
Quantum Information  
and AdS/CFT

Priv. Doz. Dr. René Meyer 
Lehrstuhl für Theoretische Physik III 

Institut für Theoretische Physik & Astrophysik 
Julius Maximilians Universität Würzburg



Outline
1. Introduction 

2. Symmetry-resolved Entanglement in AdS3/CFT2 
 
S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2012.11274)  
K. Weisenberger, S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2108.09210)  

Suting Zhao, Christian Northe, Konstantin Weisenberger, RM, 2202.11111 
 

3. Large N Limit of Quantum Complexity as 
Two-dimensional hydrodynamics 
P. Basteiro, J. Erdmenger, P. Fries, F. Goth, I. Matthaiakakis, RM, 2109.01152



Quantum Information, QFT and Gravity

AdS/CFT

AdS/CFT

Gravity QFT

Quantum Information

(this talk)

Maldacena 1997

Ryu, Takayanagi 2006



The AdS/CFT Correspondence
Quantum Gravity in  
in d+1 dimensional 
Anti de Sitter space

Conformal Field Theory 
in d dimensions

Maldacena 1997

Type IIB String Theory 
on AdS5 x S5 N=4 SYM Theory



AdS/CFT in different limits

Semiclassical gravity
GN ⌧ 1

Few low-lying operators 
 Strong Interactions

Many degrees of 
freedom 

(large central charge)

L ⇠ � � 1

Anti de Sitter  
Quantum Gravity

Conformal Field Theory

“Large N”

“Large l”Small curvatures

Strong-weak  
coupling duality



AdS  Black Hole Entropy

Black Hole 
Entropy

Thermal Entropy 
of QFT

=

SBH = A

4GN
<latexit sha1_base64="0vCr+uEKaRMrTrOz0hh46LarxL8=">AAACEHicbVDLTgIxFO3gC/GFunTTCCasyAwxURcmiAtZGYyOkDBk0ikdaOg80nZMSDO/4MZfceNCjVuX7vwbC8xCwZPc5OSce9t7jxczKqRpfhu5peWV1bX8emFjc2t7p7i7dy+ihGNi44hFvOMhQRgNiS2pZKQTc4ICj5G2N7qc+O0HwgWNwjs5jkkvQIOQ+hQjqSW3WCk700eUxxKSqltXNZopPIeOzxFWF6k6hlfudZqW3WLJrJpTwEViZaQEMrTc4pfTj3ASkFBihoToWmYsewpxSTEjacFJBIkRHqEB6WoaooCInpouk8IjrfShH3FdoYRT9feEQoEQ48DTnQGSQzHvTcT/vG4i/dOeomGcSBLi2Ud+wqCM4CQe2KecYMnGmiDMqd4V4iHSWUgdYkGHYM2fvEjsWvWsat3USvVGlkYeHIBDUAEWOAF10AQtYAMMHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AMqGnIo=</latexit><latexit sha1_base64="0vCr+uEKaRMrTrOz0hh46LarxL8=">AAACEHicbVDLTgIxFO3gC/GFunTTCCasyAwxURcmiAtZGYyOkDBk0ikdaOg80nZMSDO/4MZfceNCjVuX7vwbC8xCwZPc5OSce9t7jxczKqRpfhu5peWV1bX8emFjc2t7p7i7dy+ihGNi44hFvOMhQRgNiS2pZKQTc4ICj5G2N7qc+O0HwgWNwjs5jkkvQIOQ+hQjqSW3WCk700eUxxKSqltXNZopPIeOzxFWF6k6hlfudZqW3WLJrJpTwEViZaQEMrTc4pfTj3ASkFBihoToWmYsewpxSTEjacFJBIkRHqEB6WoaooCInpouk8IjrfShH3FdoYRT9feEQoEQ48DTnQGSQzHvTcT/vG4i/dOeomGcSBLi2Ud+wqCM4CQe2KecYMnGmiDMqd4V4iHSWUgdYkGHYM2fvEjsWvWsat3USvVGlkYeHIBDUAEWOAF10AQtYAMMHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AMqGnIo=</latexit><latexit sha1_base64="0vCr+uEKaRMrTrOz0hh46LarxL8=">AAACEHicbVDLTgIxFO3gC/GFunTTCCasyAwxURcmiAtZGYyOkDBk0ikdaOg80nZMSDO/4MZfceNCjVuX7vwbC8xCwZPc5OSce9t7jxczKqRpfhu5peWV1bX8emFjc2t7p7i7dy+ihGNi44hFvOMhQRgNiS2pZKQTc4ICj5G2N7qc+O0HwgWNwjs5jkkvQIOQ+hQjqSW3WCk700eUxxKSqltXNZopPIeOzxFWF6k6hlfudZqW3WLJrJpTwEViZaQEMrTc4pfTj3ASkFBihoToWmYsewpxSTEjacFJBIkRHqEB6WoaooCInpouk8IjrfShH3FdoYRT9feEQoEQ48DTnQGSQzHvTcT/vG4i/dOeomGcSBLi2Ud+wqCM4CQe2KecYMnGmiDMqd4V4iHSWUgdYkGHYM2fvEjsWvWsat3USvVGlkYeHIBDUAEWOAF10AQtYAMMHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AMqGnIo=</latexit><latexit sha1_base64="0vCr+uEKaRMrTrOz0hh46LarxL8=">AAACEHicbVDLTgIxFO3gC/GFunTTCCasyAwxURcmiAtZGYyOkDBk0ikdaOg80nZMSDO/4MZfceNCjVuX7vwbC8xCwZPc5OSce9t7jxczKqRpfhu5peWV1bX8emFjc2t7p7i7dy+ihGNi44hFvOMhQRgNiS2pZKQTc4ICj5G2N7qc+O0HwgWNwjs5jkkvQIOQ+hQjqSW3WCk700eUxxKSqltXNZopPIeOzxFWF6k6hlfudZqW3WLJrJpTwEViZaQEMrTc4pfTj3ASkFBihoToWmYsewpxSTEjacFJBIkRHqEB6WoaooCInpouk8IjrfShH3FdoYRT9feEQoEQ48DTnQGSQzHvTcT/vG4i/dOeomGcSBLi2Ud+wqCM4CQe2KecYMnGmiDMqd4V4iHSWUgdYkGHYM2fvEjsWvWsat3USvVGlkYeHIBDUAEWOAF10AQtYAMMHsEzeAVvxpPxYrwbH7PWnJHN7IM/MD5/AMqGnIo=</latexit>

Sth = �@Fth
@T

<latexit sha1_base64="ZIownkJ7lNlO5rJjw4EcWMuXfIA=">AAACJHicbVBLS8NAGNzUV62vqEcvi63gxZL0ooJCURCPFRtbaELZbDft0s2D3Y1QQv6MF/+KFw9WPHjxt7hJA2rrwMIw87123IhRIQ3jUystLa+srpXXKxubW9s7+u7egwhjjomFQxbyrosEYTQglqSSkW7ECfJdRjru+DrzO4+ECxoGbTmJiOOjYUA9ipFUUl+/qNn5kMRlMUmT+34iRym8hCe2xxFO7AhxSRGDN7mR/gjtNK319apRN3LARWIWpAoKtPr61B6EOPZJIDFDQvRMI5JOko3EjKQVOxYkQniMhqSnaIB8IpwkPzCFR0oZQC/k6gUS5urvjgT5Qkx8V1X6SI7EvJeJ/3m9WHpnTkKDKJYkwLNFXsygDGEWGRxQTrBkE0UQ5lTdCvEIqXikCraiQjDnv7xIrEb9vG7eNarNqyKNMjgAh+AYmOAUNMEtaAELYPAEXsAbmGrP2qv2rn3MSkta0bMP/kD7+gY1tqXn</latexit><latexit sha1_base64="ZIownkJ7lNlO5rJjw4EcWMuXfIA=">AAACJHicbVBLS8NAGNzUV62vqEcvi63gxZL0ooJCURCPFRtbaELZbDft0s2D3Y1QQv6MF/+KFw9WPHjxt7hJA2rrwMIw87123IhRIQ3jUystLa+srpXXKxubW9s7+u7egwhjjomFQxbyrosEYTQglqSSkW7ECfJdRjru+DrzO4+ECxoGbTmJiOOjYUA9ipFUUl+/qNn5kMRlMUmT+34iRym8hCe2xxFO7AhxSRGDN7mR/gjtNK319apRN3LARWIWpAoKtPr61B6EOPZJIDFDQvRMI5JOko3EjKQVOxYkQniMhqSnaIB8IpwkPzCFR0oZQC/k6gUS5urvjgT5Qkx8V1X6SI7EvJeJ/3m9WHpnTkKDKJYkwLNFXsygDGEWGRxQTrBkE0UQ5lTdCvEIqXikCraiQjDnv7xIrEb9vG7eNarNqyKNMjgAh+AYmOAUNMEtaAELYPAEXsAbmGrP2qv2rn3MSkta0bMP/kD7+gY1tqXn</latexit><latexit sha1_base64="ZIownkJ7lNlO5rJjw4EcWMuXfIA=">AAACJHicbVBLS8NAGNzUV62vqEcvi63gxZL0ooJCURCPFRtbaELZbDft0s2D3Y1QQv6MF/+KFw9WPHjxt7hJA2rrwMIw87123IhRIQ3jUystLa+srpXXKxubW9s7+u7egwhjjomFQxbyrosEYTQglqSSkW7ECfJdRjru+DrzO4+ECxoGbTmJiOOjYUA9ipFUUl+/qNn5kMRlMUmT+34iRym8hCe2xxFO7AhxSRGDN7mR/gjtNK319apRN3LARWIWpAoKtPr61B6EOPZJIDFDQvRMI5JOko3EjKQVOxYkQniMhqSnaIB8IpwkPzCFR0oZQC/k6gUS5urvjgT5Qkx8V1X6SI7EvJeJ/3m9WHpnTkKDKJYkwLNFXsygDGEWGRxQTrBkE0UQ5lTdCvEIqXikCraiQjDnv7xIrEb9vG7eNarNqyKNMjgAh+AYmOAUNMEtaAELYPAEXsAbmGrP2qv2rn3MSkta0bMP/kD7+gY1tqXn</latexit><latexit sha1_base64="ZIownkJ7lNlO5rJjw4EcWMuXfIA=">AAACJHicbVBLS8NAGNzUV62vqEcvi63gxZL0ooJCURCPFRtbaELZbDft0s2D3Y1QQv6MF/+KFw9WPHjxt7hJA2rrwMIw87123IhRIQ3jUystLa+srpXXKxubW9s7+u7egwhjjomFQxbyrosEYTQglqSSkW7ECfJdRjru+DrzO4+ECxoGbTmJiOOjYUA9ipFUUl+/qNn5kMRlMUmT+34iRym8hCe2xxFO7AhxSRGDN7mR/gjtNK319apRN3LARWIWpAoKtPr61B6EOPZJIDFDQvRMI5JOko3EjKQVOxYkQniMhqSnaIB8IpwkPzCFR0oZQC/k6gUS5urvjgT5Qkx8V1X6SI7EvJeJ/3m9WHpnTkKDKJYkwLNFXsygDGEWGRxQTrBkE0UQ5lTdCvEIqXikCraiQjDnv7xIrEb9vG7eNarNqyKNMjgAh+AYmOAUNMEtaAELYPAEXsAbmGrP2qv2rn3MSkta0bMP/kD7+gY1tqXn</latexit>

Bekenstein-Hawking, 
Witten hep-th/9803131

sN=4 = ⇡2

2 N2T 3 = 3
4sfree

<latexit sha1_base64="+dM1rlwHIJ55oTRQsmyUoJ1l1AQ="></latexit><latexit sha1_base64="+dM1rlwHIJ55oTRQsmyUoJ1l1AQ="></latexit><latexit sha1_base64="+dM1rlwHIJ55oTRQsmyUoJ1l1AQ="></latexit><latexit sha1_base64="+dM1rlwHIJ55oTRQsmyUoJ1l1AQ="></latexit>

Burgess, Constable, Myers 1999  
Data from Panero 0907.3719



Quantum Information and Black Holes
Black Holes geometrize quantum information

SBH = A
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Quantum Information and AdS/CFT
Emergence of holographic dimension  

from quantum information?

arXiv:1005.3035 [hep-th]



