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Many-body physics and gravity:
an opportunity for quantum simulation



This talk is meant to be an introduction to how we can think about gravity in a 
specific emergent framework: AdS/CFT

Some older work on quantum simulation of AdS/CFT with
[Solano group (Bilbao) and A. Del Campo]

I especially want to acknowledge crucial and inspiring discussions with
[Jean-Philippe Brantut &  EPFL group]

[Tillman Esslinger & ETH  group]

Holographic duality ↔ quantum technologies

[Philipp Hauke & Trento  group]



2. Many-body approach to holography  
 
SYK/Schwarzian, transport without quasiparticles
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What is a duality?

Some countries have (more than) two official languages

“Genève” “Genf”

A duality in theoretical physics involves two (or more) different 
mathematical descriptions of the same phenomena

“metric” “state”
Like in the linguistic analogy there exists a dictionary to help 

translate from one side to the other



AdS/CFT

Dualities are found in many areas of physics and mathematics  
(e.g. particle - vortex duality in condensed matter)

 What is special about AdS/CFT duality is that it involves gravity

Duality:

quantum gravity 
in aAdS = quantum field theory 

on fixed background

[Maldacena , GKP, Witten]



What is “AdS”?

A highly ("maximally”) symmetric solution of Einstein’s equations with negative 
cosmological constant in d+1 dimensions — “Anti de-Sitter space”

[Escher, Circle Limit IV]

• Lorentzian version of hyperbolic space  

• Gravity: geometry is dynamical 

• Quantum gravity: string theory of aAdS 
spacetime 

• Symmetry: group of isometries is

SO(2, d)
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What is “CFT”?

A quantum field theory in d dimensions equipped with ‘conformal’ symmetry

Conformal transformation (of flat space): such that

g ! g0 = ⌦2g
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x ! x0
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Group of all such transformations: SO(2, d)
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First entry in the dictionary:

“conformal 
symmetry”SO(2, d)
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“AdS 
isometries”

[Belavin, Polyakov, Zamolodchikov;…..]

“angles preserved”



The holographic principle

AdS boundary

(@AdS)d
<latexit sha1_base64="9Wf5fXuEFnHhfriuzZP2dIAxoLw=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIdTNk2mrrrurGZUX7gE4pmUzahmYeJBmhDOPGX3HjQhG3/oU7/8ZMW0FFD1w4nHNvcu9xQs6kQujDyCwsLi2vZFdza+sbm1v57Z2WDCJBaJMEPBAdB0vKmU+biilOO6Gg2HM4bTvji9Rv31IhWeDfqElIex4e+mzACFZa6uf3inaIhWKYw9gWHjxzr5Ojfuwm/XwBmdWyVS2dQmSik1qlWklJuWYdI2iZaIoCmKPRz7/bbkAij/qKcCxl10Kh6sXp44TTJGdHkoaYjPGQdjX1sUdlL55ekMBDrbhwEAhdvoJT9ftEjD0pJ56jOz2sRvK3l4p/ed1IDWq9mPlhpKhPZh8NIg5VANM4oMsEJYpPNMFEML0rJCMsMFE6tJwO4etS+D9plUwLmdZVpVA/n8eRBfvgABSBBaqgDi5BAzQBAXfgATyBZ+PeeDRejNdZa8aYz+yCHzDePgEPqZam</latexit><latexit sha1_base64="9Wf5fXuEFnHhfriuzZP2dIAxoLw=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIdTNk2mrrrurGZUX7gE4pmUzahmYeJBmhDOPGX3HjQhG3/oU7/8ZMW0FFD1w4nHNvcu9xQs6kQujDyCwsLi2vZFdza+sbm1v57Z2WDCJBaJMEPBAdB0vKmU+biilOO6Gg2HM4bTvji9Rv31IhWeDfqElIex4e+mzACFZa6uf3inaIhWKYw9gWHjxzr5Ojfuwm/XwBmdWyVS2dQmSik1qlWklJuWYdI2iZaIoCmKPRz7/bbkAij/qKcCxl10Kh6sXp44TTJGdHkoaYjPGQdjX1sUdlL55ekMBDrbhwEAhdvoJT9ftEjD0pJ56jOz2sRvK3l4p/ed1IDWq9mPlhpKhPZh8NIg5VANM4oMsEJYpPNMFEML0rJCMsMFE6tJwO4etS+D9plUwLmdZVpVA/n8eRBfvgABSBBaqgDi5BAzQBAXfgATyBZ+PeeDRejNdZa8aYz+yCHzDePgEPqZam</latexit><latexit sha1_base64="9Wf5fXuEFnHhfriuzZP2dIAxoLw=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIdTNk2mrrrurGZUX7gE4pmUzahmYeJBmhDOPGX3HjQhG3/oU7/8ZMW0FFD1w4nHNvcu9xQs6kQujDyCwsLi2vZFdza+sbm1v57Z2WDCJBaJMEPBAdB0vKmU+biilOO6Gg2HM4bTvji9Rv31IhWeDfqElIex4e+mzACFZa6uf3inaIhWKYw9gWHjxzr5Ojfuwm/XwBmdWyVS2dQmSik1qlWklJuWYdI2iZaIoCmKPRz7/bbkAij/qKcCxl10Kh6sXp44TTJGdHkoaYjPGQdjX1sUdlL55ekMBDrbhwEAhdvoJT9ftEjD0pJ56jOz2sRvK3l4p/ed1IDWq9mPlhpKhPZh8NIg5VANM4oMsEJYpPNMFEML0rJCMsMFE6tJwO4etS+D9plUwLmdZVpVA/n8eRBfvgABSBBaqgDi5BAzQBAXfgATyBZ+PeeDRejNdZa8aYz+yCHzDePgEPqZam</latexit><latexit sha1_base64="9Wf5fXuEFnHhfriuzZP2dIAxoLw=">AAACAXicdVDLSgMxFM3UV62vqhvBTbAIdTNk2mrrrurGZUX7gE4pmUzahmYeJBmhDOPGX3HjQhG3/oU7/8ZMW0FFD1w4nHNvcu9xQs6kQujDyCwsLi2vZFdza+sbm1v57Z2WDCJBaJMEPBAdB0vKmU+biilOO6Gg2HM4bTvji9Rv31IhWeDfqElIex4e+mzACFZa6uf3inaIhWKYw9gWHjxzr5Ojfuwm/XwBmdWyVS2dQmSik1qlWklJuWYdI2iZaIoCmKPRz7/bbkAij/qKcCxl10Kh6sXp44TTJGdHkoaYjPGQdjX1sUdlL55ekMBDrbhwEAhdvoJT9ftEjD0pJ56jOz2sRvK3l4p/ed1IDWq9mPlhpKhPZh8NIg5VANM4oMsEJYpPNMFEML0rJCMsMFE6tJwO4etS+D9plUwLmdZVpVA/n8eRBfvgABSBBaqgDi5BAzQBAXfgATyBZ+PeeDRejNdZa8aYz+yCHzDePgEPqZam</latexit>

