kd3N7+weHR/njk5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfHd3G9PqFQsFA09jagb4KFgPiNYG8md9G9vTD0mxcblrJ8v2CV7AbROnJQUIEW9n//qDUISB1RowrFSXceOtJtgqRnhdJbrxYpGmIzxkHYNFTigyk0WR8/QhVEGyA+lKaHRQv09keBAqWngmc4A65Fa9ebif1431v61mzARxZoKslzkxxzpEM0TQAMmKdF8aggmkplbERlhiYk2OeVMCM7qy+ukVS45lVL1oVKoldM4snAG51AEB66gBvdQhyYQeIJneIU3a2K9WO/Wx7I1Y6Uzp/AH1ucPrg6RWQ==</latexit>

� ! 1

<latexit sha1_base64="7tODmmHHaa7Z3ojB46OxGIaNyrk=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZJS0WXBjcsK9gFNKJPJpB06mYSZm0II/RM3LhRx65+482+ctllo64GBwznncu+cIBVcg+N8W5Wt7Z3dvep+7eDw6PjEPj3r6SRTlHVpIhI1CIhmgkvWBQ6CDVLFSBwI1g+m9wu/P2NK80Q+QZ4yPyZjySNOCRhpZNueMOGQeJB4XEaQj+y603CWwJvELUkdleiM7C8vTGgWMwlUEK2HrpOCXxAFnAo2r3mZZimhUzJmQ0MliZn2i+Xlc3xllBBHiTJPAl6qvycKEmudx4FJxgQmet1biP95wwyiO7/gMs2ASbpaFGUCQ4IXNeCQK0ZB5IYQqri5FdMJUYSCKatmSnDXv7xJes2G22rcPLbq7WZZRxVdoEt0jVx0i9roAXVQF1E0Q8/oFb1ZhfVivVsfq2jFKmfO0R9Ynz/dW5PF</latexit>

j(⌫)
<latexit sha1_base64="0BU5SxO1ghb2GtlzG6GrU/Ib1RY=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSLUS0mqoMeCF48V7Ae0oWy2m3btZhN2J0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1gJOE+xEdKhEKRtFKbfJY6an0ol8qu1V3DrJKvJyUIUejX/rqDWKWRlwhk9SYrucm6GdUo2CST4u91PCEsjEd8q6likbc+Nn83Ck5t8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzH4nA6E5QzmxhDIt7K2EjaimDG1CRRuCt/zyKmnVqt5ltXZ/Va7X8jgKcApnUAEPrqEOd9CAJjAYwzO8wpuTOC/Ou/OxaF1z8pkT+APn8wc/yI7O</latexit>

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

�(p)

<latexit sha1_base64="waZSWjh82Q9jtq8DLYJzl+CZR3I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHRZcOOygn1gO5RMJtOGZjIhyQhl6F+4caGIW//GnX9j2s5CWw8EDuecS+49geRMG9f9dgobm1vbO8Xd0t7+weFR+fiko5NUEdomCU9UL8CaciZo2zDDaU8qiuOA024wuZ373SeqNEvEg5lK6sd4JFjECDZWehxwGw1xVV4OyxW35i6A1omXkwrkaA3LX4MwIWlMhSEca933XGn8DCvDCKez0iDVVGIywSPat1TgmGo/W2w8QxdWCVGUKPuEQQv190SGY62ncWCTMTZjverNxf+8fmqiGz9jQqaGCrL8KEo5Mgman49CpigxfGoJJorZXREZY4WJsSWVbAne6snrpFOveY3a1X2j0qzndRThDM6hCh5cQxPuoAVtICDgGV7hzdHOi/PufCyjBSefOYU/cD5/ANbtkFQ=</latexit>

<latexit sha1_base64="7FtxQmgF9T89mYbs3V5/BCduZrw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNWkKLoRCm5cuKhgH9CEMJlM2qGTBzM3Qgl146+4caGIW//CnX/jtM1CWw8MHM45lzv3+KngCizr2ygtLa+srpXXKxubW9s75u5eWyWZpKxFE5HIrk8UEzxmLeAgWDeVjES+YB1/eD3xOw9MKp7E9zBKmRuRfsxDTgloyTMPHKHDAfFur/K6k3J8ih2fARl7ZtWqWVPgRWIXpIoKND3zywkSmkUsBiqIUj3bSsHNiQROBRtXnEyxlNAh6bOepjGJmHLz6QVjfKyVAIeJ1C8GPFV/T+QkUmoU+ToZERioeW8i/uf1Mggv3ZzHaQYsprNFYSYwJHhSBw64ZBTESBNCJdd/xXRAJKGgS6voEuz5kxdJu16zz2vW3Vm1US/qKKNDdIROkI0uUAPdoCZqIYoe0TN6RW/Gk/FivBsfs2jJKGb20R8Ynz8dN5X6</latexit>

�L = 2⇡/�

N = 4

<latexit sha1_base64="ko+6eOfAD13LZQ+kNuA5zcuDu5o=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGiF6EgBdPEsE8MFnC7GSSDJmdXWZ6hbDkL7x4UMSrf+PNv3GS7EETCxqKqm66u4JYCoOu++3k1tY3Nrfy24Wd3b39g+LhUdNEiWa8wSIZ6XZADZdC8QYKlLwda07DQPJWML6Z+a0nro2I1ANOYu6HdKjEQDCKVnpMu4xKcje9rvaKJbfszkFWiZeREmSo94pf3X7EkpArZJIa0/HcGP2UahRM8mmhmxgeUzamQ96xVNGQGz+dXzwlZ1bpk0GkbSkkc/X3REpDYyZhYDtDiiOz7M3E/7xOgoMrPxUqTpArtlg0SCTBiMzeJ32hOUM5sYQyLeythI2opgxtSAUbgrf88ippVspetXxxXy3VKlkceTiBUzgHDy6hBrdQhwYwUPAMr/DmGOfFeXc+Fq05J5s5hj9wPn8Arb6QOQ==</latexit>



Thermalization	
• 	Entanglement	entropy	as	a	probe	
• 	Membrane	theory	is	the	EFT	

Outline	

Butterfly	effect	
• 	Butterfly	effect,	operator	growth	and	OTOC		
• 	Refinement	of	the	chaos	bound	

Pole	skipping	
• 	Away	from	maximal	chaos	
• 	Explicit	thermal	Green’s	function	

Summary	and	open	questions	



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  Recall	that		 	 		encodes	hydro	response.	Family	of	poles	

	
	
	
	

!pole(p) =

(
±csp+ . . . (sound)

�iDp2 + . . . (energy di↵usion)

<latexit sha1_base64="bWE27QuknvfSskNizCJR0TpLuKk="></latexit>

<latexit sha1_base64="+10g2HRYnAxcjO6ISnIloHszVMU=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0iZKYouCy50WcVeoK0lk562oZlkSDKFMvQR3Pgqblwo4talO9/G9LKo1R8CH/85h5PzBxFn2njet5NaWl5ZXUuvZzY2t7Z33N29ipaxolCmkktVC4gGzgSUDTMcapECEgYcqkH/alyvDkBpJsW9GUbQDElXsA6jxFir5R5fP9y1ksaAKIg041LgOR7lGjKELjmNTlpu1st7E+G/4M8gi2YqtdyvRlvSOARhKCda130vMs2EKMMoh1GmEWuICO2TLtQtChKCbiaTg0b4yDpt3JHKPmHwxJ2fSEio9TAMbGdITE8v1sbmf7V6bDqXzYSJKDYg6HRRJ+bYSDxOB7eZAmr40AKhitm/YtojilBjM8zYEPzFk/9CpZD3z/Pe7Vm2WJjFkUYH6BDlkI8uUBHdoBIqI4oe0TN6RW/Ok/PivDsf09aUM5vZR7/kfP4ABCKdIw==</latexit>

GR
""(!, p)



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  Recall	that		 	 		encodes	hydro	response.	Family	of	poles	

	
	
	
	

•  In	low-T	SYK	can	compute	away	from	hydro	regime	[Gu,	Qi,	Stanford]		
	
	
	
	

!pole(p) =

(
±csp+ . . . (sound)

�iDp2 + . . . (energy di↵usion)

<latexit sha1_base64="bWE27QuknvfSskNizCJR0TpLuKk="></latexit>

<latexit sha1_base64="+10g2HRYnAxcjO6ISnIloHszVMU=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0iZKYouCy50WcVeoK0lk562oZlkSDKFMvQR3Pgqblwo4talO9/G9LKo1R8CH/85h5PzBxFn2njet5NaWl5ZXUuvZzY2t7Z33N29ipaxolCmkktVC4gGzgSUDTMcapECEgYcqkH/alyvDkBpJsW9GUbQDElXsA6jxFir5R5fP9y1ksaAKIg041LgOR7lGjKELjmNTlpu1st7E+G/4M8gi2YqtdyvRlvSOARhKCda130vMs2EKMMoh1GmEWuICO2TLtQtChKCbiaTg0b4yDpt3JHKPmHwxJ2fSEio9TAMbGdITE8v1sbmf7V6bDqXzYSJKDYg6HRRJ+bYSDxOB7eZAmr40AKhitm/YtojilBjM8zYEPzFk/9CpZD3z/Pe7Vm2WJjFkUYH6BDlkI8uUBHdoBIqI4oe0TN6RW/Ok/PivDsf09aUM5vZR7/kfP4ABCKdIw==</latexit>

GR
""(!, p)

<latexit sha1_base64="GATIPcHIBO3t7I7WvoNhQY/57A8="></latexit>

GR
""(!, p) =

s

�

Dp2(1 + !2)

�i! +Dp2



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  Recall	that		 	 		encodes	hydro	response.	Family	of	poles	

	
	
	
	

•  In	low-T	SYK	can	compute	away	from	hydro	regime	[Gu,	Qi,	Stanford]		
	
	
	
At	 	 	 	 	 		residue	of	hydro	pole	vanishes.	[Blake,	Lee,	Liu]	
	

!pole(p) =

(
±csp+ . . . (sound)

�iDp2 + . . . (energy di↵usion)

<latexit sha1_base64="bWE27QuknvfSskNizCJR0TpLuKk="></latexit>

<latexit sha1_base64="+10g2HRYnAxcjO6ISnIloHszVMU=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0iZKYouCy50WcVeoK0lk562oZlkSDKFMvQR3Pgqblwo4talO9/G9LKo1R8CH/85h5PzBxFn2njet5NaWl5ZXUuvZzY2t7Z33N29ipaxolCmkktVC4gGzgSUDTMcapECEgYcqkH/alyvDkBpJsW9GUbQDElXsA6jxFir5R5fP9y1ksaAKIg041LgOR7lGjKELjmNTlpu1st7E+G/4M8gi2YqtdyvRlvSOARhKCda130vMs2EKMMoh1GmEWuICO2TLtQtChKCbiaTg0b4yDpt3JHKPmHwxJ2fSEio9TAMbGdITE8v1sbmf7V6bDqXzYSJKDYg6HRRJ+bYSDxOB7eZAmr40AKhitm/YtojilBjM8zYEPzFk/9CpZD3z/Pe7Vm2WJjFkUYH6BDlkI8uUBHdoBIqI4oe0TN6RW/Ok/PivDsf09aUM5vZR7/kfP4ABCKdIw==</latexit>

GR
""(!, p)

<latexit sha1_base64="GATIPcHIBO3t7I7WvoNhQY/57A8="></latexit>

GR
""(!, p) =

s

�

Dp2(1 + !2)

�i! +Dp2
<latexit sha1_base64="/NWv7eLU/h5Ff3RBHvEd1UYpvQQ=">AAACFXicbVC7SgNBFJ31bXxFLW0Gg5BAiLtB0UYI2lhYRDBRyIZldnI3GTL7YOauEJb8hI2/YmOhiK1g5984eRQaPTBwOOce7tzjJ1JotO0va25+YXFpeWU1t7a+sbmV395p6jhVHBo8lrG685kGKSJooEAJd4kCFvoSbv3+xci/vQelRRzd4CCBdsi6kQgEZ2gkL18uunEIXVZOSmfClSbYYd6VKyHAolPOnEN6750PXSW6PSx5+YJdscegf4kzJQUyRd3Lf7qdmKchRMgl07rl2Am2M6ZQcAnDnJtqSBjvsy60DI1YCLqdja8a0gOjdGgQK/MipGP1ZyJjodaD0DeTIcOenvVG4n9eK8XgtJ2JKEkRIj5ZFKSSYkxHFdGOUMBRDgxhXAnzV8p7TDGOpsicKcGZPfkvaVYrznHFvj4q1KrTOlbIHtknReKQE1Ijl6ROGoSTB/JEXsir9Wg9W2/W+2R0zppmdskvWB/fEcSddQ==</latexit>

(!, p) = i�L (1, 1/vB)



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  Recall	that		 	 		encodes	hydro	response.	Family	of	poles	

	
	
	
	

•  In	low-T	SYK	can	compute	away	from	hydro	regime	[Gu,	Qi,	Stanford]		
	
	
	
At	 	 	 	 	 		residue	of	hydro	pole	vanishes.	[Blake,	Lee,	Liu]	
	

•  In	AdS/CFT	at	pole	skipping	point	one	Einstein	eq.	trivializes		
Green	function	ambiguous	as	computed	from	ratio	of	two	falloffs:	
	
	
	
Pole	is	zero	of	 	 		,	zeros	come	from 	 				.	At		p.s.	point	two	indep	infalling	modes.	
[Grozdanov,	Schalm,	Scopelliti;	Blake,	Davison,	Grozdanov,	Liu]	
	