Quantum Information
Stored in quantum entanglement

Measures of quantum entanglement?
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|1iA
<latexit sha1_base64="7R6rj5vzbEaGsKj934ZQ2h1oW+g=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9YZ68YiJFRNoyHaZwobttu5uSUjld3jxoMarf8ab/8YFelDwJZO8vDeTmXlBwpnSjvNtFVZW19Y3ipulre2d3b3y/sG9ilNJ0aMxj+VDQBRyJtDTTHN8SCSSKODYCobXU781QqlYLO70OEE/In3BQkaJNpJffXI7kog+x+5ltVuuODVnBnuZuDmpQI5mt/zV6cU0jVBoyolSbddJtJ8RqRnlOCl1UoUJoUPSx7ahgkSo/Gx29MQ+MUrPDmNpSmh7pv6eyEik1DgKTGdE9EAtelPxP6+d6vDcz5hIUo2CzheFKbd1bE8TsHtMItV8bAihkplbbTogklBtciqZENzFl5eJV69d1NzbeqVxladRhCM4hlNw4QwacANN8IDCIzzDK7xZI+vFerc+5q0FK585hD+wPn8AIUuROA==</latexit><latexit sha1_base64="7R6rj5vzbEaGsKj934ZQ2h1oW+g=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9YZ68YiJFRNoyHaZwobttu5uSUjld3jxoMarf8ab/8YFelDwJZO8vDeTmXlBwpnSjvNtFVZW19Y3ipulre2d3b3y/sG9ilNJ0aMxj+VDQBRyJtDTTHN8SCSSKODYCobXU781QqlYLO70OEE/In3BQkaJNpJffXI7kog+x+5ltVuuODVnBnuZuDmpQI5mt/zV6cU0jVBoyolSbddJtJ8RqRnlOCl1UoUJoUPSx7ahgkSo/Gx29MQ+MUrPDmNpSmh7pv6eyEik1DgKTGdE9EAtelPxP6+d6vDcz5hIUo2CzheFKbd1bE8TsHtMItV8bAihkplbbTogklBtciqZENzFl5eJV69d1NzbeqVxladRhCM4hlNw4QwacANN8IDCIzzDK7xZI+vFerc+5q0FK585hD+wPn8AIUuROA==</latexit><latexit sha1_base64="7R6rj5vzbEaGsKj934ZQ2h1oW+g=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9YZ68YiJFRNoyHaZwobttu5uSUjld3jxoMarf8ab/8YFelDwJZO8vDeTmXlBwpnSjvNtFVZW19Y3ipulre2d3b3y/sG9ilNJ0aMxj+VDQBRyJtDTTHN8SCSSKODYCobXU781QqlYLO70OEE/In3BQkaJNpJffXI7kog+x+5ltVuuODVnBnuZuDmpQI5mt/zV6cU0jVBoyolSbddJtJ8RqRnlOCl1UoUJoUPSx7ahgkSo/Gx29MQ+MUrPDmNpSmh7pv6eyEik1DgKTGdE9EAtelPxP6+d6vDcz5hIUo2CzheFKbd1bE8TsHtMItV8bAihkplbbTogklBtciqZENzFl5eJV69d1NzbeqVxladRhCM4hlNw4QwacANN8IDCIzzDK7xZI+vFerc+5q0FK585hD+wPn8AIUuROA==</latexit><latexit sha1_base64="7R6rj5vzbEaGsKj934ZQ2h1oW+g=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9YZ68YiJFRNoyHaZwobttu5uSUjld3jxoMarf8ab/8YFelDwJZO8vDeTmXlBwpnSjvNtFVZW19Y3ipulre2d3b3y/sG9ilNJ0aMxj+VDQBRyJtDTTHN8SCSSKODYCobXU781QqlYLO70OEE/In3BQkaJNpJffXI7kog+x+5ltVuuODVnBnuZuDmpQI5mt/zV6cU0jVBoyolSbddJtJ8RqRnlOCl1UoUJoUPSx7ahgkSo/Gx29MQ+MUrPDmNpSmh7pv6eyEik1DgKTGdE9EAtelPxP6+d6vDcz5hIUo2CzheFKbd1bE8TsHtMItV8bAihkplbbTogklBtciqZENzFl5eJV69d1NzbeqVxladRhCM4hlNw4QwacANN8IDCIzzDK7xZI+vFerc+5q0FK585hD+wPn8AIUuROA==</latexit>

|1iB
<latexit sha1_base64="gJVklmeC61GcmcxKgM1gw+kj1mk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR2JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8iz5E5</latexit><latexit sha1_base64="gJVklmeC61GcmcxKgM1gw+kj1mk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR2JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8iz5E5</latexit><latexit sha1_base64="gJVklmeC61GcmcxKgM1gw+kj1mk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR2JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8iz5E5</latexit><latexit sha1_base64="gJVklmeC61GcmcxKgM1gw+kj1mk=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR2JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8iz5E5</latexit>

|0iB
<latexit sha1_base64="i+cfbaem72JqN0Nd461aNVTFW6E=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR0JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8hQpE4</latexit><latexit sha1_base64="i+cfbaem72JqN0Nd461aNVTFW6E=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR0JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8hQpE4</latexit><latexit sha1_base64="i+cfbaem72JqN0Nd461aNVTFW6E=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR0JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8hQpE4</latexit><latexit sha1_base64="i+cfbaem72JqN0Nd461aNVTFW6E=">AAAB83icbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ubw4hETKybQkO0yhQ3bbd3dkpDK7/DiQY1X/4w3/40L9KDgSyZ5eW8mM/OChDOlHefbKqytb2xuFbdLO7t7+wflw6N7FaeSokdjHsuHgCjkTKCnmeb4kEgkUcCxHYyuZ357jFKxWNzpSYJ+RAaChYwSbSS/+uR0JREDjr1mtVeuODVnDnuVuDmpQI5Wr/zV7cc0jVBoyolSHddJtJ8RqRnlOC11U4UJoSMywI6hgkSo/Gx+9NQ+M0rfDmNpSmh7rv6eyEik1CQKTGdE9FAtezPxP6+T6vDSz5hIUo2CLhaFKbd1bM8SsPtMItV8YgihkplbbTokklBtciqZENzll1eJV69d1dzbeqXRzNMowgmcwjm4cAENuIEWeEDhEZ7hFd6ssfVivVsfi9aClc8cwx9Ynz8hQpE4</latexit>

|EPRi = 1p
2
(|0iA ⇥ |1iB + |1iA ⇥ |0iB)

<latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit><latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit><latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit><latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit>

Quantum

Correlations



Entanglement Entropy
Measure of bipartite quantum entanglement

⇢A = TrB (⇢)
<latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit><latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit><latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit><latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit>

A
B

e.g. EPR State:

S(A) = �Tr (⇢A log ⇢A)
<latexit sha1_base64="a0tW3l80tzAFHvYLJfAd+KaSVOU="></latexit><latexit sha1_base64="a0tW3l80tzAFHvYLJfAd+KaSVOU="></latexit><latexit sha1_base64="a0tW3l80tzAFHvYLJfAd+KaSVOU="></latexit><latexit sha1_base64="a0tW3l80tzAFHvYLJfAd+KaSVOU="></latexit>

⇢A = 1
2 (|0iAh0|A) + |1iAh1|A)

<latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit><latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit><latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit><latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit>

S(A) = log 2 = S(B)
<latexit sha1_base64="MdCzcfwqzYdn8dakGyxmWg6FCWI=">AAAB/nicbZDNTgIxFIU7+If4N2rixk0jmMCGzLBRFyaIG5cYHCGBCemUAg2ddtJ2TMjIwldx40KNW5/DnW9jgVkoeJImX869N/f2BBGjSjvOt5VZWV1b38hu5ra2d3b37P2DeyViiYmHBROyFSBFGOXE01Qz0ookQWHASDMYXU/rzQciFRX8To8j4odowGmfYqSN1bWPCo3iVQlewg4TA1gx0CjWSoWunXfKzkxwGdwU8iBVvWt/dXoCxyHhGjOkVNt1Iu0nSGqKGZnkOrEiEcIjNCBtgxyFRPnJ7P4JPDVOD/aFNI9rOHN/TyQoVGocBqYzRHqoFmtT879aO9b9cz+hPIo14Xi+qB8zqAWchgF7VBKs2dgAwpKaWyEeIomwNpHlTAju4peXwauUL8rubSVfraVpZMExOAFF4IIzUAU3oA48gMEjeAav4M16sl6sd+tj3pqx0plD8EfW5w/f8pJW</latexit><latexit sha1_base64="MdCzcfwqzYdn8dakGyxmWg6FCWI=">AAAB/nicbZDNTgIxFIU7+If4N2rixk0jmMCGzLBRFyaIG5cYHCGBCemUAg2ddtJ2TMjIwldx40KNW5/DnW9jgVkoeJImX869N/f2BBGjSjvOt5VZWV1b38hu5ra2d3b37P2DeyViiYmHBROyFSBFGOXE01Qz0ookQWHASDMYXU/rzQciFRX8To8j4odowGmfYqSN1bWPCo3iVQlewg4TA1gx0CjWSoWunXfKzkxwGdwU8iBVvWt/dXoCxyHhGjOkVNt1Iu0nSGqKGZnkOrEiEcIjNCBtgxyFRPnJ7P4JPDVOD/aFNI9rOHN/TyQoVGocBqYzRHqoFmtT879aO9b9cz+hPIo14Xi+qB8zqAWchgF7VBKs2dgAwpKaWyEeIomwNpHlTAju4peXwauUL8rubSVfraVpZMExOAFF4IIzUAU3oA48gMEjeAav4M16sl6sd+tj3pqx0plD8EfW5w/f8pJW</latexit><latexit sha1_base64="MdCzcfwqzYdn8dakGyxmWg6FCWI=">AAAB/nicbZDNTgIxFIU7+If4N2rixk0jmMCGzLBRFyaIG5cYHCGBCemUAg2ddtJ2TMjIwldx40KNW5/DnW9jgVkoeJImX869N/f2BBGjSjvOt5VZWV1b38hu5ra2d3b37P2DeyViiYmHBROyFSBFGOXE01Qz0ookQWHASDMYXU/rzQciFRX8To8j4odowGmfYqSN1bWPCo3iVQlewg4TA1gx0CjWSoWunXfKzkxwGdwU8iBVvWt/dXoCxyHhGjOkVNt1Iu0nSGqKGZnkOrEiEcIjNCBtgxyFRPnJ7P4JPDVOD/aFNI9rOHN/TyQoVGocBqYzRHqoFmtT879aO9b9cz+hPIo14Xi+qB8zqAWchgF7VBKs2dgAwpKaWyEeIomwNpHlTAju4peXwauUL8rubSVfraVpZMExOAFF4IIzUAU3oA48gMEjeAav4M16sl6sd+tj3pqx0plD8EfW5w/f8pJW</latexit><latexit sha1_base64="MdCzcfwqzYdn8dakGyxmWg6FCWI=">AAAB/nicbZDNTgIxFIU7+If4N2rixk0jmMCGzLBRFyaIG5cYHCGBCemUAg2ddtJ2TMjIwldx40KNW5/DnW9jgVkoeJImX869N/f2BBGjSjvOt5VZWV1b38hu5ra2d3b37P2DeyViiYmHBROyFSBFGOXE01Qz0ookQWHASDMYXU/rzQciFRX8To8j4odowGmfYqSN1bWPCo3iVQlewg4TA1gx0CjWSoWunXfKzkxwGdwU8iBVvWt/dXoCxyHhGjOkVNt1Iu0nSGqKGZnkOrEiEcIjNCBtgxyFRPnJ7P4JPDVOD/aFNI9rOHN/TyQoVGocBqYzRHqoFmtT879aO9b9cz+hPIo14Xi+qB8zqAWchgF7VBKs2dgAwpKaWyEeIomwNpHlTAju4peXwauUL8rubSVfraVpZMExOAFF4IIzUAU3oA48gMEjeAav4M16sl6sd+tj3pqx0plD8EfW5w/f8pJW</latexit>

H = HA ⌦HB
<latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit><latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit><latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit><latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit>

<latexit sha1_base64="aUU9jSPQ6r1UekhVa2yHZFq39Mw=">AAAB8HicbVBNS8NAEJ3Ur1q/oh69LLZCvZSkiHoRSr14rGA/pA1ls920S3eTsLsRSuiv8OJBEa/+HG/+G7dpD9r6YODx3gwz8/yYM6Ud59vKra1vbG7ltws7u3v7B/bhUUtFiSS0SSIeyY6PFeUspE3NNKedWFIsfE7b/vh25refqFQsCh/0JKaewMOQBYxgbaTHUnncr9+456W+XXQqTga0StwFKdZsyNDo21+9QUQSQUNNOFaq6zqx9lIsNSOcTgu9RNEYkzEe0q6hIRZUeWl28BSdGWWAgkiaCjXK1N8TKRZKTYRvOgXWI7XszcT/vG6ig2svZWGcaBqS+aIg4UhHaPY9GjBJieYTQzCRzNyKyAhLTLTJqGBCcJdfXiWtasW9rFzcV4u1+jwNyMMJnEIZXLiCGtxBA5pAQMAzvMKbJa0X6936mLfmrMXMMfyB9fkD9JaPPg==</latexit>

(kB = 1)



Entanglement Entropy in QFT
Area law in local relativistic QFTs

⇢A = TrB (⇢)
<latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit><latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit><latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit><latexit sha1_base64="C7MwQy+abdQfZhuKd9RRKEA1tP4=">AAACD3icbVC7TsNAEDzzDOEVoKQ5kSCgiWwaoECC0FAGKYFIsWWdL+v4xPmhuzUisvIJNPwKDQUgWlo6/oZLSMFrpJVGM7va3QkyKTTa9oc1NT0zOzdfWigvLi2vrFbW1i91misObZ7KVHUCpkGKBNooUEInU8DiQMJVcH028q9uQGmRJi0cZODFrJ+IUHCGRvIrOzVXRal/So+pi3CLRUsN/YYrIcTdkeMq0Y9wr+ZXqnbdHoP+Jc6EVMkETb/y7vZSnseQIJdM665jZ+gVTKHgEoZlN9eQMX7N+tA1NGExaK8YPzSk20bp0TBVphKkY/X7RMFirQdxYDpjhpH+7Y3E/7xujuGhV4gkyxES/rUozCXFlI7SoT2hgKMcGMK4EuZWyiOmGEeTYdmE4Px++S9p79eP6s7FfvWkMUmjRDbJFtklDjkgJ+ScNEmbcHJHHsgTebburUfrxXr9ap2yJjMb5Aest0/LB5wE</latexit>

A
B

S(A) = �Area(@A)
✏d�2 + . . .