The CFT ‘lives’ 
here

AdS interior

AdSd+1
<latexit sha1_base64="2pIHuhZmrCkDTLkosM5NG6WVA24=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCIISkVtLuqm5cVrS10IYwmUzaoZMHMxOhhnyJGxeKuPVT3Pk3TtoKKnrgwuGce7n3Hi9hVEjT/NBKS8srq2vl9crG5tZ2Vd/Z7Yk45Zh0ccxi3veQIIxGpCupZKSfcIJCj5Fbb3JR+Ld3hAsaRzdymhAnRKOIBhQjqSRXr2ZDHsIz/zp3M//Yyl29Zhr102bdPoGK2KbVahSk1bTNBrQMc4YaWKDj6u9DP8ZpSCKJGRJiYJmJdDLEJcWM5JVhKkiC8ASNyEDRCIVEONns8BweKsWHQcxVRRLO1O8TGQqFmIae6gyRHIvfXiH+5Q1SGTSdjEZJKkmE54uClEEZwyIF6FNOsGRTRRDmVN0K8RhxhKXKqqJC+PoU/k96dcMyDeuqUWufL+Iog31wAI6ABWzQBpegA7oAgxQ8gCfwrN1rj9qL9jpvLWmLmT3wA9rbJ3DXkvM=</latexit><latexit sha1_base64="2pIHuhZmrCkDTLkosM5NG6WVA24=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCIISkVtLuqm5cVrS10IYwmUzaoZMHMxOhhnyJGxeKuPVT3Pk3TtoKKnrgwuGce7n3Hi9hVEjT/NBKS8srq2vl9crG5tZ2Vd/Z7Yk45Zh0ccxi3veQIIxGpCupZKSfcIJCj5Fbb3JR+Ld3hAsaRzdymhAnRKOIBhQjqSRXr2ZDHsIz/zp3M//Yyl29Zhr102bdPoGK2KbVahSk1bTNBrQMc4YaWKDj6u9DP8ZpSCKJGRJiYJmJdDLEJcWM5JVhKkiC8ASNyEDRCIVEONns8BweKsWHQcxVRRLO1O8TGQqFmIae6gyRHIvfXiH+5Q1SGTSdjEZJKkmE54uClEEZwyIF6FNOsGRTRRDmVN0K8RhxhKXKqqJC+PoU/k96dcMyDeuqUWufL+Iog31wAI6ABWzQBpegA7oAgxQ8gCfwrN1rj9qL9jpvLWmLmT3wA9rbJ3DXkvM=</latexit><latexit sha1_base64="2pIHuhZmrCkDTLkosM5NG6WVA24=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCIISkVtLuqm5cVrS10IYwmUzaoZMHMxOhhnyJGxeKuPVT3Pk3TtoKKnrgwuGce7n3Hi9hVEjT/NBKS8srq2vl9crG5tZ2Vd/Z7Yk45Zh0ccxi3veQIIxGpCupZKSfcIJCj5Fbb3JR+Ld3hAsaRzdymhAnRKOIBhQjqSRXr2ZDHsIz/zp3M//Yyl29Zhr102bdPoGK2KbVahSk1bTNBrQMc4YaWKDj6u9DP8ZpSCKJGRJiYJmJdDLEJcWM5JVhKkiC8ASNyEDRCIVEONns8BweKsWHQcxVRRLO1O8TGQqFmIae6gyRHIvfXiH+5Q1SGTSdjEZJKkmE54uClEEZwyIF6FNOsGRTRRDmVN0K8RhxhKXKqqJC+PoU/k96dcMyDeuqUWufL+Iog31wAI6ABWzQBpegA7oAgxQ8gCfwrN1rj9qL9jpvLWmLmT3wA9rbJ3DXkvM=</latexit><latexit sha1_base64="2pIHuhZmrCkDTLkosM5NG6WVA24=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCIISkVtLuqm5cVrS10IYwmUzaoZMHMxOhhnyJGxeKuPVT3Pk3TtoKKnrgwuGce7n3Hi9hVEjT/NBKS8srq2vl9crG5tZ2Vd/Z7Yk45Zh0ccxi3veQIIxGpCupZKSfcIJCj5Fbb3JR+Ld3hAsaRzdymhAnRKOIBhQjqSRXr2ZDHsIz/zp3M//Yyl29Zhr102bdPoGK2KbVahSk1bTNBrQMc4YaWKDj6u9DP8ZpSCKJGRJiYJmJdDLEJcWM5JVhKkiC8ASNyEDRCIVEONns8BweKsWHQcxVRRLO1O8TGQqFmIae6gyRHIvfXiH+5Q1SGTSdjEZJKkmE54uClEEZwyIF6FNOsGRTRRDmVN0K8RhxhKXKqqJC+PoU/k96dcMyDeuqUWufL+Iog31wAI6ABWzQBpegA7oAgxQ8gCfwrN1rj9qL9jpvLWmLmT3wA9rbJ3DXkvM=</latexit>

Gravitational physics emerges from a lower-dimensional ‘hologram’

SBH =
A

4GN<latexit sha1_base64="Mo8CJLQqRoSXM5xR98qNF6byAx8=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRS0I1Q68KupKJ9QBPCZDpph84kYWYilJCFG3/FjQtF3PoR7vwbp20W2nrgwuGce7n3Hj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JFRIjBp44hFoucjSRgNSVtRxUgvFgRxn5GuP76a+t0HIiSNwns1iYnL0TCkAcVIackzy3de6ggOG80MXkAnEAinl1lau/ZuMs+sWFVrBrhM7JxUQI6WZ345gwgnnIQKMyRl37Zi5aZIKIoZyUpOIkmM8BgNSV/TEHEi3XT2RAaPtTKAQSR0hQrO1N8TKeJSTrivOzlSI7noTcX/vH6ignM3pWGcKBLi+aIgYVBFcJoIHFBBsGITTRAWVN8K8QjpIJTOraRDsBdfXiad06ptVe3bWqXeyOMogjI4AifABmegDpqgBdoAg0fwDF7Bm/FkvBjvxse8tWDkM4fgD4zPHxTdlxY=</latexit><latexit sha1_base64="Mo8CJLQqRoSXM5xR98qNF6byAx8=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRS0I1Q68KupKJ9QBPCZDpph84kYWYilJCFG3/FjQtF3PoR7vwbp20W2nrgwuGce7n3Hj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JFRIjBp44hFoucjSRgNSVtRxUgvFgRxn5GuP76a+t0HIiSNwns1iYnL0TCkAcVIackzy3de6ggOG80MXkAnEAinl1lau/ZuMs+sWFVrBrhM7JxUQI6WZ345gwgnnIQKMyRl37Zi5aZIKIoZyUpOIkmM8BgNSV/TEHEi3XT2RAaPtTKAQSR0hQrO1N8TKeJSTrivOzlSI7noTcX/vH6ignM3pWGcKBLi+aIgYVBFcJoIHFBBsGITTRAWVN8K8QjpIJTOraRDsBdfXiad06ptVe3bWqXeyOMogjI4AifABmegDpqgBdoAg0fwDF7Bm/FkvBjvxse8tWDkM4fgD4zPHxTdlxY=</latexit><latexit sha1_base64="Mo8CJLQqRoSXM5xR98qNF6byAx8=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRS0I1Q68KupKJ9QBPCZDpph84kYWYilJCFG3/FjQtF3PoR7vwbp20W2nrgwuGce7n3Hj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JFRIjBp44hFoucjSRgNSVtRxUgvFgRxn5GuP76a+t0HIiSNwns1iYnL0TCkAcVIackzy3de6ggOG80MXkAnEAinl1lau/ZuMs+sWFVrBrhM7JxUQI6WZ345gwgnnIQKMyRl37Zi5aZIKIoZyUpOIkmM8BgNSV/TEHEi3XT2RAaPtTKAQSR0hQrO1N8TKeJSTrivOzlSI7noTcX/vH6ignM3pWGcKBLi+aIgYVBFcJoIHFBBsGITTRAWVN8K8QjpIJTOraRDsBdfXiad06ptVe3bWqXeyOMogjI4AifABmegDpqgBdoAg0fwDF7Bm/FkvBjvxse8tWDkM4fgD4zPHxTdlxY=</latexit><latexit sha1_base64="Mo8CJLQqRoSXM5xR98qNF6byAx8=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRS0I1Q68KupKJ9QBPCZDpph84kYWYilJCFG3/FjQtF3PoR7vwbp20W2nrgwuGce7n3Hj9mVCrL+jYKK6tr6xvFzdLW9s7unrl/0JFRIjBp44hFoucjSRgNSVtRxUgvFgRxn5GuP76a+t0HIiSNwns1iYnL0TCkAcVIackzy3de6ggOG80MXkAnEAinl1lau/ZuMs+sWFVrBrhM7JxUQI6WZ345gwgnnIQKMyRl37Zi5aZIKIoZyUpOIkmM8BgNSV/TEHEi3XT2RAaPtTKAQSR0hQrO1N8TKeJSTrivOzlSI7noTcX/vH6ignM3pWGcKBLi+aIgYVBFcJoIHFBBsGITTRAWVN8K8QjpIJTOraRDsBdfXiad06ptVe3bWqXeyOMogjI4AifABmegDpqgBdoAg0fwDF7Bm/FkvBjvxse8tWDkM4fgD4zPHxTdlxY=</latexit>

[Bekenstein; Hawking]

[’t Hooft; Susskind]



More entries in the dictionary

“conformal 
symmetry”SO(2, d)