	

!pole(p) =

(
±csp+ . . . (sound)

�iDp2 + . . . (energy di↵usion)

<latexit sha1_base64="bWE27QuknvfSskNizCJR0TpLuKk="></latexit>

<latexit sha1_base64="+10g2HRYnAxcjO6ISnIloHszVMU=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0iZKYouCy50WcVeoK0lk562oZlkSDKFMvQR3Pgqblwo4talO9/G9LKo1R8CH/85h5PzBxFn2njet5NaWl5ZXUuvZzY2t7Z33N29ipaxolCmkktVC4gGzgSUDTMcapECEgYcqkH/alyvDkBpJsW9GUbQDElXsA6jxFir5R5fP9y1ksaAKIg041LgOR7lGjKELjmNTlpu1st7E+G/4M8gi2YqtdyvRlvSOARhKCda130vMs2EKMMoh1GmEWuICO2TLtQtChKCbiaTg0b4yDpt3JHKPmHwxJ2fSEio9TAMbGdITE8v1sbmf7V6bDqXzYSJKDYg6HRRJ+bYSDxOB7eZAmr40AKhitm/YtojilBjM8zYEPzFk/9CpZD3z/Pe7Vm2WJjFkUYH6BDlkI8uUBHdoBIqI4oe0TN6RW/Ok/PivDsf09aUM5vZR7/kfP4ABCKdIw==</latexit>

GR
""(!, p)

<latexit sha1_base64="GATIPcHIBO3t7I7WvoNhQY/57A8="></latexit>

GR
""(!, p) =

s

�

Dp2(1 + !2)

�i! +Dp2
<latexit sha1_base64="/NWv7eLU/h5Ff3RBHvEd1UYpvQQ=">AAACFXicbVC7SgNBFJ31bXxFLW0Gg5BAiLtB0UYI2lhYRDBRyIZldnI3GTL7YOauEJb8hI2/YmOhiK1g5984eRQaPTBwOOce7tzjJ1JotO0va25+YXFpeWU1t7a+sbmV395p6jhVHBo8lrG685kGKSJooEAJd4kCFvoSbv3+xci/vQelRRzd4CCBdsi6kQgEZ2gkL18uunEIXVZOSmfClSbYYd6VKyHAolPOnEN6750PXSW6PSx5+YJdscegf4kzJQUyRd3Lf7qdmKchRMgl07rl2Am2M6ZQcAnDnJtqSBjvsy60DI1YCLqdja8a0gOjdGgQK/MipGP1ZyJjodaD0DeTIcOenvVG4n9eK8XgtJ2JKEkRIj5ZFKSSYkxHFdGOUMBRDgxhXAnzV8p7TDGOpsicKcGZPfkvaVYrznHFvj4q1KrTOlbIHtknReKQE1Ijl6ROGoSTB/JEXsir9Wg9W2/W+2R0zppmdskvWB/fEcSddQ==</latexit>

(!, p) = i�L (1, 1/vB)

<latexit sha1_base64="3NoNJMegJiSDYJ2kb/Ce8d68lHA=">AAACMHicbVDLSgMxFM34tr6qLt0Ei6IgZaYouhEEF7pUsVXo1HInva2hmWRIMoUy9JPc+Cm6UVDErV9h+gCfBwIn59x7k3uiRHBjff/ZGxufmJyanpnNzc0vLC7ll1cqRqWaYZkpofR1BAYFl1i23Aq8TjRCHAm8itrHff+qg9pwJS9tN8FaDC3Jm5yBdVI9f3Jyc1HPwg5oTAwXStJvvLcVqhhbsJNsbx5m0dctVG4mhS+hV88X/KI/AP1LghEpkBHO6vmHsKFYGqO0TIAx1cBPbC0DbTkT2MuFqcEEWBtaWHVUQoymlg0W7tENpzRoU2l3pKUD9XtHBrEx3ThylTHYW/Pb64v/edXUNg9qGZdJalGy4UPNVFCraD892uAamRVdR4Bp7v5K2S1oYNZlnHMhBL9X/ksqpWKwV/TPdwtHpVEcM2SNrJMtEpB9ckROyRkpE0buyCN5Ia/evffkvXnvw9Ixb9SzSn7A+/gE3Q+pXQ==</latexit>

GR
""(!, p) =

b(!, p)

a(!, p)
<latexit sha1_base64="xUs6KGJw00mPjVah4xjd/5/leeM=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBAiSNgNih4DXjxGMA/YLKF3MpsMmccyMyuEkM/w4kERr36NN//GSbIHTSxoKKq66e6KU86M9f1vb219Y3Nru7BT3N3bPzgsHR23jMo0oU2iuNKdGAzlTNKmZZbTTqopiJjTdjy6m/ntJ6oNU/LRjlMaCRhIljAC1kkhVLpK0AFcphe9Utmv+nPgVRLkpIxyNHqlr25fkUxQaQkHY8LAT200AW0Z4XRa7GaGpkBGMKChoxIENdFkfvIUnzuljxOlXUmL5+rviQkIY8Yidp0C7NAsezPxPy/MbHIbTZhMM0slWSxKMo6twrP/cZ9pSiwfOwJEM3crJkPQQKxLqehCCJZfXiWtWjW4rvoPV+V6LY+jgE7RGaqgAN2gOrpHDdREBCn0jF7Rm2e9F+/d+1i0rnn5zAn6A+/zB0z7kI8=</latexit>

a(!, p)
<latexit sha1_base64="sAIpuRrSmTwMibMCwr4ftpUYDvc=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBAiSNgNih4DXjxGMA/YLGF2MpsMmccy0yuEkM/w4kERr36NN//GSbIHTSxoKKq66e6KU8Et+P63t7a+sbm1Xdgp7u7tHxyWjo5bVmeGsibVQptOTCwTXLEmcBCskxpGZCxYOx7dzfz2EzOWa/UI45RFkgwUTzgl4KQwrnS1ZANymV70SmW/6s+BV0mQkzLK0eiVvrp9TTPJFFBBrA0DP4VoQgxwKti02M0sSwkdkQELHVVEMhtN5idP8blT+jjRxpUCPFd/T0yItHYsY9cpCQztsjcT//PCDJLbaMJVmgFTdLEoyQQGjWf/4z43jIIYO0Ko4e5WTIfEEAoupaILIVh+eZW0atXguuo/XJXrtTyOAjpFZ6iCAnSD6ugeNVATUaTRM3pFbx54L96797FoXfPymRP0B97nD06JkJA=</latexit>

b(!, p)



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  At	 	 	 	 	 		residue	of	hydro	pole	vanishes.	

Pole	skipping	is	subtle	signature	of	chaos	in	2-point	function		
[Grozdanov,	Schalm,	Scopelliti;	Blake,	Lee,	Liu]	
	

	
	
	

<latexit sha1_base64="/NWv7eLU/h5Ff3RBHvEd1UYpvQQ=">AAACFXicbVC7SgNBFJ31bXxFLW0Gg5BAiLtB0UYI2lhYRDBRyIZldnI3GTL7YOauEJb8hI2/YmOhiK1g5984eRQaPTBwOOce7tzjJ1JotO0va25+YXFpeWU1t7a+sbmV395p6jhVHBo8lrG685kGKSJooEAJd4kCFvoSbv3+xci/vQelRRzd4CCBdsi6kQgEZ2gkL18uunEIXVZOSmfClSbYYd6VKyHAolPOnEN6750PXSW6PSx5+YJdscegf4kzJQUyRd3Lf7qdmKchRMgl07rl2Am2M6ZQcAnDnJtqSBjvsy60DI1YCLqdja8a0gOjdGgQK/MipGP1ZyJjodaD0DeTIcOenvVG4n9eK8XgtJ2JKEkRIj5ZFKSSYkxHFdGOUMBRDgxhXAnzV8p7TDGOpsicKcGZPfkvaVYrznHFvj4q1KrTOlbIHtknReKQE1Ijl6ROGoSTB/JEXsir9Wg9W2/W+2R0zppmdskvWB/fEcSddQ==</latexit>

(!, p) = i�L (1, 1/vB)



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  At	 	 	 	 	 		residue	of	hydro	pole	vanishes.	

Pole	skipping	is	subtle	signature	of	chaos	in	2-point	function		
[Grozdanov,	Schalm,	Scopelliti;	Blake,	Lee,	Liu]	
	

•  Tested	for	maximally	chaotic	theories:	AdS/CFT,	low-T	SYK	chain,	stress	tensor	
dominated	CFT	in 	 	 	[Haehl,	Reeves,	Rozali]	
	

•  Predicted	by	EFT	for	maximal	chaos	[Blake,	Lee,	Liu]	
	
	

	
	
	

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

<latexit sha1_base64="/NWv7eLU/h5Ff3RBHvEd1UYpvQQ=">AAACFXicbVC7SgNBFJ31bXxFLW0Gg5BAiLtB0UYI2lhYRDBRyIZldnI3GTL7YOauEJb8hI2/YmOhiK1g5984eRQaPTBwOOce7tzjJ1JotO0va25+YXFpeWU1t7a+sbmV395p6jhVHBo8lrG685kGKSJooEAJd4kCFvoSbv3+xci/vQelRRzd4CCBdsi6kQgEZ2gkL18uunEIXVZOSmfClSbYYd6VKyHAolPOnEN6750PXSW6PSx5+YJdscegf4kzJQUyRd3Lf7qdmKchRMgl07rl2Am2M6ZQcAnDnJtqSBjvsy60DI1YCLqdja8a0gOjdGgQK/MipGP1ZyJjodaD0DeTIcOenvVG4n9eK8XgtJ2JKEkRIj5ZFKSSYkxHFdGOUMBRDgxhXAnzV8p7TDGOpsicKcGZPfkvaVYrznHFvj4q1KrTOlbIHtknReKQE1Ijl6ROGoSTB/JEXsir9Wg9W2/W+2R0zppmdskvWB/fEcSddQ==</latexit>

(!, p) = i�L (1, 1/vB)



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  At	 	 	 	 	 		residue	of	hydro	pole	vanishes.	

Pole	skipping	is	subtle	signature	of	chaos	in	2-point	function		
[Grozdanov,	Schalm,	Scopelliti;	Blake,	Lee,	Liu]	
	

•  Tested	for	maximally	chaotic	theories:	AdS/CFT,	low-T	SYK	chain,	stress	tensor	
dominated	CFT	in 	 	 	[Haehl,	Reeves,	Rozali]	
	

•  Predicted	by	EFT	for	maximal	chaos	[Blake,	Lee,	Liu]	
	
	

Non-maximal	chaos	generalization?	[Choi,	MM,	Sárosi]	
	
•  	 	 								is	universal	in	CFT	in	 	 						(including	2d	CFT	at	finite	T),	but	not	all	of	

these	are	maximally	chaotic.	Also,																					at	weak	coupling.	
	
	

	

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

<latexit sha1_base64="/NWv7eLU/h5Ff3RBHvEd1UYpvQQ=">AAACFXicbVC7SgNBFJ31bXxFLW0Gg5BAiLtB0UYI2lhYRDBRyIZldnI3GTL7YOauEJb8hI2/YmOhiK1g5984eRQaPTBwOOce7tzjJ1JotO0va25+YXFpeWU1t7a+sbmV395p6jhVHBo8lrG685kGKSJooEAJd4kCFvoSbv3+xci/vQelRRzd4CCBdsi6kQgEZ2gkL18uunEIXVZOSmfClSbYYd6VKyHAolPOnEN6750PXSW6PSx5+YJdscegf4kzJQUyRd3Lf7qdmKchRMgl07rl2Am2M6ZQcAnDnJtqSBjvsy60DI1YCLqdja8a0gOjdGgQK/MipGP1ZyJjodaD0DeTIcOenvVG4n9eK8XgtJ2JKEkRIj5ZFKSSYkxHFdGOUMBRDgxhXAnzV8p7TDGOpsicKcGZPfkvaVYrznHFvj4q1KrTOlbIHtknReKQE1Ijl6ROGoSTB/JEXsir9Wg9W2/W+2R0zppmdskvWB/fEcSddQ==</latexit>

(!, p) = i�L (1, 1/vB)

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

vB < v(T )
B

<latexit sha1_base64="eBeiyGdVAArBerrYH0WPfaGY1no=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwRiBYWRBtLTPhK4CR7yx5s2Ns7d/dIyIXfYWOhMbb+GDv/jQtcoeBLJnl5byYz87yIM6Vt+9vKbGxube9kd3N7+weHR/njk5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfHd3G9PqFQsFA09jagb4KFgPiNYG8md9G9vTD0mxcblrJ8v2CV7AbROnJQUIEW9n//qDUISB1RowrFSXceOtJtgqRnhdJbrxYpGmIzxkHYNFTigyk0WR8/QhVEGyA+lKaHRQv09keBAqWngmc4A65Fa9ebif1431v61mzARxZoKslzkxxzpEM0TQAMmKdF8aggmkplbERlhiYk2OeVMCM7qy+ukVS45lVL1oVKoldM4snAG51AEB66gBvdQhyYQeIJneIU3a2K9WO/Wx7I1Y6Uzp/AH1ucPrg6RWQ==</latexit>

<latexit sha1_base64="+10g2HRYnAxcjO6ISnIloHszVMU=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0iZKYouCy50WcVeoK0lk562oZlkSDKFMvQR3Pgqblwo4talO9/G9LKo1R8CH/85h5PzBxFn2njet5NaWl5ZXUuvZzY2t7Z33N29ipaxolCmkktVC4gGzgSUDTMcapECEgYcqkH/alyvDkBpJsW9GUbQDElXsA6jxFir5R5fP9y1ksaAKIg041LgOR7lGjKELjmNTlpu1st7E+G/4M8gi2YqtdyvRlvSOARhKCda130vMs2EKMMoh1GmEWuICO2TLtQtChKCbiaTg0b4yDpt3JHKPmHwxJ2fSEio9TAMbGdITE8v1sbmf7V6bDqXzYSJKDYg6HRRJ+bYSDxOB7eZAmr40AKhitm/YtojilBjM8zYEPzFk/9CpZD3z/Pe7Vm2WJjFkUYH6BDlkI8uUBHdoBIqI4oe0TN6RW/Ok/PivDsf09aUM5vZR7/kfP4ABCKdIw==</latexit>

GR
""(!, p)



Pole	skipping	
OTOC	motivated	from	operator	growth.	Chaos	data	from	simpler	observables?	
	