<latexit sha1_base64="LtC0GnPU2uDowNN1Hk8nDi9G9ag="></latexit><latexit sha1_base64="LtC0GnPU2uDowNN1Hk8nDi9G9ag="></latexit><latexit sha1_base64="LtC0GnPU2uDowNN1Hk8nDi9G9ag="></latexit><latexit sha1_base64="LtC0GnPU2uDowNN1Hk8nDi9G9ag="></latexit>

Universal Terms

H = HA ⌦HB
<latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit><latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit><latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit><latexit sha1_base64="E+UT/qBqv1Q2fRKYt5mxrUwMjJQ=">AAACEnicbZC9TsMwFIWd8lfKX4CRxaJFQgxV0gUYkEpZOhaJ0EpNFDmu01p14sh2kKqo78DCq7AwAGJlYuNtcNsgoOVIlj6de6+u7wkSRqWyrE+jsLS8srpWXC9tbG5t75i7e7eSpwITB3PGRSdAkjAaE0dRxUgnEQRFASPtYHg1qbfviJCUxzdqlBAvQv2YhhQjpS3fPKlkLkYMNsfwAn6jfwldrmhE5I/VqPhm2apaU8FFsHMog1wt3/xwexynEYkVZkjKrm0lysuQUBQzMi65qSQJwkPUJ12NMdILvWx60xgeaacHQy70ixWcur8nMhRJOYoC3RkhNZDztYn5X62bqvDMy2icpIrEeLYoTBlUHE4Cgj0qCFZspAFhQfVfIR4ggbDSMZZ0CPb8yYvg1KrnVfu6Vq438jSK4AAcgmNgg1NQB03QAg7A4B48gmfwYjwYT8ar8TZrLRj5zD74I+P9C0JBnBg=</latexit>

Casini & Huerta 2004, 2006, Myers & Sinha 2010



AdS3/CFT2 Correspondence

To suppress quantum gravity effects: 

Two-dimensional relativistic conformal field theory:

<latexit sha1_base64="wKkqewm4HGrANks5h+wC5iqUwGg=">AAACDnicbVC7SgNBFL0bXzG+Vi1tBpOAVdhNQG2EoIUWFhHMA7IhzE5mkyGzD2ZmhbDsF9j4KzYWitha2/k3TjYpNPHAhcM5987ce9yIM6ks69vIrayurW/kNwtb2zu7e+b+QUuGsSC0SUIeio6LJeUsoE3FFKedSFDsu5y23fHV1G8/UCFZGNyrSUR7Ph4GzGMEKy31zbKTvZG4PKZpiVw4nsAkqd2mSRVd92upMxwiu9Q3i1bFyoCWiT0nxboJGRp988sZhCT2aaAIx1J2bStSvQQLxQinacGJJY0wGeMh7WoaYJ/KXpKtkqKyVgbIC4WuQKFM/T2RYF/Kie/qTh+rkVz0puJ/XjdW3nkvYUEUKxqQ2UdezJEK0TQbNGCCEsUnmmAimN4VkRHWgSidYEGHYC+evExa1Yp9WqndVYv1y1kakIcjOIYTsOEM6nADDWgCgUd4hld4M56MF+Pd+Ji15oz5zCH8gfH5Axs6m4M=</latexit>

c = 3L
2G3

� 1

AdS3 space-time

L… Curvature Radius of AdS3 space-time

3D Einstein-Hilbert gravity
<latexit sha1_base64="2vrXEwUm/7DmkbxMGQjz57YR7jo="></latexit>

Sg = 1
16⇡G3

R
d3x

p
g
�
R+ 2

L2

�

Brown, Hennaux 1986



Entanglement Entropy in AdS3/CFT2
Minimal length curve (geodesic)  
anchored at the ends of the entangling interval

For ground state of 2D CFTs:

<latexit sha1_base64="tk2Lz3F6YwbH9gr/5sjZYLgVjyE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwVZwVZIi6rLqxmVF+4AklMl00g6dPJiZiCXkV9y4UMStP+LOv3GadqGtBy4czrmXe+/xE86ksqxvY2V1bX1js7RV3t7Z3ds3DyodGaeC0DaJeSx6PpaUs4i2FVOc9hJBcehz2vXHN1O/+0iFZHH0oCYJ9UI8jFjACFZa6puVmnvPhiF2Mpdgjq5yr9Y3q1bdKoCWiT0n1aYJBVp988sdxCQNaaQIx1I6tpUoL8NCMcJpXnZTSRNMxnhIHU0jHFLpZcXtOTrRygAFsdAVKVSovycyHEo5CX3dGWI1koveVPzPc1IVXHoZi5JU0YjMFgUpRypG0yDQgAlKFJ9ogolg+lZERlhgonRcZR2CvfjyMuk06vZ5/eyuUW1ez9KAEhzBMZyCDRfQhFtoQRsIPMEzvMKbkRsvxrvxMWtdMeYzh/AHxucPJduT6A==</latexit>

⌃[A]
<latexit sha1_base64="I+2hM1MaN+LgOkBd0vq7wmYw09k=">AAAB8XicbVBNSwMxEJ31s9avVY9egq3gqewWUY9VLx4r2A9sl5JNs21okl2SrFCW/gsvHhTx6r/x5r8x3fagrQ8GHu/NMDMvTDjTxvO+nZXVtfWNzcJWcXtnd2/fPThs6jhVhDZIzGPVDrGmnEnaMMxw2k4UxSLktBWObqd+64kqzWL5YMYJDQQeSBYxgo2VHstZl2COriflnlvyKl4OtEz8OSnVXMhR77lf3X5MUkGlIRxr3fG9xAQZVoYRTifFbqppgskID2jHUokF1UGWXzxBp1bpoyhWtqRBufp7IsNC67EIbafAZqgXvan4n9dJTXQVZEwmqaGSzBZFKUcmRtP3UZ8pSgwfW4KJYvZWRIZYYWJsSEUbgr/48jJpViv+ReX8vlqq3czSgAIcwwmcgQ+XUIM7qEMDCEh4hld4c7Tz4rw7H7PWFWc+cwR/4Hz+AMsXkGI=</latexit>

A

Ryu, Takayanagi 2006
Hubeny-Rangamani-Takayanagi 2007

u

v

<latexit sha1_base64="0db51DPTep4IWLn2I5NqTv8e8Ws="></latexit>

S(A) = Length(⌃[A])
4G3

Time

<latexit sha1_base64="QroJGP/1aul4M2P13+EO7oOHFTY="></latexit>

S(A) = c
3 log

|v�u|
✏

<latexit sha1_base64="XMWhHIifZ4VBKJeZ8aeYyvwdcaQ=">AAACEHicbVC7SgNBFL3rM8bXqqXNYCJahd1E1EYIWmhhEcE8IBvC7GQ2GTL7YGZWCMt+go2/YmOhiK2lnX/jZJNCEw9cOJxz78y9x404k8qyvo2FxaXlldXcWn59Y3Nr29zZbcgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wa+80HKiQLg3s1imjHx/2AeYxgpaWueeRkbySC9tIiQRfI8QQmSQXdpkkZXXcrqdPvI7vYNQtWycqA5ok9JYWqCRlqXfPL6YUk9mmgCMdStm0rUp0EC8UIp2neiSWNMBniPm1rGmCfyk6SLZOiQ630kBcKXYFCmfp7IsG+lCPf1Z0+VgM5643F/7x2rLzzTsKCKFY0IJOPvJgjFaJxOqjHBCWKjzTBRDC9KyIDrBNROsO8DsGePXmeNMol+7R0clcuVC8naUAO9uEAjsGGM6jCDdSgDgQe4Rle4c14Ml6Md+Nj0rpgTGf24A+Mzx9d3ZuL</latexit>

c = 3L
2G3

� 1

L… Curvature Radius of AdS3 space-time

… Short Distance Cutoff
<latexit sha1_base64="M8PNTEVvlVyaWujatGjLCkCjPEs=">AAAB8XicbVBNSwMxEJ2tX7V+rXr0EmwFT2W3iHosevFYwX5gu5Rsmm1Ds8mSZIWy9F948aCIV/+NN/+N6bYHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2Ob2d++4kqzaR4MJOEBjEeChYxgo2VHis9mmjGpaj03bJX9XKgVeIvSLnuQo5G3/3qDSRJYyoM4Vjrru8lJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWT5xVN0ZpUBiqSyJQzK1d8TGY61nsSh7YyxGellbyb+53VTE10HGRNJaqgg80VRypGRaPY+GjBFieETSzBRzN6KyAgrTIwNqWRD8JdfXiWtWtW/rF7c18r1m3kaUIQTOIVz8OEK6nAHDWgCAQHP8ApvjnZenHfnY95acBYzx/AHzucPd36Q0w==</latexit>

✏

Holzhey-Larsen-Wilczek 1994, 
Cardy-Calabrese 2004 



Entanglement Entropy in 2D CFT
Exact Result for a 2D relativistic CFT

Holzhey-Larsen-Wilczek 1994 , Cardy-Calabrese 2004 

S = c
3 log

⇣
|v�u|

a

⌘

<latexit sha1_base64="kpvOujVdo2b4LQK37FWIkP2aPBI="></latexit><latexit sha1_base64="kpvOujVdo2b4LQK37FWIkP2aPBI="></latexit><latexit sha1_base64="kpvOujVdo2b4LQK37FWIkP2aPBI="></latexit><latexit sha1_base64="kpvOujVdo2b4LQK37FWIkP2aPBI="></latexit>

Sq(A) = 1
1�q log

⇣
Z[Bq ])
Z[B]q

⌘

<latexit sha1_base64="m71VtZhkRvccue8/tQDKEUBnMjk="></latexit><latexit sha1_base64="m71VtZhkRvccue8/tQDKEUBnMjk="></latexit><latexit sha1_base64="m71VtZhkRvccue8/tQDKEUBnMjk="></latexit><latexit sha1_base64="m71VtZhkRvccue8/tQDKEUBnMjk="></latexit>

Z[Bq ])
Z[B]q = (h�q(v)�q(u)i)q

<latexit sha1_base64="r2SQLPznJjsl+xQ4w4bBETy7kKQ="></latexit><latexit sha1_base64="r2SQLPznJjsl+xQ4w4bBETy7kKQ="></latexit><latexit sha1_base64="r2SQLPznJjsl+xQ4w4bBETy7kKQ="></latexit><latexit sha1_base64="r2SQLPznJjsl+xQ4w4bBETy7kKQ="></latexit>

�(q) = c
12

⇣
1� 1

q2

⌘

<latexit sha1_base64="uBmcK7/tgdEibE+2TLFDoUCPQ50=">AAACHnicbZDJSgNBEIZ73I1b1KOXxigkB8NMDi4HIagHjxGMBjIx9HRqkiY9i901QhjmTbz4Kl48qAie9G3sLAe3Hxp+vqqiun4vlkKjbX9aU9Mzs3PzC4u5peWV1bX8+saVjhLFoc4jGamGxzRIEUIdBUpoxApY4Em49vqnw/r1HSgtovASBzG0AtYNhS84Q4Pa+f0d9wwksuJtiR5T11eMpzxLnUrmSvCx6OyNmZOltzcGKtHtYWmnnS/YZXsk+tc4E1MgE9Xa+Xe3E/EkgBC5ZFo3HTvGVsoUCi4hy7mJhpjxPutC09iQBaBb6ei+jO4a0qF+pMwLkY7o94mUBVoPAs90Bgx7+ndtCP+rNRP0D1upCOMEIeTjRX4iKUZ0GBbtCAUc5cAYxpUwf6W8x0weaCLNmRCc3yf/NfVK+ajsXFQK1ZNJGgtki2yTInHIAamSc1IjdcLJPXkkz+TFerCerFfrbdw6ZU1mNskPWR9fDeahXg==</latexit><latexit sha1_base64="uBmcK7/tgdEibE+2TLFDoUCPQ50=">AAACHnicbZDJSgNBEIZ73I1b1KOXxigkB8NMDi4HIagHjxGMBjIx9HRqkiY9i901QhjmTbz4Kl48qAie9G3sLAe3Hxp+vqqiun4vlkKjbX9aU9Mzs3PzC4u5peWV1bX8+saVjhLFoc4jGamGxzRIEUIdBUpoxApY4Em49vqnw/r1HSgtovASBzG0AtYNhS84Q4Pa+f0d9wwksuJtiR5T11eMpzxLnUrmSvCx6OyNmZOltzcGKtHtYWmnnS/YZXsk+tc4E1MgE9Xa+Xe3E/EkgBC5ZFo3HTvGVsoUCi4hy7mJhpjxPutC09iQBaBb6ei+jO4a0qF+pMwLkY7o94mUBVoPAs90Bgx7+ndtCP+rNRP0D1upCOMEIeTjRX4iKUZ0GBbtCAUc5cAYxpUwf6W8x0weaCLNmRCc3yf/NfVK+ajsXFQK1ZNJGgtki2yTInHIAamSc1IjdcLJPXkkz+TFerCerFfrbdw6ZU1mNskPWR9fDeahXg==</latexit><latexit sha1_base64="uBmcK7/tgdEibE+2TLFDoUCPQ50=">AAACHnicbZDJSgNBEIZ73I1b1KOXxigkB8NMDi4HIagHjxGMBjIx9HRqkiY9i901QhjmTbz4Kl48qAie9G3sLAe3Hxp+vqqiun4vlkKjbX9aU9Mzs3PzC4u5peWV1bX8+saVjhLFoc4jGamGxzRIEUIdBUpoxApY4Em49vqnw/r1HSgtovASBzG0AtYNhS84Q4Pa+f0d9wwksuJtiR5T11eMpzxLnUrmSvCx6OyNmZOltzcGKtHtYWmnnS/YZXsk+tc4E1MgE9Xa+Xe3E/EkgBC5ZFo3HTvGVsoUCi4hy7mJhpjxPutC09iQBaBb6ei+jO4a0qF+pMwLkY7o94mUBVoPAs90Bgx7+ndtCP+rNRP0D1upCOMEIeTjRX4iKUZ0GBbtCAUc5cAYxpUwf6W8x0weaCLNmRCc3yf/NfVK+ajsXFQK1ZNJGgtki2yTInHIAamSc1IjdcLJPXkkz+TFerCerFfrbdw6ZU1mNskPWR9fDeahXg==</latexit><latexit sha1_base64="uBmcK7/tgdEibE+2TLFDoUCPQ50=">AAACHnicbZDJSgNBEIZ73I1b1KOXxigkB8NMDi4HIagHjxGMBjIx9HRqkiY9i901QhjmTbz4Kl48qAie9G3sLAe3Hxp+vqqiun4vlkKjbX9aU9Mzs3PzC4u5peWV1bX8+saVjhLFoc4jGamGxzRIEUIdBUpoxApY4Em49vqnw/r1HSgtovASBzG0AtYNhS84Q4Pa+f0d9wwksuJtiR5T11eMpzxLnUrmSvCx6OyNmZOltzcGKtHtYWmnnS/YZXsk+tc4E1MgE9Xa+Xe3E/EkgBC5ZFo3HTvGVsoUCi4hy7mJhpjxPutC09iQBaBb6ei+jO4a0qF+pMwLkY7o94mUBVoPAs90Bgx7+ndtCP+rNRP0D1upCOMEIeTjRX4iKUZ0GBbtCAUc5cAYxpUwf6W8x0weaCLNmRCc3yf/NfVK+ajsXFQK1ZNJGgtki2yTInHIAamSc1IjdcLJPXkkz+TFerCerFfrbdw6ZU1mNskPWR9fDeahXg==</latexit>