<latexit sha1_base64="kq826fKcZtj9BAOQaU9O5TCJ/UY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJUkLJbBD0WvXizov2AdinZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut7Oyura+sZnbym/v7O7tFw4OGzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw5up3xxRpVkkH804pr7AfclCRrCxkp92lEAPd5NS5bx31i0U3bI7A1omXkaKkKHWLXx1ehFJBJWGcKx123Nj46dYGUY4neQ7iaYxJkPcp21LJRZU++ns6Ak6tUoPhZGyJQ2aqb8nUiy0HovAdgpsBnrRm4r/ee3EhFd+ymScGCrJfFGYcGQiNE0A9ZiixPCxJZgoZm9FZIAVJsbmlLcheIsvL5NGpey5Ze/+oli9zuLIwTGcQAk8uIQq3EIN6kDgCZ7hFd6ckfPivDsf89YVJ5s5gj9wPn8AI6iRBA==</latexit><latexit sha1_base64="kq826fKcZtj9BAOQaU9O5TCJ/UY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJUkLJbBD0WvXizov2AdinZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut7Oyura+sZnbym/v7O7tFw4OGzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw5up3xxRpVkkH804pr7AfclCRrCxkp92lEAPd5NS5bx31i0U3bI7A1omXkaKkKHWLXx1ehFJBJWGcKx123Nj46dYGUY4neQ7iaYxJkPcp21LJRZU++ns6Ak6tUoPhZGyJQ2aqb8nUiy0HovAdgpsBnrRm4r/ee3EhFd+ymScGCrJfFGYcGQiNE0A9ZiixPCxJZgoZm9FZIAVJsbmlLcheIsvL5NGpey5Ze/+oli9zuLIwTGcQAk8uIQq3EIN6kDgCZ7hFd6ckfPivDsf89YVJ5s5gj9wPn8AI6iRBA==</latexit><latexit sha1_base64="kq826fKcZtj9BAOQaU9O5TCJ/UY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJUkLJbBD0WvXizov2AdinZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut7Oyura+sZnbym/v7O7tFw4OGzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw5up3xxRpVkkH804pr7AfclCRrCxkp92lEAPd5NS5bx31i0U3bI7A1omXkaKkKHWLXx1ehFJBJWGcKx123Nj46dYGUY4neQ7iaYxJkPcp21LJRZU++ns6Ak6tUoPhZGyJQ2aqb8nUiy0HovAdgpsBnrRm4r/ee3EhFd+ymScGCrJfFGYcGQiNE0A9ZiixPCxJZgoZm9FZIAVJsbmlLcheIsvL5NGpey5Ze/+oli9zuLIwTGcQAk8uIQq3EIN6kDgCZ7hFd6ckfPivDsf89YVJ5s5gj9wPn8AI6iRBA==</latexit><latexit sha1_base64="kq826fKcZtj9BAOQaU9O5TCJ/UY=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJUkLJbBD0WvXizov2AdinZNNuGJtk1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBTFn2rjut7Oyura+sZnbym/v7O7tFw4OGzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw5up3xxRpVkkH804pr7AfclCRrCxkp92lEAPd5NS5bx31i0U3bI7A1omXkaKkKHWLXx1ehFJBJWGcKx123Nj46dYGUY4neQ7iaYxJkPcp21LJRZU++ns6Ak6tUoPhZGyJQ2aqb8nUiy0HovAdgpsBnrRm4r/ee3EhFd+ymScGCrJfFGYcGQiNE0A9ZiixPCxJZgoZm9FZIAVJsbmlLcheIsvL5NGpey5Ze/+oli9zuLIwTGcQAk8uIQq3EIN6kDgCZ7hFd6ckfPivDsf89YVJ5s5gj9wPn8AI6iRBA==</latexit>

“AdS  
isometries”

“metric” “energy-
momentum”

“extremal surfaces” “entanglement”

“ripples” 
(perturbations)

“correlation 
functions”W [J ]

<latexit sha1_base64="XgNjIHzq6BS5GkuWeUAZkIwV0VY=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHZF0GPQi3iKYB6QXcLsZDYZMvtgplcJaz7FiwdFvPol3vwbJ8keNLGgoajqprsrSKXQ6Djf1srq2vrGZmmrvL2zu7dvVw5aOskU402WyER1Aqq5FDFvokDJO6niNAokbwej66nffuBKiyS+x3HK/YgOYhEKRtFIPbvS9iQPsUtuiafEYIh+z646NWcGskzcglShQKNnf3n9hGURj5FJqnXXdVL0c6pQMMknZS/TPKVsRAe8a2hMI679fHb6hJwYpU/CRJmKkczU3xM5jbQeR4HpjCgO9aI3Ff/zuhmGl34u4jRDHrP5ojCTBBMyzYH0heIM5dgQypQwtxI2pIoyNGmVTQju4svLpHVWc52ae3derV8VcZTgCI7hFFy4gDrcQAOawOARnuEV3qwn68V6tz7mrStWMXMIf2B9/gBnlpNv</latexit><latexit sha1_base64="XgNjIHzq6BS5GkuWeUAZkIwV0VY=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHZF0GPQi3iKYB6QXcLsZDYZMvtgplcJaz7FiwdFvPol3vwbJ8keNLGgoajqprsrSKXQ6Djf1srq2vrGZmmrvL2zu7dvVw5aOskU402WyER1Aqq5FDFvokDJO6niNAokbwej66nffuBKiyS+x3HK/YgOYhEKRtFIPbvS9iQPsUtuiafEYIh+z646NWcGskzcglShQKNnf3n9hGURj5FJqnXXdVL0c6pQMMknZS/TPKVsRAe8a2hMI679fHb6hJwYpU/CRJmKkczU3xM5jbQeR4HpjCgO9aI3Ff/zuhmGl34u4jRDHrP5ojCTBBMyzYH0heIM5dgQypQwtxI2pIoyNGmVTQju4svLpHVWc52ae3derV8VcZTgCI7hFFy4gDrcQAOawOARnuEV3qwn68V6tz7mrStWMXMIf2B9/gBnlpNv</latexit><latexit sha1_base64="XgNjIHzq6BS5GkuWeUAZkIwV0VY=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHZF0GPQi3iKYB6QXcLsZDYZMvtgplcJaz7FiwdFvPol3vwbJ8keNLGgoajqprsrSKXQ6Djf1srq2vrGZmmrvL2zu7dvVw5aOskU402WyER1Aqq5FDFvokDJO6niNAokbwej66nffuBKiyS+x3HK/YgOYhEKRtFIPbvS9iQPsUtuiafEYIh+z646NWcGskzcglShQKNnf3n9hGURj5FJqnXXdVL0c6pQMMknZS/TPKVsRAe8a2hMI679fHb6hJwYpU/CRJmKkczU3xM5jbQeR4HpjCgO9aI3Ff/zuhmGl34u4jRDHrP5ojCTBBMyzYH0heIM5dgQypQwtxI2pIoyNGmVTQju4svLpHVWc52ae3derV8VcZTgCI7hFFy4gDrcQAOawOARnuEV3qwn68V6tz7mrStWMXMIf2B9/gBnlpNv</latexit><latexit sha1_base64="XgNjIHzq6BS5GkuWeUAZkIwV0VY=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwFHZF0GPQi3iKYB6QXcLsZDYZMvtgplcJaz7FiwdFvPol3vwbJ8keNLGgoajqprsrSKXQ6Djf1srq2vrGZmmrvL2zu7dvVw5aOskU402WyER1Aqq5FDFvokDJO6niNAokbwej66nffuBKiyS+x3HK/YgOYhEKRtFIPbvS9iQPsUtuiafEYIh+z646NWcGskzcglShQKNnf3n9hGURj5FJqnXXdVL0c6pQMMknZS/TPKVsRAe8a2hMI679fHb6hJwYpU/CRJmKkczU3xM5jbQeR4HpjCgO9aI3Ff/zuhmGl34u4jRDHrP5ojCTBBMyzYH0heIM5dgQypQwtxI2pIoyNGmVTQju4svLpHVWc52ae3derV8VcZTgCI7hFFy4gDrcQAOawOARnuEV3qwn68V6tz7mrStWMXMIf2B9/gBnlpNv</latexit>



Entanglement & geometry
What is hard to express in one language may be easy in another  
(extract from index of Landau & Lifshitz, Vol.3)

“Drehimpulswahrscheinlichkeitsdichteverteilungsfunktion”

AdS/CFT allows computations that seem impossible otherwise:

R
<latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit><latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit><latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit><latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit>

⌃
<latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit><latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit><latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit><latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit> R

<latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit><latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit><latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit><latexit sha1_base64="0olYr0/sJNTrSdCDpAUMThElouE=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjKjbcdd0Y3LVuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8dXMb99TqVgsbvUkoX6Eh4KFjGBtpMZNv1hCtltxK54LkV32EDrzDLmoOuUKgo6N5iiBJer94ntvEJM0okITjpXqOijRfoalZoTTaaGXKppgMsZD2jVU4IgqP5sfOoUnRhnAMJamhIZz9ftEhiOlJlFgOiOsR+q3NxP/8rqpDj0/YyJJNRVksShMOdQxnH0NB0xSovnEEEwkM7dCMsISE22yKZgQvj6F/5OWazvIdhrnpdrlMo48OALH4BQ4oApq4BrUQRMQQMEDeALP1p31aL1Yr4vWnLWcOQQ/YL19Ah2SjSQ=</latexit>