•  At	 	 	 	 	 		residue	of	hydro	pole	vanishes.	

Pole	skipping	is	subtle	signature	of	chaos	in	2-point	function		
[Grozdanov,	Schalm,	Scopelliti;	Blake,	Lee,	Liu]	
	

•  Tested	for	maximally	chaotic	theories:	AdS/CFT,	low-T	SYK	chain,	stress	tensor	
dominated	CFT	in 	 	 	[Haehl,	Reeves,	Rozali]	
	

•  Predicted	by	EFT	for	maximal	chaos	[Blake,	Lee,	Liu]	
	
	

Non-maximal	chaos	generalization?	[Choi,	MM,	Sárosi]	
	
•  	 	 								is	universal	in	CFT	in	 	 						(including	2d	CFT	at	finite	T),	but	not	all	of	

these	are	maximally	chaotic.	Also,																					at	weak	coupling.	
	
	

•  Proposal:	
	
	

	

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

<latexit sha1_base64="/NWv7eLU/h5Ff3RBHvEd1UYpvQQ=">AAACFXicbVC7SgNBFJ31bXxFLW0Gg5BAiLtB0UYI2lhYRDBRyIZldnI3GTL7YOauEJb8hI2/YmOhiK1g5984eRQaPTBwOOce7tzjJ1JotO0va25+YXFpeWU1t7a+sbmV395p6jhVHBo8lrG685kGKSJooEAJd4kCFvoSbv3+xci/vQelRRzd4CCBdsi6kQgEZ2gkL18uunEIXVZOSmfClSbYYd6VKyHAolPOnEN6750PXSW6PSx5+YJdscegf4kzJQUyRd3Lf7qdmKchRMgl07rl2Am2M6ZQcAnDnJtqSBjvsy60DI1YCLqdja8a0gOjdGgQK/MipGP1ZyJjodaD0DeTIcOenvVG4n9eK8XgtJ2JKEkRIj5ZFKSSYkxHFdGOUMBRDgxhXAnzV8p7TDGOpsicKcGZPfkvaVYrznHFvj4q1KrTOlbIHtknReKQE1Ijl6ROGoSTB/JEXsir9Wg9W2/W+2R0zppmdskvWB/fEcSddQ==</latexit>

(!, p) = i�L (1, 1/vB)

H
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<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

vB < v(T )
B

<latexit sha1_base64="eBeiyGdVAArBerrYH0WPfaGY1no=">AAAB9HicbVA9TwJBEJ3DL8Qv1NJmIzHBhtwRiBYWRBtLTPhK4CR7yx5s2Ns7d/dIyIXfYWOhMbb+GDv/jQtcoeBLJnl5byYz87yIM6Vt+9vKbGxube9kd3N7+weHR/njk5YKY0lok4Q8lB0PK8qZoE3NNKedSFIceJy2vfHd3G9PqFQsFA09jagb4KFgPiNYG8md9G9vTD0mxcblrJ8v2CV7AbROnJQUIEW9n//qDUISB1RowrFSXceOtJtgqRnhdJbrxYpGmIzxkHYNFTigyk0WR8/QhVEGyA+lKaHRQv09keBAqWngmc4A65Fa9ebif1431v61mzARxZoKslzkxxzpEM0TQAMmKdF8aggmkplbERlhiYk2OeVMCM7qy+ukVS45lVL1oVKoldM4snAG51AEB66gBvdQhyYQeIJneIU3a2K9WO/Wx7I1Y6Uzp/AH1ucPrg6RWQ==</latexit>

(!, p)p.s. = i
2⇡

�

 
1,

1

v(T )
B

!

<latexit sha1_base64="+10g2HRYnAxcjO6ISnIloHszVMU=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARK0iZKYouCy50WcVeoK0lk562oZlkSDKFMvQR3Pgqblwo4talO9/G9LKo1R8CH/85h5PzBxFn2njet5NaWl5ZXUuvZzY2t7Z33N29ipaxolCmkktVC4gGzgSUDTMcapECEgYcqkH/alyvDkBpJsW9GUbQDElXsA6jxFir5R5fP9y1ksaAKIg041LgOR7lGjKELjmNTlpu1st7E+G/4M8gi2YqtdyvRlvSOARhKCda130vMs2EKMMoh1GmEWuICO2TLtQtChKCbiaTg0b4yDpt3JHKPmHwxJ2fSEio9TAMbGdITE8v1sbmf7V6bDqXzYSJKDYg6HRRJ+bYSDxOB7eZAmr40AKhitm/YtojilBjM8zYEPzFk/9CpZD3z/Pe7Vm2WJjFkUYH6BDlkI8uUBHdoBIqI4oe0TN6RW/Ok/PivDsf09aUM5vZR7/kfP4ABCKdIw==</latexit>

GR
""(!, p)



Pole	skipping	
Proposal:	
	
	
Test	in	large	q	SYK	chain	[Choi,	MM,	Sárosi]	
		

1.  																		extracted	from	OPE	limit	of	four	point	function,	i.e.	
of	the	bilocal	action	
	
	
	
	
	
	
	
	
	

(!, p)p.s. = i
2⇡

�

 
1,

1

v(T )
B

!

<latexit sha1_base64="QdYxg++vtw8OWm9IE6jX13poORk="></latexit>
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Pole	skipping	
Proposal:	
	
	
Test	in	large	q	SYK	chain	[Choi,	MM,	Sárosi]	
		

1.  																		extracted	from	OPE	limit	of	four	point	function,	i.e.	
of	the	bilocal	action	
	
	
	

2.  Linearize	around	saddle:	
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GR
""(!, p)

<latexit sha1_base64="QuCwcxNhsMLonmc+4r7NqAO9flw="></latexit>
�@2✓ +

h(h� 1)

sin2 (✓)

�
 n =

✓
n

g

◆2

 n

<latexit sha1_base64="bWtQINbT+FNuko2xqRJRLAyfiKk="></latexit>

 e
n = sinh✓ 2F1

✓
h� n/g

2
,
h+ n/g

2
,
1

2
; cos2✓

◆

 o
n = cos ✓ sinh✓ 2F1

✓
1 + h� n/g

2
,
1 + h+ n/g

2
,
3

2
; cos2✓

◆



Pole	skipping	
Proposal:	
	
	
Test	in	large	q	SYK	chain	[Choi,	MM,	Sárosi]	
		

1.  																		extracted	from	OPE	limit	of	four	point	function,	i.e.	
of	the	bilocal	action	
	
	
	

2.  Linearize	around	saddle:	
	
	
	
	

3.  Matsubara	Green’s	function	
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Pole	skipping	
Proposal:	
	
	
Test	in	large	q	SYK	chain	[Choi,	MM,	Sárosi]	
		

1.  																		extracted	from	OPE	limit	of	four	point	function,	i.e.	
of	the	bilocal	action	
	
	
	

2.  Linearize	around	saddle:	
	
	
	
	

3.  Matsubara	Green’s	function	
	
	
	

4.  Find	unique	analytic	continuation	
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<latexit sha1_base64="QdYxg++vtw8OWm9IE6jX13poORk="></latexit>
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Pole	skipping	
•  Test	in	large	q	SYK	chain	

	
5.  Trace	pole	and	zero	lines	

	
	
	
	
	
	
	
	
	
	

g = 0.6

<latexit sha1_base64="AI7E/z0Rbby/jeTvMRWzbIBCZTo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hK/bgIBS8eK5haaEPZbDft0t1N2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeVHKmTae9+2U1tY3NrfK25Wd3b39g+rhUVsnmSI0IAlPVCfCmnImaWCY4bSTKopFxOljNL6d+Y9PVGmWyAczSWko8FCymBFsrBQMbzz3sl+tea43B1olfkFqUKDVr371BgnJBJWGcKx11/dSE+ZYGUY4nVZ6maYpJmM8pF1LJRZUh/n82Ck6s8oAxYmyJQ2aq78nciy0nojIdgpsRnrZm4n/ed3MxNdhzmSaGSrJYlGccWQSNPscDZiixPCJJZgoZm9FZIQVJsbmU7Eh+Msvr5J23fUb7sV9o9asF3GU4QRO4Rx8uIIm3EELAiDA4Ble4c2Rzovz7nwsWktOMXMMf+B8/gCdnI3c</latexit>



Pole	skipping	
•  Test	in	large	q	SYK	chain	

	
5.  Trace	pole	and	zero	lines	

	
	
	
	
	
	
	
	
	
	

6.  Can	also	analyze	dispersion	relations	to	all	orders	in	the	derivative	expansion	
[Withers;	Grozdanov,	Kovtun,	Starinets,	Tadic]	

g = 0.6

<latexit sha1_base64="AI7E/z0Rbby/jeTvMRWzbIBCZTo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hK/bgIBS8eK5haaEPZbDft0t1N2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeVHKmTae9+2U1tY3NrfK25Wd3b39g+rhUVsnmSI0IAlPVCfCmnImaWCY4bSTKopFxOljNL6d+Y9PVGmWyAczSWko8FCymBFsrBQMbzz3sl+tea43B1olfkFqUKDVr371BgnJBJWGcKx11/dSE+ZYGUY4nVZ6maYpJmM8pF1LJRZUh/n82Ck6s8oAxYmyJQ2aq78nciy0nojIdgpsRnrZm4n/ed3MxNdhzmSaGSrJYlGccWQSNPscDZiixPCJJZgoZm9FZIQVJsbmU7Eh+Msvr5J23fUb7sV9o9asF3GU4QRO4Rx8uIIm3EELAiDA4Ble4c2Rzovz7nwsWktOMXMMf+B8/gCdnI3c</latexit>
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Closed	form	thermal	Green	function	



Closed	form	thermal	Green	function	



Summary	
Spatial	structure	of	OTOC	is	probed	by	
	
	
	
	
	
•  Explicit	examples	in	AdS/CFT,	SYK	chains,	CFTs	in	 	 	 	,	…	

Refined	chaos	bound	is	saturated,	when	stress	tensor	dominates.		
	
	

�(v)

<latexit sha1_base64="zFKJMOtJoJ/QtHfxeu4klCnr2pc=">AAAB8nicbVDLSsNAFL2pr1pfVZduBotQNyUpFV0W3LisYB+QhjKZTNqhk0mYmRRK6Ge4caGIW7/GnX/jpM1CWw8MHM45l7n3+AlnStv2t1Xa2t7Z3SvvVw4Oj45PqqdnPRWnktAuiXksBz5WlDNBu5ppTgeJpDjyOe370/vc78+oVCwWT3qeUC/CY8FCRrA2kjvkJhrg+uy6MqrW7Ia9BNokTkFqUKAzqn4Ng5ikERWacKyU69iJ9jIsNSOcLirDVNEEkykeU9dQgSOqvGy58gJdGSVAYSzNExot1d8TGY6Umke+SUZYT9S6l4v/eW6qwzsvYyJJNRVk9VGYcqRjlN+PAiYp0XxuCCaSmV0RmWCJiTYt5SU46ydvkl6z4bQaN4+tWrtZ1FGGC7iEOjhwC214gA50gUAMz/AKb5a2Xqx362MVLVnFzDn8gfX5Axe8kG4=</latexit>
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
v0.0

0.2

0.4

0.6

0.8

1.0

λ(v)

g = 0.95
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<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
v0.0

0.2

0.4

0.6

0.8

1.0

λ(v)

g = 0.3

<latexit sha1_base64="BYPL5f7dEu9M/MXyahRA4o6x8ok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Ckmt6EUoePFYwbSFNpTNdtMu3eyG3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6WcaeN5387a+sbm1nZpp7y7t39wWDk6bmmZKUIDIrlUnQhrypmggWGG006qKE4iTtvR+G7mt5+o0kyKRzNJaZjgoWAxI9hYKRjeeu5lv1L1XG8OtEr8glShQLNf+eoNJMkSKgzhWOuu76UmzLEyjHA6LfcyTVNMxnhIu5YKnFAd5vNjp+jcKgMUS2VLGDRXf0/kONF6kkS2M8FmpJe9mfif181MfBPmTKSZoYIsFsUZR0ai2edowBQlhk8swUQxeysiI6wwMTafsg3BX355lbRqrl93rx7q1UatiKMEp3AGF+DDNTTgHpoQAAEGz/AKb45wXpx352PRuuYUMyfwB87nD5kQjdk=</latexit>

vB 6= v(T )
B

<latexit sha1_base64="Sj9WTA0D30kPxVvYfQu3g1jd4ps=">AAAB+nicbVDLTgIxFO34RHwNunTTSExwQ2YIRpdENy4x4ZXASDrlAg2dzth2MGTkU9y40Bi3fok7/8YCs1DwJDf35Jx709vjR5wp7Tjf1tr6xubWdmYnu7u3f3Bo544aKowlhToNeShbPlHAmYC6ZppDK5JAAp9D0x/dzPzmGKRioajpSQReQAaC9Rkl2khdOzfuXncEPGDT75NC7XzatfNO0ZkDrxI3JXmUotq1vzq9kMYBCE05UartOpH2EiI1oxym2U6sICJ0RAbQNlSQAJSXzE+f4jOj9HA/lKaExnP190ZCAqUmgW8mA6KHatmbif957Vj3r7yEiSjWIOjioX7MsQ7xLAfcYxKo5hNDCJXM3IrpkEhCtUkra0Jwl7+8ShqlolsuXtyV85VSGkcGnaBTVEAuukQVdIuqqI4oekTP6BW9WU/Wi/VufSxG16x05xj9gfX5Axw+kzY=</latexit>

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>



Summary	
Spatial	structure	of	OTOC	is	probed	by	
	
	
	
	
	
•  Explicit	examples	in	AdS/CFT,	SYK	chains,	CFTs	in	 	 	 	,	…	

Refined	chaos	bound	is	saturated,	when	stress	tensor	dominates.		
	