<latexit sha1_base64="+TY+bTjhkvb8fNiErjHUqN1QLsA=">AAAB8nicbVBNT8JAEJ3iF+JX1aOXRjDBC2kxUY9ELx4xESQpDdkuW9iw3a27WxLS8DO8eNAYr/4ab/4bl8JBwZdM8vLeTGbmhQmjSrvut1VYW9/Y3Cpul3Z29/YP7MOjthKpxKSFBROyEyJFGOWkpalmpJNIguKQkcdwdDvzH8dEKir4g54kJIjRgNOIYqSN5Fe6zSHtPVXH55WeXXZrbg5nlXgLUm7YkKPZs7+6fYHTmHCNGVLK99xEBxmSmmJGpqVuqkiC8AgNiG8oRzFRQZafPHXOjNJ3IiFNce3k6u+JDMVKTeLQdMZID9WyNxP/8/xUR9dBRnmSasLxfFGUMkcLZ/a/06eSYM0mhiAsqbnVwUMkEdYmpZIJwVt+eZW06zXvsnZxXy83buZpQBFO4BSq4MEVNOAOmtACDAKe4RXeLG29WO/Wx7y1YC1mjuEPrM8fOb6Qmg==</latexit>

�q(v)
<latexit sha1_base64="fQKXsffXrO9IqShq7fb3mIUS1Tw=">AAAB8nicbVBNS8NAEJ3Ur1q/oh69BFuhXkpSQT0WvXisYD8gDWWz3bRLN7txdyOU0J/hxYMiXv013vw3btMetPXBwOO9GWbmhQmjSrvut1VYW9/Y3Cpul3Z29/YP7MOjthKpxKSFBROyGyJFGOWkpalmpJtIguKQkU44vp35nSciFRX8QU8SEsRoyGlEMdJG8iu95oj2H6vpeaVvl92am8NZJd6ClBs25Gj27a/eQOA0JlxjhpTyPTfRQYakppiRaamXKpIgPEZD4hvKUUxUkOUnT50zowycSEhTXDu5+nsiQ7FSkzg0nTHSI7XszcT/PD/V0XWQUZ6kmnA8XxSlzNHCmf3vDKgkWLOJIQhLam518AhJhLVJqWRC8JZfXiXtes27rF3c18uNm3kaUIQTOIUqeHAFDbiDJrQAg4BneIU3S1sv1rv1MW8tWIuZY/gD6/MHODiQmQ==</latexit>

�q(u)
S(A) = lim

q!1
Sq(A)

<latexit sha1_base64="NJqWBIts52fSebReURpqxOI6IF8=">AAACIHicbVC7TgJBFJ3FF+ILtbSZCCbYkF0asTBBbSwxipCwZDM7zMKE2QczdzVkw6/Y+Cs2Fmq0069xWCgUPMlNTs49986d40aCKzDNLyOztLyyupZdz21sbm3v5Hf37lQYS8oaNBShbLlEMcED1gAOgrUiyYjvCtZ0B5eTfvOeScXD4BZGEev4pBdwj1MCWnLy1aKdLkkk647xTen8GJ9hW3B/UhyUkwxtyXt9IFKGD9jSHmeoXUUnXzDLZgq8SKwZKaAZ6k7+0+6GNPZZAFQQpdqWGUEnIRI4FWycs2PFIkIHpMfamgbEZ6qTpMeN8ZFWutgLpa4AcKr+nkiIr9TId7XTJ9BX872J+F+vHYNX7SQ8iGJgAZ0+5MUCQ4gnceEul4yCGGlCqOT6Vkz7RBIKOtScDsGa//IiaVTKp2XrulKoXczSyKIDdIhKyEInqIauUB01EEWP6Bm9ojfjyXgx3o2PqTVjzGb20R8Y3z/Y6aJE</latexit><latexit sha1_base64="NJqWBIts52fSebReURpqxOI6IF8=">AAACIHicbVC7TgJBFJ3FF+ILtbSZCCbYkF0asTBBbSwxipCwZDM7zMKE2QczdzVkw6/Y+Cs2Fmq0069xWCgUPMlNTs49986d40aCKzDNLyOztLyyupZdz21sbm3v5Hf37lQYS8oaNBShbLlEMcED1gAOgrUiyYjvCtZ0B5eTfvOeScXD4BZGEev4pBdwj1MCWnLy1aKdLkkk647xTen8GJ9hW3B/UhyUkwxtyXt9IFKGD9jSHmeoXUUnXzDLZgq8SKwZKaAZ6k7+0+6GNPZZAFQQpdqWGUEnIRI4FWycs2PFIkIHpMfamgbEZ6qTpMeN8ZFWutgLpa4AcKr+nkiIr9TId7XTJ9BX872J+F+vHYNX7SQ8iGJgAZ0+5MUCQ4gnceEul4yCGGlCqOT6Vkz7RBIKOtScDsGa//IiaVTKp2XrulKoXczSyKIDdIhKyEInqIauUB01EEWP6Bm9ojfjyXgx3o2PqTVjzGb20R8Y3z/Y6aJE</latexit><latexit sha1_base64="NJqWBIts52fSebReURpqxOI6IF8=">AAACIHicbVC7TgJBFJ3FF+ILtbSZCCbYkF0asTBBbSwxipCwZDM7zMKE2QczdzVkw6/Y+Cs2Fmq0069xWCgUPMlNTs49986d40aCKzDNLyOztLyyupZdz21sbm3v5Hf37lQYS8oaNBShbLlEMcED1gAOgrUiyYjvCtZ0B5eTfvOeScXD4BZGEev4pBdwj1MCWnLy1aKdLkkk647xTen8GJ9hW3B/UhyUkwxtyXt9IFKGD9jSHmeoXUUnXzDLZgq8SKwZKaAZ6k7+0+6GNPZZAFQQpdqWGUEnIRI4FWycs2PFIkIHpMfamgbEZ6qTpMeN8ZFWutgLpa4AcKr+nkiIr9TId7XTJ9BX872J+F+vHYNX7SQ8iGJgAZ0+5MUCQ4gnceEul4yCGGlCqOT6Vkz7RBIKOtScDsGa//IiaVTKp2XrulKoXczSyKIDdIhKyEInqIauUB01EEWP6Bm9ojfjyXgx3o2PqTVjzGb20R8Y3z/Y6aJE</latexit><latexit sha1_base64="NJqWBIts52fSebReURpqxOI6IF8=">AAACIHicbVC7TgJBFJ3FF+ILtbSZCCbYkF0asTBBbSwxipCwZDM7zMKE2QczdzVkw6/Y+Cs2Fmq0069xWCgUPMlNTs49986d40aCKzDNLyOztLyyupZdz21sbm3v5Hf37lQYS8oaNBShbLlEMcED1gAOgrUiyYjvCtZ0B5eTfvOeScXD4BZGEev4pBdwj1MCWnLy1aKdLkkk647xTen8GJ9hW3B/UhyUkwxtyXt9IFKGD9jSHmeoXUUnXzDLZgq8SKwZKaAZ6k7+0+6GNPZZAFQQpdqWGUEnIRI4FWycs2PFIkIHpMfamgbEZ6qTpMeN8ZFWutgLpa4AcKr+nkiIr9TId7XTJ9BX872J+F+vHYNX7SQ8iGJgAZ0+5MUCQ4gnceEul4yCGGlCqOT6Vkz7RBIKOtScDsGa//IiaVTKp2XrulKoXczSyKIDdIhKyEInqIauUB01EEWP6Bm9ojfjyXgx3o2PqTVjzGb20R8Y3z/Y6aJE</latexit>

Sq(A) =
log Tr(⇢q

A)
1�q

<latexit sha1_base64="sgum0IlgB1pevr8DpRwWgmJnMgg="></latexit><latexit sha1_base64="sgum0IlgB1pevr8DpRwWgmJnMgg="></latexit><latexit sha1_base64="sgum0IlgB1pevr8DpRwWgmJnMgg="></latexit><latexit sha1_base64="sgum0IlgB1pevr8DpRwWgmJnMgg="></latexit>



Symmetry Resolved Entanglement
Entanglement entropy in each charge sector, e.g. U(1)

Block decomposition:

Symmetry Resolved Renyi and Entanglement Entropy:

Sela, Goldstein PRL 2018

<latexit sha1_base64="4Cckt8tcPzVTJcANvk1ZXab04zo="></latexit>

S1(q) = lim
n!1

Sn(q) = �Tr
⇣

⇢A(q)
PA(q) log

⇢A(q)
PA(q)

⌘



Symmetry Resolved Entanglement
Entanglement entropy in each charge sector



Example: 2-Qubit system
|EPRi = 1p

2
(|0iA ⇥ |1iB + |1iA ⇥ |0iB)

<latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit><latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit><latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit><latexit sha1_base64="Id9gONRbKamS7xQAOtqTNfFpNDA="></latexit>

⇢A = 1
2 (|0iAh0|A) + |1iAh1|A)

<latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit><latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit><latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit><latexit sha1_base64="HtS73Vv0D/qFEWMXVzk/TgStwiE="></latexit>

Conserved Charge: Occupation number (0 or 1)
<latexit sha1_base64="SmXfaiZg9c5wPeWEd4m9tV//PPo=">AAACDnicbZDNSsNAFIVv/K31L+rSzWAVdFOSCupGaHXjsoKthSaEyXTSDk4mYWYilLZP4MZXceNCEbeu3fk2TtMutHpg4OPce7lzT5hyprTjfFlz8wuLS8uFleLq2vrGpr213VRJJgltkIQnshViRTkTtKGZ5rSVSorjkNPb8O5yXL+9p1KxRNzofkr9GHcFixjB2liBfbDvyV4S1A6dI3SOho4nsehyGtQ8ngNyhkFtP7BLTtnJhf6CO4VS1YZc9cD+9DoJyWIqNOFYqbbrpNofYKkZ4XRU9DJFU0zucJe2DQocU+UP8nNG6MA4HRQl0jyhUe7+nBjgWKl+HJrOGOuemq2Nzf9q7UxHZ/6AiTTTVJDJoijjSCdonA3qMEmJ5n0DmEhm/opID0tMtEmwaEJwZ0/+C81K2T0pH19XStWLSRpQgF3Yg0Nw4RSqcAV1aACBB3iCF3i1Hq1n6816n7TOWdOZHfgl6+MbKxOaWg==</latexit>

⇢A(0) = |0iAh0|A
<latexit sha1_base64="v7DrNpDTDr0kQcQORpLAwxIsm2o=">AAACDnicbZDNSsNAFIVv/K31L+rSzWAVdFOSCupGaHXjsoKthSaEyXTSDk4mYWYilLZP4MZXceNCEbeu3fk2TtMutHpg4OPce7lzT5hyprTjfFlz8wuLS8uFleLq2vrGpr213VRJJgltkIQnshViRTkTtKGZ5rSVSorjkNPb8O5yXL+9p1KxRNzofkr9GHcFixjB2liBfbDvyV4S1A7dI3SOhq4nsehyGtQ8ngNyh0FtP7BLTtnJhf6CO4VS1YZc9cD+9DoJyWIqNOFYqbbrpNofYKkZ4XRU9DJFU0zucJe2DQocU+UP8nNG6MA4HRQl0jyhUe7+nBjgWKl+HJrOGOuemq2Nzf9q7UxHZ/6AiTTTVJDJoijjSCdonA3qMEmJ5n0DmEhm/opID0tMtEmwaEJwZ0/+C81K2T0pH19XStWLSRpQgF3Yg0Nw4RSqcAV1aACBB3iCF3i1Hq1n6816n7TOWdOZHfgl6+MbL9WaXQ==</latexit>