S( ) =
area( )

4GN
<latexit sha1_base64="Ne5Vdn3He/vQl3YLDuY5LXEZPP0=">AAACKHicbVDLSgMxFM3UV62vUZdugkVoQcqMFHQjFl3oSiraB3SGkkkzbWgyMyQZoQzzOW78FTciinTrl5i2s6ithwQO59x7k3u8iFGpLGts5FZW19Y38puFre2d3T1z/6Apw1hg0sAhC0XbQ5IwGpCGooqRdiQI4h4jLW94M/Fbz0RIGgZPahQRl6N+QH2KkdJS17x6LDmncO6U4SV0fIFwkjiCQ6SHpXChBsJymlThbfc+7ZpFq2JNAZeJnZEiyFDvmh9OL8QxJ4HCDEnZsa1IuQkSimJG0oITSxIhPER90tE0QJxIN5kumsITrfSgHwp9AwWn6nxHgriUI+7pSo7UQC56E/E/rxMr/8JNaBDFigR49pAfM6hCOEkN9qggWLGRJggLqv8K8QDplJTOtqBDsBdXXibNs4ptVeyHarF2ncWRB0fgGJSADc5BDdyBOmgADF7AG/gEX8ar8W58G+NZac7Ieg7BHxg/v9vroF8=</latexit><latexit sha1_base64="Ne5Vdn3He/vQl3YLDuY5LXEZPP0=">AAACKHicbVDLSgMxFM3UV62vUZdugkVoQcqMFHQjFl3oSiraB3SGkkkzbWgyMyQZoQzzOW78FTciinTrl5i2s6ithwQO59x7k3u8iFGpLGts5FZW19Y38puFre2d3T1z/6Apw1hg0sAhC0XbQ5IwGpCGooqRdiQI4h4jLW94M/Fbz0RIGgZPahQRl6N+QH2KkdJS17x6LDmncO6U4SV0fIFwkjiCQ6SHpXChBsJymlThbfc+7ZpFq2JNAZeJnZEiyFDvmh9OL8QxJ4HCDEnZsa1IuQkSimJG0oITSxIhPER90tE0QJxIN5kumsITrfSgHwp9AwWn6nxHgriUI+7pSo7UQC56E/E/rxMr/8JNaBDFigR49pAfM6hCOEkN9qggWLGRJggLqv8K8QDplJTOtqBDsBdXXibNs4ptVeyHarF2ncWRB0fgGJSADc5BDdyBOmgADF7AG/gEX8ar8W58G+NZac7Ieg7BHxg/v9vroF8=</latexit><latexit sha1_base64="Ne5Vdn3He/vQl3YLDuY5LXEZPP0=">AAACKHicbVDLSgMxFM3UV62vUZdugkVoQcqMFHQjFl3oSiraB3SGkkkzbWgyMyQZoQzzOW78FTciinTrl5i2s6ithwQO59x7k3u8iFGpLGts5FZW19Y38puFre2d3T1z/6Apw1hg0sAhC0XbQ5IwGpCGooqRdiQI4h4jLW94M/Fbz0RIGgZPahQRl6N+QH2KkdJS17x6LDmncO6U4SV0fIFwkjiCQ6SHpXChBsJymlThbfc+7ZpFq2JNAZeJnZEiyFDvmh9OL8QxJ4HCDEnZsa1IuQkSimJG0oITSxIhPER90tE0QJxIN5kumsITrfSgHwp9AwWn6nxHgriUI+7pSo7UQC56E/E/rxMr/8JNaBDFigR49pAfM6hCOEkN9qggWLGRJggLqv8K8QDplJTOtqBDsBdXXibNs4ptVeyHarF2ncWRB0fgGJSADc5BDdyBOmgADF7AG/gEX8ar8W58G+NZac7Ieg7BHxg/v9vroF8=</latexit><latexit sha1_base64="Ne5Vdn3He/vQl3YLDuY5LXEZPP0=">AAACKHicbVDLSgMxFM3UV62vUZdugkVoQcqMFHQjFl3oSiraB3SGkkkzbWgyMyQZoQzzOW78FTciinTrl5i2s6ithwQO59x7k3u8iFGpLGts5FZW19Y38puFre2d3T1z/6Apw1hg0sAhC0XbQ5IwGpCGooqRdiQI4h4jLW94M/Fbz0RIGgZPahQRl6N+QH2KkdJS17x6LDmncO6U4SV0fIFwkjiCQ6SHpXChBsJymlThbfc+7ZpFq2JNAZeJnZEiyFDvmh9OL8QxJ4HCDEnZsa1IuQkSimJG0oITSxIhPER90tE0QJxIN5kumsITrfSgHwp9AwWn6nxHgriUI+7pSo7UQC56E/E/rxMr/8JNaBDFigR49pAfM6hCOEkN9qggWLGRJggLqv8K8QDplJTOtqBDsBdXXibNs4ptVeyHarF2ncWRB0fgGJSADc5BDdyBOmgADF7AG/gEX8ar8W58G+NZac7Ieg7BHxg/v9vroF8=</latexit>

⌃
<latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit><latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit><latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit><latexit sha1_base64="PUBkJ0CUwklZ3Lpf8khCdg0VFcE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJtndZd0Y3LivYB7VAyaaaNTTJDkhFK6T+4caGIW//HnX9j+hBU9MCFwzn3cu89YcKZNgh9OJmV1bX1jexmbmt7Z3cvv3/Q1HGqCG2QmMeqHWJNOZO0YZjhtJ0oikXIaSscXc781j1VmsXy1owTGgg8kCxiBBsrNbs3bCBwL19Arl/yEfIgckuo4p1XLame+cWyDz0XzVEAS9R7+fduPyapoNIQjrXueCgxwQQrwwin01w31TTBZIQHtGOpxILqYDK/dgpPrNKHUaxsSQPn6veJCRZaj0VoOwU2Q/3bm4l/eZ3URNVgwmSSGirJYlGUcmhiOHsd9pmixPCxJZgoZm+FZIgVJsYGlLMhfH0K/yfNoush17suF2oXyziy4Agcg1PggQqogStQBw1AwB14AE/g2YmdR+fFeV20ZpzlzCH4AeftE9dpj04=</latexit>

[Ryu & Takayanagi]

R
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2. Simple holographic models and their properties 
 
SYK/Schwarzian, transport without quasiparticles
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Many-body approach to holography

The most well-known holographic pair: 

N=4 SU(N) SYM               IIB string theory in AdS5xS5

(Cf QCD…. but not the best starting point for our purpose)
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⇾ in recent years, simple(r) many-body Hamiltonians have emerged:

H =
X

i1···iq

Ji1···iq i1 · · · iq
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where the couplings are drawn from a Gaussian with variance

J2
i1···iq =

J2(q � 1)!

Nq�1
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∼ spin glass models!

{ i, j} = �ij
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[Sachdev, Ye; Kitaev]



Infrared-SYK & Schwarzian

At strong coupling (J ≫ T), this model “flows” to a (-n almost) CFT, the so-
called Schwarzian theory

This theory can be directly related to the physics of 2D gravity, so-called 
“JT gravity”

Figure 2: In (a) we see the full AdS2 space. In (b) we cut it o↵ at the location of a
boundary curve. In (c) we choose a more general boundary curve. The full geometry of
the cutout space does depend on the choice of the boundary curve. On the other hand,
the geometry of this cutout region remains the same if we displace it or rotate it by an
SL(2) transformation of the original AdS2 space.

We see that t(u) or t̃(u) produce exactly the same cutout shape. Therefore the full set of
di↵erent interior geometries is given by the set of all functions t(u) up to the above SL(2)
transformations. (Or modded out by these SL(2) transformations (2.5)).

It is worth noting that we can also look at the asymptotic symmetries of AdS2. They
are generated by reparametrizations of the asymptotic form

⇣t = "(t), ⇣z = z"0(t) (2.6)

These will map one boundary curve into another. In fact, (2.6) sends the curve t(u) = u
to t(u) = u+ "(u).

If we insert these geometries into the action (2.3) the Gauss-Bonnet theorem implies
that we always get the same action, namely the extremal entropy. Thus we have a set of
exact zero modes parametrized by t(u) (up to the SL(2) identification (2.5)).