	

Pole	skipping	happens	at	
	
•  Captures	stress	tensor	contribution	to	chaos,	for																										chaos	is	controlled	by	it.	

(This	contribution	can	be	decreased	or	cancelled	completely.)		
	

�(v)

<latexit sha1_base64="zFKJMOtJoJ/QtHfxeu4klCnr2pc=">AAAB8nicbVDLSsNAFL2pr1pfVZduBotQNyUpFV0W3LisYB+QhjKZTNqhk0mYmRRK6Ge4caGIW7/GnX/jpM1CWw8MHM45l7n3+AlnStv2t1Xa2t7Z3SvvVw4Oj45PqqdnPRWnktAuiXksBz5WlDNBu5ppTgeJpDjyOe370/vc78+oVCwWT3qeUC/CY8FCRrA2kjvkJhrg+uy6MqrW7Ia9BNokTkFqUKAzqn4Ng5ikERWacKyU69iJ9jIsNSOcLirDVNEEkykeU9dQgSOqvGy58gJdGSVAYSzNExot1d8TGY6Umke+SUZYT9S6l4v/eW6qwzsvYyJJNRVk9VGYcqRjlN+PAiYp0XxuCCaSmV0RmWCJiTYt5SU46ydvkl6z4bQaN4+tWrtZ1FGGC7iEOjhwC214gA50gUAMz/AKb5a2Xqx362MVLVnFzDn8gfX5Axe8kG4=</latexit>

C(t, x = vt) =
#

N2
exp (�(v) t) + . . .

�(v)  2⇡

�

✓
1� |v|

vB

◆

<latexit sha1_base64="pQiPOSWNUWXsDQQt11AQ1XWxNeM=">AAACa3icbVFNb9NAEF2br5JCCfRQBD2siFolaohsg0QvlSp64YRaibSVsiFab8bJqusPdsdWI9cXfiI3/gGX/oduYkvQlpFWenpv5s3u2zBT0qDn/XbcBw8fPX6y9rS1/uz5xov2y1enJs21gKFIVarPQ25AyQSGKFHBeaaBx6GCs/DiaKmfFaCNTJNvuMhgHPNZIiMpOFpq0v551MX+5UGBvd2DknVYapvp1+9BxfqUwWXGFE TYZco6Tnm36LE+Mi1nc+ztsWmKhrHWX3HXdv+gZcAySWsnFgJyWtUu/vvyqriqhWLyuWqMJu2ON/BWRe8DvwEd0tTxpP3LrhZ5DAkKxY0Z+V6G45JrlEJB1WK5gYyLCz6DkYUJj8GMy1VWFd2xzJRGqbYnQbpi/50oeWzMIg5tZ8xxbu5qS/J/2ijHaH9cyiTLERJRL4pyRTGly+DpVGoQqBYWcKGlvSsVc665QPs9LRuCf/fJ98FpMPA/DIKTj53DoIljjbwl70iX+OQTOSRfyDEZEkH+OBvOlvPauXY33Tfudt3qOs3MJrlV7s4N0D+4Pw==</latexit>
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v0.0

0.2

0.4

0.6

0.8

1.0
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g = 0.95

<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>

v⇤

<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
v0.0

0.2

0.4

0.6

0.8

1.0

λ(v)

g = 0.3

<latexit sha1_base64="BYPL5f7dEu9M/MXyahRA4o6x8ok=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Ckmt6EUoePFYwbSFNpTNdtMu3eyG3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6WcaeN5387a+sbm1nZpp7y7t39wWDk6bmmZKUIDIrlUnQhrypmggWGG006qKE4iTtvR+G7mt5+o0kyKRzNJaZjgoWAxI9hYKRjeeu5lv1L1XG8OtEr8glShQLNf+eoNJMkSKgzhWOuu76UmzLEyjHA6LfcyTVNMxnhIu5YKnFAd5vNjp+jcKgMUS2VLGDRXf0/kONF6kkS2M8FmpJe9mfif181MfBPmTKSZoYIsFsUZR0ai2edowBQlhk8swUQxeysiI6wwMTafsg3BX355lbRqrl93rx7q1UatiKMEp3AGF+DDNTTgHpoQAAEGz/AKb45wXpx352PRuuYUMyfwB87nD5kQjdk=</latexit>

vB 6= v(T )
B

<latexit sha1_base64="Sj9WTA0D30kPxVvYfQu3g1jd4ps=">AAAB+nicbVDLTgIxFO34RHwNunTTSExwQ2YIRpdENy4x4ZXASDrlAg2dzth2MGTkU9y40Bi3fok7/8YCs1DwJDf35Jx709vjR5wp7Tjf1tr6xubWdmYnu7u3f3Bo544aKowlhToNeShbPlHAmYC6ZppDK5JAAp9D0x/dzPzmGKRioajpSQReQAaC9Rkl2khdOzfuXncEPGDT75NC7XzatfNO0ZkDrxI3JXmUotq1vzq9kMYBCE05UartOpH2EiI1oxym2U6sICJ0RAbQNlSQAJSXzE+f4jOj9HA/lKaExnP190ZCAqUmgW8mA6KHatmbif957Vj3r7yEiSjWIOjioX7MsQ7xLAfcYxKo5hNDCJXM3IrpkEhCtUkra0Jwl7+8ShqlolsuXtyV85VSGkcGnaBTVEAuukQVdIuqqI4oekTP6BW9WU/Wi/VufSxG16x05xj9gfX5Axw+kzY=</latexit>

H
d�1 ⇥ S1

<latexit sha1_base64="Jluf11XrRF+BRzZrb/9liTfraYU=">AAACBHicbVDLSsNAFJ34rPUVddnNYBHcWJJS0WXBTZcV7QOatEwmk3boZBJmJkIJWbjxV9y4UMStH+HOv3HSZqGtBy4czrmXe+/xYkalsqxvY219Y3Nru7RT3t3bPzg0j467MkoEJh0csUj0PSQJo5x0FFWM9GNBUOgx0vOmN7nfeyBC0ojfq1lM3BCNOQ0oRkpLI7OSOiFSE8+DrWyY+hd25igaEgnvhvbIrFo1aw64SuyCVEGB9sj8cvwIJyHhCjMk5cC2YuWmSCiKGcnKTiJJjPAUjclAU470IjedP5HBM634MIiELq7gXP09kaJQylno6c78Yrns5eJ/3iBRwbWbUh4ninC8WBQkDKoI5olAnwqCFZtpgrCg+laIJ0ggrHRuZR2CvfzyKunWa3ajdnnbqDbrRRwlUAGn4BzY4Ao0QQu0QQdg8AiewSt4M56MF+Pd+Fi0rhnFzAn4A+PzB7irl3M=</latexit>

(!, p)p.s. = i
2⇡

�

 
1,

1

v(T )
B

!

<latexit sha1_base64="QdYxg++vtw8OWm9IE6jX13poORk="></latexit>

v⇤  v  vB

<latexit sha1_base64="T5NW4TJM3PBuxV+v9CMhKCVuRlU=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSKIi5KUii6LblxWsA9oQ5hMJ+3QycOZSSGE+ituXCji1g9x5984abPQ1gOXezjnXubO8WLOpLKsb2NtfWNza7u0U97d2z84NI+OOzJKBKFtEvFI9DwsKWchbSumOO3FguLA47TrTW5zvzulQrIofFBpTJ0Aj0LmM4KVllyzMnUvBpw+oilaNPem7JpVq2bNgVaJXZAqFGi55tdgGJEkoKEiHEvZt61YORkWihFOZ+VBImmMyQSPaF/TEAdUOtn8+Bk608oQ+ZHQFSo0V39vZDiQMg08PRlgNZbLXi7+5/UT5V87GQvjRNGQLB7yE45UhPIk0JAJShRPNcFEMH0rImMsMFE6rzwEe/nLq6RTr9mN2uV9o9qsF3GU4ARO4RxsuIIm3EEL2kAghWd4hTfjyXgx3o2PxeiaUexU4A+Mzx/fYZOT</latexit>



Summary	
Spatial	structure	of	OTOC	is	probed	by	
	
	
	
	
	
•  Explicit	examples	in	AdS/CFT,	SYK	chains,	CFTs	in	 	 	 	,	…	

Refined	chaos	bound	is	saturated,	when	stress	tensor	dominates.		
	
	

Pole	skipping	happens	at	
	
•  Captures	stress	tensor	contribution	to	chaos,	for																										chaos	is	controlled	by	it.	

(This	contribution	can	be	decreased	or	cancelled	completely.)		
	

•  Demystifies	pole	skipping:																				and	 		both	are	properties	of	the	stress	tensor,	
stress	tensor	does	not	know	about	
	

•  Closed	form	thermal	Green	function								
	

�(v)

<latexit sha1_base64="zFKJMOtJoJ/QtHfxeu4klCnr2pc=">AAAB8nicbVDLSsNAFL2pr1pfVZduBotQNyUpFV0W3LisYB+QhjKZTNqhk0mYmRRK6Ge4caGIW7/GnX/jpM1CWw8MHM45l7n3+AlnStv2t1Xa2t7Z3SvvVw4Oj45PqqdnPRWnktAuiXksBz5WlDNBu5ppTgeJpDjyOe370/vc78+oVCwWT3qeUC/CY8FCRrA2kjvkJhrg+uy6MqrW7Ia9BNokTkFqUKAzqn4Ng5ikERWacKyU69iJ9jIsNSOcLirDVNEEkykeU9dQgSOqvGy58gJdGSVAYSzNExot1d8TGY6Umke+SUZYT9S6l4v/eW6qwzsvYyJJNRVk9VGYcqRjlN+PAiYp0XxuCCaSmV0RmWCJiTYt5SU46ydvkl6z4bQaN4+tWrtZ1FGGC7iEOjhwC214gA50gUAMz/AKb5a2Xqx362MVLVnFzDn8gfX5Axe8kG4=</latexit>

C(t, x = vt) =
#

N2
exp (�(v) t) + . . .

�(v)  2⇡

�

✓
1� |v|

vB

◆

<latexit sha1_base64="pQiPOSWNUWXsDQQt11AQ1XWxNeM=">AAACa3icbVFNb9NAEF2br5JCCfRQBD2siFolaohsg0QvlSp64YRaibSVsiFab8bJqusPdsdWI9cXfiI3/gGX/oduYkvQlpFWenpv5s3u2zBT0qDn/XbcBw8fPX6y9rS1/uz5xov2y1enJs21gKFIVarPQ25AyQSGKFHBeaaBx6GCs/DiaKmfFaCNTJNvuMhgHPNZIiMpOFpq0v551MX+5UGBvd2DknVYapvp1+9BxfqUwWXGFE TYZco6Tnm36LE+Mi1nc+ztsWmKhrHWX3HXdv+gZcAySWsnFgJyWtUu/vvyqriqhWLyuWqMJu2ON/BWRe8DvwEd0tTxpP3LrhZ5DAkKxY0Z+V6G45JrlEJB1WK5gYyLCz6DkYUJj8GMy1VWFd2xzJRGqbYnQbpi/50oeWzMIg5tZ8xxbu5qS/J/2ijHaH9cyiTLERJRL4pyRTGly+DpVGoQqBYWcKGlvSsVc665QPs9LRuCf/fJ98FpMPA/DIKTj53DoIljjbwl70iX+OQTOSRfyDEZEkH+OBvOlvPauXY33Tfudt3qOs3MJrlV7s4N0D+4Pw==</latexit>
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v0.0
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λ(v)
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<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>

v⇤

<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>
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Thermalization	
• 	Entanglement	entropy	as	a	probe	
• 	Membrane	theory	is	the	EFT	

Outline	

Butterfly	effect	
• 	Butterfly	effect,	operator	growth	and	OTOC		
• 	Refinement	of	the	chaos	bound	

Pole	skipping	
• 	Away	from	maximal	chaos	
• 	Explicit	thermal	Green’s	function	

Summary	and	open	questions	



Quantum	thermalization	
	
•  To	define	thermalization	we	need	coarse	graining	

	
In	a	gas,	we	coarse	grain	multi-particle	correlations.	
In	many	body	systems	or	QFTs	consider	subsystems	
	
	

Thermalization	through	the	lens	of	EE	
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In	a	gas,	we	coarse	grain	multi-particle	correlations.	
In	many	body	systems	or	QFTs	consider	subsystems	
	
	

•  In	analogy	with	the	Second	Law,	expect	the	EE	
	
	
to	increase	with	time.	
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Quantum	thermalization	
	
•  To	define	thermalization	we	need	coarse	graining	

	
In	a	gas,	we	coarse	grain	multi-particle	correlations.	
In	many	body	systems	or	QFTs	consider	subsystems	
	
	

•  In	analogy	with	the	Second	Law,	expect	the	EE	
	
	
to	increase	with	time.	
	