⇢A(1) = |1iAh1|A
<latexit sha1_base64="nZP8lxLAaHZTHLQ95S27zcWhYAA=">AAACCHicbZC7SgNBFIbPxluMt1VLCwcTITZhN4LaCFEbywjmAkkIs5PZZMjshZlZISxb2vgqNhaK2PoIdr6Ns5sUmvjDwMd/zuHM+Z2QM6ks69vILS2vrK7l1wsbm1vbO+buXlMGkSC0QQIeiLaDJeXMpw3FFKftUFDsOZy2nPFNWm89UCFZ4N+rSUh7Hh76zGUEK231zcNSvX9Vtk7QJUrBTqHrCkxiO4mrSalvFq2KlQktgj2DYs2ETPW++dUdBCTyqK8Ix1J2bCtUvRgLxQinSaEbSRpiMsZD2tHoY4/KXpwdkqBj7QyQGwj9fIUy9/dEjD0pJ56jOz2sRnK+lpr/1TqRci96MfPDSFGfTBe5EUcqQGkqaMAEJYpPNGAimP4rIiOsY1A6u4IOwZ4/eRGa1Yp9Vjm9qxZr19M0IA8HcARlsOEcanALdWgAgUd4hld4M56MF+Pd+Ji25ozZzD78kfH5A6mWlqc=</latexit>

PA(0) = PA(1) =
1
2

<latexit sha1_base64="DrRtNNcttNmVjSDhEj+aCEGvsSs=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4OtUDclqaBuhKIblxXtBdoQJtNJO3RyYWYilFDwVdy4UMStz+HOt3GSdqGtPwx8/OcczpnfizmTyrK+jaXlldW19cJGcXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3usnq7UcqJIvCBzWOqRPgQch8RrDSlmselu9du2KdoiuUgZ2BVXbNklW1cqFFsGdQqpuQq+GaX71+RJKAhopwLGXXtmLlpFgoRjidFHuJpDEmIzygXY0hDqh00vz8CTrRTh/5kdAvVCh3f0+kOJByHHi6M8BqKOdrmflfrZso/9JJWRgnioZkushPOFIRyrJAfSYoUXysARPB9K2IDLHAROnEijoEe/7Li9CqVe3z6tldrVS/nqYBBTiCY6iADRdQh1toQBMIpPAMr/BmPBkvxrvxMW1dMmYzB/BHxucPkeOSDg==</latexit>

S1(0) = S1(1) = 0

Only number entanglement (classical charge correlations) 
No configurational entanglement (quantum correlations)



U(1) Kac-Moody CFTs
Holographic CFT with U(1) conserved current: 
 
 
           Conserved current                                                Energy-Momentum-Tensor 
           
U(1)k Kac-Moody algebra at level k

S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2012.11274)
K. Weisenberger, S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2108.09210)

<latexit sha1_base64="wKkqewm4HGrANks5h+wC5iqUwGg=">AAACDnicbVC7SgNBFL0bXzG+Vi1tBpOAVdhNQG2EoIUWFhHMA7IhzE5mkyGzD2ZmhbDsF9j4KzYWitha2/k3TjYpNPHAhcM5987ce9yIM6ks69vIrayurW/kNwtb2zu7e+b+QUuGsSC0SUIeio6LJeUsoE3FFKedSFDsu5y23fHV1G8/UCFZGNyrSUR7Ph4GzGMEKy31zbKTvZG4PKZpiVw4nsAkqd2mSRVd92upMxwiu9Q3i1bFyoCWiT0nxboJGRp988sZhCT2aaAIx1J2bStSvQQLxQinacGJJY0wGeMh7WoaYJ/KXpKtkqKyVgbIC4WuQKFM/T2RYF/Kie/qTh+rkVz0puJ/XjdW3nkvYUEUKxqQ2UdezJEK0TQbNGCCEsUnmmAimN4VkRHWgSidYEGHYC+evExa1Yp9WqndVYv1y1kakIcjOIYTsOEM6nADDWgCgUd4hld4M56MF+Pd+Ji15oz5zCH8gfH5Axs6m4M=</latexit>

c = 3L
2G3

� 1
<latexit sha1_base64="zaLl+2HLa+INtjrj86opZxMOlcU="></latexit>

J(z) =
1P

n=�1

Jn
zn+1

<latexit sha1_base64="X5r1tNTrJOEUf7n+ovkyc+6rJvc="></latexit>

T (z) =
1P

n=�1

Ln
zn+2



AdS3 dual to U(1)k Kac-Moody CFT
3D Einstein-Hilbert gravity

U(1)k Chern-Simons theory

<latexit sha1_base64="2vrXEwUm/7DmkbxMGQjz57YR7jo="></latexit>

Sg = 1
16⇡G3

R
d3x

p
g
�
R+ 2

L2

�

<latexit sha1_base64="bs8EfBkogTeEi3QTZEh9RWeL3eY=">AAACE3icbVA9SwNBEJ3z2/h1ammzmAhiEe5E1EaI2lgqGg3kQtjbm4tL9j7Y3VPCcf/Bxr9iY6GIrY2d/8ZNYqGJDwYe780wM89PBVfacb6sicmp6ZnZufnSwuLS8oq9unatkkwyrLNEJLLhU4WCx1jXXAtspBJp5Au88bunff/mDqXiSXyleym2ItqJecgZ1UZq2zuVy3Z+elmQI+KFkrKcd4v80Et54fFYk2Pi3WPQQRIcV9p22ak6A5Bx4v6Qcs2GAc7b9qcXJCyLMNZMUKWarpPqVk6l5kxgUfIyhSllXdrBpqExjVC18sFPBdkySkDCRJoyhwzU3xM5jZTqRb7pjKi+VaNeX/zPa2Y6PGzlPE4zjTEbLgozQXRC+gGRgEtkWvQMoUxycytht9REo02MJROCO/ryOLnerbr71b2L3XLtZJgGzMEGbMI2uHAANTiDc6gDgwd4ghd4tR6tZ+vNeh+2Tlg/M+vwB9bHNzVknSk=</latexit>

SCS = ik
8⇡

R
A ^ dA

<latexit sha1_base64="XMWhHIifZ4VBKJeZ8aeYyvwdcaQ=">AAACEHicbVC7SgNBFL3rM8bXqqXNYCJahd1E1EYIWmhhEcE8IBvC7GQ2GTL7YGZWCMt+go2/YmOhiK2lnX/jZJNCEw9cOJxz78y9x404k8qyvo2FxaXlldXcWn59Y3Nr29zZbcgwFoTWSchD0XKxpJwFtK6Y4rQVCYp9l9OmO7wa+80HKiQLg3s1imjHx/2AeYxgpaWueeRkbySC9tIiQRfI8QQmSQXdpkkZXXcrqdPvI7vYNQtWycqA5ok9JYWqCRlqXfPL6YUk9mmgCMdStm0rUp0EC8UIp2neiSWNMBniPm1rGmCfyk6SLZOiQ630kBcKXYFCmfp7IsG+lCPf1Z0+VgM5643F/7x2rLzzTsKCKFY0IJOPvJgjFaJxOqjHBCWKjzTBRDC9KyIDrBNROsO8DsGePXmeNMol+7R0clcuVC8naUAO9uEAjsGGM6jCDdSgDgQe4Rle4c14Ml6Md+Nj0rpgTGf24A+Mzx9d3ZuL</latexit>

c = 3L
2G3

� 1

L… Curvature Radius of AdS3 space-time

To suppress quantum gravity effects: 

Asymptotic symmetry analysis: 
Boundary theory has U(1)k Kac-Moody symmetry

k…  Chern-Simons level

P. Kraus arXiv:hep-th/0609074 



Single Interval SREE in AdS3/CFT2

Charged twist operator  
induces flux:  
Sela, Goldstein PRL 2018

CFT2 result matches AdS3 result for c>>1

Suting Zhao, Christian Northe, RM, JHEP 2021 (arXiv: 2012.11274)

Wilson line following the  
Ryu-Takayanagi geodesic

<latexit sha1_base64="0GSMXIg+9TpQ0tb/LS8QZhRGsbc="></latexit>

S1(q) =
c
6`�

1
2 log

�
k`
2⇡

�
with ` = 2 log |v1�v2|

✏

Equipartiton of entanglement!

Suting Zhao



Further Checks
•Single interval with uncharged/charged  
heavy primary insertions

S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2012.11274)
K. Weisenberger, S. Zhao, C. Northe, RM, JHEP 2021 (arXiv: 2108.09210)

•Two intervals in the ground state

<latexit sha1_base64="6rNFUz4tLCYy+P/LLdHTXtXzVE4=">AAAB73icbVBNTwIxEJ3iF+LXqkcvjWDiiewSox5RLx4xESSBDemWLjR0u2vbNSEb/oQXDxrj1b/jzX9jWTgo+JJJXt6bycy8IBFcG9f9RoWV1bX1jeJmaWt7Z3fP2T9o6ThVlDVpLGLVDohmgkvWNNwI1k4UI1Eg2EMwupn6D09MaR7LezNOmB+RgeQhp8RYqV3pUiLwVaXnlN2qmwMvE29OynUHcjR6zle3H9M0YtJQQbTueG5i/Iwow6lgk1I31SwhdEQGrGOpJBHTfpbfO8EnVunjMFa2pMG5+nsiI5HW4yiwnRExQ73oTcX/vE5qwks/4zJJDZN0tihMBTYxnj6P+1wxasTYEkIVt7diOiSKUGMjKtkQvMWXl0mrVvXOq2d3tXL9epYGFOEIjuEUPLiAOtxCA5pAQcAzvMIbekQv6B19zFoLaD5zCH+APn8AAriPVg==</latexit>

A



Breakdown of Equipartition

Suting Zhao, Christian Northe, Konstantin Weisenberger, RM, 2202.11111

SL(3,R) Higher Spin Gravity in 3D: W3 symmetric CFT 
Energy-momentum tensor plus Spin 3 current

Charged moments for a single interval: 
Topological black hole grand canonical partition function

<latexit sha1_base64="A1753PQ510Fa2U/BCa3N3FLmWMU="></latexit>

log Tr
�
e�2⇡nH+2⇡iµQA

�
= c`

6n

⇣
� 1

3
µ2

n4 + 10
27

µ4

n8 + · · ·
⌘

Perturbative result to quartic order in 
<latexit sha1_base64="2DuV3u3st9M42kqKbTwet+ZNoyM=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LLaCp5IUUY9FLx4rmFpoQ9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+N27QHbX0w8Hhvhpl5UcqZNp737ZTW1jc2t8rblZ3dvf0D9/CorZNMERqQhCeqE2FNOZM0MMxw2kkVxSLi9DEa3878xyeqNEvkg5mkNBR4KFnMCDZWCmo9kdX6btWrewXQKvEXpNp0oUCr7371BgnJBJWGcKx11/dSE+ZYGUY4nVZ6maYpJmM8pF1LJRZUh3lx7BSdWWWA4kTZkgYV6u+JHAutJyKynQKbkV72ZuJ/Xjcz8XWYM5lmhkoyXxRnHJkEzT5HA6YoMXxiCSaK2VsRGWGFibH5VGwI/vLLq6TdqPuX9Yv7RrV5M08DynACp3AOPlxBE+6gBQEQYPAMr/DmSOfFeXc+5q0lZzFzDH/gfP4AhSuOiQ==</latexit>

µ

Fourier transformation and taking the replica limit 
yields breakdown of equipartition in SREE at large c.



Thermal Entropy as Entanglement Entropy
Thermo field double state: Purification of the thermal state 
of a system with spectrum  
 
Take two copies of the system’s Hilbert space:

<latexit sha1_base64="iPKEsa7W4FeYcU7BV2FNzvRRa+A=">AAAB8nicbVBNS8NAEJ3Ur1q/oh69LLaCp5JUUI9FETxWsB+QhLLZbtqlm03Y3Qgl9Gd48aCIV3+NN/+N27QHbX0w8Hhvhpl5YcqZ0o7zbZXW1jc2t8rblZ3dvf0D+/Coo5JMEtomCU9kL8SKciZoWzPNaS+VFMchp91wfDvzu09UKpaIRz1JaRDjoWARI1gbyav5ObrrC+RPa3276tSdAmiVuAtSbdpQoNW3v/xBQrKYCk04VspznVQHOZaaEU6nFT9TNMVkjIfUM1TgmKogL06eojOjDFCUSFNCo0L9PZHjWKlJHJrOGOuRWvZm4n+el+noOsiZSDNNBZkvijKOdIJm/6MBk5RoPjEEE8nMrYiMsMREm5QqJgR3+eVV0mnU3cv6xUOj2ryZpwFlOIFTOAcXrqAJ99CCNhBI4Ble4c3S1ov1bn3MW0vWYuYY/sD6/AEc+pCI</latexit>

{En}

<latexit sha1_base64="KEhLm4d3hlP2FtjkZYuLGrxwEzw="></latexit>

⇢R = TrL|TFDihTFD| =
P
n
e��En |niRhn| = ⇢thermal

<latexit sha1_base64="CemdTK6iGw3qKdgJFltqK2bhT54=">AAACEnicbZC7SgNBFIbPxluMt1VLm8FE0CbsRlAbIWiTwiKKuUB2CbOTSTJk9sLMrBCWPIONr2JjoYitlZ1v42QTURN/GPj4zzmcOb8XcSaVZX0amYXFpeWV7GpubX1jc8vc3qnLMBaE1kjIQ9H0sKScBbSmmOK0GQmKfY/Thje4HNcbd1RIFga3ahhR18e9gHUZwUpbbfOokDgEc1QZoXP0je0r5CjmU/nj3BTaZt4qWqnQPNhTyJdNSFVtmx9OJySxTwNFOJayZVuRchMsFCOcjnJOLGmEyQD3aEtjgPVCN0lPGqED7XRQNxT6BQql7u+JBPtSDn1Pd/pY9eVsbWz+V2vFqnvmJiyIYkUDMlnUjTlSIRrngzpMUKL4UAMmgum/ItLHAhOlU8zpEOzZk+ehXiraJ8Xj61K+fDFJA7KwB/twCDacQhkqUIUaELiHR3iGF+PBeDJejbdJa8aYzuzCHxnvX544nD4=</latexit>

H = HL ⇥HR



Global structure of AdS Schwarzschild BH



BH Entropy as Entanglement Entropy

Minimal Area

Maldacena 2001 



EPR = ER

Minimal Area

Wormhole 
(Einstein-Rosen)

Quantum Entanglement: EPR correlations
Maldacena, Susskind 2013 



Quantum Complexity in AdS/CFT
Complexity = Volume

Stanford & Susskind 2014
Complexity = Action

Brown-Roberts-Susskind-Swingle-Zhao 2015

C = Sgrav|WdW Patch
<latexit sha1_base64="s8zKm5+gJ2W7zvV1BFQuNaHjr6Q="></latexit><latexit sha1_base64="s8zKm5+gJ2W7zvV1BFQuNaHjr6Q="></latexit><latexit sha1_base64="s8zKm5+gJ2W7zvV1BFQuNaHjr6Q="></latexit><latexit sha1_base64="s8zKm5+gJ2W7zvV1BFQuNaHjr6Q="></latexit>

C = Vol(⌃)
LAdSGN

<latexit sha1_base64="os3H6/LWf3xYU1cGnNjIJP7TxZ4="></latexit><latexit sha1_base64="os3H6/LWf3xYU1cGnNjIJP7TxZ4="></latexit><latexit sha1_base64="os3H6/LWf3xYU1cGnNjIJP7TxZ4="></latexit><latexit sha1_base64="os3H6/LWf3xYU1cGnNjIJP7TxZ4="></latexit>

t

z

t

z



Quantum Complexity
How to build states given a set of unitary operators?