Notice that, near the boundary, the geometries are indistinguishable, we need to go
through the bulk in order to distinguish them. In fact, this is the realization of the full
reparametrization symmetry that we expect in this problem. In other words, we expect
that SL(2) is enhanced to a full Virasoro like symmetry, which in this case, are just the
reparametrization symmetries. However, the reparametrization symmetry is spontaneously
broken by AdS2. It is broken to SL(2, R). The zero modes are characterized by the
functions t(u). These can be viewed as Goldstone bosons. Except that here we consider
them in the Euclidean problem. We can call these zero modes “boundary gravitons”.
They are similar to the ones that appear in three dimensions. An important di↵erence
with the three dimensional case is that, here, these modes have precisely zero action in the
confromal limit, there is no local conformal invariant action we can write down for them.
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geometric

deformation

Leading fluctuations are again described by the Schwarzian!

Includes black holes, whose entropy is understood in SYK 
language: extensive ground state degeneracy S0

[Maldacena, Stanford; Jensen; Alexeev, Shatashvili]



The black-hole horizon rapidly blueshifts an in-falling signal

The Lyapunov exponent takes the maximal allowed value in both SYK 
and the 2D black hole (⇾ this is an example of Planckian dissipation)

Information scrambling

in the past. We will use RT surfaces and correlation function probes to analytically follow

the loss of local correlation between the L and R sides. We will work with Einstein gravity

in 2+1 bulk dimensions in this section, deferring comments about string- and Planck-scale

e↵ects to section 4, and deferring comments about higher dimensional Einstein gravity to

appendix B.1.

3.1 Unperturbed BTZ

Let us begin by reviewing the geometrical dual of the unperturbed thermofield double

state of two CFTs [4]. This is an AdS-Schwarzschild black hole, analytically extended to

include two asymptotically AdS regions. We think of the CFTs as living at the boundaries

of the respective regions. In 2+1 bulk dimensions, the black hole solution is a BTZ metric,

which can be presented as
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where we use ` to denote the AdS radius, and R to denote the horizon radius. In what

follows, it will often be more convenient to use Kruskal coordinates, which smoothly cover

the maximally extended two-sided geometry. In these coordinates, the metric is
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Figure 2: The Kruskal diagram (center) and Penrose diagram (right) for the BTZ geometry.
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We will use the standard u, v convention so that the right exterior has u < 0 and v > 0.

The two boundaries are at uv = �1, and the two singularities are at uv = 1.
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Figure 3: The Kruskal and Penrose diagrams for the geometry with a shock wave from
the left, represented by the double line. The dashed v = 0 and ṽ = 0 horizons miss by an
amount ↵.

not: there is an impulsive curvature at the location of the shell. One can check that the

Einstein equations imply a stress tensor

Tuu =
↵

4⇡GN

�(u), (16)

corresponding to a shell of null particles symmetrically distributed on the horizon.

3.3 Geodesics

Since we can boost to a frame in which the shock wave has very little stress energy, the

patched solutions described above do not give rise to any large local invariants. The scalar

curvature, for example, is regular at u = 0. However, there are large nonlocal invariants

that distinguish the shock wave geometry from unperturbed BTZ. Geodesic distance, which

we will relate holographically to field theory quantities in § 3.4 and § 3.5, is an important

example of such an invariant.

Let us consider a geodesic connecting a point at Killing time tL on the left boundary

with a point at time tR on the right boundary. We will take both points to be located

at the same value of �. Any real geodesic between them will pass through the shock at

u = 0 at some value of v. We can use the embedding coordinates (9) to compute the

distance, d1, from the left boundary to this intermediate point and, d2, the distance from

10

signal

shockwave

Gravity analog of the butterfly effect with �L = 2⇡T
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On the many-body side this is diagnosed by a 4-pt function
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 i(t)
<latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit><latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit><latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit><latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit>

 i(t)
<latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit><latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit><latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit><latexit sha1_base64="S4V8PJgJHgXh3I8R26TcHcwLWbA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXjxWsB/ShrLZbtqlu0nYnQgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGSxHxJgqUvJNoTlUgeTsY38789hPXRsTRA04S7is6jEQoGEUrPfYSI/qiiuf9csWtuXOQVeLlpAI5Gv3yV28Qs1TxCJmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LY2o4sbP5gdPyZlVBiSMta0IyVz9PZFRZcxEBbZTURyZZW8m/ud1Uwyv/UxESYo8YotFYSoJxmT2PRkIzRnKiSWUaWFvJWxENWVoMyrZELzll1dJ66LmuTXv/rJSv8njKMIJnEIVPLiCOtxBA5rAQMEzvMKbo50X5935WLQWnHzmGP7A+fwBQomQCQ==</latexit>

D
[ i(t), j(0)]
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�
⇠ e2�Lt

<latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="8DuEfKd6GGFfKdSPoI2FQeYmMe4="></latexit><latexit sha1_base64="8DuEfKd6GGFfKdSPoI2FQeYmMe4="></latexit><latexit sha1_base64="wU3AU8Dfws/CEHpTH94z4xygxcA="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit><latexit sha1_base64="CVrawRCeOR1Ur8owPnj1fksXB24="></latexit>

[Maldacena, Stanford, Shenker]



Transport without quasiparticles

 ⇾ quasiparticle description is inapplicable: “Planckian dissipation”

- maximal scrambling 

- minimal viscosity 

- strange-metal like transport (other bounds?)

SYK excitations decay on at a Planckian rate

⌧d ⇠ ~
kBT

<latexit sha1_base64="01wjhoce2pSS6HYLh79LdBZVZbQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0GWpG5cV+oImhMlk0g6dmYSZiVBClm78FTcuFHHrJ7jzb5y2WWjrgQuHc+7l3nvClFGlHefbqqytb2xuVbdrO7t7+wf24VFPJZnEpIsTlshBiBRhVJCuppqRQSoJ4iEj/XByO/P7D0QqmoiOnqbE52gkaEwx0kYK7FNPoyyIoKcoh14sEc69cYhkkU+CFuwUgV13Gs4ccJW4JamDEu3A/vKiBGecCI0ZUmroOqn2cyQ1xYwUNS9TJEV4gkZkaKhAnCg/nz9SwHOjRDBOpCmh4Vz9PZEjrtSUh6aTIz1Wy95M/M8bZjq+8XMq0kwTgReL4oxBncBZKjCikmDNpoYgLKm5FeIxMmlok13NhOAuv7xKepcN12m491f1ZquMowpOwBm4AC64Bk1wB9qgCzB4BM/gFbxZT9aL9W59LForVjlzDP7A+vwBZiaZkA==</latexit><latexit sha1_base64="01wjhoce2pSS6HYLh79LdBZVZbQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0GWpG5cV+oImhMlk0g6dmYSZiVBClm78FTcuFHHrJ7jzb5y2WWjrgQuHc+7l3nvClFGlHefbqqytb2xuVbdrO7t7+wf24VFPJZnEpIsTlshBiBRhVJCuppqRQSoJ4iEj/XByO/P7D0QqmoiOnqbE52gkaEwx0kYK7FNPoyyIoKcoh14sEc69cYhkkU+CFuwUgV13Gs4ccJW4JamDEu3A/vKiBGecCI0ZUmroOqn2cyQ1xYwUNS9TJEV4gkZkaKhAnCg/nz9SwHOjRDBOpCmh4Vz9PZEjrtSUh6aTIz1Wy95M/M8bZjq+8XMq0kwTgReL4oxBncBZKjCikmDNpoYgLKm5FeIxMmlok13NhOAuv7xKepcN12m491f1ZquMowpOwBm4AC64Bk1wB9qgCzB4BM/gFbxZT9aL9W59LForVjlzDP7A+vwBZiaZkA==</latexit><latexit sha1_base64="01wjhoce2pSS6HYLh79LdBZVZbQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0GWpG5cV+oImhMlk0g6dmYSZiVBClm78FTcuFHHrJ7jzb5y2WWjrgQuHc+7l3nvClFGlHefbqqytb2xuVbdrO7t7+wf24VFPJZnEpIsTlshBiBRhVJCuppqRQSoJ4iEj/XByO/P7D0QqmoiOnqbE52gkaEwx0kYK7FNPoyyIoKcoh14sEc69cYhkkU+CFuwUgV13Gs4ccJW4JamDEu3A/vKiBGecCI0ZUmroOqn2cyQ1xYwUNS9TJEV4gkZkaKhAnCg/nz9SwHOjRDBOpCmh4Vz9PZEjrtSUh6aTIz1Wy95M/M8bZjq+8XMq0kwTgReL4oxBncBZKjCikmDNpoYgLKm5FeIxMmlok13NhOAuv7xKepcN12m491f1ZquMowpOwBm4AC64Bk1wB9qgCzB4BM/gFbxZT9aL9W59LForVjlzDP7A+vwBZiaZkA==</latexit><latexit sha1_base64="01wjhoce2pSS6HYLh79LdBZVZbQ=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUlE0GWpG5cV+oImhMlk0g6dmYSZiVBClm78FTcuFHHrJ7jzb5y2WWjrgQuHc+7l3nvClFGlHefbqqytb2xuVbdrO7t7+wf24VFPJZnEpIsTlshBiBRhVJCuppqRQSoJ4iEj/XByO/P7D0QqmoiOnqbE52gkaEwx0kYK7FNPoyyIoKcoh14sEc69cYhkkU+CFuwUgV13Gs4ccJW4JamDEu3A/vKiBGecCI0ZUmroOqn2cyQ1xYwUNS9TJEV4gkZkaKhAnCg/nz9SwHOjRDBOpCmh4Vz9PZEjrtSUh6aTIz1Wy95M/M8bZjq+8XMq0kwTgReL4oxBncBZKjCikmDNpoYgLKm5FeIxMmlok13NhOAuv7xKepcN12m491f1ZquMowpOwBm4AC64Bk1wB9qgCzB4BM/gFbxZT9aL9W59LForVjlzDP7A+vwBZiaZkA==</latexit>