•  Quench:	sparsely	entangled	initial	state,	evolves	into	typical	state	
	
	
	

•  Instead	of	following	an	operator	(matrix),	we	follow	a	number	
	
	
	
Universal	probe,	captures	the	essence	of	thermalization	
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e��H

Z
<latexit sha1_base64="C+mVCsBWiDYdbi7WXTJA/o75ETM="></latexit>

SA(t) ! S(eq)
A (�) = sth(�) vol(A)



Thermalization	in	quantum	quenches	
	
•  Evolution	of	conserved	densities	universal	in	hydro	limit	

	
	
EE	dynamics	expected	to	simplify	in	the	same	limit	
Goal:	develop	effective	theory	for	extensive	piece	
	
	
	
	
	

Entropy	in	the	hydrodynamic	limit	
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Thermalization	in	quantum	quenches	
	
•  Evolution	of	conserved	densities	universal	in	hydro	limit	

	
	
EE	dynamics	expected	to	simplify	in	the	same	limit	
Goal:	develop	effective	theory	for	extensive	piece	
	
	
	
	

•  Qualitative	picture	of	EE	from	2d	CFT	
[Cardy,	Calabrese],	AdS/CFT	
[Hartman,	Maldacena;	Liu,	Suh],		
free	theory	in	higher	d	[Casini,	Liu,	MM;	
Cotler,	Hertzberg,	MM,	Mueller]	

	

•  Increase	of	EE	in	itself	does	not	detect	
chaos,	but	its	detailed	dynamics	is	universal	
and	differs	from	integrable	theories	

Entropy	in	the	hydrodynamic	limit	
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<latexit sha1_base64="bbl818HJUUIl8vDIVyAiNDnkK/o=">AAACAHicdVA9SwNBEN3zM8avUwsLm8UgWIW9JJqkC9hYRjAq5ELY20ySxb0PdufEcKTxr9hYKGLrz7Dz37iJEVT0wcDjvRlm5gWJkgYZe3fm5hcWl5ZzK/nVtfWNTXdr+8LEqRbQErGK9VXADSgZQQslKrhKNPAwUHAZXJ9M/Msb0EbG0TmOEuiEfBDJvhQcrdR1d7HrI9xipmIxpr6RIfUDQN51C6zIjo/qZUZZ8Yh51XrdEsaOa+US9SyZoEBmaHbdN78XizSECIXixrQ9lmAn4xqlUDDO+6mBhItrPoC2pREPwXSy6QNjemCVHu3H2laEdKp+n8h4aMwoDGxnyHFofnsT8S+vnWK/1slklKQIkfhc1E8VxZhO0qA9qUGgGlnChZb2ViqGXHOBNrO8DeHrU/o/uSgVvUqxclYpNEqzOHJkj+yTQ+KRKmmQU9IkLSLImNyTR/Lk3DkPzrPz8tk658xmdsgPOK8fU82W2A==</latexit>

tloc

<latexit sha1_base64="+DjslFXlG+Xn35kixAyRpxmqgHk=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiB4Cj3Zcwt48RjBLJAMoafTSZr0LHbXBMOQ7/DiQRGvfow3/8aeJIKKPih4vFdFVT03lEIDIR9WamNza3snvZvZ2z84PMoen7R1ECnGWyyQgeq6VHMpfN4CAZJ3Q8Wp50recadXid+ZcaVF4N/CPOSOR8e+GAlGwUgODPrA7yGWAVvgQTZH8qRSrhcJJvkysav1uiGEVGrFArYNSZBDazQH2ff+MGCRx31gkmrds0kITkwVCCb5ItOPNA8pm9Ix7xnqU49rJ14evcAXRhniUaBM+YCX6veJmHpazz3XdHoUJvq3l4h/eb0IRjUnFn4YAffZatEokhgCnCSAh0JxBnJuCGVKmFsxm1BFGZicMiaEr0/x/6RdyNulfOmmlGsU1nGk0Rk6R5fIRlXUQNeoiVqIoTv0gJ7QszWzHq0X63XVmrLWM6foB6y3T3hpkoY=</latexit>

@A

<latexit sha1_base64="aYYNAYvoRYQhFAO51jmgBENlYLQ=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjLjOLa7ihuXFewD26Fk0kwbmskMSUYopX/hxoUibv0bd/6NmbaCih4IHM659+beE6acKY3Qh1VYWV1b3yhulra2d3b3yvsHLZVkktAmSXgiOyFWlDNBm5ppTjuppDgOOW2H46vcb99TqVgibvUkpUGMh4JFjGBtpLteiqVmmMPLfrmC7FoNeY4PkX2OkOvXDEFnbtX3oWOjOSpgiUa//N4bJCSLqdCEY6W6Dkp1MM3nEU5npV6maIrJGA9p11CBY6qC6XzjGTwxygBGiTRPaDhXv3dMcazUJA5NZYz1SP32cvEvr5vpqBpMmUgzTQVZfBRlHOoE5ufDAZOUaD4xBBPJzK6QjLDERJuQSiaEr0vh/6Tl2o5nezdepe4u4yiCI3AMToEDLkAdXIMGaAICBHgAT+DZUtaj9WK9LkoL1rLnEPyA9fYJiEeQyw==</latexit>

ttloc ⌧ R tS ⇠ R

SA(t)
SA = sth vol(A) + . . .

<latexit sha1_base64="uAAL94kDqAXOqt5s8LDC+hz/pTc=">AAACDnicbZC7SgNBFIZn4y3G26qlzWAIRJSwGwRthAQby4jmAtmwzE4myZDZCzNng2HJE9j4KjYWitha2/k2TpItNPGHgY//nMOZ83uR4Aos69vIrKyurW9kN3Nb2zu7e+b+QUOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3g9rTdHTCoeBvcwjljHJ/2A9zgloC3XLNy51SvlOsAeIIHBxDnDcx6FYlKsnpw63RCUa+atkjUTXgY7hTxKVXPNLz1HY58FQAVRqm1bEXQSIoFTwSY5J1YsInRI+qytMSA+U51kds4EF7TTxb1Q6hcAnrm/JxLiKzX2Pd3pExioxdrU/K/WjqF32Ul4EMXAAjpf1IsFhhBPs8FdLhkFMdZAqOT6r5gOiCQUdII5HYK9ePIyNMolW/Pteb5STuPIoiN0jIrIRheogm5QDdURRY/oGb2iN+PJeDHejY95a8ZIZw7RHxmfP9h4m+k=</latexit><latexit sha1_base64="uAAL94kDqAXOqt5s8LDC+hz/pTc=">AAACDnicbZC7SgNBFIZn4y3G26qlzWAIRJSwGwRthAQby4jmAtmwzE4myZDZCzNng2HJE9j4KjYWitha2/k2TpItNPGHgY//nMOZ83uR4Aos69vIrKyurW9kN3Nb2zu7e+b+QUOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3g9rTdHTCoeBvcwjljHJ/2A9zgloC3XLNy51SvlOsAeIIHBxDnDcx6FYlKsnpw63RCUa+atkjUTXgY7hTxKVXPNLz1HY58FQAVRqm1bEXQSIoFTwSY5J1YsInRI+qytMSA+U51kds4EF7TTxb1Q6hcAnrm/JxLiKzX2Pd3pExioxdrU/K/WjqF32Ul4EMXAAjpf1IsFhhBPs8FdLhkFMdZAqOT6r5gOiCQUdII5HYK9ePIyNMolW/Pteb5STuPIoiN0jIrIRheogm5QDdURRY/oGb2iN+PJeDHejY95a8ZIZw7RHxmfP9h4m+k=</latexit><latexit sha1_base64="uAAL94kDqAXOqt5s8LDC+hz/pTc=">AAACDnicbZC7SgNBFIZn4y3G26qlzWAIRJSwGwRthAQby4jmAtmwzE4myZDZCzNng2HJE9j4KjYWitha2/k2TpItNPGHgY//nMOZ83uR4Aos69vIrKyurW9kN3Nb2zu7e+b+QUOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3g9rTdHTCoeBvcwjljHJ/2A9zgloC3XLNy51SvlOsAeIIHBxDnDcx6FYlKsnpw63RCUa+atkjUTXgY7hTxKVXPNLz1HY58FQAVRqm1bEXQSIoFTwSY5J1YsInRI+qytMSA+U51kds4EF7TTxb1Q6hcAnrm/JxLiKzX2Pd3pExioxdrU/K/WjqF32Ul4EMXAAjpf1IsFhhBPs8FdLhkFMdZAqOT6r5gOiCQUdII5HYK9ePIyNMolW/Pteb5STuPIoiN0jIrIRheogm5QDdURRY/oGb2iN+PJeDHejY95a8ZIZw7RHxmfP9h4m+k=</latexit><latexit sha1_base64="uAAL94kDqAXOqt5s8LDC+hz/pTc=">AAACDnicbZC7SgNBFIZn4y3G26qlzWAIRJSwGwRthAQby4jmAtmwzE4myZDZCzNng2HJE9j4KjYWitha2/k2TpItNPGHgY//nMOZ83uR4Aos69vIrKyurW9kN3Nb2zu7e+b+QUOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3g9rTdHTCoeBvcwjljHJ/2A9zgloC3XLNy51SvlOsAeIIHBxDnDcx6FYlKsnpw63RCUa+atkjUTXgY7hTxKVXPNLz1HY58FQAVRqm1bEXQSIoFTwSY5J1YsInRI+qytMSA+U51kds4EF7TTxb1Q6hcAnrm/JxLiKzX2Pd3pExioxdrU/K/WjqF32Ul4EMXAAjpf1IsFhhBPs8FdLhkFMdZAqOT6r5gOiCQUdII5HYK9ePIyNMolW/Pteb5STuPIoiN0jIrIRheogm5QDdURRY/oGb2iN+PJeDHejY95a8ZIZw7RHxmfP9h4m+k=</latexit>

t

R
= fixed , R, t �

<latexit sha1_base64="YBSDgHvigGxFwmzFiF6o1/3yEAw=">AAACEnicbVC7SgNBFJ2NrxhfUUubwSAohLArijaCYGMZxTwgG8Ls7N1kyOzDmbtiWPINNv6KjYUitlZ2/o2TmEITDwwczjmXO/d4iRQabfvLys3NLywu5ZcLK6tr6xvFza26jlPFocZjGaumxzRIEUENBUpoJgpY6EloeP2Lkd+4A6VFHN3gIIF2yLqRCARnaKRO8SBDNzYBej08cxHuMQvEPfhDt1ym7m3KfHpdRrfbpbRTLNkVeww6S5wJKZEJqp3ip+vHPA0hQi6Z1i3HTrCdMYWCSxgW3FRDwnifdaFlaMRC0O1sfNKQ7hnFp0GszIuQjtXfExkLtR6EnkmGDHt62huJ/3mtFIPTdiaiJEWI+M+iIJUUYzrqh/pCAUc5MIRxJcxfKe8xxTiaFgumBGf65FlSP6w4R5Xjq6PS+eGkjjzZIbtknzjkhJyTS1IlNcLJA3kiL+TVerSerTfr/SeasyYz2+QPrI9v9wmc8A==</latexit>

S(t) = sthR
d�1Sext

✓
t

R

◆
+ . . .

<latexit sha1_base64="hVnnfVXanpiN2l4aaYeiCNDK2YY="></latexit>

SA = vE stharea(@A) t+ . . .

<latexit sha1_base64="wZwgcMJm3wWvIK3OWEvfhfFz2Bg=">AAACIXicbVDLSgMxFM3UV62vqks3wSJUlDJTKnYjtIjgsqJ9QKcMmTRtQzMPkjvFMsyvuPFX3LhQpDvxZ0wfC60eCBzOuY/c44aCKzDNTyO1srq2vpHezGxt7+zuZfcPGiqIJGV1GohAtlyimOA+qwMHwVqhZMRzBWu6w+up3xwxqXjgP8A4ZB2P9H3e45SAlpxs+d6Jq8nVyLmxz7FybGCPEMMgmROiRyV5OyQSOBG4eqqL4MzuBqCcbM4smDPgv8RakBxaoOZkJ7qPRh7zgQqiVNsyQ+jE09FUsCRjR4qFhA5Jn7U19YnHVCeeXZjgE610cS+Q+vmAZ+rPjph4So09V1d6BAZq2ZuK/3ntCHrlTsz9MALm0/miXiQwBHgaF+5yySiIsSaESq7/iumASEJBh5rRIVjLJ/8ljWLBKhUu7kq5SnERRxodoWOURxa6RBV0i2qojih6Qi/oDb0bz8ar8WFM5qUpY9FziH7B+PoGVQujjg==</latexit>



t

The	membrane	theory	can	be	derived	in	two	disparate	
physical	systems	
	
•  In		AdS/CFT	EE	is	computed	by	extremal	surface	area	

probing	the	out	of	equilibrium	state		
[Hubeny,	Rangamani,	Ryu,	Takayanagi]	
		

•  Important	variables	in	the	hydro	limit	is	the	HRT	surface	
projection	to	the	boundary	spacetime	[MM2]	
	
	
	

Membrane	theory	of	entanglement	dynamics	



t

The	membrane	theory	can	be	derived	in	two	disparate	
physical	systems	
	
•  In		AdS/CFT	EE	is	computed	by	extremal	surface	area	

probing	the	out	of	equilibrium	state		
[Hubeny,	Rangamani,	Ryu,	Takayanagi]	
		

•  Important	variables	in	the	hydro	limit	is	the	HRT	surface	
projection	to	the	boundary	spacetime	[MM2]	
	
	
	

•  In	random	quantum	circuit	models	of	time	evolution,	EE	
upper	bound	by	minimal	cut	is	saturated	in	hydro	limit	
[Nahum,	Ruhman,	Vijay,	Haah;	Jonay,	Huse,	Nahum]		
	

•  Remarkable	unification	of	CMT	and	HEP	approaches	

Membrane	theory	of	entanglement	dynamics	

t

A



	
•  Dynamics	of	projection	governed	by	local	action	

	
	
	
with	membrane	ending	on	A	on	upper	boundary,	
perpendicularly	on	lower	boundary.	
	