Nielsen (et.al.) 2005-2007

Hilbert Space with dim(H) = 2n
<latexit sha1_base64="+Ok1M4z6Ki/s8myYaB01goOc3PM=">AAACBHicbVA9TwJBEN3DL8SvU0stNoIJNuSORi1MiDaUmIiQcCfZWxbYsLd32Z0zkguNjX/FxkKNrT/Czn/j8lEo+JJJXt6bycy8IBZcg+N8W5ml5ZXVtex6bmNza3vH3t271VGiKKvTSESqGRDNBJesDhwEa8aKkTAQrBEMrsZ+454pzSN5A8OY+SHpSd7llICR2vZhwQP2AGmHh6Ni6lEicHV0gi9w+U4W2nbeKTkT4EXizkgezVBr219eJ6JJyCRQQbRuuU4MfkoUcCrYKOclmsWEDkiPtQyVJGTaTydfjPCxUTq4GylTEvBE/T2RklDrYRiYzpBAX897Y/E/r5VA98xPuYwTYJJOF3UTgSHC40hwhytGQQwNIVRxcyumfaIIBRNczoTgzr+8SOrl0nnJvS7nK5ezNLLoAB2hInLRKaqgKqqhOqLoET2jV/RmPVkv1rv1MW3NWLOZffQH1ucPokOW6A==</latexit><latexit sha1_base64="+Ok1M4z6Ki/s8myYaB01goOc3PM=">AAACBHicbVA9TwJBEN3DL8SvU0stNoIJNuSORi1MiDaUmIiQcCfZWxbYsLd32Z0zkguNjX/FxkKNrT/Czn/j8lEo+JJJXt6bycy8IBZcg+N8W5ml5ZXVtex6bmNza3vH3t271VGiKKvTSESqGRDNBJesDhwEa8aKkTAQrBEMrsZ+454pzSN5A8OY+SHpSd7llICR2vZhwQP2AGmHh6Ni6lEicHV0gi9w+U4W2nbeKTkT4EXizkgezVBr219eJ6JJyCRQQbRuuU4MfkoUcCrYKOclmsWEDkiPtQyVJGTaTydfjPCxUTq4GylTEvBE/T2RklDrYRiYzpBAX897Y/E/r5VA98xPuYwTYJJOF3UTgSHC40hwhytGQQwNIVRxcyumfaIIBRNczoTgzr+8SOrl0nnJvS7nK5ezNLLoAB2hInLRKaqgKqqhOqLoET2jV/RmPVkv1rv1MW3NWLOZffQH1ucPokOW6A==</latexit><latexit sha1_base64="+Ok1M4z6Ki/s8myYaB01goOc3PM=">AAACBHicbVA9TwJBEN3DL8SvU0stNoIJNuSORi1MiDaUmIiQcCfZWxbYsLd32Z0zkguNjX/FxkKNrT/Czn/j8lEo+JJJXt6bycy8IBZcg+N8W5ml5ZXVtex6bmNza3vH3t271VGiKKvTSESqGRDNBJesDhwEa8aKkTAQrBEMrsZ+454pzSN5A8OY+SHpSd7llICR2vZhwQP2AGmHh6Ni6lEicHV0gi9w+U4W2nbeKTkT4EXizkgezVBr219eJ6JJyCRQQbRuuU4MfkoUcCrYKOclmsWEDkiPtQyVJGTaTydfjPCxUTq4GylTEvBE/T2RklDrYRiYzpBAX897Y/E/r5VA98xPuYwTYJJOF3UTgSHC40hwhytGQQwNIVRxcyumfaIIBRNczoTgzr+8SOrl0nnJvS7nK5ezNLLoAB2hInLRKaqgKqqhOqLoET2jV/RmPVkv1rv1MW3NWLOZffQH1ucPokOW6A==</latexit><latexit sha1_base64="+Ok1M4z6Ki/s8myYaB01goOc3PM=">AAACBHicbVA9TwJBEN3DL8SvU0stNoIJNuSORi1MiDaUmIiQcCfZWxbYsLd32Z0zkguNjX/FxkKNrT/Czn/j8lEo+JJJXt6bycy8IBZcg+N8W5ml5ZXVtex6bmNza3vH3t271VGiKKvTSESqGRDNBJesDhwEa8aKkTAQrBEMrsZ+454pzSN5A8OY+SHpSd7llICR2vZhwQP2AGmHh6Ni6lEicHV0gi9w+U4W2nbeKTkT4EXizkgezVBr219eJ6JJyCRQQbRuuU4MfkoUcCrYKOclmsWEDkiPtQyVJGTaTydfjPCxUTq4GylTEvBE/T2RklDrYRiYzpBAX897Y/E/r5VA98xPuYwTYJJOF3UTgSHC40hwhytGQQwNIVRxcyumfaIIBRNczoTgzr+8SOrl0nnJvS7nK5ezNLLoAB2hInLRKaqgKqqhOqLoET2jV/RmPVkv1rv1MW3NWLOZffQH1ucPokOW6A==</latexit>

Gates {Ui}
<latexit sha1_base64="KhLabCBnpT7TcsyXNP++qVvdxJY=">AAAB/XicbVBNS8NAEN34WetXVDx5WWwFTyXpRb0VvXisYGyhCWGz3bRLN5uwOxFKKPhXvHhQ8er/8Oa/cdvmoK0PBh7vzTAzL8oE1+A439bK6tr6xmZlq7q9s7u3bx8cPug0V5R5NBWp6kZEM8El84CDYN1MMZJEgnWi0c3U7zwypXkq72GcsSAhA8ljTgkYKbSP675gMfiFF3LsKz4Ygj+ph3bNaTgz4GXilqSGSrRD+8vvpzRPmAQqiNY918kgKIgCTgWbVP1cs4zQERmwnqGSJEwHxez8CT4zSh/HqTIlAc/U3xMFSbQeJ5HpTAgM9aI3Ff/zejnEl0HBZZYDk3S+KM4FhhRPs8B9rhgFMTaEUMXNrZgOiSIUTGJVE4K7+PIy8ZqNq4Z716y1rss0KugEnaJz5KIL1EK3qI08RFGBntErerOerBfr3fqYt65Y5cwR+gPr8wfvapUF</latexit><latexit sha1_base64="KhLabCBnpT7TcsyXNP++qVvdxJY=">AAAB/XicbVBNS8NAEN34WetXVDx5WWwFTyXpRb0VvXisYGyhCWGz3bRLN5uwOxFKKPhXvHhQ8er/8Oa/cdvmoK0PBh7vzTAzL8oE1+A439bK6tr6xmZlq7q9s7u3bx8cPug0V5R5NBWp6kZEM8El84CDYN1MMZJEgnWi0c3U7zwypXkq72GcsSAhA8ljTgkYKbSP675gMfiFF3LsKz4Ygj+ph3bNaTgz4GXilqSGSrRD+8vvpzRPmAQqiNY918kgKIgCTgWbVP1cs4zQERmwnqGSJEwHxez8CT4zSh/HqTIlAc/U3xMFSbQeJ5HpTAgM9aI3Ff/zejnEl0HBZZYDk3S+KM4FhhRPs8B9rhgFMTaEUMXNrZgOiSIUTGJVE4K7+PIy8ZqNq4Z716y1rss0KugEnaJz5KIL1EK3qI08RFGBntErerOerBfr3fqYt65Y5cwR+gPr8wfvapUF</latexit><latexit sha1_base64="KhLabCBnpT7TcsyXNP++qVvdxJY=">AAAB/XicbVBNS8NAEN34WetXVDx5WWwFTyXpRb0VvXisYGyhCWGz3bRLN5uwOxFKKPhXvHhQ8er/8Oa/cdvmoK0PBh7vzTAzL8oE1+A439bK6tr6xmZlq7q9s7u3bx8cPug0V5R5NBWp6kZEM8El84CDYN1MMZJEgnWi0c3U7zwypXkq72GcsSAhA8ljTgkYKbSP675gMfiFF3LsKz4Ygj+ph3bNaTgz4GXilqSGSrRD+8vvpzRPmAQqiNY918kgKIgCTgWbVP1cs4zQERmwnqGSJEwHxez8CT4zSh/HqTIlAc/U3xMFSbQeJ5HpTAgM9aI3Ff/zejnEl0HBZZYDk3S+KM4FhhRPs8B9rhgFMTaEUMXNrZgOiSIUTGJVE4K7+PIy8ZqNq4Z716y1rss0KugEnaJz5KIL1EK3qI08RFGBntErerOerBfr3fqYt65Y5cwR+gPr8wfvapUF</latexit><latexit sha1_base64="KhLabCBnpT7TcsyXNP++qVvdxJY=">AAAB/XicbVBNS8NAEN34WetXVDx5WWwFTyXpRb0VvXisYGyhCWGz3bRLN5uwOxFKKPhXvHhQ8er/8Oa/cdvmoK0PBh7vzTAzL8oE1+A439bK6tr6xmZlq7q9s7u3bx8cPug0V5R5NBWp6kZEM8El84CDYN1MMZJEgnWi0c3U7zwypXkq72GcsSAhA8ljTgkYKbSP675gMfiFF3LsKz4Ygj+ph3bNaTgz4GXilqSGSrRD+8vvpzRPmAQqiNY918kgKIgCTgWbVP1cs4zQERmwnqGSJEwHxez8CT4zSh/HqTIlAc/U3xMFSbQeJ5HpTAgM9aI3Ff/zejnEl0HBZZYDk3S+KM4FhhRPs8B9rhgFMTaEUMXNrZgOiSIUTGJVE4K7+PIy8ZqNq4Z716y1rss0KugEnaJz5KIL1EK3qI08RFGBntErerOerBfr3fqYt65Y5cwR+gPr8wfvapUF</latexit>