⌘

s
⇠ ~

4⇡kB
<latexit sha1_base64="H01Eo16f5+9HL4z+As7XatcaIyQ=">AAACE3icbVBNS8NAEN3Ur1q/oh69LBZBPJRECnos9eKxgv2AJpTNdtIu3WzC7kYoIf/Bi3/FiwdFvHrx5r9x2+agrQ8GHu/NMDMvSDhT2nG+rdLa+sbmVnm7srO7t39gHx51VJxKCm0a81j2AqKAMwFtzTSHXiKBRAGHbjC5mfndB5CKxeJeTxPwIzISLGSUaCMN7AsvlIRmHmiSZyrHnmIRLrRxQGSe1b2E4cmgmQ/sqlNz5sCrxC1IFRVoDewvbxjTNAKhKSdK9V0n0X5GpGaUQ17xUgUJoRMygr6hgkSg/Gz+U47PjDLEYSxNCY3n6u+JjERKTaPAdEZEj9WyNxP/8/qpDq/9jIkk1SDoYlGYcqxjPAsID5kEqvnUEEIlM7diOiYmEG1irJgQ3OWXV0nnsuY6NfeuXm00izjK6ASdonPkoivUQLeohdqIokf0jF7Rm/VkvVjv1seitWQVM8foD6zPH6RYnps=</latexit><latexit sha1_base64="H01Eo16f5+9HL4z+As7XatcaIyQ=">AAACE3icbVBNS8NAEN3Ur1q/oh69LBZBPJRECnos9eKxgv2AJpTNdtIu3WzC7kYoIf/Bi3/FiwdFvHrx5r9x2+agrQ8GHu/NMDMvSDhT2nG+rdLa+sbmVnm7srO7t39gHx51VJxKCm0a81j2AqKAMwFtzTSHXiKBRAGHbjC5mfndB5CKxeJeTxPwIzISLGSUaCMN7AsvlIRmHmiSZyrHnmIRLrRxQGSe1b2E4cmgmQ/sqlNz5sCrxC1IFRVoDewvbxjTNAKhKSdK9V0n0X5GpGaUQ17xUgUJoRMygr6hgkSg/Gz+U47PjDLEYSxNCY3n6u+JjERKTaPAdEZEj9WyNxP/8/qpDq/9jIkk1SDoYlGYcqxjPAsID5kEqvnUEEIlM7diOiYmEG1irJgQ3OWXV0nnsuY6NfeuXm00izjK6ASdonPkoivUQLeohdqIokf0jF7Rm/VkvVjv1seitWQVM8foD6zPH6RYnps=</latexit><latexit sha1_base64="H01Eo16f5+9HL4z+As7XatcaIyQ=">AAACE3icbVBNS8NAEN3Ur1q/oh69LBZBPJRECnos9eKxgv2AJpTNdtIu3WzC7kYoIf/Bi3/FiwdFvHrx5r9x2+agrQ8GHu/NMDMvSDhT2nG+rdLa+sbmVnm7srO7t39gHx51VJxKCm0a81j2AqKAMwFtzTSHXiKBRAGHbjC5mfndB5CKxeJeTxPwIzISLGSUaCMN7AsvlIRmHmiSZyrHnmIRLrRxQGSe1b2E4cmgmQ/sqlNz5sCrxC1IFRVoDewvbxjTNAKhKSdK9V0n0X5GpGaUQ17xUgUJoRMygr6hgkSg/Gz+U47PjDLEYSxNCY3n6u+JjERKTaPAdEZEj9WyNxP/8/qpDq/9jIkk1SDoYlGYcqxjPAsID5kEqvnUEEIlM7diOiYmEG1irJgQ3OWXV0nnsuY6NfeuXm00izjK6ASdonPkoivUQLeohdqIokf0jF7Rm/VkvVjv1seitWQVM8foD6zPH6RYnps=</latexit><latexit sha1_base64="H01Eo16f5+9HL4z+As7XatcaIyQ=">AAACE3icbVBNS8NAEN3Ur1q/oh69LBZBPJRECnos9eKxgv2AJpTNdtIu3WzC7kYoIf/Bi3/FiwdFvHrx5r9x2+agrQ8GHu/NMDMvSDhT2nG+rdLa+sbmVnm7srO7t39gHx51VJxKCm0a81j2AqKAMwFtzTSHXiKBRAGHbjC5mfndB5CKxeJeTxPwIzISLGSUaCMN7AsvlIRmHmiSZyrHnmIRLrRxQGSe1b2E4cmgmQ/sqlNz5sCrxC1IFRVoDewvbxjTNAKhKSdK9V0n0X5GpGaUQ17xUgUJoRMygr6hgkSg/Gz+U47PjDLEYSxNCY3n6u+JjERKTaPAdEZEj9WyNxP/8/qpDq/9jIkk1SDoYlGYcqxjPAsID5kEqvnUEEIlM7diOiYmEG1irJgQ3OWXV0nnsuY6NfeuXm00izjK6ASdonPkoivUQLeohdqIokf0jF7Rm/VkvVjv1seitWQVM8foD6zPH6RYnps=</latexit>

[e.g. SYK chains]

�L = 2⇡T
<latexit sha1_base64="idSab/XulOVOnwubr3CGy7h/EUE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KkkRdCMU3bhwUaEvaEKYTCbt0MkkzEzEUvorblwo4tYfceffOG2z0NYDA4dzzuXeOWHGmdKO822trW9sbm2Xdsq7e/sHh/ZRpaPSXBLaJilPZS/EinImaFszzWkvkxQnIafdcHQ787uPVCqWipYeZ9RP8ECwmBGsjRTYFY+bcISDe3SN6l7GUCuwq07NmQOtErcgVSjQDOwvL0pJnlChCcdK9V0n0/4ES80Ip9Oyly uaYTLCA9o3VOCEKn8yv32KzowSoTiV5gmN5urviQlOlBonoUkmWA/VsjcT//P6uY6v/AkTWa6pIItFcc6RTtGsCBQxSYnmY0MwkczcisgQS0y0qatsSnCXv7xKOvWa69Tch4tq46aoowQncArn4MIlNOAOmtAGAk/wDK/wZk2tF+vd+lhE16xi5hj+wPr8AQkikx8=</latexit><latexit sha1_base64="idSab/XulOVOnwubr3CGy7h/EUE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KkkRdCMU3bhwUaEvaEKYTCbt0MkkzEzEUvorblwo4tYfceffOG2z0NYDA4dzzuXeOWHGmdKO822trW9sbm2Xdsq7e/sHh/ZRpaPSXBLaJilPZS/EinImaFszzWkvkxQnIafdcHQ787uPVCqWipYeZ9RP8ECwmBGsjRTYFY+bcISDe3SN6l7GUCuwq07NmQOtErcgVSjQDOwvL0pJnlChCcdK9V0n0/4ES80Ip9Oyly uaYTLCA9o3VOCEKn8yv32KzowSoTiV5gmN5urviQlOlBonoUkmWA/VsjcT//P6uY6v/AkTWa6pIItFcc6RTtGsCBQxSYnmY0MwkczcisgQS0y0qatsSnCXv7xKOvWa69Tch4tq46aoowQncArn4MIlNOAOmtAGAk/wDK/wZk2tF+vd+lhE16xi5hj+wPr8AQkikx8=</latexit><latexit sha1_base64="idSab/XulOVOnwubr3CGy7h/EUE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KkkRdCMU3bhwUaEvaEKYTCbt0MkkzEzEUvorblwo4tYfceffOG2z0NYDA4dzzuXeOWHGmdKO822trW9sbm2Xdsq7e/sHh/ZRpaPSXBLaJilPZS/EinImaFszzWkvkxQnIafdcHQ787uPVCqWipYeZ9RP8ECwmBGsjRTYFY+bcISDe3SN6l7GUCuwq07NmQOtErcgVSjQDOwvL0pJnlChCcdK9V0n0/4ES80Ip9Oyly uaYTLCA9o3VOCEKn8yv32KzowSoTiV5gmN5urviQlOlBonoUkmWA/VsjcT//P6uY6v/AkTWa6pIItFcc6RTtGsCBQxSYnmY0MwkczcisgQS0y0qatsSnCXv7xKOvWa69Tch4tq46aoowQncArn4MIlNOAOmtAGAk/wDK/wZk2tF+vd+lhE16xi5hj+wPr8AQkikx8=</latexit><latexit sha1_base64="idSab/XulOVOnwubr3CGy7h/EUE=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KkkRdCMU3bhwUaEvaEKYTCbt0MkkzEzEUvorblwo4tYfceffOG2z0NYDA4dzzuXeOWHGmdKO822trW9sbm2Xdsq7e/sHh/ZRpaPSXBLaJilPZS/EinImaFszzWkvkxQnIafdcHQ787uPVCqWipYeZ9RP8ECwmBGsjRTYFY+bcISDe3SN6l7GUCuwq07NmQOtErcgVSjQDOwvL0pJnlChCcdK9V0n0/4ES80Ip9Oyly uaYTLCA9o3VOCEKn8yv32KzowSoTiV5gmN5urviQlOlBonoUkmWA/VsjcT//P6uY6v/AkTWa6pIItFcc6RTtGsCBQxSYnmY0MwkczcisgQS0y0qatsSnCXv7xKOvWa69Tch4tq46aoowQncArn4MIlNOAOmtAGAk/wDK/wZk2tF+vd+lhE16xi5hj+wPr8AQkikx8=</latexit>
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momentum conservation [124, 125]. In many exam-
ples, both DE and v2