•  Minimal	membrane	action	computes	entropy.	
												is	repackaging	of	geometry,	independent	of	
quench	details.		
	

Membrane	theory	of	entanglement	dynamics	

S[A(t)] = sth

Z t

0
dt0 E (v)

<latexit sha1_base64="cTknVd2zOZmfu7kEi/rrol0UOXg="></latexit>

Horizon					boundary	⇠<latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit><latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit><latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit><latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit>

A

v
<latexit sha1_base64="dvzRUpfVRAQ7Jn6VYPf07aBExWY=">AAAB6XicdVDLSgMxFM3UVx1fVZdugkVwNWRa+9oV3LhswT6gHUomzbShmcyQZApl6Be4EhTErZ/kyr8x01ZQ0QMXDufcy733+DFnSiP0YeW2tnd29/L79sHh0fFJ4fSsq6JEEtohEY9k38eKciZoRzPNaT+WFIc+pz1/dpv5vTmVikXiXi9i6oV4IljACNZGas9HhSJyULXSKCOInApya42GIQhV6+USdA3JUAQbtEaF9+E4IklIhSYcKzVwUay9FEvNCKdLe5goGmMywxM6MFTgkCovXR26hFdGGcMgkqaEhiv1+0SKQ6UWoW86Q6yn6reXiX95g0QHdS9lIk40FWS9KEg41BHMvoZjJinRfGEIJpKZWyGZYomJNtnYtknh61X4P+mWHLfslNo3xWZpk0ceXIBLcA1cUANNcAdaoAMIoOABPIFna2Y9Wi/W67o1Z21mzsEPWG+fzI+NRw==</latexit>

t
<latexit sha1_base64="YAad2k/XdccLtZ60Q795cGJP6Mo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7atap3Va01ryv1Wh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A3KeM7A==</latexit>

Matter	
E(v)



	
•  Dynamics	of	projection	governed	by	local	action	

	
	
	
with	membrane	ending	on	A	on	upper	boundary,	
perpendicularly	on	lower	boundary.	
	

•  Minimal	membrane	action	computes	entropy.	
												is	repackaging	of	geometry,	independent	of	
quench	details.		
	

•  In	higher	dim.	get	true	membrane	

Membrane	theory	of	entanglement	dynamics	

S[A(t)] = sth

Z t

0
dt0 E (v)

<latexit sha1_base64="cTknVd2zOZmfu7kEi/rrol0UOXg="></latexit>

Horizon					boundary	⇠<latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit><latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit><latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit><latexit sha1_base64="WZgFE+41YtnhtwqayZ0KdePNfOA=">AAAB63icbZBNSwMxEIZn/az1q+rRS7AInspuEfRY8OKxgv2AdinZdLYNTbJLkhVK6V/w4kERr/4hb/4bs+0etPWFwMM7M2TmjVLBjfX9b29jc2t7Z7e0V94/ODw6rpyctk2SaYYtlohEdyNqUHCFLcutwG6qkcpIYCea3OX1zhNqwxP1aKcphpKOFI85oza3+obLQaXq1/yFyDoEBVShUHNQ+eoPE5ZJVJYJakwv8FMbzqi2nAmcl/uZwZSyCR1hz6GiEk04W+w6J5fOGZI40e4pSxbu74kZlcZMZeQ6JbVjs1rLzf9qvczGt+GMqzSzqNjyozgTxCYkP5wMuUZmxdQBZZq7XQkbU02ZdfGUXQjB6snr0K7XAscP19VGvYijBOdwAVcQwA004B6a0AIGY3iGV3jzpPfivXsfy9YNr5g5gz/yPn8AGuGONw==</latexit>
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[MM,	van	der	Schee]	



Can	reformulate	holographic	surface	extremization	in	d+1	dimensions	as	membrane	
minimization	in	d	dimensions	in	the	limit	hydro	limit.	[MM2]		
		
•  Membrane	theory:	

	
	
	

Membrane	theory	of	entanglement	dynamics	
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Can	reformulate	holographic	surface	extremization	in	d+1	dimensions	as	membrane	
minimization	in	d	dimensions	in	the	limit	hydro	limit.	[MM2]		
		
•  Membrane	theory:	

	
	
	

•  Using	the	NEC,	can	prove	the	following	properties	
	of 					,	can	be	thought	of	as	a	transport	coeff.	
	
	
	

Membrane	theory	of	entanglement	dynamics	
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EE	for	strip,	sphere,	cylinder	regions	in	the	hydro	limit	is	analytically	solvable.	[MM1;	MM2]	
	
•  Strip:	

	
	
	
	

	
	
	
	
	
	

Applications	
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EE	for	strip,	sphere,	cylinder	regions	in	the	hydro	limit	is	analytically	solvable.	[MM1;	MM2]	
	
•  Strip:	

	
	
	
	

•  Sphere:	
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EE	for	strip,	sphere,	cylinder	regions	in	the	hydro	limit	is	analytically	solvable.	[MM1;	MM2]	
	
•  Strip:	

	
	
	
	

•  Sphere:	
	
	
	
	
	
	
	
	

•  Simple	bound	on	saturation	time	from	operator	growth:	[MM,	Stanford]	
	
For	elongated	shapes	in	4D	we	find:	[MM,	van	der	Schee]	
	
Black	holes	(often)	saturate	entanglement	entropy	the	fastest.		
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The	membrane	theory	is	robust,	can	be	generalized	away	from	global	quenches		
[MM,	Virrueta]		
	
•  Fluid/gravity	black	brane	dual	to	an	inhomogenous	state	in	local	thermal	equilibrium.	

To	subleading	order,	we	get	the	membrane	coupled	to	hydrodynamics:	
	
	
	
	

•  Membrane	theory	is	versatile,	has	connections	to	operator	growth	and	
hydrodynamics,	and	has	all	the	features	to	be	a	universal	theory		

Extensions	
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Thermalization	
• 	Entanglement	entropy	as	a	probe	
• 	Membrane	theory	is	the	EFT	

Outline	

Butterfly	effect	
• 	Butterfly	effect,	operator	growth	and	OTOC		
• 	Refinement	of	the	chaos	bound	

Pole	skipping	
• 	Away	from	maximal	chaos	
• 	Explicit	thermal	Green’s	function	

Summary	and	open	questions	



Summary	
Phenomena	associated	with	chaotic	dynamics:	
	
•  Hydrodynamics	is	the	EFT	for	transport	

Interplays:	pole	skipping	point	is	continuation	of	hydro	mode		
membrane	couples	to	hydro	dofs	geometrically	
				



Summary	
Phenomena	associated	with	chaotic	dynamics:	
	
•  Hydrodynamics	is	the	EFT	for	transport	

Interplays:	pole	skipping	point	is	continuation	of	hydro	mode		
membrane	couples	to	hydro	dofs	geometrically	
	

•  										characterizes	OTOCs,	
refined	bound,	explicit	examples	
	
	
	
EFT	from	reparametrizations	
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Summary	
Phenomena	associated	with	chaotic	dynamics:	
	
•  Hydrodynamics	is	the	EFT	for	transport	

Interplays:	pole	skipping	point	is	continuation	of	hydro	mode		
membrane	couples	to	hydro	dofs	geometrically	
	

•  										characterizes	OTOCs,	
refined	bound,	explicit	examples	
	
	
	
EFT	from	reparametrizations	
	

•  Demystified	pole	skipping,	explicit	thermal	Green	fn	
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<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>
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<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>
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B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>
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Summary	
Phenomena	associated	with	chaotic	dynamics:	
	
•  Hydrodynamics	is	the	EFT	for	transport	

Interplays:	pole	skipping	point	is	continuation	of	hydro	mode		
membrane	couples	to	hydro	dofs	geometrically	
	

•  										characterizes	OTOCs,	
refined	bound,	explicit	examples	
	
	
	
EFT	from	reparametrizations	
	

•  Demystified	pole	skipping,	explicit	thermal	Green	fn	
	
	
	
	

•  Membrane	theory	of	EE	dynamics		
from	holography	and	random		
circuits,	rich	applications	
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
v0.0

0.2

0.4

0.6

0.8

1.0

λ(v)

g = 0.95

<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>
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Role	of	vB	
vB	hints	at	nontrivial	interplay	between	these	phenomena:	
	
•  	 	 	 	delineates	region	in	which	OTOC	grows		

	
	
	
	
	
	
Since	for																										 								stress	tensor	dominates	chaos,	
reasonable	that									knows	about									through	pole	skipping.	
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<latexit sha1_base64="szy2IMBNcYM9I5LPrsRpDZ6RbLY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7WGN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1L9za/UWlXs3jKMIJnMI5+HAJdbiDBjSBwCM8wyu8OdJ5cd6dj0VrwclnjuEPnM8fGLKOHg==</latexit>

v⇤

<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>
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B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>
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<latexit sha1_base64="AoB9ZtYn7vScIPsmiZPgkHIHg64=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHQjFN24rGAf0I4lk8m0oZnMkGQqZeh/uHGhiFv/xZ1/Y9rOQlsPBA7nnMu9OV7MmdK2/W3l1tY3Nrfy24Wd3b39g+LhUUtFiSS0SSIeyY6HFeVM0KZmmtNOLCkOPU7b3uh25rfHVCoWiQc9iakb4oFgASNYG+mxx03Ux+Vx/+b82u4XS3bFngOtEicjJcjQ6Be/en5EkpAKTThWquvYsXZTLDUjnE4LvUTRGJMRHtCuoQKHVLnp/OopOjOKj4JImic0mqu/J1IcKjUJPZMMsR6qZW8m/ud1Ex1cuSkTcaKpIItFQcKRjtCsAuQzSYnmE0MwkczcisgQS0y0KapgSnCWv7xKWtWKU6tc3NdK9WpWRx5O4BTK4MAl1OEOGtAEAhKe4RXerCfrxXq3PhbRnJXNHMMfWJ8/HZGRkA==</latexit>
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<latexit sha1_base64="obgnrUUiJVKnxgeFkB5qKK6nDy4=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fjw4rGC/YAmlM120i7dbMLuRCyhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk0hxZPZKK7ITMghYIWCpTQTTWwOJTQCce3M7/zCNqIRD3gJIUgZkMlIsEZWsnHvo/whLnhetqvVN2aOwddJV5BqqRAs1/58gcJz2JQyCUzpue5KQY50yi4hGnZzwykjI/ZEHqWKhaDCfL5zVN6bpUBjRJtSyGdq78nchYbM4lD2xkzHJllbyb+5/UyjG6CXKg0Q1B8sSjKJMWEzgKgA6GBo5xYwrgW9lbKR0wzjjamsg3BW355lbTrNe+yVr+/qjbqRRwlckrOyAXxyDVpkDvSJC3CSUqeySt5czLnxXl3Phata04xc0L+wPn8AcJKkho=</latexit>

v
<latexit sha1_base64="Rohyty/MJJr7iLTOVkYE5lBZEis=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkFvHhMwDwgWcLsZDYZM/tgZjYQlnyBFw+KePWTvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB23dZQoxlsskpHqelRzKULeMsJI3o0Vp4Eneceb3GR+Z8qVFlF4Z2YxdwM6CoUvGDVWak4HhSIuYYwJISgjpHKNLanVqmVSRSSzLIqwQmNQeO8PI5YEPDRMUq17BMfGTakygkk+z/cTzWPKJnTEe5aGNODaTReHztG5VYbIj5St0KCF+n0ipYHWs8CznQE1Y/3by8S/vF5i/KqbijBODA/ZcpGfSGQilH2NhkJxZuTMEsqUsLciNqaKMmOzydsQvj5F/5N2uUQuS+XmVbFeXsWRg1M4gwsgUIE63EIDWsCAwwM8wbNz7zw6L87rsnXNWc2cwA84b58stI0k</latexit>
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<latexit sha1_base64="huWAl+qTQoTbJmJVuuPm3FkeXAI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQXZSkVHQjFN24rNAXtDFMppN26GQSZyaFErpy46+4caGIW7/BnX/jpM1CqwcuczjnXu7c40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2Rtep3x4TIWnIG2oSESdAA059ipHSkmsejt3THiP3cAznj3t1qesuKTVOpgXXLFplawb4l9gZKYIMddf87PVDHAeEK8yQlF3bipSTIKEoZmRa6MWSRAiP0IB0NeUoINJJZmdM4bFW+tAPhS6u4Ez9OZGgQMpJ4OnOAKmhXPRS8T+vGyv/wkkoj2JFOJ4v8mMGVQjTTGCfCoIVm2iCsKD6rxAPkUBY6eTSEOzFk/+SVqVsV8tnt9VirZLFkQcH4AiUgA3OQQ3cgDpoAgwewBN4Aa/Go/FsvBnv89ackc3sg18wPr4Bp0qXRg==</latexit>
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Role	of	vB	
vB	hints	at	nontrivial	interplay	between	these	phenomena:	
	
•  	 	 	 	delineates	region	in	which	OTOC	grows		

	
	
	
	
	
	
Since	for																										 								stress	tensor	dominates	chaos,	
reasonable	that									knows	about									through	pole	skipping.	
	