Complexity: Optimal Quantum Circuit | i = U | 0i
<latexit sha1_base64="zbbMzuIyerTOmVyVm0VfecZoUNU=">AAACCXicbZC9TsMwFIVvyl8pfwFGFkOLxFQlXYABqYKFsUiEVmqqynHd1qrjRLaDVIXOLLwKCwMgVt6AjbfBTTNAy5EsHX33Xl3fE8ScKe0431ZhaXllda24XtrY3NresXf37lSUSEI9EvFItgKsKGeCepppTluxpDgMOG0Go6tpvXlPpWKRuNXjmHZCPBCszwjWBnXtw8qD31DMl1gMOEUXyEMZ6Do5qnTtslN1MqFF4+amDLkaXfvL70UkCanQhGOl2q4T606KpWaE00nJTxSNMRnhAW0bK3BIVSfNTpmgY0N6qB9J84RGGf09keJQqXEYmM4Q66Gar03hf7V2ovtnnZSJONFUkNmifsKRjtA0F9RjkhLNx8ZgIpn5KyJDLDHRJr2SCcGdP3nReLXqedW9qZXrl3kaRTiAIzgBF06hDtfQAA8IPMIzvMKb9WS9WO/Wx6y1YOUz+/BH1ucPzTaZQg==</latexit><latexit sha1_base64="zbbMzuIyerTOmVyVm0VfecZoUNU=">AAACCXicbZC9TsMwFIVvyl8pfwFGFkOLxFQlXYABqYKFsUiEVmqqynHd1qrjRLaDVIXOLLwKCwMgVt6AjbfBTTNAy5EsHX33Xl3fE8ScKe0431ZhaXllda24XtrY3NresXf37lSUSEI9EvFItgKsKGeCepppTluxpDgMOG0Go6tpvXlPpWKRuNXjmHZCPBCszwjWBnXtw8qD31DMl1gMOEUXyEMZ6Do5qnTtslN1MqFF4+amDLkaXfvL70UkCanQhGOl2q4T606KpWaE00nJTxSNMRnhAW0bK3BIVSfNTpmgY0N6qB9J84RGGf09keJQqXEYmM4Q66Gar03hf7V2ovtnnZSJONFUkNmifsKRjtA0F9RjkhLNx8ZgIpn5KyJDLDHRJr2SCcGdP3nReLXqedW9qZXrl3kaRTiAIzgBF06hDtfQAA8IPMIzvMKb9WS9WO/Wx6y1YOUz+/BH1ucPzTaZQg==</latexit><latexit sha1_base64="zbbMzuIyerTOmVyVm0VfecZoUNU=">AAACCXicbZC9TsMwFIVvyl8pfwFGFkOLxFQlXYABqYKFsUiEVmqqynHd1qrjRLaDVIXOLLwKCwMgVt6AjbfBTTNAy5EsHX33Xl3fE8ScKe0431ZhaXllda24XtrY3NresXf37lSUSEI9EvFItgKsKGeCepppTluxpDgMOG0Go6tpvXlPpWKRuNXjmHZCPBCszwjWBnXtw8qD31DMl1gMOEUXyEMZ6Do5qnTtslN1MqFF4+amDLkaXfvL70UkCanQhGOl2q4T606KpWaE00nJTxSNMRnhAW0bK3BIVSfNTpmgY0N6qB9J84RGGf09keJQqXEYmM4Q66Gar03hf7V2ovtnnZSJONFUkNmifsKRjtA0F9RjkhLNx8ZgIpn5KyJDLDHRJr2SCcGdP3nReLXqedW9qZXrl3kaRTiAIzgBF06hDtfQAA8IPMIzvMKb9WS9WO/Wx6y1YOUz+/BH1ucPzTaZQg==</latexit><latexit sha1_base64="zbbMzuIyerTOmVyVm0VfecZoUNU=">AAACCXicbZC9TsMwFIVvyl8pfwFGFkOLxFQlXYABqYKFsUiEVmqqynHd1qrjRLaDVIXOLLwKCwMgVt6AjbfBTTNAy5EsHX33Xl3fE8ScKe0431ZhaXllda24XtrY3NresXf37lSUSEI9EvFItgKsKGeCepppTluxpDgMOG0Go6tpvXlPpWKRuNXjmHZCPBCszwjWBnXtw8qD31DMl1gMOEUXyEMZ6Do5qnTtslN1MqFF4+amDLkaXfvL70UkCanQhGOl2q4T606KpWaE00nJTxSNMRnhAW0bK3BIVSfNTpmgY0N6qB9J84RGGf09keJQqXEYmM4Q66Gar03hf7V2ovtnnZSJONFUkNmifsKRjtA0F9RjkhLNx8ZgIpn5KyJDLDHRJr2SCcGdP3nReLXqedW9qZXrl3kaRTiAIzgBF06hDtfQAA8IPMIzvMKb9WS9WO/Wx6y1YOUz+/BH1ucPzTaZQg==</latexit>

U 2 SU(2n)
<latexit sha1_base64="AuaeXioLA+tDSWjmnDrdBUdjjnA=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjDBC2m5oDeiF48YrZBAIdtlCxu222Z3qyEN/8OLBzVe/THe/Dcu0IOCL5nk5b2ZzMzzY86Utu1vK7e2vrG5ld8u7Ozu7R8UD48eVJRIQl0S8Ui2fawoZ4K6mmlO27GkOPQ5bfnj65nfeqRSsUjc60lMvRAPBQsYwdpIvbLbZQLduZVaT5yX+8WSXbXnQKvEyUgJMjT7xa/uICJJSIUmHCvVcexYeymWmhFOp4VuomiMyRgPacdQgUOqvHR+9RSdGWWAgkiaEhrN1d8TKQ6VmoS+6QyxHqllbyb+53USHVx4KRNxoqkgi0VBwpGO0CwCNGCSEs0nhmAimbkVkRGWmGgTVMGE4Cy/vErcWvWy6tzWSo2rLI08nMApVMCBOjTgBprgAgEJz/AKb9aT9WK9Wx+L1pyVzRzDH1ifP4AGkL8=</latexit><latexit sha1_base64="AuaeXioLA+tDSWjmnDrdBUdjjnA=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjDBC2m5oDeiF48YrZBAIdtlCxu222Z3qyEN/8OLBzVe/THe/Dcu0IOCL5nk5b2ZzMzzY86Utu1vK7e2vrG5ld8u7Ozu7R8UD48eVJRIQl0S8Ui2fawoZ4K6mmlO27GkOPQ5bfnj65nfeqRSsUjc60lMvRAPBQsYwdpIvbLbZQLduZVaT5yX+8WSXbXnQKvEyUgJMjT7xa/uICJJSIUmHCvVcexYeymWmhFOp4VuomiMyRgPacdQgUOqvHR+9RSdGWWAgkiaEhrN1d8TKQ6VmoS+6QyxHqllbyb+53USHVx4KRNxoqkgi0VBwpGO0CwCNGCSEs0nhmAimbkVkRGWmGgTVMGE4Cy/vErcWvWy6tzWSo2rLI08nMApVMCBOjTgBprgAgEJz/AKb9aT9WK9Wx+L1pyVzRzDH1ifP4AGkL8=</latexit><latexit sha1_base64="AuaeXioLA+tDSWjmnDrdBUdjjnA=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjDBC2m5oDeiF48YrZBAIdtlCxu222Z3qyEN/8OLBzVe/THe/Dcu0IOCL5nk5b2ZzMzzY86Utu1vK7e2vrG5ld8u7Ozu7R8UD48eVJRIQl0S8Ui2fawoZ4K6mmlO27GkOPQ5bfnj65nfeqRSsUjc60lMvRAPBQsYwdpIvbLbZQLduZVaT5yX+8WSXbXnQKvEyUgJMjT7xa/uICJJSIUmHCvVcexYeymWmhFOp4VuomiMyRgPacdQgUOqvHR+9RSdGWWAgkiaEhrN1d8TKQ6VmoS+6QyxHqllbyb+53USHVx4KRNxoqkgi0VBwpGO0CwCNGCSEs0nhmAimbkVkRGWmGgTVMGE4Cy/vErcWvWy6tzWSo2rLI08nMApVMCBOjTgBprgAgEJz/AKb9aT9WK9Wx+L1pyVzRzDH1ifP4AGkL8=</latexit><latexit sha1_base64="AuaeXioLA+tDSWjmnDrdBUdjjnA=">AAAB9HicbVBNT8JAEJ3iF+IX6tHLRjDBC2m5oDeiF48YrZBAIdtlCxu222Z3qyEN/8OLBzVe/THe/Dcu0IOCL5nk5b2ZzMzzY86Utu1vK7e2vrG5ld8u7Ozu7R8UD48eVJRIQl0S8Ui2fawoZ4K6mmlO27GkOPQ5bfnj65nfeqRSsUjc60lMvRAPBQsYwdpIvbLbZQLduZVaT5yX+8WSXbXnQKvEyUgJMjT7xa/uICJJSIUmHCvVcexYeymWmhFOp4VuomiMyRgPacdQgUOqvHR+9RSdGWWAgkiaEhrN1d8TKQ6VmoS+6QyxHqllbyb+53USHVx4KRNxoqkgi0VBwpGO0CwCNGCSEs0nhmAimbkVkRGWmGgTVMGE4Cy/vErcWvWy6tzWSo2rLI08nMApVMCBOjTgBprgAgEJz/AKb9aT9WK9Wx+L1pyVzRzDH1ifP4AGkL8=</latexit>

Minimal Number of Gates to build

Nielsen: Finsler Geometry & Hamiltonian Control Theory

for U(t) = e�iHt

<latexit sha1_base64="QujRmIl7+UkYKXaxkx30+2mca90=">AAAB+3icbVBNT8JAEN3iF+JXlaOXjWCCB0nLRT2YEL1wxMQKCVSyXbawYfuR3alJ0+Bf8eJBjVf/iDf/jQv0oOhLJnl5byYz87xYcAWW9WUUVlbX1jeKm6Wt7Z3dPXP/4E5FiaTMoZGIZNcjigkeMgc4CNaNJSOBJ1jHm1zP/M4Dk4pH4S2kMXMDMgq5zykBLQ3MctWpwQm+xOw+O+W4hWFaHZgVq27Ngf8SOycVlKM9MD/7w4gmAQuBCqJUz7ZicDMigVPBpqV+olhM6ISMWE/TkARMudn8+Ck+1soQ+5HUFQKeqz8nMhIolQae7gwIjNWyNxP/83oJ+OduxsM4ARbSxSI/ERgiPEsCD7lkFESqCaGS61sxHRNJKOi8SjoEe/nlv8Rp1C/q9k2j0rzK0yiiQ3SEashGZ6iJWqiNHERRip7QC3o1Ho1n4814X7QWjHymjH7B+PgGrcySZw==</latexit><latexit sha1_base64="QujRmIl7+UkYKXaxkx30+2mca90=">AAAB+3icbVBNT8JAEN3iF+JXlaOXjWCCB0nLRT2YEL1wxMQKCVSyXbawYfuR3alJ0+Bf8eJBjVf/iDf/jQv0oOhLJnl5byYz87xYcAWW9WUUVlbX1jeKm6Wt7Z3dPXP/4E5FiaTMoZGIZNcjigkeMgc4CNaNJSOBJ1jHm1zP/M4Dk4pH4S2kMXMDMgq5zykBLQ3MctWpwQm+xOw+O+W4hWFaHZgVq27Ngf8SOycVlKM9MD/7w4gmAQuBCqJUz7ZicDMigVPBpqV+olhM6ISMWE/TkARMudn8+Ck+1soQ+5HUFQKeqz8nMhIolQae7gwIjNWyNxP/83oJ+OduxsM4ARbSxSI/ERgiPEsCD7lkFESqCaGS61sxHRNJKOi8SjoEe/nlv8Rp1C/q9k2j0rzK0yiiQ3SEashGZ6iJWqiNHERRip7QC3o1Ho1n4814X7QWjHymjH7B+PgGrcySZw==</latexit><latexit sha1_base64="QujRmIl7+UkYKXaxkx30+2mca90=">AAAB+3icbVBNT8JAEN3iF+JXlaOXjWCCB0nLRT2YEL1wxMQKCVSyXbawYfuR3alJ0+Bf8eJBjVf/iDf/jQv0oOhLJnl5byYz87xYcAWW9WUUVlbX1jeKm6Wt7Z3dPXP/4E5FiaTMoZGIZNcjigkeMgc4CNaNJSOBJ1jHm1zP/M4Dk4pH4S2kMXMDMgq5zykBLQ3MctWpwQm+xOw+O+W4hWFaHZgVq27Ngf8SOycVlKM9MD/7w4gmAQuBCqJUz7ZicDMigVPBpqV+olhM6ISMWE/TkARMudn8+Ck+1soQ+5HUFQKeqz8nMhIolQae7gwIjNWyNxP/83oJ+OduxsM4ARbSxSI/ERgiPEsCD7lkFESqCaGS61sxHRNJKOi8SjoEe/nlv8Rp1C/q9k2j0rzK0yiiQ3SEashGZ6iJWqiNHERRip7QC3o1Ho1n4814X7QWjHymjH7B+PgGrcySZw==</latexit><latexit sha1_base64="QujRmIl7+UkYKXaxkx30+2mca90=">AAAB+3icbVBNT8JAEN3iF+JXlaOXjWCCB0nLRT2YEL1wxMQKCVSyXbawYfuR3alJ0+Bf8eJBjVf/iDf/jQv0oOhLJnl5byYz87xYcAWW9WUUVlbX1jeKm6Wt7Z3dPXP/4E5FiaTMoZGIZNcjigkeMgc4CNaNJSOBJ1jHm1zP/M4Dk4pH4S2kMXMDMgq5zykBLQ3MctWpwQm+xOw+O+W4hWFaHZgVq27Ngf8SOycVlKM9MD/7w4gmAQuBCqJUz7ZicDMigVPBpqV+olhM6ISMWE/TkARMudn8+Ck+1soQ+5HUFQKeqz8nMhIolQae7gwIjNWyNxP/83oJ+OduxsM4ARbSxSI/ERgiPEsCD7lkFESqCaGS61sxHRNJKOi8SjoEe/nlv8Rp1C/q9k2j0rzK0yiiQ3SEashGZ6iJWqiNHERRip7QC3o1Ho1n4814X7QWjHymjH7B+PgGrcySZw==</latexit>