B
often each have complicated

dependence on various parameters of a system, but
miraculously their ratio becomes very simple, given
by some O(1) constant times ~� as in (4.10).

The relation (4.10) can be argued as a conse-
quence of the presence of an e↵ective field play-
ing the dual role of energy conservation and oper-
ator growth. More explicitly, with di↵usion kernel
D(!, k) being a smooth function of ! and k, one ex-

pects C = D(!=0,k=0)

D
⇣

!=i�m,k=i
�m
vB

⌘ to be an O(1) number.

Equation (4.10) then immediately results from the
second equation of (4.8) and (4.9).

For charge di↵usion, however, the picture is more
complicated [142–144] which does not appear to have
a direct relation with chaotic dynamics in the sense
of scrambling.

D. Regenesis and a traversable wormhole

As another illustration of the physical implica-
tions of scrambling chaos we discuss a surprising
phenomenon called “regenesis” which arises from a
nontrivial interplay between scrambling and entan-
glement. The phenomenon also highlights the fact
that when a disturbance dissipates as in Fig. 2 it is
not really lost, but just scrambled. Under certain
protocol, it can be brought back. This phenomenon
was first discovered on the gravity side as a way to
generate traversable wormholes using quantum ef-
fects [145, 146], but can be shown to be universal in
general quantum chaotic systems [147].

Let us consider two copies of a chaotic system,
with the total Hamiltonian H0 = HL + HR, where
HL,R are respectively the Hamiltonian for the two
copies, one referred to as the ‘left’ and the other as
the ‘right’ system. One prepares the total system
in a special entangled state: the thermofield dou-
ble state at inverse temperature �. Suppose at time
�t = ts > t⇤ (t⇤ is the scrambling time) one slightly
disturbs the right system, the signal of which quickly
dissipates after a short time, typically of order ~�.
Long after the signal has disappeared, one turns on
a coupling between the two copies for a short while
at t = 0, which we can approximate as a delta func-
tion in time. In other words the full Hamiltonian
has the form H = H0 � gV �(t = 0). The cou-
pling V takes the schematic form VLVR, where V
is some general few-body operator. One then finds
that at t = ts, the signal reappears in the L sys-

Le
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ft
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gh

t Ri
gh

t

Interior

Interior

Interior

Interior

FIG. 8. Up: we prepare two identical copies of the same
system in a thermal field double state. At time �ts an
input signal is introduced into the right copy. A cou-
pling between two systems is activated at time t = 0.
This causes the scrambled signal to reconstitute spon-
taneously in the left system at t = ts. down: (a) the
causal structure of an eternal black hole. The left and
right boundaries are connected by the Einstein-Rosen
bridge, which is non-traversable. Lights propagate along
45 degree lines. The top and bottom wavy lines are the
black hole singularities. Any signals sent from left or
right will fall into the top singularity and cannot reach
the other side. (b) The backreaction of the coupling be-
tween left and right systems at t = 0 deforms the geom-
etry and the causal structure. As a result, if sent early
enough, a signal from the right side can reach to the left
side where it reappears. For an observer on the right,
the signal simply dissipated.

tem. The reappeared signal is not identical to the
original signal, but related by a transformation. See
Fig. 8. While at first sight this “regenesis” is rather
counter-intuitive, it can be shown to be a simple
consequence of two elements: (i) scrambling which
in a chaotic system makes (OTOCs) vanish at large
times; (ii) the entanglement structure of the ther-
mofield double state. Heuristically, the quantum in-
formation of the original signal is scrambled among
the right system, and then gets transmitted to the
left system through the coupling at t = 0, finally
is reconstructed at time ts due to the entanglement
structure between the left and right systems. Chaos
endures that the phenomenon is robust for generic
choices of the operator V regardless of the nature of

Prepare two copies of the system

Entangle in TFD state

A signal introduced on the right 
rapidly dissipates

By judicial coupling of left and right, 
the signal reappears

cf: quantum teleportation. In bulk, signal goes through wormhole!

- idea: spatial connectivity is due to entanglement 

- idea: bulk reconstruction is quantum error correction

[Gao, Jafferis, Wall; Gao, Liu,…] 
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Quantum Gravity in the Lab?

Up to now, quantum gravity is a purely theoretical subject: 

its effects become native at the Planck scale

It is certainly a good idea to try and advance in directions that 
could change this situation: holographic quantum simulation

1019GeV, 10�35m, 10�44s
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Compare this to the scale of the LHC: 13TeV
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The Planck scale becomes a tunable parameter: “large-N” 



Quantum Computers

Simplest encoding of SYK interactions: Jordan-Wigner spins  
+ Suzuki-Trotter time steps

Leads to high gate complexity: O
�
N10t2/✏

�
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⇾ improved to O

⇣
N7/2t+N5/2t polylog(N/✏)

⌘
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practical protocol for measuring scrambling of quantum information

NMR experiment:

3

some specific cases of combination of indices the expression
is simplified (see Supplemental Material).

Let us now consider the model with complex spinless
fermions. The interaction terms can be mapped as above to
spin interactions via the Jordan–Wigner transformation. Thus,
the interaction terms of type (i) of this model are expressed as
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where {⇣1, ⇣2, ⇣3, ⇣4} = {i, j, k, `} as sets, ⇣1 < ⇣2 < ⇣3 <
⇣4, and � = sign(i � j)sign(`� k). For the sake of simplicity
in the quantum simulation, we have only taken into account
the terms such that i > j and k > l, wherefore � = �1.

The interaction terms of type (ii), (iii) and (iv) can also be
mapped to spin interactions as
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(iv) ni =
1

2
(1 + �z

i
) , (11)

where {⇣1, ⇣2} = {i, k}, again as sets, and ⇣1 < ⇣2. It is still
possible to reduce the number of interaction terms by consid-
ering the properties of coefficients Jij;k` (see Supplemental
Material).

These spin Hamiltonians consist of a sum of spin interac-
tions H =

P
m

i
Hi, with Hi a many-body spin interaction.

Obtaining the exact evolution is a difficult problem to deal
with a purely analog quantum simulation in any quantum plat-
form. Nevertheless, it is possible to handle individually each
spin interaction in digital quantum simulations [24] by decom-
posing the evolution operator in a Trotter–Suzuki product for-
mula,

e�iHt =

0

@
mY

j=1

e�iHjt/s

1

A
s

+
X

i<j

[Hi, Hj ]t2

2s
+ O(J3t3/s2).