•  Manifestations	of	vB	in	EE	dynamics		
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v⇤

<latexit sha1_base64="942QZZLuapvyV2OSSrpPoeYHu3I=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoMgHsJuiOgx4MVjRPOAJITZyWwyZHZ2mekNhCWf4MWDIl79Im/+jZNkD5pY0FBUddPd5cdSGHTdbye3sbm1vZPfLeztHxweFY9PmiZKNOMNFslIt31quBSKN1Cg5O1Ycxr6krf88d3cb024NiJSTziNeS+kQyUCwSha6XHSv+oXS27ZXYCsEy8jJchQ7xe/uoOIJSFXyCQ1puO5MfZSqlEwyWeFbmJ4TNmYDnnHUkVDbnrp4tQZubDKgASRtqWQLNTfEykNjZmGvu0MKY7MqjcX//M6CQa3vVSoOEGu2HJRkEiCEZn/TQZCc4ZyagllWthbCRtRTRnadAo2BG/15XXSrJS9avn6oVqqVbI48nAG53AJHtxADe6hDg1gMIRneIU3RzovzrvzsWzNOdnMKfyB8/kD+8GNjw==</latexit>

vB = v(T )
B

<latexit sha1_base64="FJfkNDwZ+cmOvnr8KNgeFhAwJdM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSWvQiFL14rNAvaGPZbDft0s0m7m4KJfR3ePGgiFd/jDf/jds2B219MPB4b4aZeV7EmdK2/W1lNja3tneyu7m9/YPDo/zxSUuFsSS0SUIeyo6HFeVM0KZmmtNOJCkOPE7b3vhu7rcnVCoWioaeRtQN8FAwnxGsjeRO+rc3ph6TYuNy1s8X7JK9AFonTkoKkKLez3/1BiGJAyo04ViprmNH2k2w1IxwOsv1YkUjTMZ4SLuGChxQ5SaLo2fowigD5IfSlNBoof6eSHCg1DTwTGeA9UitenPxP68ba//aTZiIYk0FWS7yY450iOYJoAGTlGg+NQQTycytiIywxESbnHImBGf15XXSKpecSqn6UCnUymkcWTiDcyiCA1dQg3uoQxMIPMEzvMKbNbFerHfrY9masdKZU/gD6/MHr5uRWg==</latexit>

�(vB) = 0

<latexit sha1_base64="AoB9ZtYn7vScIPsmiZPgkHIHg64=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBItQN2WmVHQjFN24rGAf0I4lk8m0oZnMkGQqZeh/uHGhiFv/xZ1/Y9rOQlsPBA7nnMu9OV7MmdK2/W3l1tY3Nrfy24Wd3b39g+LhUUtFiSS0SSIeyY6HFeVM0KZmmtNOLCkOPU7b3uh25rfHVCoWiQc9iakb4oFgASNYG+mxx03Ux+Vx/+b82u4XS3bFngOtEicjJcjQ6Be/en5EkpAKTThWquvYsXZTLDUjnE4LvUTRGJMRHtCuoQKHVLnp/OopOjOKj4JImic0mqu/J1IcKjUJPZMMsR6qZW8m/ud1Ex1cuSkTcaKpIItFQcKRjtCsAuQzSYnmE0MwkczcisgQS0y0KapgSnCWv7xKWtWKU6tc3NdK9WpWRx5O4BTK4MAl1OEOGtAEAhKe4RXerCfrxXq3PhbRnJXNHMMfWJ8/HZGRkA==</latexit>

x

t

C(t, k) ⇡ 2

tscr
<latexit sha1_base64="obgnrUUiJVKnxgeFkB5qKK6nDy4=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ4KkkV9Fjw4rGC/YAmlM120i7dbMLuRCyhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk0hxZPZKK7ITMghYIWCpTQTTWwOJTQCce3M7/zCNqIRD3gJIUgZkMlIsEZWsnHvo/whLnhetqvVN2aOwddJV5BqqRAs1/58gcJz2JQyCUzpue5KQY50yi4hGnZzwykjI/ZEHqWKhaDCfL5zVN6bpUBjRJtSyGdq78nchYbM4lD2xkzHJllbyb+5/UyjG6CXKg0Q1B8sSjKJMWEzgKgA6GBo5xYwrgW9lbKR0wzjjamsg3BW355lbTrNe+yVr+/qjbqRRwlckrOyAXxyDVpkDvSJC3CSUqeySt5czLnxXl3Phata04xc0L+wPn8AcJKkho=</latexit>

v
<latexit sha1_base64="Rohyty/MJJr7iLTOVkYE5lBZEis=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkFvHhMwDwgWcLsZDYZM/tgZjYQlnyBFw+KePWTvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB23dZQoxlsskpHqelRzKULeMsJI3o0Vp4Eneceb3GR+Z8qVFlF4Z2YxdwM6CoUvGDVWak4HhSIuYYwJISgjpHKNLanVqmVSRSSzLIqwQmNQeO8PI5YEPDRMUq17BMfGTakygkk+z/cTzWPKJnTEe5aGNODaTReHztG5VYbIj5St0KCF+n0ipYHWs8CznQE1Y/3by8S/vF5i/KqbijBODA/ZcpGfSGQilH2NhkJxZuTMEsqUsLciNqaKMmOzydsQvj5F/5N2uUQuS+XmVbFeXsWRg1M4gwsgUIE63EIDWsCAwwM8wbNz7zw6L87rsnXNWc2cwA84b58stI0k</latexit>

v⇤  v  vB = v(T )
B

<latexit sha1_base64="huWAl+qTQoTbJmJVuuPm3FkeXAI=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQXZSkVHQjFN24rNAXtDFMppN26GQSZyaFErpy46+4caGIW7/BnX/jpM1CqwcuczjnXu7c40WMSmVZX0ZuaXlldS2/XtjY3NreMXf3WjKMBSZNHLJQdDwkCaOcNBVVjHQiQVDgMdL2Rtep3x4TIWnIG2oSESdAA059ipHSkmsejt3THiP3cAznj3t1qesuKTVOpgXXLFplawb4l9gZKYIMddf87PVDHAeEK8yQlF3bipSTIKEoZmRa6MWSRAiP0IB0NeUoINJJZmdM4bFW+tAPhS6u4Ez9OZGgQMpJ4OnOAKmhXPRS8T+vGyv/wkkoj2JFOJ4v8mMGVQjTTGCfCoIVm2iCsKD6rxAPkUBY6eTSEOzFk/+SVqVsV8tnt9VirZLFkQcH4AiUgA3OQQ3cgDpoAgwewBN4Aa/Go/FsvBnv89ackc3sg18wPr4Bp0qXRg==</latexit>

v(T )
B

<latexit sha1_base64="nCuPc1Xx+Vkh9XXvhLagX8b+ZQ4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkpSKnosevFYoV/YxrLZbtqlm03Y3RRK6L/w4kERr/4bb/4bN20O2vpg4PHeDDPzvIgzpW3728ptbG5t7+R3C3v7B4dHxeOTtgpjSWiLhDyUXQ8rypmgLc00p91IUhx4nHa8yV3qd6ZUKhaKpp5F1A3wSDCfEayN9Dgd3D4l5eblvDAoluyKvQBaJ05GSpChMSh+9YchiQMqNOFYqZ5jR9pNsNSMcDov9GNFI0wmeER7hgocUOUmi4vn6MIoQ+SH0pTQaKH+nkhwoNQs8ExngPVYrXqp+J/Xi7V/4yZMRLGmgiwX+TFHOkTp+2jIJCWazwzBRDJzKyJjLDHRJqQ0BGf15XXSrlacWuXqoVaqV7M48nAG51AGB66hDvfQgBYQEPAMr/BmKevFerc+lq05K5s5hT+wPn8AQSmP8g==</latexit>
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tS = R/vB
<latexit sha1_base64="JngqwU652xRC2Oi8CXVnwwvLDRk=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVZMq6EYounFZH31AGsJkOmmHTjJh5qZQQj/DjQtF3Po17vwbp20W2nrgwuGce7n3niARXINtf1uFldW19Y3iZmlre2d3r7x/0NIyVZQ1qRRSdQKimeAxawIHwTqJYiQKBGsHw9up3x4xpbmMn2CcMC8i/ZiHnBIwkovBf7zGD2cj/8YvV+yqPQNeJk5OKihHwy9/dXuSphGLgQqitevYCXgZUcCpYJNSN9UsIXRI+sw1NCYR0142O3mCT4zSw6FUpmLAM/X3REYircdRYDojAgO96E3F/zw3hfDKy3icpMBiOl8UpgKDxNP/cY8rRkGMDSFUcXMrpgOiCAWTUsmE4Cy+vExatapzXq3dX1TqtTyOIjpCx+gUOegS1dEdaqAmokiiZ/SK3iywXqx362PeWrDymUP0B9bnD5OekBc=</latexit>

<latexit sha1_base64="kdD9gPvP1R0TiXNy0LOqc30qXy4=">AAACBXicbZC7SgNBFIZn4y3G26qlFoNBsAq7QdEyYKFlFHOBZF1mJyfJkNnZZWY2EJY0Nr6KjYUitr6DnW/jJNkiJv4w8PGfczhz/iDmTGnH+bFyK6tr6xv5zcLW9s7unr1/UFdRIinUaMQj2QyIAs4E1DTTHJqxBBIGHBrB4HpSbwxBKhaJBz2KwQtJT7Auo0Qby7ePbx7v/bQ9JBJixXgk5nDs20Wn5EyFl8HNoIgyVX37u92JaBKC0JQTpVquE2svJVIzymFcaCcKYkIHpActg4KEoLx0esUYnxqng7uRNE9oPHXnJ1ISKjUKA9MZEt1Xi7WJ+V+tlejulZcyEScaBJ0t6iYc6whPIsEdJoFqPjJAqGTmr5j2iSRUm+AKJgR38eRlqJdL7kXJuTsvVspZHHl0hE7QGXLRJaqgW1RFNUTRE3pBb+jderZerQ/rc9aas7KZQ/RH1tcvpPqZQw==</latexit>

GR
""



Open	questions	and	some	hints	
	
•  EFT	for	operator	growth?	Relation	to	Schwarzian,	Reggeon	field	theory?	

Hint:	Explicit	large	q	SYK	results	should	help	in	generalizations		
[Choi,	Haehl,	MM,	Sárosi,	Streicher	wip]	
	

Open	questions	



Open	questions	and	some	hints	
	
•  EFT	for	operator	growth?	Relation	to	Schwarzian,	Reggeon	field	theory?	

Hint:	Explicit	large	q	SYK	results	should	help	in	generalizations		
[Choi,	Haehl,	MM,	Sárosi,	Streicher	wip]	
	

•  How	to	derive	the	membrane	theory	from	EFT	reasoning?	
How	to	relate 						to	other	quantities?	
Hint:	vB	determines	the	endpoint	of 										

Open	questions	

E(v)
<latexit sha1_base64="G95YnfFVgw/moE0znSOFkUqaOmM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnosiOCxgv2A7VKyabYNzSZLMlsoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsbm1vVPcLe3tHxwelY9P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv7nQnThiv5BNOEBTEZSh5xSsBKftajROD7WXVy2S9X3Jq7AF4nXk4qKEezX/7qDRRNYyaBCmKM77kJBBnRwKlgs1IvNSwhdEyGzLdUkpiZIFucPMMXVhngSGlbEvBC/T2RkdiYaRzazpjAyKx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuGYUxNQSQjW3t2I6IppQsCmVbAje6svrpF2veVe1+uN1pVHP4yiiM3SOqshDN6iBHlATtRBFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8ASYSQjA==</latexit>

E(v)
<latexit sha1_base64="G95YnfFVgw/moE0znSOFkUqaOmM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnosiOCxgv2A7VKyabYNzSZLMlsoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsbm1vVPcLe3tHxwelY9P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv7nQnThiv5BNOEBTEZSh5xSsBKftajROD7WXVy2S9X3Jq7AF4nXk4qKEezX/7qDRRNYyaBCmKM77kJBBnRwKlgs1IvNSwhdEyGzLdUkpiZIFucPMMXVhngSGlbEvBC/T2RkdiYaRzazpjAyKx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuGYUxNQSQjW3t2I6IppQsCmVbAje6svrpF2veVe1+uN1pVHP4yiiM3SOqshDN6iBHlATtRBFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8ASYSQjA==</latexit>



Open	questions	and	some	hints	
	
•  EFT	for	operator	growth?	Relation	to	Schwarzian,	Reggeon	field	theory?	