C(t) ⇠ nt
<latexit sha1_base64="uQmzmXcmbrYqehX/wi2PI+EVQgc=">AAAB/nicbVBNT8JAEN36ifhVNfHiZSOY4IW0XNQbkYtHTERIaEO2yxY2bLfN7tSEVA7+FS8e1Hj1d3jz37hADwq+ZJKX92YyMy9IBNfgON/Wyura+sZmYau4vbO7t28fHN7rOFWUtWgsYtUJiGaCS9YCDoJ1EsVIFAjWDkaNqd9+YErzWN7BOGF+RAaSh5wSMFLPPi5nHiUCNyYVOMee5hGWGMo9u+RUnRnwMnFzUkI5mj37y+vHNI2YBCqI1l3XScDPiAJOBZsUvVSzhNARGbCuoZJETPvZ7P4JPjNKH4exMiUBz9TfExmJtB5HgemMCAz1ojcV//O6KYSXfsZlkgKTdL4oTAWGGE/DwH2uGAUxNoRQxc2tmA6JIhRMZEUTgrv48jJp1apXVfe2Vqpf52kU0Ak6RRXkogtURzeoiVqIokf0jF7Rm/VkvVjv1se8dcXKZ47QH1ifP8c7lDQ=</latexit><latexit sha1_base64="uQmzmXcmbrYqehX/wi2PI+EVQgc=">AAAB/nicbVBNT8JAEN36ifhVNfHiZSOY4IW0XNQbkYtHTERIaEO2yxY2bLfN7tSEVA7+FS8e1Hj1d3jz37hADwq+ZJKX92YyMy9IBNfgON/Wyura+sZmYau4vbO7t28fHN7rOFWUtWgsYtUJiGaCS9YCDoJ1EsVIFAjWDkaNqd9+YErzWN7BOGF+RAaSh5wSMFLPPi5nHiUCNyYVOMee5hGWGMo9u+RUnRnwMnFzUkI5mj37y+vHNI2YBCqI1l3XScDPiAJOBZsUvVSzhNARGbCuoZJETPvZ7P4JPjNKH4exMiUBz9TfExmJtB5HgemMCAz1ojcV//O6KYSXfsZlkgKTdL4oTAWGGE/DwH2uGAUxNoRQxc2tmA6JIhRMZEUTgrv48jJp1apXVfe2Vqpf52kU0Ak6RRXkogtURzeoiVqIokf0jF7Rm/VkvVjv1se8dcXKZ47QH1ifP8c7lDQ=</latexit><latexit sha1_base64="uQmzmXcmbrYqehX/wi2PI+EVQgc=">AAAB/nicbVBNT8JAEN36ifhVNfHiZSOY4IW0XNQbkYtHTERIaEO2yxY2bLfN7tSEVA7+FS8e1Hj1d3jz37hADwq+ZJKX92YyMy9IBNfgON/Wyura+sZmYau4vbO7t28fHN7rOFWUtWgsYtUJiGaCS9YCDoJ1EsVIFAjWDkaNqd9+YErzWN7BOGF+RAaSh5wSMFLPPi5nHiUCNyYVOMee5hGWGMo9u+RUnRnwMnFzUkI5mj37y+vHNI2YBCqI1l3XScDPiAJOBZsUvVSzhNARGbCuoZJETPvZ7P4JPjNKH4exMiUBz9TfExmJtB5HgemMCAz1ojcV//O6KYSXfsZlkgKTdL4oTAWGGE/DwH2uGAUxNoRQxc2tmA6JIhRMZEUTgrv48jJp1apXVfe2Vqpf52kU0Ak6RRXkogtURzeoiVqIokf0jF7Rm/VkvVjv1se8dcXKZ47QH1ifP8c7lDQ=</latexit><latexit sha1_base64="uQmzmXcmbrYqehX/wi2PI+EVQgc=">AAAB/nicbVBNT8JAEN36ifhVNfHiZSOY4IW0XNQbkYtHTERIaEO2yxY2bLfN7tSEVA7+FS8e1Hj1d3jz37hADwq+ZJKX92YyMy9IBNfgON/Wyura+sZmYau4vbO7t28fHN7rOFWUtWgsYtUJiGaCS9YCDoJ1EsVIFAjWDkaNqd9+YErzWN7BOGF+RAaSh5wSMFLPPi5nHiUCNyYVOMee5hGWGMo9u+RUnRnwMnFzUkI5mj37y+vHNI2YBCqI1l3XScDPiAJOBZsUvVSzhNARGbCuoZJETPvZ7P4JPjNKH4exMiUBz9TfExmJtB5HgemMCAz1ojcV//O6KYSXfsZlkgKTdL4oTAWGGE/DwH2uGAUxNoRQxc2tmA6JIhRMZEUTgrv48jJp1apXVfe2Vqpf52kU0Ak6RRXkogtURzeoiVqIokf0jF7Rm/VkvVjv1se8dcXKZ47QH1ifP8c7lDQ=</latexit>

SU(2n)
<latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit><latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit><latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit><latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit>

I<latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit>
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Time Evolution of Complexity
What are good holographic complexity measures?

Ergodicity Conjugate Points
SU(2n)
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A well-defined large N limit
We investigated curvatures of SU(N) in the 
large N limit with a novel choice of metric on SU(N)
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A well-defined large N limit
We investigated curvatures of SU(N) in the 
large N limit with a novel choice of metric on SU(N)
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A well-defined large N limit
We investigated curvatures of SU(N) in the 
large N limit with a novel choice of metric on SU(N)
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<latexit sha1_base64="VyQxN942zwO/IqwAcJcK9088pkQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxVaol5JUUI9FL56komkLbSib7aZdutmE3Y1QQn+EFw+KePX3ePPfuE170NYHA4/3ZpiZFyScKe0439bK6tr6xmZhq7i9s7u3bx8cNlWcSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo5up33qiUrFYPOpxQv0IDwQLGcHaSK3yg1e5Oyv37JJTdXKgZeLOSaluQ45Gz/7q9mOSRlRowrFSHddJtJ9hqRnhdFLspoommIzwgHYMFTiiys/ycyfo1Ch9FMbSlNAoV39PZDhSahwFpjPCeqgWvan4n9dJdXjlZ0wkqaaCzBaFKUc6RtPfUZ9JSjQfG4KJZOZWRIZYYqJNQkUTgrv48jJp1qruRfX8vlaqX8/SgAIcwwlUwIVLqMMtNMADAiN4hld4sxLrxXq3PmatK9Z85gj+wPr8Ad5sjqU=</latexit>

SU(N)



Why Curvatures?

Ergodicity from Chaos: 
Needs negative sectional curvatures

Conjugate Points: 
Existence needs some 
positive sectional curvatures

SU(2n)
<latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit><latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit><latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit><latexit sha1_base64="oKYPev1jlv/jP4x72OrAIjz/G8g=">AAAB73icbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5o1I5oY4nREwycZG9ZYMPu3mV3z4Rc+BU2Fmps/Tt2/hsXuELBl0zy8t5MZuaFMWfauO63k1tZXVvfyG8WtrZ3dveK+wf3OkoUoT6JeKRaIdaUM0l9wwynrVhRLEJOm+Hoauo3n6jSLJJ3ZhzTQOCBZH1GsLHSQ/nWr9Qe5Wm5Wyy5VXcGtEy8jJQgQ6Nb/Or0IpIIKg3hWOu258YmSLEyjHA6KXQSTWNMRnhA25ZKLKgO0tnBE3RilR7qR8qWNGim/p5IsdB6LELbKbAZ6kVvKv7ntRPTPw9SJuPEUEnmi/oJRyZC0+9RjylKDB9bgoli9lZEhlhhYmxGBRuCt/jyMvFr1Yuqd1Mr1S+zNPJwBMdQAQ/OoA7X0AAfCAh4hld4c5Tz4rw7H/PWnJPNHMIfOJ8/NHKO5Q==</latexit>

I<latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit>

U
<latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit><latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit><latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit><latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit>

Both properties are related to the choice of cost function, 
i.e. the choice of metric on the group manifold



A well-defined large N limit
Our choice of metric admits a well-defined large N limit  
with finite sectional curvatures

P. Basteiro, J. Erdmenger, P. Fries, F. Goth, I. Matthaiakakis, RM, 2109.01152



Complexity as Hydrodynamics

I<latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit><latexit sha1_base64="Wxs+NA5YWobDNpnk+fkaxVWkE/w=">AAAB8HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0X9Ub0ojdMrBChIdtlCxu222Z3aiQN/8KLBzVe/Tne/Dcu0IOCL5nk5b2ZzMwLEsE1Os63VVhZXVvfKG6WtrZ3dvfK+wf3Ok4VZR6NRazaAdFMcMk85ChYO1GMRIFgrWB0NfVbj0xpHss7HCfMj8hA8pBTgkZ6qHaRPWF2M6n2yhWn5sxgLxM3JxXI0eyVv7r9mKYRk0gF0brjOgn6GVHIqWCTUjfVLCF0RAasY6gkEdN+Nrt4Yp8YpW+HsTIl0Z6pvycyEmk9jgLTGREc6kVvKv7ndVIMz/2MyyRFJul8UZgKG2N7+r7d54pRFGNDCFXc3GrTIVGEogmpZEJwF19eJl69dlFzb+uVxmWeRhGO4BhOwYUzaMA1NMEDChKe4RXeLG29WO/Wx7y1YOUzh/AH1ucPhYiQWg==</latexit>

U
<latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit><latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit><latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit><latexit sha1_base64="G4kliPB7hoIg+XxQrh9D6rJbhmM=">AAAB6XicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsatSPaWGL0hAQuZG/Zgw17e5fdORNC+Ak2Fmps/Ud2/hsXuELBl0zy8t5MZuaFqRQGXffbKaytb2xuFbdLO7t7+wflw6NHk2SacZ8lMtHtkBouheI+CpS8nWpO41DyVji6mfmtJ66NSNQDjlMexHSgRCQYRSvdV/1qr1xxa+4cZJV4OalAjmav/NXtJyyLuUImqTEdz00xmFCNgkk+LXUzw1PKRnTAO5YqGnMTTOanTsmZVfokSrQthWSu/p6Y0NiYcRzazpji0Cx7M/E/r5NhdBlMhEoz5IotFkWZJJiQ2d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwll9eJX69dlXz7uqVxnWeRhFO4BTOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/1lONBw==</latexit>

<latexit sha1_base64="VyQxN942zwO/IqwAcJcK9088pkQ=">AAAB7nicbVBNS8NAEJ34WetX1KOXxVaol5JUUI9FL56komkLbSib7aZdutmE3Y1QQn+EFw+KePX3ePPfuE170NYHA4/3ZpiZFyScKe0439bK6tr6xmZhq7i9s7u3bx8cNlWcSkI9EvNYtgOsKGeCepppTtuJpDgKOG0Fo5up33qiUrFYPOpxQv0IDwQLGcHaSK3yg1e5Oyv37JJTdXKgZeLOSaluQ45Gz/7q9mOSRlRowrFSHddJtJ9hqRnhdFLspoommIzwgHYMFTiiys/ycyfo1Ch9FMbSlNAoV39PZDhSahwFpjPCeqgWvan4n9dJdXjlZ0wkqaaCzBaFKUc6RtPfUZ9JSjQfG4KJZOZWRIZYYqJNQkUTgrv48jJp1qruRfX8vlaqX8/SgAIcwwlUwIVLqMMtNMADAiN4hld4sxLrxXq3PmatK9Z85gj+wPr8Ad5sjqU=</latexit>

SU(N)

Large N 
Limit 

Our choice of metric admits a well-defined large N limit 

<latexit sha1_base64="JoLFL0X2LHdm5B6+xNm+3z46Edc=">AAACEHicbVA9T8MwEL3wTfkKMLJYFAQsVQISMFawMCEQtCA1VeW4TmvhOJF9AVVRfwILf4WFAYRYGdn4N7hpB76edNLTe3f23QtTKQx63qczNj4xOTU9M1uam19YXHKXV+omyTTjNZbIRF+H1HApFK+hQMmvU81pHEp+Fd4cD/yrW66NSNQl9lLejGlHiUgwilZquVsbQfFIHsqM9/OL2vZpoEWni1Tr5I4EQkXY2+lvtNyyV/EKkL/EH5Fy1YUCZy33I2gnLIu5QiapMQ3fS7GZU42CSd4vBZnhKWU3tMMblioac9PMi136ZNMqbRIl2pZCUqjfJ3IaG9OLQ9sZU+ya395A/M9rZBgdNnOh0gy5YsOPokwSTMggHdIWmjOUPUso08LuSliXasrQZliyIfi/T/5L6rsVf7+yd75brh4N04AZWIN12AYfDqAKJ3AGNWBwD4/wDC/Og/PkvDpvw9YxZzSzCj/gvH8BWRmddA==</latexit>

SU(N ! 1)
<latexit sha1_base64="TW43kUtMOFqnKScNxl2wbuYcJYA=">AAACDHicbVC7SgNBFL0bXzG+opY2i1GITdiNoJZBG8sIRgNJDLOTuzpk9sHMXTEs+wE2/oqNhSK2foCdf+NkY6HGAwOHc86duXO8WApNjvNpFWZm5+YXioulpeWV1bXy+saFjhLFscUjGam2xzRKEWKLBElsxwpZ4Em89IYnY//yFpUWUXhOoxh7AbsOhS84IyP1y5Wdbn5J6skEs7RLeEcqSPVA+H5WPb+q72U7JuXUnBz2NHG/SaVRhhzNfvmjO4h4EmBIXDKtO64TUy9ligSXmJW6icaY8SG7xo6hIQtQ99J8j8zeNcrA9iNlTkh2rv6cSFmg9SjwTDJgdKP/emPxP6+TkH/US0UYJ4QhnzzkJ9KmyB43Yw+EQk5yZAjjSphdbX7DFONk+iuZEty/X54mF/Wae1DbP6tXGseTNqAIW7ANVXDhEBpwCk1oAYd7eIRneLEerCfr1XqbRAvW98wm/IL1/gWKo5vz</latexit>

sdi↵(T 2)

Geodesic dynamics Two-dimensional 
Ideal Hydrodynamics

P. Basteiro, J. Erdmenger, P. Fries, F. Goth, I. Matthaiakakis, RM, 2109.01152

Sub-Riemannian Geometry



Averaged Ricci Curvatures
Hydrodynamics: Negative Normalized Ricci Curvature

P. Basteiro, J. Erdmenger, P. Fries, F. Goth, I. Matthaiakakis, RM, 2109.01152

Necessary for Ergodicity



Conclusions & Outlook
• Gauge/gravity duality: New relations between  

gravity, black holes and quantum information 

• Geometric concepts in AdS space: New insight into 
quantum information properties of strongly coupled  
holographic quantum systems and gravity 
E.g. Entanglement entropy, symmetry resolved entanglement, 
quantum complexity, wormholes 

• New tests of “extended” AdS3/CFT2 correspondence 
• First example of breakdown of equipartition at large c 
• Large N qudit complexity as hydrodynamics 

• Outlook:Improved understanding of both AdS Quantum Gravity  
and strongly interacting physics from quantum information