(12)
This expression approximates the dynamics for time t to an
accuracy ✏ of the order of J2t2/s. We note that for each non-
zero commutator, [Hi, Hj ] 6= 0, there is a decrease in accu-
racy. In the worst case scenario, where all the commutators
differ from zero, there will be a reduction of accuracy given
by the factor

�
m

2

�
, with m the number of interaction terms Hi

in the Hamiltonian.
The complexity of the algorithm, i.e. the number of gates

required for the dynamics simulation, grows polynomially
with the number of fermions N . The coarsest evaluation sug-
gests that achieving an accuracy ✏ over an evolution time t
will require a number of gates m ⇥

�
m

2

�
⇥ J2t2/✏. In the case

at hand, there will be m ⇠ O(N4) spin interactions. If each
interaction is given by O(1) gates, the number of gates for

accuracy ✏ over a time t will be O(N12). In fact, the num-
ber of non-zero commutators is of order O(N6), rather than
m2 ⇠ O(N8), thus bringing the number of gates down to
O(N10). As usual, higher order Trotter–Suzuki decomposi-
tions will improve the accuracy of our simulation.

Protocol for time inversion.— In order to probe the non-
equilibrium behaviour of the SYK, and more specifically, the
dynamics of scrambling [20] in terms of OTO functions, it
will be necessary to reverse the evolution via a time inversion
operation. This can be achieved by constructing an operator
U(�t), where U(t) denotes the time-evolution operator of the
system. Since the models are described by time independent
Hamiltonians, we need only to reverse the sign of all the cou-
plings. Alternatively, we show that time inversion can also be
implemented without explicitly engineering the algorithm for
U(�t). We consider an additional ancilla qubit QC , which
controls the direction of the SYK time evolution allowing us
to implement both U(t) and U(�t). The evolution for the pair
controlling ancilla and system is governed by the Hamiltonian
HCS = �z

C
HS , where �z

C
acts on the ancilla qubit, and HS is

the system Hamiltonian. The complete Hamiltonian consists
in a tensor that acts on the ancilla-system product state as

HCS(↵|ei + �|gi)| i = �z
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(↵|ei + �|gi)HS | i
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with ↵|ei + �|gi and | i the ancilla and system states, re-
spectively. In general, one may consider n applications of the
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Here, the controlling ancilla qubit decides the direction of the
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VS and WS is thus computable by the sequence
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and its expectation value over the state |ei ⌦ | i. We no-
tice that operators labeled by S, all of them feasible in our
proposed scheme, are only applied to the system S (For an
analogous construction, see [25]).

Protocol for correlation measurements.— We consider an
alternative and efficient protocol for determining n-time cor-
relation functions [26]. In this alternative method, an ancillary
qubit QA encodes a correlation function by means of con-
trolled operations. This approach is particularly effective for
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some specific cases of combination of indices the expression
is simplified (see Supplemental Material).
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where {⇣1, ⇣2, ⇣3, ⇣4} = {i, j, k, `} as sets, ⇣1 < ⇣2 < ⇣3 <
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where {⇣1, ⇣2} = {i, k}, again as sets, and ⇣1 < ⇣2. It is still
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Cold atomic gases
Quantum computers are great, but high gate complexity (so far), 
and scaling up to large-N pose a challenge

Non-local nature of interactions seems to be challenge for cold gases
⇾ Cavity - QED!
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FIG. 2. Scheme for measuring out-of-time-order correlators.
(a) Atomic ensemble S and control qubit C in an optical cavity
are driven by control fields ⌦",⌦#,⌦C . (b) Control fields ⌦",#
and cavity coupling g mediate pairwise interactions in the
ensemble S via 4-photon Raman transitions.

where XC and YC denote Pauli matrices acting on C.
Even without a control qubit, it is possible to mea-

sure the magnitude of F using the distinguishability pro-

tocol. Initialize the system into state | i. Apply the
gate sequence shown in Fig. 1b to prepare the state
| f i = W †

t V
†WtV | i. Finally, measure the projector

⇧ = | i h |. The result is h f |⇧ | f i = |F |
2, which

quantifies the distinguishability of the two branches and
is expected to contain roughly the same timescales as F .
As the projection ⇧ onto an arbitrary many-body state
can be challenging to implement, the distinguishability
protocol requires a careful choice of the initial state | i.

Cavity QED proposal. As a representative system
amenable to probing the OTO correlator, we consider
a collection of two-level atoms (spins) that interact via
their mutual coupling to one or more modes of an opti-
cal cavity (Fig. 5). A drive laser incident from the side
of the cavity generates interactions among all pairs of
atoms it addresses. The sign of the interactions is set by
the laser frequency, enabling access to the magnitudes of
OTO correlators via the distinguishability protocol. To
access the phase, a single individually addressable atom
can serve as a control qubit for interferometry [48].

The cavity-mediated interactions within the ensemble
generically take the form of a nonlocal spin model [18,
20, 21]

H =
X

ij

Jijs
x
i s

x
j + h.c., (4)

where si is a pseudo-spin operator representing two in-
ternal atomic states (e.g., hyperfine states) |szi = ±1/2i.
For N atoms at positions ri with couplings g↵(ri) to a set
of degenerate cavity modes indexed by ↵, the spin-spin
couplings are given by

Jij =
X

↵

⌦⇤
"(ri)⌦#(rj)

�"�#

g↵(ri)g⇤↵(rj)

�
, (5)

where ⌦",# are the Rabi frequencies of the drive fields,
detuned by �",# from atomic resonance, and � is the
detuning of the two-photon transition mediated by the
drive fields and cavity couplings g↵.

Key features of the light-mediated interactions are that
their sign is controllable via the two-photon detuning �
[49], they can be switched on and o↵, and the full graph of
interactions can depend on the atomic positions and the
spatial structure of the cavity modes and control fields.
Also, it is possible to produce noncommuting s+s� type
interactions, to add fields in any direction, and to include
time dependence in the Hamiltonian. This versatility al-
lows for studying a range of many-body phenomena, from
quantum glasses [20, 21, 50] to random circuit models
that mimic the fast scrambling of black holes [23].
For ease of visualization, we focus here on globally in-

teracting spin models obtained by coupling all atoms uni-
formly to a single cavity mode. Here, the Hamiltonian
of Eq. 4 reduces to a “one-axis twisting” Hamiltonian
Htwist = �S2

x, where S =
P

i si and the total spin is
S = N/2. By considering correlators where the oper-
ations V and W are global spin rotations, we restrict
the dynamics to a space of permutation-symmetric states
that are conveniently described by quasiprobability dis-
tributions on a Bloch sphere (Fig. 3).
To perform the controlled-V step in the interferometer

of Fig. 1a, we convert the control qubit state |niC (with
n 2 {0, 1}) into an n-photon state of the cavity, which
produces a di↵erential a.c. Stark shift / n between each
of the ensemble atoms’ two levels. The result is a collec-
tive controlled phase gate

ZC
� = IS ⌦ |0i h0|C + e�i�SS

z ⌦ |1i h1|C , (6)

where SS
z =

P
i s

z
i . The rotation W , by contrast, is

applied irrespective of the control qubit state.
Figure 3 shows calculated results of the interferometric

protocol for the one-axis twisting model with an initial
state |ŷi = |Sy = Si and rotations V = W = e�i�Sz

with � = ⇡/4. Such a large controlled rotation is nei-
ther necessary nor sustainable at higher atom numbers,
as discussed below, but it illustrates in exaggerated form
the processes controlling F . The initial decay of F cor-
responds to the collective spin’s trajectory on the Bloch
sphere diverging between the two interferometer arms,
as shown by Wigner quasiprobabilty distributions [51] in
Fig. 3. Later fluctuations in F correspond to the spread
of the quantum state over the entire Hilbert space.

To further illuminate the physics of the OTO corre-
lator, the S2

x Hamiltonian may be modified to produce
a chaotic system. Periodically applying a rapid Sz rota-
tion produces a “kicked top” model that has been studied
both theoretically and experimentally [52–54]. The stro-
boscopic dynamics are described by repeated application
of the unitary operator U = e�ikS2

x/(2S)e�ipSz , where k
measures the strength of interactions and p measures the
size of the rotational kick. Following Haake et al. [52],
we set p = ⇡/2; then the corresponding classical model
describes motion on the Bloch sphere which is regular for
small k and chaotic for large k. The semi-classical limit is
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Gives a non-local (pseudo) spin model

Randomize interactions with drive fields 
and/or cavity couplings

Can cold atoms do for QG what it has done for many-body physics?

Distribution of couplings? What size of atomic clouds? Dissipation? … 
lots of interesting and concrete questions.
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Conclusions & Outlook

Simple enough to consider experiments on quantum  
platforms: towards quantum gravity in the lab.

AdS/CFT or ‘holographic duality’ defines quantum gravity 
as an emergent phenomenon

Interesting and rich phenomenology of non-Fermi  
liquid transport 

Some examples involve (relatively) simple many-body 
 systems and lower-D gravity theories

⇾ solid-state platforms?
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