Hint:	Explicit	large	q	SYK	results	should	help	in	generalizations		
[Choi,	Haehl,	MM,	Sárosi,	Streicher	wip]	
	

•  How	to	derive	the	membrane	theory	from	EFT	reasoning?	
How	to	relate 						to	other	quantities?	
Hint:	vB	determines	the	endpoint	of 										
	

•  Unifying	EFT	in	the	hydro	limit?	
Hint:	EFT	for	maximal	chaos	explains	pole	skipping	[Blake,	Lee,	Liu]	
								Membrane	theory	interplay	with	hydro,	key	role	of	vB		

	

Open	questions	

E(v)
<latexit sha1_base64="G95YnfFVgw/moE0znSOFkUqaOmM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnosiOCxgv2A7VKyabYNzSZLMlsoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsbm1vVPcLe3tHxwelY9P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv7nQnThiv5BNOEBTEZSh5xSsBKftajROD7WXVy2S9X3Jq7AF4nXk4qKEezX/7qDRRNYyaBCmKM77kJBBnRwKlgs1IvNSwhdEyGzLdUkpiZIFucPMMXVhngSGlbEvBC/T2RkdiYaRzazpjAyKx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuGYUxNQSQjW3t2I6IppQsCmVbAje6svrpF2veVe1+uN1pVHP4yiiM3SOqshDN6iBHlATtRBFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8ASYSQjA==</latexit>

E(v)
<latexit sha1_base64="G95YnfFVgw/moE0znSOFkUqaOmM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnosiOCxgv2A7VKyabYNzSZLMlsoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsbm1vVPcLe3tHxwelY9P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv7nQnThiv5BNOEBTEZSh5xSsBKftajROD7WXVy2S9X3Jq7AF4nXk4qKEezX/7qDRRNYyaBCmKM77kJBBnRwKlgs1IvNSwhdEyGzLdUkpiZIFucPMMXVhngSGlbEvBC/T2RkdiYaRzazpjAyKx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuGYUxNQSQjW3t2I6IppQsCmVbAje6svrpF2veVe1+uN1pVHP4yiiM3SOqshDN6iBHlATtRBFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8ASYSQjA==</latexit>



Open	questions	and	some	hints	
	
•  EFT	for	operator	growth?	Relation	to	Schwarzian,	Reggeon	field	theory?	

Hint:	Explicit	large	q	SYK	results	should	help	in	generalizations		
[Choi,	Haehl,	MM,	Sárosi,	Streicher	wip]	
	

•  How	to	derive	the	membrane	theory	from	EFT	reasoning?	
How	to	relate 						to	other	quantities?	
Hint:	vB	determines	the	endpoint	of 										
	

•  Unifying	EFT	in	the	hydro	limit?	
Hint:	EFT	for	maximal	chaos	explains	pole	skipping	[Blake,	Lee,	Liu]	
								Membrane	theory	interplay	with	hydro,	key	role	of	vB		

	
•  “Gravity	is	the	hydrodynamics	of	entanglement.”	Can	we	get	GR	from	the	membrane?	

Hint:	Can	reconstruct	static	BH	geometry		
	
	

Open	questions	

E(v)
<latexit sha1_base64="G95YnfFVgw/moE0znSOFkUqaOmM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnosiOCxgv2A7VKyabYNzSZLMlsoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsbm1vVPcLe3tHxwelY9P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv7nQnThiv5BNOEBTEZSh5xSsBKftajROD7WXVy2S9X3Jq7AF4nXk4qKEezX/7qDRRNYyaBCmKM77kJBBnRwKlgs1IvNSwhdEyGzLdUkpiZIFucPMMXVhngSGlbEvBC/T2RkdiYaRzazpjAyKx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuGYUxNQSQjW3t2I6IppQsCmVbAje6svrpF2veVe1+uN1pVHP4yiiM3SOqshDN6iBHlATtRBFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8ASYSQjA==</latexit>

E(v)
<latexit sha1_base64="G95YnfFVgw/moE0znSOFkUqaOmM=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2W3CnosiOCxgv2A7VKyabYNzSZLMlsoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewsbm1vVPcLe3tHxwelY9P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv7nQnThiv5BNOEBTEZSh5xSsBKftajROD7WXVy2S9X3Jq7AF4nXk4qKEezX/7qDRRNYyaBCmKM77kJBBnRwKlgs1IvNSwhdEyGzLdUkpiZIFucPMMXVhngSGlbEvBC/T2RkdiYaRzazpjAyKx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuGYUxNQSQjW3t2I6IppQsCmVbAje6svrpF2veVe1+uN1pVHP4yiiM3SOqshDN6iBHlATtRBFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8ASYSQjA==</latexit>

tmembrane	theory	



•  Implications	for	holographic	RG?	
Hint:	The	metric	inside	the	horizon	does	not	seems	to	be	organized	by	scale.	
	
	
	
	
	
	
	
	

Open	questions	

t

Organized	by	RG	scale	

Equally	important	at	
the	longest	scales	



•  Implications	for	holographic	RG?	
Hint:	The	metric	inside	the	horizon	does	not	seems	to	be	organized	by	scale.	
	
	
	
	
	
	
	

•  Implications	for	tensor	network	approaches?		
Hint:	Found	a	quantitative	tensor	network-like	description,	after	partially	solving	the	EOMs.	
	
	
	
	
	
	
	

Open	questions	

t

Organized	by	RG	scale	

Equally	important	at	
the	longest	scales	

t

A
<latexit sha1_base64="ShdNcF/kexgUymChLvdu47X9lm4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZldjSa3iBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cZKsoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3x9dxv34NUPI5u9SQBL6TDiAecUW2kxlW/WCK2WybVCsHEJgsYUiZO9cLBTqaUUIZ6v/jeG8QsDSHSTFClug5JtDelUnMmYFbopQoSysZ0CF1DIxqC8qaLQ2f4xCgDHMTSVKTxQv0+MaWhUpPQN50h1SP125uLf3ndVAcVb8qjJNUQseWiIBVYx3j+NR5wCUyLiSGUSW5uxWxEJWXaZFMwIXx9iv8nLdd2zmy3cV6quVkceXSEjtEpctAlqqEbVEdNxBCgB/SEnq0769F6sV6XrTkrmzlEP2C9fQLR+Yzn</latexit>

B
<latexit sha1_base64="lBNjQG+U0HJpt/eek/qTju/zfnY=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ2ZqX7uiG5ct2Ae0Q8mkmTY2kxmSjFCGfoEbF4q49ZPc+Tdm2goqeuDC4Zx7ufceP+ZMaYQ+rLX1jc2t7dxOfndv/+CwcHTcUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vc787j2VikXiVs9i6oV4LFjACNZGal0NC0Vko0q5XkIQ2WXkVOt1QxCq1EoudAzJUAQrNIeF98EoIklIhSYcK9V3UKy9FEvNCKfz/CBRNMZkise0b6jAIVVeujh0Ds+NMoJBJE0JDRfq94kUh0rNQt90hlhP1G8vE//y+okOal7KRJxoKshyUZBwqCOYfQ1HTFKi+cwQTCQzt0IywRITbbLJmxC+PoX/k45rOyXbbV0WG+4qjhw4BWfgAjigChrgBjRBGxBAwQN4As/WnfVovVivy9Y1azVzAn7AevsE+oeNAw==</latexit>

A
<latexit sha1_base64="ShdNcF/kexgUymChLvdu47X9lm4=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZldjSa3iBePCZgHJEuYnfQmY2YfzMwKIeQLvHhQxKuf5M2/cZKsoKIFDUVVN91dfiK40oR8WLmV1bX1jfxmYWt7Z3evuH/QUnEqGTRZLGLZ8akCwSNoaq4FdBIJNPQFtP3x9dxv34NUPI5u9SQBL6TDiAecUW2kxlW/WCK2WybVCsHEJgsYUiZO9cLBTqaUUIZ6v/jeG8QsDSHSTFClug5JtDelUnMmYFbopQoSysZ0CF1DIxqC8qaLQ2f4xCgDHMTSVKTxQv0+MaWhUpPQN50h1SP125uLf3ndVAcVb8qjJNUQseWiIBVYx3j+NR5wCUyLiSGUSW5uxWxEJWXaZFMwIXx9iv8nLdd2zmy3cV6quVkceXSEjtEpctAlqqEbVEdNxBCgB/SEnq0769F6sV6XrTkrmzlEP2C9fQLR+Yzn</latexit>

B
<latexit sha1_base64="lBNjQG+U0HJpt/eek/qTju/zfnY=">AAAB6HicdVDLSgMxFM34rPVVdekmWARXQ2ZqX7uiG5ct2Ae0Q8mkmTY2kxmSjFCGfoEbF4q49ZPc+Tdm2goqeuDC4Zx7ufceP+ZMaYQ+rLX1jc2t7dxOfndv/+CwcHTcUVEiCW2TiEey52NFORO0rZnmtBdLikOf064/vc787j2VikXiVs9i6oV4LFjACNZGal0NC0Vko0q5XkIQ2WXkVOt1QxCq1EoudAzJUAQrNIeF98EoIklIhSYcK9V3UKy9FEvNCKfz/CBRNMZkise0b6jAIVVeujh0Ds+NMoJBJE0JDRfq94kUh0rNQt90hlhP1G8vE//y+okOal7KRJxoKshyUZBwqCOYfQ1HTFKi+cwQTCQzt0IywRITbbLJmxC+PoX/k45rOyXbbV0WG+4qjhw4BWfgAjigChrgBjRBGxBAwQN4As/WnfVovVivy9Y1azVzAn7AevsE+oeNAw==</latexit>

⇡
<latexit sha1_base64="FzmOhcsmOBQPA5IUxkTa/91We2A=">AAAB7nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMFEGXBTcuKzhtoR1KJs20oZkkJBmxDH0INy4UcevzuPNtTNtZaOuBwMe595J7T6w4M9b3v73SxubW9k55t7K3f3B4VD0+aRuZaUJDIrnU3RgbypmgoWWW067SFKcxp514cjuvdx6pNkyKBztVNErxSLCEEWyd1eljpbR8GlRrft1fCK1DUEANCrUG1a/+UJIspcISjo3pBb6yUY61ZYTTWaWfGaowmeAR7TkUOKUmyhfrztCFc4Yokdo9YdHC/T2R49SYaRq7zhTbsVmtzc3/ar3MJjdRzoTKLBVk+VGScWQlmt+OhkxTYvnUASaauV0RGWONiXUJVVwIwerJ69Bu1APH91e1ZqOIowxncA6XEMA1NOEOWhACgQk8wyu8ecp78d69j2VryStmTuGPvM8fjpSPpg==</latexit><latexit sha1_base64="FzmOhcsmOBQPA5IUxkTa/91We2A=">AAAB7nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMFEGXBTcuKzhtoR1KJs20oZkkJBmxDH0INy4UcevzuPNtTNtZaOuBwMe595J7T6w4M9b3v73SxubW9k55t7K3f3B4VD0+aRuZaUJDIrnU3RgbypmgoWWW067SFKcxp514cjuvdx6pNkyKBztVNErxSLCEEWyd1eljpbR8GlRrft1fCK1DUEANCrUG1a/+UJIspcISjo3pBb6yUY61ZYTTWaWfGaowmeAR7TkUOKUmyhfrztCFc4Yokdo9YdHC/T2R49SYaRq7zhTbsVmtzc3/ar3MJjdRzoTKLBVk+VGScWQlmt+OhkxTYvnUASaauV0RGWONiXUJVVwIwerJ69Bu1APH91e1ZqOIowxncA6XEMA1NOEOWhACgQk8wyu8ecp78d69j2VryStmTuGPvM8fjpSPpg==</latexit><latexit sha1_base64="FzmOhcsmOBQPA5IUxkTa/91We2A=">AAAB7nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMFEGXBTcuKzhtoR1KJs20oZkkJBmxDH0INy4UcevzuPNtTNtZaOuBwMe595J7T6w4M9b3v73SxubW9k55t7K3f3B4VD0+aRuZaUJDIrnU3RgbypmgoWWW067SFKcxp514cjuvdx6pNkyKBztVNErxSLCEEWyd1eljpbR8GlRrft1fCK1DUEANCrUG1a/+UJIspcISjo3pBb6yUY61ZYTTWaWfGaowmeAR7TkUOKUmyhfrztCFc4Yokdo9YdHC/T2R49SYaRq7zhTbsVmtzc3/ar3MJjdRzoTKLBVk+VGScWQlmt+OhkxTYvnUASaauV0RGWONiXUJVVwIwerJ69Bu1APH91e1ZqOIowxncA6XEMA1NOEOWhACgQk8wyu8ecp78d69j2VryStmTuGPvM8fjpSPpg==</latexit><latexit sha1_base64="FzmOhcsmOBQPA5IUxkTa/91We2A=">AAAB7nicbZDNSgMxFIXv1L9a/6ou3QSL4KrMFEGXBTcuKzhtoR1KJs20oZkkJBmxDH0INy4UcevzuPNtTNtZaOuBwMe595J7T6w4M9b3v73SxubW9k55t7K3f3B4VD0+aRuZaUJDIrnU3RgbypmgoWWW067SFKcxp514cjuvdx6pNkyKBztVNErxSLCEEWyd1eljpbR8GlRrft1fCK1DUEANCrUG1a/+UJIspcISjo3pBb6yUY61ZYTTWaWfGaowmeAR7TkUOKUmyhfrztCFc4Yokdo9YdHC/T2R49SYaRq7zhTbsVmtzc3/ar3MJjdRzoTKLBVk+VGScWQlmt+OhkxTYvnUASaauV0RGWONiXUJVVwIwerJ69Bu1APH91e1ZqOIowxncA6XEMA1NOEOWhACgQk8wyu8ecp78d69j2VryStmTuGPvM8fjpSPpg==</latexit>

t

EoM	


